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Number violating decays of sparticles to particles are implemented in the Pythia event
generator. The augmented generator has then been used to study event properties of
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neutrino mixing and SuSy with bilinear Lepton Number violation.
For the case of Baryon Number violation, an extension of the Lund String Model to
colour topologies involving explicit Baryon Numbers is developed, called ‘junction frag-
mentation’, which enables us to trace the migration of the generated Baryon number
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Introduction
In your hands now here’s my book,

between whose pages, if you look,
is written verse on verse,

in language dry and terse;
about some tiny particles,
obeying mighty principles!

For instance supersymmetry,
or the SU(3) of QCD.

Before you in this splendid mess,
there is reason nonetheless.

Sure, it may be just a guess,
but it’s an educated one I stress.

Imagine embarking on an expedition in the footsteps of the reputable 20th
century explorer Mr. Tompkins [1], on a voyage down through the atom, inside
the nucleus, to the quantum world of subatomic particles. Placing ordinary
common sense under strict orders to keep quiet, we find ourselves in the natural
habitat of elementary particles. Of these, a fortunate few have been observed
in nature and enjoy the privilege of being considered fundamental. Many more
lead a shadowy and more hypothetical life, never yet having been sighted in
actual existence. In this thesis, both types will be encountered, from well-
known quarks and gluons to speculative sparticles (spelling intended). This
introduction then, is meant to acquaint the non-expert with the chimerical
wonderland that they inhabit and that it has been my great privilege to visit
frequently these last few years, so often in the best of company.

Essentially, all that is required to make this journey, from the fragile world of
our immediate senses to the habitual haunts of Mr. Tompkins, is a perception
tuned to rather small wavelengths, or equivalently, very high energies. The
proper equipment for the expedition normally consists of,
firstly, the vehicle, a good-sized accelerator, secondly, the
engine, an amount of electricity that otherwise might keep
a small city comfortable, and, thirdly, the eye, a hi-tech
wonder composed of gas, steel, lead, cryogenics, comput-
ers, and electronics, the detector. Thus equipped, the tiny
world of elementary particles, beginning at length scales
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below a millionth of a nanometre, may be opened to human investigation. The-
orists, of course, will undertake the same expedition without all the equipment
and are therefore much cheaper, though somewhat less reliable.

Today, particle accelerators are capable of reaching energy scales several
billion times larger than those of ordinary chemical reactions. For instance,
the energy released by the combustion of an octane molecule in a car engine is
about 50 electron-Volts1, whereas the Tevatron at Fermilab currently produces
proton–antiproton collisions at an energy of 1.960.000.000.000 electron-Volts,

energy + energy = lots of energy

corresponding to each of the beams having been
accelerated through a potential difference of some
980 billion Volts. At these energies, the ordinary
phases of matter (solids, liquids, gasses, and even
plasmas) cease to be meaningful. We are in a do-
main where the effects of relativity and quantum
mechanics are highly noticeable; matter and antimatter can be created and an-
nihilated from the vacuum, and particles are not well localised but are described
by fuzzy quantum wave functions, or ‘fields’.

In fact, this fundamental “fuzziness” of Nature is one of the most striking
aspects of quantum physics. More precisely, any conceivable measurement is
performed at some intrinsic “resolution scale”. Observing visible light, for in-
stance, we are perceiving waves in the electromagnetic field whose crests are
separated by no less than several hundred nanometres. Due to the fuzziness of
the light quanta, visible light could never tell us about structures smaller than
that. That is why ‘particle physics’ and ‘high energy physics’ are synonymous;
to resolve things that are, at the largest, 100 million times smaller than the
distance between two crests of a wave of visible light, we need probes of ex-
tremely short wavelengths. That is precisely what is obtained by accelerating
matter to high energies. The higher the energy, the better our “vision” in the
fuzzy world of Mr. Tompkins.

Returning to antimatter, the discovery of the anti-electron, or positron,
dates as far back as 1932. Today, antipartners have been found for all of the
known matter particles. Within measurement errors, the antipartners have
exactly the same masses as their particle counterparts, but they carry diamet-
rically opposite charges. In the quantum theory of fields, this phenomenon has
a quite elegant and natural explanation. Matter and antimatter are simply two
different states of the same field, hence you can’t have one without the other.
A more intuitive way of looking at antimatter is simply to note that in many
respects, it acts just like matter travelling backwards through time.

Matter and force are also intimately related – by symmetries. Among the
true success stories of 20th century theoretical physics was the discovery that
matter fields can generate force fields in a quite natural way. Specifically, in

1One electron-Volt is the energy gained by an electron accelerated through a potential
difference of one Volt. 1eV = 1.602×10−19J.
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a field theory where the matter fields are required to obey certain symmetry
conditions, called ‘gauge symmetries’, then for each symmetry the equivalent
of a force will arise. In fact, since these symmetries are imposed locally at each
point in space-time, the somewhat uncomfortable Newtonian concept of action-
at-a-distance is removed! — a truly elegant solution to the age-old problem of
force.

To further illustrate the immense power of symmetry in physics, consider
the wealth of electromagnetic phenomena that we know of; that is, everything
from radio waves to television screens, from computer circuits to the forces that
hold atoms together in molecules, from light and sound to the firing of neurons
in the human nervous system. The gung ho particle physicist would claim
that all this is described by a simple theory, called Quantum Electrodynamics,
or “QED” for short. This theory is built on the postulate that there exists
a small set of quantum fields (in fact, you need only three, the electron and
the up and down quarks) which share a simple kind of gauge symmetry, called
U(1). In Quantum Electrodynamics, it is this simple symmetry property of the
electron and quark fields which is responsible for the existence of the photon
and thereby for all electromagnetic interactions in Nature.

Of course, nobody in their right mind would use the equations of QED to
calculate e.g. the structural strains in a skyscraper. Admittedly, the immense
difficulty in solving the equations when more than a few particles are involved
rapidly grows prohibitive. Nonetheless, there is no indication that Nature is
not capable of handling her numbers, though it may border on the impossible
for us to understand and duplicate her feats. In this work, some such problems
will be encountered, and the shortcomings of at least the author will no doubt
be plainly visible.

The simplicity of QED aside, electromagnetism will not play a very great
role in the papers comprising this thesis. Rather, it is chiefly in the light of
problems connected with the weak force that we are prompted to consider
supersymmetry in papers 1–4, while some interesting problems connected with
the phenomenology of the unruly strong force are studied in papers 2, 5, and
6. However, before we turn our full attention to these aspects, it is worthwhile
to begin with a broader consideration of the elementary world view of modern
particle physics, to set the stage for the subsequent discussions.
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Figure 1: The particles of the Standard Model.

The Standard Zoo

The present state of atomic theory is characterised by the fact that
we not only believe the existence of atoms to be proved beyond a
doubt, but also we even believe that we have an intimate knowledge
of the constituents of the individual atoms...

N. Bohr, Stockholm 1922 [2]

In High Energy Physics, it is a quite unique state of affairs to have a theory
of the inhabitants of the fundamental zoo of the Universe survive more than
a decade or so. Yet this is precisely the state today. Close to all experiments
that have been performed during the last 30 years seem to be in rather per-
fect agreement with the predictions of a simple theoretical framework built on
quantum field theory and using just a small number of fields obeying a small
number of symmetries. This enduring model, descriptively known as the Stan-
dard Model, or just the SM for short, emerged in the seventies and traces its
origins even further back — today it still to most intents comprises our fullest
understanding of what goes on in the sub-nuclear world. The inhabitants of
the zoo, then as now, encompass the quarks, the leptons, and the Higgs boson,
together with the electromagnetic, weak, and strong forces.

An illustration of the particles of the Standard Model is given in fig. 1.
Common to all the quarks and leptons is that they are fermions. That is,
they obey the so-called Pauli exclusion principle, which states that at most
one fermion may occupy any given quantum state. This principle is extremely
important. For instance, if it were possible for all the electrons of an atom to
simultaneously reside in the ground state, there would be no successive filling
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of the atomic orbitals and hence no chemistry. The force particles, on the
other hand, are examples of bosons. The fact that the exclusion principle does
not apply to bosons also has farreaching consequences. Without going into
details, it is the tendency of bosons to condense into the same quantum state
that underlies such spectacular phenomena as superfluidity (liquid flow without
resistance) and superconductivity (electric conductivity without resistance).

Returning to the SM, the heaviest known elementary particle is the top
quark (t), with a mass almost 200 times that of a hydrogen atom. For compar-
ison, the electron (e) is responsible for only about half a permille of the mass of
a hydrogen atom. The neutrinos (ν) were until recently thought to be entirely
massless, this also being the prediction of the Standard Model2.

Among the force-carrying particles, the photon (γ) and the gluon (g) are
massless while the W and Z bosons are about half as massive as the top quark
each. The elusive Higgs boson remains a postulate of the theory and has yet
to be discovered experimentally. We only know that it should be heavier than
about a hundred hydrogen atoms or so, and that our so far splendidly working
Standard Model would predict everything to be massless in its absence; hence
our candid, if not confirmed, belief in its existence.

Combined, this very modest number of particles and forces successfully
describes the vast majority of laboratory experiments to date (excepting of
course those dealing with gravity).

So everything is
made of quarks and
leptons, eh? Who
would have thought
it was so simple?

2It has by now been experimentally established that the neutrinos most likely do have
some tiny masses [3]. This must probably be viewed as an indication of physics beyond the
Standard Model, which we shall return to later.
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The Strong Force

So what is the problem? From what has been said so far, the Standard Model
appears to be a great theory that works beautifully. The problems of neutrino
mass and quantum gravity are easily dealt with, neutrino masses by postulating
some invisible particles that lead to no other observable consequences, and
quantum gravity by throwing it into a black hole. After all, the product of
Newton’s G and Planck’s ~ is so extremely tiny that we most likely have many
generations to wait before quantum gravity enters the realm of experimental
science, if ever.

Nonetheless, particle physics has not entered that decaying stage where only
problems of strictly theoretical interest remain to be considered — what was
said so far about the simplicity and success of the Standard Model was, fortu-
nately, quite an overglossed picture. There are important and unresolved ques-
tions, both within the Standard Model and beyond it, which are investigated
actively by experimenters and theorists alike. Among the most notoriously
difficult and persevering ones has been the understanding of the dynamics of
the strong force.

The strong force, or quantum chromodynamics (QCD) in more modern lan-
guage, was originally postulated in order to account for the stability of nuclei;
since protons tend to electrically repel each other there had to be another,
stronger, force at play, that made them stick together in nuclei, which rich
imagination dubbed the ‘strong force’. However, while its presence is thus re-
vealed to us already at the nuclear level, it is only when probing distance scales
smaller even than the proton that the fundamental nature of this force becomes
apparent. At such distance scales, the proton has been found no longer to be-
have like a fundamental particle but rather to be “resolved” into quarks and
gluons, which are believed to be the elementary carriers of strong charge.

Interestingly, it is this very duality in the nature of the proton, that it
appears as a single entity at low energies while appearing to be resolved into
3 so-called valence quarks at somewhat higher energies, that to the mind of
American physicist Murray Gell-Mann was so like the “three quarks for Muster
Mark” in James Joyce’s Finnegan’s Wake, that the quarks received their name
from there. Concerning the proper pronounciation, Gell-Mann himself does
not pronounce “quark” to rhyme with “Mark”, whereas Joyce would seem to.
In the absence of concensus and hence without any possible justification for
further digression, we now return to the strong force.

In analogy with electromagnetism, the strong force is believed to arise as a
consequence of symmetry properties of the matter quanta, the quarks. How-
ever, in this case the symmetry is not quite as simple as that governing electro-
magnetism. Instead of just having positive and negative charges, there exist 3
different kinds of strong charge, with corresponding anticharges. These are sug-
gestively labelled colours (and anticolours), since they mix with each other in a
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way similar to that of ordinary coloured light. Moreover, the force quanta, the
gluons, themselves carry strong charge (and even more of it than the quarks)
— a fact which causes the strong force to give us considerably larger headaches
than simple electromagnetism.

The most immediate consequence may be described as anti-screening. Drop
a coloured particle in vacuum, and fix it in place. Then watch what happens
as you move away from it, carrying an anticharge with you. Anti-screening
means that the colour charge will seem to increase steadily as you withdraw
(more precisely, as the resolution scale is decreased), contrary to what hap-
pens for electric charges. In fact, you won’t reach many femtometres before
the colour field between the two charges narrows into a string-like flux tube
of high energy density that pulls at you in an elastic-like manner. At some
point, your continued exertions will have pumped enough energy into the field
to set the vacuum boiling! Drawing on the colour field energy, virtual quark–
antiquark pairs living in the vacuum may make the transition to become ‘on
shell’ (i.e. they become as close to real as it has meaning for them to become),
in a manner that severs the connection between the two original charges. This
mechanism effectively confines colour charges to the realm of sub-femtometre
distances, since any attempt to separate charges by more than that will im-
mediately be neutralised by the creation of compensating charges from the
vacuum. Experimentally, deconfined states have been searched for; an isolated
quark, for instance, would stick out like a sore thumb, due to its fractional elec-
tric charge. None have yet been found, indicating that confinement is indeed
among the stricter of Nature’s rules. Interestingly, confinement has never been
rigorously proven within QCD, though there are many indications of it.

The second interesting phenomenon is to watch what happens in the oppo-
site case, when you bring two colour charges very close together. The coupling
now grows weaker, and the prediction of QCD is that it goes asymptotically to
zero as you approach “zero distance” between the two. This property is referred
to as asymptotic freedom. To aid the inexperienced reader, the behaviour of
the strong force field at long and short distances is illustrated schematically in
fig. 2 below.

q q

Large Distances

q q

Short Distances

q q

Figure 2: The behaviour of the strong force at large and small distances. The
density of the field lines indicates the coupling strength.
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The Proton

Figure 3: The textbook proton (left) and a more realistic proton (right), the
latter shown together with a curious phenomenologist.

Among other things, asymptotic freedom guarantees that at high energies
(short distances), quarks and gluons behave essentially like free particles, with
the strong interaction representing only a small perturbation on that picture.
In this case, we can use so-called perturbation theory to solve the field equa-
tions, an immensely useful and powerful theoretical tool which will be called
upon repeatedly in the following. At large distances, however, the confinement
property mentioned above implies that perturbation theory cannot be used. In
this case, we are in fact at a loss for a systematic way of solving the equations.
That is, we strongly suspect QCD to be the appropriate theory, but we are
unable to solve it for distance scales larger than a Fermi or so (1 Fermi = 1
fm = 10−15m). Nonetheless, there are ways of gaining insight, for instance by
the construction of phenomenological models. Such models combine the first
principles of the the rigorous theory with phenomenological descriptions of the
more thorny parts. Comparing different phenomenological models to data and
to each other, we gain some insight into the way the theory is working in the
problematic regions. The development of certain specific models along these
lines is part of the work presented in papers II and V.

Another of the major challenges posed by the strong force is illustrated in
fig. 3. To the left is shown the comparatively simple picture of the proton
that one might find in an undergraduate textbook, accompanied for instance
by the pedagogical statement that the proton consists of three quarks, two up
quarks and one down quark, which are held together inside the proton by the
strong force. While this picture does carry some truth, a QCD phenomenologist
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wishing to determine the proton structure or to consider proton collisions in
more detail is faced with a situation more likely resembling that shown to the
right of the textbook example. Now, even perturbation theory has its limits,
most notably in being tractable only for very small numbers of particles, say
a handful or so at a time. A full proton–proton collision, on the other hand,
easily involves hundreds of interfering subprocesses at perturbative energies, in
addition to the non-perturbative goings-on described above! It is problems of
this nature that are studied in papers V and VI.

When I first arrived in Lund, I would come often into Torbjörn’s office,
bursting with questions. There would follow the magical incantation “consider
e-plus e-minus goes to q q-bar” (in Swedish), whereafter my questions would be
answered. (‘q-bar’ here refers to the symbol q, used to denote an antiquark.)
After a while, I could tell that he thought I had learned something, since he
now often began with “consider e-plus e-minus goes to q q-bar gee”, or even
“consider p p(-bar) goes to anything”. In the same spirit, the remainder of this
brief introduction to the strong force is dedicated to a tour of the various stages
and processes that occur in high energy collisions, with the emphasis on those
aspects that will be encountered in the papers. However, the task of describing
hadronic collisions in all their complexity is a daunting one. The casual reader
is therefore encouraged to skip forward to the section on “Beyond the Standard
Model”, since the discussion must now become slightly more technical.

We glibly talk
of nature’s laws

but do things have
a natural cause?

Black earth turned into
yellow crocus

is undiluted
hocus-pocus

Piet Hein, Grooks [11]
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Figure 4: Hadronic decay of a Z0 in the ALEPH detector. Note that the
bending of tracks caused by the strong magnetic field gives an illusion of larger
broadening than what is actually the case. This effect is further exaggerated
by the fact that the tracks that bend the most are also the ones that carry the
least of the total energy.

A High Energy Collision Unravelled

Let us then begin by considering e+e− → qq (in English). A real event of this
kind, proceeding via the intermediate creation of a Z0 boson and recorded by
the ALEPH detector at LEP (CERN), is shown in fig. 4. What is observed is
far from simply two back-to-back quarks emerging from the interaction point.
Rather, two more or less collimated sprays of hadrons may be discerned, called
‘jets’, each carrying an energy equivalent to roughly half the Z mass, 1

2mZ '
45 GeV/c2. The jets arise, firstly, due to radiation from the quarks (and,
subsequently, from the radiated gluons themselves). The radiation pattern is
strongly peaked in the forward direction and tends to produce two jets of well
collimated ‘partons’ (quarks and gluons). Secondly, confinement implies that
the entire system of colour charges emerging from the bremsstrahlung ‘shower’
must fragment into hadrons. This process adds fine structure and a further
amount of broadening to each jet, but since the momentum kicks involved are
small, of order a few hundred MeV as compared to ∼ 45 GeV, the overall
structure of two well separated jets is maintained.

It should be mentioned, however, that in about 30% of the LEP e+e− →
Z0 → qq events a third or even fourth jet is visible. These are due to the
occasional hard bremsstrahlung radiation, i.e. a very energetic gluon radiated
at large angles off the final state.

Thus, at the very crudest resolution or ‘level of exclusiveness’, there is just
the qq pair above, and everything else is averaged over. ‘Averaging’ here means
that we don’t ask e.g. how many times the quarks radiated or how many pions
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were produced. At this level, we measure things like the total cross section
as a function of the CM energy, the most inclusive quantity imaginable. At
finer resolution scales, we begin to ask increasingly exclusive questions, such as
whether there is a third resolvable jet or not. Ultimately, we would like to be
able to make predictions down to and even below the hadronisation level.

While it is no problem to calculate rates and distributions for the elementary
scattering process e+e− → qq or e+e− → qqg from first principles perturbation
theory, the subsequent bremsstrahlung showers and hadronisation phenomena
add a level of complexity that is less easily treated, the shower by involving
a potentially infinite number of particles (the radiation is not only peaked, it
is singular in the forward direction), and hadronisation by being intrinsically
non-perturbative.

Concentrating first on the perturbative part, there are essentially three
approaches: fixed order calculations, parton shower models, and resummation
calculations. For detailed reviews, see e.g. [4]. I will here concentrate on the
parton shower approach, which is the one I have been working with and which
goes the farthest in obtaining a fully exclusive description of the final state.

As mentioned above, bremsstrahlung processes are strongly peaked in the
forward direction. Basically, this is due to the presence of s-channel propa-
gators of essentially massless partons, here light quarks and gluons, but also
e.g. electrons in QED, which become singular when the the emitted parton
is emitted at zero opening angle (collinear), and/or when it is low-energetic
(soft). Thus the soft and collinear limit offers a reasonable starting approxima-
tion here. In this limit, the branching processes are furthermore universal to a
good approximation, i.e. they do not depend on the details of the hard scatter-
ing, and they factorise, such that an iterative sequence of process-independent
branchings may be applied, giving progressively more ‘exclusivity’ to the orig-
inal hard scattering. The singularities are still there, however, such that an
infinite number of branchings would normally result. The reason why parton
showers nonetheless remain of practical use is that it is possible to divide the
branchings up into a finite number of ‘important’ ones and an infinite number of
‘unimportant’ ones. The key is again resolution. It is not possible, for instance,
to tell the difference between on one hand a quark and on the other a quark
plus an infinite number of gluons (each with infinitesimal energy, such that
overall energy and momentum is conserved), unless a minimum of transverse
momentum has been imparted to one or more of the gluons. The important
point is that the number of branchings that can be resolved above a given scale
is always finite. Further, for the case of strongly interacting particles, recall
that the basis here is perturbation theory. At resolution scales below ∼ 1 GeV
or so, perturbation theory breaks down and hadronisation takes over. Thus,
the smallest resolution scale, or the largest ‘level of exclusiveness’ that can be
reached with the parton shower is roughly the GeV scale.

Turning now to hadronisation, we here rely on phenomenological models
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q q

q q q q

Figure 5: Illustration of a string breakup. A quark and an antiquark emerge
from an interaction, tracing a string-like colour flux tube between them. At a
separation of a few Fermi, the string breaks, producing a new quark–antiquark
pair in the middle which screen the original charges from each other, such that
there is a region of ‘ordinary vacuum’ in the middle, lowering the total potential
energy of the system.

such as the string [5] and cluster [6] models, or the simpler independent frag-
mentation [7]. Some information can also be gained from lattice QCD studies
(numerical simulations of QCD dynamics on a space–time lattice). More gener-
ally, the topic of hadron dynamics is studied using a variety of approaches, most
of which are based on the operator product expansion, a systematic if sometimes
cumbersome way of constructing effective low–energy theories. Here, we focus
on the hadronisation process, leaving hadron decays aside.

Perhaps the most successful hadronisation model has been the Lund string
model. This model starts from the assumption of linear confinement, i.e. a
linearly rising potential (at long distances) V (r) = κr. This form has some
support from lattice calculations, and from hadron spectroscopy one finds
κ ∼ 1 GeV/fm. The physical picture is that of a narrow flux tube or vor-
tex line being stretched between a colour and an anticolour charge as they
move apart. In the Lund model, this is represented by a massless relativis-
tic string of constant energy density κ, spanned between the charges. As the
charges separate, the string becomes longer and thus comes to carry more of
the total energy. Eventually, there is sufficient energy for the string to break
via the production of a new qq pair, as illustrated in fig. 5. This process then
repeats itself a number of times, until finally a set of string pieces result which
all have comparatively small invariant masses (of order hadron masses), such
that further breaks will not occur. Such low-mass string systems are in fact
nothing but crude representations of mesons, with the quark and antiquark ex-
hibiting a yo-yo like motion about each other inside. Thus, these systems may
be mapped onto on-shell hadrons, which may be stable or which may decay
further, depending on the type.

Foregoing a longer introduction to the details of the model, it is worth noting
its principle features: the fragmentation happens locally along a homogeneous
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string, hence the string breaking probability is to a first approximation constant
per unit length per unit time. Nominally, the string breaks are also causally
disconnected from each other, i.e. there is no ‘cross talk’ between them. This
has important practical consequences, since they can then be considered suc-
cessively in an iterative scheme. In reality, they do slightly affect each other, for
instance by the requirement of overall conservation of momentum and energy,
and possibly by collective effects such as Bose-Einstein correlations [8]. Also,
the creation of massive quarks in the breakings is suppressed, by the equiv-
alent of a tunnelling factor, i.e. with an exponential dependence on the mass
squared. Experimentally, strange quarks are produced less often than u and d
quarks, with Ps/Pu ∼ 0.3, corresponding to a moderate tunnelling suppression.
The production of heavier quarks may safely be neglected. The perhaps most
striking verification of the existence of a string-like behaviour in Nature was
the observation of the so-called string effect by the JADE collaboration in the
early eighties [9]. The process under study was e+e− → qqg, i.e. with an extra
gluon in the final state. According to the string philosophy, there should be
two hadronising string pieces formed in such an event, one of them spanned
between the quark and the gluon, and the other between the antiquark and
the gluon. Specifically, there should be no string directly between the quark
and the antiquark. There should thus be fewer particles produced in the region
between the quark and antiquark jets than in the complementary region. Using
the fact that the gluon jet most often is the least energetic, JADE was able
to statistically separate gluon jets from quark jets, and the resulting measure-
ments confirmed a depletion of hadrons in the expected region, which other
models could not account for.

b

a

d

cFinally, we now turn to hadron collisions,
where the initial state is a conglomerate of strongly
interacting partons rather than structureless elec-
trons, and where the final state consists of the hard
interaction products plus a number of spectator
partons residing in ‘beam remnants’. To begin at
the simplest level, the illustration to the right rep-
resents a scattering of the elementary quantum states a and b into the final
states c and d. The likelihood for this process to happen, as a function of the
a and b centre-of-mass energy

√
ŝ, is usually cast in the form of the differential

scattering cross section,

dσ̂ab→cd

dt̂
=

1

16πŝ2
|M(ab→ cd)|2, (1)

where a and b have been assumed massless, t̂ = −Q2 = (pa − pc)
2 is the

four-momentum transfer squared, and |M |2 is the squared sum of amplitudes
contributing to the process.

If the incoming particles are not fundamental, we may use the factorisation
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Figure 6: Illustration of eq. (3). The scattering probability is modified to
take into account the partonic luminosities inside the parent particles at the
factorisation scale Q2

F .

theorem. Roughly speaking, this simply amounts to folding eq. (1) with the
luminosities of partons a and b inside the incoming particles, call them A
and B. More formally, we subdivide the process into a high-virtuality and a
low-virtuality part, with the dividing line at the factorisation scale, Q2

F . The
partonic substructures of A and B at that scale, parameterised by so-called
parton distribution functions (pdf’s), may then be folded into the short-distance
cross section to obtain an expression for AB → cd (via the subprocess ab→ cd):

dσa/Ab/B→cd

dt̂
=

∫ 1

0

dxa

∫ 1

0

dxb fa/A(xa, Q
2
F )fb/B(xb, Q

2
F )

dσ̂ab→cd

dt̂
, (2)

where fa/A(x,Q2
F ) is standard notation for the pdf giving the probability of

resolving a inside A at the scale Q2
F , as a function of the momentum fraction

x ∼ Ea/EA carried by a. At lowest order in αs the short-distance cross section
dσ̂ab→cd/dt̂ above is given by eq. (1). At higher orders, long-distance contribu-
tions must first be subtracted from eq. (1), since by definition all scales below
Q2
F should be factored into the parton distributions.

The final touch, if we are interested in AB → cd via any subprocess, is to
include a sum over all possible subprocesses (see fig. 6),

dσAB→cd

dt̂
=
∑

a∈A

∑

b∈B

∫ 1

0

dxa

∫ 1

0

dxb fa/A(xa, Q
2
F )fb/B(xb, Q

2
F )

dσ̂ab→cd

dt̂
. (3)

This expression is formally all we need to calculate rates and kinematical dis-
tributions for c and d production in A + B collisions, provided of course that
pdf sets for A and B particles are available.

Notice however, that the factorisation scale Q2
F appears explicitly in eq. (3).

Rigorously speaking, Q2
F is not a physical scale, and so should not appear
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Figure 7: Applying the factorisation theorem at successively smaller factori-
sation scales yields an iterative scheme for resolving more and more of the
quantum structure of the beam hadrons A and B.

in physical observables. Nominally, this scale dependence is cancelled by an
implicit scale dependence in the short-distance cross section. At lowest order,
this is trivial. With a fixed αs, the pdf’s scale, i.e. they depend on x but not
on Q2

F , and neither is there a scale dependence in eq. (1).
In practice, a certain amount of scale dependence is the price one pays for

including higher-order effects incompletely in the calculation. For instance,
the use of scale-dependent ‘running couplings’ is standard for obtaining loop-
improved tree-level results, since important higher-order contributions are then
absorbed into the redefinition of the coupling. While this scale dependence
often carries through to the final answer, undesirable from a strictly rigorous
standpoint, it is something one can live with since the overall precision of the
calculation is still improved.

With a running αs, the pdf’s gain a dependence onQ2
F . This scale is then by

definition closely tied to the renormalisation scale appearing in αs = αs(Q
2
R).

Loop calculations indicate that the latter, in its turn, should be connected
with the overall resolution scale Q2, or better p2

⊥ [10], of the physics process
under consideration. In view of this, the three are often taken to coincide,
Q2
F = Q2

R = Q2 or Q2
F = Q2

R = p2
⊥.

Finally, by successively using the factorisation property, we may resolve
activity at finer and finer resolution scales in the initial state, similarly to how
the final state radiation was treated above. The difference is that we must
now use parton densities at each step, to describe the changing structure of the
beam particle, e.g. the proton, as the resolution scale is made more exclusive.
This comes about since we are essentially performing a backwards evolution;
i.e. starting from a scattering at high virtuality, involving partons selected
according to the pdf’s at a large factorisation scale, we evolve backwards toward
an initial state whose composition is given by the pdf’s at a lower scale, as
illustrated schematically in fig. 7.
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The Monte Carlo Generation

Whenever you’re called on to make up your mind,
and you’re hampered by not having any,
the best way to solve the dilemma, you’ll find,
is simply by spinning a penny.

No - not so that chance shall decide the affair
while you’re passively standing there moping;
but the moment the penny is up in the air,
you suddenly know what you’re hoping.

Piet Hein, Grooks [11]

As discussed above, both parton showers and hadronisation models represent
essentially process-independent additions to a hard scattering sub-process. As
such, both are amenable to an iterative formulation, parton showers in terms
of successive applications of universal branchings, and hadronisation as a se-
quence of largely independent hadron formations or string/cluster breakups.
The power of computers to perform repetitive tasks according to specific rules
readily lends itself to such a formulation.

However, the processes involved are quantum mechanical and hence proba-
bilistic; a given initial state may result in a truly enormous number of different
possible final states, depending on the throw of God’s proverbial dice. ‘Event
Generators’ essentially simulate the outcomes of such dice throwing, by combin-
ing computer generated (pseudo-)random numbers with the statistical Monte
Carlo (MC) method (see e.g. [13]). Ultimately, it thereby becomes possible
to produce computer simulated ‘events’. Fully exclusive descriptions of the
final state may thus be achieved, if desired, by combining a simulation of the
hard scattering physics with parton shower and hadronisation algorithms (and
possibly algorithms describing further physics, such as the occurrence of addi-
tional scatterings). An added virtue is that the Monte Carlo method by itself
represents the numerical integration technique which converges the fastest for
high-dimensional distributions. Thus, an event generator also represents an
effective way of calculating cross sections for high-energy processes.

The real boon, however, is that any differential distribution of final state
observables can be obtained from the generator, since the description is fully
exclusive. This is in stark contrast to e.g. resummation descriptions, where one
has to proceed observable by observable.

Finally, event generators are used extensively by experimentalists. Since the
simulated events are intended to mimic as well as possible those that would
be recorded in a real detector, it is possible to pass the events through more
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or less sophisticated detector simulations, to gauge the detector response to
various physics assumptions, enabling an optimization of the detector design
and of the algorithms used to extract physics from the measurements.

Most of the papers involved in this thesis involve the Pythia event gener-
ator [12], modifying and extending the physics processes that can be described
with it in one way or another.

Beyond the Standard Model

There are more things in heaven and earth, Horatio, than are
dreamt of in your philosophy.

Hamlet (Act I, scene v) [14]

Looking beyond the Standard Model.

Beyond the Standard Model (BSM); a
catch-all phrase used for a broad range
of hypothetical ideas, from the already
mentioned modest postulate of a few
extra neutrinos to theories that have
us all living on membranes in higher-
dimensional worlds of curled-up extra di-
mensions.

From the experimental point of view,
the search is on for anything that might
not agree with the predictions of the
Standard Model. Scores of measure-
ments are continually being carried out, testing one or another facet of the
Standard Model. Meanwhile, within the limits permitted by existing data,
theorists speculate.

Despite its many successes the Standard Model is not likely to be ‘the
end of the line’; there are missing pieces and internal inconsistencies in the
model, which point towards the existence of hitherto undiscovered properties
of Nature. Naturally, it is exciting to speculate on what these properties might
be. The game is basically to come up with an alternative theory that

1. agrees with present data,

2. ‘solves’ one or more problems in the Standard Model, preferably without
introducing new ones,

3. gives predictions which are testable at one or more future experiments,
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4. is the one for which evidence is found at those experiments, this last
condition being the one required to go to Stockholm.

At the most general level, the ambitious and open-minded model-builder has
several starting options available. It is possible, for instance, that there could
exist new kinds of fundamental matter. Examples here include models with
4 generations of fermions and models with more Higgs bosons. It is also pos-
sible that what we think of as being fundamental matter, is not. Ideas along
these lines are compositeness (substructure in quarks and leptons), technicolour
(compositeness of the Higgs boson), and even string theory (where point-like
particles are replaced by strings or even membranes).

There could also exist a ‘fifth force’ in Nature, i.e. a new gauge symmetry.
Familiar examples are here models with Z ′ bosons, so-called Left–Right sym-
metric models, and also technicolour models. The known forces might also turn
out all to be but different aspects of one ‘original’ force, as in Grand Unified
Theories.

Finally, our concepts of space–time are not inviolate either. There could
exist a new kind of space–time symmetry (called supersymmetry), or e.g. rel-
ativistic (Lorentz) invariance could be violated to some small extent. Also,
when thinking of space and time it is natural to ask why the universe appears
to have exactly one time and three space dimensions. The last decade has
seen an explosion of activity on this question, with the emergence of many new
theories incorporating one or several extra dimensions, which are then curled
up in more or less sophisticated ways.

Naturally, some of these ideas are considered ‘more likely’ than others.
This is partly due to experimental constraints, item 1 on the list of conditions
for success above, and partly due to theoretical considerations. There is also
some inevitable prejudice as to which hypothesis is ‘nicest’, aesthetically or
otherwise. Giving a satisfactory review of everything that has been proposed
and measured is, however, beyond the scope of this introduction. Instead, since
papers I–IV concern supersymmetry, I will concentrate on just this possibility
in what follows, at what is meant to be a reasonably pedestrian level.

Supersymmetry

The building blocks of matter are fermions, in particular electrons and quarks;
the forces, on the other hand, are transmitted via the exchange of bosons, like
photons, gluons and the W and Z bosons. Though bosons and fermions to all
appearances have very different behaviour, or perhaps precisely because of that,
it is tempting to speculate that they might be related at a more fundamental
level. Essentially, that is the postulate of supersymmetry (SuSy).

In a supersymmetric theory, each fermion has a boson ‘superpartner’ and
vice versa. Each such pair of fields is intimately related by supersymmetry and
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is described collectively in so-called superfields. If Nature is supersymmetric,
the most immediate consequence is thus that there should exist superpartners
for all of the Standard Model particles. The naming conventions for these ‘spar-
ticles’ are such that the quarks and leptons have squark and slepton partners,
the gauge bosons are accompanied by gauginos, while Higgs bosons give rise
to higgsinos. Despite the silly names, these exotic particles currently represent
our best guess at detectable New Physics in forthcoming experiments. Con-
versely, if the searches reveal that such particles really do exist in Nature, and
if their properties can be verified to be in accordance with the predictions of
SuSy, a completely new type of symmetry of space and time would have been
discovered!

While this by itself makes SuSy interesting as a proposition, it was with
the discovery that SuSy may solve a fundamental problem known as the hier-
archy problem that the theory began to gain widespread acceptance. Loosely
speaking, every particle gains its mass by coupling to the Higgs field, with the
latter supposed even in vacuum to have a constant non-zero strength, a vac-
uum expectation value (vev). We know exactly what the Higgs vev should be,
from the spectrum of known particle masses, and even though the Higgs boson
itself hasn’t yet been found, we know its mass cannot be much larger. But in
the Standard Model, the quantum fluctuations of the Higgs field tend to make
the theoretically computed Higgs mass equal to the highest energy scale the
theory is postulated to be valid at, regardless of anything else. This is the hier-
archy problem in a nutshell; nobody knows what that ‘highest scale’ is for the
Standard Model, except that ultimately quantum gravity must come into the
game, though probably first at scales 1017 times larger than the Higgs mass.
It would be highly unnatural if the Higgs mass just by accident happened to
be 1017 times smaller than it had any right to be. Therefore, it is strongly
expected that some new physics must exist that reduces these large quantum
corrections, so that the theoretical prediction becomes more ‘natural’. Tied in
with this problem is that it would be nice to have an explanation for the actual
size of the Higgs mass.

In the beginning of the eighties, a mechanism was discovered, called radia-
tive breaking of electroweak symmetry, whereby SuSy could solve the hierarchy
problem and generate the Higgs mass scale in a natural and very elegant way.
Add to this that Grand Unified Theories based on the Standard Model were
beginning to fail while ones based on SuSy extensions of the Standard Model
were seen to work. And add again that many SuSy theories offer an appealing
solution to the so-called Dark Matter problem in cosmology. This problem has
existed since it became clear that the observed amounts of stars and dust are
not enough by far to account for how galaxies and galaxy clusters are held
together. The universe must contain a lot more matter that somehow does
not render itself observable to any kind of telescope, hence the name ‘dark
matter’. The Standard Model offers no explanation for what the fundamental



20 Introduction

Figure 8: In general, SuSy leads to a rapid rate of proton decay. Experiments,
however, give a lower limit on the proton lifetime which is orders of magnitude
larger than the age of the Universe. Thus it is SuSy, rather than the proton,
that has a problem.

nature of this matter might be, while many SuSy theories predict the exis-
tence of particles of the exact type favoured by cosmology, a stable so-called
WIMP3. Furthermore, string theory experienced a massive revolution in the
mid-eighties, with five theories based on supersymmetric strings emerging as
the best candidates for a more all-embracing theory. Combined, all of these
indications resulted in an explosive boom of interest in SuSy extensions of the
Standard Model. This interest remains today, and searches continue. As the
joke goes, there is hope for SuSy, since almost half the particles have already
been found.

Death to the Proton!

However, SuSy theories do have a few caveats of their own. The first of these
concerns the stability of the proton. Since most protons were presumably
created during the Big Bang and are still around today, the proton lifetime
must be at least of the order of the age of the Universe. In fact, experiments
involving extremely large numbers of protons have been able to set limits in
excess of 1032 years for the longevity of the proton. The Standard Model does
not violate this constraint, but only sort of by accident. That is, the stability
of the proton is not guaranteed by any fundamental symmetry of the model,
but comes about more or less since there just happens to be no way the proton
could decay via any of the interactions that are possible within the Standard
Model.

Unfortunately, the most straightforward SuSy extension of the Standard
Model does contain such interactions, and without any fundamental symmetry
to protect it, the proton would now have a life expectancy of order a fraction

3WIMP: Weakly Interacting Massive Particle
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of a second. This situation is illustrated in fig. 8, in which SuSy is informed by
the proton that it has a problem.

This problem is not insurmountable, however. One possibility is that proton
stability is not quite as accidental as it appears to be. That is, there could exist
a more fundamental symmetry which forbids the dangerous interactions. Many
examples of such symmetries have been proposed4, effectively falling into three
categories: conservation of Lepton Number (carried by the charged leptons
and by neutrinos), conservation of Baryon Number (carried by quarks), or the
simultaneous conservation of both of them.

Normally, SuSy extensions of the Standard Model are based on assuming
the conservation of a quantum number called R-parity, which is equivalent to
assuming both Lepton and Baryon number conservation [16]. This gives the
simplest phenomenology and has the nice additional property of predicting the
existence of the WIMP mentioned above. However, it is possible to construct
viable theories where either Baryon Number or Lepton Number is violated,
since it is only the simultaneous violation of the two that will lead to proton
decay. Such R-parity violating theories lead to quite different experimental
signatures, and also have interesting phenomenological consequences, some of
which are investigated in papers I and II.

To round off, this introduction has proven harder to write than I first
thought it would be. Nonetheless, it has been interesting and even fun to
work on. I hope that reading it may be likewise.

Under denne Tale var han krøbet i Sengen og slog med begge
Hænder p̊a Dynen, idet han mumlede:
“Haa haa haa! Nu ligger jeg da saa rart og saa godt!”

Poul Martin Møller, En dansk Students Eventyr [17]

4For a discussion of possible proton–protecting symmetries, see e.g. [15].
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The Papers

The six articles that constitute the main part of this thesis are here presented in
a summary fashion. Each paper is presented individually but with the emphasis
on the overall physics picture and on its place in relation to the rest of the
articles.

Paper I

When extending the Standard Model with SuSy, the additional constraint of
R–parity conservation is usually imposed, this to remove Baryon and Lepton
number violating operators from the theory, whose presence would otherwise
cause an unacceptably rapid rate of proton decay. However, R–parity is not
the only candidate for a proton–protecting symmetry. Viable SuSy theories
may incorporate either Baryon or Lepton number violation, since only the
simultaneous violation of both leads to proton decay.

In this paper, we explore some phenomenological consequences of Lepton
number violation in the Minimal Supersymmetric Standard Model (MSSM).
Firstly, we implement rate calculations for a large number of Lepton number
violating 2- and 3-body decay channels of sparticles to particles in the Pythia
event generator. Secondly, some comments are given on experimental triggers
and discovery potential at the LHC, using a set of mSUGRA points with various
possibilities for the Lepton number violating couplings. To facilitate the latter,
a technique based on neural networks is proposed and applied.

Paper II

In R-parity violating SuSy theories, the alternative to Lepton number violation
is, obviously, Baryon number violation. From a phenomenological perspective,
the latter possibility is more challenging, and more interesting. Where Lepton
number is carried exclusively by colour singlets, Baryon number is carried by
(fundamental representation) colour triplets, the quarks, and hence colour and
colour conservation becomes an important part of Baryon number violating
phenomenology.

In this paper, we begin with a natural continuation of the work reported on
in paper I, implementing rate calculations for Baryon number violating 2- and
3-body decays in the Pythia event generator. The main part of the paper is
then dedicated to a discussion of the unique colour topologies involved in these
processes, and to the development of a detailed model for non-perturbative
physics in their presence. Arguing that, in a colour conserving theory, Baryon
number can be viewed as a topological quantum number of the gluon field, we
effectively move the Baryon number away from the three quarks and locate
it on what we call a ‘string junction’, a topological feature of the gluon field
caused by the (antisymmetric) gauge connection between the quarks. From
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this standpoint, which allows us to trace the migration of the Baryon number
in some detail, we augment the Lund string fragmentation model to include the
hadronisation of junction topologies, taking also junction–antijunction systems
into consideration.

Lastly, several comparisons are performed with respect to the Herwig im-
plementation. Mostly, the two codes yield acceptably similar results. The flow
of baryon number, however, differs drastically, owing to the lack of a dynamical
modelling of this aspect in the Herwig implementation.

Paper III

In the course of working on the previous papers, the need to translate cor-
rectly between the various conventions in use for specifying supersymmetric
extensions of the Standard Model had led to recurring, if minor, problems.
Specifically, different authors use different parametrisations both of the input
assumptions as well as of the resulting mass and coupling spectra. Secondly,
SuSy calculations are generally performed in a different regularisation scheme
than that used for most other applications. Finally, add to this the more tech-
nical aspect of ensuring consistent communication between the large number of
SuSy calculational tools presently available, each of which is being continually
modified and updated, and one easily realizes that confusion and error must
occur, even on the part of specialists.

Thus, aiming to minimise the extent and impact of at least the most trivial
sources of error, paper III reports on the development of a standardised set of
self-consistent conventions for specifying the most commonly considered SuSy
models, combined with a standard set of file structures that SuSy calculational
tools may use to interface each other.

Paper IV

In paper I, the possibility of supersymmetry with so-called bilinear Lepton
number violation was not considered. Nonetheless, this special type of Lepton
number violation can have interesting, even spectacular, consequences. Specif-
ically, the lepton number violating couplings and vacuum expectation values
induce a mixing between neutralinos and neutrinos, leading to a low-scale see-
saw-like mechanism for generating neutrino masses. Indeed, it is possible to
construct explicit models that can account for the experimentally observed
neutrino mass differences and mixing angles while at the same time leading to
testable predictions for the decays of the lightest supersymmetric particle at
collider energies.

On this background, paper IV contains a small proof-of-concept study which
confirms the possibility of obtaining sufficiently precise measurements at the
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LHC to investigate the question of whether neutrino masses could have a su-
persymmetric origin.

Paper V

The level of sophistication of the junction fragmentation model developed in
paper II could perhaps be considered slightly overkill, considering the plausi-
bility of the physics scenario it was applied to, had there not been an ulterior
motive in developing it. This motive is furnished by the wish to understand
the dynamics of hadron–hadron collisions in more detail, or more precisely, the
dynamics of baryon collisions.

Specifically, since hadrons are composite objects, it is possible for several
distinct pairs of partons to collide during a single hadron–hadron collision. To
the best of our current knowledge, this is not a rare phenomenon. Simple
arguments can be used to show that most proton–(anti)proton collisions e.g.
at Tevatron or LHC energies are guaranteed to contain several perturbatively
calculable interactions. It thus becomes possible for instance that two valence
quarks are knocked out of one and the same proton, yielding a situation where
the baryon number of the beam cannot naturally be associated with a colour
antitriplet diquark, as would otherwise normally be the case. Instead, we must
here consider the antisymmetric colour structure of the proton in full, a situa-
tion which earlier hadronisation models were simply not capable of addressing.

In paper V we therefore further develop our model for junction fragmen-
tation and apply it to the case of baryon beams (and baryon beam remnants)
in the context of multiple parton interactions. The hadronisation description
is complemented by several options for the transverse density profile of the
incoming hadrons (i.e degree of lumpiness vs. homogeneity) and a sophisti-
cated treatment of correlations in flavour, momentum, and colour between all
partons involved, both those undergoing interactions, which are each associ-
ated with initial- and final-state parton showers, and those remaining in the
beam remnants. Some first studies are carried out, with comparisons to earlier
models indicating a good overall description. Some interesting deviations are
found, however, indicating that our understanding of in particular the colour
correlations is not yet complete.

Paper VI

Consider a hadron–hadron collision at the crudest possible quantum mechanical
“resolution scale”. That is, consider an “event” where everything has been
averaged over except the very hardest parton–parton interaction, say a simple
2 → 2 scattering at high virtuality. Now gradually make the resolution finer.
In the ordinary parton shower approach, lower-scale details will now be added
to the simple process, an ISR branching here, an FSR branching there, and
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finally hadronisation and hadron decays will be resolved as well.
Paper VI, our most recent study, primarily concerns the interplay between

initial state radiation (ISR) and multiple interactions (MI). When MI processes
are added to the possibilities in the “evolution” described above, it is intuitive
that MI and ISR should be competing, in some sense, and that each will affect
the other. For instance, if it turns out that a valence quark was knocked out by
an interaction at a certain scale, then that should affect the ISR evolution of
all other interactions below that scale, simply because that quark is no longer
part of the remnant parent hadron at those scales.

We have therefore extended the model proposed in paper V, firstly with p⊥-
ordered ISR and FSR algorithms, and secondly with an interleaved evolution (in
p⊥) of MI and ISR in parallel. We anticipate that an even more complete model
will incorporate the possibility of joining several interactions by perturbative
ISR branchings and will return to this in the future.
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the whole class went to see one (no touching!) on a memorable field trip to
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the corridor, but Alex had an apparently infinite patience. As a CERN summer
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test beam, Petr and Peter, a few boxes of fast electronics, and an oscilloscope.
And there was a girl there who was very sweet, very beautiful, and so smart
she could do loop integrals! I fell madly in love with her, and still am.

Well on my way to experimental particle physicisthood, I met Torbjörn and
his field, phenomenology, to which also Alex had introduced me: theory that
was measurable, testable, and that mattered to experimentalists — it sounded
good, and they wanted a new student. And apart from the godawful coffee
which I pray I may never taste again, I have had a good time in Lund, with
Torbjörn and his family, with Nastyman and the House, the wednesdays at
Rydberg’s, the unforgettable performances of THEPISS5, and all the beer at
Bishop’s. As a young scientist, I am also very grateful to the THEP department
for having funded a generous amount of travel, which has allowed me to make so
many new contacts and join so many interesting activities abroad, including the
highly productive BSM (Bongo-Session-at-Midnight) meeting at Les Houches
last year (which in fact laid the foundations for two of the papers in this thesis!).
I recall many happy discussions at various blackboards/bars/cliffs with my post
doc idols Ben, Peter, Sabine, Werner, David I, David II, and even Tilman. I am
also very much indebted to the Royal Physiographic Society in Lund for getting
me to Santa Barbara so I could talk to Rick, Joey, and Steve again. There are
many more people who deserve thanks, and without whom this thesis would
either have been different or my life while writing it more boring. This includes,
but is not limited to, Jonas the plant physiologist who proofreads theoretical
physics papers at a glance, Paula who organizes the highly enjoyable Nordic

5THEPISS: Theoretical High Energy Physics Informal Student Seminars.
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LHC Workshops, and the many other people who have supported me or who
have invited me to come give a talk somewhere.

First and foremost, I have spent three years becoming a particle physics
phenomenologist, and that choice I am sure is among the best and luckiest
ones I have ever made.

Wie merkwürdig ist die Situation von uns Erdenkindern! Für
einen kurzen Besuch ist jeder da. Er weiss nicht wofür, aber
manchmal glaubt er, es zu fühlen. Vom Standpunkt des täglichen
Lebens ohne tiefere Reflexion weiss man aber: man ist da für die
anderen Menschen —

A. Einstein, Mein Weltbild [19]
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Abstract The possibility to simulate lepton number violating supersymmetric
models has been introduced into the recently updated Pythia event generator,
now containing 1278 decay channels of SUSY particles into SM particles via
lepton number violating interactions. This generator has been used in com-
bination with the AtlFast detector simulation to study the impact of lepton
number violation (L/ ) on event topologies in the ATLAS detector, and trigger
menus designed for L/ -SUSY are proposed based on very general considera-
tions. In addition, a rather preliminary analysis is presented on the possibility
for ATLAS to observe a signal above the background in several mSUGRA sce-
narios, using a combination of primitive cuts and neural networks to optimize
the discriminating power between signal and background events over regions of
parameter space rather than at individual points. It is found that a 5σ discov-
ery is possible roughly for m1/2 < 1 TeV and m0 < 2 TeV with an integrated
luminosity of 30 fb−1, corresponding to one year of data taking with the LHC
running at “mid-luminosity”, L = 3 × 1033 cm−2s−1.

Reprinted from European Physical Journal C, 23, Copyright (2002), with per-
mission from Springer-Verlag.
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1 Introduction

Among the primary physics goals of the Large Hadron Collider at CERN,
scheduled to turn on some time during 2006, are the exploration of the SM
Higgs and top quark sectors, and the direct exploration of the TeV scale with
the emphasis on Supersymmetry.

The motivations for believing that Supersymmetry is indeed a property of
Nature are many, most importantly the natural and exhaustive extension of the
Poincaré group furnished by the Supersymmetric operators [1], the possibility
for exact unification of the SM gauge couplings as required by GUTs, the
requirement of Supersymmetry for anomaly-cancellation in string theories, and
perhaps most importantly, its providing a natural and elegant solution to the
problem of scale hierarchy in the SM.

For this latter problem to be solved without unnatural finetuning order by
order in perturbation theory, the sparticle masses must lie at or below the TeV
scale, and so there is ample reason to believe that SUSY should be observable
at the LHC (see e.g. [2]).

The potential for hadron colliders to observe Supersymmetry has been stud-
ied in great detail (see e.g. [3,4]), yet studies tend to concentrate on the simple
MSSM framework where both baryon and lepton number conservation are im-
posed. In section 2 we summarize the theoretical situation, pointing out that
it is by no means obvious that baryon and lepton number should be conserved
in supersymmetric theories.

The possibility to study lepton and baryon number violating Supersymme-
try has already been included [5] in the Herwig event generator [6] and in
SusyGen [7], and several studies exist for run II of the Tevatron (for reviews,
see [8, 9], latest experimental results [10]) and to a lesser extent for the LHC
(see e.g. [11–14]).

However, it has not before been possible to study the full range of decays in
these supersymmetric models using the Pythia framework (and thus the string
fragmentation model), and no dedicated LHC studies have been performed
regarding triggers and sensitivity for these theories beyond cases where the
LSP was simply forced to decay. In this paper, we go to the general case where
all sparticles (excepting the gluino) are allowed to decay via lepton number
violating couplings, introducing 1278 lepton number violating decay channels
of sparticles to particles in the Pythia event generator.

For the purpose of studying the experimental signatures arising from the
lepton number violating decay channels, and to quantify to some extent the
“discovery potential” of the LHC, some selection of benchmark points is needed.
5 mSUGRA points and, for each of these, 9 scenarios for the 36 L/ coupling
strengths are presented and discussed in section 3.

From this point on, the analysis relies on technical aspects of the detector
design (or rather, their representation in crude simulation algorithms), and
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so we are forced to distinguish between the ATLAS and CMS experiments.
Assuming to a first approximation that these experiments will have similar
capabilities, we choose to concentrate on ATLAS in the remainder of the paper.

A first step is to define the data sample inside which L/ -SUSY should be
searched for. To this purpose, a selection of triggers designed for L/ -SUSY
scenarios are proposed for “mid-luminosity” running of the LHC (L = 3 ×
1033 cm−2s−1) in section 4.

Before going further, we note that the conventional procedure of studying a
few benchmark points in detail is insufficient in the enlarged parameter space
opened up by the L-violating couplings, even more so since the presence of
such couplings also remove important cosmological contraints on the mSUGRA
parameters. In particular, the Lightest Supersymmetric Particle (LSP) is no
longer required to be neutral [15], and essentially no bound on the mSUGRA
parameters can be obtained by requiring a relic density less than or equal to
the density of dark matter in the universe.

In section 5, we make a first attempt at coming to grips with the size
of the parameter space, proposing a method which relies on neural networks
and the grouping of individual scenarios into classes, whereby regions rather
than individual points become the studied objects in parameter space. In
this work, we define just 2 classes of L/ -SUSY models, each containing 15
individual scenarios and a class consisting of 5 MSSM scenarios for reference.
For each class, a neural network is trained with post-trigger events from all the
scenarios in the class against background events, allowing the network to pick
out general qualities common to each class without over-fitting to a particular
model. Although we study only a few scenarios here, the usefulness of this
method should become apparent when considering the requirements posed by
more comprehensive scans over parameter space.

After some remarks pertaining to the dangers of using neural networks,
we present results for the estimated ATLAS sensitivity, S/

√
S +B, for all

scenarios with an assumed integrated luminosity of 30 fb−1. The subsequent
step of pinning down the model parameters once a signal has been observed, is
clearly more model dependent and is not covered here. An up-to-date review
can be found in [9].

A brief outlook and concluding remarks are given in section 6.

2 L-Violating SUSY

In this part of the paper, we do not present new results. Rather, we summarize
some theoretical considerations concerning R-violation which, although well
documented in the literature, may not be in the active memory of all readers.

Despite the many attractive features of Supersymmetry, most notably that
it provides a natural solution to the hierarchy problem, it is well known that
the most general supersymmetric Lagrangian (containing all terms obeying
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SU(3)C × SU(2)L × U(1)Y gauge invariance and Supersymmetry) is utterly
incompatible with experiment, regardless of whether the assumption of minimal
particle content is made or not.

The reason is that baryon and lepton number conservation is not guaranteed
by any of the symmetries just mentioned, and the accidental conservation of
these quantum numbers in the SM does not hold when extending the SM with
Supersymmetry; the full SUSY Lagrangian contains renormalizable lepton and
baryon number violating operators [16] which are suppressed only by the SUSY
breaking mass scale squared. Unless a much more powerful suppression mech-
anism is also at work, these operators result in a lifetime for the proton which
would be measured in fractions of a second, to be compared with the experi-
mental bound τp > 1.6 × 1033 yr (at 90% CL) obtained by Super-Kamiokande
in the p→ e+π0 channel [17].

The possibility that the couplings responsible for proton decay are just
naturally small but not zero is almost out of the question. Assuming MSUSY ≈
1 TeV, the product of the B/ and L/ couplings involved in proton decay is
required to be less than 10−25 [18]. Since at least one of the couplings is then
forced to have a value below 10−12 without any obvious suppression mechanism
at work, it is more natural to assume that there is some additional symmetry
in the theory, giving zero couplings either for the B-violating terms, the L-
violating terms, or both.

Thus, in the Minimal Supersymmetric Standal Model (MSSM), a discrete
symmetry, R-parity [19], is customarily imposed which ensures the conserva-
tion of baryon as well as lepton number in the supersymmetric Lagrangian.
Since there are strong indications that non-gauged symmetries are maximally
violated by quantum gravity effects (leading to wormhole-induced proton de-
cay [20]) whereas gauged symmetries are totally stable against such effects [21],
we shall here assume that the proton-protecting symmetry is in fact a so-called
discrete gauge symmetry [22]. In this case, it is of importance to note that
although R-parity conservation leads to a comparatively simple phenomenol-
ogy and a natural dark matter candidate (the LSP), the problem with proton
decay is not satisfactorily solved when embedding the supersymmetric theory
into more fundamental frameworks (such as GUTs) where baryon and lepton
number violation can appear at some higher scale.

In an effective theory valid around the electroweak energy scale, the in-
teractions mediated by super-heavy resonances associated with a higher-scale
theory, take the form of non-renormalizable operators (i.e. operators of mass
dimension d ≥ 5) suppressed by d − 4 powers of the high scale. Such oper-
ators, violating baryon and/or lepton number are generally not forbidden by
R-parity conservation (see fig. 1), and it has been demonstrated that operators
of dimension 5, being suppressed by only one power of the high (e.g. GUT)
scale, will cause too rapid proton decay unless their couplings are suppressed
by several orders of magnitude [23]. This should, by itself, provide a powerful
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Figure 1: An example of proton decay proceeding via a 5-dimensional operator
violating both L and B but conserving R. Due to the Majorana nature of the
neutralino, it is drawn without an arrow.

argument for exploring alternatives to R-parity.

In [24], a systematic analysis of discrete gauge symmetries was carried out
with the surprising conclusion that only R-parity and a Z3 symmetry equivalent
to L-conservation are anomaly-free, although some model dependence of this
analysis [25] implies that also conservation of baryon number could be assured
by viable symmetries. We shall here denote the two possibilities by L-parity
and B-parity, though this should not be taken to mean that these symmetries
stand for exact lepton number conservation and exact baryon number conser-
vation (for obvious reasons to do with the matter-antimatter asymmetry of the
universe). These names only reflect that in the supersymmetric part of the
theory, the corresponding quantities are conserved. They may still be violated
by GUT scale operators and will certainly be so by electroweak sphalerons.
By far the most interesting observation, however, is that both L-parity and
B-parity but not R-parity can forbid the dangerous dimension 5 contributions
to proton decay.

Since a large number of current GUT and Planck scale theories do contain
baryon and lepton number violation exterior to the supersymmetric MSSM
framework, which will result in exactly this kind of contributions, it is impor-
tant that experiments planning to explore SUSY are well prepared for the very
distinct experimental signatures which are the hallmarks of R-parity violat-
ing scenarios, most importantly the consequences of a decaying LSP, of single
sparticle production, and of the removal of the cosmological constraint that the
LSP be neutral.

In this article, we assume the framework of the MSSM with the modification
that lepton number is violated. This leads to the MSSM interaction Lagrangian
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being enlarged by the following terms [18]:

LL/ = λijk (ν̄cLieLj ẽ
∗
Rk + νLiẽLj ēRk + ν̃LieLj ēRk − i↔ j)

+λ′ijk

(

ν̄cLidLj d̃
∗
Rk + νLid̃Lj d̄Rk + ν̃LidLj d̄Rk

−ēcRiuLj d̃∗Rk − eLiũLj d̄Rk − ẽLiuLj d̄Rk

)

+h.c. (1)

where i, j, k are generation indices (summation implied) and λijk is antisym-
metric in its first two indices. The terms in the first line of the above equation
are customarily denoted LLE terms and the terms in second LQD, in refer-
ence to the superfields appearing in the superpotential from which eq. (1) is
derived. All of these terms contain two (SM) fermions and one (SUSY) scalar.
The oddness under R is thus directly visible here, since the SM fields have
R = +1 and the SUSY fields R = −1. Also, it is clear that each sfermion can
decay in a number of ways to two SM fermions via these couplings. L-violating
neutralino, chargino, and gluino decays are forced to proceed via one or more
intermediate scalar resonances.

A complete list of decay modes and full matrix elements for all decays of
MSSM sparticles to SM particles can be found in [26]. Of these, we have imple-
mented all but the gluino decays into the Pythia event generator, publically
available from version 6.2, with documentation included in the recently revised
Pythia manual [27]. The conclusions of the present paper are not expected to
be changed significantly by the inclusion of L/ gluino decays since the gluino is
typically heavy and thus has a number of other, unsuppressed decay channels
available. Details about the Pythia implementation can be found in [28].

Note that the sfermion decay matrix elements in [26] have been checked
analytically by the author, and that the matrix elements listed there are not
directly applicable in Pythia. Both Pythia and Herwig (Isawig) follow
[29, 30] for the chargino and neutralino mixing conventions, but Herwig uses
the opposite convention [31] for the sfermion mixing angles, yielding a relative
transposition between the two programs. In addition, extensive counter-checks
were made between the two programs to make sure they agree1. Some non-
negligible differences exist:

1. Isawig does not use running masses in the evaluation of higgsino-type
couplings whereas Pythia does. This has been observed to lead to sub-
stantial differences between the widths calculated by the two programs
(in rare cases factors of 2 or more).

2. αs at MZ is used by Isawig in the calculation of the gluino decays. In
the forthcoming update of Pythia where gluino decays are included, αs

1This resulted in a few bug-fixes also in the Herwig code, so Isawig has had a few bugs
in the ME calculation up to and including v.1104.
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will be evaluated at the mass of the gluino.

3. Pythia and Herwig (Isasusy) do not use the same RGE’s, so many
parameters can differ quite substantially at the EW scale from the same
GUT input, creating an “artificial” dissimilarity between the two pro-
grams. Ideally, one should compare models with identical EW scale mass
spectra.

3 mSUGRA Models

The models used in this study have not been chosen among the ones initially
suggested in the ATLAS Physics TDR [3]. This is partly due to the exclusion
of most of these points by LEP (essentially from bounds on the Higgs mass),
and partly since it is interesting to enable a direct comparison between the
capabilities of the LHC and other, future experiments. The 5 mSUGRA points
shown in table 1 have therefore been selected among 14 points which were
defined by the CLIC physics study group [32]. More recently - too late to be
included in the studies reported here - a new set of standard benchmarks points
were proposed [2] which have now been adopted by both the CLIC and other
linear collider communities. See [2] for mass spectra analogous to table 1. To
aid comparison, we briefly list the main differences/similiarities between our
points and the new benchmark points.

• Point ’A’ is a (150GeV) lighter version of P2. The total SUSY (pair
production) cross section is approximately 4 times larger than for P2:
σA ≈ 4σP2 .

• Points ’B’, ’C’, ’I’, and particularly ’G’ are similar to P9. σP9 ≈ 0.5σB ≈
5σC ≈ 2σI ≈ 3.5σG.

• Point ’D’ is dissimilar to all our points. It is closest to P2, but has a
500GeV lighter gluino, and 400GeV lighter squarks which increases the
LHC cross section by an order of magnitude.

• Point ’E’ is a lower-mass version of F2, point ’F’ a higher-mass version.
σF2 ≈ 13σF ≈ 0.05σE.

• Point ’H’ is similar to P7 but slightly heavier, giving a total LHC cross
section2 σH ≈ 1

4σP7 .

• Point ’J’ is a high-tanβ version of P2 with very close to identical total
cross section. The mass hierarchies are also very similar.

• Point ’K’ is a large-m1/2 sister of the only large-tanβ model included in
this work, P12. The correspondingly larger masses yield a cross section
σK ≈ 0.04σP12 . The mass spectrum is similar to that of P7.

2Point ’H’ gave a τ̃
+
1

LSP when using the GUT input parameters in [2] with ISASUGRA.
We therefore chose a 30GeV larger value for m0, retrieving χ̃0

1
as the LSP.
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• We have not included points at tanβ = 45, but point ’M’ can be seen as
an even heavier version of point ’K’≈ P12 with a total cross section of only
0.1 femtobarns, and point ’L’ has a mass spectrum not greatly different
from P9 but with heavier squarks and gluinos giving a cross section an
order of magnitude lower than for P9.

The total cross sections compared here include all MSSM pair production.
Single sparticle production will give additional contributions depending on the
strengths of the R-violating couplings.

One should keep in mind that all these points are defined for the MSSM, and
as such have neutralino LSP’s, a property which it has already been mentioned
is not necessary in R/ -SUSY scenarios. Though we shall not do so here, it is
certainly advisable to explore the experimental consequences of non-neutralino
LSP’s in more detail.

Both our points and the points in [2] assume a vanishing trilinear coupling
at the GUT scale, i.e. A0 = 0. In connection with this work, a small study of
the direct consequences of that assumption upon the results presented here was
performed. Varying A0 between 0 and 500GeV for P2, P9, and P12 gave only
a weak variation (O(5%)) of the semi-inclusive L-violating branching ratios
(e.g. BR(χ̃0

1 → qqν)), and so apart from the consequences of the distortion
of the mass spectrum caused by A0 6= 0, the main signatures (number of
leptons, number of jets, etc.) should be only mildly affected by changes to this
parameter.

In addition to the mSUGRA parameters come the 9 λ (LLE) and the 27
λ′ (LQD) couplings for which the scenarios listed in table 2 have been studied
for each mSUGRA point. The reason we do not consider couplings larger than
10−2 is partly due to the present experimental bounds [33] and partly due to
the fact that some implicit approximations in this analysis would break down
for larger couplings: 1) the R/ couplings are not included in the RGE evolution
of the SUSY parameters and 2) single sparticle production is not simulated.
Note that the large-coupling (a) scenarios only observe the limits on individual
couplings given in [33], not the limits on products of the couplings. Thus,
these scenarios are useful for studying the consequences of having many large
couplings, but one should keep in mind that they are unrealistic in that not all
of the couplings can be simultaneously large.

On the other hand, if the R/ couplings get significantly smaller than 10−4,
the LSP lifetime can become so large that it decays outside the detector, mim-
icking the R-conserving scenarios which have already been extensively studied.
For example, for the mSUGRA point F2, setting all λ couplings to 10−6 and
all λ′ couplings to zero results in a decay length for the LSP of τc = 40 m. In
the intermediate range, one may see the LSP decay directly inside the fiducial
volume of the detector (see e.g. [34]), yet we abstain from relying on such a
spectacular signature here so as not to be overly optimistic in our results.
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P2 P7 P9 P12 F2

GUT Parameters
tanβ 5 10 20 35 10
m0 170 335 100 1000 2100
m 1

2
780 1300 300 700 600

sign(µ) + + + − +
A0 0 0 0 0 0

Mass Spectrum
h0 118 123 115 120 119

A0, H±, H0 1100 1663 416 944 2125

χ̃0
1 325 554 118 293 239

χ̃0
2, χ̃

+
1 604 1025 217 543 331

χ̃0
3 947 1416 399 754 348

χ̃0
4, χ̃

+
2 960 1425 416 767 502

g̃ 1706 2752 707 1592 1442

ẽR, µ̃R 336 584 156 1031 2108
τ̃1 334 574 126 916 2090

ẽL, µ̃L 546 917 231 1098 2126
τ̃2 546 915 240 1051 2118
ν̃ 541 913 217 1095 2125

q̃R 1453 2333 612 1612 2328

b̃1 1403 2262 566 1412 2010
t̃1 1189 1948 471 1241 1592
q̃L 1514 2425 633 1663 2343

b̃2 1445 2312 615 1482 2310
t̃2 1443 2286 648 1451 2018

LHC Parameters
P2 P7 P9 P12 F2

σSUSY [fb] 130 3.9 24000 110 110
×30fb−1 3900 114 720000 3300 3300

Table 1: Selected points of analysis in the mSUGRA parameter space, mass
spectra as obtained with Isasusy, and total SUSY pair production cross section
at the LHC.

4 Triggers for L/ -SUSY

A reasonable aim for the total L/ -SUSY dedicated trigger rate is about 1Hz.
We here focus on rates after the events have been filtered through the trigger
system, i.e. we make no distinction between trigger levels. This is a technical
issue which requires more detailed knowledge of the detector performance at
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L/ C O U P L I N G M O D E L S
a b n

L L E
λijk
λ′
ijk

10−2

0
10−4

0

p

m̂eim̂ej m̂ek

0

L Q D
λijk
λ′
ijk

0
10−2

0
10−4

0
p

m̂eim̂qj m̂dk

L L E + L Q D
λijk
λ′
ijk

10−2

10−2

10−4

10−4

p

m̂eim̂ej m̂ek
p

m̂eim̂qj m̂dk

Table 2: Selected points of analysis in the λ − λ′ parameter space. The last
column corresponds to the “natural coupling” scenario proposed in [23]. m̂ ≡
m
v = m

126GeV and mqj ≡ 1
2 (muj + mdj ). These models (coloumn n) will be

referred to as “nLLE”, “nLQD”, and “nLLE + nLQD” in the text below.

mid-luminosity than is currently parametrized in AtlFast. Specifically, no
parametrization of the effects of pile-up at mid-luminosity is included, and
so we here adopt a best-guess approach, performing the simulation without
pile-up, and then multiplying the resulting trigger rates by a factor of 5/3 to
estimate the true rates at L = 3 × 1033 cm−2s−1. This factor is based on
the scaling exhibited by the inclusive electron, electron/photon, and ET/ +2jets
trigger rates presented in [3, chp.11] from low to high luminosity.

To retain as much generality as possible in the trigger definitions, it is
sensible to use the information contained in the L/ superpotential terms rather
than a selection of decay modes to define the trigger menus. The λ (LLE)
couplings are purely leptonic, and thus single sparticle production via these
terms is not relevant for the LHC. Thus we are searching for at least two
hard leptons (which, however, may be tauons), in most cases accompanied
by ET/ from escaping neutrinos. For the λ′ (LQD) terms, we expect at least
two leptonic objects accompanied by hard jets when the dominant production
mechanism is MSSM pair production. Note that pure jet signatures would also
be possible through single slepton production, q1q̄2 → ˜̀→ q3q̄4. Single squark
production via LQD requries a lepton in the initial state and is thus suppressed
at the LHC.

The triggers so far investigated are listed in table 3, where background rates
and efficiency ranges for all models investigated are shown. For comparison, re-
sults for MSSM scenarios are also given. The event generation was performed
with an augmented version of Pythia 6.155 [35] and AtlFast v.2.53 [36].
With respect to AtlFast, an attempt was made at obtaining more believable
muon and electron reconstruction efficiencies by including by hand a muon effi-
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Trigger
Background

Rate
MSSM

Efficiency
LLE

Efficiency
LQD

Efficiency

mu45I + mu45I 0.2 Hz 1 — 5 % 10 — 40 % 1 — 10 %
e45I + e45I 0.1 Hz 1 — 5 % 1 — 35 % 1 — 10 %
mu15I + e15I 0.1 Hz 2 — 5 % 20 — 60 % 2 — 15 %
mu40I + me75 0.3 Hz 10 — 25 % 40 — 75 % 10 — 35 %
e40I + me75 0.2 Hz 10 — 20 % 15 — 70 % 10 — 35 %
j100 + mu40I 0.5 Hz 10 — 20 % 45 — 70 % 10 — 40 %
j100 + e40I 0.5 Hz 5 — 15 % 15 — 65 % 10 — 35 %
j100 + me175 0.3 Hz 50 — 80 % 35 — 80 % 25 — 80 %
3j50 + mu20I 0.1 Hz 5 — 15 % 45 — 60 % 12 — 40 %
3j50 + e30I 0.1 Hz 5 — 10 % 15 — 55 % 10 — 35 %
3j75 + me125 0.1 Hz 30 — 65 % 30 — 70 % 40 — 90 %

Total Rate 2.1 Hz 60 — 90 % 90 — 99.9 % 60 — 96 %
/Combined Efficiency

Table 3: Estimated trigger rates for background processes and trigger effi-
ciency ranges for the various MSSM points and L/ -SUSY scenarios studied for
L = 3 × 1033cm−2s−1. The nomenclature follows the ATLAS standard, where
e.g. “mu45I” means an isolated muon with pT > 45GeV, “me” stands for miss-
ing (transverse) energy, and “3j50” means 3 jets, each with pT > 50GeV. The
total rate is smaller than the sum of the individual rates since there is a cer-
tain overlap, and the combined efficiencies can be larger than the individual
efficiencies, since there is not a total overlap between the triggers.

ciency of 95% independent of muon momentum and an electron reconstruction
efficiency of 80% for electrons with pT > 50GeV and 70% for electrons with
pT < 50GeV. These estimates are based on the ATLAS Physics TDR [3].

Background cross sections, pre-trigger event rates, and sample sizes are
listed in table 4. Though low-pT QCD events have essentially no chance to
pass triggers and much less the subsequent analysis cuts, the very high purities
required for SUSY signal extraction do not immediately admit these events
to be discounted entirely. Rather, a substantial sample of such events was
generated with the object of placing an upper bound on the number of low-pT
QCD events remaining after cuts using Poisson statistics. This will be discussed
in section 5, however some cautiousness should be employed in interpreting the
bounds obtained, since the Monte Carlo is here being stretched far into the
tails of its pT distributions.

We do not consider triple gauge boson production. The cross section (ex-
cluding Higgs-induced production) is around 100 fb [37], i.e. at the same level as
interesting SUSY cross sections, yet invariant mass cuts on pairs of jets would
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EVENT RATES AND SAMPLE SIZES

Process σ [mb] Rate [Hz] Ngen

QCD 2 → 2
pT = 1 − 10GeV 55 1.6×108 2.5×108

pT = 10 − 75GeV 12 3.7×107 2.2×108

pT = 75 − 150GeV 5.5 ×10−3 1.7×104 1.4×107

pT > 150GeV 2.9×10−4 8.7×102 1.1×107

tt̄ 6.2×10−7 1.9 5.9×106

Z/W 1.2×10−3 3.6×103 1.8×108

ZZ/ZW/WW 1.2×10−7 0.36 5.9×106

Table 4: Numbers of generated events for the trigger study. The rates listed
are total rates before trigger for L = 3 × 1033 cm−2s−1. QCD events with the
pT of the hard interaction below 1GeV were not simulated.

presumably be able to reduce this background considerably, and so we do not
believe that these processes are dangerous as background sources.

More detailed remarks and a large selection of plots of trigger rates and
efficiencies versus thresholds can be found in [28].

From the efficiencies in table 3, one easily sees how much cleaner the sig-
natures of the purely leptonic (LLE) coupling are compared to the signatures
involving quarks (LQD) where higher thresholds, due to the hadronic envi-
ronment, mean smaller efficiencies. From this we conclude that it would be
of interest to extend the LQD study, examining whether 2-jet triggers and/or
3-object triggers could enhance the efficiency.

Lastly, though the trigger proposals given here are designed explicitly with
L/ -SUSY in mind, they show a certain overlap with triggers proposed for more
conventional physics. The di-muon and 3 jets + lepton triggers, for example,
have also been proposed for various Higgs searches. The di-electron trigger as
well as 3 jets + electron are proposed to catch tt̄ decays. Finally, the conven-
tional SUSY searches also make use of multi-lepton, jets + ET/ , and multi-jet
signatures [38]. It is therefore not unlikely that the triggers proposed here can
be incorporated to some extent into the conventional trigger programme.

5 Discovery of L/ -SUSY at the LHC

The main purpose here is to deliver an impression of what kind of signal
strengths can be achieved at the LHC with 30fb−1 integrated luminosity. To
maintain generality in view of the more than thousand L-violating channels pos-
sible, we do not discuss invariant mass reconstruction or measurements of the
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SUSY parameters in general. We focus entirely on the isolation of candidate
events through inclusive and kinematic event-shape variables in the attempt
to obtain a statistically significant signal as compared with the background
expectation after cuts. We do this for several models simultaneously (using
neural networks in the final step), an approach which is complementary to the
conventional one, where specific scenarios are studied one by one.

Note that no attempt is made, beyond a crude worst-case estimate, to
include the effects of pile-up in this analysis.

5.1 Missing Transverse Energy

The post-trigger ET/ distribution for the SM and its composition is shown in
figure 2a. Note that there are so few double gauge boson events that they are
hardly visible on the plot. The peaks at ET/ = 75GeV and at ET/ = 175 are
due to the me75 and me175 triggers becoming active.

In figure 2b the distributions for the most “low-mass” mSUGRA point, P9,
are shown for P9(MSSM), P9a(LLE), and P9a(LQD). The degradation of the
ET/ signature in the L/ models is evident, though one observes by comparing
with fig. 2a that a cut at low ET/ values is still possible. Note that the ET/
trigger peaks mentioned above are absent for the LLE scenario, this simply
because the LLE scenarios do not rely to so great an extent on the ET/ triggers,
c.f. table 3.

The full range of mSUGRA models are plotted in figure 2c. To enable the
models to be shown on the same scale and to be distinguished from each other,
the histograms have been normalized to unit area and smoothed. These plots
are not intended to give detailed information, but rather to illustrate the spread
between the models. Models with heavy squarks and gluinos (P7, F2, and to
some extent P12) have rather flat, MSSM-like signatures whereas the models
with lighter sparticles are peaked at low ET/ . This is an important point, since
the light-sparticle scenarios have high production cross sections and the heavy-
sparticle ones low cross sections. A cut on ET/ > 100GeV seems a reasonable
compromise between losing events in the peaked distributions (where we have
many events anyway) and efficient background rejection required for the heavier
scenarios (where we lose little by the cut but have fewer events).

5.2 Leptons and Jets

Due to the fact that the LSP decays, one expects an increased number of leptons
and/or jets in the L/ -SUSY scenarios. In figures 3 and 4 the number of leptons
is plotted versus the number of jets for each of the SM backgrounds and for
P9(MSSM), P9a(LLE), and P9a(LQD). All events satisfy ET/ > 100GeV.

The absolute normalizations are, of course, very different for each of the
SM plots.
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Figure 2: a) and b): ET/ signatures for the SM and mSUGRA point 9a models
(i.e. all relevant R/ couplings set to 10−2) normalized to 30fb−1 of data taking.
“QCD LOW pT ” means events from the 100GeV < pT < 150GeV sample and
“QCD HIGH pT ” events from the pT > 150GeV sample. c): Event distribu-
tions normalized to unit area for LLE, LQD, and the MSSM for all mSUGRA
and L/ coupling points studied. The last row of plots is not intended to give
detailed information, merely to illustrate the spread between the models.

One notices that the number of reconstructed jets goes up to 15 on the plots
in figs. 3 and 4. The jet numbers are obtained using the AtlFast standard cone
algorithm jet finder, employing a cone size of ∆R =

√

(∆φ)2 + (∆η)2 = 0.4
and with clusters up to pseudorapidities |η| < 5 included only if their transverse
energies are above EminT = 10GeV. Whether a resolution of up to 15 jets or
more is possible (and reliable) in the finished experiment is questionable, yet
the important point remains that there is more hadronic activity associated
with the LQD scenarios than is the case for the MSSM, and we should be able
to distinguish between the two possibilities using any jet finder.
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Nlep vs. Njets: Relative Abundance

Z/W

Nlep vs. Njets: Relative Abundance

ZZ/ZW/WW

Nlep vs. Njets: Relative Abundance

QCD HIGH PT

Nlep vs. Njets: Relative Abundance

TTBAR

Figure 3: Lepton versus jet multiplicity (see text) for background events sur-
viving the cut on ET/ . The numbering of the bins is such that the events with
0 jets are in the bin to the right of the number 0 and events with 0 leptons are
in the bin above the number 0.

The increased number of leptons in the LLE scenario as well as the increased
number of jets (and a small increase in the number of leptons) in the LQD
scenario relative to the MSSM are evident. Since the Z/W and high-pT QCD
backgrounds have the highest cross sections, a cut removing events in the lower
left corner was performed, requiring NJets +N` ≥ 8 or N` ≥ 3. This cut has
a rejection factor of about 20 for the SM events and efficiencies above 75% for
all L/ -SUSY scenarios, again with a tradeoff between signal loss at low-mass
points and efficient background rejection for high-mass points.

5.3 Additional Variables

In addition to the above mentioned requirements, cuts on several other kine-
matical variables were performed before the neural network analysis below. We
shall here only briefly define and comment these variables (see [28] for details):

• The pT of the hardest object (jet or lepton) in the event was required to
be greater than 200GeV.
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Nlep vs. Njets: Relative Abundance

MSSM

Nlep vs. Njets: Relative Abundance

LLE

Nlep vs. Njets: Relative Abundance

LQD

Figure 4: Lepton versus jet multiplicity (see text) in mSUGRA P9 for events
surviving the cut on ET/ . The numbering of the bins is such that the events
with 0 jets are in the bin to the right of the number 0 and events with 0 leptons
are in the bin above the number 0.

• We define the “pT -weighted 4-object energy correlation” by:

P4C ≡ 1

12

(
E4

E3
+
E3

E2
+
E2

E1

)

(pT1 + pT2 + pT3 + pT4) (2)

where E1, ..., E4 (pT1, ..., pT4) are the energies (transverse momenta) of
the four hardest objects in the event. For pair-produced LSP’s, one would
expect four hard objects with more or less equal energies more often than
would happen for background events. The energy fractions are weighted
by the average pT to give the variable some extra sensitivity against tt̄
events. A cut at P4C > 200GeV was placed.

• Events with Thrust greater than 0.85 were rejected. The Thrust calcu-
lation naturally suffers from the loss of particles down the beam-pipe at
high pseudorapidities. Only particles with |η| < 5 are defined as being
inside the active calorimetry range in AtlFast, and only these particles
are included in the Thrust calculation.

• Events with Oblateness greater than 0.4 were rejected3.

3Note that Oblateness is calculated entirely in the transverse plane for hadron colliders.
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• Events with Circularity less than 0.1 were rejected4.

5.4 Neural Network Cuts

It is clear that the above cuts do not define a dedicated search strategy. They
were applied to all scenarios with no distinction between MSSM, LLE, and
LQD models. A more comprehensive analysis would of course have to focus on
each of these possibilities separately, and also some differentiation between the
mSUGRA parameters would be required. In particular sparticles lighter than
the top and ones heavier than the top could with advantage be searched for
using separate strategies.

This highlights the fact that the mSUGRA parameter space, including now
the L/ couplings, is not small. It was judged an uneconomical use of resources
at this point to optimize a purely physics-based analysis for each of the many
possibilities offered by this large parameter space. Instead, three neural net-
works were trained with post-trigger events to separate MSSM, LLE, and LQD
scenarios, respectively, from the background distributions. Each network was
thus trained not with one scenario but with equal numbers of events from 15
different scenarios with varying mSUGRA parameters and varying L/ -coupling
strengths, allowing the networks to pick out general qualities common to each
class without over-fitting to a particular model.

This procedure is certainly prone to the dangers which are always present
when using neural networks on simulated data, in that the input parameters
(simulated experimental observables) do not come with warning labels about
where in their domains the simulated results can be trusted and where not.
However, exercizing caution on this point, the method proposed here could be
a useful alternative for exploring theories with large parameter spaces.

As inputs were used all of the above mentioned variables along with the pT
of the four hardest jets and the two hardest leptons. The networks employed
were single-layer perceptrons using the gradient descent learning algorithm,
with biased linear input and output neurons, and hidden neurons activated
according to a biased sigmoid (‘logistic’) function. At the end of each learning
period, the networks were trimmed using the OBD (Optimal Brain Damage)
prescription [39]. After ten such periods, the networks generally showed a
negligible difference in performance on the learning sample as compared with
the performance on an independent monitor sample, indicating that over-fitting
to the training samples is not a problem.

The training samples consisted of 3000 post-trigger SUSY events, selected
equally among the appropriate scenarios, and 4000 background events, weighted
according to their post-trigger cross sections to represent approximately 107

events in the learning algorithm. An output of zero (one) was the target for
background (SUSY) events.

4Same comment as for Oblateness.
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The finished LLE (LQD) network showed a clear preference for low-Thrust,
multi-lepton (multi-jet), low-Oblate-ness events with a mixture of low and high
ET/ . For slightly higher Thrust values, low lepton momenta were preferred in
the LLE case. For the LQD network, the most noteworthy additional feature
was a strong relaxation of all other considerations for very high jet energies.
Note that the background levels at low Thrust values suffer from some theoret-
ical uncertainty due to the fact that parton showers have been used to generate
the multi-jet final states, an approach which in the past has been known to give
too few multi-jet events. Though it is not clear that present generators suffer
from the same problems, it is important to note that there is a non-negligible
and potentially dangerous uncertainty in any analysis relying on parton-shower
simulations for large jet numbers and low Thrust values.

Processing now the full event samples remaining after the cuts described
above through each of the three (MSSM, LLE, and LQD) networks, a final cut
was made requring outputs larger than 0.9. Since the learning samples were
small compared to the full event samples (e.g. about 100.000 SUSY events were
generated per scenario and only a few hundred used for training) no effort was
made to exclude those events which had participated in the learning process
from the analysis. This is, in principle, a source of error, yet we permit ourselves
to ignore it due to the smallness of the learning samples and since any problems
related to over-fitting have been minimized by OBD. For the SM backgrounds,
the generated event samples had been depleted considerably by the initial cuts,
and only the tt̄ and double gauge boson samples had any events remaining at
all after the network cuts (note that the learning samples used for training –
for both background and SUSY – were post-trigger events).

The procedure used to construct upper bounds on the actual event numbers
was, forN events remaining in a sample, to calculate the mean, µ, of the Poisson
distribution which has exactly 5% chance to result in N or fewer events. µ is
then interpreted as a “95% CL” upper bound on the number of events which
could have passed the cut. For the low-pT QCD events, this number was then
subjected to the same rejection factors under cuts as the high-pT sample (later
the rejections for the tt̄ sample were used for both), and the double gauge boson
rejection factors were used for the upper bound on single gauge events.

Typically, for 30 fb−1, between 500 and 1000 signal events remain after cuts
for P2, P12, and F2. Many more of course remain for P9 because of the larger
cross section, but there is no hope for P7 with only 114 events expected in total
in 30fb−1 of data. Yet one should bear in mind that single sparticle production
which has not been included here could significantly increase the cross section if
the R/ couplings are not much smaller than the gauge couplings. For a hadron
machine like the LHC, this effect would only be big for the LQD terms since
single slepton resonances would then be possible. Of course, if B/ terms are
present, single squark production would be possible as well.
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5.5 Results

We define the statistical significance with which a discovery can be made by

P =
S√
S +B

(3)

and conservatively interpret P > 5 rather than the conventional S/
√
B > 5 to

mean that a 5σ discovery will be possible. Using the event numbers obtained
in the analysis (the estimates on B being 95% CL upper bounds) results in the
P values listed in table 5.

In reality, P depends on (unknown) systematic QCD uncertainties (parton
distributions etc) and should be corrected for the effects of pile-up, and so we
can only be confident that a 5σ discovery is possible if P is somewhat larger
than 5. Therefore, aside from working with the definition, eq. (3), we attempt
to define a more pessimistic quantity in a very crude, ad hoc manner which we
shall call Pcorr.

The non-inclusion of pile-up results in too optimistic estimates of S/B. To
include an estimate of the reduction of this ratio, we rewrite eq. (3) to:

P =

√
S

√

1 +B/S
(4)

where we now include the effects of pile-up by multiplying B/S by some factor.
That twice as many background events per signal event could be passing the
analysis if pile-up was included seems a reasonably pessimistic guess.

Furthermore, assuming that the intrinsic uncertainty on both S and B
coming from uncertainties on QCD parameters will, to a first approximation,
work in the same direction and with a comparable magnitude for both B and
S, we expect that the denominator in the above formula is not affected by
this uncertainty, and so we include the QCD-related uncertainties by reducing
the number of signal events in the numerator by a factor of 1.5, believing this
to be an adequate worst-case estimate. This yields the following form for the
“corrected discovery potential”:

Pcorr =
S√

1.5S + 3B
(5)

Of course, this quantity should not be taken too seriously. We list it in table 5
merely to show the effects of the stated factors on the discovery potential, i.e.
a reduction of S/B by a factor of 2 combined with a reduction of both S and
B by 2/3.

With regard to the sensitivity of this analysis on systematic uncertainties
on the normalization of B, note that only for P9 do we have an S/B � 1.
For the P2, P12, and F2 scenarios S/B lies between one half and unity. We



52 Searching for L-Violating Supersymmetry at the LHC

do not estimate this to be a serious problem since our background estimate is
only a 95% CL upper limit (larger event samples would most likely bring the
high-pT QCD component down) and since the background normalization can
presumably be determined to better than a factor 2 (as is used in Pcorr) using
complementary regions of phase space where the SUSY population is low or
vanishing.

What one can see in table 5 is again that the LLE scenarios typically yield
much purer event samples than the LQD ones, due to the hadronic environment
at the LHC. It is also worth noticing that it is not easy, from this analysis alone,
to discriminate between MSSM, LLE, and LQD scenarios. This is due to the
fact that the three networks were trained independently, i.e. they were taught
to reject SM events but not events from the other scenario types.

A suggestion for how we might have gained further insight would be to
construct one network with one output node for each class of models, requiring
an output of (0,0,...) for background events, (1,0,0,...) for events of class 1,
(0,1,0,0,...) for events of class 2, and so on. One would then be able to construct
a measure for the relative probability of the events surviving cuts belonging to
a given class of models, by comparing their n-dimensional distribution in the
network output space with the expected background distribution.

6 Outlook and Conclusion

6.1 Outlook:

Though some preliminary studies have been performed in the present work,
the field is large and many important tasks remain. Recently, a significant
theoretical effort has been dedicated to studying the case of baryon number
violation [40–42]. Both single sparticle production and baryon number violating
SUSY will be included in the Pythia generator in the foreseeable future.

This will hopefully spur more LHC activity, with comprehensive studies
of both lepton and baryon number violating scenarios. Preliminary studies
indicate a lessening of the reach of the LHC in baryon number violating sce-
narios [40], and it would be of interest to explore this reach with the full range
of production and decay mechanisms included. In addition, studies should
certainly be carried out for mSUGRA benchmark points without neutralino
LSP’s.

Finally, triggers dedicated for R/ -SUSY should be incorporated in the stan-
dard ATLAS trigger programme.

6.2 Conclusion:

1278 decay modes of Supersymmetric particles into Standard Model parti-
cles through lepton number violating couplings have been implemented in the
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ATLAS L/ -SUSY DISCOVERY POTENTIAL

NETWORK

SUSY MSSM LLE LQD

Point P/Pcorr P/Pcorr P/Pcorr

P LLE

2a 24.3/16.2 25.5/17.1 25.4/17.1

P LLE

2b 24.5/16.3 25.8/17.3 25.7/17.3

P LLE

2n 23.2/15.4 24.7/16.5 24.3/16.3

P LLE

7a 0.7/0.4 0.7/0.4 0.8/0.5

P LLE

7b 0.8/0.4 0.8/0.4 0.8/0.5

P LLE

7n 0.7/0.4 0.7/0.4 0.8/0.5

P LLE

9a 191/153 315/256 218/176

P LLE

9b 190/153 316/256 218/176

P LLE

9n 166/133 257/208 169/135

P LLE

12a 23.4/15.5 25.6/17.2 25.5/17.2

P LLE

12b 23.4/15.5 25.5/17.2 25.5/17.2

P LLE

12n 21.8/14.4 24.2/16.2 24.3/16.3

F LLE

2a 11.3/7.0 14.0/8.8 13.3/8.4

F LLE

2b 11.2/6.9 13.7/8.7 13.1/8.2

F LLE

2n 9.9/6.1 12.4/7.8 12.3/7.7

P LQD

2a 20.9/13.7 24.3/16.2 24.8/16.6

P LQD

2b 21.4/14.1 24.7/16.5 25.3/17.0

P LQD

2n 21.5/14.1 23.3/15.5 24.2/16.2

P LQD

7a 1.0/0.6 1.0/0.6 1.1/0.6

P LQD

7b 1.0/0.6 1.0/0.6 1.1/0.7

P LQD

7n 1.0/0.6 1.0/0.6 1.1/0.6

P LQD

9a 116/91.6 153/122 125/99.0

P LQD

9b 113/88.7 151/121 123/97.6

P LQD

9n 113/88.5 131/104 110/86.6

P LQD

12a 15.7/10.0 19.2/12.5 20.9/13.7

P LQD

12b 15.8/10.1 19.4/12.6 21.1/13.9

P LQD

12n 16.6/10.6 18.6/12.1 20.9/13.8

F LQD

2a 7.0/4.2 9.5/5.9 10.5/6.5

F LQD

2b 7.0/4.2 9.4/5.8 10.5/6.5

F LQD

2n 6.9/4.2 8.8/5.4 10.3/6.4

NETWORK

SUSY MSSM LLE LQD

Point P/Pcorr P/Pcorr P/Pcorr

P LLE+LQD

2a 24.3/16.2 25.9/17.4 25.8/17.4

P LLE+LQD

2b 24.5/16.3 25.9/17.4 25.9/17.4

P LLE+LQD

2n 21.4/14.0 23.2/15.4 24.2/16.2

P LLE+LQD

7a 0.8/0.5 0.8/0.5 0.9/0.5

P LLE+LQD

7b 0.8/0.5 0.8/0.5 0.9/0.5

P LLE+LQD

7n 1.0/0.6 1.0/0.6 1.1/0.6

P LLE+LQD

9a 179/143 289/234 203/164

P LLE+LQD

9b 178/143 291/236 204/164

P LLE+LQD

9n 114/89.3 132/105 111/87.0

P LLE+LQD

12a 20.7/13.6 23.8/15.8 24.3/16.3

P LLE+LQD

12b 20.8/13.6 23.8/15.8 24.4/16.4

P LLE+LQD

12n 16.5/10.6 18.5/12.0 20.8/13.7

F LLE+LQD

2a 9.0/5.5 11.9/7.4 11.9/7.5

F LLE+LQD

2b 9.0/5.5 11.7/7.3 11.8/7.4

F LLE+LQD

2n 7.1/4.3 8.9/5.5 10.4/6.4

P MSSM

2 10.4/6.4 10.2/6.3 10.2/6.3

P MSSM

7 0.2/0.1 0.2/0.1 0.2/0.1

P MSSM

9 136/108 121/95.9 93.5/72.8

P MSSM

12 16.1/10.3 15.5/9.9 16.1/10.3

F MSSM

2 9.4/5.8 9.7/6.0 10.5/6.5

Table 5: ATLAS discovery potential and corrected discovery potential (see
text) for all SUSY scenarios investigated using each of the three networks. The
numbers shown correspond to an integrated luminosity of 30 fb−1.
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Pythia event generator. Combining this augmented version of the genera-
tor with a crude simulation of the ATLAS detector, trigger menus for mid-
luminosity running of the LHC have been proposed and seen to have a high
acceptance of supersymmetric events in several L-violating SuperGravity sce-
narios while still giving event rates in the 1Hz region.

Taking these trigger menus as basis, the possibility for a 5σ discovery af-
ter 30 fb−1 data taking was estimated for each investigated model, using a
technique based on simultaneous classification of groups of models rather than
detailed studies of single models.

For cross sections down to 10−10 mb (or, roughly, for points with m0 <
2 TeV and m1/2 < 1 TeV) it was found that a 5σ discovery was possible for
all scenarios with 30 fb−1 of data. It is estimated that uncertainties related
to QCD parameters or pile-up in the detector, both of which have not been
taken into account in the present analysis, could not significantly affect this
conclusion.

L-violating decays of the gluino and the possibility of invoking B-violation
will be implemented in the Pythia generator within a foreseeable future.

Acknowledgement: The author gratefully acknowledges support from Fred-
erikke Lørup f. Helms Mindelegat and thanks P. Richardson and S. Mrenna for
helpful correspondence.
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1 Introduction

There are good reasons to consider supersymmetry (SUSY) as the next logi-
cal step in formulating a consistent theory of particle physics. It complements
the Standard Model by the possibility to secure the Higgs potential against
excessive radiative corrections, and provides a framework for understanding
electroweak symmetry breaking. SUSY is the largest symmetry, within the
requirements of conventional field theory, where internal symmetry groups can
be combined with the space–time Poincaré group. It thereby points the way
towards a unified theory also including gravity, e.g. based on superstrings. For
this and other reasons SUSY has been a prime scenario in the search for man-
ifestations of physics beyond the Standard Model. Furthermore, in planning
future experiments, SUSY offers a broad range of distinctive signatures that
form convenient targets for detector performance and analysis strategies.

In the Minimal Supersymmetric extension of the Standard Model (MSSM),
the standard particle content, extended to two Higgs doublets, is doubled up
by the presence of superpartners to all normal particles. A multiplicative quan-
tum number called R-parity may be defined by R = (−1)2S+3B+L, where S
is the particle spin, B its baryon number and L its lepton number, such that
normal particles have R = 1 while the superpartners have R = −1. If R-parity
is conserved, supersymmetric particles are pair produced, and the Lightest
Supersymmetric Particle (LSP) is stable and hence a Dark Matter candidate.
However, there is at present no deep theoretical motivation why R-parity should
not be broken. This paves the way both for baryon number violating (BNV
= baryon number violation/violating in the following) and lepton number vi-
olating (LNV) processes. If both of these are allowed, proton decay would be
extremely rapid, unless the relevant couplings are abnormally tiny [1]. As a
rule, phenomenology is therefore based on assuming either BNV or LNV, but
not both.

The supersymmetric particles that could be produced in high-energy col-
liders normally are not directly observable: either they decay rapidly or they
are weakly interacting and escape detection. With R-parity conserved, the sig-
nals would consist of jets, leptons and missing E⊥ from escaping neutrinos and
LSP’s. In scenarios with BNV the main decay product is jets, with only few
leptons or neutrinos, and so observability above QCD backgrounds becomes
far from trivial at hadron colliders such as the Tevatron or the LHC. In order
to carry out realistic studies it is therefore necessary to have a detailed under-
standing of the properties of both signal and background events. The prime
tool for achieving such an understanding is to implement the relevant processes
in event generators, where simulated events can be studied with all the analysis
methods that could be used on real events. Main generators used for SUSY
studies include Isajet [2], Herwig [3], Susygen [4], and Pythia [5]. Tra-
ditionally the Pythia framework assumes R-parity conservation, but recently
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LNV processes have been implemented and some first studies carried out [6,7].

In the past, BNV has been modelled [8, 9] and studied [10] in detail in the
Herwig framework, with emphasis on the perturbative aspects of the pro-
duction process. In this article we present a corresponding implementation in
Pythia where a special effort is dedicated to the non-perturbative aspects,
i.e. what happens with the (anti)baryon number generated by the BNV. This
allows us to address the possibility to obtain the “smoking-gun” evidence that
a BNV decay has occurred, with questions such as Could the presence of a
violated baryon number be directly observed? and If so, what strategy should be
used?. A brief presentation of this work can be found in [11].

In addition, many differences exist between the Pythia and Herwig physics
scenarios, for parton showers and underlying events, allowing useful cross-
checks to be carried out and uncertainties to be estimated.

The outline of the article is as follows. In section 2, we briefly summarize
the short distance physics associated with BNV SUSY and give an account
of its implementation into Pythia. Next, in section 3, we turn our attention
to a parton-shower description of gluon emission in BNV decays. In section
4, the special aspects related to the presence of a net baryon number in the
hadronization process are described and an approach based on the Lund model
of QCD strings is developed. In section 5 we concentrate on tests of the model,
with special attention to the fate of the (anti)baryon produced by BNV. Some
(semi)realistic studies are collected in section 6. Finally, section 7 summarizes
and gives an outlook.

2 The Baryon Number Violation Scenario

In Supersymmetric theories, it is usually convenient to work at the superpo-
tential level rather than at the Lagrangian level, since the former has a simpler
structure and is in any case related to the latter by straightforward manipu-
lations, see e.g. [12]. The most general superpotential which can be written
down for the MSSM includes 4 R-parity odd terms:

WMSSM
RPV =

1

2
λijkε

abLiaL
j
bĒ

k + λ′ijkε
abLiaQ

jα
b D̄

k
α

+
1

2
λ′′ijkε

α1α2α3 Ū iα1
D̄j
α2
D̄k
α3

+ κiL
i
aH

a
2

(1)

where i, j, k run over generations, a, b are SU(2)L isospin indices, and α(i) runs
over colours. L and Q are the SU(2) doublet (left-handed) chiral superfields for
(s)leptons and (s)quarks, respectively, and E, U , and D are the SU(2) singlet
(right-handed) superfields for charged (s)leptons, (s)up type, and (s)down type
quarks, respectively. The last term represents a mixing between the left-handed
(s)leptons and one of the Higgs superfields.
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There are two noteworthy aspects about the third term in eq. (1), which we
shall henceforth refer to as the “UDD” term: 1) it is the only one which has
a non-zero baryon number (all the others violate lepton number), and 2) the
colour indices have a Levi-Civita tensor structure. Of course, these two aspects
are really one and the same. They express the simple fact that, since SU(3)
of colour is unbroken, the only way to make a colour singlet is to combine the
three colours antisymmetrically, e.g. as used in constructing ordinary baryon
wavefunctions.

In a B-conserving theory like the SM or the R-conserving MSSM, there is no
colour antisymmetric perturbative interaction term, i.e. no term with a colour
structure like that of the UDD term. Apart from extreme occurrences, like
knocking two valence quarks out of the same proton in different directions, by
two simultaneous but separate interactions, normal high-energy events would
therefore not fully display the antisymmetric colour structure of the proton.
Instead, it is normally enough to consider a baryon as consisting of a colour
triplet quark and a colour antitriplet diquark, where the internal structure of
the latter need not be specified. So what is different about the UDD term
is that it allows the production of three colour carriers at large momentum
separation, without the creation of corresponding anticolour carriers. It is the
necessary SU(3) gauge connection between these three partons that will lead
us in the development of the nonperturbative framework.

A further point about the UDD term is that the contraction of the ε tensor
with D̄jD̄k implies that λ′′ijk should be chosen antisymmetric in its last two
indices, since a (j, k)-symmetric part would cancel out.

The part of the Lagrangian coming from the UDD superpotential term in
which we are interested is:

LBNV = 1
2λ

′′
ijkε

α1α2α3

(

ūiRα1
(d̃∗)jRα2

(dc)kRα3

+d̄jRα1
(ũ∗)iRα2

(dc)kRα3
− (j ↔ k)

)

+ h.c. , (2)

where we have made the choice of not yet using any of the antisymmetry re-
quirements, so that the ordinary Einstein summation convention applies. Su-
perscript c implies charge conjugation and q̃∗ denotes a charge (=complex)
conjugate squark. From this, the possible lowest-order BNV 3-point functions
can immediately be read off. In this paper, we only consider sparticle decays;
BNV production mechanisms are ignored. This is first and foremost a conser-
vative approach, since any additional sparticle production could only increase
the observable signal. Secondly, the underestimation of the sparticle produc-
tion cross sections is small as long as 1) the BNV couplings are small compared
to the gauge couplings and 2) the squarks are not so heavy that single-squark
production via BNV is significantly enhanced over the ordinary pair production
processes. For discussions of single squark production, see [13].

Combining the vertices in eq. (2) with the full MSSM Lagrangian, also de-
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cays involving one or more gauge couplings are clearly possible, e.g. neutralino
decay via χ̃0 → q̃i(→ q̄j q̄k)q̄i. The BNV SUSY decay processes currently im-
plemented in Pythia, with Born level matrix elements as calculated by [8],
are:

1) d̃jn → ūid̄k (36)

2) ũin → d̄j d̄k (18)

3) χ̃0
n → uidjdk (144)

4) χ̃+
n → uiujdk (30)

5) χ̃+
n → d̄id̄j d̄k (14)

6) g̃ → uidjdk (36)

where n runs over the relevant mass eigenstates: n ∈ {L,R} for the first two
generations of squarks, n ∈ {1, 2} for the third generation squarks and the
charginos, and n ∈ {1, ..., 4} for the neutralinos. The numbers in brackets
are the number of modes when summed over n, i, j, and k, and over charge
conjugate modes for the Majorana particles.

The matrix elements for these processes, as implemented in Pythia, are
not quite identical to those used in Herwig. Most importantly, Pythia uses
running masses and couplings at some points where Herwig does not. See [7]
for a list of these differences.

When calculating the partial widths (and hence also the rates) into these
channels, we integrate the matrix elements over the full phase space with mas-
sive b and t quarks, and massive sparticles. All other particles are only treated
as massive when checking whether the decay is kinematically allowed or not,
i.e. they are massless in the phase space integration.

A feature common to both programs is how double-counting in the BNV
three-body modes is avoided. The diagrams for these modes contain interme-
diate squarks which may be either on or off the mass shell, depending on the
other masses involved in the process. If a resonance can be on shell, we risk
doing double counting since Pythia is then already allowing the process, in
the guise of two sequential 1 → 2 splittings. Technically, this means that the
list of 1 → 3 BNV widths obtained by a call to PYSTAT(2) only represent the
non-resonant contributions, the resonant ones being accounted for by sequences
of 1 → 2 splittings in other parts of the code.

In the description of the momentum distribution in a three-body resonance
decay, the default Pythia procedure is to assume an isotropic phase space, i.e.
the matrix-element information used above to obtain partial widths is neglected
here. This should not be a bad approximation when the intermediate squark
propagators are far from mass shell over the full phase space and therefore do
not vary much, but could be a problem when a squark mass (plus the mass of
the corresponding quark) is only slightly above the gaugino one. In section 5
we return to this issue, comparing with Herwig, where the full, unintegrated
matrix elements are used to give a more correct phase space population.
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3 Parton Showers

The production and decay of unstable particles is normally associated with
bremsstrahlung emission of gluons and/or photons as applicable. This radia-
tion is conveniently described in the parton-shower language, where the effects
of multiple emissions are explicitly included by iterative applications of the
relevant splitting kernels, such as q → qg, g → gg, g → qq and q → qγ.
Even though existing showering algorithms typically only fully resum the lead-
ing logarithms, most of the effects of next-to-leading logs are also included in
the form of energy–momentum conservation, recoil effects, scale choice in αs,
coherence effects, and matching of energetic emissions to higher-order matrix
elements. At LEP the Pythia, Herwig and Ariadne [14] radiation routines
have been well tested. All three are found to describe the data well, although
some problems exist [15]. Since Ariadne has not been used for SUSY studies,
we restrict the continued discussion to the former two.

The Herwig algorithm is based on an evolution variable that ensures angu-
lar ordering; subsequent emissions occur at smaller and smaller angles. Thereby
coherence effects are respected, i.e. double-counting of emission is avoided. The
colour flow of the hard process defines cones around the partons, within which
all emissions occur. In the limit where each emitted gluon is much softer than
the hard-scattering partons, and much softer than all preceding gluons emitted,
this approach can be shown to give the correct emission rate, and also when
going away from this limit it should provide a good overall description. How-
ever, a consequence of the way the kinematics of the algorithm is constructed
is that “dead zones” occur, within which no emission at all is possible [16].
Thus, in e+e− → qqg events, the region of energetic gluon emission at large
angles to both the q and q is completely empty. The solution [16] is to com-
bine two classes of events, both qq and qqg ones, with the latter picked in the
“dead zone” region of the three-body phase space according to the relevant
matrix elements. All events, i.e. from either class, are then allowed to shower
further. However, such corrections have only been worked out for a few cases,
e.g. e+e− → qqg and top decay [17].

The Pythia algorithm is based on evolution in the virtuality of the emitting
parton, with the requirement of angular ordering enforced by vetoing non-
angular-ordered emissions. This gives a less exact description of coherence in
the soft-gluon limit. Yet it does allow the full three-body phase space to be
populated, simply by not imposing any angular ordering constraint for the first
emission of each of the two original partons. As it turns out, the incoherent
addition of radiation from these two sources tends to give an overestimation of
the qqg rate in the hard, non-collinear gluon region, while the soft and collinear
regions give what they should. It is therefore straightforward to introduce a
correction factor, whereby a fraction of the emissions are vetoed, so that the
remaining fraction agrees with the desired three-jet rate [18]. Some years ago,
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the relevant gluon-emission corrections were calculated and implemented for
most two-body decays within the SM and the MSSM, with R-parity conserved
[19].

Normal processes are characterized by unbroken colour lines: the colours
present in the initial state will also be there in the final state, with the proviso
that opposite colours and anticolours may be pair-produced or annihilated.
This information is used in parton showers, e.g. to set up emission cones.
BNV processes are different in this respect: in a q̃ → qq branching a blue
colour line may end and antired and antigreen begin. Therefore the standard
rules need to be supplemented. In Herwig an effort has been made to study the
different new topologies and use the soft-gluon eikonal, i.e. spin-independent,
expressions to set up the relevant maximum emission cones in the different
processes [8]. Still, the “dead zone” issue is not addressed, meaning that the
rate of energetic, wide-angle gluon emission is almost certainly underestimated.

By contrast, we shall here allow emission over the full phase space, like
before. However, not having calculated the corresponding matrix-element cor-
rection factors, one should not expect the correct rate in the hard-gluon region.
Technically, in the lack of further knowledge, the q̃ → qq process is corrected
to the eikonal answer for a colour singlet decaying to a triplet plus an an-
titriplet [19]. For three-body decays such as χ̃ → qqq or g̃ → qqq, no matrix
element corrections are available.

With three (or more) primary partons to shower, one is left with the issue
how the kinematics from the on-shell matrix elements should be reinterpreted
for an off-shell multi-parton configuration. We have made the arbitrary choice
of preserving the direction of motion of each parton in the rest frame of the sys-
tem, which means that all three-momenta are scaled down by the same amount,
and that some particles gain energy at the expense of others. Mass multiplets
outside the allowed phase space are rejected and the evolution continued.

In principle, radiation in the initial and final states may interfere, thereby
requiring the inclusion of further coherence conditions. The extent of such
interference critically depends on the width of the intermediate resonance: only
gluons with energies below this width are emitted coherently from initial and
final partons [20]. We here assume that the resonances are sufficiently narrow
that such interference effects can be neglected; see further the discussion in
section 4.5.

The bottom line is that Pythia likely overestimates the hard-gluon emis-
sion rate, whereas Herwig underestimates it. This makes it interesting to
compare the two descriptions, and possibly to use differences as a first estima-
tion of systematic uncertainties in our current description of BNV processes.
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4 String Topologies

Up till now we have considered short-distance processes, where perturbation
theory provides a valid description in terms of quarks, gluons and other fun-
damental particles. At longer distances, the running of the strong coupling αs

leads to confinement and a breakdown of the perturbative description of QCD
processes. Instead there is a transition to a nonperturbative régime, charac-
terized by hadrons rather than by partons. In the lack of an exact approach,
this hadronization process must be modelled. The perhaps most successful and
frequently used approach is the Lund string fragmentation model [21].

This approach has not before been applied to the colour topologies encoun-
tered in BNV. We therefore here extend the string model by the introduction
of a junction, where three string pieces come together. Effectively, it is this
junction that carries the (anti)baryon number that is generated by a BNV pro-
cess. The hadronization in the region around the junction will therefore be of
special interest.

4.1 The normal string

In this subsection we summarize some properties of the ordinary Lund string
model, highlighting the concepts that will be needed for the developments
in the remainder of the article. Readers who are already familiar with the
fundamentals of the string model may wish to proceed directly to the next
subsection.

To illustrate the string model, it is useful to start with the simplest possible
system, a colour-singlet qq 2-jet event, as produced in e+e− annihilation. Here
lattice QCD studies lend support to a linear confinement picture in the absence
of dynamical quarks, i.e. in the quenched approximation [22]. Thus the energy
stored in the colour dipole field between a charge and an anticharge increases
linearly with the separation between the charges, if the short-distance Coulomb
term is neglected. This is quite different from the behaviour in QED, and
is related to the non-Abelian character of QCD. The dynamical mechanisms
involved are not fully understood, however.

The assumption of linear confinement provides the starting point for the
string model. As the q and q partons move apart from their common pro-
duction vertex, the physical picture is that of a colour vortex line, or maybe
a colour flux tube, being stretched between the q and the q. (The difference
between these two terminologies is related to whether the QCD vacuum more
resembles a type II or a type I superconductor. This is an interesting ques-
tion by itself, with the vortex line analogy somewhat favoured by theoretical
prejudice, but it will not be crucial for the continued discussion here.) The
transverse dimensions of the tube are of typical hadronic sizes, roughly 1 fm.
If the tube is assumed to be uniform along its length, this automatically leads
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to a confinement picture with a linearly rising potential. In order to obtain
a Lorentz covariant and causal description of the energy flow due to this lin-
ear confinement, the most straightforward approach is to use the dynamics
of the massless relativistic string with no transverse degrees of freedom. The
mathematical, one-dimensional string can be thought of as parameterizing the
position of the axis of a cylindrically symmetric flux tube or vortex line. From
hadron spectroscopy, the string constant, i.e. the amount of energy per unit
length, is deduced to be κ ≈ 1 GeV/fm.

For a massless qq pair moving out along the ±z axis, the original energy
and momentum of the quark is then reduced with time according to

Eq(t) = pzq(t) = Eq(0) − κt , (3)

with a corresponding equation for Eq(t) = −pzq(t). This classical equation of
motion obviously does not take into account the quantum mechanical uncer-
tainty relation; in this sense one may conceive of the (unmeasured) space–time
picture as a subordinated intermediate step in the derivation of the (measured)
energy–momentum picture.

If the quark instead has a nonvanishing rest massmq the equation of motion
is

dpzq(t)

dt
=

dpzq(t)

dEq(t)

dEq(t)

dt
=
Eq(t)

pzq(t)

(

−κ dz

dt

)

=
Eq(t)

pzq(t)

(

−κ pzq(t)
Eq(t)

)

= −κ ,
(4)

which has the solution

pzq(t) = pzq(0) − κt ; (5)

Eq(t) =
√

E2
q(0) − 2κt pzq(0) + κ2t2 . (6)

A key aspect, which we will make use of for the junction phenomenology below,
is that the momentum loss per unit of time is independent of the quark mass.

In the back-to-back configuration the string does not carry any net momen-
tum, but acquires energy proportional to its total length as the q and q move
apart. Once the endpoint quarks have lost their momenta, they will be pulled
back by the string tension and re-acquire momenta in the opposite direction, at
the same time as the string length shrinks back. When the quarks meet again
the force flips sign and a second half-period of the oscillation begins.

Such stable “yo-yo” modes are used as simple representations of mesons.
For a high-invariant-mass qq system, the fragmentation into lower-mass mesons
proceeds through the production of new q′q′ pairs, corresponding to dynamical
quarks in lattice QCD. Thereby the original system first splits into two colour-
singlet systems, qq′ and q′q. If the invariant mass of either of these string pieces
is large enough, further breaks occur. In the Lund model, the string break-up
process is assumed to proceed until only on-mass-shell hadrons remain, each
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z

t

qq

Figure 1: The breakup of an original qq system into a set of mesons, each
represented by a yo-yo state. For simplicity quarks are here assumed massless,
and so move along lightcones. The broken horizontal lines illustrate the string
pieces at a few discrete times.

hadron corresponding to a small piece of string with a quark in one end and
an antiquark in the other. This process is illustrated in Fig. 1.

In general, the different string breaks are causally disconnected. This means
that it is possible to describe the breaks in any convenient order, e.g. from the
quark end inwards. One therefore is led to formulate an iterative scheme for
the fragmentation, as follows. Assume, as above, an initial quark q moving out
along the +z axis, with the antiquark going out in the opposite direction. By
the production of a q1q1 pair, a meson with flavour content qq1 is produced,
leaving behind an unpaired quark q1. A second pair q2q2 may now be produced,
to give a new meson with flavours q1q2, etc. At each step the produced hadron
takes some fraction of the available energy and momentum. This process may
be iterated until all energy is used up, with some modifications close to the q
end of the string in order to make total energy and momentum come out right,
since all hadrons are required to be on mass shell.

The choice of starting the fragmentation from the quark end is arbitrary,
however. A fragmentation process described in terms of starting at the q end of
the system and fragmenting towards the q end should be equivalent. This “left–
right” symmetry constrains the allowed shape of the fragmentation function
f(z), where z is the fraction of the remaining light-cone momentum E ± pz (+
for the q jet, − for the q one) taken by each new particle. The resulting “Lund
symmetric fragmentation function” has two main free parameters, which are
determined from data.
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Viewed in time, the fragmentation process actually starts near the middle
of the event and spreads outwards. The q′q′ production vertices on the average
occur along a hyperbola of constant invariant time τ , τ 2 = t2−z2, so even if the
string is boosted along the z axis it is still the slow particles in this new frame
that are the ones produced first. In this sense, a Lorentz-covariant “inside-out”
cascade can technically be described by an “outside-in” iteration scheme. As
an order-of-magnitude, 〈τ〉 ≈ 1.5 fm or 〈κτ〉 ≈ 1.5 GeV.

In order to generate the quark–antiquark pairs q′q′ which lead to string
break-ups, the Lund model invokes the idea of quantum mechanical tunnelling.
This gives a flavour-independent Gaussian spectrum for the p⊥ of q′q′ pairs.
Since the string is assumed to have no transverse excitations, this p⊥ is locally
compensated between the quark and the antiquark of the pair. The total
p⊥ of a hadron is made up out of the p⊥ contributions from the quark and
antiquark that together form the hadron. Some contribution of soft unresolved
perturbative gluon emission may also effectively be included in this description.

The tunnelling picture implies a suppression of heavy-quark production,
u : d : s : c ≈ 1 : 1 : 0.3 : 10−11. Charm and heavier quarks hence are not
expected to be produced in the soft fragmentation, but only in perturbative
parton-shower branchings g → qq.

When the quark and antiquark from two adjacent string breaks are com-
bined to form a meson, it is necessary to invoke an algorithm to choose between
the different allowed possibilities, notably between pseudoscalar and vector
mesons. Here the string model is not particularly predictive. Qualitatively
one expects a 1 : 3 ratio, from counting the number of spin states, multiplied
by some wave-function normalization factor, which should disfavour heavier
states.

A tunnelling mechanism can also be used to explain the production of
baryons. In the simplest possible approach, a diquark in a colour antitriplet
state is just treated like an ordinary antiquark, such that a string can break ei-
ther by quark–antiquark or antidiquark–diquark pair production [23]. A more
complex scenario is the “popcorn” one [24], where diquarks as such do not
exist, but rather quark–antiquark pairs are produced one after the other. This
latter picture gives a less strong correlation in flavour and momentum space
between the baryon and the antibaryon of a pair.

In all fairness, it should be said that the description of baryon production is
one of the less predictive aspects of the Lund model, with many free parameters
for the flavour composition that need to be determined from the data. Most
single-baryon spectra are well described after such a tuning, except possibly at
very large momentum fractions [25]. A reasonable description is also obtained
for baryon–antibaryon correlations, although with some disagreements. For
the aspects that we will study here, and within the precision allowed by other
considerations, the baryon production model should be fully adequate, however.

If several partons are moving apart from a common origin, the details of
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Figure 2: The string motion in a qqg system, neglecting hadronization. The
q, q and g move out from the common origin, all with the speed of light
and along straight lines, in the limit that quark masses are neglected. The
connecting dashed lines illustrate the string pieces at two times. A possible
colour assignment is indicated within brackets.

the string drawing become more complicated. For a qqg event, a string is
stretched from the q end via the g to the q end, Fig. 2, i.e. the gluon is a kink
on the string, carrying energy and momentum. As a consequence, the gluon
has two string pieces attached, and the ratio of gluon to quark string force is
2, a number which can be compared with the ratio of colour-charge Casimir
operators, NC/CF = 2/(1 − 1/N2

C) = 9/4. In this, as in other respects, the
string model can be viewed as a variant of QCD where the number of colours
NC is not 3 but infinite. Note that the factor 2 above is independent of the
actual kinematical configuration: a smaller opening angle between two partons
corresponds to a smaller string length being drawn out per unit time, but also
to a larger transverse velocity of the string piece, thereby increasing its energy
density. In fact, these two factors exactly cancel so that the energy loss per
unit time indeed becomes the same.

The qqg string will fragment along its length. To first approximation this
means that there is one fragmenting string piece between q and g and a second
one between g and q. One hadron is straddling both string pieces, i.e. sitting
around the gluon corner. The rest of the particles are produced as in two simple
qq strings, but strings boosted with respect to the overall CM frame. When
considered in detail, the string motion and fragmentation is more complicated,
with the appearance of additional string regions during the time evolution
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Figure 3: The string motion in a junction system, neglecting hadronization.
The ui, dj and dk move out from the common origin, all with the speed of light
and along straight lines, in the limit that quark masses are neglected. The thin
arrow indicates the resulting motion of the junction J. The connecting dashed
lines illustrate the Y-shaped string topology at two discrete times. A possible
colour assignment is indicated within brackets.

of the system [26]. These corrections are especially important for soft and
collinear gluons, since they provide a smooth transition between events where
such radiation took place and events where it did not. Therefore the string
fragmentation scheme is “infrared safe” with respect to soft or collinear gluon
emission.

4.2 The junction

As we saw above, meson states can be represented by little yo-yo’s, with a
string piece stretched between the q and q. What would be the corresponding
representation for a baryon? In normal string fragmentation the issue is not so
interesting, since the hadron size is consistent with the string width, meaning
the internal structure is not really resolved. Thus the mesonic yo-yo is more of
a convenient concept for book-keeping, and it is only for higher-mass systems
that the elongated string structure really becomes of relevance. The equivalent
situation for a baryon state would then be when several valence quarks are
kicked out of an incoming proton or, as here, when baryon number is violated
in Supersymmetry. In its simplest form, it can be illustrated by the decay
χ̃0

1 → uidjdk, or equivalently a proton in which all valence quarks are kicked
out in different directions at the same time.
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Figure 4: Hadronization by q′q′ production in a junction string topology. The
figure is in an abstract “flavour space”, to be related to a space–time topology
like Fig. 3, with flavours belonging to the same hadron connected by string
pieces. The labelling of new quarks is arbitrary. The q4q7q9 hadron carries the
original baryon number, while q1qq2 and qq2q3 correspond to the possibility of
baryon–antibaryon pair production in the hadronization process, and the rest
represents normal meson production.

Our solution here is to introduce the concept of a junction, in which a string
piece from each of the three quarks meet, i.e. a Y-shaped topology, Fig. 3. Each
of the three strings are of the normal kind already encountered. For instance,
the string from the blue dk quark acts as if there were an antiblue antiquark
in the junction position. Recall that the colours of the two other quarks add
like g + r = b, given that the colour representation of the quarks is totally
antisymmetric so as to make the state a colour singlet. Correspondingly for the
other two string pieces. Only in the immediate neighbourhood of the junction
would the field topology be more complicated.

In the hadronization, ordinary q′q′ pair production will break up each of the
three string pieces. This leads to meson production, and in diquark/popcorn
scenarios also to baryon–antibaryon pair production, but not to the production
of any net baryon number. Instead it is the three q′’s nearest to the junction,
one from each string piece, that team up to form the baryon that is associated
with the original baryon number, Fig. 4. In this sense the junction, by its
colour topology, becomes the carrier of the baryon number of the system, rather
than the three original quarks. This baryon typically comes to have a small
momentum in the rest frame of the junction, as we shall see. This holds also
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in the rest frame of a typical χ̃0
1 → uidjdk decay, where the three quarks move

out in widely separated directions, since the junction then has a small velocity.

The concept of a junction is not new. It was introduced in the early string
model of hadrons [27–29], and has been used in confinement studies to set up
the colour structure of baryons in the same way as we do here [30]. Indeed, the
simplest locally gauge invariant operator of baryon number unity that can be
constructed in SU(3) is [29]:

Bi1i2i3 = εα1α2α3

3∏

n=1

P
[

e
ig

R

P(x,xn)
Aµdxµ

qin(xn)
]

αn

(7)

where in and αi are indices for flavour and colour, respectively, Aµ is the gluon
field, and P expresses ordering along the path P from x to xn. Physically,
this operator represents three quarks sitting at x1, x2, and x3, respectively,
each connected via the gluon field to the point x, which we may identify as
corresponding to the locus of the string junction. Thus, from this point of
view, QCD does appear to select the junction topology.

The junction concept has also been applied to the understanding of the
fragmentation function of baryons in low-p⊥ hadronic collisions [31], providing
a more sophisticated variant of the popcorn mechanism whereby the two quarks
of a diquark need not end up in the same hadron. Multiple perturbative parton–
parton interactions have been suggested as a mechanism to activate the junction
in proton beams [32]. And junctions have been proposed for qqg configurations,
in scenarios where a separate kind of colour octet gluon string exists (which
requires a string tension less than twice that of the normal colour triplet string,
or else it would be energetically unfavourable) [33].

A simplified and unofficial implementation of junctions has existed in
Pythia since many years, and been used e.g. from Susygen. To the best
of our knowledge, however, what we present here is the first complete scenario
for the hadronization of generic junction topologies in high-energy interactions.

It could have been interesting to contrast the junction concept with some
alternatives, but we have been unable to conceive of any realistic such, at least
within a stringlike scenario of confinement. The closest we come is a V-shape
topology, with two string pieces, similar to the qqg topology in Fig. 2. This
would be obtained if one e.g. imagined splitting the colour of the upper left
quark in Fig. 3 as g = rb. In such a scenario the baryon would be produced
around this quark, and could be quite high-momentum. Of course, such a
procedure is arbitrary, since one could equally well pick either of the three
quarks to be in the privileged position of producing the key baryon. Further,
with two string pieces now being pulled out from one of the quarks, the net
energy stored in the string at a given (early) time is larger than in the junction
case, meaning the Y junction is energetically favoured over the V topology. For
these reasons, the V scenario has not been pursued.
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It should be noted that, in our junction scenario, it can happen that one
quark has a low initial momentum in the junction rest frame, and therefore
never strays very far away. The string between this quark and the junction
need then not break, so that the quark ends up in the central baryon together
with the junction, i.e. the quark and the junction effectively act as a unit.
Seemingly this is akin to the scenario sketched above but, in the junction
topology framework, it could only happen when the quark has low momentum
in the junction rest frame, so again the key baryon would be low-momentum.

Other alternatives appear even more far-fetched. For instance, we see no
possibility for a ∆-shaped topology, i.e. connecting each quark directly with
the other two. Not only would it be even more energetically unfavourable
relative to the junction topology, but it is also difficult to conceive of a colour
assignment that would at all allow it. One would then need to introduce a
novel kind of strings, that do not obey the normal QCD colour charge and flux
quantization conditions.

4.3 Junction motion

In the rest frame of the junction the opening angle between any pair of quarks
is 120◦, i.e. we have a perfect Mercedes topology. This can be derived from
the action of the classical string [27], but follows more directly from symmetry
arguments. What is maybe not so obvious is that the 120◦ condition also is
fulfilled if the quarks are massive. However, in the junction rest frame each
string piece is pulled straight out from the origin, without any transverse mo-
tion, so the string pieces do not carry any momentum. Then overall momentum
conservation gives that

dptot

dt
=
∑

q

dpq

dt
= −κ

∑

q

eq = 0 . (8)

Here we have used eq. (4) to give the momentum loss of quarks of arbitrary
mass, where eq is a unit vector along the direction of motion of each of the
three quarks.

The flow of energy and momentum is akin to that in the normal qq system,
where the intermediate string absorbs and cancels the momentum of the reced-
ing q and q. With respect to the qqq case, it is implicit in eq. (8) that no net
momentum is accumulated by the junction. Instead, it acts as a switchyard for
the momentum flowing in the system, thereby cancelling the momentum given
up by the three endpoint quarks. In this way, the junction itself remains with
a vanishing four-momentum, which obviously holds in an arbitrary reference
frame. In a general frame the string pieces would have a transverse motion
as well, however, and thereby carry a nonvanishing momentum. Then eq. (8)
would need to be generalized to include these additional terms and would be-
come less transparent.
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The rest frame of the junction can easily be found for the case of three
massless quarks (and no further gluons), but the general massive case admits
no analytical solution. A convenient numerical solution can be obtained as
follows. Imagine three quarks with four-momenta p1, p2 and p3. The four-
products aij = pipj are Lorentz invariants, and thus the boosted momenta p′i
obey

aij = p′ip
′
j = E′

iE
′
j − p′

ip
′
j = E′

iE
′
j − |p′

i| |p′
j | cos

2π

3
= E′

iE
′
j +

1

2
|p′
i| |p′

j | (9)

in the junction rest frame. This leads us to introduce

fij ≡ f(|p′
i|, |p′

j |;mi,mj , aij) =
√

|p′
i|2 +m2

i

√

|p′
j |2 +m2

j +
1

2
|p′
i| |p′

j | − aij .

(10)
Note that fij is a monotonically increasing function of each of its first two
arguments. If we choose e.g. to let |p′

1| vary freely within the kinematically
allowed region, the requirements f12 = 0 and f13 = 0 can then be uniquely
solved to give the other two momenta,

|p′
j | =

2E′
1

√

4a2
1j −m2

j (4E
′
1
2 − |p′

1|2) − 2|p′
1| a1j

4E′
1
2 − |p′

1|2
, (11)

which both decrease with increasing |p′
1|. Therefore also f23 is monotonically

decreasing if viewed as a function of |p′
1|, f23 = f(|p′

2|(|p′
1|), |p′

3|(|p′
1|)) The

final requirement f23 = 0 now gives a unique solution |p′
1|. This solution can

be obtained by an iterative interpolating procedure. In the massless case, the
solution simplifies to E′

i = |p′
i| =

√
2aijaik/3ajk.

Once the energies in the junction rest frame are known, the construction of
a boost is straightforward. A first boost with βCM = −∑pi/

∑
Ei brings the

three quarks to their rest frame, with known momenta pCM
i . A second boost

β
′, that brings the system to the junction rest frame, now obeys the three

equations γ′ECM
i + γ′β′pCM

i = E′
i. After division by ECM

i , and subtraction of
two of the equations from the third, one obtains e.g.

γ′β′
(

pCM
1

ECM
1

−
pCM
j

ECM
j

)

=
E′

1

ECM
1

−
E′
j

ECM
j

. (12)

Since the three vectors pCM
i lie in a plane, the boost vector can be parameter-

ized as a linear sum of the two difference vectors defined by the above equation
for j = 2 and 3, which gives a simple linear equation system for γ ′β′. Finally,
the overall boost is obtained by combining βCM with β′.

In the general case, there does not have to exist a solution with perfect
symmetry. Such troublesome events, characterized e.g. by f23 < 0 for all |p′

1|,
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Figure 5: String topology of a χ̃0
1 → uidjdk decay, where the two d(j,k) quarks

each has radiated a gluon. The event is drawn in the rest frame of the junction
at early times, where the u and the two gluons are separated by 120◦, and
the string topology is shown by dashed lines. A possible colour assignment is
indicated within brackets.

are very rare, however. We have only encountered them when a massive quark
is almost at rest in the frame that comes closest to giving a symmetrical topol-
ogy. We here accept an imperfect solution somewhere in the neighbourhood
of this singular point. Since it is the size of the boost that will matter in the
hadronization description, not the 120◦ opening angles per se, this should be
acceptable.

So far we have assumed that the junction remains in uniform motion. When
gluon emission is included, this need no longer be the case. Consider e.g. an
event like the one in Fig. 5. Here the two d(j,k) quarks each radiated a gluon,
and so the strings from these quarks to the junction are drawn via the respective
gluon, cf. Fig. 2. It is the direction of these gluons, together with the u quark,
that determines the junction motion at early times, and the directions of the
d(j,k) quarks themselves are irrelevant. As a gluon moves out from the junction
origin, it loses energy at a rate dE/dt = −2κ, where the 2 comes from it being
attached to two string pieces. So after a time Eg(0)/2κ it has lost all its original
energy, and after a further equal time this information has propagated back to
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the junction. From then on it would be the direction of the respective d(j,k)

quark, and not of the gluon, that defines the pull on the junction. In the
example of Fig. 5, the junction would originally be at rest but later on start to
move leftwards. In the generic configuration, each of the outgoing quarks could
radiate several gluons, that would be colour-connected in a chain stretching
from the endpoint quark inwards to the junction. The innermost gluon on
each of the three chains would together determine the original motion, with
the next-innermost taking over after the innermost lost its energy, and so on,
spreading outwards. As a consequence the junction would “jitter around”.

Now, all of this is moot if the string starts to fragment before the inner-
most gluon lost its energy, because a string break will sever the inward flow of
momentum. As we noted above, the typical scale for this to happen is of order
〈κτ〉 ≈ 1.5 GeV. Therefore an innermost gluon with energy much above this
scale by itself defines the junction motion, whereas a gluon with energy much
below would act on the junction too short a time to matter.

Rather than trying to trace the junction jitter in detail — which anyway
will be at or below the limit of what it is quantum mechanically meaningful to
speak about — we define an effective pull of each string on the junction as if
from a single particle with a four-momentum

ppull =

n∑

i=1

pi exp
(

−∑i−1
j=1Ej/Enorm

)

. (13)

Here i = 1 is the innermost gluon, i = 2 is the next-innermost one, and so
on till the endpoint quark i = n. The energy sum in the exponent runs over
all gluons inside the one considered (meaning it vanishes for i = 1), and is
normalized to a free parameter Enorm, which by default we associate with the
〈κτ〉 above. Note that the energies Ej depend on the choice of frame. A priori,
it is the energies in the rest frame of the junction which should be used in
this sum, yet since these are not known to begin with, we use an iterative
procedure, starting with the (known) energies in the CM of the string system,
calculating the corresponding pull vectors in this frame and from them the
candidate junction rest frame, calculating the pull vectors in this new frame
and so forth until the Lorentz factor of the last boost is γlast < 1.01γtot.

4.4 Junction hadronization

As we have noted above, hadronization begins in the middle of an event and
spreads outwards. In the junction rest frame the junction baryon would thus
be the one to form first, on the average, and have a rather small momentum.
Thereafter, each of the three strings would fragment pretty much as ordinary
strings, e.g. as in a back-to-back qq pair of jets. Also extensions to systems
with multiple gluon emissions should closely follow the corresponding pattern
for normal events. With or without gluon emission, we shall speak of three
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strings connected at the junction, where a string may consist of several string
pieces between adjacent (i.e. colour-connected) partons.

In particular, if we consider events where each of the three outgoing quark
jets have large energies in the junction rest frame, the production of high-
momentum particles inside a jet should agree with the one of a corresponding
jet in an ordinary two-jet event. This can be ensured by performing the frag-
mentation from the outer end of the strings inwards, just like for the qq string.
Thus an iterative procedure can be used, whereby the leading q is combined
with a newly produced q1, to form a meson and leave behind a remainder-jet
q1, which is fragmented in its turn. Flavour rules, fragmentation functions and
handling of gluon-emission-induced kinks on the string are identical with the
ones of the ordinary string.

While these hadronization principles as such are clear, and give the bulk
of the physics, unfortunately there is a catch: if all three strings are frag-
mented until only little energy and momentum remain in each, and then these
remainders are combined to a central baryon, what guarantees that this baryon
obtains the correct invariant mass it should have?

The same problem exists in simple qq events, that also there energy and
momentum is not guaranteed to come out right, if the event is fragmented
independently from the two ends and then joined by a single hadron in the
middle. In this case, the overall energy–momentum conservation is obtained by
the “area law” [21], which couples the production of all the hadrons in the event.
It is therefore difficult to simulate exactly, but for large remaining invariant
masses it simplifies to the iterative framework already introduced. For small
masses a pragmatic approximation is used. Firstly, not one but two hadrons are
used to join the jets. A two-hadron system has a continuous mass spectrum, so
one may construct consistent kinematics if the normal fragmentation is stopped
when the remaining invariant mass has dropped below some value. Since the
final two hadron masses are not known beforehand, sometimes the remaining
mass drops below the two-body threshold, in which case the fragmentation
is re-started from the beginning. Secondly, by a random choice of producing
the next hadron either off the q end or off the q one, the final joining does
not always occur exactly in the middle of events, thereby smearing remaining
imperfections of the joining procedure proper.

For the fragmentation of a junction topology, we attempt to retain as much
as possible the known good features of the existing approach to qq events,
although this involves conflicting interests, as follows. In order to describe the
production of high-momentum particles, fragmentation should be allowed to
proceed from all three string ends inward. But, in order not to bias the junction
baryon overly, the joining for energy-momentum conservation should not always
have to influence this hadron. Briefly put, the solution is to fragment two
of the three strings inwards, thereafter combine their leftovers to an effective
diquark, and finally fragment the string between this diquark and the third end
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in much the same spirit as described for qq events above, i.e. by fragmentation
at random off both ends of the system. Put in the context of Fig. 4, imagine
first tracing the chains dj − q5 − q6 − q7 and dk − q8 − q9, then forming a
diquark q7q9, and thereafter fragmenting the string between this diquark and
u from both ends.

There are a number of technical details, as follows. The hadronization
process itself is normally carried out in the rest frame of the colour singlet
system under consideration, but is Lorentz covariant, so another choice would
be no problem. Information on the junction motion is encoded in its velocity
four-vector vjun = (γ′,−γ′β′), with the β′ defined in subsection 4.3.

For normal string pieces, spanned between two partons, the invariant mass
of the piece is defined by the four-momenta of the two endpoint partons. Since
the junction does not carry a momentum, there is no corresponding definition
for the string pieces spanned between the junction and each of its three nearest
colour-connected partons. Instead the junction end is here represented by a
fictitious parton, specific to each string, opposite to the ppull vector of eq. (13),
as viewed in the junction rest frame, which gives popp = −ppull+2(vjunppull)vjun.

Two of the three strings are fragmented from the respective end inwards,
towards a fictitious other end as defined above. In order to have a large-mass
system left for the system in which the joining occurs, we prefer to pick these
two to be the ones with lowest energy, as defined in the junction rest frame,
i.e. with lowest E′

str = vjun

∑

i p
CM
i . Here pi are the four-momenta of the

partons belonging to the given string, excluding the fictitious junction one.
As the hadrons are successively produced, their summed energy E ′

had (in the
same frame) is also updated. Once the hadronic energy exceeds the string one,
E′

had > E′
str, the process has gone too far, i.e. passed the junction point of the

string system, so it is stopped and the latest hadron is rejected.

The random choices made in the fragmentation function allows the energy
in this latest hadron to fluctuate significantly. It can therefore be that, after
its removal, the energy δE ′ = E′

str − E′
had remaining of a string can be quite

significant. This is particularly dangerous if it happens in both of the strings
considered, since then the leftovers would be combined to give a momentum
intermediate in direction to the two strings, and thereby maybe give a jet where
none originally existed. Therefore the two hadronic chains are rejected and new
ones are generated in their place if both δE ′ are larger than a parameter δE ′

min,
by default 1 GeV. One of the two can have a larger energy than this, since then
the combined leftovers would still essentially agree with the direction of this
original string, but the chains are also rejected if this one has an energy above
δE′

min+RδE′
max, where δE′

max by default is 10 GeV and R is a random number
uniformly selected between 0 and 1. The two parameters δE ′

min and δE′
max are

“tuned” by the requirements of a consistent description, see below. In order to
avoid infinite loops, at most 10 attempts of the above kind are rejected.

When two acceptable hadronic chains have been found, the remaining four-
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Figure 6: (a) Schematic string topology of a e+e− → t̃̃t∗ → djdkdmdn decay.
The strings are shown as dashed lines. A possible colour assignment is indicated
within brackets. The string between the two junctions would then be blue–
antiblue. (b) Alternative string drawing for the same process, without any
junctions.

momenta from the respective two strings are combined into a single parton,
which then replaces the junction as endpoint for the third string. (Actually,
technically, the whole of the two string four-momenta is assigned to a parton,
but then the fragmentation process is assumed already to have produced the
given set of hadrons. This is almost equivalent, apart from some minor details
of transverse momentum handling.) The new effective parton may have a larger
momentum than energy, and thereby nominally be spacelike. If only by a little,
it normally would not matter, but in extreme cases the whole final string may
even come to have a negative squared mass. Therefore additional checks are
made to ensure that the final string mass is above the threshold for string
fragmentation. If so, the fragmentation procedure is identical with that of an
ordinary string from here on, else repeated attempts are made, starting over
with the first two strings.

A further aspect is the flavour properties. Except at the junction, the nor-
mal rules of string fragmentation are used. At the junction, the two strings
fragmented first each define a leftover quark, which are combined into a di-
quark. This diquark is assigned a spin 0 or 1 according to the same rela-
tive probabilities as normally. Since also ordinary fragmentation can produce
diquark–antidiquark pairs, it could be that either string ends with a leftover
antidiquark rather than quark. Such configurations are not acceptable, and
have to be rejected in favour of new tries. Once a diquark is defined, this can
fragment further as usual. In the simplest scenario, it will next fragment to
produce a baryon and a leftover antiquark. If popcorn baryon production is
allowed, however, a meson may alternatively be split off to produce a new di-
quark. That is, the baryon number may then migrate to higher energies than
otherwise, but will still be rather centrally produced.
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4.5 Other string topologies

So far we have considered the production of string systems containing a single
junction, well illustrated by the case of neutralino decays, but also possible in
other processes. There is a second possibility, however, namely that of a system
consisting of two junctions, or, more precisely, of a junction and an antijunction,
where the former is associated with a baryon number +1 and the latter −1.
An example would be e+e− → t̃̃t∗ → djdkdmdn, containing two BNV decays,
t̃ → djdk and t̃∗ → dmdn. This kind of topology is illustrated in Fig. 6a. There
are now two quark ends, two antiquark ones, and five strings, including the one
between the two junctions. Each of these strings could contain an arbitrary
number of intermediate gluons, where gluons in between the two junctions are
related to emission in the production process e+e− → t̃̃t∗ and the others to the
decay processes (with the standard ambiguities, especially relevant for the soft
gluons).

The junction motion and string fragmentation follows by simple general-
ization of what has already been discussed for configurations with a single
junction. Like before, two of the three strings from a junction — the two not
connected to the other junction — are first fragmented, and the leftovers com-
bined to an effective (anti)diquark. When this has been performed for both
junctions, what remains is a diquark–antidiquark string spanned between the
two junctions, which then is fragmented. Thus the hadronization will produce
one baryon and one antibaryon, associated with the junctions, plus potentially
additional baryon–antibaryon pairs as usual.

The same checks as above have to be applied at various stages, but no new
ones. The one ambiguity is how to calculate the ppull of eq. (13) for the third
string of a junction, hooking up to the other junction. Here gluons on the string
between the two junctions are considered as normally, while partons on the far
side of the other junction are tracked down each of the two strings without
including any exponential suppression from energies in the other of the strings.

Since the net baryon number vanishes in the above topology, an alternative
string scenario is illustrated by Fig. 6b. Here two strings are pulled directly
between a d(m,n) and a d(j,k) quark. The junctions are gone, and so such
an event would not have to contain any baryons or antibaryons at all, and
definitely not any associable with the BNV processes as such. This is the
approach adopted in Herwig.

A priori, one does not know which of the two above scenarios would be the
correct one. It would not even have to be a unique answer, valid for all events.
A possibility would be that the topology with minimal string length is selected
dynamically. Then events of the general kind shown in Fig. 6 would obtain
the 2-junction topology of Fig. 6a when the dmdn and djdk opening angles are
small, while the 0-junction one of Fig. 6b would result if instead the dmdj and
dndk opening angles were the small ones.

Such a simple picture would become more complicated by the addition of



82 Baryon Number Violation and String Topologies

gluons in the production process, i.e. the ones we above put on the string
between the two junctions. It now becomes necessary to subdivide such gluons
into two separate colour lines, one between each of the outgoing d(m,n)d(j,k)

pairs. In general, we would expect the 0-junction topology to become more
disfavoured when there are several gluons being emitted.

Furthermore, in the limit of large t̃ lifetime, the string between the t̃ and
t̃∗ would have time to start to fragment before the t̃ or t̃∗ has decayed. In such
a case, the event would consist of two separate colour singlets, that fragment
independently of each other. This does not have to mean timescales long enough
to have multiple string breaks and the formation of stop-hadrons: one single
string break is enough to make the production of a baryon and an antibaryon
unavoidable. At first glance a sufficiently large lifetime for this to happen,
cτ & 1 fm, would seem unlikely. However, when only BNV decay channels are
kinematically allowed, the t̃ lifetime is almost always non-negligible, since, for
massless d, s, and b quarks the decay length is roughly:

cτBNV
t̃ ≈ (100 fm) ×

(
0.01

|λ′′3 |

)2

× 100 GeV

mt̃

(14)

where |λ′′3 | represents the average of the |λ′′3jk | couplings. Strictly speaking,

the above formula is valid for t̃R. For t̃1 (̃t2), it is increased by 1/| sin θt̃|2
(1/| cos θt̃|2). In passing, we note that event properties are likely to be similar
whether stop-hadrons have time to be produced or not: corresponding studies
for ordinary top quarks have shown that differences are restricted to the region
of low-momentum particles, and there mainly show up in angular distributions,
not averaged event properties [34].

If gauge-interaction decay channels such as t̃ → bχ̃+
1 are open, these will

almost always dominate. Then, ignoring what happens to the colour discon-
nected χ̃+

1 , it would be doubly rare to have both t̃ and t̃∗ decay with BNV.
Experimental studies would presumably have to concentrate on finding events
where one decay is BNV and the other not, and so we are back with a 1-junction
topology.

Finally, we note that t̃t̃∗ production in hadron colliders would predomi-
nantly come from gg → t̃t̃∗ in the colour octet channel, where thereby the t̃
and t̃∗ would belong to separate colour singlet subsystems. Again the produc-
tion of a baryon and an antibaryon would then be inevitable.

Nevertheless, in order to test the consequences, we have developed an alter-
native model. For a given event with two colour-connected BNV decays, the
total string length is evaluated under the assumption that the event either is
arranged in a 2-junction or in a 0-junction topology, and the topology is cho-
sen that corresponds to the smallest length. Given this choice the subsequent
hadronization is well-defined.

In more detail, the string length is defined by the so-called λ measure [35].
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For a simple two-parton system

λ = ln

(
s

m2
0

)

. (15)

Here s is the squared invariant mass of the system andm0 is some hadronization
reference scale of order 〈κτ〉, just like the Enorm defined in section 4.3. Particles
are produced with a flat rapidity distribution in the central regions of the
string, while the distribution falls off near the ends. Then ymax ' ln(

√
s/m0)

defines the effective rapidity range, in the middle of the fall-off, such that
the total multiplicity on the average is proportional to ymax. For a generic
string configuration, with many gluons between the quark and antiquark, the
complete λ expression is rather messy, but approximately it can be represented
by the linear sum of the λ measure for each string piece,

λ =
n−1∑

i=1

λi,i+1 =
n−1∑

i=1

ln

(
si,i+1

m2
0

)

. (16)

Here the squared invariant mass si,i+1 is calculated with the full momentum
for the endpoint quarks but only half for the intermediate gluons, which are
shared between two adjacent string pieces.

We now need to generalize the λ measure to the case with junctions, which
has not been considered in the literature so far. To begin, revert to a simple
back-to-back qq system, with quark masses negligible. Then

λ = ln

(
s

m2
0

)

= ln

(
4EqEq

m2
0

)

= ln

(
2Eq

m0

)

+ ln

(
2Eq

m0

)

= ln

(
2vpq

m0

)

+ ln

(
2vpq

m0

)

. (17)

The splitting into two terms can be seen as a separation of the full rapidity
range into one on the quark side of the event and another on the antiquark
one, smoothly matching at the origin. At this stage the origin is arbitrary, i.e.
Eq 6= Eq represents an event boosted along the event axis; the individual terms
may thus be changed but the sum remains invariant. In the final step the origin
is represented by the four-vector v = (1; 0, 0, 0), to allow a Lorentz invariant
form also for the split expression. Alternatively to considering Eq 6= Eq one
may then use a v boosted along the event axis.

In a q1q2q3 event, if viewed in the rest frame of the junction, there will be
three rapidity plateaus extending from the origin, so one can calculate a total
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rapidity range

λ = ln

(
2vp1

m0

)

+ ln

(
2vp2

m0

)

+ ln

(
2vp3

m0

)

. (18)

The v four-vector now is easily identified with the motion of the junction.
We also need to consider the rapidity length of the string between two junc-

tions. Since the rapidity plateau extends all the way to the junction, this is ac-
tually given by the rapidity difference between the junctions themselves. Evalu-
ating this in a frame where the junctions are back-to-back, v1,2 = (γ; 0, 0,±γβ),
one obtains

λ = 2ymax = 2
1

2
ln

(
γ + γβ

γ − γβ

)

= ln

(
1 + β

1 − β

)

= ln

(
1 + β2 + 2β

1 − β2

)

, (19)

with v1v2 = γ2(1 + β2) = (1 + β2)/(1 − β2) or β2 = (v1v2 − 1)/(v1v2 + 1).
We can now give the λ of the two configurations in Fig. 6a and 6b. Since

the number of m0 factors agrees between the two, it is more convenient to
introduce Λ = m4

0 exp(λ), with expressions

Λ2−junction = (2v1pm)(2v1pn)(2v2pj)(2v2pk)
(

v1v2 +
√

(v1v2)2 − 1
)

(20)

Λ0−junction = (2pmpj)(2pnpk) , (21)

where we have reused the generation indices of the quarks to distinguish them,
and v1 (v2) corresponds to the right (left) vertex. The smaller of the two Λ
values now determines which configuration would be the preferred one. Note
that both expressions are linear in each of the pi, so the choice only depends
on the directions of motion of the outgoing quarks.

Now consider the complications caused by showering. Radiation after the
BNV decays is no problem: one only needs consider the connection out to the
colour produced in the BNV decays, i.e. to the gluon nearest to the junction,
since the subsequent colour chain out to the endpoint quark would be unaf-
fected by the colour arrangement between the two BNV vertices. The pj,k,m,n
in eqs. (20)–(21) should be redefined accordingly. Radiation patterns before
the BNV decays can be divided into two classes.
(i) If the shower contains a g → qq branching, the colour flow in the system is
automatically broken, and then the production of a baryon–antibaryon pair is
unavoidable. This is the perturbative equivalent of the string between t̃ and t̃∗

starting to fragment before the t̃ or t̃∗ has decayed. As one moves up from the
kinematical threshold this probability increases. Since the collinear and soft
gluon singularities are tamed by the large t̃ mass and width, the total g → qq
probability is reasonably reliably predictable, although a cut-off dependence
e.g. from the assumed effective quark masses remains.
(ii) If there are no g → qq branchings, all the gluons in the shower can be
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Figure 7: Illustration of (a) the 2-junction topology and (b) a 0-junction topol-
ogy, for identical parton configurations. Indices have been chosen so as to
correspond directly to the expressions in eqs. (22) and (23). Naturally, the
topology in (b) only corresponds to one possible choice of which is which of
(m,n) and (j,k).

arranged in a single colour chain between the t̃ and t̃∗. When the BNV de-
cays occur, the anticolour of the gluon that matches the colour of the t̃ could
no longer match the anticolour of either t̃ decay product in a junction-free
topology, but would rather have to be matched to the colour of either t̃∗ decay
product. Thus the 0-junction configuration would be with two strings, one
between one of the t̃∗ decay product traversing all the gluons from the original
t̃ edge to the t̃∗ one and then zig-zagging back to one of the t̃ decay products,
while the other string would be between the two remaining decay products.
See Fig. 7 for an illustration of (a) the 2-junction configuration and (b) the
0-junction one just discussed. (Actually, since the stop mass reduces collinear
emission, and since the stop decay products are widely scattered, the zig-zag
pattern need not be as extreme as one might guess at first glance.) Colour-
suppressed topologies are neglected, such as where the gluons split off into a
closed loop and then two strings are stretched directly between the t̃ and t̃∗

decay products. When comparing string length with and without junctions,
the string internally between the intermediate gluons is common and can be
neglected. Labelling by pi the gluon closest to the vi vertex in colour space,
in the chain between the two junctions, and now putting Λ = m6

0 exp(λ), one
obtains

Λ2−junction = (2v1pm)(2v1pn)(2v1p1)(2v2pj)(2v2pk)(2v2p2) , (22)

Λ0−junction = (2pmp2)(2pjp1)(2pnpk) , (23)

where which is which of m and n (and of j and k) is chosen at random.
If anything, the approach above could overestimate the probability of no

baryon–antibaryon production, since it only considers the gain in string length
once one has arrived at a new colour arrangement, whereas there could be
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additional dynamic suppressions on the way between the ‘original’ 2-junction
topology and the ‘final’ 0-junction one. Nevertheless, it should offer some
realistic estimates how big a loss of baryon signal could at worst be. To quantify
this to some extent, we have taken a closer look at isolated decays of t̃̃t∗ pairs
(colour connected to each other to form an overall colour singlet) in the CM of
the pair.

For high-momentum stops, γt̃ ≡ ECM/2mt̃ � 1, the dmdn pair lies at
a large rapidity separation from the djdk pair. In the 2-junction topology,
this rapidity range is spanned by one string piece, the junction–junction one,
whereas, in the 0-junction topology, each of the dd string pieces must cross it.
In fact, due to the see-saw nature of the 0-junction topology in the presence of
gluon radiation from the stops, the central rapidity range will be crossed more
than twice if the stops radiate. Thus, we expect the 2-junction topology to
dominate for cases γt̃ � 1.

On the other hand, when the stops are slow, γt̃ ∼ 1, the t̃ and t̃∗ decay
products are widely spread by the decay kinematics. Typically the invariant
mass between a t̃ decay product and a t̃∗ one will be smaller than that between
the two products of the same t̃ or t̃∗, such that the 0-junction topology is
guaranteed to give a smaller string length. Also for somewhat larger γt̃, where
one can start to speak of an event axis, decay products are often thrown into the
opposite hemisphere, such that the central rapidity region need not be crossed
at all in the 0-junction alternative. Thus, we expect the 0-junction topology to
dominate for reasonably low γt̃.

The rapidity arguments presented in the above two paragraphs closely follow
the here defined string length measures, eqs. (20)–(23). However, we may
alternatively use an argument based on the string motion itself. Recall that a
junction is at rest when the opening angles between its three attached strings
is 120◦. Thus, if the opening angles between the motion of the t̃ and its two
decay products is 60◦ each, and correspondingly for the t̃∗, we are exactly at
a balancing point. For stops faster than this, the smaller decay angles will
force the two junctions to move away from each other, and so it should be less
likely for them to meet and annihilate. For slower stops, the junctions actually
move towards each other (if assumed produced at a distance apart), making
it more believable that they can annihilate. Although these deliberations are
separate from the string length minimization procedure described above, and
do not give the same answer event by event, they do corroborate it by leading
to the same expected dominant topologies as γt̃ is varied. The two approaches
are about equally credible, but the string length argument has the advantage
of leading to tractable answers also for quite complicated topologies.

Using now eqs. (20)–(23) to calculate total string lengths for two different
stop masses, and a range of stop boosts 1 ≤ γt̃ ≤ 6, gives the plots shown
in Fig. 8. As is apparent from the discussion above, we expect the ratio of 2-
junction to 0-junction string topologies to depend mainly on γt̃ and only weakly
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Figure 8: Probabilities for 2-junction and 0-junction configurations as functions
of γt̃ = ECM

2mt̃
for (a) mt̃ = 50 GeV and (b) mt̃ = 500 GeV.

on the stop mass as such, and this agrees with what is shown in the relation
between the lower two regions of the plots. The feature which does change
significantly is the rate of perturbative breakups of the 2-junction systems, i.e.
g → qq splittings in the parton shower initiated before the BNV decays, point
(i) above. The g → qq rate increases with larger total energy, also for fixed γt̃:
while the primary emission rate of gluons off the t̃t̃∗ system is rather constant,
the phase space for further cascading of these gluons is increased with energy.

5 Model tests

In this section we will present some distributions that illustrate the basic prop-
erties of our model, and show that it works as expected. In several cases we
will compare with results obtained with Herwig, the other main complete
implementation of BNV phenomenology. The distributions in this section are
not necessarily directly observable; we will return to experimental tests in the
following section.

For calculating the sparticle mass and coupling spectrum, we use the
mSUGRA parameters of Snowmass points 1a and 1b [36] input to Isasusy [2]
for RGE evolution. This is done for both Herwig and Pythia, and so there
can be no artifacts created by non-identical EW scale superspectra when com-
paring the output of the two programs. Apart from this aspect, most of the
topics we study here are not sensitive to the details of the SUSY parameter set
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used.

For all studies, we use the “factory presets” for both Pythia and Herwig.
No tuning has been performed, and no demands e.g. of identical shower cut-
offs or fragmentation functions have been made. This does mean that one
must exercise a slight caution before drawing too strong conclusions from the
comparisons, since default Pythia is not always directly comparable to default
Herwig. In the following, we will comment on these aspects when necessary.

5.1 Consistency checks

The main technical simplification of the junction string fragmentation scheme
is the asymmetric fashion in which two of the three strings are first fragmented
inwards, with the remnants joined to an effective diquark jet that is fragmented
together with the third string. In particular, the fear might be that the joined
diquark could produce a spurious new jet intermediate to the directions of
the two strings from which it inherits the leftover momenta. Therefore the
fragmentation of a symmetric three-parton configuration is studied in Fig. 9.
For the production of hadrons other than the junction baryon, an essentially
perfect symmetry between the three jets is obtained, both in angular and in
momentum variables. As could be expected, the situation is less perfect for the
junction baryon itself. Indeed, it has a tendency to be produced in a direction
intermediate to the first two jets considered, rather than along either of these
two separate directions, while baryons in the third jet line up the way one
would like. It should be noted that most of this effect occurs for baryons of
intermediate momenta |p| ' 1 GeV; at lower momenta everything is and should
be close to isotropic, while those few baryons that have large momenta tend to
be better aligned with the jet directions. The overall balance between the jets
is good, with 32% of the junction baryons found in the angular range around
the third jet, relative to 34% in each of the other two. The momentum spectra
in the three jets also show reasonable agreement: although the third tends to
produce somewhat harder junction baryons than the first two, the difference
only corresponds to a mean momentum of 0.97 GeV rather than of 0.87 GeV.

We may therefore conclude that the asymmetric algorithm does not seem
to induce any imperfections in the bulk of the hadron production, and only
rather modest ones for the junction baryon itself. These latter imperfections
should also largely average out in realistic simulations, when the order in which
jets have been hadronized is not known. Specifically, it appears to be a stable
and reliable prediction of the model that the junction baryon should be found
at low momentum, |p| ∼< 2 GeV, in the junction rest frame.

Further technical details, concerning the junction motion (subsection 4.3)
and hadronization (subsection 4.4), could have been addressed in different ap-
proximations. Specifically, we have investigated how the fragmentation spectra
would be affected if we made the following changes to our model:
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Figure 9: Fragmentation of a uuu parton configuration with 40 GeV in each
jet and opening angles 120◦ between partons. Only the primary hadrons
are shown, i.e. subsequent decays are disregarded. For simplicity all normal
baryon–antibaryon production is switched off, as is the popcorn baryon pos-
sibility. (a) The particle flow dN/dθ in the event plane, for mesons, for the
junction baryons and for the fraction of junction baryons with momentum in the
event plane above 2 GeV. The jet at around 0◦ is the last one to be considered
in the hadronization process. (b) The meson and junction baryon momentum
spectra per jet, shown separately for the first two jets considered and for the
last one. Hadron assignment to jets is based on a simple division of the plane
into three equal 120◦ sectors.
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Figure 10: Momentum spectra of primary hadrons in the decays of a 96 GeV
neutralino. Results with the default implementation are compared with five
alternative ones. Average multiplicities of primary hadrons are shown in the
lower right corner of the plot.

1. Switched the order of fragmentation of the three string pieces, so that the
last string to be fragmented would be the one containing least energy, the
reverse of the default behaviour.

2. Replaced eq. (13), defining the junction pull vectors used in determining
the junction rest frame, by a linear sum of 4-momenta instead of the default
exponentially weighted sum, equivalent to setting Enorm → ∞ in eq. (13).

3. Enhanced the significance of soft gluon emission by setting Enorm = 0.5
GeV rather than the default Enorm = 1.5 GeV.

4. Switched off the iterative procedure for finding the junction rest frame, so
that the energies appearing in eq. (13) are the string system CM energies
rather than the energies in the junction rest frame.

5. Performed the fragmentation in the string system CM rather than in the
junction rest frame.

The impact of these variations on the hadronization spectrum of a 96 GeV
neutralino decaying to light quarks is shown in Fig. 10, where the rates of pri-
mary hadrons and junction baryons produced in the fragmentation are plotted
as functions of their momenta in the CM of the decaying neutralino. Average
hadronic multiplicities are shown at the lower right of the plot. As is readily
observed, none of these variations lead to a significant change in the spectra;
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hence we believe the systematic uncertainties associated with these assump-
tions to be negligible to a good precision.

As a final variation, in Fig. 10 we also study what happens if the junction
is assumed to be at rest in the string system CM frame (which agrees with the
neutralino CM, unless a g → qq splitting occurred in the shower). This is not
intended as a realistic model variation, but indicates that even such extreme
scenarios would not change the qualitative picture of a low-momentum baryon.
Here, however, we are helped by the fact that the three jets in the neutralino
decay tend to be rather well separated in angle and that therefore the boost
between the junction rest frame and the neutralino CM frame is not so large.
Nevertheless, the more correct description gives a somewhat harder junction
baryon spectrum, as should be expected from the boost.

5.2 Shower and hadronization activity

In section 3 we described the strategy for the generation of additional gluon
radiation in BNV decays. Thereby the number of reconstructed jets can exceed
the primary parton multiplicity. For our studies here we rely on the Durham jet
algorithm [37], with a distance measure yij = 2 min(E2

i , E
2
j ) (1 − cos θij)/E

2
vis

between two particles or clusters i and j. Results can depend on the algorithm
used, but we expect most of the phenomenology to come out similarly also for
other algorithms [38].

In Fig. 11, jet rates are shown as functions of the yD jet resolution pa-
rameter, with the jet clustering being performed in the center of mass of the
decaying neutralino. The plots show a comparison between neutralino decay
to light quarks (full lines) and neutralino decay to heavy quarks (dashed lines)
for Pythia, at three stages of the event generation; (a) initial decay, (b) after
parton shower, and (c) after hadronization.

In the initial decay, phase space is isotropically populated, and so no signif-
icant mass differences should be expected. However, since yij contains energies
rather than e.g. momenta in the numerator, and since massive partons are as-
sured nonvanishing energies, there are slightly more 3-jets for decays to heavy
quarks. When the parton showers are included (cf. Fig. 11b), the suppression of
gluon radiation off massive quarks ensures that decays into light quarks gives
the larger number of further jets. Finally, hadronization (cf. Fig. 11c) once
again flips the picture, at small resolution scales yD, mainly by the larger p⊥
kick impaired to hadrons in the B meson decays. Such gluon radiation and
hadronization effects are familiar from studies e.g. at LEP [15].

In comparing with theHerwig implementation, we now concentrate on de-
cays to light quarks so as to obviate the further complication of extra jets
from heavy quark decays. This means that there are three main stages we can
check for differences: 1) the population of the initial 3-body phase space, 2)
the parton showers, and 3) the hadronization.
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Figure 11: Jet rates in the decay of a 96 GeV neutralino resonance, χ̃0 →
uidjdk, as functions of yD. χ̃0 → uds is shown with full lines and χ̃0 → csb
with dashed. (a) Clustering only of the primary neutralino decay products, (b)
clustering after showering but before hadronization, and (c) clustering after full
event generation.
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Figure 12: Jet rates in the decay of a 96 GeV neutralino resonance, χ̃0 → uds,
as functions of yD, as obtained with Pythia (full lines) and Herwig (dashed
lines). (a) Clustering only of the primary decay products, (b) clustering after
showering but before hadronization, and (c) clustering of the final event.
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1. Phase space population. As mentioned above, Pythia produces an isotro-
pic phase space population whereas Herwig uses full matrix element
weighting. In Fig. 12a a comparison of the jet rates between Pythia (full
lines) and Herwig (dashed lines) is shown for neutralino decay to light
quarks. Only the three primary decay products are used in the jet cluster-
ing here. One notes that Herwig has more 3-jets than Pythia over the
whole yD range. This agrees with expectations that the matrix elements
should disfavour 2-jet configurations: in the 2-jet limit one invariant mass
vanishes, meaning that contributions from graphs with that particular in-
termediate squark propagator also vanish. (A decay like χ̃0 → uds receives
contributions from the three intermediate states uũ∗, dd̃∗, and ss̃∗.) There
are no squark poles in or near the phase space, however, so the variation
of the matrix elements is rather mild. Thus effects of the matrix-element
weighting are significant, but not dramatic.

2. Showering. In Fig. 12b we show the jet rates after showering but before
hadronization. (For Herwig this also means before the nonperturbative
g → qq branchings.) The difference produced in the initial decay is reduced
slightly, but otherwise the pattern at high yD is the same as above, with
Herwig producing more jets than Pythia. However, when the four-or-
more jet rates come into play at lower values of yD, Pythia tends to
produce more jets than Herwig, even if there is still qualitative agreement.
We explore this difference by considering the number of partons emitted
in the respective shower, Fig. 13. The variation from two- to three-jetlike
topologies is characterized by the minimum opening angle between any two
of the three original partons. Differences in the shower algorithms, such
as the choice of cutoff scale, imply that the number of partons as such
is not so informative. Therefore a convenient reference is offered by the
respective results for ordinary Z0 → qq events, at a comparable energy.
In Pythia, the χ̃ decays produce almost a factor 3/2 more radiated partons
than does the Z0 ones. This is consistent with a rather constant rate per
radiating parton, somewhat reduced by the lower energy per parton in
the χ̃ decays. Such a result is not unreasonable, given that most gluons
are emitted in the collinear regions around the quark directions, according
to a universal radiation pattern, i.e. independently of the colour flow to
other quarks at wide angles. One should note that the basic parton shower
formalism of Pythia tends somewhat to overestimate energetic wide-angle
emission in Z0 → qq events. This is then compensated by a rejection
factor that reduces this emission to what is expected from the qqg matrix
elements [18, 19]. Since no corresponding matching is implemented for
χ̃→ qqq decays, it is quite likely that the shower activity here is somewhat
overestimated. Further, in the limit that two partons become collinear, one
should expect them partly to screen each other and the overall activity
thereby to drop down towards the Z0 level. That this does not happen in
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Figure 13: The average number of partons emitted in the shower of χ̃ → uds
decays, as a function of the smallest opening angle between the neutralino decay
daughters (solid lines; upper: Pythia, lower: Herwig). The average number
of partons emitted in uu cascades at the Z0 resonance is shown for comparison
(dashed lines).

Pythia is an obvious shortcoming of the modelling, which is not set up to
handle these screening effects.
By contrast, in Herwig the variation with event topology is more marked:
the Herwig radiation cone is defined by the opening angle to one of the
other quarks picked at random [8], meaning that two nearby partons may
kill the radiation from each other. The most notable feature, however, is
that the χ̃ multiplicity is lower than the Z0 one, also for well separated
quark topologies, contrary to the arguments above.
We do not claim to understand the low emission rate in Herwig. One
observation, that we will quantify below, is that χ̃ decays tend to have a
large-mass central cluster, which could indicate a shortfall of emissions at
wider angles. Among several potential differences between the two shower
descriptions, it is then tempting to suspect the procedures used to start
up the showers from some maximum virtuality. As we have already noted,
the “dead zone” phenomenon is a well-known reason for Herwig to un-
derestimate multi-jet rates. If so, the differences should be larger for out-
of-the-event-plane distributions than for inclusive ones, since the direction
at 90◦ to the event plane is as far away as one can be from any of the
three original quark directions. In Fig. 14, distributions of the linearized
Aplanarity event shape variable [39] are compared. The curves relevant
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Figure 14: Distribution of linear Aplanarity, comparing Pythia and Herwig.

for showering are the dashed for Pythia and dotted for Herwig. One
observes that, also in the present case, Herwig generates less activity out
of the event plane than does Pythia. The steep rise of the Herwig curve
towards small Aplanarities is caused by events where no emissions harder
than roughly 1 GeV or so occurred. The pattern is consistent with the
hypothesis of a shortfall of wide-angle emissions in Herwig.

3. Hadronization. The results of jet clustering after full event generation are
shown in Fig. 12c. One notes that Herwig still produces more jets at high
yD, whereas Pythia has more jets at small yD, but overall the agreement
between the two programs here is impressively and unexpectedly good. In
particular, the hadron-level jet rate in Herwig goes up appreciably relative
to the parton-level one, whereas there is less difference between the two in
Pythia.
Of special relevance here is the Herwig treatment of the “baryon clus-
ter” which carries the net baryon number generated by the BNV decay.
As we see from Fig. 15, this cluster has a rather different mass spectrum
than other clusters, with a much higher average mass. (This is also noted
in [8].) Such a large-mass cluster is first fragmented into smaller clus-
ters, which each then decay to hadrons. The fragmentation is along an
assumed “string” direction, as appropriate for simple qq clusters. In the
current case, where three leftover quarks are to be considered, two of these,
picked at random, are combined to a diquark. The resulting system is
fragmented along a single quark–diquark axis. The extreme case is those
events, roughly 2% of the total number, where the whole neutralino be-
comes a single cluster. Then, as shown in Fig. 16, no well-separated third
jet exists after hadronization, this information having been erased by the
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Figure 15: Herwig cluster mass spectra for the clusters containing non-zero
baryon number (solid lines) as compared to the ordinary clusters from the
neutralinos and the additional perturbative activity in the event. For reference,
the cluster spectrum for hadronic Z0 decays at 90 GeV are also shown (dotted
lines). Only the baryon cluster spectrum is shown with its true normalization,
the two other spectra having been normalized by a factor 1/10 to fit them onto
the same scale as the baryon clusters.

cluster formation procedure! In a normal event, effects tend in the opposite
direction: some clusters appear along each of the three quark directions
as a consequence of the shower activity, but then the baryon cluster also
emits particles in a new “jet” direction intermediate to the two quarks
that get combined into a diquark. The net result is an increase in the non-
perturbative jet rate relative to the perturbative one. To the extent that
this effect is unintentional, the large hadronization correction in Herwig
is misleading.

To summarize, we note that the final agreement in jet rates must largely
be viewed as coincidental, since all three contributing physics components by
themselves differ between Herwig and Pythia.

5.3 The junction baryon

As discussed in subsection 4.4, the non-perturbative collapse of the colour wave-
function, which in our model results in a Y-shaped string topology, essentially
“traps” the baryon number around the locus of the string junction. Thus, in
the rest frame of the junction, we expect junction baryon momenta of the order
of the hadronization scale. For well-separated jets, we further expect the junc-
tion rest frame to be only slightly different from the CM frame of the decay.
Thus a generic feature of our model is the prediction that the baryon number
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Figure 16: 2- and 3-jet rates before and after hadronization for Herwig events
with no gluon emission (∼ 2% of the event rate for default Herwig).

generated by BNV decays predominantly ends up in baryons which have small
momenta relative to the decaying particle.

In Fig. 17 the rates of both junction baryons and “ordinary” baryons are
plotted as functions of their CM momenta for χ̃ → uds for (a) two different
neutralino masses (Snowmass points 1a and 1b), and (b) comparison between
Pythia and Herwig for a 96 GeV neutralino.

As expected, one observes a much sharper peaking towards low momenta for
the junction baryon distributions as compared to the ordinary baryon distribu-
tions in Fig. 17a. Also, note that this peaking does not depend on whether the
neutralino is light or heavy. A heavier neutralino gives rise to longer strings,
i.e. larger momenta and higher multiplicities, as can be seen by the shift in
shape and normalization of the ordinary baryon momentum distribution, but
this does not significantly affect how much energy will eventually be available
to form the junction baryon. The slight hardening of the junction baryon
momentum for a higher neutralino mass is attributable to the increased phase
space for perturbative gluon emission, which gives the junction a slightly higher
average velocity in the neutralino rest frame.

In Fig. 17b we compare with the Herwig implementation. Of course, Her-
wig does not have junctions and so no junction baryons per se, but it is nonethe-
less possible in most cases to trace the BNV-associated baryon number, via a
cluster with non-vanishing baryon number, to a specific final-state baryon. And
so, with a slight abuse of nomenclature, we term this baryon the Herwig “junc-
tion baryon”. Naturally, both programs produce only one junction baryon per
decay. However, as shown in Fig. 17b, the Herwig fragmentation produces
1.1 ordinary baryons more, on the average, than does Pythia. Interpreted
as a systematic uncertainty on the baryon multiplicity in fragmentation, this
difference is disturbingly large. However, when comparing with the LEP ex-
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Figure 17: CM momentum distributions in the decay of a 96 GeV neutralino
for junction (full line) and ordinary (dashed line) baryons (a) as compared
to the decay of a heavier neutralino (dot dashed and dotted line for junction
and ordinary baryons respectively), and (b) as compared to the same process
in Herwig (dot dashed and dotted line for junction and ordinary baryons
respectively).

perimental value at the Z0 peak, 〈np〉LEP = 0.98 ± 0.1 [15] protons per event
(neutrons not being measured), default Pythia with its 1.2 protons per event
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Figure 18: Proton (+antiproton) CM-frame momentum spectrum normalized
to the charged pion one. Distributions are shown for 96 GeV neutralino decays
to light quarks (junction and non-junction proton contributions shown sepa-
rately) and for two cases of ordinary qq fragmentation, one (crosses) where the
total CM energy is the neutralino mass and one (circles) where it is only 2

3mχ̃,
in order to make the energies of each piece of string equal.

comes closer than default Herwig with its 1.5. Presumably a better tuning
to LEP than offered by the defaults would also reduce the difference seen in
neutralino decays.

The difference in the description of the junction baryon should persist,
however. In Herwig there is no particular reason why this baryon should be
slower than other baryons, and this results in a distribution for junction baryons
which looks more or less the same as that for ordinary baryons, a situation quite
at contrast to the shape of the junction baryon spectrum predicted by the model
presented here, cf. Fig. 17b. This means that the Herwig model offers less hope
to find direct evidence for the occurrence of BNV. We believe, however, that
this model is unrealistic, being flawed by an underestimated shower activity in
combination with an unphysical description of the fragmentation of the baryon
cluster, as explained above in section 5.2.

When comparing baryon rates between physical processes, differences in
the overall multiplicity may confuse the issue. For instance, a χ̃ → qqq de-
cay should have a larger multiplicity and softer fragmentation spectra than a
γ∗/Z∗ → qq decay of the same mass, since the total energy is shared between
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more strings. A decay to two gluons, such as h0 → gg, would have an even
larger multiplicity, owing to the gluon energy being shared between two strings
and, by the same colour charge argument, also radiating more in the pertur-
bative phase. A more realistic measure is the fraction of (anti)protons among
charged particles, where the issue of overall multiplicity divides out, and quark
and gluon jets of different energies give almost identical results at low momenta.
In Fig. 18 we show the ratio of proton to pion momentum spectra, which is
basically equivalent with the above. (Inclusion of kaons along with the pions
would not affect the relative difference between scenarios.) The mass differences
and decay patterns give a softer pion than proton spectrum, and therefore a
rising p/π ratio. In the neutralino decay, the significant enhancement caused
by the junction baryon contribution is again visible. It is noteworthy that the
case of a qq (or gg) decay gives a ratio intermediate to the ones in the qqq
decay without and with the junction baryon included. The explanation is that
the low-momentum region in the qqq topology is depleted from normal baryon
production by the presence of the junction baryon. Unfortunately, this means
experimental signals are not quite as dramatic as might have been wished for,
as we shall see.

5.4 Generic event properties

We now turn our attention to a comparison of the expected overall event fea-
tures between Pythia and Herwig, specifically as characterized by the frag-
mentation spectra and the multiplicity distributions for charged hadrons.

In Fig. 19 we show the hadronic fragmentation spectra produced by the
decay χ̃ → uds. With “primary hadrons” and “final state hadrons” we under-
stand hadrons produced in the fragmentation of the strings, before and after
decays take place, respectively. There is good agreement, with slightly smaller
primary hadron momenta being produced by Herwig as compared to Pythia.

In Fig. 20 is compared the multiplicities of charged hadrons as produced
by Pythia and Herwig. An average difference of almost 2 charged hadrons
can be observed. When performing the same comparison for the LEP1 process
e+e− → hadrons, where 〈nch〉LEP = 20.92 ± 0.24 [15], the Pythia 21.0 and
Herwig 20.1 values also differ. This mistuning partly explains the difference
for neutralino decay between the two programs. One should remember that the
two hadronization models for this kind of configurations are quite different from
the respective description of Z0 decay, however, so there is no strong reason for
the two programs to agree, neither with each other nor with the Z0 numbers.

Consider e.g. the simple string model, which predicts a logarithmic increase
of the multiplicity with jet energy, 〈n〉 ∝ log(E/m0), where m0 is some typical
hadronic mass scale of order 1 GeV. Taking LEP events to consist of two
jets with half the energy each, and neutralino decays to be three jets with a
third each, the above LEP1 multiplicity would translate into something like 28
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Figure 19: CM momentum distributions in the decay of a 96 GeV neutralino
for primary hadrons (Pythia full lines, Herwig dot-dashed) and final state
hadrons (Pythia dashed lines, Herwig dotted). At the bottom left, the mean
primary hadron momenta are shown for each of the two programs.

charged particles per neutralino decay. That the programs predict multiplicities
much below this indicates the importance of the details of the event description.

5.5 Alternative string topologies

Until now, we have considered only neutralino decay, since most of the salient
features of our model stand out more clearly in this case. Nevertheless, in
regions of SUSY parameter space where the BNV couplings are either larger
than the gauge couplings, or where the gauge decays of the lowest-lying squark
mass eigenstate are kinematically suppressed or forbidden, a special situation
arises: the direct 2-body BNV decays listed in section 2 dominate for the lowest-
lying squark mass eigenstate. This gives us a unique chance to study the more
exotic string topologies discussed in section 4.5: junction–junction strings and
junction–junction annihilation.

To quantify, we here take a generic “light stop” SUSY spectrum, Snowmass
point 5, with mt̃1 = 220 GeV, and the decay t̃1 → χ̃+

1 b kinematically inaccessi-
ble. Since we wish specifically to study 2-junction and 0-junction topologies, we
assume third generation BNV couplings of order 0.1 or larger, so that the stop
lifetime, cf. eq. (14), is sufficiently small that string breaks between the stops
will not normally occur before decay. Furthermore, we require that the stops
be produced in an overall colour-singlet state, so that their decays, leaving out
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Figure 20: Charged hadron multiplicities in the decay of a 96 GeV neutralino
as obtained with Pythia (full lines) and Herwig (dashed). At the bottom left,
the mean charged hadron multiplicities are shown for each of the two programs.

the possibility of colour reconnections in the final state, are colour-connected
to each other. This will generally not be the case at hadron colliders since,
in processes like gg → t̃1 t̃

∗
1, each stop inherits its colour from a parton in the

initial state rather than from the other stop.

Consequently, we consider the process e+e− → t̃1 t̃
∗
1, with the stops decay-

ing to light quarks, t̃1 → ds. Again, differences with respect to the Herwig
implementation exist, but since we expect the main part of these to be cov-
ered already by the discussion in the preceding subsection, we do not perform
explicit comparisons here. Suffice it to note that the hadronization model for
BNV squark decays adopted in Herwig roughly parallels that of Pythia with
only 0-junction configurations.

As was observed in subsection 4.5, the probability for two connected junc-
tions to annihilate is almost unity close to threshold in our model. To ensure
that the case where we let the choice between a 0-junction and a 2-junction
topology be determined dynamically, i.e. by eqs. (20)–(23), indeed does differ
from the pure 0-junction case, we choose a CM energy somewhat above thresh-
old. For Snowmass point 5, the threshold is 2mt̃1 = 440 GeV, thus a CM energy
of 800 GeV is appropriate. This results in a junction–junction annihilation rate
of about 0.6, cf. Fig. 8.
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Figure 21: Jet rates for the process e+e− → t̃1(→ ds)̃t∗1(→ ds) at 800 GeV CM
energy, as functions of yD, for three stages of the event generation: clustering
only of the primary t̃1 t̃

∗
1 decay products (dotted curves), clustering after show-

ering but before hadronization (dashed curves), and clustering after full event
generation (solid curves).

We again begin by considering the jet rates, for the specific process e+e− →
t̃1(→ ds)̃t∗1(→ ds) at 800 GeV CM energy. The jet clustering is performed
using a Durham algorithm in the e+e− CM frame, yet since we here make
the simplification of neglecting initial-state radiation and beamstrahlung, this
frame is identical to the t̃1 t̃

∗
1 CM. Note that this frame need not generally

coincide with the t̃1 t̃
∗
1 CM at decay time, due to the possibility of the stop pair

emitting final-state radiation.
In Fig. 21 we show the jet rates for dynamical selection between 2-junction

and 0-junction topologies, as functions of yD. To trace the evolution of the
event, we plot the rates for initial decay (dotted curves), after parton shower
(dashed curves), and after hadronization (solid curves).

Since each stop decays to a 2-body final state, we obtain four jets at leading
order. As can be observed from the dotted curves in Fig. 21, the initial decay
daughters are actually clustered to fewer than 4 jets for a non-negligible fraction
of the events down to quite low values of yD, this due to asymmetric decays
causing two daughters to end up close to each other and so be clustered to one
jet rather than two.

The question now arises to what extent, if any, the choice of string topology
affects the jet rates. To study this, in Fig. 22 we replot the solid curves of Fig. 21
together with the two extreme cases where all events are forced to be either of
the 2-junction (dotted curves) or the 0-junction (dashed) type. Note that the
latter sample has a small contamination of 2-junction events, from perturbative
breakups in the t̃1 t̃

∗
1 shower. As can readily be observed, the curves are identical

to a high precision, bearing witness to the absence of any resolvable structural
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Figure 22: Jet rates for the process e+e− → t̃1(→ ds)̃t∗1(→ ds) at 800 GeV
CM energy, as functions of yD, for three choices of string topology: mixed
0-junction and 2-junction (solid curves), 2-junction only (dotted curves), and
0-junction only (dashed curves).

difference between the topologies, at least for the yD ranges and jet numbers
we found it meaningful to include in the analysis.

We thus do not believe that these semi-inclusive observables could be used
e.g. to measure the junction–junction annihilation rate. We return to the issue
of whether exclusive quantities can do a better job in the more experimentally
oriented study in subsection 6.3.

6 Experimental tests

In this section we present some semi-realistic studies on how baryon number
violation could be pinned down experimentally. We do not propose to reca-
pitulate the extensive experience on SUSY search strategies, with likelihood
techniques or a succession of cuts and sideband subtraction procedures, re-
quired to isolate signals relative to backgrounds for different SUSY parameter
sets. Rather, we assume that a signal has already been found in multijet final
states, with bumps in the two- or three-jet invariant mass distributions consis-
tent with the presence of new particles. The key issue is then whether this is
evidence for SUSY with BNV or for some completely other physics signal. The
decision is likely to be based on a combination of different pieces of informa-
tion, but a crucial one would be to find the baryon associated with the BNV
itself. This is not possible on an event-by-event basis, owing to the background
of normal baryon production and the non-identification of neutrons. What we
can aim for is then to demonstrate the existence of a statistically significant
excess (or not) of baryon production in the momentum region predicted by our
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model.
This kind of demonstration will most likely be beyond the reach of the

Tevatron; therefore in the following we concentrate on an LHC scenario with
pp collisions at

√
s = 14 TeV. We take a crude representation of the ATLAS

tracking and calorimetry capabilities (described below) to be sufficiently de-
tailed for the kind of analysis we will consider, specifically whether an excess of
protons à la Fig. 18 can still be seen for fully generated events in a semi-realistic
detector environment.

Of course, a similar exercise could have been performed for CMS but, at
our level of detail, we expect the differences between the two experiments to
be of negligible consequence. The exception would be baryon identification
strategies, see below.

With respect to the prospects at linear colliders, the comparatively clean
environment and high luminosity imply that studies similar to the ones pre-
sented here would be easier to carry out, although they would obviously have
to wait for such a facility to be built. Therefore, we constrain our attention in
this direction to one special case, that of colour-connected BNV t̃1 t̃

∗
1 decays,

which we expect to be nigh impossible to study with hadron colliders.

6.1 Detector layout and acceptance

Based primarily on the ATLAS physics TDR [40], we assume a calorimeter that
covers the region |η| < 5 in pseudorapidity and 0 < φ < 2π in azimuth, with
a granularity of ∆η × ∆φ = 0.1 × 0.1. This reproduces the expected ATLAS
calorimeter granularity at mid-rapidity, but overestimates it at large rapidities.
Smearing due to finite resolution effects has not been simulated.

Proton and pion reconstruction. For p± and π± reconstruction and iden-
tification we use the region |η| < 2, well inside the coverage of the ATLAS and
CMS tracker systems. Inside this region, all charged hadrons with p⊥ > 1 GeV
are reconstructed. This is somewhat more optimistic than what would be pos-
sible in the real world. Particles with p⊥ < 1 GeV predominantly come from
the underlying event, so the p⊥ cut reduces the study to particles associated
with the hard physics of the event.

Ideally, we would like to identify all charged hadrons in the above region,
with complete separation between the p± signal and the π± and K± back-
ground. In reality this will never be possible. Neither ATLAS nor CMS has
yet carried through detailed detector simulation of their proton identification
performance. Our physics scenario may represent the first example where this
capability is relevant in the study of physics beyond the Standard Model, and
so could offer a convenient target for future detector studies. (QCD physics
obviously provides several reasons to have this capability, one of which will be
mentioned later.) In the meantime we exemplify what could be possible.
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The conservative approach is to restrict the search to the Λ0 → p+π− chan-
nel which, due to its two charged tracks from a displaced vertex and narrow
mass peak, offers a reasonably clean signal. This channel also has the advan-
tage that it doesn’t cut down the statistics much: the flavour composition of
fragmentation in e+e− annihilation is measured to give NΛ0/Np ∼ 0.4 [41] and
the branching ratio of Λ0 to p+π− is about 60% [41], so about one in every
four protons comes from a Λ0 decay to p+π−. Since the proton inherits most
of the momentum in the Λ0 decay, the proton plots shown below would also
apply for Λ0, with minor modifications.

Nevertheless, one may aggressively assume some proton identification ca-
pability, to augment the statistics from the Λ0 decay, and maybe also to clean
up this signal from the K0

S → π+π− background. For ATLAS, charged hadron
identification is not a prime objective for the Inner Detector, but the ionization
loss, dE/dx, in the Transition Radiation Tracker gives enough information to
separate protons from pions by more than 1σ in the momentum range 3 GeV
. p . 20 GeV [40]. However, the K±/p± separation is very poor even in
this range, so an analysis purely based on this capability will contain a non-
vanishing misidentification background. Calorimetry provides auxiliary infor-
mation, especially for antiprotons, which release an additional GeV of energy
by their annihilation. This should be noticeable, at least for antiprotons stop-
ping in the electromagnetic calorimeter. For protons the mismatch between
energy and momentum goes in the other direction and is smaller. We note
that the hadrons discussed here are not ones found in the core of jets, and any-
way have so low momenta that they are significantly deflected by the magnetic
field. Therefore they are likely to be isolated in the calorimeter.

The possibility to use dE/dx in the CMS silicon tracker is still under study,
but in any case the tracker has only a few sampling points, and so limited
capability in this respect. On the other hand, there is considerable empty space
between the silicon layers. Therefore one can imagine to install a time-of-flight
system at some future date. This would allow good proton identification in the
lower part of the interesting momentum range. As above, calorimetry could be
used to identify some of the antiprotons.

Jet reconstruction. We use a cone algorithm over the full fiducial volume
of the calorimeter, |η| < 5, with a cone size of ∆R =

√

∆η2 + ∆φ2 = 0.4 and a
minimum jet seed energy of 5 GeV. Reconstructed jets with a transverse energy
below 25 GeV are not used in the further analysis. No jet energy recalibration
procedure has been applied.

6.2 Physics cuts

As mentioned above, we assume that a relatively clean sample of SUSY events
has been isolated before the present analysis is applied, hence we do not study
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SM backgrounds. The event sample thus consists of a general SUSY simulation
for our reference point, Snowmass point 1a [36], including all SUSY processes
currently implemented in Pythia. Most of these, however, are suppressed at
hadron colliders so that the cross section is dominated by gluino and squark
production. We concentrate on the case where the BNV couplings are smaller
than the gauge couplings, thus sparticles will only use the BNV channels as
a “last resort”. That is, the ordinary MSSM pattern of cascade decays will
persist, with the modification that the LSP decays. Assuming that the lightest
neutralino is the LSP, we are thus looking at events of the type:

2(q/g) → 2(q̃′/g̃) → 2(q′′/g)(+X) + 2(χ̃0
1) → 2(q′′/g)(+X) + 2(qiqjqk), (24)

where the two initial partons come from the beam protons and X signifies
what, if anything, is split off in the cascades besides the neutralinos. Since the
neutralinos are not colour connected to the rest of the event, we note that this
type of event is nothing but an ordinary R-conserving MSSM cascade event
with the missing energy transformed into two separate χ̃0

1 decays.
For such events, about 25% of the junction protons lies within the detector

acceptance. Without any further cuts, the equivalent of Fig. 18 looks as de-
picted in Fig. 23. A rather depressing result, of course due to the many protons
which originate exterior to the neutralino decay itself, and to the fact that we
are looking at momenta in the CM of the original collision rather than in the
CM of the neutralino.

However, it is possible to do much better by placing cuts designed to identify
the 3 jets from each of the χ̃0

1 decays, reconstructing the presumed χ̃0
1 CM and

looking for low-momentum protons in that frame. In principle, it would be
even better to attempt to reconstruct the junction rest frame itself, based on
the directions of the three jets. Here, we note that for well separated jets,
as seen in the neutralino CM, the junction rest frame is at any rate closely
approximated by the CM frame, and so in this preliminary study we content
ourselves with working in the 3-jet CM.

We use two different strategies to identify the neutralino decay jets. The
first, blind 3-jet reconstruction, probably does worse than what could be done
with more elaborately designed cuts, and the second, optimized 3-jet recon-
struction, probably errs on the side of too optimistic results. Thus, the actual
experimental result should lie somewhere between these two extremes.

Blind 3-jet reconstruction

We term this analysis “blind” since we assume no a priori “divine knowledge”
of which jets are the correct ones etc. Thus, we use a selection of cuts to attempt
to identify the neutralino decay jets as precisely as possible, then reconstruct
the presumed neutralino CM and look for low-momentum particles there. Since
our cuts have not been through a long, rigourous optimization procedure, it is
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Figure 23: Reconstructed p⊥ spectrum for the ratio of protons to charged pions
in a simple scan over the detector volume.

likely that we err on the low side of what could be done with better optimized
cuts.

Note also that our cuts rely to some extent on features specific to the SUSY
scenario we use (Snowmass point 1a), but they should produce acceptable re-
sults for any scenario that shares its general features: a neutralino LSP and a
rather light sparticle spectrum with a relatively large gap between the squarks
(and the gluino) and the LSP.

With this type of spectrum, the squark/gluino decays release much kinetic
energy, giving rise to generally high-p⊥ neutralinos. Since the χ̃0

1 mass itself
is small in comparison, its three decay jets always occupy a relatively small
total region of the detector. These two considerations form the backbone of
our cuts. In decays like χ̃0

1 → csb, one could furthermore require heavy-quark
tagged jets, but we do not rely on such extra information here.

To quantify, we select events with 8 or more reconstructed jets and in those
look for systems of 3 jets which have a total p3j

⊥ > 200 GeV. The measure we
use for how far the three jets are from each other in the detector is the maximal
jet–jet R distance:

∆Rmax
jj = Max(∆Rj1j2 ,∆Rj2j3 ,∆Rj3j1) (25)

where ji stands for the i’th jet in the candidate 3-jet system. We impose a
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cut requiring ∆Rmax
jj < 0.8. Since we use a cone size of ∆R = 0.4, this cut

translates into looking for 3 jets which overlap or just touch each other. The
details of how the energy in the overlapping regions is assigned to the each of
the overlapping jets depends on the particular jet algorithm used. However, as
long as double counting is avoided, we do not expect these details to influence
our analysis; ideally, the CM of the 3 jets should be invariant to changes in the
sharing of energy between its 3 constituent jets.

To further bring down the combinatorics, we require that none of the 2-jet
pairs in the 3-jet configuration have an invariant mass close to or larger than
the neutralino mass. Assuming that this is already known to some precision,
we reject candidate 3-jet systems where any pair of jets has a mass larger
than 90 GeV. Of the remaining candidate 3-jet systems, we select those which
reconstruct to the neutralino mass ±10 GeV.

For each of these 3-jet systems we search for candidate junction protons
within the detector acceptance described above. We check whether there are
any (anti)protons within ∆Rp3j < 0.5 of the 3-jet system momentum direction.
Any such protons are accepted as candidate junction protons. About 5% of
the junction protons within the detector acceptance survive these cuts. The
corresponding number for the non-junction protons is 0.2%.

The interesting quantity now is the momenta of these protons in the 3-jet
system CM frame, our first approximation of the junction rest frame. As has
been argued above, we expect that the real junction protons will exhibit a
softer momentum spectrum in this frame than will be the case for non-junction
protons. Thus, we expect that the enrichment of the sample by junction protons
should be largest for small proton momenta in the reconstructed neutralino CM.
Results are depicted in Fig. 24.

The situation has improved noticeably over the one in Fig. 23, but there is
still a lot of non-junction protons at small p⊥ which, as we shall see in the next
subsection, may be further reduced by reducing the combinatorial background,
i.e. by having a more precise identification of the correct neutralino decay jets.

Optimized 3-jet reconstruction

We now assume that a nearly perfect neutralino decay jet identification can
be performed, by applying some selection of cuts, the details of which are not
interesting here. Rather, we mimic the effects of such optimized cuts by using
the event generator information.

For each of the neutralino daughters, we select that jet which lies closest
in ~p⊥ and use only those jets for reconstructing the presumed χ̃0

1 CM’s. The
combinatorics are thus brought down to very low levels. One technicality in-
volved is how we deal with situations where one jet turns out to be the closest
in ~p⊥ to more than one of the neutralino daughters. This situation can arise for
instance if those two daughters were sufficiently close together to be clustered
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Figure 24: Reconstructed proton momentum spectrum in the 3-jet CM frame
for the “blind” neutralino decay jet identification.

to a single jet, or if one of the daughters produced a jet that lies outside the
active calorimetry range. Such systems are not included in the analysis.

For each accepted 3-jet system we search for candidate junction protons
and charged pions in exactly the same manner as for the blind analysis. Only
1% of the junction protons within the detector acceptance survive, still with
a contamination of about 0.2% of the non-junction protons, but the junction
proton distribution is now more sharply peaked towards low momenta (in the
3-jet CM frame) and the non-junction protons are found at higher momenta.

The distribution of proton to pion ratios as a function of p in the 3-jet
system CM frame is shown in Fig. 25. A noticeable improvement of the ratio
of junction protons to non-junction protons can be seen in the region below
∼ 1 GeV. For the blind analysis, cf. Fig. 24, this ratio was about 2. The
corresponding number for Fig. 25 is closer to 4, approximately the same factor
as for the isolated neutralino decay, Fig. 18.

We thus conclude that even with all the surrounding activity in fully gener-
ated pp collisions, it is possible, with a good jet selection, to arrive at a proton
sample of almost the same purity as for the case of isolated decay. It should
be remembered, though, that we are not here talking about an excess of pro-
tons of a factor of 4, since the division into junction baryons and non-junction
baryons is not an experimental observable. What is expected from ordinary
qq fragmentation is represented in Fig. 18 by circles and crosshairs, and we see
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Figure 25: Reconstructed proton spectrum in the 3-jet CM frame for the “op-
timized” neutralino decay jet identification.

that relative to this number, the excess is only about a factor 1.5. We note
that one does not have to rely on a Monte Carlo estimate of the proton to pion
ratio. A study of reference background samples, of multijet events in configu-
rations not significantly contaminated by SUSY events, will allow an absolute
determination of the proton fraction from data. We therefore believe that even
such a modest difference as a 50% enrichment should be clearly visible, given
enough statistics.

Note that the rate of baryon production in high-energy collisions offers one
puzzling outstanding problem in our understanding of QCD: why are fewer
kaons and protons produced in ep/γp events than in e+e− ones? This problem
has been with us since several years [42], and has been reconfirmed by recent
HERA studies [43]. One possible explanation is the ‘quiet string scenario’
[42], namely that soft gluon emission around the perturbative–nonperturbative
border is less profuse in ep/γp events, where only part of the event feels a
hard scale, than in e+e− ones, where the whole event derives from a hard-
scale process. The string would then be less ‘wrinkled’ in the former case
than the latter, thus have a smaller effective string tension, and thereby a
lesser production of heavier particles. This is very speculative, however, and
having to give up jet universality would be uncomfortable, to say the least. One
possible test in Deeply Inelastic Scattering would be a comparison of the current
hemisphere in the Breit frame with the rest of the event. It is also unknown
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whether Tevatron collider events more resemble LEP or HERA ones in this
respect. In the quiet string scenario, one would expect particles associated
with the perturbative jets, i.e. the particles we have studied, to resemble LEP,
while the underlying event again could be quieter and therefore also contain
fewer baryons. The older UA5 measurements on K0

S [44] do not indicate any
problem for the standard string model [32]. Hopefully the issue will be settled
well before a study of observed potential BNV events is initiated.

6.3 BNV two-body decays

We now follow up the discussion in subsection 5.5, considering the process
e+e− → t̃1(→ ds)̃t∗1(→ ds) for a linear collider, TESLA or the NLC/JLC,
using the mSUGRA parameters of Snowmass point 5 to represent a generic
“light stop” scenario. Although the 220 GeV stop mass of this benchmark
point is small enough to allow pair-production at 500 GeV, the amount of
junction–junction annihilation depends strongly on the stop boost, meaning
that essentially no junctions would survive at CM energies close to threshold
in our preferred stringlength-minimization scenario. Thus, to increase the 2-
junction rate, and also to get a higher total production cross section, we are
lead to consider an 800 GeV option. Note that if the BNV couplings are small,
we expect string breaks between the stops to occur before decay. Such breaks
would sever the connection in colour space between the two junctions and thus
effectively eliminate the possibility of obtaining 0-junction topologies.

At the chosen CM energy, the stop boost γt̃ = Et̃/mt̃ = ECM/2mt̃ ∼1.8,
making us expect that, in the case of large BNV couplings, about 40% of the
junction–junction systems survive to give rise to junction baryons, cf. Fig. 8.
The remaining 60% of the events presumably represent a more or less ir-
reducible background to our search, since they contain no signal (junction)
baryons and only differ from the signal events at the hadronization level, cf.
Fig. 22 and the discussion there. Of course, once BNV is established, also
the rate of junction annihilation by itself could offer interesting information on
QCD.

Similarly to the LHC study, we assume that a clean sample of t̃1 t̃
∗
1 events

has been isolated, so that SM as well SUSY backgrounds can be neglected. A
further simplification we make is to disregard the effects of brems- and beam-
strahlung in the initial state, mostly since the latter depends sensitively on the
beam parameters and we do not wish to become too machine-specific at this
stage.

So as not to be completely unrealistic in regard to detector acceptance,
we ignore all particles closer than 5◦ to the beam pipe and reconstruct only
charged particles which have p⊥ > 0.5 GeV. Beyond these crude cuts, no effort
is made to simulate detector effects. For jet reconstruction we use Durham
yD = 10−2.5 ≈ 0.003. This results in about 65% 4-jet events, 20% 5-jets, and
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10% 3-jets for the process considered. Naturally, the events with more than 4
jets are those which involve emissions of hard gluons. This means partly that
we are facing a larger combinatorics, and partly that we are less certain in
which direction the junctions went and hence in which direction to look for the
junction protons. For the 3-jet events, two of the original four jets have ended
up very close to each other. With a smaller yD those jets might be resolved,
but it is not clear that much could be gained by this. Thus, all but the 4-jet
events are removed from the further analysis.

We begin by simply performing a proton-count within the detector accep-
tance, normalizing to the charged pion multiplicity, as we did for the LHC
study. The result, shown in Fig. 26, is markedly better than for the LHC
case, Fig. 23, chiefly due to the cleaner environment and that we now go down
to p⊥ = 0.5 GeV. Even though, in Fig. 26a, we have only a 40% rate of 2-
junction configurations, about 30% of the protons below 1.5 GeV are junction
protons. This should be compared with Fig. 26b, where we have turned off
junction–junction annihilation.

Fortunately, it is again possible to purify the sample somewhat more. First,
we identify which of the 3 possible pair-by-pair combinations of the four jets is
most consistent with both pairs having the invariant mass of the t̃1, by selecting
the configuration with the smallest value of ∆M ≡ |mij −mt̃1 | + |mkl −mt̃1 |.

The mass distributions of the pairs thus selected are shown in Fig. 27 for
dynamically mixed (default) 2-junction and 0-junction topologies (solid curve),
for 2-junction topologies in all events (dotted curve), and for 0-junction topolo-
gies in all events (dot-dashed curve). As before, note that the latter sample has
a small contamination of 2-junction events, from perturbative breakups in the
t̃1 t̃

∗
1 shower. All the distributions are shifted a few GeV towards larger masses,

relative to the nominal t̃1 mass, but the 0-junction topologies are shifted a bit
more and have a wider distribution compared to the 2-junction ones. The shift
of the peaks is due to a string effect: the fact that either one junction–junction
string or two qq strings are spanning the range between the two jet systems
increases the hadronic multiplicity in this region. In the former topology, all
the hadrons produced in a junction–junction string add mass to whichever stop
they are clustered with. (The energy of these hadrons is taken from the kinetic
energy of the stops, which are slowed down correspondingly.) In the latter
topology, the two separately hadronizing qq systems produce even more extra
soft particles in between the t̃1 and t̃∗1 jets. Also note that this skews the recon-
structed jet directions away from the original parton directions, towards larger
opening angles, which is an alternative way of expressing that the jet–jet pairs
end up having invariant masses slightly above the actual resonance mass. In
events with multiple gluon emissions in the t̃1t̃

∗
1 system — few to begin with

and further reduced by our cuts — the zig-zag pattern illustrated in Fig. 7b
further tends to favour large string lengths and thereby large mass shifts in the
0-junction configuration. It is important to remember that the bulk of the par-
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Figure 26: Reconstructed momentum spectrum for the ratio of protons to
charged pions in a simple scan over the detector volume: (a) mixed 2-junction
and 0-junction topologies and (b) pure 2-junction topologies.

ticle production is associated with the four (anti)quark jet directions, however,
and what we discuss here are smaller perturbations on this picture.

To summarize, we do not expect that a double peak, one from the 2-junction
topologies and another from the 0-junction ones, will be visible in the jet–jet
mass spectrum, but we do expect a small enrichment of 2-junction topologies
on the low side of the peak relative to the high side of it. Therefore we impose
a slightly asymmetric cut on the jet–jet masses, mt̃1 − 10 GeV < Mij < mt̃1 +
5 GeV. Note that both jet–jet pairs in an event are required to pass this cut,
or the event is rejected, this mainly to ensure that both sides of the event are
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Figure 27: Reconstructed jet–jet mass spectrum. The distributions are nor-
malized so as to integrate to the 4-jet rates.

well reconstructed.
Having thus reduced the combinatorics, it is a matter of simple kinematics

to show that the two daughters from each stop decay will be separated by more
than 60◦ at the 800 GeV CM energy. Adding parton showers and hadronization
effects will not change this limit appreciably, and so we place a cut requiring jet
pair opening angles larger than 60◦. Larger opening angles, from asymmetric
decays and/or slowed-down stops, tend to favour the 0-junction topologies,
i.e. give less signal. Therefore, and since we aim to look for junction protons
between the two daughter jets, we require a maximal jet–jet opening angle of
120◦.

For the remaining jet–jet pairs, we may now safely presume that the junc-
tion baryon, if there is one, is predominantly travelling in roughly the same
direction as the stop did, in between the two daughter jets. To measure how
much “in between” two jets a particle is, we construct

θ̂pj1j2 =
1√
2

√
(

2θpj1

θj1j2
− 1

)2

+

(
2θpj2

θj1j2
− 1

)2

, (26)

where θpji is the angle between jet i and the particle in question, and θj1j2
is the inter-jet angle. The measure is constructed so as to have the value
θ̂ = 0 when a particle is lying exactly between the two jets and θ̂ = 1 when a
particle is exactly aligned with one or the other of the jet directions. Note that
θpj1 + θpj1 ≥ θj1j2 , where the equality holds for particles lying between the two
jets and in the plane defined by the jet directions.
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Figure 28: Distributions in θ̂pj1j2 of junction protons for dynamically mixed (de-
fault) 2-junction and 0-junction topologies (solid lines), 2-junction only (dotted
lines), and 0-junction only (dash-dotted lines). The dashed histogram repre-
sents the non-junction protons. These are only shown for the default case, the
non-default spectra being very similar.

In Fig. 28 we show the distributions of junction protons and ordinary pro-
tons in this variable for events passing the previous cuts. Note that the junction
proton distributions, even for the pure 2-junction topologies, do not integrate
to 2 over the θ̂ range shown on the plot. This owes to the simple facts that
many junction protons are irretrievably lost by the p⊥ ≥ 0.5 GeV cut we im-
posed above and that a non-vanishing fraction of them have θ̂pj1j2 > 1. The
logarithmic scale on the plot is called for by the very strong peaking of the non-
junction proton spectrum towards the jet axes. We observe that the shape of
the junction proton spectrum is rather flat, independently of whether we allow
junction–junction annihilation or not, although the normalization of course
changes. When junction–junction annihilation is forced (dot-dashed curve),
only those junctions which are separated by g → qq splittings in the cascades
of the t̃1t̃

∗
1 system survive after hadronization, hence extremely few junction

protons are produced. We impose a cut requiring θ̂pjijj < 0.5, thereby cleaning
out most of the jet-associated protons.

Furthermore, we may use the fact that the junction proton momentum
spectrum is most strongly peaked in the junction rest frame (JRF), cf. Fig. 17.
Analogously to what we did for the LHC study, we therefore construct an ap-
proximate JRF for each jet pair, in each case using the linear combination of
the momenta of the opposing pair as the “third leg”. Including the above-
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Figure 29: Reconstructed momentum spectrum in the approximated junction
rest frame for the ratio of protons to charged pions: (a) dynamically mixed
(default) 2-junction and 0-junction topologies and (b) 2-junction topologies
only.

mentioned cuts, this results in the multiplicity distribution Fig. 29a, now with
about 60% of the protons below 1 GeV being junction protons. A rough es-
timate is that this corresponds to about 50 junction protons per 100 fb−1 of
integrated luminosity. With junction–junction annihilation turned off, the dis-
tribution changes to that of Fig. 29b, with about 80% of the protons below
1 GeV being junction protons, corresponding to more than 100 junction pro-
tons per 100 fb−1.
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Thus, for the process and SUSY scenario considered here, small BNV
couplings substantially increase the possibility of directly detecting the extra
(anti)baryons.

Going further and establishing the absolute rate of junction protons per
t̃1 t̃

∗
1 event, with the BNV branching fractions known, would obviously amount

to a direct measurement of the junction–junction annhilation rate. Such a
measurement would be interesting from a QCD perspective, since it enables us
to confront the value predicted by our model with an experimental result. We
therefore here also briefly discuss an alternative way of measuring this quantity.

In the 0-junction topology, with at least two strings spanning the rapidity
region between the stops, we here expect a higher average multiplicity than for
the 2-junction case, in which only one string spans this region. Näıvely then,
the charged multiplicity between the two jet pairs should be at least twice as
large for 0-junction topologies as compared to 2-junction ones. However, this
drastically oversimplifies the true situation. Asymmetric decays of the stops
and the addition of parton showers will in general smear the difference to a
much lower factor, to the point where it becomes questionable whether this
method is at all feasible. To investigate, we select events passing the above-
mentioned cuts and plot the charged multiplicity as a function of the absolute
value of the rapidity with respect to the stop–antistop momentum axis. The
resulting rapidity distributions, shown in Fig. 30a, only exhibit a negligible
increase in the ratio (dN0j/d|y|)/(dN2j/d|y|) in the region |y| ∼ 0.

One reason for this is that the central region is not free from jet activity.
Specifically, if the decay products of one of the stops are aligned with the
original direction of motion of the stop, the backward jet will end up in the
“wrong hemisphere”. The most extreme of these cases are already removed by
the requirement of jet–jet opening angles smaller than 120◦, as was imposed
above, but this cut still leaves room for jet activity in the mid-rapidity region.
To clean out the worst of this contamination, in Fig. 30b, we have tightened
the cut on maximal jet–jet opening angles to θjj ≤ 90◦. One notices that the
average multiplicity in the central region drops, and that the ratio between the
multiplicities in the two topologies increases in this region. Ultimately, to get as
little contamination from jet tails as possible in the central region, one should
go as close as possible to the kinematic limit, θjj = 60◦, where the rapiditity
of all jets, with respect to the stop-antistop momentum axis, is |y| ∼ 1.3. The
necessary compromise thus lies between minimizing the jet contamination in
the central region and obtaining sufficient statistics. For the present, we merely
note that the central multiplicity is sensitive to the choice of string topology
but that it will presumably be hard to use it for a precise determination of the
junction–junction annihilation rate.
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Figure 30: Charged multiplicities of 0-junction topologies (dashed lines) and
2-junction topologies (dotted lines) as functions of rapidity along the stop-
antistop thrust axis for (a) θjj ≤ 120◦ and (b) θjj ≤ 90◦ (all other cuts are as
for the junction proton search). The ratios of the distributions are shown with
solid lines.

7 Summary

The physics scenario studied here may not be the most likely one. First we
have to accept supersymmetry, then that R-parity is violated, and finally that
it is baryon rather than lepton number that is affected. Nevertheless, it is one
possibility among many that should be considered in studies of the high-energy
frontier, and one that has maybe received less attention than others of equal
likelihood to be correct.

In particular, it is important to know whether such a scenario introduces
new special demands on detectors. Obviously the whole normal artillery of jet
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reconstruction and mass peaks need to be brought to bear on the issue, in order
to find a signal for new physics. This may already be enough to favour some
specific scenarios, such as BNV SUSY. However, given that the unique aspect
of BNV is the creation of an additional baryon or antibaryon, a discovery of
BNV SUSY would not be complete without a clear signal that indeed baryon
number is violated.

Since baryons are produced also in normal hadronization processes, it will
not be feasible to associate one specific baryon uniquely with the BNV process,
but only to establish an excess of baryon production. This excess will not be
large enough to help us, unless we know where to look, and thereby can reduce
the background noise level.

The string junction model we develop in this article offers us the tools to do
precisely that. The string concept itself is the most successful approach we have
to the description of hadronization at high energies. The junction concept is
also well-established in the literature, to describe baryon colour topologies and
confinement aspects. It has never before (to the best of our knowledge) been
developed and implemented into a realistic hadronization framework, however.

Armed with this detailed model, we can predict where the baryon excess
should be found. In general, the junction baryon will have low momentum in
the rest frame of the process that generates the BNV. For the specific case of
neutralino or chargino BNV decay at LHC, we show how this translates into
explicit predictions. Typically we need to impose some cut like p⊥ > 1 GeV to
get away from the bulk of the underlying event activity, but beyond that the
main demand is for a good p/p identification at rather low momenta, i.e. a few
GeV. Failing this, at least Λ tagging should be well developed.

We believe this to be the first example where non-QCD physics interests
put precise demands on baryon identification. Thereby it offers an interesting
test case for further detector performance studies. The specific distributions
we show for LHC are only intended to “whet the appetite”, and are in no way
blueprints for a realistic analysis. Background studies will be essential, not only
in the search of a signal, but also to help calibrate the normal rate of baryon
production. Especially disconcerting is here the experimental indications of a
difference in the baryon fraction between different kinds of events, e.g. ep vs.
e+e−.

Studies could also be performed for other machines. Unfortunately, it is
doubtful whether the Tevatron could produce enough BNV events to allow an
analysis along the lines we have in mind, given that no signs of SUSY have been
seen so far. In contrast, BNV neutralino or chargino decays at a future linear
e+e− collider should be much cleaner and thereby simpler to analyse — one
reason we have not considered it here. The difficult questions at such a collider
could rather come in the analysis of BNV t̃̃t∗ events, where the threshold
region production would allow two different event topologies, one with an extra
baryon–antibaryon pair and one without. We find that the relative importance
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of these topologies may not be easy to pin down experimentally.

It can be questioned how unique the proposed junction hadronization frame-
work is, given that it is not based on any experimental tests to existing data.
On the technical level, certainly a number of approximations and simplifica-
tions have been introduced, but we have demonstrated that the resulting un-
certainties appear under control. More serious is the issue whether the whole
ansatz as such is what happens in Nature, and here no guarantees can be given.
What can be said its that there is currently no alternative approach that looks
anywhere near as credible.

One specific example is here offered by Herwig. This generator maps a
three-quark cluster onto a quark–diquark one, which then is fragmented along
a single axis. Since the baryon cluster mass typically is very large — in part a
consequence of a low shower activity in these events — the fragmentation can
deform the event appreciably and, more significantly, kick the baryon out to
surprisingly large momenta.

That is not to say there is no room for improvement in our Pythia imple-
mentation. We did not (yet) include the matrix-element information to give
non-isotropic three-body BNV decays, the BNV production processes are not
implemented at all, and our shower description is not as sophisticated as e.g.
for Z0 → qq decays. Such imperfections could influence estimates of the ex-
perimental acceptance rate of BNV decays. Given all the other uncertainties
at this stage of the game, one should not exaggerate their importance, how-
ever. Once SUSY is observed, with indications of BNV, further work would be
reasonable.

The development of a model for the hadronization of junction string topolo-
gies is not only relevant for BNV SUSY. In principle we would assume the same
topology for the incoming baryons in high-energy pp or pp collisions. So long
as only one valence quark is kicked out of a proton, the two remaining quarks
drag the junction along and thereby form an effective diquark. But in multiple
interaction approaches there is every possibility for two quarks to be kicked out,
in different directions, and with colours rearranged in the process. Thereby the
baryon number can start to drift in the event. This scenario was advertised
in [32], but has not been studied further till now. The recent increased inter-
est in semihard physics at hadron colliders [45], which has confirmed the basic
validity of the Pythia framework but also pointed at problems, here provides
a stimulus for further developments. Hopefully, refined models could allow us
to understand the excess of baryon number observed in the central region of
events in a number of experiments ( [46] is a far from complete list). Here
junction scenarios have already been proposed as a possible mechanism [47],
but without any solid modelling efforts.

A reason for us to begin with the SUSY BNV studies, rather than with pure
QCD ones, is that the latter inevitably will come to involve further uncertain-
ties, such as the details of the multiple interactions scenario. Nevertheless, the
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hope is that continued QCD-related studies may add support for the validity of
the junction scenario proposed in this article. Thereby the physics of junction
fragmentation offers a prime example of a topic where the exploration of very
conventional and very unconventional physics goes hand in hand.
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[14] L. Lönnblad, Computer Phys. Commun. 71 (1992) 15.

[15] I.G. Knowles et al., in ‘Physics at LEP2’, eds. G. Altarell, T. Sjöstrand
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574;
P. Edén and G. Gustafson, Z. Phys. C75 (1997) 41.

[25] I.G. Knowles and G.D. Lafferty, J. Phys. G23 (1997) 731, and references
therein.
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1 Introduction

An increasing number of advanced programs for the calculation of the super-
symmetric (SUSY) mass and coupling spectrum are appearing [1–5] in step
with the more and more refined approaches which are taken in the litera-
ture. Furthermore, these programs are often interfaced to specialized decay
packages [4–8], relic density calculations [9, 10], and (parton–level) event gen-
erators [11–18], in themselves fields with a proliferation of philosophies and,
consequentially, programs.

At present, a small number of specialized interfaces exist between various
codes. Such tailor-made interfaces are not easily generalized and are time-
consuming to construct and test for each specific implementation. A universal
interface would clearly be an advantage here.

However, since the codes involved are not all written in the same program-
ming language, the question naturally arises how to make such an interface
work across languages. At present, an inter-language linking solution does not
seem to be feasible without introducing at least some dependence on platform
(e.g. UNIX variant) and/or compiler. For details on these aspects, see e.g. [19].

At this point, we deem such an interface too fragile to be set loose among
the particle physics community. Instead, we advocate a less elegant but more
robust solution, exchanging information between FORTRAN and C(++) codes
via three ASCII files, one for model input, one for model input plus spectrum
output, and one for model input plus spectrum output plus decay information.
The detailed structure of these files is described in the sections below. Briefly
stated, the purpose of this Accord is thus the following:

1. To present a set of generic definitions for an input/output file structure
which provides a universal framework for interfacing SUSY spectrum cal-
culation programs.

2. To present a generic file structure for the transfer of decay information
between decay calculation packages and event generators.

SUSY
Scenario

→ Spectrum
Calculator

→ Decay
Package

→ Event
Generator

Figure 1: Stages of the interface Accord. By SUSY scenario we not only intend
specific SUSY–breaking mechanisms, such as supergravity (SUGRA), gauge
mediated SUSY breaking (GMSB), etc., but also more general setups within
the Minimal Supersymmetric Standard Model (MSSM).

Note that different codes may have different implementations of how SUSY Les
Houches Accord (SLHA) input/output is technically achieved. The details of
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how to ‘switch on’ SLHA input/output with a particular program should be
described in the manual of that program and are not covered here.

1.1 Using the Accord

To interface two or more calculations, the general procedure would be that the
user prepares model input parameters together with a set of Standard Model
parameters (to be used as low–scale boundary conditions for the spectrum
calculation) in an ASCII file, complying with the standard defined in section
3.1 below. At present, only models with the particle spectrum of the MSSM,
and with CP and R–parity conserved are included in this standard.

The user then runs a spectrum calculation program with these inputs to
obtain the SUSY mass and coupling spectrum at the electroweak (EW) scale.
The resulting spectrum is stored, together with a copy of the model input
parameters (so that subsequent calculations may be performed consistently),
in a new file. Standards for the spectrum file are defined in section 3.2.

The user may now run some particular decay package to generate a list of
decay modes and widths for selected particles, which the decay package saves
to a third file, complying with the definitions in section 3.3. Again, a copy of
the model input parameters as well as the complete spectrum information is
included together with the decay information in this file.

Lastly, the user may instruct a (parton–level) event generator to read in all
this information and start generating events. Of course, any of these interme-
diate steps may be skipped whenever the user does not wish to switch between
programs across them, e.g. no decay information is required to be present in
the file read by an event generator if the user wishes the event generator to
calculate all decay widths itself.

If a general purpose event generator is used, the events will include parton
showering and hadronization, whereas if a parton–level generator is used, the
events may finally be passed to parton showering and hadronization programs
using the already defined Les Houches Accord #1 [20].

2 Conventions

One aspect of supersymmetric calculations that has often given rise to confusion
and consequent inconsistencies in the past is the multitude of ways in which
the parameters can be, and are being, defined. Hoping to minimize both the
extent and impact of such confusion, we have chosen to adopt one specific
set of self-consistent conventions for the parameters appearing in this Accord.
These conventions are described in the following subsections. As yet, we only
consider R–parity and CP conserving scenarios, with the particle spectrum of
the MSSM.
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Compared to the widely used Gunion and Haber conventions and notation
[21], our prescriptions show a few differences. These will be remarked upon
in all places where they occur below, with parameters in the notations and
conventions of [21] denoted with an explicit superscript: GH.

2.1 Standard Model Parameters

In general, the SUSY spectrum calculations impose low–scale boundary con-
ditions on the renormalization group equation (RGE) flows to ensure that the
theory gives correct predictions for low–energy observables. Thus, experimen-
tal measurements of masses and coupling constants at the electroweak scale
enter as inputs to the spectrum calculators.

In this Accord, we choose a specific set of low–scale input parameters (block
SMINPUTS below), letting the electroweak sector be fixed by

1. αem(mZ)MS: the electromagnetic coupling at the Z pole in the MS scheme
with 5 active flavours (see e.g. [22]1). This coupling is connected to the
classical fine structure constant, α = 1/137.0359895(61) [22] by a relation
of the form:

αem(mZ)MS =
α

1 − ∆α(mZ)MS
, (1)

where ∆α(mZ)MS contains the quantum corrections involved in going from
the classical limit to the MS value at the scale mZ.

2. GF : the Fermi constant determined from muon decay.

3. mZ: the Z boson pole mass.

All other electroweak parameters, such as mW and sin2 θW , should be derived
from these inputs if needed.

The strong interaction strength is fixed by αs(mZ)MS (the five–flavour
strong coupling at the scale mZ in the MS scheme), and the third generation
Yukawa couplings are obtained from the top and tau pole masses, and from

mb(mb)
MS, see [22]. The reason we take the running b mass in the MS scheme

rather than a pole mass definition is that the latter suffers from infra-red sensi-
tivity problems, hence the former is the quantity which can be most accurately
related to experimental measurements. If required, relations between running
and pole quark masses may be found in [23, 24].

It is also important to note that all presently available experimental de-
terminations of e.g. αs and the running b mass are based on assuming the
Standard Model as the underlying theory, for natural reasons. When extend-
ing the field content of the SM to that of the MSSM, the same measured
results would be obtained for different values of these quantities, due to the

1Note that [22] uses the notation bα(MZ) for this parameter.
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different underlying field content present in the MSSM. However, since these
values are not known before the spectrum has been determined, all parameters
contained in block SMINPUTS should be the ‘ordinary’ ones obtained from SM
fits, i.e. with no SUSY corrections included. The spectrum calculators them-
selves are then assumed to convert these parameters into ones appropriate to
an MSSM framework.

Finally, while we assume MS running quantities with the SM as the underly-
ing theory as input, all running parameters in the output of the spectrum calcu-
lations are defined in the modified dimensional reduction (DR) scheme [25–27],
with different spectrum calculators possibly using different prescriptions for the
underlying effective field content. More on this in section 2.5.

2.2 Supersymmetric Parameters

The chiral superfields of the MSSM have the following SU(3)C ⊗ SU(2)L ⊗
U(1)Y quantum numbers

L : (1, 2,− 1
2 ), Ē : (1, 1, 1), Q : (3, 2, 1

6 ), Ū : (3̄, 1,− 2
3 ),

D̄ : (3̄, 1, 1
3 ), H1 : (1, 2,− 1

2 ), H2 : (1, 2, 1
2 ) . (2)

Then, the superpotential (omitting RPV terms) is written as

W = εab
[
(YE)ijH

a
1L

b
i Ēj + (YD)ijH

a
1Q

b
iD̄j + (YU )ijH

b
2Q

a
i Ūj − µHa

1H
b
2

]
. (3)

Throughout this section, we denote SU(2)L fundamental representation
indices by a, b = 1, 2 and generation indices by i, j = 1, 2, 3. Colour indices are
everywhere suppressed, since only trivial contractions are involved. εab is the
totally antisymmetric tensor, with ε12 = ε12 = 1. Lastly, we will use t, b, τ to
denote the i = j = 3 entries of mass or coupling matrices (top, bottom and
tau).

The Higgs vacuum expectation values (VEVs) are 〈H0
i 〉 = vi/

√
2, and

tanβ = v2/v1. We also use the notation v =
√

v2
1 + v2

2 . Different choices of
renormalization scheme and scale are possible for defining tanβ. For the input
to the spectrum calculators, we adopt by default the commonly encountered
definition

tanβ(mZ)DR, (4)

i.e. the tanβ appearing in block MINPAR below is defined as a DR running pa-
rameter given at the scale mZ. The optional extended input block EXTPAR al-
lows the possibility of using an input definition at a different scale, tanβ(Minput

6= mZ)DR. Lastly, the spectrum calculator may be instructed to write out one

or several values of tanβ(Q)DR at various scales Qi, see section 2.5 and block
HMIX below.
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The MSSM DR gauge couplings (block GAUGE below) are: g′ (hypercharge
gauge coupling in Standard Model normalization), g (SU(2)L gauge coupling)
and g3 (QCD gauge coupling).

Our Yukawa matrices, YE , YD , and YU , correspond exactly to (f)GH,
(f1)

GH, and (f2)
GH, respectively, in the notation of [21]. For hypercharge, [21]

uses (y)GH ≡ 2Y , and for the SU(2)L singlet leptonic superfield the nota-
tion (R̂)GH ≡ Ē. Finally, for the Higgs vacuum expectation values, we choose
the convention in which 〈H0

i 〉 = vi/
√

2 ≡ (vi)
GH, so that v2 = (v2

1 + v2
2) =

(246 GeV)2, corresponding to m2
Z = 1

4 (g′2 + g2)(v2
1 + v2

2), whereas [21] has
(v2

1 + v2
2)GH = (174 GeV)2, with m2

Z = 1
2 (g′2 + g2)(v2

1 + v2
2)

GH. Otherwise,
conventions for the superpotential are identical between this article and [21]2.

2.3 SUSY Breaking Parameters

We now tabulate the notation of the soft SUSY breaking parameters. The
trilinear scalar interaction potential is

V3 = εab
∑

ij

[

(TE)ijH
a
1 L̃

b
iL ẽ

∗
jR + (TD)ijH

a
1 Q̃

b
iL d̃

∗
jR + (TU )ijH

b
2Q̃

a
iL ũ

∗
jR

]

+h.c. , (5)

where fields with a tilde are the scalar components of the superfield with the
identical capital letter. In the literature the T matrices are often decomposed
as

Tij
Yij

= Aij ; (no sum over i, j) , (6)

where Y are the Yukawa matrices and A the soft supersymmetry breaking
trilinear couplings. See also blocks YE, YD, YU, AE, AD, and AU below.

The scalar bilinear SUSY breaking terms are contained in the potential

V2 = m2
H1
H∗

1 aH
a
1 +m2

H2
H∗

2 aH
a
2 + Q̃∗

iLa(m
2
Q̃

)ijQ̃
a
jL + L̃∗

iLa(m
2
L̃
)ij L̃

a
jL +

ũiR(m2
ũ)ij ũ

∗
jR + d̃iR(m2

d̃
)ij d̃

∗
jR + ẽiR(m2

ẽ)ij ẽ
∗
jR − (m2

3εabH
a
1H

b
2 + h.c.) .(7)

Rather than using m2
3 itself, below we use the more convenient parameter m2

A,
defined by:

m2
A =

m2
3

sinβ cosβ
, (8)

which is identical to the pseudoscalar Higgs mass at tree level in our conven-
tions.

2The sign of µ in the original Gunion and Haber article actually disagrees with ours, but
that sign was subsequently changed in the erratum to that article, which we here include
when giving reference to [21].
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Writing the bino as b̃, the unbroken SU(2)L gauginos as w̃A=1,2,3, and the
gluinos as g̃X=1...8, the gaugino mass terms (appearing in blocks EXTPAR and
GAUGE below) are contained in the Lagrangian

LG =
1

2

(

M1b̃b̃+M2w̃
Aw̃A +M3g̃

X g̃X
)

+ h.c. . (9)

For the soft trilinear breaking terms above, we use the same sign convention
as [21], but with a different normalization and unit (m6Ai)

GH ≡ Ai. For the
bilinear breaking terms, we differ only in notation; (mi)

GH ≡ mHi , (m12)
GH ≡

m3, (M ′)GH ≡ M1, (M)GH ≡ M2, (λ′)GH ≡ b̃, and (λA)GH ≡ w̃A. Below, it
will also be useful to note that we use h̃1 ≡ (ψ0

H1
)GH and h̃2 ≡ (ψ0

H2
)GH for

the higgsinos.

2.4 Mixing Matrices

In the following, we describe in detail our conventions for neutralino, chargino,
sfermion, and Higgs mixing. For purposes of cross-checking, we include in Ap-
pendix C expressions for the tree–level mass matrices of neutralinos, charginos,
and third generation sfermions, as they appear in the set of conventions adopted
here.

More importantly, essentially all SUSY spectrum calculators on the market
today work with mass matrices which include higher–order corrections. Conse-
quentially, a formal dependence on the renormalization scheme and scale, and
on the external momenta appearing in the corrections, enters the definition
of the corresponding mixing matrices. Since, at the moment, no consensus
exists on the most convenient definition to use here, the parameters appear-
ing in blocks NMIX, UMIX, VMIX, STOPMIX, SBOTMIX, STAUMIX, and ALPHA below
should be thought of as ‘best choice’ solutions, at the discretion of each spec-
trum calculator. For example, one program may output on–shell parameters
(with the external momenta e.g. corresponding to specific particle masses) in
these blocks while another may be using DR definitions at certain ‘character-
istic’ scales. For details on specific prescriptions, the manual of the particular
spectrum calculator should be consulted.

Nonetheless, for obtaining loop–improved tree–level results, these param-
eters can normally be used as is. They can also be used for consistent cross
section and decay width calculations at higher orders, but then the renormal-
ization prescription employed by the spectrum calculator must match or be
consistently matched to that of the intended higher order calculation.

Finally, different spectrum calculators may disagree on the overall sign of
one or more rows in a mixing matrix, owing to different diagonalization algo-
rithms. Such differences correspond to a flip of the sign of the eigenvectors
in question and do not lead to inconsistencies. Only the relative sign between
entries on the same row is physically significant, for processes with interfering
amplitudes.
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Neutralino Mixing

The Lagrangian contains the (symmetric) neutralino mass matrix as

Lmass
χ̃0 = −1

2
ψ̃0TMψ̃0ψ̃

0 + h.c. , (10)

in the basis of 2–component spinors ψ̃0 = (−ib̃, −iw̃3, h̃1, h̃2)
T . We define the

unitary 4 by 4 neutralino mixing matrix N (block NMIX below), such that:

−1

2
ψ̃0TMψ̃0 ψ̃

0 = −1

2
ψ̃0TNT

︸ ︷︷ ︸

χ̃0T

N∗Mψ̃0N
†

︸ ︷︷ ︸

diag(mχ̃0 )

Nψ̃0

︸︷︷︸

χ̃0

, (11)

where the (2–component) neutralinos χ̃0
i are defined such that their absolute

masses increase with increasing i. Generically, the resulting mixing matrix
N may yield complex entries in the mass matrix, diag(mχ̃0 )i = mχ̃0

i
eiϕi . If

so, we absorb the phase into the definition of the corresponding eigenvector,
χ̃0
i → χ̃0

i e
iϕi/2, making the mass matrix strictly real:

diag(mχ̃0) ≡
[

N∗Mψ̃0N
†
]

ij
= mχ̃0

i
δij . (12)

Note, however, that a special case occurs when CP violation is absent and
one or more of the mχ̃0

i
turn out to be negative. In this case, we allow for

maintaining a strictly real mixing matrix N , instead writing the signed mass
eigenvalues in the output. Thus, a negative mχ̃0

i
in the output implies that the

physical field is obtained by the rotation χ̃0
i → χ̃0

i e
iπi/2.

Our conventions on this point are slightly different from those used in [21]
where the same Lagrangian appears but where the diagonalizing matrix (N)GH

is chosen such that the elements of the diagonal mass matrix, (ND)GH (the mass
matrix, in the notation of [21]), are always real and non-negative, i.e. (ND)GH ≡
|diag(mχ̃0 )|, at the price of (N)GH generally being complex–valued also in the
absence of CP violation.

Chargino Mixing

We make the identification w̃± = (w̃1 ∓ iw̃2)/
√

2 for the charged winos and
h̃−1 , h̃

+
2 for the charged higgsinos. The Lagrangian contains the chargino mass

matrix as

Lmass
χ̃+ = −1

2
ψ̃−TMψ̃+ψ̃

+ + h.c. , (13)

in the basis of 2–component spinors ψ̃+ = (−iw̃+, h̃+
2 )T , ψ̃− = (−iw̃−, h̃−1 )T .

We define the unitary 2 by 2 chargino mixing matrices, U and V (blocks UMIX
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and VMIX below), such that:

−1

2
ψ̃−TMψ̃+ψ̃

+ = −1

2
ψ̃−TUT
︸ ︷︷ ︸

χ̃−T

U∗Mψ̃+V
†

︸ ︷︷ ︸

diag(mχ̃+ )

V ψ̃+

︸ ︷︷ ︸

χ̃+

, (14)

where the (2–component) charginos χ̃+
i are defined such that their absolute

masses increase with increasing i and such that the mass matrix, mχ̃+
i
, is

strictly real:

diag(mχ̃+) ≡
[

UMψ̃+V
T
]

ij
= mχ̃+

i
δij . (15)

Again, in the absence of CP violation U and V can be chosen strictly real.
This choice, as compared to that adopted in [21], shows similar differences as
for neutralino mixing.

Sfermion Mixing

At present, we restrict our attention to left–right mixing in the third generation
sfermion sector only. The convention we use is, for the interaction eigenstates,
that f̃L and f̃R refer to the SU(2)L doublet and singlet superpartners of the
fermion f ∈ {t, b, τ}, respectively, and, for the mass eigenstates, that f̃1 and f̃2
refer to the lighter and heavier mass eigenstates, respectively. With this choice
of basis, the spectrum output (blocks STOPMIX, SBOTMIX, and STAUMIX below)
should contain the elements of the following matrix:

(
f̃1
f̃2

)

=

[
F11 F12

F21 F22

](
f̃L
f̃R

)

, (16)

whose determinant should be ±1. We here deliberately avoid notation involv-
ing mixing angles, to prevent misunderstandings which could arise due to the
different conventions for these angles used in the literature. The mixing ma-
trix elements themselves are unambiguous, apart from the overall signs of rows
in the matrices, see above. Note that in [21], the mass eigenstates are not
necessarily ordered in mass.

Higgs Mixing

The conventions for µ, v1, v2, v, tanβ, and m2
A were defined above in sections

2.2 and 2.3. The angle α (block ALPHA) we define by the rotation matrix:
(
H0

h0

)

=

[
cosα sinα
− sinα cosα

](
H0

1

H0
2

)

, (17)

where H0
1 and H0

2 are the CP–even neutral Higgs scalar interaction eigenstates,
and h0 and H0 the corresponding mass eigenstates (including any higher order
corrections present in the spectrum calculation), withmh0 < mH0 by definition.
This convention is identical to that of [21].
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2.5 Running Couplings

In contrast to the effective definitions adopted above for the mixing matrices,
we choose to define the parameters which appear in the output blocks HMIX,
GAUGE, MSOFT, AU, AD, AE YU, YD, and YE, as DR running parameters, computed
at one or more user–specifiable scales Qi.

That the DR scheme is adopted for the output of running parameters is
simply due to the fact that this scheme substantially simplifies many SUSY
calculations (and hence all spectrum calculators use it). However, it does
have drawbacks which for some applications are serious. For example, the DR
scheme violates mass factorization as used in QCD calculations [28]. For con-
sistent calculation beyond tree–level of processes relying on this factorization,
e.g. cross sections at hadron colliders, the MS scheme is the only reasonable
choice. At the present level of calculational precision, this is fortunately not an
obstacle, since at one loop, a set of parameters calculated in either of the two
schemes can be consistently translated into the other [29]. Explicit prescrip-
tions for how to do this are included in appendix B.

Note, however, that different spectrum calculators use different choices for
the underlying particle content of the effective theory. The programs Softsusy
(v. 1.8), SPheno (v. 2.1), and Suspect (v. 2.2) use the full MSSM spectrum
at all scales, whereas in Isajet (v. 7.69) an alternative prescription is followed,
with different particles integrated out of the effective theory at different scales.
Whatever the case, these couplings should not be used ‘as is’ in calculations
performed in another renormalization scheme or where a different effective
field content is assumed. Thus, unfortunately, ensuring consistency of the field
content assumed in the effective theory must still be done on a per program
basis, though information on the prescription used by a particular spectrum
calculator may conveniently be given in block SPINFO, when running parameters
are provided.

Technically, we treat running parameters in the output in the following
manner: since programs outside the spectrum calculation will not normally be
able to run parameters with the full spectrum included, or at least less precisely
than the spectrum calculators themselves, an option is included in block MODSEL

below to instruct the spectrum calculator to write out values for each running
parameter at a user–defined number of logarithmically spaced scales, i.e. to give
output on running parameters at a grid of scales, Qi, where the lowest point in
the grid will normally be Qmin = mZ and the highest point is user–specifiable.
A complementary possibility is to let the spectrum calculator give output for
the running couplings at one or more scales equal to specific sparticle masses
in the spectrum. This option is also invoked using block MODSEL.

Warning: please note that these options are merely intended to allow in-
formation on running parameters to be passed, if desired. Many of the codes
involved will at present not actually make use of this information, even if pro-
vided with it.



3 Definitions of the Interfaces 139

3 Definitions of the Interfaces

In this section, the SUSY Les Houches Accord input and output files are de-
scribed. We here concentrate on the technical structure only. The reader should
consult section 2 for parameter definitions and convention choices.

The following general structure for the SLHA files is proposed:

• All quantities with dimensions of energy (mass) are implicitly understood
to be in GeV (GeV/c2).

• Particles are identified by their PDG particle codes. See appendix A for
lists of these, relevant to the MSSM. For a complete listing, see [22, chp. 33].

• The first character of every line is reserved for control and comment state-
ments. Data lines should have the first character empty.

• In general, formatted output should be used for write-out, to avoid ‘messy-
looking’ files, while a free format should be used on read-in, to avoid mis-
alignment etc. leading to program crashes.

• Read-in should be performed in a case-insensitive way, again to increase
stability.

• The general format for all real numbers is the FORTRAN format E16.83.
This large number of digits is used to avoid any possible numerical precision
issue, and since it is no more difficult for e.g. the spectrum calculator to
write out such a number than a shorter version. For typed input, it merely
means that at least 16 spaces are reserved for the number, but e.g. the
number 123.456 may be typed in “as is”. See also the example files in
appendix D.

• A “#” mark anywhere means that the rest of the line is intended as a
comment to be ignored by the reading program.

• All input and output is divided into sections in the form of named ‘blocks’.
A “BLOCK xxxx” (with the “B” being the first character on the line) marks
the beginning of entries belonging to the block named “xxxx”. E.g. “BLOCK
MASS” marks that all following lines until the next “BLOCK” (or “DECAY”)
statement contain mass values, to be read in a specific format, intrinsic to
the MASS block. The order of blocks is arbitrary, except that input blocks
should always come before output blocks.

• Reading programs should skip over blocks that are not recognized, issuing
a warning rather than crashing. Thereby, stability is increased and private

3E16.8: a 16-character wide real number in scientific notation, whereof 8 digits are deci-
mals, e.g. “-0.12345678E+000”.
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blocks can be constructed, for instance BLOCK MYCODE could contain some
parameters that only the program MyCode (or a special hack of it) needs,
but which are not recognized universally.

• A line with a blank first character is a data statement, to be interpreted
according to what data the current block contains. Comments and/or
descriptions added after the data values, e.g. “ ... # comment”, should
always be added, to increase readability of the file for human readers.

• Use of the ‘tab’ character is dangerous and should be avoided.

Finally, program authors are advised to check that any parameter relations they
assume in their codes (implicit or explicit) are either obeyed by the parameters
in the files or disabled. As a specific example, take a code that normally would
use e.g. the tree–level expression for the stop mixing matrix to compute At,
given the stop mixing angle (together with a given set of other input param-
eters). This relation should not be used when reading in an SLHA spectrum;
there may be (higher–order) contributions included in the spectrum calculation
which cannot be absorbed into redefinitions of the tree–level couplings. The
reading program should in this case read both the mixing matrix and At di-
rectly from the spectrum file, without assuming any a priori relation between
them.

3.1 The Model Input File

Here, the user sets up his or her calculation, with low–energy boundary condi-
tions and SUSY model parameters. If some or all of the low–energy boundary
conditions are not supplied, the spectrum calculator should use its own defaults
for those parameters, passing them on to the output file, so that the complete
set of parameters that has been used for the calculation is available in the
spectrum output. If the spectrum calculator has hard-coded defaults which
the user is not allowed to change, the parameters that were actually used for
the run should be written onto the output file.

The following general structure for the model input file is proposed:

• BLOCK MODSEL: Program–independent model switches, e.g. which model of
supersymmetry breaking to use.

• BLOCK SMINPUTS: Measured values of SM parameters, used as boundary
conditions in the spectrum calculation. These are also required for subse-
quent calculations to be consistent with the spectrum calculation.

• BLOCK MINPAR: Input parameters for minimal/default models. No defaults
are defined for this block, and so the user must supply all required parame-
ters. If MINPAR is not present, then all model parameters must be specified
explicitly using EXTPAR below.
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• BLOCK EXTPAR: Optional input parameters for non-minimal/non-universal
models. This block may be entirely absent from the input file, in which
case a minimal type of the selected SUSY breaking model will be used.

See also the example model input file included in appendix D.1.

BLOCK MODSEL

Switches and options for model selection. The entries in this block should
consist of an index, identifying the particular switch in the listing below, fol-
lowed by another integer or real number, specifying the option or value chosen.
Switches so far defined are:

1 : Choice of SUSY breaking model. By default, a minimal type
of model will always be assumed. Possible values are:

0 : General MSSM Simulation.

1 : (m)SUGRA model.

2 : (m)GMSB model.

3 : (m)AMSB model.

4 : ...

3 : (Default=0) Choice of particle content. This switch is only
meant as an example and is not yet implemented in any actual
code. Switches defined could be:

0 : MSSM.

1 : NMSSM.

2 : ...

11 : (Default=1) Number of points for a logarithmically spaced
grid in Q for which the user wants the spectrum calculator to
give output for the running parameters.

1 : one copy of each block containing running param-
eters will be output, at the scale specified by Qmax

below.
n > 1 : n copies of each block containing running parame-

ters will be output. The smallest scale for the grid
is normally mZ while the maximum scale is set by
Qmax below.
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12 : (Default=MEWSB) Qmax. The largest Q scale at which to
give the running parameters if a grid of output scales for each
running parameter block has been requested using the switch
above. The default is to give only one copy of each running
parameter block, at the scale taken by the spectrum calcula-
tor to perform electroweak symmetry breaking. This is often
taken to be Q = MEWSB ≡ √

mt̃1mt̃2 .

21 : PDG code for a particle. The running SUSY-breaking mass
parameters will be printed out at the pole mass of that particle,
in addition to their values at scales given by the grid specified
above. Several different entries can be given.

BLOCK SMINPUTS

Measured SM parameters, used as boundary conditions for the spectrum cal-
culation and passed to subsequent calculations for consistency. Note that some
programs have hard-coded defaults for various of these parameters, hence only
a subset may sometimes be available as free inputs. The parameters, as defined
in section 2.1, are:

1 : α−1
em(mZ)MS. Inverse electromagnetic coupling at the Z pole in

the MS scheme (with 5 active flavours).

2 : GF . Fermi constant (in units of GeV−2).

3 : αs(mZ)MS. Strong coupling at the Z pole in the MS scheme
(with 5 active flavours).

4 : mZ, pole mass.

5 : mb(mb)
MS. b quark running mass in the MS scheme.

6 : mt, pole mass.

7 : mτ , pole mass.

Please note that mpole
b 6= mb(mb)

MS 6= mb(mb)
DR, see discussions in section

2.1 and [23,24].

BLOCK MINPAR

Input parameters for minimal/default SUSY models. The interpretation given
to the contents of this block naturally depends on which type of SUSY breaking
model has been selected in block MODSEL. Below are listed how MINPAR should
be filled for mSUGRA, mGMSB, and mAMSB models, and for a general MSSM
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setup. All parameters are understood to be DR parameters given at the
input scale, Minput, which by default is the unification scale inferred from
coupling unification. Alternatively, Minput can be given explicitly in block
EXTPAR below. The only exception is tanβ which we define (cf. section 2.2) as
a DR parameter at the scale mZ.

If a non-minimal type of model is desired, these minimal parameter sets
may still be used to form the basis for the spectrum calculation, see EXTPAR

below for details on this.

mSUGRA models.

1 : m0. Common scalar mass.

2 : m1/2. Common gaugino mass.

3 : tanβ. Ratio of Higgs vacuum expectation, see section 2.2.

4 : sign(µ). Sign of the bilinear Higgs term in the superpotential.

5 : A. Common trilinear coupling.

mGMSB models.

1 : Λ. Scale of soft SUSY breaking felt by the low–energy sector.

2 : Mmess. Overall messenger scale.

3 : tanβ. Ratio of Higgs vacuum expectation values, see section
2.2.

4 : sign(µ). Sign of the bilinear Higgs term in the superpotential.

5 : N5. Messenger index.

6 : cgrav. Gravitino mass factor.

mAMSB models.

1 : m0. Common scalar mass term.

2 : m3/2. Gravitino mass.

3 : tanβ. Ratio of Higgs vacuum expectation values, see section
2.2.

4 : sign(µ). Sign of the bilinear Higgs term in the superpotential.
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Other models.

3 : tanβ. Ratio of Higgs vacuum expectation values, see section
2.2.

No model–specific standards for inputs for models beyond mSUGRA, mGMSB,
and mAMSB have yet been defined, apart from the non-universality options
available for these models in EXTPAR below. However, as long as a code for an
alternative SUSY–breaking model adheres to the output standards described
in the next section, there should be no problems in using it with this interface,
as long as tanβ is still provided.

BLOCK EXTPAR

Optional input parameters for non-minimal/non-universal models. This block
may be entirely absent from the input file, in which case a minimal type of the
selected SUSY breaking model will be used. When block EXTPAR is present, the
starting point is still a minimal model with parameters as given in MINPAR but
with each value present in EXTPAR replacing the minimal model value of that
parameter, as applicable. If MINPAR is not present, then all model parameters
must be specified explicitly using EXTPAR. All scale-dependent parameters are
understood to be given in the DR scheme.

0 : Minput. Input scale for SUGRA, AMSB, and general MSSM
models. If absent, the GUT scale derived from gauge unifica-
tion will be used as input scale. Note that this parameter has
no effect in GMSB scenarios where the input scale by defini-
tion is identical to the messenger scale, Mmess. A special case
is when Q = MEWSB ≡ √

mt̃1mt̃2 is desired as input scale,
since this scale is not known beforehand. This choice can be
invoked by giving the special value Minput = −1.

Gaugino Masses

1 : M1(Minput). U(1)Y gaugino (Bino) mass.

2 : M2(Minput). SU(2)L gaugino (Wino) mass.

3 : M3(Minput). SU(3)C gaugino (gluino) mass.

Trilinear Couplings

11 : At(Minput). Top trilinear coupling.

12 : Ab(Minput). Bottom trilinear coupling.
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13 : Aτ (Minput). Tau trilinear coupling.

Higgs Parameters

— Either of the parameter sets (m2
H1

, m2
Hu

) or (µ,m2
A) may be given, but

not both.

21 : m2
H1

(Minput). Down type Higgs mass squared.

22 : m2
H2

(Minput). Up type Higgs mass squared.

23 : µ(Minput). µ parameter.

24 : m2
A(Minput). Tree–level pseudoscalar Higgs mass squared.

25 : tanβ(Minput). If present, this value of tanβ overrides the one
in MINPAR, and the input scale is taken as Minput rather than
mZ.

Sfermion Masses

31 : mẽL(Minput). Left 1stgen. scalar lepton mass.

32 : mµ̃L(Minput). Left 2ndgen. scalar lepton mass.

33 : mτ̃L(Minput). Left 3rdgen. scalar lepton mass.

34 : mẽR(Minput). Right scalar electron mass.

35 : mµ̃R(Minput). Right scalar muon mass.

36 : mτ̃R(Minput). Right scalar tau mass.

41 : mq̃1L(Minput). Left 1stgen. scalar quark mass.

42 : mq̃2L(Minput). Left 2ndgen. scalar quark mass.

43 : mq̃3L(Minput). Left 3rdgen. scalar quark mass.

44 : mũR(Minput). Right scalar up mass.

45 : mc̃R(Minput). Right scalar charm mass.

46 : mt̃R(Minput). Right scalar top mass.

47 : md̃R
(Minput). Right scalar down mass.

48 : ms̃R(Minput). Right scalar strange mass.

49 : mb̃R
(Minput). Right scalar bottom mass.
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Other Extensions

51 : N5,1 (GMSB only). U(1)Y messenger index.

52 : N5,2 (GMSB only). SU(2)L messenger index.

53 : N5,3 (GMSB only). SU(3)C messenger index.

3.2 The Spectrum File

For the MSSM mass and coupling spectrum, the following block names are
defined, to be specified further below:

• BLOCK MASS: Mass spectrum (pole masses).

• BLOCK NMIX: Neutralino mixing matrix.

• BLOCK UMIX: Chargino U mixing matrix.

• BLOCK VMIX: Chargino V mixing matrix.

• BLOCK STOPMIX: Stop mixing matrix.

• BLOCK SBOTMIX: Sbottom mixing matrix.

• BLOCK STAUMIX: Stau mixing matrix.

• BLOCK ALPHA: Higgs mixing angle α.

• BLOCK HMIX Q= ...: µ, tanβ, v, and m2
A at scale Q.

• BLOCK GAUGE Q= ...: Gauge couplings at scale Q.

• BLOCK MSOFT Q= ...: Soft SUSY breaking mass parameters at scale Q.

• BLOCK AU, AD, AE Q= ...: Trilinear couplings at scale Q.

• BLOCK YU, YD, YE Q= ...: Yukawa couplings at scale Q.

• BLOCK SPINFO: Information from the spectrum calculator.

Note that there should always be at least one empty character between the
BLOCK statement and the block name. For running parameters, an arbitrary
number of each block may be written, to provide parameters at a grid of scales
Qi (in the DR scheme). For these blocks, the Q= statement should have at least
one empty character on both sides. See also the example spectrum file included
in appendix D.2.
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BLOCK MASS

Mass spectrum for sparticles and Higgs bosons, signed pole masses. The stan-
dard for each line in the block should correspond to the FORTRAN format

(1x,I9,3x,1P,E16.8,0P,3x,’#’,1x,A),

where the first 9–digit integer should be the PDG code of a particle and the
double precision number its mass.

BLOCK NMIX, UMIX, VMIX, STOPMIX, SBOTMIX, STAUMIX

Mixing matrices, real parts only (CP violation is not addressed by this Accord
at the present stage). The standard should correspond to the FORTRAN
format

(1x,I2,1x,I2,3x,1P,E16.8,0P,3x,’#’,1x,A).

For a generic mixing matrix X , the first two integers in the format represent i
and j in Xij respectively, and the double precision number Xij itself. Note that
different spectrum calculators may produce different overall signs for rows in
these matrices, since an overall sign of an eigenvector does not change physics
(see section 2.4 above).

BLOCK ALPHA

This block only contains one entry, the Higgs mixing angle α (see definition in
Section 2.4), written in the format

(9x,1P,E16.8,0P,3x,’#’,1x,A).

BLOCK HMIX Q= ...

DR Higgs parameters at the scale Q, cf. sections 2.2 and 2.3. The entries in
this block should consist of an index, identifying the particular parameter in
the listing below, followed by a double precision number, giving the parameter
value. The corresponding FORTRAN format would be

(1x,I5,3x,1P,E16.8,0P,3x,’#’,1x,A).

So far, the following entries are defined:

1 : µ(Q).

2 : tanβ(Q).

3 : v(Q).

4 : m2
A(Q).
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BLOCK GAUGE Q= ...

DR gauge couplings at the scale Q, cf. section 2.2. The entries in this block
should consist of an index, identifying the parameter in the listing below, the
format being equivalent to that of block HMIX above. The parameters are:

1 : g′(Q).

2 : g(Q).

3 : g3(Q).

BLOCK MSOFT Q= ...

DR soft SUSY breaking mass parameters at the scale Q, cf. eqs. (7) and (9).
The entries in this block should consist of an index, identifying the parameter
in the listing below, the format being equivalent to that of block HMIX above
and the numbering parallelling that of block EXTPAR. The parameters defined
are:

1 : M1(Q).

2 : M2(Q).

3 : M3(Q).

21 : m2
H1

(Q).

22 : m2
H2

(Q).

31 : mẽL(Q).

32 : mµ̃L(Q).

33 : mτ̃L(Q).

34 : mẽR(Q).

35 : mµ̃R(Q).

36 : mτ̃R(Q).

41 : mq̃1L(Q).

42 : mq̃2L(Q).

43 : mq̃3L(Q).

44 : mũR(Q).

45 : mc̃R(Q).

46 : mt̃R(Q).
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47 : md̃R
(Q).

48 : ms̃R(Q).

49 : mb̃R
(Q).

BLOCK AU, AD, AE Q= ...

DR soft breaking trilinear couplings at the scale Q, cf. eq. (5). These blocks
are indexed like matrices (formatted like block NMIX above). At present, only
the (3,3) component of each of these blocks should be given, corresponding to
At, Ab, and Aτ , respectively. Other non-zero components would in general
introduce mixing in the first and second generations, a situtation which cannot
be handled by the present Accord. This possibility is, however, left open for
future development and/or private extensions.

BLOCK YU, YD, YE Q= ...

DR fermion Yukawa couplings at the scale Q, cf. eq. (3). These blocks are
indexed like matrices (formatted like block NMIX above). At present, only the
(3,3) component of each of these blocks should be given, corresponding to
the top quark, bottom quark, and tau lepton Yukawa couplings, respectively.
Comments similar to those for the trilinear couplings above apply.

BLOCK SPINFO

Information from spectrum calculator. The program name and version number
are obligatory. Optional: warnings and error messages from spectrum calcula-
tion, status return codes, regularization and renormalization prescription etc.
The format should be

(1x,I5,3x,A).

Entries so far defined are:

1 : spectrum calculator name (string).

2 : spectrum calculator version number (string).

3 : If this entry is present, warning(s) were produced by the spec-
trum calculator. The resulting spectrum may still be OK. The
entry should contain a description of the problem (string).

4 : If this entry is present, error(s) were produced by the spectrum
calculator. The resulting spectrum should not be used. The
entry should contain a description of the problem (string).
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To illustrate, a certain unlucky choice of input parameters could result in the
following form of block SPINFO:

BLOCK SPINFO

1 MyRGE

2 1.0

3 Charge and colour breaking global minimum

3 Desired accuracy not quite achieved

3 LEP2 Higgs bound violated

4 No radiative electroweak symmetry breaking

4 Tachyons encountered

3.3 The Decay File

The decay table for each particle begins with a statement specifying which
particle is decaying and its total width, in the format:

# PDG Width

DECAY 1000021 1.01752300e+00 # gluino decays

The first integer is a PDG particle number, specifying the identity of the mother
of all subsequent lines until the next DECAY or BLOCK statement (or end-of-file).
The subsequent real number is that particle’s total width. The end comment
contains a human readable translation of the PDG code.

Every subsequent line contains a decay channel for this mother in the for-
mat:

# BR NDA ID1 ID2

4.18313300E-02 2 1000001 -1 # BR(~g -> ~d_L dbar)

1.55587600E-02 2 2000001 -1 # BR(~g -> ~d_R dbar)

3.91391000E-02 2 1000002 -2 # BR(~g -> ~u_L ubar)

1.74358200E-02 2 2000002 -2 # BR(~g -> ~u_R ubar)

...

where the first real number is the fraction of the total width (branching
fraction) into that particular mode, the first integer is the number of daughters,
N , and the N following integers are the PDG codes of the N daughters. The
specific FORTRAN formats for the DECAY statement and the entries in the
decay table are, respectively:

(’DECAY’,1x,I9,3x,1P,E16.8,0P,3x,’#’,1x,A),
(3x,1P,E16.8,0P,3x,I2,3x,N(I9,1x),2x,’#’,1x,A).

A potential pitfall in using these decay tables is how on–shell resonances
inside the physical phase space are dealt with. A prime example, which we will
use for illustration below, is the top decay, t → W+b → qq′b. There are two
dangers here that must be consistently dealt with:
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1. If both the partial width for t → W+b and for t → qq′b are written on
the file, then the on–shell W part of t → qq′b will be counted twice. One
solution here is to include only the truly off–shell parts in the calculation
of partial widths for processes which can occur via seuqences of (lower–
order) on–shell splittings. In the example above, the (1 → 3) partial width
t → qq′b written on the file should thus not contain the (1 → 2 ⊗ 1 → 2)
on–shell W contribution.

2. If the on–shell/off–shell rule just described is not adhered to, another pos-
sible source of error becomes apparent. If the full partial width t → qq′b
(now including the resonant piece) is written in the decay table, the read-
ing program has no immediate way of knowing that there is a resonant W
inside. By default, it will most likely use a flat phase space, in the lack of
more differential information; hence there would in this example be no W
peak in the qq′ invariant mass spectrum. On the other hand, if the rule
above is adhered to, then the resonant W is not part of the 1 → 3 partial
width, and a flat phase space is then a reasonable first approximation.

NB: for Majorana particles, modes and charge conjugate modes should both
be written on the file, so that the numbers in the first column sum up to 1 for
any particle.

At present, this file is thus only capable of transferring integrated informa-
tion, i.e. partial widths. For a more accurate population of phase space (even
when all intermediate states are off–shell), access to differential information
is necessary. It should also here be mentioned that several programs include
options for letting the partial widths be a function of ŝ, to account for the
resonant shape of the mother. We anticipate that these and other refinements
can be included with full backwards compatibility, either by continuing to add
information on the same line before the hash mark, or by adding a number of
lines beginning with the ’+’ character for each decay mode in question, where
additional information concerning that mode can be given.

The file should also contain a block DCINFO, giving information about the
decay calculation program and (optionally) exit status. The format and entries
of this block are identical to that of block SPINFO above.

Note that, if the particle is not known to the reading program, properties
such as electric charge, spin, and colour charge could be added on the DECAY

line. However, for fundamental particles, there is only a limited set of particles
for which all programs concerned should know the properties, and for hadrons,
the spin is encoded in the last digit of the PDG code while the charge may
be calculated from the flavour content which is specified by the 2 or 3 digits
preceding the spin digit of the code. Therefore, we do not deem it necessary to
adopt a standard for specifying such information at the present time.
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4 Conclusion

The present Accord specifies a unique set of conventions together with ASCII
file formats for model input and spectrum output for most commonly investi-
gated supersymmetric models, as well as a decay table file format for use with
decay packages.

With respect to the model parameter input file, mSUGRA, mGMSB, and
mAMSB scenarios can be handled, with some options for non-universality.
However, this should not discourage users desiring to investigate alternative
models; the definitions for the spectrum output file are at present capable of
handling any CP and R–parity conserving supersymmetric model, with the
particle spectrum of the MSSM. Specifically, this includes the so-called SPS
points [30].

Also, these definitions are not intended to be static solutions. Great efforts
have gone into ensuring that the Accord may accomodate essentially any new
model or new twist on an old one with minor modifications required and full
backwards compatibility. Planned issues for future extensions of the Accord
are, for instance, to include options for R–parity violation and CP violation,
and possibly to include definitions for an NMSSM. Topics which are at present
only implemented in a few codes, if at all, will be taken up as the need arises.
Handling RPV and CPV should require very minor modifications to the existing
structure, while the NMSSM, for which there is at present not even general
agreement on a unique definition, will require some additional work.

Lastly, while SUSY is perhaps the most studied hypothesis of New Physics,
it is by no means the only possible worth investigating. One may well anticipate
that similar sources of confusion and misunderstandings as partly motivated
this Accord can arise for other New Physics models in the future. In this
context, we note that the decay tables defined here are sufficiently general to
require little or no modification to encompass other New Physics models, while
the rest of the Accord provides a general structure that may be used as a con-
venient template for future generalisations.
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A The PDG Particle Numbering Scheme

Listed in the tables below are the PDG codes for the MSSM particle spectrum.
Codes for other particles may be found in [22, chp. 33].

Table 1: SM fundamental particle codes (+ extended Higgs sector).

Code Name Code Name Code Name Code Name

1 d 11 e− 21 g

2 u 12 νe 22 γ 35 H0

3 s 13 µ− 23 Z0 36 A0

4 c 14 νµ 24 W+ 37 H+

5 b 15 τ− 25 h0

6 t 16 ντ 39 G (graviton)

Table 2: MSSM sparticle codes

Code Name Code Name Code Name Code Name

1000001 d̃L 1000011 ẽL 1000021 g̃

1000002 ũL 1000012 ν̃eL 1000022 χ̃0
1 1000035 χ̃0

4

1000003 s̃L 1000013 µ̃L 1000023 χ̃0
2

1000004 c̃L 1000014 ν̃µL 1000024 χ̃+
1 1000037 χ̃+

2

1000005 b̃1 1000015 τ̃1 1000025 χ̃0
3

1000006 t̃1 1000016 ν̃τL 1000039 G̃ (gravitino)

2000001 d̃R 2000011 ẽR
2000002 ũR 2000012 ν̃eR

2000003 s̃R 2000013 µ̃R
2000004 c̃R 2000014 ν̃µR
2000005 b̃2 2000015 τ̃2
2000006 t̃2 2000016 ν̃τR
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B 1-Loop Translations from DR to MS

All formulae in this appendix are obtained from [29] and are valid for parame-
ters calculated at 1 loop in either of the two schemes.

At the scale µ, the MS gauge coupling of the gauge group Gi (i.e. the cou-
pling appearing in the interaction vertices of the corresponding gauge bosons)
is related to the DR one by:

gi,MS = gi,DR

(

1 − g2
i

96π2
C(Gi)

)

, (18)

where the choice of renormalization scheme for gi in the 1–loop correction piece
is irrelevant, since it amounts to a 2–loop effect, and C(Gi) is the quadratic
Casimir invariant for the adjoint representation of the gauge group in question.4

For the running Yukawa couplings (between the scalar φi and the two chiral
fermions ψj and ψk), the translation is:

Y ijk
MS

= Y ijk
DR

(

1 +

3∑

a=1

g2
a

32π2
[Ca(rj) − 2Ca(ri) + Ca(rk)]

)

, (19)

where a runs over the SM gauge groups. Note that while the DR Yukawas
are totally symmetric, this is not the case for the MS ones. The same relation
can also be used to derive the translation of fermion masses coming from a
quadratic term in the superpotential by taking the scalar field as a dummy
field with C(ri) = 0 and identifying C(rj) = C(rk). This applies e.g. to the
Higgs mixing parameter µ.

The soft supersymmetry–breaking parameters differ in the two schemes,
too. The relation between the gaugino masses is given by

Mi,MS = Mi,DR

(

1 +
g2
i

16π2
C(Gi)

)

, (20)

Finally, none of the other supersymmetry–breaking couplings (as written in
component rather than superfield notation) differ between the two schemes. In
particular, this applies to the soft breaking trilinear couplings and the scalar
masses, provided one uses the modified DR scheme, as presented in [27].

4It should be noted that the couplings of gauginos to scalars are identical to the gauge
couplings by virtue of supersymmetry. This requires the introduction of additional counter
terms in the MS scheme [29] in order to restore this equality. Analogous additional counter
terms arise for the quartic scalar couplings which are related to the Yukawa and gauge
couplings due to supersymmetry.
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C Tree–level Mass Matrices

The following gives a list of tree–level mass matrices, as they appear in the
conventions adopted in this article, see Section 2. Note that these expressions
are not normally the ones used for actual calculations in the spectrum calcu-
lators, since most codes on the market today include higher order corrections
which are absent below.

The neutralino mass matrix appearing in eq. (11) is:

Mψ̃0
=

0

B

@

M1 0 −mZ cos β sin θW mZ sin β sin θW
0 M2 mZ cos β cos θW −mZ sin β cos θW

−mZ cos β sin θW mZ cos β cos θW 0 −µ

mZ sin β sin θW −mZ sin β cos θW −µ 0

1

C

A
,

(21)
and the chargino mass matrix appearing in eq. (14):

Mψ̃+ =

„

M2

√
2mW sin β√

2mW cos β µ

«

. (22)

For the sfermions, the mixing matrices for t̃, b̃, and τ̃ respectively, appear in
the L–R basis as:

„

m2
q̃3L

+ m2
t + ( 1

2
− 2

3
sin2 θW )m2

Z cos 2β mt (At − µ cot β)
mt (At − µ cot β) m2

t̃R
+ m2

t + 2

3
sin2 θWm2

Z cos 2β

«

,

(23)

„

m2
q̃3L

+ m2
b − ( 1

2
− 1

3
sin2 θW )m2

Z cos 2β mb (Ab − µ tan β)
mb (Ab − µ tan β) m2

b̃R
+ m2

b − 1

3
sin2 θWm2

Z cos 2β

«

,

(24)

„

m2
τ̃L

+ m2
τ − ( 1

2
− sin2 θW )m2

Z cos 2β mτ (Aτ − µ tan β)
mτ (Aτ − µ tan β) m2

τ̃R
+ m2

τ − sin2 θWm2
Z cos 2β

«

, (25)

where we use mq̃3L to denote the 3rd generation left squark mass.
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D Examples

D.1 Example Input File

In the example below, the user has not entered boundary values for the elec-
troweak couplings, nor have the Z and τ masses been supplied. On running,
the spectrum calculator should thus use its own defaults for these parameters
and pass everything on to the output.

# SUSY Les Houches Accord 1.0 - example input file

# Snowmsas point 1a

Block MODSEL # Select model

1 1 # sugra

Block SMINPUTS # Standard Model inputs

3 0.1172 # alpha_s(MZ) SM MSbar

5 4.25 # Mb(mb) SM MSbar

6 174.3 # Mtop(pole)

Block MINPAR # SUSY breaking input parameters

3 10.0 # tanb

4 1.0 # sign(mu)

1 100.0 # m0

2 250.0 # m12

5 -100.0 # A0

D.2 Example Spectrum File

The spectrum file produced by the above input file should look something like
the following:

# SUSY Les Houches Accord 1.0 - example spectrum file

# Info from spectrum calculator

Block SPINFO # Program information

1 SOFTSUSY # spectrum calculator

2 1.8.4 # version number

# Input parameters

Block MODSEL # Select model

1 1 # sugra

Block SMINPUTS # Standard Model inputs

1 1.27934000e+02 # alpha_em^(-1)(MZ) SM MSbar

2 1.16637000e-05 # G_Fermi

3 1.17200000e-01 # alpha_s(MZ) SM MSbar

4 9.11876000e+01 # MZ(pole)
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5 4.25000000e+00 # Mb(mb) SM MSbar

6 1.74300000e+02 # Mtop(pole)

7 1.77700000e+00 # Mtau(pole)

Block MINPAR # SUSY breaking input parameters

1 1.00000000e+02 # m0(MGUT) MSSM DRbar

2 2.50000000e+02 # m12(MGUT) MSSM DRbar

3 1.00000000e+01 # tanb(MZ) MSSM DRbar

4 1.00000000e+00 # sign(mu(MGUT)) MSSM DRbar

5 -1.00000000e+02 # A0(MGUT) MSSM DRbar

#

# mgut=2.551299875e+16 GeV

Block MASS # Mass spectrum

# PDG code mass particle

24 8.02463984e+01 # MW

25 1.10636832e+02 # h0

35 4.00874604e+02 # H0

36 4.00506272e+02 # A0

37 4.08784776e+02 # H+

1000001 5.73103437e+02 # ~d_L

1000002 5.67658152e+02 # ~u_L

1000003 5.73029886e+02 # ~s_L

1000004 5.67583798e+02 # ~c_L

1000005 5.15617364e+02 # ~b_1

1000006 3.96457239e+02 # ~t_1

1000011 2.04346872e+02 # ~e_L

1000012 1.88733599e+02 # ~nue_L

1000013 2.04344144e+02 # ~mu_L

1000014 1.88730645e+02 # ~numu_L

1000015 1.36434250e+02 # ~stau_1

1000016 1.87868618e+02 # ~nu_tau_L

1000021 6.09298476e+02 # ~g

1000022 9.62723703e+01 # ~neutralino(1)

1000023 1.79383645e+02 # ~neutralino(2)

1000024 1.78832499e+02 # ~chargino(1)

1000025 -3.64094094e+02 # ~neutralino(3)

1000035 3.82627159e+02 # ~neutralino(4)

1000037 3.82906800e+02 # ~chargino(2)

2000001 5.46469067e+02 # ~d_R

2000002 5.47396607e+02 # ~u_R

2000003 5.46466786e+02 # ~s_R

2000004 5.47244191e+02 # ~c_R

2000005 5.44364792e+02 # ~b_2

2000006 5.85965936e+02 # ~t_2

2000011 1.45533727e+02 # ~e_R

2000013 1.45526066e+02 # ~mu_R

2000015 2.08212282e+02 # ~stau_2

# Higgs mixing
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Block alpha # Effective Higgs mixing parameter

-1.13716828e-01 # alpha

Block stopmix # stop mixing matrix

1 1 5.37975095e-01 # O_{11}

1 2 8.42960733e-01 # O_{12}

2 1 8.42960733e-01 # O_{21}

2 2 -5.37975095e-01 # O_{22}

Block sbotmix # sbottom mixing matrix

1 1 9.47346882e-01 # O_{11}

1 2 3.20209128e-01 # O_{12}

2 1 -3.20209128e-01 # O_{21}

2 2 9.47346882e-01 # O_{22}

Block staumix # stau mixing matrix

1 1 2.78399839e-01 # O_{11}

1 2 9.60465267e-01 # O_{12}

2 1 9.60465267e-01 # O_{21}

2 2 -2.78399839e-01 # O_{22}

Block nmix # neutralino mixing matrix

1 1 9.86102610e-01 # N_{1,1}

1 2 -5.46971979e-02 # N_{1,2}

1 3 1.47526998e-01 # N_{1,3}

1 4 -5.33445802e-02 # N_{1,4}

2 1 1.01818619e-01 # N_{2,1}

2 2 9.43310250e-01 # N_{2,2}

2 3 -2.73948058e-01 # N_{2,3}

2 4 1.57325147e-01 # N_{2,4}

3 1 -6.06211640e-02 # N_{3,1}

3 2 9.00367885e-02 # N_{3,2}

3 3 6.95440071e-01 # N_{3,3}

3 4 7.10339045e-01 # N_{3,4}

4 1 -1.16446066e-01 # N_{4,1}

4 2 3.14749686e-01 # N_{4,2}

4 3 6.47727839e-01 # N_{4,3}

4 4 -6.83974850e-01 # N_{4,4}

Block Umix # chargino U mixing matrix

1 1 9.16207706e-01 # U_{1,1}

1 2 -4.00703680e-01 # U_{1,2}

2 1 4.00703680e-01 # U_{2,1}

2 2 9.16207706e-01 # U_{2,2}

Block Vmix # chargino V mixing matrix

1 1 9.72887524e-01 # V_{1,1}

1 2 -2.31278762e-01 # V_{1,2}

2 1 2.31278762e-01 # V_{2,1}

2 2 9.72887524e-01 # V_{2,2}

Block gauge Q= 4.64649125e+02

1 3.60872342e-01 # g’(Q)MSSM DRbar

2 6.46479280e-01 # g(Q)MSSM DRbar
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3 1.09623002e+00 # g3(Q)MSSM DRbar

Block yu Q= 4.64649125e+02

3 3 8.88194465e-01 # Yt(Q)MSSM DRbar

Block yd Q= 4.64649125e+02

3 3 1.40135884e-01 # Yb(Q)MSSM DRbar

Block ye Q= 4.64649125e+02

3 3 9.97405356e-02 # Ytau(Q)MSSM DRbar

Block hmix Q= 4.64649125e+02 # Higgs mixing parameters

1 3.58660361e+02 # mu(Q)MSSM DRbar

2 9.75139550e+00 # tan beta(Q)MSSM DRbar

3 2.44923506e+02 # higgs vev(Q)MSSM DRbar

4 1.69697051e+04 # mA^2(Q)MSSM DRbar

Block msoft Q=4.64649125e+02 # MSSM DRbar SUSY breaking pars

1 1.01353084e+02 # M_1(Q)

2 1.91513233e+02 # M_2(Q)

3 5.86951218e+02 # M_3(Q)

21 3.26601234e+04 # mH1^2(Q)

22 -1.29761234e+05 # mH2^2(Q)

31 1.99111011e+02 # meL(Q)

32 1.99108212e+02 # mmuL(Q)

33 1.98291304e+02 # mtauL(Q)

34 1.38808102e+02 # meR(Q)

35 1.38800070e+02 # mmuR(Q)

36 1.36441129e+02 # mtauR(Q)

41 5.51249170e+02 # mqL1(Q)

42 5.51173571e+02 # mqL2(Q)

43 4.99839787e+02 # mqL3(Q)

44 5.29285249e+02 # muR(Q)

45 5.29130286e+02 # mcR(Q)

46 4.19025924e+02 # mtR(Q)

47 5.26529352e+02 # mdR(Q)

48 5.26527025e+02 # msR(Q)

49 5.23183913e+02 # mbR(Q)

Block au Q= 4.64649125e+02

3 3 -5.04995511e+02 # At(Q)MSSM DRbar

Block ad Q= 4.64649125e+02

3 3 -7.97992485e+02 # Ab(Q)MSSM DRbar

Block ae Q= 4.64649125e+02

3 3 -2.56328558e+02 # Atau(Q)MSSM DRbar
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D.3 Example Decay File

For brevity, the model input and spectrum information is omitted here. See
the examples above.

# SUSY Les Houches Accord 1.0 - example decay file

# Info from decay package

Block DCINFO # Program information

1 SDECAY # Decay package

2 1.0 # version number

# PDG Width

DECAY 1000021 1.01752300e+00 # gluino decays

# BR NDA ID1 ID2

4.18313300E-02 2 1000001 -1 # BR(~g -> ~d_L dbar)

1.55587600E-02 2 2000001 -1 # BR(~g -> ~d_R dbar)

3.91391000E-02 2 1000002 -2 # BR(~g -> ~u_L ubar)

1.74358200E-02 2 2000002 -2 # BR(~g -> ~u_R ubar)

4.18313300E-02 2 1000003 -3 # BR(~g -> ~s_L sbar)

1.55587600E-02 2 2000003 -3 # BR(~g -> ~s_R sbar)

3.91391000E-02 2 1000004 -4 # BR(~g -> ~c_L cbar)

1.74358200E-02 2 2000004 -4 # BR(~g -> ~c_R cbar)

1.13021900E-01 2 1000005 -5 # BR(~g -> ~b_1 bbar)

6.30339800E-02 2 2000005 -5 # BR(~g -> ~b_2 bbar)

9.60140900E-02 2 1000006 -6 # BR(~g -> ~t_1 tbar)

0.00000000E+00 2 2000006 -6 # BR(~g -> ~t_2 tbar)

4.18313300E-02 2 -1000001 1 # BR(~g -> ~dbar_L d)

1.55587600E-02 2 -2000001 1 # BR(~g -> ~dbar_R d)

3.91391000E-02 2 -1000002 2 # BR(~g -> ~ubar_L u)

1.74358200E-02 2 -2000002 2 # BR(~g -> ~ubar_R u)

4.18313300E-02 2 -1000003 3 # BR(~g -> ~sbar_L s)

1.55587600E-02 2 -2000003 3 # BR(~g -> ~sbar_R s)

3.91391000E-02 2 -1000004 4 # BR(~g -> ~cbar_L c)

1.74358200E-02 2 -2000004 4 # BR(~g -> ~cbar_R c)

1.13021900E-01 2 -1000005 5 # BR(~g -> ~bbar_1 b)

6.30339800E-02 2 -2000005 5 # BR(~g -> ~bbar_2 b)

9.60140900E-02 2 -1000006 6 # BR(~g -> ~tbar_1 t)

0.00000000E+00 2 -2000006 6 # BR(~g -> ~tbar_2 t)
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1 Introduction

Recent neutrino experiments [1–4] clearly show that neutrinos are massive par-
ticles and that they mix. In supersymmetric models these findings can be ex-
plained by the usual seesaw mechanism [5–7]. However, supersymmetry allows
for an alternative which is intrinsically supersymmetric, namely the breaking
of R-parity. The simplest way to realize this idea is to add bilinear terms to
the superpotential W :

W = WMSSM + εiL̂iĤu (1)

For consistency one has also to add the corresponding bilinear terms to soft
SUSY breaking which induce small vacuum expectation values (vevs) for the
sneutrinos. These vevs in turn induce a mixing between neutrinos and neu-
tralinos, giving mass to one neutrino at tree level. The second neutrino mass
is induced by loop effects (see [8–10] and references therein). The same pa-
rameters that induce neutrino masses and mixings are also responsible for the
decay of the lightest supersymmetric particle (LSP). This implies that there
are correlations between neutrino physics and LSP decays [11–13].

In this note we investigate how well LHC can measure ratios of LSP branch-
ing ratios that are correlated to neutrino mixing angles in a scenario where the
lightest neutralino χ̃0

1 is the LSP. In particular we focus on the semi-leptonic
final states liq

′q (li = e, µ, τ). There are several more examples which are dis-
cussed in [11]. In the model specified by Eq. (1) the atmospheric mixing angle
at tree level is given by

tan θatm =
Λ2

Λ3
(2)

Λi = εivd + µvi (3)

where vi are the sneutrino vevs and vd is the vev of H0
d . It turns out that the

dominant part of the χ̃0
1-W-li coupling OLi is given by

OLi = Λif(M1,M2, µ, tanβ, vd, vu) (4)

where the exact form of f can be found in Eq. (20) of ref. [11]. The important
point is that f only depends on MSSM parameters but not on the R-parity
violating parameters. Putting everything together one finds:

tan2 θatm '
∣
∣
∣
∣

Λ2

Λ3

∣
∣
∣
∣

2

' BR(χ̃0
1 → µ±W∓)

BR(χ̃0
1 → τ±W∓)

' BR(χ̃0
1 → µ±qq′)

BR(χ̃0
1 → τ±qq′)

, (5)

where the last equality is only approximate due to possible (small) contributions
from three body decays of intermediate sleptons and squarks. The restriction to
the hadronic final states of the W is necessary for the identification of the lepton
flavour. Note that Eq. (5) is a prediction of the bilinear model independent of
the R-parity conserving parameters.
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2 Numerical Results

We take the SPS1a mSUGRA benchmark point [14] as a specific example,
characterized by m0 = 100GeV, m 1

2
= 250GeV, A0 = −100GeV, tanβ = 10,

and sign(µ) = 11. The low–energy parameters were derived using SPheno
2.2 [15] and passed to Pythia 6.3 [16] using the recently defined SUSY Les
Houches Accord [17]. The R-parity violating parameters (in MeV) at the
low scale are given by: ε1 = 43, ε2 = 100, ε3 = 10, v1 = −2.9, v2 = −6.7
and v3 = −0.5. For the neutrino sector we find ∆m2

atm = 3.8 · 10−3 eV2,
tan2 θatm = 0.91, ∆m2

sol = 2.9 · 10−5 eV2, tan2 θsol = 0.31. Moreover, we find
that the following neutralino branching ratios are larger than 1%:

BR(W±µ∓) = 2.2%, BR(W±τ∓) = 3.2%, BR(qq′µ∓) = 1.5%,

BR(qq′τ∓) = 2.1%, BR(qqνi) = 4.7%, BR(bbνi) = 15.6%,
BR(e±τ∓νi) = 5.9%, BR(µ±τ∓νi) = 30.3%, BR(τ+τ−νi) = 37.3%,

where we have summed over the neutrino final states as well as over the first
two generations of quarks. Moreover, there are 0.2% of neutralinos decaying
invisibly into three neutrinos. In the case that such events can be identified
they can be used to distinguish this model from a model with trilinear R-parity
violating couplings because in the latter case they are absent.

We now turn to the question to what extent the ratio, Eq. (5), could be
measurable at an LHC experiment. The intention here is merely to illustrate
the phenomenology and to give a rough idea of the possibilities. For simplicity,
we employ a number of shortcuts; e.g. detector energy resolution effects are
ignored and events are only generated at the parton level. Thus, we label a
final-state quark or gluon which has p⊥ > 15GeV and which lies within the
fiducial volume of the calorimeter, |η| < 4.9, simply as ‘a jet’. Charged leptons
are required to lie within the inner detector coverage, |η| < 2.5, and to have
p⊥ > 5GeV (electrons), p⊥ > 6GeV (muons), or p⊥ > 20GeV (taus). The
assumed efficiencies for such leptons are [18] 75% for electrons, 95% for muons,
and 85% for taus decaying in the 3–prong modes (we do not use the 1–prong
decays), independent of p⊥.

For SPS1a, the total SUSY cross section is σSUSY ∼ 41 pb. This consists
mainly of gluino and squark pair production followed by subsequent cascades
down to the LSP, the χ̃0

1. With an integrated luminosity of 100 fb−1, approxi-
mately 8 million χ̃0

1 decays should thus have occurred in the detector.

An important feature of the scenario considered here is that the χ̃0
1 width

is sufficiently small to result in a potentially observable displaced vertex. By
comparing the decay length, cτ = 0.5 mm, with an estimated vertex resolu-
tion of about 20 microns in the transverse plane and 0.5 mm along the beam

1Strictly speaking, the SPS points should be defined by their low-energy parameters as
calculated with ISAJET 7.58.
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mode Ngen εrec Nrec(100 fb−1)

χ̃0
1 → µW → µqq′ 235000 0.10 12500
χ̃0

1 → τW → τ3−prongqq′ 51600 0.054 1400

Table 1: Statistical sample, estimated reconstruction efficiencies, and expected
event numbers.

axis, it is apparent that the two neutralino decay vertices should exhibit ob-
servable displacements in a fair fraction of events. Specifically, we require that
both neutralino decays should occur outside an ellipsoid defined by 5 times
the resolution. For at least one of the vertices (the ‘signal’ vertex), all three
decay products (µqq′ or τqq′) must be reconstructed, while we only require one
reconstructed decay product (jet in the inner detector or lepton in the inner
detector whose track does not intersect the 5σ vertex resolution ellipsoid) for
the second vertex (the ‘tag’ vertex).

Naturally, since the decay occurs within the detector, the standard SUSY
missing E⊥ triggers are ineffective. Avoiding a discussion of detailed trigger
menus (cf. [19]), we have approached the issue by requiring that each event
contains either four jets, each with p⊥ > 100GeV, or two jets with p⊥ >
100GeV together with a lepton (here meaning muon or electron) with p⊥ >
20GeV, or one jet with p⊥ > 100GeV together with two leptons with p⊥ >
20GeV. Further, since the Standard Model background will presumably be
dominated by tt events, we impose an additional parton–level b jet veto.

To estimate the efficiency with which decays into each channel can be re-
constructed, a sample of 7.9 million SUSY events were generated with Pythia,
and the above trigger and reconstruction cuts were imposed. To be conserva-
tive, we only include the resonant decay channels, where the quark pair at the
signal vertex has the invariant mass of the W. The number of generated decays
into each channel, the fractions remaining after cuts, and the expected total
number of reconstructed events scaled to an integrated luminosity of 100 fb−1

are given in table 1. The comparatively small efficiencies owe mainly to the re-
quirement that both neutralino decays should pass the 5σ vertex resolution cut.
Nonetheless, using these numbers as a first estimate, the expected statistical
accuracy of the ratio, R = BR(χ̃0

1 → µ±W∓)/BR(χ̃0
1 → τ±W∓), appearing in

Eq. (5) becomes σ(R)
R ' 0.028.

3 Conclusions

We have studied neutralino decays in a model where bilinear R-parity vi-
olating terms are added to the usual MSSM Lagrangian. This model can
successfully explain neutrino data and leads at the same time to predictions
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for ratios of the LSP decay branching ratios. In particular we have consid-
ered a scenario where the lightest neutralino is the LSP. In this case the ra-
tio BR(χ̃0

1 → µ±W∓)/BR(χ̃0
1 → τ±W∓) is directly related to the atmospheric

neutrino mixing angle. Provided R-parity violating SUSY is discovered, the
measurement of this ratio at colliders would thus constitute an important test
of the hypothesis of a supersymmetric origin of neutrino masses.

We have investigated the possibility of performing this measurement at a
‘generic’ LHC experiment, using Pythia to generate LHC SUSY events at the
parton level and imposing semi-realistic acceptance and reconstruction cuts.
Within this simplified framework, we find that the LHC should be sensitive
to a possible connection between R-parity violating LSP decays and the atmo-
spheric mixing angle, at least for scenarios with a fairly light sparticle spectrum
and where the neutralino decay length is sufficiently large to give observable
displaced vertices. Obviously, the numbers presented here represent crude es-
timates and should not be taken too literally. A more refined experimental
analysis would be necessary for more definitive conclusions to be drawn.
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Figure 1: Schematic illustration of an event with two 2 → 2 perturbative
interactions.

1 Introduction

The physics of high-energy hadron–hadron interactions has become a topic of
increasing interest in recent years. With the Tevatron Run II well under way
and with the startup of the LHC drawing closer, huge data samples are be-
coming available that will challenge our current understanding of this physics.
From the point of view of QCD, many interesting questions remain to be an-
swered, and we shall take up some of these in detail below. Moreover, for new
physics searches and precision measurements, it is important that these ques-
tions can be given meaningful and trustworthy answers, since ever-present yet
poorly-understood aspects of QCD can have a significant impact.

Much of the complexity involved in describing these phenomena — specif-
ically the underlying event and minimum-bias collisions — derives from the
composite nature of hadrons; we are dealing with objects which possess a rich
internal structure that is not calculable from perturbation theory. This, how-
ever, does not imply that the physics of the underlying event as such has to be
an inherently non-perturbative quagmire.

Viewing hadrons as ‘bunches’ of incoming partons, it is apparent that when
two hadrons collide it is possible that several distinct pairs of partons collide
with each other, as depicted in Fig. 1. Thus multiple interactions (also known
as multiple scatterings) in hadronic collisions is a phenomenon which is a direct
consequence of the composite nature of hadrons and which must exist, at some
level. In fact, by extending simple perturbation theory to rather low p⊥ values,
though still some distance above ΛQCD, most inelastic events in high-energy
hadronic collisions are guaranteed to contain several perturbatively calculable
interactions [1]. Furthermore, such interactions — even when soft — can be
highly important, causing non-trivial changes to the colour topology of the col-
liding system as a whole, with potentially drastic consequences for the particle
multiplicity in the final state.
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Nevertheless, traditionally the exploration of multiple interactions has not
attracted much interest. For studies concentrating on high-p⊥ jets, pertur-
bative QCD emission is a more important source of multijets than separate
multiple interactions. The underlying event, on the other hand, has in this
context often been viewed as a mess of soft QCD interactions, that cannot be
described from first principles but is better simply parametrized.

However, such parametrizations, even while reasonably successful in de-
scribing the average underlying activity, are not sophisticated enough to ade-
quately describe correlations and fluctuations. This relates for instance to jet
profiles and jet pedestals, and to systematic as well as random shifts in jet en-
ergies. The lack of sophistication implies that, even when tuned to describe a
few distributions well, they could not be trusted for extrapolations beyond the
fit region. Hence, a sound understanding of multiple interactions is prerequisite
for precision physics involving jets and/or the underlying event.

It is interesting to note that this can also impact physics studies in areas
well beyond the conventional QCD ones. As an example, consider the search
for a Higgs particle in the h0 → γγ channel at the LHC, where the Higgs mass
resolution at high luminosity depends on picking the correct vertex between
maybe 30 different pp events. If the event that contained the Higgs is special,
by typically containing more charged particles (in general or in some regions of
phase space), we would want to use that information to clean up the signal [2].

The crucial leap of imagination is to postulate that all particle production in
inelastic hadronic collisions derives from the multiple-interactions mechanism.
This is not to say that many nonperturbative and poorly known phenomena will
not force their entrance on the stage, in going from the perturbative interactions
to the observable hadrons, but the starting point is perturbative. If correct,
this hypothesis implies that the typical Tevatron hadron–hadron collision may
contain something like 2–6 interactions, and the LHC one 4–10.

A few models based on this picture were presented several years ago [1],
and compared with the data then available. Though these models may still be
tuned to give a reasonable description of the underlying event at various collider
energies, several shortcuts had to be taken, particularly in the description of
the nonperturbative aspects alluded to above. For instance, it was not possible
to consider beam remnants with more than one valence quark kicked out.

The increased interest and the new data now prompts us to develop a more
realistic framework for multiple interactions than the one in ref. [1], while
making use of many of the same underlying ideas. This may not necessarily
result in significant improvements for fits made to only a few distributions at a
time, but we hope it will enhance our ability to simultaneously describe many
different observations inside one framework, thereby improving the confidence
with which we can make extrapolations from known measurements to new
distributions and to higher energies.

One of the building blocks for the new model comes from our recent study of
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baryon-number-violating processes [3]. We then had to address the hadroniza-
tion of colour topologies of the same kind as found in baryons. Specifically,
as an extension of the standard Lund string fragmentation framework [4], we
explored the concept of a junction in which three string pieces meet, with a
quark at the end of each string. This also opens the way to a more realistic
description of multiple interaction events.

The resulting improvements, relative to the framework in [1], are especially
notable in the description of the structure of the incoming hadrons, i.e. how
flavours, colours, transverse and longitudinal momenta are correlated between
all the partons involved, both those that undergo interactions and those that
are left behind in the remnants. (Brief descriptions of some of these aspects can
also be found in [5].) To give one specific example, we introduce parton densities
that are modified according to the flavours already affected by interactions.

Clearly, the model we present here is not the final word. For instance, we
defer for the future any discussions of processes involving photons in the initial
state and whether and how diffractive topologies could arise naturally from
several interactions with a net colour singlet exchange. More generally, the
whole issue of colour correlations will require further studies. The model also
allows some options in a few places. A reasonable range of possibilities can
then be explored, and (eventually) experimental tests should teach us more
about the course taken by nature.

This article is organized as follows. In Section 2 we give an introduction
to multiple interactions in general, to the existing multiple interactions ma-
chinery, to other theoretical models, and to experimental data of relevance.
Sections 3–5 then describe the improvements introduced by the current study:
3 a new option for impact-parameter dependence, 4 the main work on flavour
and momentum space correlations, and 5 the very difficult topics of colour
correlations and junction hadronization. Finally Section 6 provides some fur-
ther examples of the resulting physics distributions and important tests, while
Section 7 contains a summary and outlook.

2 Multiple Interactions Minireview

2.1 Basic Concepts

The cross section for QCD hard 2 → 2 processes, as a function of the p2
⊥ scale,

is given by

dσint

dp2
⊥

=
∑

i,j,k

∫

dx1

∫

dx2

∫

dt̂ fi(x1, Q
2) fj(x2, Q

2)
dσ̂ij→kl

dt̂
δ

(

p2
⊥ − t̂û

ŝ

)

,

(1)
where ŝ = x1x2s. The jet cross section is twice as large, σjet = 2σint, since
each interaction gives rise to two jets, to first approximation. In the following,
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we will always refer to the interaction rather than the jet cross section, unless
otherwise specified. We will also assume that the ‘hardness’ of processes is
given by the p⊥ scale of the interaction, i.e. Q2 = p2

⊥.
The cross section for QCD 2 → 2 processes, the sum of qq′ → qq′, qq → q′q′,

qq → gg, qg → qg, gg → gg and gg → qq, is dominated by t-channel gluon
exchange contributions. (This justifies the use of ‘interaction’ and ‘scattering’
as almost synonymous.) In the |t̂| � ŝ limit, where p2

⊥ = t̂û/ŝ ≈ |t̂|, quark and
gluon interactions just differ by the colour factors, so approximately we may
write

dσint

dp2
⊥

≈
∫∫

dx1

x1

dx2

x2
F (x1, p

2
⊥)F (x2, p

2
⊥)

dσ̂

dp2
⊥
, (2)

where
dσ̂

dp2
⊥

=
8πα2

s (p
2
⊥)

9p4
⊥

, (3)

and
F (x,Q2) =

∑

q

(
x q(x,Q2) + x q(x,Q2)

)
+ 9

4x g(x,Q
2) . (4)

Thus, for constant αs and neglecting the x integrals, the integrated cross
section above some p⊥min is divergent in the limit p⊥ → 0:

σint(p⊥min) =

∫ √
s/2

p⊥min

dσ

dp⊥
dp⊥ ∝ 1

p2
⊥min

. (5)

A numerical illustration of this divergence is given in Fig. 2. Note that the
actual fall-off is everywhere steeper than 1/p2

⊥. We have here used full 2 → 2
matrix elements and the CTEQ 5L parton density parametrizations [6], which
are valid for Q > 1.1 GeV and x > 10−6; therefore results at the lowest p⊥
values are not to be taken too literally. For the studies in this article we
are basing ourselves on leading-order cross sections and parton densities, with
nontrivial higher-order corrections only approximately taken into account by
the addition of parton showers. Nevertheless, the trend is quite clear, with
an integrated cross section that exceeds the total pp/pp cross section σtot (in
the parametrization of ref. [7]) for p⊥min of the order of a few GeV. As already
mentioned in the introduction, this is well above ΛQCD, so one cannot postulate
a breakdown of perturbation theory in the conventional sense.

The resolution of the σint > σtot paradox probably comes in two steps.
Firstly, the interaction cross section is an inclusive number. Thus, if an

event contains two interactions it counts twice in σint but only once in σtot,
and so on for higher multiplicities. Thereby we may identify 〈n〉(p⊥min) =
σint(p⊥min)/σtot with the average number of interactions above p⊥min per event,
and that number may well be above unity.

One of the problems we will consider further in this article is that this simple
calculation of 〈n〉(p⊥min) does not take into account energy-momentum conser-
vation effects. Specifically, the average ŝ of a scattering decreases slower with
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Figure 2: The integrated interaction cross section σint above p⊥min for the
Tevatron, with 1.8 TeV pp collisions, and the LHC, with 14 TeV pp ones. For
comparison, the flat lines represent the respective total cross section.

p⊥min than the number of interactions increases, so naively the total amount
of scattered partonic energy becomes infinite. Thus corrections reduce the
〈n〉(p⊥min) number, but not sufficiently strongly: one is lead to a picture with
too little of the incoming energy remaining in the small-angle beam jet re-
gion [1].

Secondly, a more credible reason for taming the rise of 〈n〉(p⊥min) is that
the incoming hadrons are colour singlet objects. Therefore, when the p⊥ of
an exchanged gluon is made small and the transverse wavelength correspond-
ingly large, the gluon can no longer resolve the individual colour charges, and
the effective coupling is decreased. Note that perturbative QCD calculations
are always performed assuming free incoming and outgoing quark and gluon
states, rather than partons inside hadrons, and thus do not address this kind
of nonperturbative screening effects.

A naive estimate of an effective lower cutoff would be

p⊥min ' ~

rp
≈ 0.2 GeV · fm

0.7 fm
≈ 0.3 GeV ' ΛQCD , (6)
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but this again appears too low. The proton radius rp has to be replaced by
the typical colour screening distance d, i.e. the average size of the region within
which the net compensation of a given colour charge occurs. This number is not
known from first principles, so effectively one is forced to introduce some kind
of cutoff parameter, which can then just as well be put in transverse momentum
space. The simplest choice is to introduce a step function θ(p⊥ − p⊥min), such
that the perturbative cross section completely vanishes below the p⊥min scale.
A more realistic alternative is to note that the jet cross section is divergent like
α2

s (p
2
⊥)/p4

⊥, and that therefore a factor

α2
s (p

2
⊥0 + p2

⊥)

α2
s (p

2
⊥)

p4
⊥

(p2
⊥0 + p2

⊥)2
(7)

would smoothly regularize the divergences, now with p⊥0 as the free parameter
to be tuned to data. Empirically the two procedures give similar numbers,
p⊥min ≈ p⊥0, and both of the order of 2 GeV.

The parameters do not have to be energy-independent, however. Higher
energies imply that parton densities can be probed at smaller x values, where
the number of partons rapidly increases. Partons then become closer packed
and the colour screening distance d decreases. Just like the small-x rise goes like
some power of x one could therefore expect the energy dependence of p⊥min and
p⊥0 to go like some power of CM energy. Explicit toy simulations [8] lend some
credence to such an ansatz, although with large uncertainties. Alternatively,
one could let the cutoff increase with decreasing x; this would lead to a similar
phenomenology since larger energies probe smaller x values.

2.2 Our Existing Models

The models developed in ref. [1] have been implemented and are available in
the Pythia event generator. They form the starting point for the refinements
we will discuss further on, so we here review some of the main features.

The approach is not intended to cover elastic or diffractive physics, so
the σint(p⊥min, s) or σint(p⊥0, s) interaction cross section is distributed among
the σnd(s) nondiffractive inelastic one [7, 10]. The average number of in-
teractions per such event is then the ratio 〈n〉 = σint/σnd. As a starting
point we will assume that all hadron collisions are equivalent, i.e. without an
impact parameter dependence, and that the different parton–parton interac-
tions take place independently of each other. The number of interactions per
event is then distributed according to a Poisson distribution with mean 〈n〉,
Pn = 〈n〉n exp(−〈n〉)/n!.

One (not used) approach would be, for each new event, to pick the actual
number of interactions n according to the Poissonian, and select the n p⊥
values independently according to eq. (1). One disadvantage is that this does
not take into account correlations, even such basic ones as energy–momentum
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conservation: the sum of interaction energies may well exceed the total CM
energy.

In an event with several interactions, it is therefore convenient to impose an
ordering. The logical choice is to arrange the scatterings in falling sequence of
p⊥ values. The ‘first’ scattering is thus the hardest one, with the ‘subsequent’
(‘second’, ‘third’, etc.) successively softer. This terminology is not primarily
related to any picture in physical time although, by the uncertainty relation,
large momentum transfers implies short timescales. When averaging over all
configurations of soft partons, one should effectively obtain the standard QCD
phenomenology for a hard scattering, e.g. in terms of parton distributions.
Correlation effects, known or estimated, can be introduced in the choice of
subsequent scatterings, given that the ‘preceding’ (harder) ones are already
known. This will be developed further in Section 4.

The generation of a sequence
√
s/2 > p⊥1 > p⊥2 > . . . > p⊥n > p⊥min

now becomes one of determining p⊥i from a known p⊥i−1, according to the
probability distribution

dP
dp⊥i

=
1

σnd

dσ

dp⊥
exp

[

−
∫ p⊥i−1

p⊥

1

σnd

dσ

dp′⊥
dp′⊥

]

. (8)

The exponential expression is the ‘form factor’ from the requirement that no
interactions occur between p⊥i−1 and p⊥i, cf. radioactive decays or the Sudakov
form factor [11] of parton showers.

When used with the standard differential cross section dσ/dp⊥, eq. (8) gives
the same Poisson distribution as above. This time n is not known beforehand,
but is defined by the termination of the iterative procedure. Now, however,
dσ/dp⊥ can be modified to take into account the effects of the i− 1 preceding
interactions. Specifically, parton distributions are not evaluated at xi for the
i’th scattered parton from a hadron, but at the rescaled value

x′i =
xi

1 −∑i−1
j=1 xj

, (9)

so that it becomes impossible to scatter more energy than initially available
in the incoming beam. This also dynamically suppresses the high-multiplicity
tail of the Poissonian and thereby reduces the average number of interactions.

In a fraction of the events studied, there will be no hard scattering at all
above p⊥min. Such events are associated with nonperturbative low-p⊥ physics,
and are simulated by exchanging a very soft gluon between the two colliding
hadrons, making the hadron remnants colour-octet objects rather than colour-
singlet ones. If only valence quarks are considered, the colour-octet state of
a baryon can be decomposed into a colour triplet quark and an antitriplet
diquark. In a baryon–baryon collision, one would then obtain a two-string
picture, with each string stretched from the quark of one baryon to the diquark
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of the other. A baryon–antibaryon collision would give one string between a
quark and an antiquark and another one between a diquark and an antidiquark.

In a hard interaction, the number of possible string drawings are many
more, and the overall situation can become quite complex. In the studies
preceding this work, several simplifications were made. The hardest interaction
was selected with full freedom of flavour choice and colour topology, but for
the subsequent ones only three simple recipes were available:

• Interactions of the gg → gg type, with the two gluons in a colour-singlet
state, such that a double string is stretched directly between the two outgoing
gluons, decoupled from the rest of the system.

• Interactions gg → gg, but colour correlations assumed to be such that each
of the gluons is connected to one of the strings ‘already’ present. Among the
different possibilities of connecting the colours of the gluons, the one which
minimizes the total increase in string length is chosen. This is in contrast
to the previous alternative, which roughly corresponds to a maximization
(within reason) of the extra string length.

• Interactions gg → qq, with the final pair again in a colour-singlet state, such
that a single string is stretched between the outgoing q and q.

The three possibilities can be combined in suitable fractions.
Many further approximations were also required in the old framework,

e.g. the addition of initial- and final-state parton showers was feasible only
for the hardest interaction, and we address several of those in the following.

The model also includes several options for the impact-parameter depen-
dence. This offers an additional element of variability: central collisions on the
average will contain more interactions than peripheral ones. Even if a Poisson
distribution in the number of interactions would be assumed for each impact
parameter separately, the net result would be a broader-than-Poisson distri-
bution. The amount of broadening can be ‘tuned’ by the choice of impact-
parameter profile. We discuss this further in section 3, where a new set of
profiles is studied.

The above framework was originally formulated for pp/pp collisions, but has
also been extended to γp and γγ interactions [12]. In these latter processes,
however, the nature of the photon needs to be modelled in detail, and this
introduces many further uncertainties. A study of such aspects is beyond the
scope of the current article.

2.3 Other Models

While the models of ref. [1] may well be the ones most frequently studied, owing
to their implementation in Pythia [9], a number of other models also exist.
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Many of the basic concepts have also been studied separately. We here give a
few examples, without any claim of completeness.

In Dual Topological Unitarization (DTU) language [13], and the Dual Par-
ton Model based on it [14], or other similar techniques [15], inelastic events are
understood in terms of cut pomerons [16]. Translated into modern terminology,
each cut pomeron corresponds to the exchange of a soft gluon, which results in
two ‘strings’ being drawn between the two beam remnants. Uncut pomerons
give virtual corrections that help preserve unitarity. A variable number of cut
pomerons are allowed. This approach has been the basis for the simulation of
underlying events in Isajet [17], and was the starting point for Dtujet [18].
However, note that cut pomerons were originally viewed as purely soft ob-
jects, and so did not generate any transverse momentum, unlike the multiple
interactions considered in this article. In Dtujet and its Phojet [19] and Dp-
mjet [20] relatives, however, also hard interactions have been included, so that
the picture now is one of both hard and soft pomerons, ideally with a smooth
transition between the two. Since the three related programs make use of the
Pythia hadronization description, the differences relative to our scenarios is
more a matter of details (but “the devil is in the details”) than of any basic
incompatibility.

The possibility of observing two separate hard interactions has been pro-
posed since long [21], and from that has also developed a line of studies on the
physics framework for having several hard interactions [22], also involving e.g.
electroweak processes [23]. Again this is similar to what we do, except that
lower p⊥ values and the transition to nonperturbative physics are not normally
emphasized.

The possibility of multiple interactions has also been implicit [24] or explicit
[25] in many calculations of total cross sections for hadron–hadron, hadron–γ
and γγ events. The increase of σint with CM energy is here directly driving an
increase also of σtot; that the latter is rising slower than the former comes out
of an eikonalization procedure that implies also an increasing 〈nint〉.

Multiple interactions require an ansatz for the structure of the incoming
beams, i.e. correlations between the constituent partons. Some of these is-
sues have been studied, e.g. with respect to longitudinal momenta [14, 26],
colours [27] or impact parameter [28], but very little of this has been tested ex-
perimentally. Dense-packing of partons could become an issue [15], of unknown
importance, but not necessarily a major one [29].

The Herwig [30] event generator does not contain any physics simulation of
multiple interactions. Instead a parametrization procedure originally suggested
by UA5 [31] is used, without any underlying physics scenario. It thus does
parametrize multiplicity and rapidity distributions, but does not contain any
minijet activity in the underlying event. The add-on Jimmy package [32] offers
a multiple-interaction component (both for pp, γp and γγ events), which has
recently been extended to include also a model of soft interactions [33].
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The introduction of unintegrated parton densities, as used in the BFKL/
CCFM/LDC approaches to initial-state radiation [34–36], allows the possibil-
ity to replace our p⊥min/p⊥0 cutoff by parton densities that explicitly vanish
in the p⊥ → 0 limit [37]. This opens up the possibility of an alternative imple-
mentation of multiple interactions [38].

In heavy-ion collisions the multiple interactions rate can become huge [39].
For small impact parameters, a major fraction of the energy of the two in-
coming nuclei is carried by partons undergoing perturbative interactions, and
which therefore define a ‘resolved’ partonic content. This suggests a mecha-
nism for the construction of an ‘initial state’ for the continued formation and
thermalization (or not) of a quark–gluon plasma.

2.4 Experimental Tests

Experimental input to the understanding of multiple interactions comes in
essentially three categories: direct observation of double parton scattering,
event properties that directly and strongly correlate with multiple interactions,
and event properties that do not point to multiple interactions by themselves
but still constrain multiple interactions models.

If an event contains two uncorrelated 2 → 2 interactions, we expect to
find four jets, grouped in two pairs that each internally have roughly opposite
and compensating transverse momenta, and where the relative azimuthal an-
gle between the scattering planes is isotropic. Neither of these properties are
expected in a 2 → 4 event, where two of the partons can be thought of as
bremsstrahlung off a basic 2 → 2 process. The problem is that 2 → 4 processes
win out at large p⊥, so there is a delicate balance between having large enough
jet p⊥ that the jets can be well measured and still not so large that the signal
drowns.

When the p⊥min of the jets is sufficiently large that exp(−〈n〉) ≈ 1, Pois-
son statistics implies that P2 = P2

1/2, where Pi is the probability to have i
interactions. Traditionally this is rewritten as

σ2 = σnd

(
σ1

σnd

)2
1

2

σnd

σeff
=

1

2

σ2
1

σeff
, (10)

where the ratio σnd/σeff gauges deviations from the Poissonian ansatz. Values
above unity, i.e. σeff < σnd, arise naturally in models with variable impact
parameter.

The first observation of double parton scattering is by AFS [40]. The sub-
sequent UA2 study [41] ends up quoting an upper limit, but has a best fit that
requires them. A CDF study [42] also found them. These experiments all had
to contend with limited statistics and uncertain background estimates. The
strongest signal has been obtained with a CDF study involving three jets and
a hard photon [43]; here σ2 = σAσB/σeff , without a factor 1/2, since the two
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2 → 2 processes A and B are inequivalent. In all cases, including the UA2 best
fit, σeff comes out smaller than σnd; typically the double parton scattering cross
section is a factor of three to four larger than the Poissonian prediction. For
instance, the CDF number is σeff = 14.5 ± 1.7+1.7

−2.3 mb. More recently, ZEUS
has observed a signal in γp events [44]. The D0 four-jet study shows the need
to include multiple interactions, but this is not quantified [45].

So far, no direct tests of triple or more parton scattering exist. However, the
UA1 minijet rates [46], going up to 5 jets, are difficult to understand without
such events.

Tests involving jets at reasonably large p⊥ values do not probe the total rate
of multiple interactions, since the bulk of the interactions occur at so small p⊥
values that they cannot be identified as separate jets. By the way colours
are drawn across the event, soft partons can drive the production of particles
quite out of proportion to the p⊥ values involved, however. The multiplicity
distribution of multiple interactions thereby strongly influences the multiplicity
distribution of charged hadrons, nch.

A notable aspect here is that the measured nch distribution, when expressed
in the KNO variable z = nch/〈nch〉 [47], is getting broader with increasing CM
energy [48, 49]. This is contrary to the essentially Poissonian hadronization
mechanism of the string model, where the KNO distribution becomes nar-
rower. As an example, consider the UA5 measurements at 900 GeV [48], where
〈nch〉 = 35.6 and σ(nch) = 19.5, while the Poissonian prediction would be
σ(nch) =

√

〈nch〉 = 6.0. It is possible to derive approximate KNO scaling in
e+e− annihilation [50] , but this then rests on having a perturbative shower that
involves the whole CM energy. However, allowing for at most one interaction
in pp events and assuming that hadronization is universal (so it can be tuned
to e+e− data), there is no (known) way to accommodate the experimental mul-
tiplicity distributions, neither the rapid increase with energy of the average nor
the large width. Either hadronization is very different in hadronic events from
e+e− ones, or one must accept multiple interactions as a reality.(Unfortunately
it is difficult to test the ‘hadronization universality’ hypothesis completely sep-
arated from the multiple interactions and other assumptions. To give two
examples, the relative particle flavour composition appears to be almost but
not quite universal [51], and low-mass diffractive events display ‘string-like’
flavour correlations [52].)

Further support is provided by the study of forward–backward multiplicity
correlations. For instance, UA5 and E735 define a ‘forward’ nF and a ‘back-
ward’ nB multiplicity in pseudorapidity windows of one unit each, separated by
a ∆η variable-width gap in the middle [53]. A forward–backward correlation
strength is now defined by

b =
〈(nF − 〈nF 〉) (nB − 〈nB〉)〉

σ(nF )σ(nB)
=

〈nFnB〉 − 〈nF 〉2
〈n2
F 〉 − 〈nF 〉2

, (11)
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where the last equality holds for a symmetric η distribution, i.e. for pp/pp
but not for γp. Measurements give a positive and surprisingly large b, also
for ∆η of several units of rapidity. So it appears that there is some global
quantity, different for each event, that strongly influences particle production
in the full phase space. Again known fragmentation mechanisms are too local,
and effects of a single hard interaction not strong enough. But the number
of multiple interactions is indeed a global quantity of the desired kind, and
multiple-interaction models can describe the data quite well.

It is a matter of taste which evidence is valued highest. The direct ob-
servation of double parton scattering is easily recognized as evidence for the
multiple-interactions concept, but only affects a tiny fraction of the cross sec-
tion. By comparison, the broadening multiplicity distribution and the strong
forward–backward correlations offer more indirect evidence, but ones strongly
suggesting that the bulk of events have several interactions. We are not aware
of any realistic alternative explanations for either of the observables.

Another interesting phenomenon is the pedestal effect: events with high-p⊥
jets on the average contain more underlying activity than minimum-bias ones,
also well away from jets themselves. It has been observed by several collabo-
rations, like UA1 [54], CDF [55,56] and H1 [57]. When the jet energy is varied
from next-to-nothing to the highest possible, the underlying activity initially
increases, but then flattens out around p⊥jet = 10 GeV (details depending
on the jet algorithm used and the CM energy). This fits very nicely with an
impact-parameter-dependent multiple-interactions scenario: the presence of a
higher p⊥ scale biases events towards a smaller impact parameter and thereby
a higher additional activity, but once σint(p⊥jet) � σnd the bias saturates [1].
The height of the pedestal depends on the form of the overlap function O(b),
and can thus be adjusted, while the p⊥jet at which saturation occurs is rather
model-insensitive, and in good agreement with the data.

The presence of pedestals also affects all measurements of jet profiles [55,59].
It can lead to seemingly broader jets, when the full underlying event cannot be
subtracted, and enrich the jet substructure, when a multiple-interactions jet is
mistaken for radiation off the hard subprocess. It can also affect (anti)correlati-
ons inside a jet and with respect to the rest of the event [57].

Many further observables influence the modeling and understanding of mul-
tiple interactions, without having an immediate interpretation in those terms.
A notable example here is the 〈p⊥〉(nch) distribution, i.e. how the average trans-
verse momentum of charged particles varies as a function of the total charged
multiplicity. The observed increasing trend [58] is consistent with multiple
interactions: large multiplicity implies many interactions and therefore more
perturbatively generated p⊥ to be shared between the hadrons. For it to work,
however, each new interaction should add proportionately less to the total
nch than to the total p⊥. Whether this is the case strongly depends on the
colour connections between the interactions, i.e. whether strings tend to con-
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nect nearest neighbours in momentum space or run criss-cross in the event.
A rising trend can easily be obtained, but it is a major challenge to get the
quantitative behaviour right, as we shall see.

Finally, one should mention that global fits to hadron collider data [60–64]
clearly point to the importance of a correct understanding of multiple interac-
tions, and constrains models down to rather fine details. This brings together
many of the aspects raised above, plus some further ones. A convenient refer-
ence for our continued discussion is Tune A, produced by R.D. Field, which is
known to describe a large set of CDF minimum bias and jet data [61]. Relative
to the defaults of the old scenario, it assumes p⊥0 = 2.0 GeV (PARP(82)=2.0)
at the reference energy 1.8 TeV (PARP(89)=1800.0), with an energy rescal-

ing proportional to E
1/4
cm (PARP(90)=0.25). It is based on a double Gaussian

matter distribution (MSTP(82)=4), with half of the matter (PARP(83)=0.5) in
a central core of radius 40% of the rest (PARP(84)=0.4). Almost all of the
subsequent interactions are assumed to be of the type gg → gg with minimal
string length (PARP(85)=0.9, PARP(86)=0.95). Finally the matching of the
initial-state showers to the hard scattering is done at a scale Q2

shower = 4p2
⊥hard

(PARP(67)=4.0).

The above parameter set is sensible, within the framework of the model,
although by no means obvious. The matter distribution is intermediate be-
tween the extremes already considered in [1], while the string drawing is more
biased towards small string lengths than foreseen there. The p⊥0 energy de-
pendence is steeper than previously used, but in a sensible range, as follows.
In reggeon theory, a Pomeron intercept of 1 + ε implies a total cross section
rising like sε, and a small-x gluon density like xg(x) ∝ x−ε (at small Q2). A
p⊥0 rising (at most) like sε would then be acceptable, while one rising signifi-
cantly faster would imply a decreasing interaction cross section σint(p⊥0), and
by implication a decreasing σtot, in contradiction with data. The DL fit to
σtot [7] gives ε ≈ 0.08, which would imply (at most) a p⊥0 dependence like
s0.08 = E0.16

cm . However, σtot already represents the unitarization of multiple-
pomeron exchanges, and the ‘bare’ pomeron intercept should be larger than
this, exactly by how much being a matter of some debate [65]. A value like
εbare ≈ 0.12 is here near the lower end of the sensible range; the xg(x) shape is
consistent with a rather larger value. Since it is actually the bare pomeron that
corresponds to a single interaction, an E0.25

cm behaviour is thereby acceptable.

3 Impact-Parameter Dependence

In the simplest multiple-interactions scenarios, it is assumed that the initial
state is the same for all hadron collisions. More realistically, one should include
the possibility that each collision also could be characterized by a varying im-
pact parameter b [1]. Within the classical framework we use here, b is to be
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thought of as a distance of closest approach, not as the Fourier transform of the
momentum transfer. A small b value corresponds to a large overlap between
the two colliding hadrons, and hence an enhanced probability for multiple in-
teractions. A large b, on the other hand, corresponds to a grazing collision,
with a large probability that no parton–parton interactions at all take place.

In order to quantify the concept of hadronic matter overlap, one may as-
sume a spherically symmetric distribution of matter inside a hadron at rest,
ρ(x) d3x = ρ(r) d3x. For simplicity, the same spatial distribution is taken to
apply for all parton species and momenta. Several different matter distribu-
tions have been tried. A Gaussian ansatz makes the subsequent calculations
especially transparent, but there is no reason why this should be the correct
form. Indeed, it appears to lead to a somewhat too narrow multiplicity distri-
bution and too little of a pedestal effect. The next simplest choice, that does
provide more fluctuations, is a double Gaussian

ρ(r) ∝ 1 − β

a3
1

exp

{

− r
2

a2
1

}

+
β

a3
2

exp

{

− r
2

a2
2

}

. (12)

This corresponds to a distribution with a small core region, of radius a2 and con-
taining a fraction β of the total hadronic matter, embedded in a larger hadron
of radius a1. If we want to give a deeper meaning to this ansatz, beyond it
containing two more adjustable parameters, we could imagine it as an inter-
mediate step towards a hadron with three disjoint core regions (‘hot spots’),
reflecting the presence of three valence quarks, together carrying the fraction
β of the proton momentum. One could alternatively imagine a hard hadronic
core surrounded by a pion cloud. Such details would affect e.g. the predictions
for the t distribution in elastic scattering, but are not of any consequence for
the current topics.

For a collision with impact parameter b, the time-integrated overlap O(b)
between the matter distributions of the colliding hadrons is given by

O(b) ∝
∫

dt

∫

d3x ρ(x, y, z) ρ(x+ b, y, z + t)

∝ (1 − β)2

2a2
1

exp

{

− b2

2a2
1

}

+
2β(1 − β)

a2
1 + a2

2

exp

{

− b2

a2
1 + a2

2

}

+
β2

2a2
2

exp

{

− b2

2a2
2

}

. (13)

The necessity to use boosted ρ(x) distributions has been circumvented by a
suitable scale transformation of the z and t coordinates. The overlap function
O(b) is closely related to the Ω(b) of eikonal models [24], but is somewhat
simpler in spirit.
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The larger the overlap O(b) is, the more likely it is to have interactions
between partons in the two colliding hadrons. In fact, to first approximation,
there should be a linear relationship

〈ñ(b)〉 = kO(b) , (14)

where ñ = 0, 1, 2, . . . counts the number of interactions when two hadrons pass
each other with an impact parameter b. At this stage k is an undefined constant
of proportionality, to be specified below.

For each given impact parameter, the number of interactions ñ is assumed
to be distributed according to a Poissonian, Pñ = 〈ñ〉ñ exp(−〈ñ〉)/ñ!, before
energy–momentum and other constraints are included. If the matter distri-
bution has a tail to infinity (as the Gaussians do), events may be obtained
with arbitrarily large b values. In order to obtain finite total cross sections, it
is necessary to assume that each event contains at least one semi-hard inter-
action. (Unlike the simpler, impact-parameter-independent approach above,
where p⊥ = 0 no-interaction events are allowed as a separate class.) The prob-
ability that two hadrons, passing each other with an impact parameter b, will
produce a real event is then given by

Pint(b) =

∞∑

ñ=1

Pñ(b) = 1−P0(b) = 1− exp(−〈ñ(b)〉) = 1− exp(−kO(b)) , (15)

according to Poisson statistics. The average number of interactions per event
at impact parameter b is now 〈n(b)〉 = 〈ñ(b)〉/Pint(b), where the denominator
comes from the removal of hadron pairs that pass without interaction, i.e. which
do not produce any events. While the removal of ñ = 0 from the potential
event sample gives a narrower-than-Poisson interaction distribution at each
fixed b, the variation of 〈n(b)〉 with b gives a b-integrated broader-than-Poisson
interaction multiplicity distribution.

Averaged over all b the relationship 〈n〉 = σint/σnd should still hold. Here,
as before, σint is the integrated interaction cross section for a given regular-
ization prescription at small p⊥, while the inelastic nondiffractive cross section
σnd is taken from parametrizations [7, 10]. This relation can be used to solve
for the proportionality factor k in eq. (14). Note that, since now each event has
to have at least one interaction, 〈n〉 > 1, one must ensure that σint > σnd. The
p⊥0 parameter has to be chosen accordingly small — since now the concept of
no-interaction low-p⊥ events is gone, aesthetically it is more appealing to use
the smooth p⊥0 turnoff than the sharp p⊥min cutoff, and thereby populate inter-
actions continuously all the way down to p⊥ = 0. The whole approach can be
questioned at low energies, since then very small p⊥0 values would be required,
so that many of the interactions would end up in the truly nonperturbative p⊥
region.

Technically, the combined selection of b and a set of scattering p⊥i values
now becomes more complicated [1, 9]. It can be reduced to a combined choice
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of b and p⊥1, according to a generalization of eq. (8)

dP
dp⊥1 d2b

=
O(b)

〈O〉
1

σnd

dσ

dp⊥
exp

[

−O(b)

〈O〉

∫ √
s/2

p⊥

1

σnd

dσ

dp′⊥
dp′⊥

]

. (16)

The removal of the ñ = 0 non-events leads to a somewhat special definition of
the average [1]

〈O〉 =

∫
O(b) d2b

∫
Pint(b) d2b

=
1

k

σint

σnd
. (17)

The subsequent interactions can be generated sequentially in falling p⊥ as be-
fore, with the only difference that dσ/dp2

⊥ now is multiplied by O(b)/〈O〉,
where b is fixed at the value chosen above.

Note that this lengthy procedure, via ρ(r) and O(b), is not strictly necessary:
the probability Pn for having n interactions could be chosen according to any
desired distribution. However, with only Pn known and an n selected from this
distribution, there is no obvious way to order the interactions in p⊥ during the
generation stage, with lower-p⊥ interactions modified by the flavours, energies
and momenta of higher-p⊥ ones. (This problem is partly addressed in ref. [38],
by a post-facto ordering of interactions and a subsequent rejection of some of
the generated interactions, but flavour issues are not easily solved that way.)

There is also another issue, the parton-level pedestal effect, related to the
transition from hard events to soft ones. To first approximation, the likelihood
that an event contains a very hard interaction is proportional to nPn, since
n interactions in an event means n chances for a hard one. If the requested
hardest p⊥ is gradually reduced, the bias towards large n dies away and turns
into its opposite: for events with the hardest p⊥ → 0 the likelihood of further
interactions vanishes. The interpolation between these two extremes can be
covered if an impact parameter is chosen, and thereby an O(b), such that
one can calculate the probability of not having an interaction harder than the
requested hardest one, i.e. the exponential in eq. (16).

If the Gaussian matter distribution is the simplest possible choice, the dou-
ble Gaussian in some respects is the next-simplest one. It does introduce two
new parameters, however, where we might have preferred to start with only one,
to see how far that goes. As an alternative, we will here explore an exponential
of a power of b

O(b) ∝ exp
{
−bd

}
(18)

where d 6= 2 gives deviations from a Gaussian behaviour. We will use the
shorthand ExpOfPow(d = . . .) for such distributions. Note that we do not
present an ansatz for ρ(r) from which the O(b) is derived: in the general case
the convolution of two ρ is nontrivial. A peaking of O(b) at b = 0 is related to
one of ρ(r) at r = 0, however.
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Figure 3: Overlap profile O(b) for a few different choices. Somewhat arbitrarily
the different parametrizations have been normalized to the same area and aver-
age b, i.e. same

∫
O(b) d2b and

∫
bO(b) d2b. (Recall that we have not specified

b in terms of any absolute units, so both a vertical and a horizontal scale factor
have to be fixed for each distribution separately.) Insert shows the region b < 2
on a linear scale.

A lower d corresponds to an overlap distribution more spiked at b = 0 and
with a higher tail at large b, Fig. 3, i.e. leads to larger fluctuations. Specif-
ically, the height of the b = 0 peak is related to the possibility of having
fluctuations out to high multiplicities. To give some feeling, an exponential,
ExpOfPow(d = 1), is not too dissimilar to the old Pythia double Gaussian,
with β = 0.5 and a2/a1 = 0.2. Conveniently, the Tune A double Gaussian,
still with β = 0.5 but now a2/a1 = 0.4, is well approximated in shape by an
ExpOfPow(d = 1.35). Another alternative, commonly used, is to assume the
matter distribution to coincide with the charge distribution, as gauged by the
electric form factor GE(p2

⊥) = (1 + p2
⊥/µ

2)−2, with µ2 = 0.71 GeV2. This
gives an O(b) ∝ (µb)3K3(µb), which also is close in form to Tune A, although
somewhat less peaked at small b.

As indicated above, there are two key consequences of a an overlap profile
choice. One is the interaction multiplicity distribution and the other the parton-
level pedestal effect. These two are illustrated in Figs. 4 and 5, respectively,
for pp at 1.8 TeV, with p⊥0 = 2.0 GeV as in Tune A. The three frames of each
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figure illustrate how momentum conservation effects suppress the probability
to have an event with large multiplicity. This effect is even stronger now that
each

interaction is allowed to undergo full shower evolution, so that it carries
away more of the available energy. In the figures, the default lower shower
cut-off of 1 GeV has been used; obviously a larger cut-off would give results
intermediate to the two lower frames. Further, the possibility of two hard-
scattering partons being part of the same shower is not included. Note that
the suppression of the high-multiplicity tail implies that a distribution with
large fluctuations in reality will have fewer interactions on the average than
a less-fluctuating one, if they (as here) start with the same assumed average
before the momentum conservation effects are considered. This means that the
choice of p⊥0 is somewhat dependent on the one of overlap profile.

Let us now study the hadron-level multiplicity distribution, and begin with
UA5 data at 200 and 900 GeV [48]. Tune A then does impressively well, Fig. 6,
in spite of primarily having been tuned to pedestal effects rather than multi-
plicity distributions. In this comparison, we do not put too much emphasis on
the low-multiplicity end, which is largely probing diffractive physics. Here the
Pythia description is known to be too simple, with one or two strings stretched
at low p⊥ and no hard interactions at all. More relevant is the mismatch in
peak position, which mainly is related to the multiplicity in events with only
one interaction. Assuming that most hadronization parameters are fixed by
e+e− data, it is not simple to tune this position. The beam remnant structure
does offer some leeway, but actually the defaults are already set towards the
end of the sensible range that produces the lower peak position, and still it
comes out on the high side.

However, the main impression is of a very good description of the fluctu-
ations to higher multiplicities, better than obtained with the old parameters
explored in [1]. Of course, many aspects have changed significantly since then,
such as the shape of parton densities at small x. One main difference is that
Tune A 90% of the time picks subsequent interactions to be of the gg → gg
type with colour flow chosen to minimize the string length. Since each further
interaction thereby contributes less additional multiplicity, the mean number of
interactions can be increased, and this obviates the need for the more extreme
double-Gaussian default parameters.

If, nevertheless, one should attempt to modify the Tune A parameters,
deviating from its ExpOfPow(d = 1.35) near equivalent, it would be towards a
smaller d, i.e. a slight enhancement of the tail towards high multiplicities. An
example is shown in Fig. 6, with ExpOfPow(d = 1.2) and p⊥0 = 1.9 GeV (at
1800 GeV, with the Tune A energy rescaling).
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Figure 4: Distribution of the number of interactions for different overlap profiles
O(b), for pp at 1.8 TeV, top without momentum conservation constraints,
middle with such constraints included but without (initial-state) showers, and
bottom also with shower effects included.
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bottom also with shower effects included.
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Figure 7: Charged multiplicity distribution at 1800 GeV; different overlap pro-
files compared with E735 data [49].

However, the nice picture is shattered if one instead considers the E735
data at 1800 GeV [49], Fig. 7. Tune A gives a way too small tail out to large
multiplicities, and also the ExpOfPow(d = 1.2) falls below the data. One would
need something like an exponential with a rather low p⊥0 = 1.6 GeV to come
near the E735 data, and that then disagrees with the lower-energy UA5 data,
Fig. 6. The agreement could be improved, but not to the level of Tune A, by
playing with the energy dependence of p⊥0. However, the E735 collaboration
itself notes that results from the two collaborations are incompatible over the
whole UA5 energy range and especially at 546 GeV, where both have data [49].
Furthermore, we do not have the expertise to fully simulate E735 selection
criteria, nor to assess the impact of the large acceptance corrections. E735 only
covered the pseudorapidity range |η| < 3.25, so about half of the multiplicity
is obtained by extrapolation from the measured region for the 1800 GeV data.
UA5 extended further and observed 70%–80%, depending on energy, of its
multiplicity.

Obviously new experimental studies would be required to resolve the UA5–
E735 ambiguity. As it stands, presumably a tune adjusted to fit E735 would
give disagreement with the CDF data that went into Tune A. In this particular
case we suspect the differences to be of an experimental origin, but in other
cases it could well be that the Pythia model is incapable of fitting different
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(correct) distributions simultaneously, the model not being perfect. Indeed,
speaking in general terms, that is a main reason why we try to improve the
model in this article. In this particular case and for the moment being, however,
we choose to use the UA5-compatible Tune A as a convenient reference for a
realistic multiplicity distribution at Tevatron energies.

4 Correlations in Momentum and Flavour

Consider a hadron undergoing multiple interactions in a collision. Such an ob-
ject should be described by multi-parton densities, giving the joint probability
of simultaneously finding n partons with flavours f1, . . . , fn, carrying momen-
tum fractions x1, . . . , xn inside the hadron, when probed by interactions at
scales Q2

1, . . . , Q
2
n. However, just like the standard one-particle-inclusive par-

ton densities, such distributions would involve nonperturbative initial condi-
tions that ultimately would have to be pinned down by experiment. We are
nowhere near such a situation: the experimental information on double parton
scattering, n = 2, boils down to one single number, the σeff of eq. (10), and
for n ≥ 3 there is no information whatsoever. Wishing to make maximal use
of the existing (n = 1) information, we thus propose the following strategy.

As described above, the interactions may be generated in an ordered se-
quence of falling p⊥. For the hardest interaction, all smaller p⊥ scales may be
effectively integrated out of the (unknown) fully correlated distributions, leav-
ing an object described by the standard one-parton distributions, by definition.
For the second and subsequent interactions, again all lower-p⊥ scales can be
integrated out, but the correlations with the first cannot, and so on.

The general situation is depicted in Fig. 8. This illustrates how, for the i’th
interaction, only the correlations with the i − 1 previous interactions need be
taken into account, with all lower p⊥ scales integrated out. Note, however, that
this is only strictly true for the hard scatterings themselves. The initial-state
shower evolution of, say, the first interaction, should exhibit correlations with
the i’th at scales smaller than p⊥i. Thus, the p⊥ ordering (or equivalently, a
virtuality ordering) is in some sense equivalent to a time ordering, with the
harder physics being able to influence the softer physics, but not vice versa.
For two interactions of comparable p⊥ this order may appear quite arbitrary,
and also should not matter much, but consider the case of one very hard and
one very soft interaction. The soft one will then correspond to a long for-
mation time (field regeneration time) [66], ∼ p/p2

⊥ ∼ 1/p⊥, and indeed it is
to be expected that the hard one can pre-empt or at least modify the soft
one, whereas the influence in the other direction would be minor. This gives
additional motivation to the choice of a p⊥ ordering of interactions.

The possibility of intertwined shower evolution is not (yet) addressed. Ra-
ther, we introduce modified parton densities, that correlate the i’th interaction
and its shower evolution to what happened in the i− 1 previous ones, but we
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Figure 8: Schematic representation of the evolution of parton shower initiators
in a hadron collision with n interactions (see text).

do not let the previous showers be affected by what happens in subsequent
interactions. As partons are successively removed from the hadron by hard
scatterings at smaller and smaller p⊥ scales, the flavour, momentum and colour
structure of the remaining object changes. The colour structure in particular
is a thorny issue and will be discussed separately, in the next Section. Here, we
focus on deriving a set of parton distributions for a hadron after an arbitrary
number of interactions have occurred, on the need for assigning a primordial
transverse momentum to shower initiators, and on the kinematics of the partons
residing in the final beam remnants.

Our general strategy is thus to pick a succession of hard interactions and
to associate each interaction with initial- and final-state shower activity, using
the parton densities introduced below. The initial-state shower is constructed
by backwards evolution [67], back to the shower initiators at some low Q0

scale, the parton shower cutoff scale. Thus, even if the hard scattering does
not involve a valence quark, say, the possibility exists that the shower will
reconstruct back to one. This necessitates dealing with quite complicated beam
remnant structures. For instance, if two valence quarks have been knocked out
of the same baryon in different directions, there will be three quarks, widely
separated in momentum space, of which no two may naturally be collapsed to
form a diquark system.

In the old model, technical limitations in the way the fragmentation was
handled made it impossible to address such remnant systems. Consequently, it
was not possible to associate initial-state radiation with the interactions after
the first, i.e. the one with the highest p⊥ scale, and only a very limited set of
qq and gg scatterings were allowed.
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In a recent article [3], the Lund string model was augmented to include
string systems carrying non-zero baryon number, by the introduction of ‘junc-
tion fragmentation’. In the context of multiple interactions, this improvement
means that almost arbitrarily complicated beam remnants may now be dealt
with. Thus, a number of the restrictions that were present in the old model
may now be lifted.

4.1 Parton Densities

As mentioned above, we take the standard parton density functions as our
starting point in constructing parton distributions for the remnant hadronic
object after one or several interactions have occurred. Based on considerations
of momentum and flavour conservation we then introduce successive modifica-
tions to these distributions.

The first and most trivial observation is that each interaction i removes
a momentum fraction xi from the hadron remnant. This is the fraction car-
ried by the initiator of the initial-state shower, at the shower cutoff scale Q0,
so that the two initiators of an interaction together carry all the energy and
momentum eventually carried by the hard scattering and initial-state shower
products combined. To take into account that the total momentum of the
remaining object is thereby reduced, already in the old model the parton den-
sities were assumed to scale such that the point x = 1 would correspond to
the remaining momentum in the beam hadron, rather than the total original
beam momentum, cf. eq. (9). In addition to this simple x scaling ansatz we
now introduce the possibility of genuine and non-trivial changes in both shape
and normalization of the distributions.

Valence Quarks

Whenever a valence quark is knocked out of an incoming hadron, the number of
remaining valence quarks of that species should be reduced accordingly. Thus,
for a proton, the valence d distribution is completely removed if the valence d
quark has been kicked out, whereas the valence u distribution is halved when
one of the two is kicked out. In cases where the valence and sea u and d quark
distributions are not separately provided from the PDF libraries, we assume
that the sea is flavour-antiflavour symmetric, so that one can write e.g.

u(x,Q2) = uv(x,Q
2) + us(x,Q

2) = uv(x,Q
2) + u(x,Q2). (19)

Here and in the following, qv (qs) denotes the q valence (sea) distribution. The
parametrized u and u distributions should then be used to find the relative
probability for a kicked-out u quark to be either valence or sea. Explicitly, the
quark valence distribution of flavour f after n interactions, qfvn(x,Q

2), is given
in terms of the initial distribution, qfv0(x,Q

2), and the ratio of remaining to
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original qf valence quarks, Nfvn/Nfv0, as:

qfvn(x,Q
2) =

Nfvn

Nfv0

1

X
qfv0

( x

X
,Q2

)

; X = 1 −
n∑

i=1

xi, (20)

where Nuv0 = 2 and Ndv0 = 1 for the proton, and x ∈ [0, X ] is the fraction of
the original beam momentum (

∑n
i=1 xi is the total momentum fraction already

taken out of the incoming hadrons by the preceding parton-shower initiators).
The Q2 dependence of qfvn is inherited from the standard parton densities
qfv0, and this dependence is reflected both in the choice of a hard scattering
and in the backwards evolution. The factor 1/X arises since we squeeze the
distribution in x while maintaining its area equal to the number of qf valence
quarks originally in the hadron, Nfv0, thereby ensuring that the sum rule,

∫ X

0

qfvn(x,Q
2) dx = Nfvn, (21)

is respected. There is also the total momentum sum rule,

∫ X

0




∑

f

qfn(x,Q
2) + gn(x,Q

2)



x dx = X. (22)

Without any further change, this sum rule would not be respected since, by
removing a valence quark from the parton distributions in the above manner, we
also remove a total amount of momentum corresponding to 〈xfv〉, the average
momentum fraction carried by a valence quark of flavour f :

〈xfvn(Q2)〉 ≡
∫X

0
qfvn(x,Q

2) x dx
∫X

0
qfvn(x,Q2) dx

= X 〈xfv0(Q
2)〉 . (23)

The removal of
∑

i xi, the total momentum carried by the previously struck
partons, has already been taken into account by the ‘squeezing’ in x of the
parton distributions (and expressed in eq. (22) by the RHS being equal to
X rather than 1). By scaling down the qv distribution, we are removing an
additional fraction, 〈xfvn〉, which must be put back somewhere, in order to
maintain the validity of eq. (22).

Strictly speaking, 〈xfv0〉 of course depends on which specific PDF set is
used. Nevertheless, for the purpose at hand this variation is negligible between
most modern PDF sets. Hence we make the arbitrary choice of restricting our
attention to the values obtained with the CTEQ5L PDF set [6].

More importantly, all the above parton densities depend on the factorization
scale Q2. This dependence of course carries over to 〈xfv0〉, for which we assume
the functional form

〈xfv0(Q
2)〉 =

Af

1 +Bf ln
(

ln(max(Q2, 1 GeV2)/Λ2
QCD)

) , (24)
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inspired by the ds = d ln(lnQ2/Λ2) ∝ dQ2/Q2 αs(Q
2) pace of evolution, where

d〈x〉/ds ≈ −B〈x〉 suggests a solution of the form 〈x〉 ∝ exp(−Bs) ≈ 1/(1+Bs).
Reasonable fits to the CTEQ5L valence quark distributions in the proton are
obtained for Ad = 0.385, Bd = 1.60, Au = 0.48 and Bu = 1.56, with the isospin
conjugate for neutrons.

Essentially nothing is known about parton densities for other baryons, such
as the reasonably long-lived hyperons Λ0, Σ+,−, Ξ0,− and Ω−, which can un-
dergo secondary interactions that one may wish to study. We here use es-
sentially the same parton densities and parameters as for protons. Thus the
influence of the larger strange quark mass is neglected, which ought to lead to
harder x spectra for s quarks and softer for everything else. The fact that the
two proton valence u quarks have a harder distribution than the single d one is
carried over to other baryons with two equal quarks, while the average (sum)
of the u and d distributions are used for baryons with three unequal (equal)
quarks. For mesons and the Vector Meson Dominance part of photons one
could use a similar strategy, with π+ measurements as a starting point instead
of protons, while the anomalous part of the photon densities is perturbatively
calculable. There are still many further assumptions that would have to go into
a complete model of multiple interactions in γp and γγ events [12], however,
and so far we did not pursue this further.

We now know how much momentum is ‘missing’ in eq. (22). It is not
possible to put this momentum back onto valence quarks without changing
the shape of the distributions (beyond the mere ‘x squeezing’) or invalidating
eq. (21). Rather, we here assume that the missing momentum is taken up by the
sea+gluon distributions, which thus are scaled up slightly when a valence quark
is kicked out. This enhancement of the sea+gluon momentum fraction may
over- or undercompensate the ‘x squeezing’ reduction, depending on whether
the kicked-out valence quark had a small or large x. However, before the
procedure can be discussed in more detail, we must consider another effect
which affects the normalization of the sea: changes in the content of the sea
itself.

Sea Quarks and their Companions

When a sea quark is kicked out of a hadron, it must leave behind a corre-
sponding antisea parton in the beam remnant, by flavour conservation. We
call this a companion quark. In the perturbative approximation the sea quark
qs and its companion qc come from a gluon branching g → qs + qc, where it is
implicitly understood that if qs is a quark, qc is its antiquark, and vice versa.
This branching often would not be in the perturbative regime, but we choose to
make a perturbative ansatz, and also to neglect subsequent perturbative evo-
lution of the qc distribution. Even if approximate, this procedure should catch
the key feature that a sea quark and its companion should not be expected too
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far apart in x (or, better, in lnx).

With this approximation, we obtain the qc distribution from the probability
that a sea quark qs, carrying a momentum fraction xs, is produced by the
branching of a gluon with momentum fraction y, so that the companion has a
momentum fraction x = y − xs,

qc(x;xs) = C

∫ 1

0

g(y)Pg→qsqc(z) δ(xs − zy) dz

= C g(y)Pg→qsqc

(
xs

y

)
1

y

= C
g(xs + x)

xs + x
Pg→qsqc

(
xs

xs + x

)

, (25)

with C a normalization constant to be determined below, and Pg→qsqc the
DGLAP splitting kernel

Pg→qsqc(z) =
1

2

(
z2 + (1 − z)2

)
. (26)

In view of the approximate nature of the procedure, allowing a generic g(x)
shape would give disproportionately complex expressions. Instead, the follow-
ing simple ansatz for the gluon distribution at low Q2 is used:

g(x) ∝ (1 − x)p

x
, (27)

with the integer choices p = 0, 1, 2, 3, 4 giving a range of variability for the large-
x behaviour of the distribution and the 1/x controlling the small-x behaviour.
Note that all the above equations are defined assuming no previous energy loss
and, as for the valence quarks, should be ‘squeezed’ by a factor X , to ensure
momentum conservation.

The overall normalization of a companion quark distribution is obtained by
imposing the sum rule:

∫ 1−xs

0

qc(x;xs) dx = 1. (28)

Inserting eqs. (25)–(27) and inverting, one obtains the normalization constants
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Figure 9: Companion distributions for p = 4 (solid lines) and p = 0 (dotted
lines), for two different values of xs.

Cp:

C0 =
6xs

2 − xs(3 − 3xs + 2x2
s )
, (29)

C1 =
6xs

2 − x2
s (3 − xs) + 3xs ln(xs)

, (30)

C2 =
6xs

2(1 − xs)(1 + 4xs + 4x2
s ) + 6xs(1 + xs) ln(xs)

, (31)

C3 =
12xs

4 + xs(27 − 31x2
s ) + 6xs(3 + 2xs(3 + xs)) ln(xs)

, (32)

C4 =
6xs

2(1 + 2xs)((1 − xs)(1 + xs(10 + xs)) + 6xs(1 + xs) ln(xs))
. (33)

To illustrate, Fig. 9 shows properly normalized companion momentum dis-
tributions for p = 4 and p = 0, each for two different values of xs. There are
two noteworthy aspects about these distributions. Firstly, for p = 0 the dis-
continuity at the point x = 1− xs is merely an artifact of our parametrization
of the gluon density, i.e. that g(x) does not vanish at x = 1. That problem
is absent for more realistic p values; in our continued discussions we will use
p = 4 as default, this being the closest to the CTEQ5L small-Q2 gluon dis-
tribution. Secondly, the falling gluon distribution convoluted with the almost
flat g → qq splitting kernel give distributions that roughly tend to a constant
qc(x;xs) ∼ Cp/2x

2
s below xs and exhibit power-like fall-offs qc(x;xs) ∝ 1/x2

above it, with some modulation of the latter depending on p. In order to dis-
play the probability per logx interval, Fig. 9 gives x qc rather than qc itself,
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and then a peaking occurs around x ≈ xs, as should be expected from the
symmetric splitting kernel in eq. (26).

Also here, the question arises of ensuring that the total momentum sum
rule, eq. (22), is respected, but now the difference has the opposite sign; by
adding a companion quark distribution, we are in effect bookkeeping a part
of the flavour and momentum content of the sea separately. One possibility
is that this momentum comes only from the sea+gluons and that the valence
quarks are not affected, i.e. that the rest of the sea+gluons fluctuate down, in
order to compensate.

The amount of momentum that will have to be compensated for each com-
panion quark, 〈xcn〉 = X〈xc0〉, with 〈xcn〉 defined in analogy with eq. (23), is
straightforward to compute using the distribution in eq. (25) and the normal-
izations given by eqs. (29)–(33):

〈xc0〉p=0 = xs
5 − 9xs + 6x2

s − 2x3
s + 3 lnxs

(xs − 1)(2 − xs + 2x2
s )

, (34)

〈xc0〉p=1 = −1 − 3xs +
2(1 − xs)

2
(1 + xs + x2

s )

2 − 3x2
s + x3

s + 3xs ln xs
, (35)

〈xc0〉p=2 =
xs

4

19 + 24xs − 39x2
s − 4x3

s + 6(1 + 6xs + 4x2
s ) lnxs

−1 − 3xs + 3x2
s + x3

s − 3xs(1 + xs) lnxs
, (36)

〈xc0〉p=3 = 3xs
−7 − 21xs + 15x2

s + 13x3
s − 2(1 + 9xs + 12x2

s + 2x3
s ) lnxs

4 + 27xs − 31x3
s + 6xs(3 + 6xs + 2x2

s ) lnxs
,

(37)

〈xc0〉p=4 =

3xs
3(5 + 24xs − 4x2

s − 24x3
s − x4) + 4(1 + 12xs + 24x2

s + 8x3
s ) lnxs

8(1 + 2xs)(−1 − 9xs + 9x2
s + x3

s − 6xs(1 + xs) lnxs)
.

(38)

Sea Quark and Gluon Density Normalizations

As described above, the normalization of valence and companion distributions
is fixed by the respective number of quarks, i.e. the sum rules (for each flavour,
f)

∫ X

0

qfvn(x,Q
2) dx = Nfvn, (39)

∫ X

0

qfcjn(x;xsj ) dx = 1 (for each j), (40)

where X is still the longitudinal momentum fraction left after the n previous
interactions and Nfvn is the number of qf valence quarks remaining. The index
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j on the companion distribution, qfcjn, counts different companion quarks of
the same flavour, f .

On the other hand, the sea+gluon distributions do not have fixed multi-
plicities, hence no corresponding sum rules exist for their normalizations. We
use this freedom to fulfill the last remaining sum rule, eq. (22), letting the
sea+gluon normalizations fluctuate up when we reduce a valence distribution
and down when we add a companion distribution. In addition, the requirement
of a physical x range is of course maintained by still ‘squeezing’ all distributions
into the interval x ∈ [0, X ].

For simplicity, and since eq. (22) only furnishes us with one equation of
constraint, we assume the same scale factor for all sea flavours as well as for
the gluon, i.e.

qfs(x,Q
2) → aqfs(x,Q

2), (41)

g(x,Q2) → ag(x,Q2). (42)

The momentum sum rule now reads:

1 =
1

X

Z X

0

0

@

X

f

"

qfvn(x, Q
2) +

X

j

qfcjn(x; xj) + aqfs(x,Q
2)

#

+ agn(x,Q
2)

1

A x dx

=

Z 1

0

0

@

X

f

"

Nfvn

Nfv0

qfv0(x,Q
2) +

X

j

qfcj0(x;xj) + aqfs0(x,Q
2)

#

+ ag0(x,Q
2)

1

A x dx

= a +
X

f

Z 1

0

"

„

Nfvn

Nfv0

− a

«

qfv0(x,Q
2) +

X

j

qfcj0(x;xj)

#

x dx

= a

0

@1 −
X

f

Nfv0〈xfv0〉

1

A +
X

f

Nfvn〈xfv0〉 +
X

f,j

〈xfcj0〉 , (43)

and hence,

a =
1 −∑f Nfvn〈xfv0〉 −

∑

f,j〈xfcj0〉
1 −∑f Nfv0〈xfv0〉

. (44)

One easily checks that a = 1 before the first interaction, as it should be, and
that a is driven larger by Nfvn < Nfv0, while introducing companion quarks
drives it the opposite way, also as expected.

4.2 Beam Remnants

The longitudinal momenta and flavours of the initiator partons are defined
by the sequence of p⊥-ordered hard scatterings and their associated initial-
state showers, as described above. What is left in the beam remnant is then
a number of partons, with flavours given by the remaining valence content
plus the number of sea quarks required for overall flavour conservation. That
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Figure 10: Examples of the formation of composite objects in a baryon beam
remnant: (a) diquark, (b) baryon and (c) meson.

is, gluons in the remnant are not explicitly accounted for, but are implicit
as confinement clouds around the quarks and as unresolved originators of sea
quark pairs.

A remnant may thus contain several objects but, when the colour configu-
ration is studied, simplifications can occur. A colour antitriplet qq pair in the
remnant can be associated with a diquark, a colour singlet qqq triplet with a
baryon, and a colour singlet qq pair with a meson, see Fig. 10. When hadrons
are formed, the standard string fragmentation relative probabilities are used to
select spin and other quantum numbers, i.e. whether π or ρ, etc.

It is here assumed that the respective pair/triplet has a sufficiently small in-
variant mass that it can reasonably be projected onto a single composite state.
Thus a qq system with large invariant mass would define a string that could
fragment into several mesons, rather than collapse to a single meson. In prin-
ciple this could be modeled dynamically, but it would require the introduction
of some nonperturbative parameters, to describe the partitioning of the proton
into arbitrary–mass subsystems. At this point, we consider it meaningful only
to study a few specific scenarios for which partons to allow in the formation of
composite objects. We have chosen four such:

1. No composite objects are formed ab initio. All partons act as single units,
either as endpoints (quarks) or kinks (gluons) on strings that fragment in
the normal way.
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Figure 11: Feynman x (left) and rapidity (right) distributions for junction
baryons: distributions are shown for Tune A of the old MI scenario (solid
lines), and for the new model with diquark formation in the beam remnant
switched on (dashed) and off (dotted).

2. Composite objects may be formed, but only when all partons involved in the
formation are valence quarks.

3. The formation of diquarks may involve both valence and sea quarks, but
the formation of colour singlet subsystems (i.e. hadrons) is still restricted to
involve valence quarks only.

4. Sea quarks may also be used for colour singlet formation.

The idea is thus that (spectator) valence quarks tend to have comparable ve-
locities, while sea quarks can be more spread out and therefore are less likely
to form low-mass systems.

Whether composite systems in the beam remnant are formed or not has im-
portant consequences for the baryon number flow. For pp collisions at 1.8 TeV
CM energy, we show in Fig. 11 the Feynman x (left plot) and rapidity (right
plot) distributions for the baryon which ‘inherits’ the beam baryon number. We
denote this baryon the ‘junction baryon’. To better illustrate what happens to
each of the two initial beam baryon numbers separately, only distributions for
the junction baryon, not antibaryon, are shown. Possibilities 1 and 2 above are
compared with the old multiple interactions model (Tune A). One immediately
observes that the beam baryon number migrates in a radically different way
when diquark formation is allowed or not (compare the dashed and dotted sets
of curves). In fact, in the new model it is not possible to reproduce the old
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distribution (compare the solid curve). This comes about since, even when
all possible diquark formation is allowed in the new model, it is not certain
that the beam remnant actually contains the necessary quark content, hence in
some fraction of the events the formation of a beam remnant diquark is simply
not possible. Here is thus an example where the introduction of more physics
into the model has given rise to a qualitatively different expectation: the beam
baryon number appears to be stopped to a larger extent than would previously
have been expected.

One should note that, also at later stages, a small-mass string piece can col-
lapse to a single hadron, as part of the normal string fragmentation procedure.
There, however, it is intended only to cover a rare low-mass tail of systems
mainly defined by hard processes and perturbative shower evolution, while the
simplifications considered for the above kinematical configurations are quite
common and in a nonperturbative context. Beam remnant quarks that were
not collapsed in the nonperturbative first stage could in the later stage be col-
lapsed with other partons, e.g. from the showers. Also collapses not allowed in
the more restrictive scenarios above could occur at this stage. Whether that
happens or not depends on the transverse and longitudinal momenta that will
be defined below.

4.3 Primordial k⊥

Until now, we have considered only the longitudinal part of parton momenta.
In reality, partons are also expected to have some non-zero k⊥ values caused
by Fermi motion inside the incoming hadrons. This kind of k⊥ is denoted
‘primordial k⊥’, since it is not generated by the (DGLAP) shower evolution
nor from hard interactions, but rather represents an input to the perturbative
stages of the event. Based on Fermi motion alone, one would expect values
of the order of a few hundred MeV, just like in eq. (6). But to reproduce
e.g. the p⊥ distributions of Z bosons produced in hadron–hadron collisions, one
notes a need for a significantly larger nonperturbative input, either in parton
showers or in resummation descriptions [68]. This problem is still awaiting a
satisfactory explanation, although some ideas have been explored that might
alleviate it [69]. Until such an explanation has been found, we therefore have
reason to consider an effective ‘primordial k⊥’, at the level of the initiators,
larger than the one above. For simplicity, a parametrized Q-dependent width

σ(Q) = max

(

σmin, σ∞
1

1 +Q 1
2
/Q

)

(45)

is introduced, where σ is the width of the two-dimensional Gaussian distri-
bution of the initiator primordial k⊥ (so that 〈k2

⊥〉 = σ2), Q is the scale of
the hard interaction, σ∞ is the value asymptotically approached as Q → ∞,
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and Q 1
2

is the Q scale where σ = 1
2σ∞. A reasonable fit to the few available

experimental ‘data points’,

σ(Q ∼ 1GeV) ≈ σmin ≈ 0.36GeV (fragmentation)

σ(Q ∼ 5 − 10GeV) ≈ 0.9GeV (EMC) [70]

σ(Q ∼MZ) ≈ 2GeV (Tevatron) [68],

(46)

is obtained with the values σ∞ = 2.1 GeV and Q 1
2

= 7 GeV. The σmin in

eq. (45) represents a minimum broadening, at the level of Fermi motion, which
we take to be the standard fragmentation p⊥ width. In addition to partons
participating in relatively soft interactions, this minimum broadening is also
applicable to the remnant partons, which by definition do not participate in
hard interactions and hence are not naturally associated with a particular Q
scale.

Apart from the selection of each individual k⊥, there is also the requirement
that the total k⊥ of the beam adds up to zero. The question of how partons
recoil off one another in transverse momentum space inside hadrons is so far
largely unaddressed in the literature. We imagine a few different possibilities
here:

1. The primordial transverse momenta are generated at a stage where the par-
tons have low virtualities and hence large wavefunctions. Moreover, at least
for that part which is due to Fermi motion, the dynamics responsible for the
generation of primordial k⊥ is that of a Fermi gas of partons in equilibrium,
where each parton has received its total primordial k⊥ through a sequence
of many collisions with many different partons. Therefore, one possibility is
to let the recoil of one parton be shared uniformly among all other initiator
and remnant partons.

2. Since Fermi motion alone appears unable to account for the bulk of pri-
mordial k⊥ in large-Q interactions, there may exist a mechanism, involv-
ing presently unknown dynamics, which ties the generation of this k⊥ to
the presence of a large virtuality in the interaction, for instance by unre-
solved/unresummed bremsstrahlung radiation off the initiator parton and/or
by the k⊥ compensations in the shower being of a not strictly local nature (as
happens e.g. in the dipole description of parton showers [36]). Regardless of
the exact nature of the mechanism, recoils should in this picture primarily be
taken up by initiators and beam remnant partons which are close in colour
space.
(a) The extreme variant is here to let the recoil of a particular parton be
taken up by its nearest colour neighbours only.
(b) A perhaps more realistic possibility is to let the compensation happen
along a parton chain in colour space, with successive dampening of the com-
pensation along the chain.
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These three possibilities are included in the present study. However, the possi-
bilities involving colour chains are complicated by the fact that the colour con-
nections between initiator and remnant partons are very poorly known, since
no perturbative information is available. These problems will be discussed in
more detail in Section 5 below.

Irrespective of which particular method is used to ensure
∑

i
~k⊥i = 0, the

question now arises how the kinematics of the initially collinear partons should
be reinterpreted to include non-zero k⊥ assignments. This may be done ei-
ther by associating the generation of k⊥ with the building up of space-like
virtualities among the partons, or by keeping the partons massless while allow-
ing (non-perturbatively small) longitudinal momentum transfers between the
beam remnants. (In the latter approximation also heavy quarks are kept mass-
less rather than assigned a spacelike virtuality; when initial-state showers are
included no heavy quarks need be assigned to the beam remnants, however.) In
the first case, the invariant mass of initiator and beam remnant partons com-
bined in each hadron is maintained equal to the original hadron mass, while
in the second the mass can be significantly larger. The difference, however,
should be considered mostly technical, since the momentum transfers involved
are quantitatively small. For this study, the second option is chosen, since
this avoids potential technical problems in dealing with string systems having
negative mass squares.

For a specific interaction, consider a pair of massless initiator partons in
their rest frame, before k⊥ is added:

p1,2 =

√
ŝ

2
(1, 0, 0,±1) ; ŝ = x1x2s . (47)

With primordial k⊥ included, these momentum vectors should now be recast
as

p1,2 = (
√

p2
z + p2

⊥1,2 , ~p⊥1,2 , ± pz) , (48)

if the system should still be at longitudinal rest. Since we are merely reinter-
preting the kinematics of the initial-state partons, the centre-of-mass energy,√
ŝ, of the interaction should be left unchanged. To ensure this, it is simple to

solve

ŝ =

(√

p2
z + p2

⊥1 +
√

p2
z + p2

⊥1

)2

− (~p⊥1 + ~p⊥2)
2 , (49)

to obtain the required pz as a function of ~p⊥1, ~p⊥2, and ŝ:

p2
z =

λ(ŝ⊥, p2
⊥1, p

2
⊥2)

4ŝ⊥
; ŝ⊥ ≡ ŝ+ (~p⊥1 + ~p⊥2)

2 , (50)

with λ the standard Källén function,

λ(a, b, c) = a2 + b2 + c2 − 2ab− 2bc− 2ac . (51)

Naturally, only k⊥ assignments which result in p2
z > 0 are acceptable.
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4.4 Beam Remnant Longitudinal Momenta

In addition to flavours and transverse momenta, the beam remnants must also
together carry the remaining fraction, approximatelyX (as defined by eq. (20))
of longitudinal momentum. The sharing is based on the character of the rem-
nant constituents. First a fraction x is defined for each constituent, and then
these x fractions are rescaled for overall energy and momentum conservation.

Thus a valence quark receives an x picked at random according to a small-
Q2 valence-like parton density, proportional to (1 − x)a/

√
x, where a = 2 for

a u quark in a proton and a = 3.5 for a d quark. A sea quark must be the
companion of one of the initiator quarks, and can have an x picked according
to the qc(x;xs) distribution introduced above. In the rare case that no valence
quarks remain and no sea quarks need be added for flavour conservation, the
beam remnant is represented by a gluon, carrying all of the beam remnant
longitudinal momentum.

Among composite objects, a diquark would näıvely obtain an x given by
the sum of its constituent quarks, while baryons and mesons would receive an
x equated with the z value obtainable from a fragmentation function, in this
study the Lund symmetric fragmentation function. However, earlier studies on
quark–diquark remnants [1] have shown that, within the multiple interactions
formalism, it is very difficult to accommodate observed remnant multiplicity
distributions if the composite system (the diquark) does not take a much larger
fraction than implied by the näıve estimate above. Physically, this could cor-
respond to the momentum carried by a surrounding pion/gluon cloud being
larger for a composite object than for a single parton. The possibility of en-
hancing the x values picked for composite objects is therefore retained in the
present study.

Finally, once x values (and primordial k⊥) have been picked for each of the
remnants, an overall rescaling is performed such that the remnants together
carry the desired longitudinal momentum. The simplest way to accomplish this
would be to fix the normalization of the beam remnant x values on each side sep-
arately, by requiring conservation of longitudinal momentum,

∑

i xiBR = X on
each side. Unfortunately, the introduction of non-zero k⊥ values with massless
partons and on-shell hadrons rules out such a simple approach, since energy
would then not be conserved. Instead, small non-zero lightcone momentum
fractions in the direction opposite to the parent hadron direction must be al-
lowed. As already noted in Section 4.3, this procedure should be thought of
merely as a technical trick, necessitated by insisting on a description in terms
of on-shell partons.

The amount of light-cone momentum removed from the remnant system
by each pair of initiators, i, is in the overall cm frame of the event (omitting
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subscript i to avoid cluttering the notation),

w+ = Ecm + pcm
z = γ(1 + βz)(E

′
1 +E′

2) ,

w− = Ecm − pcm
z = γ(1− βz)(E

′
1 +E′

2) ,
(52)

where subscripts 1 and 2 denote the initiator partons of the hard scattering on
each side respectively, and the primed frame is chosen as the longitudinal rest
frame, defined by eq. (48). Then the boost is only along the z direction,

βz = β =
x1 − x2

x1 + x2
, (53)

and from equations (48)–(50)

E′
1 +E′

2 =
√

ŝ⊥ . (54)

Inserting these results in eq. (52) above yields

w+ =

√

1 + β

1 − β

√

ŝ⊥ =

√
x1

x2

√

ŝ⊥ ,

w− =

√

1 − β

1 + β

√

ŝ⊥ =

√
x2

x1

√

ŝ⊥ .

(55)

For vanishing p⊥ this simplifies to the familiar ŝ⊥ = ŝ = x1x2s, w
+ = x1

√
s

and w− = x2
√
s.

The light-cone momenta remaining for the combined beam remnant system
are thus:

W+
rem =

√
s−

∑

i

w+
i =

√
s−

∑

i

√
xi1
xi2

√

ŝ⊥i (56)

W−
rem =

√
s−

∑

i

w−
i =

√
s−

∑

i

√
xi2
xi1

√

ŝ⊥i (57)

W 2
rem = W+

remW
−
rem. (58)

In extreme cases, it may happen that the hard interactions have removed so
much energy and momentum from the beam remnants that the remnant sys-
tem nominally becomes space-like, W 2

rem < 0, if large k⊥ values have been
assigned. Though not strictly speaking unphysical, such a situation could lead
to problems at the fragmentation stage. The requirement W 2

rem > 0 is therefore
imposed as an additional constraint when primordial k⊥ values are assigned.

The x values picked for the beam remnant partons are now interpreted as
fractions of the light-cone momenta, W+

rem and W−
rem, of the beam remnant
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system, modulo an overall rescaling on each side, to leave room for overall
momentum conservation. Using index j to refer to beam remnant partons on
side 1 and index k for the ones on side 2, we thus make the identification

p+
j = αxjW

+
rem =⇒ p−j =

m2
⊥j
p+
j

p−k = βxkW
−
rem =⇒ p+

k =
m2

⊥k
p−k

,

(59)

where m2
⊥ = m2 +p2

⊥ and α and β are global normalizations, to be determined
from overall energy and momentum conservation in the beam remnant system:

W+
rem =

∑

j

p+
j +

∑

k

p+
k = αW+

rem

∑

j

xj +
1

βW−
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Equating these expressions with eqns. (56) and (57), one obtains for α and β
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with the Källén function given by eq. (51) and W1 and W2 the total transverse
masses of each of the two beam remnant systems,
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Finally, for physical choices of xj,k and primordial k⊥, the sum of the individual
remnant transverse masses must be smaller than that of the total remnant
system, W1 +W2 < Wrem. If this is not the case, new k⊥ sets and/or new xj,k
values are tried, until a physical set of values is found.

5 Colour Correlations and String Topologies

The formalism described in the previous Sections may be used to obtain a se-
quence of hard scatterings with associated initial- and final-state showers and
ordered by the p⊥ of the hard interactions they contain. Kinematics is com-
pletely specified for all partons involved in the scatterings, in the associated
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showers as well as in the left-behind beam remnants. However, at some point,
the time evolution of this system results in inter–parton distance scales larger
than about a femtometer, where the perturbative QCD description in terms
of partons breaks down and must be supplanted by one of hadrons. Now, if
each parton hadronized independently of the rest of the event, the information
on kinematics and flavours alone would suffice to pass from the language of
partons to that of hadrons, but confinement is precisely not a strictly local
effect. Rather, it is a statement about a (colour singlet) system of partons, and
hadronization is one concerning the evolution when colour charges inside such
a system have been imparted with large momenta relative to each other. It is
therefore not meaningful to study the hadronization of a single parton in iso-
lation. Instead, it becomes necessary to consider the interplay between colour
charges and to take correlations into account when modeling the hadronization
process.

In this Section, we begin by considering the hadronization of systems con-
taining non–zero baryon numbers, but where the colours of all participating
partons are known. We will use the planar approximation of QCD as a start-
ing point, with a junction picture for the baryons.

Next, since the hard-scattering and parton-shower histories discussed above
do not provide sufficient colour information — specifically information about
how the different scattering initiators are correlated in colour is completely
absent — we consider several possibilities for the assignment of correlated
colours to the parton-shower initiators of the scatterings. Combined with the
hadronization model, this allows us to study what is obtained under ‘minimal’
assumptions.

Finally, further issues are whether the original colour arrangement survives
all the way to the long-distance hadronization era, and whether nonlinear ef-
fects arise in the hadronization process itself. That is, with several partons and
string pieces moving out from the collision process, these partons and pieces
will largely overlap in space and time. We do not know whether such overlaps
can lead to colour rearrangements or nontrivial hadronization effects, e.g. of
the Bose–Einstein kind. In principle e+e− → W+W− → q1q2q3q4 offers a
clean environment to study such crosstalk, but experimental results are incon-
clusive [79]. In hadronic collisions, Bose–Einstein studies by UA1 and E735
also give a splintered image [80]: the strength parameter of BE effects drops
with increasing particle density, consistent with a picture where a higher mul-
tiplicity comes from having several independently hadronizing strings, but the
BE radius also increases, which suggests correlations between the strings.

5.1 Hadronization

Taking colour interference into account when modeling the hadronization pro-
cess could easily become an unmanageable task. One simplification (disregard-
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qv1

qv2

qv3
J

Valence quark in beam hadron

Figure 12: The initial state of a baryon, consisting of 3 valence quarks connected
antisymmetrically in colour via a central ‘string junction’, J.

ing baryons for the moment) is to go to the limit with infinitely many colours,
NC → ∞ [71]. In this limit the confinement force acting on a gluon is twice
that on a quark, i.e. the gluon colour and anticolour charges decouple. Fur-
ther, colour diagrams are planar, so that final-state colour-anticolour pairs are
always uniquely matched, via an unbroken colour line through the diagram.

In the Lund string model [4], the two ends of such a colour line define a
string piece. The string piece can be viewed as a Lorentz covariant and causal
implementation of a linear confinement potential between the two partons.
Transverse degrees of freedom here play no dynamical role, but one can visualize
the colour field lines as compressed into a tube of a typical hadronic width
(∼ 1 fm). As the partons move apart and a string piece is stretched out, it
can break by the production of new qq pairs that screen the endpoint colour
charges. The q of one such break and the q of an adjacent break together define
a meson, which may be unstable and decay further.

The classical example is e+e− → qqg, where one may assign a red colour to
the q, antired+green to the g and antigreen to the q, so that the string consists
of two pieces, one q–g and one g–q. There is no piece directly between q and
q, with observable consequences in the particle flow [72].

Turning now to baryon beams as the more interesting and difficult example,
we picture the initial state of a baryon as consisting of three valence quarks
connected in colour via a central ‘junction’, cf. Fig.12. At the most basic level,
such a picture finds its motivation by considering the simplest locally gauge
invariant operator in SU(3) which carries non-zero baryon number [73]:

Bf1f2f3 = εα1α2α3

3∏

i=1

P

[

exp

(

ig

∫

P(x,xi)

Gµ dxµ

)

qfi(xi)

]

αi

. (65)

Physically, this operator assigns the space-time coordinates xi to three valence
quarks (with flavours fi and colours αi) and connects each of them via the gluon
field Gµ along the path P to the point x (with P representing the path-ordering
operation), which we may identify as the locus of the string junction. Such ideas
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Figure 13: Example of colour assignments in a γp collision with two interac-
tions. Explicit colour labels are shown on each propagator line. In this example,
the string system containing the junction is spanned by J connected to qγ , to
qv3, and via g to q′, as can be seen by tracing each of the three colour lines to
the junction.

were already introduced in the early string model of hadrons [73–75], and have
been used to construct baryon wavefunctions in confinement studies [76]. In a
recent article [3], we argued that this picture also arises naturally from string
energy minimization considerations.

In a collision, the fact that a gluon carries colour implies that the junction
will, in general, be separated in colour space from the original valence quarks.
As a simple example, consider a valence qq → qq scattering in a pp collision.
The exchanged gluon will flip colours, so that each junction becomes attached
to a q from the other proton.

Hence the junction may well end up colour-connected to partons — or chains
of partons — which are widely separated in momentum space and of which no
two may be naturally considered to form a diquark system. To describe the
hadronization of such systems, a model capable of addressing colour topologies
containing explicit non–zero baryon numbers, here in the form of junctions,
becomes necessary. Such a model was first developed in [3], for dealing with
the colour topologies that arise in baryon number violating supersymmetric
scenarios. In the following, we show how this approach may be applied in a
multiple interactions context to describe the physics of beam remnants.

We begin by considering a simplified situation where only one of the initial
beam particles is a baryon. Leaving the ambiguities in assigning correlated
colours aside for the moment, Fig. 13 gives an example of how the colour
structure of a γp collision might look. In this example, the final-state colour-
singlet system containing the junction consists of the three string pieces J—qγ ,
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J—qv3, and J—g—q′. The two other string systems in the event, qv1—q′ and
qv2—qγ are standard and do not concern us here.

To understand how the junction system hadronizes, the motion of the junc-
tion must first be established. This can be inferred from noting that the opening
angle between any pair of the connected string pieces is 120◦ in the rest frame
of the junction, i.e. in that frame the system consisting of the junction and
its nearest colour-connected neighbours looks like a perfect Mercedes topology.
This is derivable [3] from the action of the classical string [74] (which has a
linear potential and thus exerts a constant force), but follows more directly
from symmetry arguments.

Note that the junction motion need not be uniform. In the example above,
one of the string pieces goes from the junction, via g to q′. At early times,
the junction only experiences the pull of its immediate neighbour, g, and the
direction of q′ is irrelevant. However, as the gluon moves out from the origin, it
loses energy to the string traced out behind it. From the point when all its en-
ergy has been converted to potential energy of the string and this information
has propagated back to the junction, it will be the direction of q′ which deter-
mines the direction of the ‘pull’ exerted by this string piece on the junction,
and not that of the gluon. In the general case, with arbitrarily many gluons,
the junction will thus be ‘jittering around’, being pulled in different directions
at different times.

However, rather than trying to trace this jitter in detail — which at any
rate is at or below what it is quantum mechanically meaningful to speak about
— we choose to define an effective pull of each string on the junction, as if from
a single parton with four-momentum given by [3]:

ppull =

n∑

i=1

pi exp
(

−∑i−1
j=1Ej/Enorm

)

, (66)

where the outermost sum runs over the parton chain which defines the string
piece, from the junction outwards (in colour space), and where the sum inside
the exponent runs over all gluons closer to the junction than the one considered
(meaning it vanishes for i = 1). The energy normalization parameter Enorm

is by default associated with the characteristic energy stored in the string at
the time of breaking, Enorm ' 1.5GeV. Naturally, the energies Ej should be
evaluated in the junction rest frame, yet since this is not known to begin with,
we use an iterative sequence of successively improved guesses.

With the motion of the junction determined, the fragmentation of the sys-
tem as a whole may now be addressed. Since the string junction represents a
localized topological feature of the gluon/string field, we would not expect the
presence of the junction in the string topology to significantly affect the frag-
mentation in the regions close to the endpoint quarks. Specifically, in an event
where each of the three endpoint quarks have large energies in the junction
rest frame, the energies of the leading and hence hardest particles of each jet
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should agree, on average, with that of an equivalent jet in an ordinary two-jet
event.

The hadronization model developed in [3] ensures this by fragmenting each
of the string pieces outwards–in, as for a normal qq string (in both cases op-
posite to the physical time ordering of the process). The leading quark of a
string piece is combined with a newly created quark–antiquark pair to form
a meson plus a new leftover quark, and so on. Parton flavours and hadron
spins are selected in a manner identical to that of the ordinary string, as are
fragmentation functions and the handling of gluon kinks on the string pieces.

However, junctions were not included in the original string model, so here a
new procedure needs to be introduced. If all three string pieces were fragmented
in the above way until little energy was left in each to form more hadrons,
then it would be extremely unlikely that the resulting leftover system of three
unpaired quarks would just happen to have an invariant mass equal to that
of any on–shell baryon. While one could in principle amend this by shuffling
momentum and energy to other hadrons in the vicinity of the junction, such a
procedure would be arbitrary and result in an undesirable and large systematic
distortion of the junction baryon spectrum. The way such systematic biases are
avoided for ordinary qq strings is to alternate between fragmenting the system
from the q end and from the q end in a random way, so that the hadron pair
that is used to ensure overall energy–momentum conservation does not always
sit at the same location. Thus, while the distortion is still local in each event,
it is smeared out when considering a statistical sample of events.

In the case of a junction system, such a procedure is not immediately ap-
plicable. Instead, we first fragment two of the three string pieces, from their
respective endpoint quarks inwards. At the point where more energy has been
used up for the fragmentation than is available in the piece, the last quark–
antiquark pair formed is rejected and the fragmentation is stopped. The two
resulting unpaired quarks, one from each fragmented string piece, are then
combined into a single diquark, which replaces the junction as the endpoint of
the third string piece. Subsequently, this last string piece is fragmented in the
normal way, with overall energy and momentum conservation ensured exactly
as described for ordinary strings above. In order to minimize the systematics
of the distortion and ensure that it is at all possible to produce at least two
hadrons from this final string system, we choose to always select the highest
energy string piece as the last to be fragmented. It was shown in [3, 77] that
this asymmetry in the description does not lead to large systematic effects.

In proton–proton collisions, two junction systems will be present, but it is
physically impossible for these to be connected in colour. Hence, the hadroniza-
tion of each system again proceeds exactly as described above. However, in pp
collisions a new possibility arises, as depicted in Fig. 14. This simple example
goes to illustrate that a junction and an ‘antijunction’ may become colour-
connected by the colour exchanges taking place in a given process. In such
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Figure 14: Example of colour assignments in a pp collision, with explicit colour
labels shown on each propagator line. Note that the blue colour line starting
on the junction J is connected via the colour flow of the hard scattering to the
antiblue colour line of J.

cases, the fragmentation of each of the junctions is no longer disconnected
from what happens to the other one; instead the fragmentation of the system
as a whole must be considered. The necessary generalization of the principles
outlined above to the case of connected junction–junction systems [3] is not
very complicated.

As before, two of the three strings from a junction are fragmented first,
outwards–in towards the junction, but in this case we always choose these two
string pieces to be the ones not connected to the other junction. Diquarks are
then formed around each junction exactly as before. What remains is a single
string piece, spanned between a diquark at one end and an antidiquark at the
other, which can be fragmented in the normal way. In fact, the only truly
new question that arises at this point is how to generalize eq. (66) to describe
the pull of one junction on another. Here gluons on the string between the
two junctions are considered as normally, i.e. their momenta are added, with
a suppression factor related to the energy of the intermediate gluons. The
partons on the far side of the other junction also contribute their momenta,
separately for each of the two strings, with an energy sum suppression now
given by the intervening gluons on that particular string, plus the gluons on
the junction–junction string.

However, an alternative topology is also possible, where the junction and the
antijunction annihilate to produce two separate qq systems [3], as illustrated
in Fig. 15b. While it is not clear from basic principles how often this should
happen, it seems likely that, for a given event, the topology which has the
minimal string length is the one selected dynamically. In this case, the string
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Figure 15: a) A string system (dashed lines) spanned between four quarks
and containing a junction and an antijunction. b) The same parton configura-
tion in colour space but with an alternative string topology. In a) the beam
baryon numbers will still be present in the final state, while in b) they will have
disappeared through annihilation.

topology depicted in Fig. 15a would result when the q1q2 and q1q2 opening
angles are small, while the topology in Fig. 15b would result if the q1q1 and
q2q2 opening angles are the small ones. Since, in the context we discuss here,
the quarks colour–connected to the junction will more often than not reside
in the beam remnants, we do not expect annihilation between the incoming
baryon numbers to be a large effect. Indeed, for the range of more realistic
models that are investigated in Section 6 below, junction–junction annihilation
is a feature of less than 1% of the events at Tevatron energies.

An ugly situation occurs in the rare events when the two junctions are
connected by two colour lines. If these lines contain intermediate gluons, it
would be possible but difficult to fragment the system, in particular when the
energy of these gluons becomes small. Without intermediate gluons, a first
guess would be that the junction and antijunction annihilate to give a simple
string spanned between a quark and an antiquark endpoint, so that the original
baryon numbers are lost. However, this assumes that the system starts out
from a point in space and time, a commonly used approximation in the string
language. Viewed in the transverse plane of the collision, the original positions
of the junctions and of the hard scatterings involved could well be separated
by distances up to a fm, i.e. the intervening strings could have energies up to a
GeV. It may then be that the strings can break before the junctions annilate, so
that a baryon–antibaryon pair nevertheless is produced. A detailed modeling
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would be required, beyond the scope of the current study, and possibly beyond
the validity of the string framework, so for now we choose to reject these rare
events.

5.2 Initial-State Colour Correlations

In the planar approximation, NC → ∞, a 2 → 2 process, such as gg → gg, can
receive contributions from several possible colour flows, but the cross section
for a colour flow is uniquely defined, so that each flow can be selected accord-
ing to its appropriate weight [78]. Furthermore, in our leading-order parton
showers, the colour flow is well-defined in each branching. Within each sepa-
rate interaction and its associated shower activity, the colour flow can thus be
selected unambiguously. In events with only one hard interaction, the colour
of the shower initiator can also uniquely be hooked up to that of the beam
remnant. Thus a knocked-out quark leaves behind a colour antitriplet beam
remnant, a gluon leaves a colour octet beam remnant, and so forth.

Unfortunately, once several interactions are allowed, there is no longer a
unique answer how to hook up the different shower initiators with the beam-
remnant partons. To illustrate, consider an incident meson out of which n
gluons are kicked out. These gluons may be ordered in colour sequence such
that the colour of the quark matches the anticolour of one gluon, which then
has another colour that matches the anticolour of another gluon, and so on
till the antiquark. Obviously there are n! such possible arrangement of the n
gluons, each leading to a unique colour topology for the hadronizing partonic
system. Perturbation theory has nothing to say about the relative probability
for each of these configurations; the colour correlations we now consider arise
at scales below the parton-shower cutoff Q0 ∼ 1 GeV. Further arrangements
would exist if we allowed some of the above gluons to form a separate colour
singlet, disconnected from the sequence between the quark and antiquark ends;
some of these could contribute to diffractive topologies.

So far we only considered the planar colour topologies of the NC → ∞ limit.
The real-world NC = 3 offers further complications. First, interference terms
of order 1/N2

C — modulated by kinematical factors — arise between different
possible colour flows in hard processes. The more partons are involved, the
more assignments need be made, and the larger the total uncertainty. Even at
the perturbative level it is thus no longer possible to speak of a unique colour
arrangement. Second, the situation is more complicated for baryon beams. As
described above, the initial state of a baryon, before any scatterings occur, is
represented by three valence quarks, connected in a Y-shaped topology via a
central junction which acts as a switchyard for the colour flow and which carries
the net baryon number. This situation is illustrated in Fig. 12. Each of the
gluons considered in the meson-beam example above may now be arranged in
colour on either of the three string pieces, leading to a further multiplication
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Figure 16: Example of how a given set of parton shower initiators could have
been radiated off the initial baryon valence configuration, in the case of the
‘purely random’ correlations discussed in the text. In this example, the baryon
number is disconnected from the beam remnant. Instead, it is the final-state
partons connected to the colour lines of g1, g2, and g3 which determine how
the junction moves and hence how the baryon number flows in the event.

of possibilities.

We choose to address this question by determining a sequence of fictitious
gluon emissions by which this configuration evolves (in colour space) to give
rise to the parton shower initiators and beam remnant partons actually present
in a given event. We here assume that only the minimal number of emissions
required to obtain the given set of initiators and remnants is dynamically rel-
evant. Further, since sea quarks together with their companion partners can
pairwise be associated with a gluon branching below the parton shower cutoff,
only gluon emissions remain to be considered. (This also means that a sea
quark, in our model, can never form a colour singlet system together with its
own companion.)

Random Colour Correlations

The simplest solution would be to assume that Nature arranges these correla-
tions randomly, i.e. that gluons should be attached to the initial quark lines in
a random order, see Fig. 16. In this case, the junction (and hence the baryon
number) would rarely be colour connected directly to two valence quarks in
the beam remnant, even in the quite common case that two such quarks are
actually present (multiple valence quark interactions are rare). It should be
clear that the migration of the baryon number depends sensitively upon which
partons in the final state the junction ends up being connected to (see further
Section 5.1). The conclusion is that if the connections are purely random, as
above, then the baryon number will in general be disconnected from the beam
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Figure 17: p⊥ spectra for junction baryons, a) with primordial k⊥ switched
on, and b) with primordial k⊥ switched off. The shaded area represents the
distribution in the new model of those junction baryons which arose by first
forming a diquark in the beam remnant, cf. Section 4.2.

remnant valence quarks. Hence the formation of a diquark in the beam remnant
would be rare and the baryon number of the initial state should quite often be
able to migrate to small xF values, as previously illustrated in Fig. 11. One
could expect this longitudinal migration to be accompanied by a migration in
the transverse plane, such that the junction baryon should generally migrate
to larger p⊥ values when the junction is allowed to ‘float’ more. However, as
Fig. 17a illustrates, no large differences in the total p⊥ spectrum are apparent
when comparing the new model (thick dashed) with the old Tune A (solid).

The reason that no large transverse migration effect is visible, relative to
the old model, is that the latter also has a broader leading–baryon p⊥-spectrum
than for normal baryons, as follows. In the old model, the beam remnant di-
quark (around which the junction baryon forms in the fragmentation) always
receives the full primordial k⊥ kick from the hard interaction initiator, by de-
fault a Gaussian distribution with a width of 1GeV. In the fragmentation
process, when the baryon acquires a fraction of the diquark longitudinal mo-
mentum, it obtains the same transverse momentum fraction. Additional p⊥
will be imparted to the junction baryon from the newly created quark, at the
level of 0.36GeV, but with some dependence on the momentum–space location
of its nearest neighbour in colour space. Essentially, these two effects combine
to yield the solid curve in Fig. 17a.

In the new model, we must distinguish between the old–model-like case
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when a diquark is formed in the beam remnant, on one hand, and those cases
where the junction is ‘free’ to migrate, on the other.

If a diquark is formed, then it consists of two undisturbed beam remnant
quarks which are colour connected to the junction, and the situation is indeed
very similar to the old model. The baryon forming around this diquark receives
p⊥ from three sources. Firstly, the diquark will have some intrinsic primordial
k⊥, distributed according to eq. (45). Since the diquark resides entirely within
the beam remnant, this k⊥ will always be at the level of the fragmentation
p⊥. Secondly, primordial k⊥ will be imparted to the diquark by recoil effects
from other beam remnant and initiator partons. In the case that primordial
k⊥ kicks are compensated for uniformly by all initiator and remnant partons,
it is normally impossible for the diquark to acquire more than a fraction of the
hardest interaction initiator’s primordial k⊥. Even when k⊥ compensation is
more local, by straightforward combinatorics, the more initiators present in the
event, the smaller the chances that the initiator parton(s) closest in colour to
the diquark is associated with a scattering at large Q2. Hence, again according
to eq. (45), it is apparent that the diquark usually will not receive a very hard
primordial k⊥ kick. Thus, such a diquark will in general have a smaller total
primordial k⊥ than a diquark in the old model. As before, the baryon will
keep a large fraction of this diquark p⊥ in the fragmentation process, as well as
obtaining extra fragmentation p⊥. The net result is a softer junction baryon
transverse momentum spectrum than in the old model, as can be verified by
comparing the asymptotic slope of the shaded area in Fig. 17a with that of
the solid curve. This conclusion is further established by the observation that,
when primordial k⊥ effects are not included, see Fig. 17b, indeed the spectrum
of the old model becomes almost identical to that of the shaded region. In
addition, it can already here be recognized that the junction baryon must have
larger p⊥ in those events where a diquark is not formed, by comparing the
slopes of the full junction baryon spectrum (dashed curves) with those of the
shaded regions in either figure. We now study this further.

If a diquark is not formed, then the junction may a priori be colour con-
nected to partons going in widely different directions in the transverse plane.
Nonetheless, as was described in Section 5.1, the fragmentation occurs in such a
way that the junction baryon is always the last, i.e. normally slowest, hadron to
be formed in either of the three directions. Hence, while the colour neighbours
of the junction may themselves have large transverse momenta, this momentum
will in general be taken by the leading hadrons formed in the fragmentation and
not by the junction baryon. Unless two of those partons are going in roughly
the same direction in ϕ, the junction baryon itself will still only obtain a fairly
small p⊥. The end result is a rather small p⊥ enhancement, that is masked by
the decreased primordial k⊥, Fig. 17.

Thus, the main difference in the new model is that the beam baryon number
can migrate longitudinally to a much larger extent than in the old model. Em-
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Figure 18: Example of initial-state colour correlations in an imagined event in
which three gluons have been knocked out of an incoming hadron by colourless
objects (for simplification), with no parton showers. In case a) the gluons have
been randomly attached in colour to each other and to the beam remnant, as
indicated by the dashed lines, whereas in case b) the connections follow the
rapidities of the hard scattering systems.

pirically, it may be desirable to be able to limit the degree to which this baryon
number stopping occurs, and furthermore both perturbative and impact-
parameter arguments allow much of the activity to be correlated in ‘hot spot’
regions that leave the rest of the proton largely unaffected. Therefore a free
suppression parameter is introduced, such that further gluons more frequently
connect to a string piece that has already been disturbed. In this way, gluons
would preferentially be found on one of the three colour lines to the junction.
This will reduce the amount of baryon number stopping and is an important
first modification, but most likely it is not the only relevant ordering principle.

Ordered Colour Correlations

With the gluons connected preferentially along one of the three colour lines to
the junction, we now address the question of their relative order along that
line. If this order is random, then strings will in general be stretched criss-
cross in the event. This is illustrated in Fig. 18a for a very simplified situation.
However, it is unlikely that such a scenario catches all the relevant physics.
More plausible is that, among all the possible final-state colour topologies,
those that correspond to the smaller total string length are favoured, all other
aspects being the same. One possible way of introducing such correlations is
illustrated in Fig. 18b.

In case a) of Fig. 18 there are four string pieces criss-crossing the rapidity
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range between the systems I2 and I3, while in case b) there are only two string
pieces spanning this range. Hence the total string length should on average be
smallest for the latter type of correlations. However, the rapidity distance is not
the only variable determining the string lengths, also the transverse separations
play a role. Moreover, when the interactions exchange colour between the
colliding objects, there is no longer a unique correspondence between the colour
flow of the initial state and that of the final state.

To investigate these effects quantitatively, we consider three different possi-
bilities for initial-state colour correlations (with the suppression of attachments
breaking up the beam remnant applicable to all cases):

1. Random correlations, as in Fig. 18a.

2. Initiator gluons are attached preferentially in those places that order the hard
scattering systems in rapidity, as in Fig. 18b. The rapidities are calculated
at a stage before primordial k⊥ is included. Hence, y = 1

2 ln x1

x2
.

For beam remnant partons, the rapidities are not yet known at the stage
discussed here, since the initial-state colour connections are in our frame-
work made before primordial k⊥ and beam remnant x values are assigned.
However, beam remnant partons are almost by definition characterized by
having large longitudinal and small transverse momenta. Thus, we assign a
fixed, but otherwise arbitrary, large rapidity to each of the beam remnant
partons, in the direction of its parent hadron. Finally, gluons are attached
sequentially to the initial valence topology, with the attachments ordered by
minimization of the measure

∆y = |yg − y1| + |yg − y2| , (67)

where yg is the rapidity associated with the attached gluon and y1,2 are
the rapidities associated with the partons it is inserted between. For those
gluons which appear only as parents of sea quark pairs, the rapidity of the
most central of the daughters is used.

Note that, since the same hard-scattering rapidities are used for both beam
remnants, the ordering in the two remnants will be closely correlated in this
scenario, at least as long as only gluon–gluon interactions are considered.

3. Initiator gluons are attached preferentially in those places that will give rise
to the smaller string lengths in the final state. This is the most aggressive
possibility, where the actual momentum separations of final-state partons,
together with the full colour flow between the two sides of a hadronic colli-
sion, is used to determine which gluon attachment will result in the smallest
increase in potential energy (string length) of the system, with each gluon
being attached one after the other. The measure we use to define the increase
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Figure 19: Example showing the colour flow produced by attaching the gluon
g at the place indicated by the cross.

in string length, for a particular attachment, is [3, 81]

∆λ = ln

[
2

m2
0

(pc1 · pc̄1) (pc2 · pc̄2)
(pc̄1 · pc2)

]

, (68)

where m0 is a normalization constant, which drops out when comparing
the string lengths of two different gluon attachments, and c1 (c̄2) represents
the final-state parton carrying the colour (anticolour) index of the attached
gluon. To illustrate, Fig. 19 shows the partons that enter the above expres-
sion for a specific example. Before the attachment, a single string piece is
spanned between the final-state partons that carry the colour indices de-
noted c̄1 and c2. After the attachment, there are two string pieces, one that
is spanned between c1 and c̄1, the other between c2 and c̄2, hence the increase
in string length is given by the expression eq. (68).

As above, however, note that neither primordial k⊥ nor beam remnant longi-
tudinal momenta have yet been assigned at this stage. Simplified kinematics
are therefore set up, to be used only for the purpose of determining the
colour connections: the momentum remaining in the beam remnant on each
side is divided evenly among the respective remnant partons (junctions are
here treated simply as ‘fictitious partons’, receiving the same momentum as
the ‘real’ remnant partons), and primordial k⊥ effects are ignored. Thereby,
parton pairs involving (at least) two partons in one of the beam remnants
will come to have zero invariant mass, hence the total ∆λ will be negative
infinity for such pairs. Obviously, this is not desirable; one string piece with
vanishing invariant mass should not affect the comparison, hence we impose
a minimum invariant mass of m0 for each string piece. If knowledge of the
full kinematics of the final state was available a better choice could of course
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be made here. However, these two aspects are intertwined. The kinemat-
ics of the final state may depend on the colour connections assumed for the
initial state (see Section 4.3 above), and vice versa. Our choice has been
to determine the initial-state colour connections first, and then subsequently
construct the final-state kinematics, hence some approximation is necessary
at this point.

A variable which we have found to be sensitive to the colour connections
in an event is the mean p⊥ vs. charged multiplicity, 〈p⊥〉(nch) [1]. In scenarios
with large string lengths, each additional interaction would result in a large
increase in hadron multiplicity. This large multiplicity per interaction means
that, in such scenarios, observed average charged multiplicities are reproduced
with comparatively large values of p⊥0, i.e. with only a few parton–parton in-
teractions taking place per event. Hence, correspondingly little perturbative
p⊥ is generated. On the other hand, in scenarios with smaller string lengths,
comparatively more interactions would be required to produce the same mul-
tiplicity, hence more perturbative p⊥ would be generated per charged particle,
bringing 〈p⊥〉(nch) up.

In Fig. 20, we show the 〈p⊥〉 vs. nch distribution for each of the possibilities
described above. In all cases, p⊥0 was first selected so as to give identical
average multiplicities, corresponding to the multiplicity obtained with Tune A.
Since the ∆λ ordering results in the largest average number of interactions for a
given multiplicity, it has the largest average p⊥ per particle of the new scenarios,
while the random ordering results in the smallest number of interactions.

One also notes that Tune A, which more or less agrees with recent exper-
imental data [56, 58, 61], shows an even steeper rise with nch than any of the
new scenarios. This tune of the old model is such that the partons produced
by subsequent scatterings will almost always be hooked up to the existing con-
figuration in the way that minimizes the total string length. This is more or
less like the ∆λ ordering described above, but with the essential difference that
the ∆λ ordering only concerns the colour lines that are present in the initial
state, while the ordering of parton attachments in the old model occurs in the
final state, without any attempt at constructing a consistent colour flow in the
event.

From these observations, an interesting inference can be made. By the
failure of even the ∆λ ordering of the colour lines in the initial state to describe
the 〈p⊥〉(nch) distribution, it appears that the colour flow in physical events
cannot be correctly described by merely arranging the colour lines present in
the initial state. We imagine two possible causes for this. Firstly, the initial-
state showers associated with each scattering are constructed by backwards
DGLAP evolution of each scattering initiator separately, down to the shower
cutoff scale. This does not take into account the possibility that the showers
could be intertwined, i.e. that a parton at low virtuality, but above the shower
cutoff scale, could have branched to give rise to two higher–virtuality scattering
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Figure 20: 〈p⊥〉 vs. nch at the Tevatron for Tune A (solid lines), and for the new
model with random (dashed lines), rapidity ordered (solid lines), and string
length ordered (dotted lines) correlations in the initial state. Note that the
origo of the plot is not at (0,0). For each of the new MI scenarios, p⊥0 was
selected to give the same average charged multiplicity as Tune A, with the
same impact parameter dependence as Tune A (i.e. a double Gaussian matter
distribution).

initiators. Secondly, one or more mechanisms causing colour exchanges between
the showers may be active, both in the initial state as well as in the final state.
Below we present some first studies related to the topic of colour exchanges,
well aware that no simple solutions are to be expected.

5.3 Final-State Colour (Re-)Connections

To investigate how much more we need to ‘mess around with the colours’, we
study a crude model of colour exchanges in the final state. Essentially, we
rearrange the colour connections between the final-state partons in a manner
that, taken to the extreme, will converge on that string configuration which
has the smallest total ‘string length’, according to the λ measure introduced
above. This corresponds roughly to a minimization of the multiplicity produced
when the parton system hadronizes. Note that we only apply this procedure to
events where at least two interactions have occurred, to avoid the reconnections
leading to large central rapdity gaps, i.e. diffractive topologies.

For a given configuration of final-state partons in momentum and colour
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space, we apply an iterative procedure that successively brings down the total
string length of the system, by the following steps:

1. First, we have assigned Les Houches Accord style colour tags [82] to all
partons, so that each colour tag in the final state is matched by exactly one
corresponding anticolour tag in the final state, with one string piece spanned
between them. Junctions are special, since colour lines end there. In the
following, we do not consider string pieces ending on junctions.

2. Secondly, we decide on a fraction, F , of the colour tags present in the event
for which we will attempt to make a reassignment. Note that F can be larger
than one, since several different reassignments (n(n− 1)/2 for n colour tags,
neglecting junctions) are normally possible.

3. Next, we select two colour tags at random, c1 and c2. Denoting the final-
state parton carrying c1 colour (anticolour) by i1 (j1) and the one carrying
c2 colour (anticolour) by i2 (j2), we compute the combined string length, λ,
for the two string pieces i1—j1, i2—j2:

λ = ln

(
2pi1 · pj1
m2

0

2pi2 · pj2
m2

0

)

. (69)

By swapping e.g. the anticolours, a different string topology arises, i1—j2,
i2—j1, with length

λ′ = ln

(
2pi1 · pj2
m2

0

2pi2 · pj1
m2

0

)

. (70)

If λ′ < λ, the colour reassignment is accepted, otherwise the original assig-
ments are kept. If the fraction of colour tags tried so far is smaller than F ,
a new pair of random colour tags is selected.

4. Once the fraction F of colour tags has been tried, two things can happen.
If at least one reconnection was made, then the colour topology now looks
different, and the entire iteration is restarted. If no reconnection was made,
the iteration ends.

Briefly summarized, we thus introduce the fraction F as a free parameter that
controls the strength of colour reconnections in the final state.

As stated, this method is very crude and should not be interpreted as rep-
resenting physics per se, but it does allow us to study whether a significant
effect can be achieved by manipulating the colour correlations to reduce the
string lengths. As illustrated by the dashed histogram in Fig. 21, this is very
much the case. Here, we have allowed a large amount of reconnections to occur,
F = 1, adjusting p⊥0 down so as to reproduce the average charged multiplicity
of Tune A. As could be expected with this somewhat extreme choice of param-
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Figure 21: 〈p⊥〉 vs. nch at the Tevatron for Tune A (solid line), and for the new
model with (dashed line) and without (dotted line) final-state reconnections
allowed. Both of the new models use rapidity ordering of the colour lines in the
initial state and give the same average charged multiplicity as Tune A, with
the same impact parameter dependence as Tune A.

eters, the new model now lies well above the data. (We shall return to more
realistic tunings in Section 6.)

However, this result should not be taken as evidence for the existence of
colour reconnections in physical events. Rather it allows us to infer that, by
changing the colour structure of events, it should be possible to obtain agree-
ment with the data within our framework. It is encouraging that, by studying
and attempting to describe this distribution, we may learn interesting lessons
concerning the highly non–trivial issue of colour flow in hadronic interactions.
We therefore plan to go further, to construct more physically motivated models
for colour rearrangement between partons, both in the initial state and in the
final state, and also to allow for the possibility of intertwining the initial-state
showers.

Although all of these issues appear almost hopelessly complicated from the
point of view of pure QCD, the salient features of the resulting physics may
not be all that hard to penetrate. For instance, we imagine that the prob-
ability for two hard-scattering initiators to have originated from a common
branching should be proportional to the probability that their spatial wave-
functions overlap, i.e. two very high–virtuality initial-state partons associated
with different scatterings are most likely uncorrelated, since they only resolve
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Model IS Colour p⊥0 Tevatron LHC
name Ordering [GeV] F 〈nint〉 〈npart〉 〈nrcp〉 〈nint〉 〈npart〉 〈nrcp〉
Ran random 2.50 0.55 3.3 21.5 18 4.2 40.2 45
Rap ∆y 2.40 0.55 3.6 22.8 19 4.5 43.5 49
Lam ∆λ 2.30 0.65 3.9 24.5 20 4.8 45.8 52

Tune A – 2.00 – 5.7 19.2 – 6.9 27.7 –

Table 1: Parameters of the three models investigated in the text, and for Tune
A where applicable. Also shown for each model is the average number of
parton–parton interactions, 〈nint〉, the average number of final-state partons,
〈npart〉, and the average number of colour reconnections taking place, 〈nrcp〉,
per min-bias collision at the Tevatron and at the LHC.

very small distance scales in their parent hadron. On the other hand, two low–
virtuality partons, even though associated with different scatterings, may very
well have come from one and the same parent parton, since their wavefunctions
are comparatively much larger. We will explore such and other ideas in a future
study.

6 Model Studies

In this Section we concentrate on illustrating the properties of models that, as a
baseline, roughly reproduce the charged multiplicity distribution of Tune A in
pp collisions at a centre-of-mass energy of 1800GeV. Our studies only concern
inelastic nondiffractive events, i.e. essentially the same as the experimentally
defined (trigger-dependent) “min-bias” event sample; we will here use the two
concepts interchangeably.

A general feature of the new multiple interactions modeling is that the
added parton showers and the less efficient string energy minimization result in
a higher multiplicity per interaction than Tune A. In order to arrive at the same
average hadron multiplicity as Tune A, without too much colour reconnection
required in the final state, a generally larger p⊥0 cutoff should be used. Table 1
lists three different tunes of the new framework, with successively smaller p⊥0

values and with different schemes for the initial-state colour correlations.

• The “Ran” model is based on a random ordering of the initial-state colour
correlations, with a fairly large suppression of initiator gluon attachments to
colour lines wholly within the beam remnant. Since only a minimal ordering
of the colour correlations in the initial state are thus imposed, each additional
interaction will ab initio give rise to a relatively large increase in hadron
multiplicity. Therefore, a comparatively large cutoff p⊥0 is used, and the F
parameter — controlling the amount of final-state reconnections — is likewise
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chosen fairly large, so as to get the correct average charged multiplicity.

• The “Rap” model uses the ∆y measure introduced above to order the intial-
state colour connections. p⊥0 can thus here be slightly smaller, allowing more
interactions on the average (with the same F fraction) for the same average
charged multiplicity.

• The “Lam” model employs the ∆λ ordering of the initial-state colour corre-
lations. In principle, this model should provide the most ordered initial state
of the three, and thus allow a smaller p⊥0 and/or F . Unfortunately, the
earlier-mentioned limitations, that the beam remnant kinematics is not fully
fixed when the minimization is performed, leads to final string lengths which
are not significantly shorter than for the ∆y ordering. Choosing a smaller
p⊥0 for this tune, the F fraction is consequently also required to be slightly
higher, in order to reproduce the Tune A average charged multiplicity.

Observe that all three models have a significant number of reconnections per
event, cf. 〈nrcp〉 in Table 1. As a fraction of the total number of potential
colour rearrangements it is below the 10% level, but one should keep in mind
that several clusters of partons appear in reasonably collimated jets, where
reconnections would not be expected anyway. In this perspective, the amount
of reconnections is quite significant.

Common for the new models is a rather smooth overlap profile ExpOf-
Pow(1.8), as compared to the more peaked double Gaussian of Tune A, this to
better reproduce the shape of the Tune A multiplicity distribution. In addi-
tion, all of the new models assume that primordial k⊥ kicks are compensated
uniformly among all other initiator partons, that composite objects can only
be formed in the beam remnant by valence quarks, and that initial-state colour
connections breaking up the beam remnant are suppressed, so that the relative
probability of attaching a gluon between two remnant partons (i.e. breaking up
the remnant) as compared to an attachment where at least one ‘leg’ is outside
the remnant is 0.01, whenever the latter type of attachment is possible.

Fig. 22 shows the Tevatron multiplicity distributions of these models, as
compared to Tune A. It is apparent that, while the average charged multiplicity
is the same, the shape of the Tune A multiplicity distribution is not exactly
reproduced by any of the models here investigated. This should not be taken
too seriously; our aim is not to present full-fledged tunes, rather it is to explore
the general properties of the new framework, and how these compare with those
of Tune A.

Below, we first present comparisons for pp min-bias collisions at 1.8 TeVCM
energy, highlighting the differences (and similarities) between the new models
and Tune A. Thereafter, we apply the same models to the case of pp min-bias
events at 14 TeV CM energy.
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Figure 22: Multiplicity distributions for the Tevatron as obtained with Tune A
(solid), and the Ran (dashed), Rap (dotted), and Lam (dash-dotted) models
defined in Table 1. In all cases, the average charged multiplicity is 49.5 (within
±0.5).

6.1 Comparisons at the Tevatron

Despite the differences between the old and new frameworks, the starting point
in both cases is still that of a perturbative sequence of p⊥-ordered scatterings.
Especially for the hardest partons there should thus be next to no difference
between the old and new frameworks. An illustration of this is given in Fig.
23, where the probability of finding a jet with transverse energy E⊥ is plotted
against E⊥. A simple cone algorithm with cone size ∆R =

√

∆η2 + ∆φ2 = 0.7
has been used to cluster the jets, and only particles with |η| < 2.5 are included.
As can be observed, there is hardly any difference between Tune A and the new
models here. Further, the models exhibit similar charged particle spectra both
in transverse momentum and in rapidity, Fig. 24, with a slightly harder p⊥
spectrum and, consequently, a slightly more central y one in the new models.

Having thus convinced ourselves that the overall features of the models
agree, we turn to the aspects in which the new and old scenarios are expected
to differ. One significant change is the possibility to knock out several valence
quarks from the beam hadron. To quantify, the number of quarks (excluding
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Figure 23: The number of jets as a function of jet E⊥ (for E⊥ > 5GeV) in
min-bias collisions at the Tevatron. Results are shown for Tune A (solid), Ran
(dashed), Rap (dotted), and Lam (dash–dotted), as defined in Table 1.
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Figure 24: Charged particle p⊥ and y spectra at the Tevatron. Results are
shown for Tune A (solid), Ran (dashed), Rap (dotted), and Lam (dash–dotted),
as defined in Table 1.
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Figure 25: a) Number of final-state quarks (not counting diquarks) and b) final-
state parton x values at the Tevatron. Results are shown for Tune A (solid),
Ran (dashed), Rap (dotted), and Lam (dash–dotted), as defined in Table 1.

diquarks) in the final state is illustrated in Fig. 25a. As can readily be observed,
final-state quarks are much more abundant in the new scenarios. Valence quark
interactions are, however, not the only cause of this. Diquarks are not included
in Fig. 25a, and (as discussed in Section 4.2) these are less frequently formed in
the new scenarios, hence more of the quark content here appears as individual
quarks in the final state. Further illustration of this is given by Fig. 25b, where
the x = 2E/

√
s values of all final-state partons, including diquarks, are shown.

The peak towards low values comes mainly from gluons and is the same for
Tune A and the new models. However, some of the content of the x = 1 peak
in Tune A has vanished in the new models and has been replaced by a larger
plateau at intermediate x, since a fraction of large-x diquarks has been split
up into individual valence–like quarks.

Another point where the models differ is in the treatment of the beam
remnant, especially concerning the flow of baryon number. Fig. 26a shows
the distribution of baryons minus the distribution of antibaryons as a function
of rapidity, illustrating one way of experimentally probing the location of the
beam baryon numbers in the final state. As expected, the distribution is more
peaked in the old scenario, where the beam baryon number is ‘locked’ inside the
escaping remnant diquark. Further illustration of the baryon number stopping
is given by Fig. 26b, which shows the rapidity distribution of the final-state
baryon carrying the baryon number of the incoming proton. Note especially
the long tail in the new models, even extending to negative rapidities. The
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Figure 26: a) n(p) +n(n)−n(p)−n(n) and b) junction baryon rapidity distri-
butions at the Tevatron. Results are shown for Tune A (solid), Ran (dashed),
Rap (dotted), and Lam (dash–dotted), as defined in Table 1.

height of this tail depends on a set of model parameters, such as the choice of
initial- and final-state colour correlations and the rules for diquark formation,
cf. Fig. 11 fore more extreme scenarios.

The fact that the baryon number is not so closely associated with the valence
quarks in the new model has an interesting side effect: apart from migrating in
physical space, the initial-state baryon number can also ‘migrate’ in flavour to
a much larger extent than before. When the junction is resolved, the flavour
selection rules of ordinary string fragmentation take over in determining the
flavour composition of the junction baryon. Thereby, it becomes possible for
the junction baryon to have a larger strangeness number S than before, as
shown in Fig. 27. The last bin, |S| = 3, is actually empty for Tune A, since in
the old model it is impossible to produce an Ω− from the incoming beam baryon
number. We note that heavy-ion experiments do observe a ratio Ω−/Ω+ > 1
[83], which is in contradiction with the old string model but which would be
more in line with expectations based on the junction scenario introduced here.

Finally, Fig. 28 shows the 〈p⊥〉(nch) distributions. As previously noted,
Fig. 21, this distribution is very sensitive to the colour correlations present at
the hadronization stage. Since this is one of the major open issues remaining,
it is not surprising that the agreement here is far from perfect: the new models
exhibit a too early rise to a too low plateau, as compared to Tune A. While it
is possible to obtain a much better agreement by varying the scheme adopted
for the colour reconnections in the final state, our attempts in this direction
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Figure 27: Junction baryon strangeness. Results are shown for Tune A (solid),
Ran (dashed), Rap (dotted), and Lam (dash–dotted), as defined in Table 1.
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Figure 28: Average p⊥ as a function of charged multiplicity for min-bias col-
lisions at the Tevatron. Results are shown for Tune A (solid), Ran (dashed),
Rap (dotted), and Lam (dash–dotted), as defined in Table 1.
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have so far led to poorer descriptions of other distributions, the charged mul-
tiplicity distribution in particular. Moreover, the colour reconnection scheme
adopted here is meant only as an instructive example, not as a model of the
physics taking place. Our plan is to continue the study of colour correlations
in more depth. In the context of such studies, it is encouraging to note that
the acute sensitivity of the 〈p⊥〉(nch) distribution to these aspects makes its
proper description a prime test for any physical model of the colour flow.

6.2 Comparisons at the LHC

Turning now to the situation at the LHC, the lack of experimental constraints
increases the uncertainties. We here focus on only a subset of these, assum-
ing the same energy scaling of the p⊥0 cutoff as for Tune A, proportional to
E0.25

cm , and using the same parton distributions in all cases. We note that
these aspects do constitute important sources of uncertainty in our ability to
make trustworthy ‘forecasts’ for the LHC. Here, however, our aim is merely to
compare alternative scenarios under identical boundary conditions.

Fig. 29 shows the LHC charged multiplicity distribution for the same models
as used for the Tevatron, but with the p⊥0 cutoff scaled to the LHC CM
energy. The new models exhibit average multiplicities of 6–8 more charged
particles per event than the Tune A value, 〈nch〉 = 81. This illustrates a
general effect in the new models, which is due to the increased shower activity
arising from associating also the sub-leading interactions with initial- and final-
state cascades. The larger available phase space at higher energies implies
that showers are more important at LHC, cf. the average number of final-state
partons, 〈npart〉, in Table 1. All else being equal this causes the multiplicity to
increase more rapidly with energy than in the old model. (The strange bump
on the Tune A distribution at low multiplicities is merely an artifact of the way
parton distributions at low Q2 are handled in that model.)

The addition of parton showers also increases the total amount of partonic
transverse energy, but owing to a partial cancellation of the effects of radiation
in the initial state (boosting some partons to larger p⊥) and in the final state
(jet broadening), the jet rates come out similar, as depicted in Fig. 30 (adopting
the same cone algorithm and |η| < 2.5 region as before).

Fig. 31 compares the junction baryon p⊥ distributions at the Tevatron (left
plot) and at the LHC (right plot), for Tune A and the new models. An inter-
esting difference is that the junction baryon can be significantly harder in p⊥
at the LHC than at the Tevatron in the new models, whereas Tune A exhibits
spectra which are almost identical between the two energies. This is due to the
intrinsic difference between the way primordial k⊥ is treated in the two frame-
works. In the old model, the width of the primordial k⊥ distribution for the
parton initiating the hardest scattering is fixed, to 1GeV by default, hence there
is no mechanism that would allow the junction baryon spectrum to depend on
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Figure 29: Multiplicity distributions for the LHC as obtained with Tune A
(solid), and the Ran (dashed), Rap (dotted), and Lam (dash-dotted) models
defined in Table 1. For Tune A, the average charged multiplicity is 〈nch〉 = 81,
whereas for the new models it is in the range 87–89.

the CM energy (at sufficiently high energies that energy–momentum conserva-
tion effects can be neglected). In the new model, the amount of primordial k⊥
given to initiators depends on the Q2 of their associated hard scattering. With
the increased phase space at the LHC, more primordial k⊥ is thus imparted
by recoil effects to the junction baryon than at the Tevatron, hence the p⊥
spectrum becomes harder.

Also the junction baryon longitudinal migration shows some difference.
Comparing the Tevatron junction baryon rapidity distribution, Fig. 26b above,
with the LHC one, Fig. 32, we may distinguish two components. One is the
peak at large rapidities, which corresponds to an (effective) diquark fragmen-
tation and which is only shifted outwards in rapidity relative to the Tevatron
by the increased energy. The other is the tail to central rapdities, which corre-
sponds to baryon stopping. This tail does increase with energy, following the
increase in the average number of interactions.

Finally, we show the 〈p⊥〉(nch) distributions in Fig. 33. The same qualitative
behaviour as at the Tevatron is apparent: the new models exhibit an earlier
rise to a lower plateau, as compared to Tune A. Again, it is premature to draw
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Tevatron plots, Fig. 26, the antibaryon number is not. Results are shown for
Tune A (solid), Ran (dashed), Rap (dotted), and Lam (dash–dotted), as defined
in Table 1.

any strong conclusions, in view of the still simple-minded description of the
colour flow that we have included here. Further and more detailed studies of
possible colour correlation mechanisms in hadronic collisions will be required
in order to fully understand these aspects.

7 Conclusion and Outlook

Only in the last few years have multiple interactions gone from being a scientific
curiosity, by most assumed relevant only for some rare topologies of four-jet
events, to being accepted as the key element for understanding the structure
of underlying events. However, this leaves a lot of questions to be addressed,
such as:
(i) What is the detailed mechanism and functional form of the dampening of
the perturbative cross section at small p⊥?
(ii) What is the energy dependence of the mechanism(s) involved?
(iii) How is the internal structure of the proton reflected in an impact-
parameter-dependent multiple interactions rate, as manifested e.g. in jet pede-
stal effects?
(iv) How can the set of colliding partons from a hadron be described in terms
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lisions at the LHC. Results are shown for Tune A (solid), Ran (dashed), Rap
(dotted), and Lam (dash–dotted), as defined in Table 1.

of correlated multiparton distribution functions of flavours and longitudinal
momenta?
(v) How does a set of initial partons at some low perturbative cutoff scale evolve
into such a set of colliding partons? Is standard DGLAP evolution sufficient,
or must BFKL/CCFM effects be taken into account?
(vi) How would the set of initiators correlate with the flavour content of, and
the longitudinal momentum sharing inside, the left-behind beam remnant?
(vii) How are the initiator and remnant partons correlated by confinement ef-
fects, e.g. in primordial k⊥?
(viii) How are all produced partons, both the interacting and the beam-remnant
ones, correlated in colour? Is the large number-of-colours limit relevant, wherein
partons can be hooked up into strings representing a linear confinement force?
(ix) How is the original baryon number of an incoming proton reflected in the
colour topology?
(x) To what extent would a framework with independently fragmenting string
systems, as defined from the colour topology, be modified by the space–time
overlap of several strings?

Tentative answers to some of the questions are provided by the Tune A of
the Pythia multiple interactions framework. Thus we now believe that:
• The matter overlap when two hadrons collide can be described by an impact-
parameter dependence more spiked than a Gaussian but less so than an expo-
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nential.
• The p⊥0 regularization scale does increase with energy.
• The colours of final-state partons are not random but correlated, somehow,
to give a reduced string length.

This still leaves many questions unanswered. Worse, existing event gen-
erators would not even address many of the relevant issues, at least not in a
deliberate or realistic fashion. In this article we have therefore tried to take
the next step towards a better understanding of the structure of a hadronic
event, addressing several of the points above. This in particular has concerned
the correlations between initiator and remnant partons in the hadron beams,
in terms of flavour, longitudinal and transverse momenta. Colour correlations
have also been studied, and here it appears that the final-state partons need be
involved as well. The complexity of the colour issues is tremendous, however,
and we do not consider the studies finished in this area.

A specific new topic addressed is that of baryon number flow. Data from
hadronic collisions, and even more from heavy-ion ones, show large excesses
of baryon over antibaryon production in the central rapidity region of events
[84], suggesting a significant influx of baryon number from the high-rapidity
colliding beams, more than would be expected from standard quark/diquark
fragmentation models. When the junction is introduced as a topological feature
of the colour field in the baryon, however, the fate of the baryon number of
an incoming beam particle may partly or wholly decouple from that of the
valence quarks [1, 85]. We have here demonstrated that the junction topology
in combination with multiple interactions can induce quite large rapidity shifts,
of the desired kind.

The problem may actually be the opposite, i.e. not to move the baryon num-
ber by too much. To this end, we have assumed a suppression of interactions
that affect several of the three colour chains that connect the valence quarks to
the junction. This could be an impact-parameter-related effect, that not the
whole proton is involved in the hard processes. If so, the suppression should
be less pronounced in heavy-ion collisions, where the interactions of a proton
with several nucleons in the other nucleus could occur at different positions in
the transverse plane and thereby affect different chains. Obviously it would
be a major undertaking to construct a complete model for heavy-ion collisions
to study these ideas, but we hope in the future to be able to present a simple
study of the baryon number flow.

Another open issue is that of intertwined initial-state showers, whereby two
seemingly unrelated partons, each undergoing a hard scattering, reconstruct
back to come from a common shower ancestor. With the new p⊥-ordered
showers now being implemented in Pythia [86] we intend to introduce enough
flexibility that such issues could be addressed.

This will also further constrain the initial-state colour flow. The possi-
bility of final-state colour reconnections remains, however, and has been pro-
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posed as a mechanism to introduce diffractive topologies in a number of pro-
cesses [87]. One here needs to better understand how much reconnections are
allowed/required, and of what character.

We see that much work remains, before the physics of the underlying event is
truly understood. Progress will not be possible without a constructive dialogue
between theory and experiment. We have frequently had reason to mention
Tune A as a role model here, because it offers a convenient reference that
more sophisticated models can be tested against, without the need to know the
details of the CDF detector. However, only a few distributions went into the
tune, and so we do not know what to aim for in many other respects.

To give one specific example, it would be valuable to have information on
the ‘lumpiness’ of the underlying event, such as n-jet rates as a function of
some jet resolution parameter, similarly to e+e−-annihilation QCD analyses.
One would there hope for an intermediate resolution region, between the coarse
one that is dominated by the perturbative QCD structure and the fine one that
mainly is sensitive to hadronization details, where the structure of the multiple
interactions would play a key role. An understanding of this lumpiness is
related to the fluctuations in the jet pedestal, and thereby to the smearing of
jet energies in SUSY searches, say. It all hangs together . . .

In summary, striving for a better understanding of the physics of the un-
derlying event is both interesting and useful. Interesting because it forces us to
consider many issues normally swept under the carpet, and to confront dramat-
ically different scenarios. Useful because it ties in with so many other physics
analyses at hadron colliders. So there is plenty of interesting and useful work
ahead of us before the picture has clarified completely!
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[10] G.A. Schuler and T. Sjöstrand, Phys. Rev. D49 (1994) 2257

[11] V.V. Sudakov, Zh.E.T.F. 30 (1956) 87 (Sov. Phys. J.E.T.P. 30 (1956) 65)
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1 Introduction

High-energy hadronic collisions offer a busy environment. The incoming ha-
drons seethe with activity as partons continuously branch and recombine. At
the moment of collision, several partons from the two incoming hadrons may
undergo interactions, that scatter the partons in different directions. The
scattered partons may radiate, and all outgoing partons, including the beam
remnants, hadronize in a correlated fashion to produce the observable high-
multiplicity events. The physics involves a subtle blend of many perturbative
and nonperturbative phenomena. No wonder that there is no simple, standard
description to be offered!

What often saves the day is that most of the above activity is soft, i.e.
confined to small transverse momenta p⊥. When the processes of interest oc-
cur at large momentum transfers they therefore stand out, by producing jets,
leptons or photons at large p⊥. To first approximation, the rest of the activity,
which we refer to as the underlying event, may then be disregarded. For preci-
sion studies, however, the problem remains: minijets from the underlying event
may e.g. affect the jet energy calibration and the lepton and photon isolation
criteria. Quite apart from the interesting challenge of better understanding
the complex (semi-)soft processes for their own sake, this motivates an effort
to investigate and model as well as possible the underlying event physics (when
a selective trigger is used) and minimum-bias physics (for the inclusive sample
of multihadronic events).

The basic building blocks needed to describe hadron–hadron collisions in-
clude hard-scattering matrix elements, parton density functions, initial- and
final-state parton showers, and a hadronization scheme. Each of these de-
serve study in its own right, but additionally there is the question of how
they should be combined. It is this latter aspect that we take aim at here.
More specifically, we concentrate on the non-trivial interplay between multiple
parton–parton interactions and initial-state parton showers, extending previ-
ous models for multiple interactions and developing new models for p⊥-ordered
initial- and final-state parton showers in the process.

A good starting point for the discussion is offered by Fig. 1. Based on the
composite nature of hadrons we have here depicted multiple interactions (MI)
between several pairs of incoming partons, see ref. [1] for a minireview. The
structure of an incoming hadron is illustrated, with the p⊥ evolution of some
partons from a nonperturbative border at p⊥min up to the different perturbative
interactions. The p2

⊥ = t̂û/ŝ scale is a convenient measure of hardness, since the
t (and u) channel gluon exchange processes qq′ → qq′, qg → qg and gg → gg
dominate the cross section. One has to imagine a corresponding picture for the
other hadron — omitted for clarity — with the two incoming sides joined at
the interactions.

The next immediate issue that arises is how to describe hadronic objects
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interaction

number

p⊥

hard int.

1

mult. int.
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3
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p⊥1
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p′⊥1

Figure 1: Schematic figure illustrating one incoming hadron in an event with a
hard interaction occurring at p⊥1 and three further interactions at successively
lower p⊥ scales, each associated with (the potentiality of) initial-state radiation,
and further with the possibility of two interacting partons (2 and 3 here) having
a common ancestor in the parton showers. Full lines represent quarks and
spirals gluons. The vertical p⊥ scale is chosen for clarity rather than realism;
most of the activity is concentrated to small p⊥ values.

under such conditions. In general, cross section calculations rely on parton den-
sity functions to describe the initial state. For the joint cross section of several
simultaneous interactions one thus needs multi-parton densities, categorized
by flavour content and fully differential in all x and Q2 ≈ p2

⊥ values. Obvi-
ously such densities are almost entirely unconstrained, with neither data nor
first-principles theory giving more than the roughest guidelines. To develop
a realistic approximate framework, it is natural to consider first the hardest
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interaction, which after all should be the most important one in terms of ex-
perimental consequences. Moreover, self-consistency ensures that this is also
the interaction for which the standard ‘one-parton-inclusive’ pdf’s should be
applicable; when averaging over all configurations of softer partons, the stan-
dard QCD phenomenology should be obtained for the ones participating in
the hardest interaction, this being the way the standard parton densities have
been measured. Thus it makes sense to order and study the interactions in a
sequence of falling ‘hardness’, for which we shall here take p⊥ as our measure,
i.e. we consider the interactions in a sequence p⊥1 > p⊥2 > p⊥3 > p⊥4. The
normal parton densities can then be used for the scattering at p⊥1, and correla-
tion effects, known or estimated, can be introduced in the choice of ‘subsequent’
lower-p⊥ scatterings.

In ref. [1] we developed a new and sophisticated model to take into account
such correlations in momentum and flavour. In particular, contrary to the ear-
lier model described in ref. [2], the new model allows for more than one valence
quark to be kicked out, and also takes into account the fact that sea quarks
come in pairs. The beam remnant structure and colour flow topologies can
become quite complicated, and so-called string junctions have to be handled,
see [3].

In addition, the more sophisticated machinery allowed a more complete
treatment of initial-state radiation (ISR) and final-state radiation (FSR). That
is, each simple 2 → 2 interaction could be embedded in the center of a more
complicated 2 → n process, n ≥ 2, where additional partons are produced
by ISR or FSR. In order to avoid doublecounting, this additional radiation
should be softer than the core 2 → 2 interaction. Here p2

⊥ is again a convenient
measure for hardness ordering, but not a unique one.

In this article, we introduce an additional interplay, between multiple parton
interactions and ISR. ISR is the mechanism whereby parton densities evolve
and become scale-dependent. The paradigm is that parton densities at a scale
Q2, in our case identified with p2

⊥, probe the resolved partonic content at
that scale. Therefore the issue of multi-parton densities is mixed in with the
handling of ISR. For instance, if an ISR branching related to the first interaction
occurs at a p′⊥1 < p⊥1 then that reduces the available phase space for a second
interaction at p⊥2 < p′⊥1. In the complementary region p⊥2 > p′⊥1, it is
instead the momentum carried away by the second interaction that reduces the
phase space for the ISR branching of the first. Thus, a consistent choice is to
consider ISR (on both of the two incoming hadron sides) and MI in parallel,
in one common sequence of decreasing p⊥ values, where the partonic structure
at one p⊥ scale defines what is allowed at lower scales. Again this approach of
interleaved evolution is intended to accurately reproduce measurements at p⊥
values corresponding to the hardest scales in the event, and fits well with the
backwards evolution approach to ISR [4]. (One could have devised alternative
procedures with forward evolution from lower to higher p⊥ values, which would
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have offered a more intuitive physics picture, but with problems of its own.)

To the best of our knowledge, a scenario of this kind has never before been
studied. In the early multiple interactions modelling [2] ISR and FSR was only
included for the hardest interaction, and this before additional interactions
were at all considered. In our more recent study [1] all interactions included
ISR and FSR, but again separately for each interaction.

An additional difference is that, in our previous studies, spacelike (for ISR)
or timelike (for FSR) virtuality was used as evolution and ordering variable in
the showers. In the framework we shall present here, an essential ingredient
is the use of p⊥-ordered showers, such that the proposed competition between
MI and ISR can be introduced in terms of a common ordering variable. We
have therefore completed the rewriting begun in [5] of the existing Pythia
showering algorithms [6] to p⊥-ordering. These new models have interesting
features in their own right, quite apart from the application to interleaved
multiple interactions.

This article should be viewed as one step on the way towards a better
understanding of hadronic physics, but not as the final word. Further issues
abound. The downwards evolution in p⊥ may also reveal that two seemingly
separately interacting partons actually have a common origin in the branching
of a single parton at a lower p⊥ scale (p⊥23 in Fig. 1), and a single parton
may scatter twice against partons in the other hadron. We shall refer to such
possibilities specifically as intertwined multiple interactions, to distinguish them
somewhat from the interleaved evolution that will be our main focus here.

In this article we begin, in Section 2, with a description of the new showering
framework. This is followed, in Section 3, by a discussion on the model for
interleaving MI and ISR, and a few results are presented in Section 4. The
outlook in Section 5 contains a first estimate of the significance of the backward
evolution joining several interactions. Finally Section 6 gives our conclusions.

2 New Transverse-Momentum-Ordered

Showers

In this section we describe the new framework for timelike FSR and spacelike
ISR in the context of a single hard-scattering process. We start by a brief review
of the main existing showering algorithms, to introduce the basic terminology
and ideas we will make use of. Thereafter the philosophy underlying the new
algorithms is outlined. The more technical details are then described separately,
first for timelike showers and then for spacelike ones, the latter as a rule being
the more complicated.
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Figure 2: Schematic figure with our standard terminology for (a) a final-state
and (b) an initial-state branching a → bc, with a cross marking the central
hard process and a recoiling parton r moving out to or coming in from the
other side.

2.1 Shower minireview

In the shower approach, the evolution of a complex multi-parton final state is
viewed as a succession of simple parton branchings. Thus a 2 → n process
can be viewed as consisting of a simple high-virtuality process, often 2 →
2, that approximately defines the directions and energies of the hardest jets
of the process, combined with shower branchings at lower virtuality scales.
The shower branchings thus add details to the simple answer, both by the
production of additional jets and by a broadening of the existing ones. We
distinguish between initial-state showers, whereby the incoming partons to the
hard process build up increasingly spacelike virtualities Q2, and final-state
showers, where outgoing partons, including the non-colliding partons emitted
from the initial state, may have timelike virtualities Q2 that decrease in the
cascade down to on-shell partons.

To first order, both cascade types are governed by the same DGLAP evo-
lution equations [7]

dPa(z,Q2) =
dQ2

Q2

αs

2π
Pa→bc(z) dz , (1)

expressing the differential probability that a ‘mother’ parton a will branch to
two ‘daughter’ partons b and c, at a virtuality scale Q2, and with parton b
taking a fraction z of the a energy, and c a fraction 1 − z, cf. Fig.2. The
splitting kernels Pa→bc(z) are (for massless quarks)

Pq→qg(z) =
4

3

1 + z2

1 − z
, (2)

Pg→gg(z) = 3
(1 − z(1 − z))2

z(1 − z)
, (3)

Pg→qq(z) =
nf
2

(z2 + (1 − z)2) , (4)

where nf is the number of quark flavours kinematically allowed. The ker-
nels can be viewed as the universal collinear limit of the behaviour of rel-
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evant matrix-element expressions. In such a context it is natural to asso-
ciate Q2 with |m2|, the virtuality of an intermediate off-shell parton, since
a 1/m2 comes from the propagator of the virtual particle. This is a free choice,
however: if Q2 = f(z)m2, then for any (nice) function f(z) it holds that
dQ2/Q2 dz = dm2/m2 dz. At this stage, several equivalent choices are there-
fore possible.

Note that eq. (1) formally corresponds to the emission of an infinite number
of partons. However, very soft and collinear gluons will not be resolved in an
infrared safe fragmentation framework such as the string one [8], so we are
free to introduce some effective Q0 cut-off scale, of the order of 1 GeV or
ΛQCD, below which perturbative emissions need not be considered (to first
approximation).

The remaining total emission probability is still normally above unity, which
is allowed for an inclusive rate since several emissions can occur. For an ex-
clusive parton shower it is then convenient to introduce a ‘time’ ordering, i.e.
to decide which of the allowed emissions occur ‘first’. This is encompassed in
the Sudakov form factor [9], expressing the probability that no emissions occur
between the initial maximum scale Q2

max and a given Q2, and within limits
zmin < z < zmax that depend on the kinematics and the Q0 cutoff,

Pno
a (Q2

max, Q
2) = exp

(

−
∫ Q2

max

Q2

∫ zmax

zmin

dPa(z′, Q′2)

)

, (5)

so that the differential probability for the first branching to occur at a Q2 = Q2
a

is given by dPa(z,Q2
a)Pno

a (Q2
max, Q

2
a). Once the parton a has branched, it is

now the daughters b and c that can branch in their turn, with their Q2
max given

by Q2
a, and so on until the cutoff scale is reached. Thus the shower builds up.

Obviously, at this stage different Q2 choices are no longer equivalent: since
a will only branch once, those regions of phase space considered at a later stage
will be suppressed by a Sudakov factor relative to those considered earlier.

For ISR, the most commonly adopted approach is that of backwards evo-
lution [4], wherein branchings are reconstructed backwards in time/virtuality
from the hard interaction to the shower initiators. The starting point is the
DGLAP equation for the b density

dfb(x,Q
2) =

dQ2

Q2

αs

2π

∫
dx′

x′
fa(x

′, Q2)Pa→bc

( x

x′

)

. (6)

This expresses that, during a small increase dQ2 there is a probability for parton
a with momentum fraction x′ to become resolved into parton b at x = zx′ and
another parton c at x′−x = (1−z)x′. Correspondingly, in backwards evolution,
during a decrease dQ2 a parton b may become ‘unresolved’ into parton a. The
relative probability dPb for this to happen is given by the ratio dfb/fb, which
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translates into

dPb(x,Q2) =

∣
∣
∣
∣

dQ2

Q2

∣
∣
∣
∣

αs

2π

∫

dz
x′fa(x′, Q2)

xfb(x,Q2)
Pa→bc(z) . (7)

Again, ordering the evolution in Q2 implies that this ‘naive probability’ should
be multiplied by the probability Pno

b (x,Q2
max, Q

2) for no emissions to occur at
scales higher than Q2, obtained from dPb by exponentiation like in eq. (5). As
for the timelike showers, additional sophistication can be added by coherence
constraints and matrix-element merging, but ISR remains less well understood
than FSR [22].

2.2 Existing approaches

Of the three most commonly used final-state shower algorithms, Pythia uses
m2 as evolution variable [10,11], while Herwig uses an energy-weighted emis-
sion angle, E2(1 − cos θ) ∼ m2/(z(1 − z)) [12], and Ariadne a squared trans-
verse momentum, ∼ z(1− z)m2 [13–15]. Thus the three programs give priority
to emissions with large invariant mass, large emission angle and large transverse
momentum, respectively.

The Herwig algorithm makes angular ordering a direct part of the evo-
lution process, and thereby correctly (in an azimuthal-angle-averaged sense)
takes into account coherence effects in the emission of soft gluons [16]. Branch-
ings are not ordered in hardness: often the first emission is that of a soft gluon
at wide angles. The algorithm does not populate the full phase space but
leaves a ‘dead zone’ in the hard three-jet region, that has to be filled up sep-
arately [17]. The kinematics of a shower is only constructed at the very end,
after all emissions have been considered.

The Pythia algorithm is chosen such that the shower variables closely
match the standard three-jet phase space in e+e− → qqg, and such that the
shower slightly overpopulates the hard three-jet region, so that a simple re-
jection step can be used to obtain a smooth merging of all relevant first-order
gluon-emission matrix elements with the shower description [11]. The mass-
ordering of emissions is one possible definition of hardness-ordering. The main
limitation of the algorithm is that it does not automatically include coherence
effects. Therefore angular ordering is imposed by an additional veto, but then
cuts away a bit too much of the soft-gluon phase space [18]. The kinematics of
a branching is not constructed until the daughters have been evolved in their
turn, so that their virtualities are also known.

The Ariadne algorithm differs from the above two in that it is formulated
in terms of dipoles, consisting of parton pairs, rather than in terms of individual
partons. The two partons that make up a dipole may then collectively emit a
gluon, causing the dipole to split in two. Thus the basic process is that of one
dipole branching into two dipoles, rather than of one parton branching into two
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partons. Emissions are ordered in terms of a decreasing transverse momentum,
which automatically includes coherence effects [13], and also is a good measure
of hardness. Kinematics can be constructed, in a Lorentz invariant fashion,
immediately after each branching, with individual partons kept on mass shell
at each stage. This makes it easy to stop and restart the shower at some
intermediate p⊥ scale. The implementation of an (L)CKKW-style matching
of matrix elements with parton showers [19] is therefore simplified, and in
particular Sudakov factors can be generated dynamically to take into account
the full kinematics of the branching history. A disadvantage is that g → qq
branchings do not fit naturally into a dipole framework, since they cannot be
viewed as one dipole branching into two.

In experimental tests, e.g. compared with LEP data [21], the three final-
state algorithms all offer acceptable descriptions. If Herwig tends to fare the
worst, it could partly reflect differences in the hadronization descriptions, where
the Herwig cluster approach is more simplistic than the Pythia string one,
also used by Ariadne. Among the latter two, Ariadne tends to do somewhat
better.

The above three programs also can be used for initial-state showers. For
Herwig the evolution variable is again angular-defined, and for Pythia now
Q2 = −m2. Both programs make use of backwards evolution, as described
above.

By contrast, the Ariadne approach defines radiating dipoles spanned be-
tween the remnants and the hard scattering [23], and thereby cannot easily be
related to the standard DGLAP formalism. Ldcmc is a more sophisticated
approach [24], based on forward evolution and unintegrated parton densities,
and equivalent to the CCFM equations [25].

2.3 The new approach

In this article we wish to modify/replace the existing Pythia shower routines
so that emissions are ordered in p2

⊥ rather than in Q2 = ±m2, and also include
some of the good points of the dipole approach within the shower formalism.
Specifically we

• retain the shower language of one parton branching into two, such that g →
qq appears on equal footing with other branchings,

• make use of a simplified p2
⊥ as evolution variable, picked such that the trans-

lation p2
⊥ ↔ ±m2 is trivial, thereby preserving all the sophistication of the

existing matrix-element-merging,

• construct a preliminary kinematics directly after each branching, with cur-
rently unevolved partons explicitly on mass shell,

• define a recoil partner, ‘recoiler’, for each branching parton, ‘radiator’, to
keep the total energy and momentum of the radiator+recoiler ‘dipole’ pre-
served whenever a parton previously put on mass shell is assigned a virtuality,



266 Transverse-Momentum-Ordered Showers and Interleaved ...

and

• ensure that the algorithms can be stopped and restarted at any given in-
termediate p⊥ scale without any change of the final result, so that they
can be used for interleaving showers and multiple interactions (and also for
(L)CKKW-style matching, although this will not be made use of here).

Transverse momentum definitions

So far, we have used p⊥ to denote a general kind of ‘transverse momentum’,
without specifying further the details of which momentum we are talking about
and which direction it is transverse to. It is now our purpose to specify more
closely which precise definition(s) we have in mind, and to give a comparison
to some other commonly encountered p⊥ definitions.

To specify a p⊥ suitable for a branching a → bc, consider lightcone kine-
matics, p± = E ± pz, for which p+p− = m2

⊥ = m2 + p2
⊥. For a moving along

the +z axis, with p+
b = zp+

a and p+
c = (1 − z)p+

a , p− conservation then gives

m2
a =

m2
b + p2

⊥
z

+
m2
c + p2

⊥
1 − z

(8)

or equivalently

p2
⊥ = z(1− z)m2

a − (1 − z)m2
b − zm2

c = p2
⊥LC . (9)

For a timelike branching Q2 = m2
a and mb = mc = 0, so then p2

⊥LC = z(1 −
z)Q2. For a spacelike branching Q2 = −m2

b and ma = mc = 0, so instead
p2
⊥LC = (1−z)Q2. We use these relations to define abstract evolution variables
p2
⊥evol = z(1 − z)Q2 or = (1 − z)Q2, in which to order the sequence of shower

emissions.
However, this is not the z definition we will use to construct the kinematics

of the branchings. For this, we interpret z to give the energy sharing between
the daughters, in the rest frame of the radiator+recoiler system, Eb = zEa
and Ec = (1 − z)Ea. The latter z interpretation gives nice Lorentz invari-
ance properties — energies in this frame are easily related to invariant masses,
2Ei/mijk = 1−m2

jk/m
2
ijk for the ijk three-parton configuration after the radi-

ation — but gives more cumbersome kinematics relations, specifically for p⊥.
This is the reason we use the lightcone relations to define the evolution variable
while we use the energy definition of z to construct the actual kinematics of
the branchings.

The deliberate choice of maintaining this dichotomy can be better under-
stood by examining a few different p⊥ definitions in common use, in particular
those in clustering algorithms. To this end consider first the situation depicted
in Fig. 3a: With the two particles massless, so that E1 = |p1| and E2 = |p2|,
the momentum transverse to the vector sum p1 + p2, which would correspond
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Figure 3: (a) Schematic figure of the clustering of two particles. (b) A topology
with a large θ12 but a small p⊥1,2.

to the momentum of an imagined mother, is

p⊥ =
|p1 × p2|
|p1 + p2|

=
E1E2 sin θ12

√

E2
1 +E2

2 + 2E1E2 cos θ12
= p⊥1,2 . (10)

There is one troubling feature of this p⊥1,2: not only does it vanish when
the opening angle θ12 goes to zero, but it also vanishes for θ12 → π (unless
E1 ≡ E2). Physically it is clear what is happening in this limit: the parton
with larger energy is going along the p1 +p2 direction and the one with smaller
energy is just opposite to it, Fig. 3b. In a clustering algorithm, where the idea
is to combine ‘nearby’ particles, a measure with such a behaviour clearly is un-
desirable. Even when the starting point would be to have a p⊥-related measure
for small θ12, we would prefer to have this measure increase monotonically for
increasing θ12, given fix E1 and E2, and behave a bit more like the invariant
mass at large angles. Therefore, in the Luclus algorithm [26], the replacements
sin θ12 → 2 sin(θ12/2) and |p1 + p2| → E1 +E2 are performed, so that

p⊥ =
|p1 × p2|
|p1 + p2|

→ E1E22 sin(θ12/2)

E1 +E2
= p⊥L . (11)

But, since sin2(θ12/2) = (1 − cos θ12)/2, it also follows that

p2
⊥L =

E1

E1 +E2

E2

E1 +E2
2E1E2(1 − cos θ12) ' z(1 − z)m2 = p2

⊥evol , (12)

given our z definition in the shower as being one of energy sharing.
The p⊥L and p⊥evol are not completely equivalent: for the shower algo-

rithm to be Lorentz invariant it is essential that the energies in the z definition
are defined in the radiator+recoiler rest frame, whereas the Luclus algorithm
normally would be applied in the rest frame of the event as a whole. Neverthe-
less, we gain some understanding why the choice of p2

⊥evol as evolution variable
actually may be more physically meaningful than p2

⊥1,2. Specifically, for the
emission of a gluon off a qq dipole, say, we retain the subdivision of radiation
from the mass-ordered algorithm, roughly in proportions 1/m2

qg : 1/m2
qg for

q → qg : q → qg. With the p2
⊥1,2 measure, q radiation close to the q would not
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be disfavoured, since also θ12 → π would be classified as a collinear emission
region.

The Durham clustering algorithm [27] is intended to represent the trans-
verse momentum of the lower-energy parton relative to the direction of the
higher-energy one, but again modified to give a sensible behaviour at large
angles:

p⊥rel = min(E1, E2) sin θ12 → min(E1, E2) 2 sin(θ12/2) = p⊥D (13)

Thereby it follows that

(p⊥evol ') p⊥L =
max(E1, E2)

E1 +E2
p⊥D (14)

so the two p⊥ measures never disagree by more than a factor of two, and
coincide in the soft-gluon limit.

In the Ariadne dipole emission approach, finally, the p⊥ is defined as the
momentum of the emitted parton relative to the axis of the emitting partons
[15]. For the emission of a soft parton 3 from the 1 and 2 recoiling parton
dipole one can then derive

p2
⊥A =

m2
13m

2
23

m2
123

. (15)

When the m2 = m2
13 → 0 limit is considered, this corresponds to p2

⊥A ≈
(1− z)m2, rather than the p2

⊥L ≈ z(1− z)m2. That is, for the soft-gluon limit
z → 1 the two measures agree, while they disagree in the hard-gluon limit
z → 0: p2

⊥A ≈ m2 � zm2 ≈ p2
⊥L. It is not clear whether this difference by

itself would have any visible consequences, but it illustrates that the meaning
of ‘p⊥-ordered emission’ is not uniquely defined.

The new algorithms

Taking into account the above considerations, the basic strategy of the algo-
rithms therefore can be summarized as follows:

1. Define the evolution variable p2
⊥evol,

FSR : p2
⊥evol = z(1 − z)Q2 , (16)

ISR : p2
⊥evol = (1 − z)Q2 . (17)

2. Evolve all radiators downwards in p2
⊥evol, from a p2

⊥max defined either by the
hard process or by the preceding shower branching, to find trial branchings
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according to the respective evolution equation,

FSR : dPa =
dp2

⊥evol

p2
⊥evol

αs(p
2
⊥evol)

2π
Pa→bc(z) dz Pno

a (p2
⊥max, p

2
⊥evol) , (18)

ISR : dPb =
dp2

⊥evol

p2
⊥evol

αs(p
2
⊥evol)

2π

x′fa(x′, p2
⊥evol)

xfb(x, p2
⊥evol)

Pa→bc(z) dz ×

Pno
b (x, p2

⊥max, p
2
⊥evol) . (19)

Note that we have chosen p2
⊥evol as scale both for parton densities and αs [28].

The Sudakov form factors are, as before, obtained by exponentiation of the
respective real-emission expressions.

3. Select the radiator+recoiler set with the largest trial p2
⊥evol to undergo the

next actual branching.

4. For this branching, use the picked p2
⊥evol and z values to derive the virtuality

Q2,

FSR : m2
a = Q2 =

p2
⊥evol

z(1− z)
, (20)

ISR : −m2
b = Q2 =

p2
⊥evol

1 − z
. (21)

5. Construct kinematics based on Q2 and z
a) in the radiator+recoiler rest frame,
b) defining z in terms of energy fractions, or equivalently mass ratios,
c) assuming that yet unbranched partons are on-shell and that the current
two ‘earliest’ ISR partons are massless, and
d) shuffling energy–momentum from the recoiler as required.

6. Iterate towards lower p2
⊥evol until no further branchings are found above the

lower cutoff scale p2
⊥min.

We now proceed to fill in the details for the respective algorithms.

2.4 Timelike showers

The basic formalism

At each step of the evolution there is a set of partons that are candidates for fur-
ther branching. Each such radiator defines dipoles together with one or several
recoiler partons. Normally these recoilers are defined as the parton carrying the
anticolour of the radiator, where colour indices in a cascade are traced in the
NC → ∞ limit. A gluon, with both a colour and an anticolour index, thus has
two partners, and the nominal emission rate is split evenly between these two.
Since the kinematics constraints in the two radiator+recoiler dipoles normally
will be different, the actual emission probabilities will not agree, however.
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To illustrate, consider e+e− → γ∗/Z0 → qqg, where one gluon has already
been radiated. The quark is then a radiator, with the gluon as recoiler, but also
the gluon is a radiator with the quark as recoiler. Similarly for the antiquark–
gluon pair. There is no colour dipole directly between the quark and the
antiquark. On the other hand, we may also allow photon emission via the
shower branching q → qγ, similarly to q → qg, and for such branchings indeed
the quark and the antiquark are each other’s recoilers, while the uncharged
gluon is not involved at all. In total, this configuration thus corresponds to
six possible radiator+recoiler sets. Each of these are to be evolved downwards
from the p2

⊥evol scale of the first gluon emission, and the one with largest new
p2
⊥evol is chosen as the next evolution step to be realized. Thereafter the whole

procedure is iterated, to produce one common sequence of branchings with
p⊥max > p⊥1 > p⊥2 > . . . > p⊥min.

A special case is where a narrow coloured resonance is concerned, as for
instance in top decay to bW+. Here, gluon emissions with energies above the
width of the top should not change the top mass. They are constrained inside
the top system. (In fact, when b → bg, the other end of the colour dipole is
rather defined by the decaying top itself.) Technically, the W+ may then be
chosen as the recoiler to the b, to ensure that the top mass remains unchanged.
In this case all radiation is off the b, i.e. the system only contains one gluon
radiator, and this is enough to reproduce the desired rate [11].

Once a recoiler has been assigned, the kinematics of a branching is suitably
defined in the rest frame of the radiator+recoiler system, with the radiator
a (recoiler r) rotated to move out along the +z (−z) axis. Then one may
define m2

ar = (pa + pr)
2. For massless partons, the introduction of an off-shell

Q2 = m2
a = p2

⊥evol/z(1 − z) increases Ea from mar/2 to (m2
ar + Q2)/2mar,

with Er reduced by the same amount. The two daughters share the energy
according to Eb = zEa and Ec = (1 − z)Ea. With the modified a still along
the +z axis, the transverse momentum of the two daughters then becomes

p2
⊥b,c =

z(1 − z)(m2
ar +Q2)2 −m2

arQ
2

(m2
ar −Q2)2

Q2 ≤ z(1 − z)Q2 = p2
⊥evol . (22)

The kinematics can now be completed, rotating and boosting the two daughters
and the modified recoiler back to the original frame.

Note that p2
⊥b,c and p2

⊥evol always coincide for z = 1/2, and agree well

over an increasing z range as Q2/m2
ar → 0. We have already explained why

p2
⊥evol is a better evolution variable than p2

⊥b,c. In addition, there are technical

advantages: had evolution been performed in p2
⊥b,c, the extraction of a Q2 from

p2
⊥b,c would require solving a third-degree equation, which would be messy and

possibly give several solutions. The allowed z range would also be nontrivially
defined. As it is now, the requirement Q2 < m2

ar easily leads to a range
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zmin < z < zmax for p2
⊥evol, with

zmin,max =
1

2

(

1 ∓
√

1 − p2
⊥evol

m2
ar

)

. (23)

Once a trial p2
⊥evol and z has been picked, and thereby Q2 is known, an accept-

able solution has to be in the smaller range

zmin,max =
1

2

(

1 ∓ m2
ar −Q2

m2
ar +Q2

)

(24)

for p2
⊥b,c > 0 to be valid.

It is the choice of a dipole-style phase space in conjunction with p2
⊥ as

evolution variable that ensures the angular ordering required for coherence
[13, 18].

Further details

(i) The colour topology of an event needs to be updated after each branching,
so as to define possible recoilers for the next step of the evolution, and also
for the subsequent hadronization. Most of this is trivial, since we work in the
NC → ∞ limit: for q → qg the original quark colour is inherited by the gluon
and a new colour dipole is created between the two daughters, while for g → qq
the (anti)quark takes the gluon (anti)colour. Somewhat more tricky is g → gg,
where two inequivalent possibilities exist. We here use the rewriting of the
splitting kernel [14], (1−z(1−z))2/z(1−z) = (1+z3)/(1−z)+(1+(1−z)3)/z '
2(1 + z3)/(1 − z), to associate a 1 − z picked according to the right-hand side
with the energy fraction of the ‘radiated’ gluon that carries away the ‘radiating’
(anti)colour of the original gluon.
(ii) The above p⊥ equations have been written for the case of massless par-
tons. It is straightforward to generalize to massive partons, however, starting
from the formalism presented in ref. [11]. There it was shown that the natural
variable for mass-ordered evolution of a parton a with on-shell mass ma,0 is
Q2 = m2

a−m2
a,0, since this reproduces relevant propagators. Now the general-

ization is
p2
⊥evol = z(1− z)(m2

a −m2
a,0) . (25)

Furthermore, in the handling of kinematics, the z variable is reinterpreted to
take into account masses [11].
(iii) Whether radiation off massive or massless partons is considered, matrix-
element expressions are available for the one-gluon emission corrections in a→
bc decays in the standard model and its minimal supersymmetric extension,
say γ∗/Z0 → qq or g̃ → q̃q [11]. Since the shower overpopulates phase space
relative to these expressions, a simple veto step can be used to smoothly merge
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a matrix-element behaviour for hard non-collinear emissions with the shower
picture for soft and collinear ones. When the b + c system radiates repeatedly,
the matrix-element corrections are applied to the system at the successively
reduced energy. This ensures that a good account is given of the reduced
radiation in the collinear region by mass effects. For g → qq branchings,
mass effects and subsequent gluon emissions off the quarks are given the same
corrections as for γ∗ → qq branchings, i.e. disregarding the difference in colour
structure.

(iv) Azimuthal ϕ angles are selected isotropically in q → qg branchings, but
nonisotropically for g → gg and g → qq to take into account gluon polarization
effects [29]. Anisotropies from coherence conditions are not included explicitly,
since some of that is implicitly generated by the dipole kinematics.

(v) We use a first-order αs(p
2
⊥) = 12π/((33−2nf) ln(p2

⊥/Λ
2
(nf )), matched at the

mc and mb mass thresholds, where default is mc = 1.5 GeV and mb = 4.8 GeV.

Algorithm tests

Ultimately, the usefulness of a shower algorithm is gauged by its ability to
describe data. Obviously, we have checked that the results of the new routine
qualitatively agree with the old program, which is known to describe data
reasonably well. A more detailed study has been performed by G. Rudolph [30],
who has compared our algorithm with ALEPH data at the Z0 peak [21]. A tune
to a set of event shapes and particle spectra gives a total χ2 that is roughly 2/3
of the corresponding value for the old mass-ordered evolution, i.e. a marked
improvement. Of the distributions considered, the only one that does not give
a decent description is the single-particle p⊥out spectrum, i.e. the transverse
momentum out of the event plane, in the region p⊥out > 0.7 GeV. This is
a common problem for showering algorithms, and in fact was even bigger in
the mass-ordered one. With the exception of this region, the χ2 per degree of
freedom comes down to the order of unity, if one to the experimental statistical
and systematical errors in quadrature adds an extra term of 1% of the value
in each point. That is, it appears plausible that the overall quality of the
algorithm is at the 1% level for most observables at the Z0 peak.

Some of the tuned values have changed relative to the old algorithm. Specifi-
cally the first-order five-flavour Λ is roughly halved to 0.140 GeV, and the cutoff
parameter is reduced from mmin ≈ 1.6 GeV to 2p⊥min ≈ 0.6 GeV. The former
represents a real enough difference in the capability of the algorithms to popu-
late the hard-emission region, while the latter is less easily interpreted and less
crucial, since it deals with how best to match perturbative and nonperturbative
physics, that is largely compensated by retuned hadronization parameters.
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2.5 Spacelike showers

The basic formalism

At any resolution scale p2
⊥evol = (1 − z)Q2 the ISR algorithm will identify two

initial partons, one from each incoming hadron, that are the mothers of the
respective incoming cascade to the hard interaction. When the resolution scale
is reduced, using backwards evolution according to eq. (19), either of these two
partons may turn out to be the daughter b of a previous branching a → bc.
The (currently resolved) parton r on the other side of the event takes on the
role of recoiler, needed for consistent reconstruction of the kinematics when the
parton b previously considered massless now is assigned a spacelike virtuality
m2
b = −Q2. This redefinition should be performed in such a way that the

invariant mass of the b + r system is unchanged, since this mass corresponds
to the set of outgoing partons already defined by the hard scattering and by
partons emitted in previously considered branchings. The system will have to
be rotated and boosted as a whole, however, to take into account that b not
only acquires a virtuality but also a transverse momentum; if previously b was
assumed to move along the event axis, now it is a that should do so.

At any step of the cascade, the massless mothers suitably should have four-
momenta given by pi = xi (

√
s/2) (1; 0, 0,±1) in the rest frame of the two

incoming beam particles, so that ŝ = x1x2s. If this relation is to be preserved
in the a → bc branching, the z = xb/xa should fulfil z = m2

br/m
2
ar = (pb +

pr)
2/(pa + pr)

2. As we have already noted, z definitions in terms of squared
mass ratios are easily related to energy sharing in the rest frame of the process.
This is illustrated by explicit construction of the kinematics in the a + r rest
frame, assuming a moving along the +z axis and c massless:

pa,r =
mar

2
(1; 0, 0,±1) , (26)

pb =

(

mar

2
z;

√

(1 − z)Q2 − Q4

m2
ar

, 0,
mar

2

(

z +
2Q2

m2
ar

))

, (27)

pc =

(

mar

2
(1 − z);−

√

(1 − z)Q2 − Q4

m2
ar

, 0,
mar

2

(

1 − z − 2Q2

m2
ar

))

.(28)

For simplicity we have here put the azimuthal angle ϕ = 0.
Note that

p2
⊥b,c = (1 − z)Q2 − Q4

m2
ar

< (1 − z)Q2 = p2
⊥evol . (29)

For small Q2 values the two measures p2
⊥b,c and p2

⊥evol agree well, but with

increasing Q2 the p2
⊥b,c will eventually turn over and decrease again (for fixed z

and mar). Simple inspection shows that the maximum p2
⊥b,c occurs for p‖c = 0
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and that the decreasing p2
⊥b,c corresponds to increasingly negative p‖c. The

drop of p2
⊥b,c thus is deceptive, and does not correspond to our intuitive picture

of time ordering. Like for the FSR algorithm, p2
⊥evol therefore makes more

sense than p2
⊥b,c as evolution variable, in spite of it not always having as simple

a kinematics interpretation. One should note, however, that emissions with
negative p‖c are more likely to come from radiation off the other incoming
parton, where it is collinearly enhanced, so in practice the region of decreasing
p2
⊥b,c is not so important.

The allowed range zmin < z < zmax is from below constrained by xa =
xb/z < 1, i.e. zmin = xb, and from above by p2

⊥b,c > 0, which gives

zmax = 1 − p⊥evol

mbr

(√

1 +
p2
⊥evol

4m2
br

− p⊥evol

2mbr

)

. (30)

When the a→ bc kinematics is constructed, the above equations for pa,b,c,r
are not sufficient. One also needs to boost and rotate all the partons produced
by the incoming b and r partons. The full procedure then reads

1. Go to the b+ r rest frame, with pb,r = (mbr/2) (1; 0, 0,±1).

2. Rotate by a randomly selected azimuthal angle −ϕ.

3. Put the b off mass shell, Q2 = −m2
b = p2

⊥evol/(1 − z), while preserving
the total b+ r four-momentum, i.e. pb,r = ((m2

br ∓Q2)/2mbr; 0, 0,±(m2
br +

Q2)/2mbr).

4. Construct the massless incoming pa in this frame, and the outgoing c, from
the requirements (pa + pr)

2 = m2
br/z and p2

c = (pa − pb)
2 = m2

c(= 0), and
with transverse momentum in the x direction [4].

5. Boost everything to the a+ r rest frame, and thereafter rotate in θ to have
a moving along the +z axis.

6. Finally rotate +ϕ in azimuth, with the same ϕ is in point 2. This gives c a
random ϕ distribution, while preserving the ϕ values of the b+ r daughters,
up to recoil effects.

Apart from the change of evolution variable, the major difference relative
to the old algorithm [4] is that kinematics is now constructed with the recoiler
assumed massless, rather than only after it has been assigned a virtuality as
well.

Currently a smooth merging with first-order matrix elements is only avail-
able for the production of γ∗/Z0/W± [31] and gg → H0 (in the infinitely-
heavy-top-mass limit). It turns out that the shower actually does a reasonable
job of describing radiation also harder than the mass scale of the electroweak
production process, i.e. the matrix-element reweighting factors are everywhere
of the order of unity. Unless there are reasons to the contrary, for non-QCD
processes it therefore makes sense to start the shower from a p⊥max =

√
s/2.

For a normal QCD process this would lead to doublecounting, since the shower
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emissions could be harder than the original hard process, but this risk does not
exist for particles like the Z0, which are not produced in the shower anyway.

Mass corrections

Quark mass effects are seldom crucial for ISR: nothing heavier than charm
and bottom need be considered as beam constituents, unlike the multitude of
new massive particles one could imagine for FSR. Here the mass effects are
less trivial to handle, however, since we may get stuck in impossible corners of
phase space.

To illustrate this, consider g → QQ, where we let Q denote a generic heavy
quark, charm or bottom. Then requiring the lightcone p2

⊥LC = (1 − z)Q2 −
zm2

Q > 0, eq. (9) with ma = 0, mc = mQ and Q2 = −m2
b , implies z <

Q2/(Q2 +m2
Q). Since xa = xb/z < 1 it follows that the Q parton density must

vanish for x > Q2/(Q2 +m2
Q). Many parton density parameterizations assume

vanishing Q density below Q2 = m2
Q and massless evolution above it, and so

do not obey the above constraint.
Actually, with our energy-sharing z definition, now slightly modified but

still preserving z = m2
br/m

2
ar, eq. (29) is generalized to

p2
⊥b,c = (1 − z)Q2 − Q4

m2
ar

−m2
Q

(

z +
Q2

m2
ar

)

= Q2 − z
(Q2 +m2

Q)(m2
br +Q2)

m2
br

.

(31)
which implies the somewhat tighter constraint

xb < z <
Q2

Q2 +m2
Q

m2
br

m2
br +Q2

. (32)

For the backwards evolution of g → QQ, the evolution variable is chosen to
be

p2
⊥evol = (1 − z)(Q2 +m2

Q) = m2
Q + p2

⊥LC , (33)

such that a threshold set at p2
⊥evol = m2

Q corresponds to p2
⊥LC → 0. Thereby,

the evolution scale p2
⊥evol may be used as argument for αs and for parton

densities, while the physical p⊥ will still populate the full phase space.
Writing the upper limit in terms of the evolution variable p2

⊥evol rather than
Q2, one obtains the analogue of eq. (30),

zmax = 1 − p⊥evol

mbr

1

1 − m2
Q

m2
br

(

1 +
m2

br

p2
⊥evol

)





√

1 +
p2
⊥evol −m2

Q

4m2
br

−

p⊥evol

2mbr

(

1 +
m2

Q

p2
⊥evol

))

. (34)
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This expression would be rather cumbersome to deal with in practice, but is
bounded from above,

zmax <
mbr(mbr −mQ)

m2
br +mQmbr −m2

Q

, (35)

which we make use of in the evolution.
Should a hard-scattering configuration be inconsistent with these con-

straints, it is rejected as unphysical. Should the shower end up in such a re-
gion during the backwards evolution, a new shower is generated. Even when no
such disasters occur, the fact that the physically allowed z range is smaller than
what has been assumed in standard parton density parameterizations implies
that more heavy quarks can survive to the near-threshold region than ought to
be the case. This could be amended by an ad hoc compensating weight factor
in the splitting kernel, but currently we have not studied this further.

Another technical problem is that, when performing the backwards evolu-
tion, eq. (19), one needs to estimate from above the ratio of parton densities,
in order for the veto algorithm to be applicable [6]. Normally, densities fall off
with x (the exception being valence quarks, for which some extra consideration
is required) and have a modest scale dependence, so that

x′fa(x′, p2
⊥evol)

xfb(x, p2
⊥evol)

<
xfa(x, p

2
⊥evol)

xfb(x, p2
⊥evol)

' xfa(x, p
2
⊥max)

xfb(x, p2
⊥max)

. (36)

Now, however, the denominator fb = fQ vanishes for p2
⊥evol → m2

Q, and so

does not obey the above relation. Given that fQ(x,Q2) increases roughly like
ln(Q2/m2

Q), a reasonable alternative approximation is

x′fg(x′, p2
⊥evol)

xfQ(x, p2
⊥evol)

<
xfg(x, p

2
⊥evol)

xfQ(x, p2
⊥evol)

'
ln(p2

⊥max/m
2
Q)

ln(p2
⊥evol/m

2
Q)

xfg(x, p
2
⊥max)

xfQ(x, p2
⊥max)

. (37)

The 1/ ln(p2
⊥evol/m

2
Q) prefactor can be incorporated into the choice of the next

trial emission, so that steps taken in p2
⊥evol get shorter and shorter as the

threshold is approached, until a valid branching is found.
Finally, the g → QQ splitting function should be modified. The appro-

priate expressions may be identified by considering the collinear limit of rel-
evant matrix elements. Neglecting overall factors, g → QQ is equivalent to
γ → µ+µ− with massive muons. Considering the t → 0 limit of processes
such as γνµ → µ−W+ and γµ− → µ−H0, and letting m2

µ/m
2
W,H → 0, we thus

obtain:

Pg→QQ(z) =
1

2

(

z2 + (1 − z)2 + 2z(1− z)
m2

Q

p2
⊥evol

)

, (38)

which approaches a flat 1/2 for p2
⊥evol → m2

Q.
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Since g → QQ and Q → Qg compete in the backwards evolution of a
heavy quark, the p2

⊥evol = (1 − z)(Q2 +m2
Q) of eq. (33) is used also here. The

kinematics interpretation is now slightly different, however. The branching Q
is forced to be massless, so the kinematics is in this case identical to that of a
light-quark q → qg branching. However, since the massive p2

⊥evol is different
from the massless one, the z limit expressed in terms of p2

⊥evol also becomes
different from eq. (30):

zmax = 1 − p⊥evol

mbr

1

1 − m2
Q

m2
br






√
√
√
√1 +

p2
⊥evol

4m2
br

(

1 −
m2

Q

p2
⊥evol

)2

−

p⊥evol

2mbr

(

1 +
m2

Q

p2
⊥evol

))

. (39)

As before, also the splitting kernel receives a mass correction. For Q → Qg,
this may be obtained by considering the equivalent processes µ−ν̄µ → γW−

and µ+µ− → γH0 in the same limits as above, yielding:

PQ→Qg(z) =
4

3

(

1 + z2

1 − z
− 2z(1− z)

m2
Q

p2
⊥evol

)

, (40)

i.e. the mass correction here has the same form but the opposite sign as for
g → QQ.

Finally, in the branching Q → gQ, a gluon is emitted by a heavy quark,
which in its turn must come from a g → QQ branching. Thus both the Q and Q
must be put on the mass shell, which implies significant kinematical constraints.
The process is rare, however, and currently we have not considered it further.

Algorithm tests

While a FSR algorithm can be tested in e+e− annihilation events, where only
hadronization need be considered in addition, the busier environment in hadron
colliders makes ISR algorithms more complicated to test. One of the few clean
measurements is provided by the p⊥ spectrum of Z0 bosons. This quantity has
been studied for the new algorithm (without the inclusion of incoming heavy
flavours) [32], with the conclusion that it there does at least as well as the
old Pythia algorithm. This is not surprising since the two are not so very
different, apart from the Q2 vs. p2

⊥ ordering issue.

Actually, below and around the dσ/dp⊥Z peak, at p⊥Z ≈ 4 GeV at the
Tevatron, a difference would have been welcome, since the old algorithm re-
quires an uncomfortably large primordial k⊥ of around 2 GeV to provide a
decent fit. Unfortunately the new requires about the same. The number can
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be reduced by using a larger Λ in the algorithms than that of the parton den-
sities. Such a procedure can be motivated by noting that the actual evolution
in a generator contains various kinematical and dynamical suppressions not
found in the leading-log parton evolution equations [32]. A fit to the whole
dσ/dp⊥Z spectrum in the peak region does not favour significant reductions of
the primordial k⊥, however. This might be viewed as indications for the need
of physics beyond standard DGLAP [22].

2.6 Combining spacelike and timelike showers

The separation of ISR and FSR is not unambiguous: it is possible to shuffle
contributions between the two, i.e. take fewer but longer steps in rapidity for
the ISR and compensate that by more extensive FSR radiation off those ISR
partons that are emitted [24]. In part, compensation mechanisms of this kind
automatically occur: if ISR partons are more widely spaced then the colour
dipoles spanned between them become larger and thereby the FSR is increased,
at least to some extent.

We defer further studies of the optimal balance between the two, and for
now pick a simple strategy:

• The initial-state shower is first handled in full. This provides a set of final-
state partons, from the hard interactions and from the c partons of all a→ bc
branchings in the ISR chains.

• Each final-state parton is associated with a p⊥ scale at which it was formed,
either the hard-scattering scale or the p⊥evol of the ISR evolution.

• Each coloured final-state parton is also connected to other final-state partons
to form colour dipoles. Normally these dipole partners would also act as
recoilers. Top decay has been mentioned as one example where this would
not be the case, but such decays can be considered separately from the
production processes studied here, and before the tops decay they can act
both as radiators and recoilers. When a colour-singlet particle like the Z0

is produced, there is a freedom to admit this as a recoiler, to the hardest
parton emitted on either side of it, or to let those two partons act as each
other’s recoilers, just like they are colour-connected. For now we choose the
latter strategy.

• The lowest-p⊥evol parton emitted on either side of the event is colour-
connected to the beam remnant. A remnant does not radiate, but can act
as recoiler; since the momentum transfer will predominantly be in the lon-
gitudinal direction, it will not give rise to any unphysical p⊥ kicks. The
internal structure of the remnant then has to be resolved beforehand, since
a small radiator+recoiler invariant mass implies a restricted phase space for
emissions. Such a dependence of perturbative physics on nonperturbative
assumptions may be a bit uncomfortable. As an option, we have studied a
scenario without any emissions at all off this radiator+recoiler set. Since the
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affected parton normally is a low-p⊥evol one, and the potential additional ac-
tivity should occur below this already low scale, one would not expect large
differences, and indeed this is confirmed by our studies.

• The issue of what to do with loose colour ends is more important if one
intends to stop and restart the showers (both ISR and FSR) at large p⊥
scales, as in a (L)CKKW-style matching to higher-order matrix-element pro-
grams [19]. We therefore consider two alternatives for the FSR activity off
the dipoles defined by the ISR branchings. In one, each parton of a dipole
radiates with a maximum p⊥ scale set by its production p⊥, phase space con-
straints permitting. In the other, the maximum radiation scale in a dipole
is set by the smaller of the two endpoint parton production p⊥ values, i.e. a
dipole does not radiate above the scale at which it is ‘formed’. Technically,
the latter option offers the possibility to combine ISR and FSR emissions in
one common sequence of decreasing p⊥ values, certainly a boon for matching
procedures. The choice of maximum emission scale is not unique, since the
shower language offers little guidance in the regions where several p⊥ values
are of comparable magnitude. In this case, that would be the emission or not
of a hard FSR parton off the harder of the ISR ones. Practical experience
could tell which is preferable.

• For now, however, all ISR activity is finished before the system is evolved
with the FSR algorithm, downwards in p⊥evol. Initially only the hardest par-
tons can therefore radiate, but as p⊥evol is reduced also more of the partons
from the ISR cascades can radiate, below the respective scale at which they
themselves or their dipole were produced, depending on the option used.

3 Interleaved Multiple Interactions

3.1 Multiple interactions

Our basic framework for multiple interactions is the one presented in ref. [1],
which in turn builds on the work in ref. [2]. We refer the reader to these for
details, and here only provide a very brief summary.

The basic formalism

The cross section for 2 → 2 QCD scatterings is dominated by t-channel gluon
exchange and hence diverges roughly like dp2

⊥/p
4
⊥. Therefore the integrated

interaction cross section above some p⊥min scale, σint(p⊥min), exceeds the total
inelastic nondiffractive cross section σnd when p⊥min → 0. The resolution of
this apparently paradoxical situation probably comes in two steps.

Firstly, the interaction cross section is an inclusive number. Thus, if an
event contains two interactions it counts twice in σint but only once in σnd,
and so on for higher multiplicities. Thereby we may identify 〈n〉(p⊥min) =
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σint(p⊥min)/σnd with the average number of interactions above p⊥min per in-
elastic nondiffractive event, and that number may well be above unity.

As a starting point we will assume that all hadronic collisions are equivalent,
i.e. that there is no dependence on impact parameter, and that the different
parton–parton interactions take place independently of each other, i.e. we dis-
regard energy–momentum conservation effects. The number of interactions
above p⊥min per event is then distributed according to a Poisson distribution
with mean 〈n〉, Pn = 〈n〉n exp(−〈n〉)/n!.

Secondly, the incoming hadrons are colour singlet objects. Therefore, when
the p⊥ of an exchanged gluon is made small and the transverse wavelength
correspondingly large, the gluon can no longer resolve the individual colour
charges, and the effective coupling is decreased. Note that perturbative QCD
calculations are always performed assuming free incoming and outgoing quark
and gluon states, rather than partons inside hadrons, and thus do not address
this kind of nonperturbative screening effects.

The simplest solution to the second issue is to introduce a step function
θ(p⊥−p⊥min), such that the perturbative cross section is assumed to completely
vanish below some p⊥min scale. Given the complexity of the nonperturbative
physics involved, p⊥min cannot be calculated but has to be tuned to data. A
more realistic alternative is to note that the jet cross section is divergent like
α2

s (p
2
⊥)/p4

⊥, and that therefore a factor

α2
s (p

2
⊥0 + p2

⊥)

α2
s (p

2
⊥)

p4
⊥

(p2
⊥0 + p2

⊥)2
(41)

would smoothly regularize the divergences, now with p⊥0 as the free parameter
to be tuned to data. Later we will return to the issue of whether to do a similar
replacement for the scale argument of parton densities.

In an event with several interactions, it is convenient to order them in
p⊥, as already discussed in the introduction. The generation of a sequence√
s/2 > p⊥1 > p⊥2 > . . . > p⊥n > p⊥min now becomes one of determining

p⊥ = p⊥i from a known p⊥i−1, according to the probability distribution

dP
dp⊥

=
1

σnd

dσ

dp⊥
exp

[

−
∫ p⊥i−1

p⊥

1

σnd

dσ

dp′⊥
dp′⊥

]

. (42)

The exponential expression is the ‘form factor’ from the requirement that no
interactions occur between p⊥i−1 and p⊥i, cf. the Sudakov form factor of parton
showers.

More realistically, one should include the possibility that each collision also
could be characterized by a varying impact parameter b. Within the classical
framework we use here, b is to be thought of as a distance of closest approach,
not as the Fourier transform of the momentum transfer. A small b value cor-
responds to a large overlap between the two colliding hadrons, and hence an
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enhanced probability for multiple interactions. A large b, on the other hand,
corresponds to a grazing collision, with a large probability that no parton–
parton interactions at all take place.

Let O(b) denote the time-integrated matter overlap between the two in-
coming hadrons at impact parameter b. The combined selection of b and a set
of scattering p⊥i values can be reduced to a combined choice of b and p⊥1,
according to a generalization of eq. (42)

dP
dp⊥1 d2b

=
O(b)

〈O〉
1

σnd

dσ

dp⊥
exp

[

−O(b)

〈O〉

∫ √
s/2

p⊥

1

σnd

dσ

dp′⊥
dp′⊥

]

. (43)

The subsequent interactions can be generated sequentially in falling p⊥ as be-
fore, with the only difference that dσ/dp2

⊥ now is multiplied by O(b)/〈O〉,
where b is fixed at the value chosen above.

Correlated parton densities

Consider a hadron undergoing multiple interactions in a collision. Such an ob-
ject should be described by multi-parton densities, giving the joint probability
of simultaneously finding n partons with flavours f1, . . . , fn, carrying momen-
tum fractions x1, . . . , xn inside the hadron, when probed by interactions at
scales Q2

1, . . . , Q
2
n, in our case with the association Q2

i = p2
⊥i. Having nowhere

near sufficient experimental information to pin down such distributions, and
wishing to make maximal use of the information that we do have, namely
the standard one-parton-inclusive parton densities, we propose the following
strategy.

The first and most trivial observation is that each interaction i removes a
momentum fraction xi from the hadron remnant. This momentum loss can be
taken into account by assuming a simple scaling ansatz for the parton distribu-
tions, f(x) → f(x/X)/X , where X = 1−∑n

i=1 xi is the momentum remaining
in the beam hadron after the n first interactions. Effectively, the PDF’s are
simply ‘squeezed’ into the range x ∈ [0, X ].

Next, for a given hadron, the valence distribution of flavour f after n in-
teractions, qfvn(x,Q

2), should integrate to the number Nfvn of valence quarks
of flavour f remaining in the hadron remnant. This rule may be enforced by
scaling the original distribution down, by the ratio of remaining to original
valence quarks Nfvn/Nfv0, in addition to the x scaling mentioned above.

Also, when a sea quark is knocked out of a hadron, it must leave behind a
corresponding antisea parton in the beam remnant. We call this a companion
quark. In the perturbative approximation the sea quark qs and its companion
qc come from a gluon branching g → qs+qc (it is implicit that if qs is a quark, qc

is its antiquark). Starting from this perturbative ansatz, and neglecting other
interactions and any subsequent perturbative evolution of the qc, we obtain the
qc distribution from the probability that a sea quark qs, carrying a momentum
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fraction xs, is produced by the branching of a gluon with momentum fraction
y, so that the companion has a momentum fraction x = y − xs,

qc(x;xs) ∝
∫ 1

0

g(y)Pg→qsqc(z) δ(xs − zy) dz =
g(xs + x)

xs + x
Pg→qsqc

(
xs

xs + x

)

,

(44)
with Pg→qsqc the usual DGLAP gluon splitting kernel. A simple ansatz g(x) ∝
(1 − x)n/x is here used for the gluon. Normalizations are fixed so that a sea
quark has exactly one companion.

Without any further change, the reduction of the valence distributions and
the introduction of companion distributions, in the manner described above,
would result in a violation of the total momentum sum rule, that the x-weighted
parton densities should integrate to X : by removing a valence quark from the
parton distributions we also remove a total amount of momentum correspond-
ing to 〈xfv〉, the average momentum fraction carried by a valence quark of
flavour f , and by adding a companion distribution we add an analogously de-
fined momentum fraction. To ensure that the momentum sum rule is still
respected, we assume that the sea and gluon normalizations fluctuate up when
a valence distribution is reduced and down when a companion distribution
is added, by a multiplicative factor. The requirement of a physical x range
is of course still maintained by ‘squeezing’ all distributions into the interval
x ∈ [0, X ].

After the perturbative interactions have taken each their fraction of lon-
gitudinal momentum, the remaining momentum is to be shared between the
beam remnant partons. Here, valence quarks receive an x picked at random
according to a small-Q2 valence-like parton density, while sea quarks must be
companions of one of the initiator quarks, and hence should have an x picked
according to the qc(x;xs) distribution introduced above. In the rare case that
no valence quarks remain and no sea quarks need be added for flavour conser-
vation, the beam remnant is represented by a gluon, carrying all of the beam
remnant longitudinal momentum.

Further aspects of the model include the possible formation of composite
objects in the beam remnants (e.g. diquarks) and the addition of non-zero
primordial k⊥ values to the parton shower initiators. Especially the latter
introduces some complications, to obtain consistent kinematics. More complete
descriptions may be found in [1, 20].

Colour correlations

The initial state of a baryon may be represented by three valence quarks,
connected antisymmetrically in colour via a central junction, which acts as
a switchyard for the colour flow and carries the net baryon number.

The colour-space evolution of this state into the initiator and remnant par-
tons actually found in a given event is not predicted by perturbation the-
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ory, but is crucial in determining how the system hadronizes; in the Lund
string model [8], two colour-connected final-state partons together define a
string piece, which hadronizes by successive non-perturbative breakups along
the string. Thus, the colour flow of an event determines the topology of the
hadronizing strings, and consequently where and how many hadrons will be
produced. The question can essentially be reduced to one of choosing a fic-
titious sequence of gluon emissions off the initial valence topology, since sea
quarks together with their companion partners are associated with parent glu-
ons, by construction.

The simplest solution is to assume that gluons are attached to the initial
quark lines in a random order. If so, the junction of an incoming baryon would
rarely be colour-connected directly to two valence quarks in the beam remnant,
and the initial-state baryon number would be able to migrate to large p⊥ and
small xF values. While such a mechanism should be present, there are reasons
to believe that a purely random attachment exaggerates the migration effects.
Hence a free parameter is introduced to suppress gluon attachments onto colour
lines that lie entirely within the remnant.

This still does not determine the order in which gluons are attached to the
colour line between a valence quark and the junction. We consider a few dif-
ferent possibilities: 1) random, 2) gluons are ordered according to the rapidity
of the hard scattering subsystem they are associated with, and 3) gluons are
ordered so as to give rise to the smallest possible total string lengths in the
final state. The two latter possibilities correspond to a tendency of nature to
minimize the total potential energy of the system, i.e. the string length. Em-
pirically such a tendency among the strings formed by multiple interactions is
supported e.g. by the observed rapid increase of 〈p⊥〉 with ncharged [33]

It appears, however, that a string minimization in the initial state is not
enough, and that also the colours inside the initial-state cascades and hard
interactions may be nontrivially correlated. Currently this is handled by a
reassignment among a fraction of the colours in the final state, chosen so as to
reduce the total string length.

3.2 Multiple interactions and initial-state radiation

Each multiple interaction is associated with its set of initial- and final-state
radiation. We have already argued that, to a good approximation, the addi-
tion of FSR can be deferred until after ISR and MI have been considered in
full. Specifically, FSR does not modify the total amount of energy carried by
perturbatively defined partons, it only redistributes that energy among more
partons. By contrast, both the addition of a further ISR branching and the
addition of a further interaction implies more perturbative energy, taken from
the limited beam-remnants reservoir. These two mechanisms therefore are in
direct competition with each other.
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Figure 4: Parton p⊥ spectra when 2-parton events of a fixed p⊥ = 50 GeV,
for an 1800 GeV pp collider, are modified by a single ISR branching with
p⊥evol = 50 GeV, using CTEQ5L parton distributions and the standard
DGLAP splitting kernels. Owing to p⊥evol 6= p⊥, the parton emitted at the ISR
branching has a tail to p⊥ values well below 50 GeV. However, this spectrum
is comparable with the lower-p⊥ of the two hard-scattering partons, after the
recoil from the ISR has been taken into account, so there is a certain symmetry
if it all is viewed as a 2 → 3 process.

We have advocated for p⊥ as a convenient ordering variable, with smaller
p⊥ values corresponding to ‘later times’. The p⊥ measure used for MI fills a
similar function as the p⊥evol variable used for ISR, such that the two can be
viewed as measuring the same kind of ‘time ordering’. To wit, kinematically
p⊥evol agrees well with the standard p⊥, except in the corner of high virtualities,
where there is little multiple activity anyway. An example of this mapping is
shown in Fig. 4. Further, the generation of a new interaction, eq. (42) (or
its extension to varying impact parameters), can be viewed as an evolution
downwards in a p⊥evol = p⊥, in a similar form-factor formalism as for the
backwards evolution of ISR.

Starting from a hard interaction, a common sequence of subsequent evo-
lution steps — interactions and branchings mixed — can therefore be found.
Assuming that the latest step occurred at some p⊥i−1 scale, this sets the max-
imum p⊥max = p⊥i−1 for the continued evolution. What can happen next is
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then either a new interaction or a new ISR branching on one of the two incom-
ing sides in one of the existing interactions. The probability distribution for
p⊥ = p⊥i is given by

dP
dp⊥

=

(
dPMI

dp⊥
+
∑ dPISR

dp⊥

)

exp

(

−
∫ p⊥i−1

p⊥

(
dPMI

dp′⊥
+
∑ dPISR

dp′⊥

)

dp′⊥

)

(45)
in simplified notation. Technically, the p⊥i can be found by selecting a new
trial interaction according to dPMI exp(−

∫
dPMI), and a trial ISR branching

in each of the possible places according to dPISR exp(−
∫

dPISR). The one of
all of these possibilities that occurs at the largest p⊥ preempts the others, and
is allowed to be realized. The whole process is iterated, until a lower cutoff is
reached, below which no further interactions or branchings are allowed.

If there were no momentum constraints linking the different subsystems,
it is easy to see that such an interleaved evolution actually is equivalent to
considering the ISR of each interaction in full before moving on to the next
interaction. Competition is introduced via the correlated parton densities al-
ready discussed. Thus distributions are squeezed to be nonvanishing in a range
x ∈ [0, X ], where X < 1 represents the fraction of the original beam remnant
momentum still available for an interaction or branching. When a trial n’th
interaction is considered, X = 1 −∑n−1

i=1 xi, where the sum runs over all the
already existing interactions. The xi are the respective momentum fractions of
the ISR shower initiators at the current resolution scale, i.e., an xi is increased
each time an ISR branching is backwards-constructed on an incoming parton
leg. Similarly, the flavour content is modified to take into account the partons
already extracted by the n − 1 previous interactions, including the effects of
ISR branchings. When instead a trial shower branching is considered, the X
sum excludes the interaction under consideration, since this energy is at the
disposal of the interaction, and similarly for the flavour content.

We have already discussed the choice of p⊥max scale for ISR showers, and
that now generalizes. Thus, for minimum-bias QCD events the full phase space
is allowed, while the p⊥ scale of a QCD hard process sets the maximum for
the continued evolution, in order not to doublecount. When the hard process
represents a possibility not present in the MI/ISR machinery — production of
Z0, top, or supersymmetry, say — there is no risk of doublecounting, and again
the full (remaining) phase space is available.

There is also the matter of a lower p⊥min scale. Customarily such scales
are chosen separately for ISR and MI, and typically lower for the former than
the latter. Both cutoffs are related to the resolution of the incoming hadronic
wave function, however, and in the current formalism ISR and MI are inter-
leaved, so it makes sense to use the same regularization procedure. There-
fore also the branching probability is smoothly turned off at a p⊥0 scale, like
for MI, by a factor the square root of eq. (41), since only one vertex is in-
volved in a shower branching relative to the two of a hard process. Thus the
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αs(p
2
⊥evol) dp2

⊥evol/p
2
⊥evol divergence is tamed to αs(p

2
⊥0+p2

⊥evol) dp2
⊥evol/(p

2
⊥0+

p2
⊥evol). The scale of parton densities in ISR and MI alike is maintained at
p2
⊥evol, however, the argument being that the actual evolution of the partonic

content is given by standard DGLAP evolution, and that it is only when this
content is to be resolved that a dampening is to be imposed. This also has the
boon that flavour thresholds appear where they are expected.

The cutoff for FSR still kept separate and lower, since that scale deals with
the matching between perturbative physics and the nonperturbative hadroniza-
tion at long time scales, and so has a somewhat different function.

4 Some First Results

4.1 Simple tunes

In this section, some first tests of the new framework are presented. We com-
pare Tune A [34] of the old multiple interactions scenario [2] and the “Rap”
tune of [1] with three rough ‘tunes’ of the new framework. These preliminary
new tunes all take the parameters of the “Rap” model as a starting point:

• A matter overlap profile proportional to exp(−b1.8), where b is the impact
parameter.

• Rapidity-ordered initial-state colour connections.

• Shower initiator attachments between two partons both in the beam remnant
are suppressed by a factor 0.01 relative to others.

• Only valence quarks are allowed to participate in the formation of diquarks
in the beam remnants, and these diquarks are then assumed to acquire total
x values twice as large as the naive sum of x values of their constituents.

• As for Tune A, the regularization scale p⊥0 is given at a reference cm energy

of 1800 GeV, with an energy rescaling proportional to E
1/4
cm .

These choices have been made for convenience, to keep down the number of
free parameters to be tuned. Very likely, an improved agreement with data can
be obtained by relaxing this, e.g. by varying the matter overlap profile. We
also have indications that the energy dependence of p⊥0 may be smaller than
in Tune A but, since we only show comparisons at 1.8–1.96 TeV, this will be
of no importance here.

In addition, the three new tunes differ in the parameters listed in Table 1,
which also show the resulting average numbers of interactions, and ISR and
FSR branchings for each model in a ‘minimum-bias’ sample of inelastic non-
diffractive events. One may view “High FSR” as our preferred new scenario,
with “Sharp ISR” and “Low FSR” representing two variations, as a check of
the sensitivity to some key assumptions.

The “Sharp ISR” model uses a threshold regularization of the ISR evolution
(at p⊥evol = 1 GeV), similarly to the old models, rather than the smooth
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Model ISR FSR p⊥0

Kind name cutoff scale [GeV] F ′ (F ) 〈nINT〉 〈nISR〉 〈nFSR〉
old Tune A sharp – 2.00 – 5.8 2.0 3.6
” Rap sharp – 2.40 (0.55) 3.6 4.4 5.5

new Sharp ISR sharp radiator 2.70 1.9 1.8 3.9 15.9
” Low FSR smooth lowest 2.30 0.8 2.9 2.2 9.2
” High FSR smooth radiator 2.50 1.3 2.4 1.7 14.0

Table 1: The parameters distinguishing the new tunes, compared to Tune A
and the “Rap” model where meaningful. Also shown are the mean numbers of
interactions, 〈nINT〉 (including the hardest), ISR branchings, 〈nISR〉, and FSR
branchings, 〈nFSR〉, for each model.

dampening, (the square root of) eq. (41), used in the other new tunes. (The
multiple interactions cross sections are regularized by eq. (41) in all cases.) In
addition, both the “High FSR” and the “Sharp ISR” tunes let the maximum
scale for final-state emissions off a given parton be determined by the p⊥evol of
that parton, while for the “Low FSR” tune the scale is given by whichever has
the lowest p⊥evol of the two partons spanning the radiating dipole.

The parameter F ′ controls the strength of colour reconnections in the final
state. Essentially, this is a fudge parameter, required in the new framework
in order to approximately reproduce the effect of the rather extreme param-
eter settings controlling the final-state colour correlations between different
scatterings in Tune A. We still have not penetrated to the details of the under-
lying mechanism here, i.e. why data seem to prefer such an extreme behaviour,
hence the appearance of effective parameters controlling these correlations in
both types of models. F ′ has a slightly different meaning than F of the “Rap”
model, as follows. In [1], the colour reconnections were performed after all the
perturbative activity had been generated, including final-state radiation. In
the new framework, the colour reconnections are performed before the final-
state showers, since a priori we believe it is mostly a lack of correlation in the
initial-state colour flows that we are trying to make up for by this procedure.

The tunes have been produced by adjusting p⊥0 and F ′ so as to simulta-
neously describe the Tune A charged multiplicity and 〈p⊥〉(nch) distributions
as well as possible, since these in turn give good fits to Tevatron data. Results
are shown in Figs. 5 and 6.

While the multiplicity distributions have been brought into fair agreement
with each other, the Tune A 〈p⊥〉(nch) is very difficult to duplicate in the new
framework. This problem was also present for the models presented in [1].
Our interpretation is that this particular distribution is highly sensitive to the
colour correlations, and we have so far been unsuccessful in identifying a physics
mechanism that could explain the rather extreme correlations that are present
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Figure 5: Charged multiplicity distributions, for 1.96 TeV pp minimum-bias
events.
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Figure 7: a) Number of multiple interactions (in addition to the hardest one)
and b) the average number of additional interactions as a function of the p⊥ of
the hardest interaction, both for 1.96 TeV pp minimum-bias events.

in Tune A. Since data seems to be in fair agreement with Tune A here, the
bottom line is that some kind of more or less soft colour correlations working
between the scattering chains is likely to be present, beyond what our primitive
fudge parameters F and F ′ are capable of describing at this point.

4.2 Event activity

We now take a closer look at the relative proportions of the MI, ISR, and
FSR make-up of minimum-bias events, for the models in Table 1. Firstly, the
number of multiple interactions (excluding the hardest) is shown in Fig. 7a, and
the dependence of the average number of extra interactions on the p⊥ of the
hardest interaction in Fig. 7b. The relatively low p⊥0 and slightly more peaked
matter distribution of Tune A gives a tail towards very large multiplicities
which is substantially reduced both in the new models and in the Rap tune.
Surprisingly, the Low FSR scenario lies somewhat below the Rap model, even
though the latter has a higher p⊥0 scale. A sanity check is to switch off ISR
and then compare the four models with the same matter overlap. Without
the ISR evolution competing for phase space, the nMI distribution then looks
as would be expected, with the lower p⊥0 scenario exhibiting the broadest
distribution. Thus, the ISR branchings ‘eat up’ phase space more quickly in the
new framework than before, leaving less room for multiple interactions. This
conclusion is verified in Fig. 8, which compares the distribution of z values for
the first, i.e. hardest, ISR branching in an event. The soft-gluon enhancement
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Figure 8: z distributions for the first ISR branching, z1, in 1.96 TeV pp
minimum-bias events.

of ISR near z = 1 in the old models is absent in the new ones! This comes
from the use of an evolution variable p2

⊥evol = (1 − z)Q2 in the latter ones,
which favours larger 1− z in a branching than an evolution in Q2, cf. the zmax

expression in eq. (30).

In analogy with Fig. 7, the multiplicities of ISR and FSR branchings are
depicted in Figs. 9 and 10, respectively. For ISR as well as for FSR, Tune A
has by far the narrowest distributions, since only the hardest interactions are
associated with parton showers. Concentrating on the ISR distribution, Fig. 9,
again the Rap model exhibits a very broad distribution, together with the Sharp
ISR model. This behaviour is characteristic of the threshold regularization
of the ISR cascade employed in these models, which gives a larger number
of fairly soft emissions than the smoothly regularized models, Low and High
FSR. Also note that the smaller number of branchings in these models partly
is compensated by the larger 〈1 − z〉 for the branchings that do occur.

The large number of FSR branchings, Fig. 10, is related to the use of a
very small cutoff here, of the order of p⊥min = 0.5 GeV, and so it cannot be
compared directly with the MI and ISR multiplicities. The new models clearly
have much broader FSR distributions than both Tune A and the Rap model.
As one would expect from the choice of maximum scale of emission, the Low
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Figure 9: a) Number of ISR branchings and b) the average number of ISR
branchings as a function of the p⊥ of the hardest interaction, both for 1.96 TeV
pp minimum-bias events.
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Figure 10: Number of FSR branchings and b) the average number of FSR
branchings as a function of the p⊥ of the hardest interaction, both for 1.96 TeV
pp minimum-bias events.
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Figure 11: Total p⊥ sum for hadrons in 1.96 TeV pp minimum-bias events.

FSR model is the narrowest of the new models. We also recall that there is a
built-in compensation mechanism: if the number of ISR branchings is reduced
then, other things being the same, this results in fewer but larger dipoles that
therefore can radiate more. Although the old and new shower algorithms do
not allow a straightforward comparison, the difference between Rap and the
new models is at least consistent with such a partial compensation.

Returning now to observable distributions, the fact that less p⊥ is kicked
into events with large multiplicities in the new frameworks, cf. Fig. 6, while the
multiplicity distributions are similar, also implies that there should be fewer
events with large total E⊥ than in Tune A. This is corroborated by Fig. 11,
which shows the scalar sum of hadron p⊥ values in 1.9 TeV pp minimum-bias
events. Both the new models and the Rap model have noticeably fewer events
in the region above ∼ 100 GeV than does Tune A.

In addition, Fig. 12 shows that the pseudorapidity distribution has become
narrower, i.e. the particle production has become more central. The normal-
ization differences are in this context not very interesting, arising from small
differences in the average charged multiplicity of the tunes.

However, these difference do not have a large impact on most other ob-
servables. Thus e.g. the minijet rates and charged hadron p⊥ distributions
in Figs. 13 and 14 are hardly distinguishable between Tune A and the new
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Figure 12: Charged multiplicity as a function of pseudorapidity η in 1.96 TeV
pp minimum-bias events.

models. The minijet E⊥ spectrum, defined by a simple cone algorithm with a
cone radius of R =

√

(∆η)2 + (∆φ)2 = 0.7 and an E⊥min = 5 GeV, which was
slightly softer in the Rap model than in Tune A, has become slightly harder.
On the other hand, the charged hadron p⊥ spectrum, which was slightly harder
in the Rap model than in Tune A, has dropped back down fairly close to the
Tune A level.

4.3 Jet events and profiles

Complementary to the above are studies of events with hard jets and their
properties. As an example of this, we have considered 1.96 TeV pp events
where the hardest 2 → 2 interaction has a p⊥hard > 100 GeV, without any
further requirements. The charged multiplicity distribution of such events is
shown in Fig. 15, and their pseudorapidity distribution in Fig. 16. Given that
the models have been tuned to each other exclusively for a minimum-bias event
sample, the differences are less than could have been expected. We note a clear
difference at mid-rapidities, however, where Tune A shows more activity than
any of the newer scenarios, cf. also Fig. 12. This is likely to be related to the
way strings are connected from the central interactions to the beam remnants.
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Figure 13: Minijet rates, for 1.96 TeV pp minimum-bias events.

The jet multiplicity in these events, obtained by a combination of MI, ISR
and FSR activity, is shown in Fig. 17. The Low FSR scenario stands out
by having significantly less jet activity than any of the other ones, clearly
indicating the impact of the reduced FSR in these events. The other rates
come surprisingly close, given that both the ISR and the FSR algorithms are
quite different between the old and the new scenarios. At high jet multiplicities
the new ones are somewhat above the older ones.

Next we study the properties of the jets produced. Since the two hardest jets
both arise already as a consequence of the hard interaction, they have similar
properties, while further jets are related to the additional activity and thus
internally similar. Therefore only results for the hardest and (when present)
third hardest jet are shown here. The respective jet E⊥ spectra are shown in
Fig. 18. The hardest jet is harder in all the three new scenarios than in the two
old ones, while the third and subsequent ones are more similar. Again, given
the changed ISR and FSR algorithms, the similarities for the third jet are more
surprising than the differences for the first. Notably, the lower jet activity in
the Low FSR scenario is not reflected in a reduced tail out to high-E⊥ third
jets.

The energy flow inside a jet can be plotted as a function of the distance r
away from the center of the jet, or better as a function of r/R. Such profiles
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Figure 14: Charged hadron p⊥ spectra in 1.96 TeV pp minimum-bias events.
The normalization corresponds the total average charged multiplicity.

are shown for the hardest and third jet in Fig. 19. For the hardest jet, again
Low FSR stand out by producing narrower jets, while for the third Rap is even
more narrow. Generally, the differences are small, however.

Turning to charged multiplicity distributions inside jets, the Rap scenario
tends to have the least, and the High FSR and Sharp ISR the most. This is
illustrated in Fig. 20a for the hardest jet, but the same pattern repeats also for
the softer one. Comparing with the total charged multiplicity of these events,
Fig. 15 above, which does not show the same pattern,we conclude that the
balance between activity inside and outside the identified jets differs, possibly
reflecting the amount of softer jet activity.

By contrast, the charged particle number jet profile follows the same pattern
as observed above for the E⊥ profile. That is, Low FSR gives the most narrow
hardest jet, Fig. 20b, while Rap gives the most narrow third jet, not shown.

In summary, differences are smaller than might have been guessed, con-
sidering the changes especially in the ISR and FSR algorithms. Specifically,
with the new algorithms the upper scale p⊥max for ISR and FSR evolution is
unambiguously set by the p⊥hard of the hard interaction, while the older ones
did involve an ambiguous choice of a Q2

max = 4p2
⊥hard, intended roughly to give

p⊥ ordering, but not in the guaranteed sense of the new algorithms.
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Figure 15: Charged multiplicity distribution for 1.96 TeV pp events with
p⊥hard > 100 GeV.
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Figure 16: Pseudorapidity distribution for 1.96 TeV pp events with p⊥hard >
100 GeV.
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Figure 17: Jet multiplicity distribution for 1.96 TeV pp events with p⊥hard >
100 GeV, using a cone clustering algorithm with R = 0.7 and E⊥min = 10 GeV.

4.4 Z0 production

A slightly different test is to study the p⊥ spectrum of high-mass dileptons
coming from the decay of a γ∗/Z0. We can here compare with the CDF p⊥Z

spectrum at 1.8 TeV [35], normalizing the curves to the experimental integrated
cross section, Fig. 21.

Since the high-p⊥Z behaviour is constrained by our use of first-order matrix-
element corrections [31], it is not surprising that differences here are small.
That the three new scenarios are above the two older ones presumably is a
consequence of the different treatment of FSR, which does not at all influence
p⊥Z in the new models, while the p⊥ of an ISR branching is reduced by FSR in
the older ones. This is a degree of freedom that could be studied further when
FSR is interleaved with MI and ISR.

More interesting is the improvement in the low-p⊥ region, similarly to what
has been found earlier [32], in a study of the new ISR algorithm without any
MI. However, note that we in all cases make use of a Gaussian primordial k⊥
with a 2 GeV width (thus deviating from the pure Tune A, where it is kept at
the Pythia default of 1 GeV). The implementation of this k⊥ is more complex
with the new beam-remnant implementation of [1], and e.g. could depend on
the number of multiple interactions, but actually the distributions turn out
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Figure 18: E⊥ spectra for the hardest and third hardest jet in 1.96 TeV pp
events with p⊥hard > 100 GeV.
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Figure 19: The a) hardest and b) third hardest jet E⊥ profile for 1.96 TeV pp
events with p⊥hard > 100 GeV.
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Figure 20: The a) charged multiplicity distribution and b) charged particle
profile of the hardest jet in 1.96 TeV pp events with p⊥hard > 100 GeV.

to be quite similar. The problem therefore remains that this primordial k⊥ is
larger than can physically be well motivated based on purely nonperturbative
physics. We observe that, among the new models, the Sharp ISR could have
been combined with a smaller primordial k⊥ since its peak is shifted towards
too large p⊥Z, while the High FSR and Low FSR (which here only differ by
their p⊥0 values) could have used an even larger primordial k⊥. In part, this
makes sense: with ISR being turned off at larger p⊥ values in the latter models,
it is then also easier to motivate a larger primordial k⊥.

The complete comparison of algorithms is rather complicated, however. The
primordial k⊥ that reaches the hard interaction is diluted by the ISR activity,
and so scales down like the ratio of the x value of the incoming parton at
the hard interaction to that of the initiator, ztot = xin/xinit. This ratio is
approximately the same for the old ISR shower (〈ztot〉 ≈ 0.59) and Sharp ISR
(〈ztot〉 ≈ 0.62), indicating that the fewer ISR branchings and smaller z per
branching in the new algorithm rather well cancel. The smooth turnoff of High
and Low FSR gives less branchings (〈ztot〉 ≈ 0.75) and thus more primordial
k⊥ survives in these scenarios.

In summary, the new MI+ISR scheme gives an improved description of Z0

production, but does not remove the need for an uncomfortably large primordial
k⊥.
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Figure 22: Illustration of the three terms in the two-parton density evolution,
eq. (46).

5 Outlook

In this article we have considered the consequences of interleaved multiple
interactions and initial-state radiation, and paved the way for interleaving also
final-state radiation in this framework, but that does not exhaust the list of
perturbative processes in ‘normal’ hadronic events. One further possibility is
that a parton from one of the incoming hadrons scatters twice, against two
different partons from the other hadron, rescattering or ‘3 → 3’. Another
possibility is that two partons participating in two separate hard scatterings
may turn out to have a common ancestor when the backwards evolution traces
the prehistory to the hard interactions, joined interactions (JI).

The 3 → 3 processes have been considered in the literature [36], with the
conclusion that they should be less important than multiple 2 → 2 processes,
except possibly at large p⊥ values, where QCD radiation anyway is expected
to be the dominant source of multijet events. The reason is that one 3 → 3
scattering and two 2 → 2 ones have similar parton-level cross sections, but the
latter wins by involving one parton density more. Nevertheless, at some point,
there ought to be a more detailed modelling, in order better to quantify effects.

The joined interactions are well-known in the context of the evolution of
multiparton densities [37], but have not been applied to a multiple interactions
framework. We will therefore here carry out a first study, to quantify roughly
how common JI are and how much activity they contribute with. A full imple-
mentation of the complete kinematics, intertwining MI, ISR and JI all possible
ways, is a major undertaking, worth the effort only if the expected effects are
non-negligible. Given the many uncertainties in all the other processes at play,
one would otherwise expect that the general tuning of MI/ISR/FSR/. . . to data
would hide the effects of JI, as well as of 3 → 3 processes.

5.1 Joined interactions: theory

Just like the starting point for a discussion of ISR is the DGLAP evolution equa-
tions for the single-parton densities, the starting point for JI is the evolution
equations for the two-parton densities. Relevant forwards-evolution formulae
are available in the literature in integrated form [37]. Here, however, we will
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choose a differential form, that can then be applied to our backwards evolution

framework. To this end, define the two-parton density f
(2)
bc (xb, xc, Q

2) as the
probability to have a parton b at energy fraction xb and a parton c at energy
fraction xc when the proton is probed at a scale Q2. The evolution equation
for this distribution is

df
(2)
bc (xb, xc, Q

2) =
dQ2

Q2

αs

2π

∫∫

dxa dz
{

f (2)
ac (xa, xc, Q

2)Pa→bd(z) δ(xb − zxa)

+f
(2)
ba (xb, xa, Q

2)Pa→cd(z) δ(xc − zxa)

+fa(xa, Q
2)Pa→bc(z) δ(xb − zxa) δ(xc − (1 − z)xa)

}

.(46)

As usual, we assume implicit summation over the allowed flavour combinations;
thus the last term is absent when there is no suitable mother a for a given set
of b and c. An illustration of the three terms is given in Fig. 22. The first two
are the standard ones, where b and c evolve independently, up to flavour and
momentum conservation constraints, and are already taken into account in the
ISR framework. It is the last term that describes the new possibility of two
evolution chains having a common ancestry.

Carrying out the δ integrations, which imply that xa = xb + xc and z =
xb/(xb + xc), the probability for the unresolution of b and c into a when Q2 is
decreased (cf. the step from eq. (6) to eq. (7)) can be rewritten as

dPbc(xb, xc, Q2) =

∣
∣
∣
∣
∣

df
(2)
bc (xb, xc, Q

2)

f
(2)
bc (xb, xc, Q2)

∣
∣
∣
∣
∣

=

∣
∣
∣
∣

dQ2

Q2

∣
∣
∣
∣

αs

2π

fa(xa, Q
2)

f
(2)
bc (xb, xc, Q2)

1

xb + xc
Pa→bc(z)

=

∣
∣
∣
∣

dQ2

Q2

∣
∣
∣
∣

αs

2π

xafa(xa, Q
2)

xbxcf
(2)
bc (xb, xc, Q2)

z(1− z)Pa→bc(z)

'
∣
∣
∣
∣

dQ2

Q2

∣
∣
∣
∣

αs

2π

xafa(xa, Q
2)

xbfb(xb, Q2)xcfc(xc, Q2)
z(1− z)Pa→bc(z) .

(47)

In the last step we have introduced the approximation f
(2)
bc (xb, xc, Q

2) '
fb(xb, Q

2) fc(xc, Q
2) to put the equation in terms of more familiar quantities.

Just like for the other processes considered, a form factor is given by integration
over the relevant Q2 range and exponentiation.

The strategy now is clear. Previously we have introduced a scheme wherein
events are evolved downwards in p⊥. At each step a new trial multiple inter-
action competes against trial ISR branchings on the existing interactions, and
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Figure 23: Kinematics of the b+ d and c+ e colliding systems (a) before and
(b) after the a→ b+ c branching is reconstructed.

the one with largest p⊥ ‘wins’. Now a third option is added, competing with
the first two in the same way, i.e. eq. (45) is extended to

dP
dp⊥

=

(
dPMI

dp⊥
+
∑ dPISR

dp⊥
+
∑ dPJI

dp⊥

)

×

× exp

(

−
∫ p⊥i−1

p⊥

(
dPMI

dp′⊥
+
∑ dPISR

dp′⊥
+
∑ dPJI

dp′⊥

)

dp′⊥

)

. (48)

The JI sum runs over all pairs of initiator partons with allowable flavour com-
binations, separately for the two incoming hadrons. A gluon line can always be
joined with a quark or another gluon one, and a sea quark and its companion
can be joined into a gluon. For each of these possibilities, dPJI exp(−

∫
dPJI)

can be used to do a backwards evolution from the p⊥max = p⊥i−1 scale given by
the previous step. If such a trial joining occurs at a larger p⊥ scale than any of
the other trial possibilities, then it is allowed to occur. Also the regularization
procedure at small p⊥ values is the same as for MI and ISR.

The parton densities we will use are defined in the same spirit as previously
discussed, e.g. fb(xb, p

2
⊥) and fc(xc, p

2
⊥) are squeezed into ranges x ∈ [0, X ],

where X is reduced from unity by the momentum carried away by all but the
own interaction, and for fa(xa, p

2
⊥) by all but the b and c interactions. Note that

companion distributions are normalized to unity. Therefore, for heavy quarks,
the branching probability g → QQ goes like 1/ ln(p2

⊥/m
2
Q) for p2

⊥ → m2
Q, as it

should, rather than like 1/ ln2(p2
⊥/m

2
Q), which would have been obtained if fQ

and fQ independently were assumed to vanish in this limit.
Unfortunately the kinematics reconstruction offers a complication. Consider

a system with recoilers d and e to b and c, respectively, as depicted in Fig. 23.
Use a prime to denote the modified b and c four-momenta after the a → b+ c
branching has been constructed, while d and e should be unchanged. From
xa = xb + xc it then follows that pa = pb + pc = p′b + p′c, and from the z
definition that

(p′b + pd)
2 = (pb + pd)

2 = z(pa + pd)
2 , (49)

(p′c + pe)
2 = (pc + pe)

2 = (1 − z)(pa + pe)
2 . (50)
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Further, p′b and p′c should have opposite and compensating transverse momenta
given by the p⊥ scale above, and spacelike virtualities to be determined. Now, it
turns out that these requirements overconstrain the system. The basic problem
is illustrated by eq. (27): the spacelike parton needs to pick up a larger p‖
component than its z share, in order to retain the invariant mass with the
recoiler when the p⊥ is introduced. So, if both daughters should be spacelike,
not both of them can pick up more p‖ than E, given that a is massless. (A
solution where one of p′b and p′c is timelike sometimes exists, but not always,
and is anyway rather contrived.)

We see two alternative ways out of this dilemma.

• Retain the xa = xb + xc expression, at the expense of not giving any p⊥ or
virtualities in the branching, i.e. p′b = pb and p′c = pc. Then p⊥ only plays
the role of a formal evolution parameter, denoting the scale above which b
and c may radiate and interact separately.

• Insist on having a p⊥ kick in the branching. Then a sensible (but not unique)

choice is to put p′b
2 = p′c

2 = −p2
⊥, such that both have m⊥ = 0 and thus p‖ =

E. These energies must now be scaled up somewhat, to E ′
b = (1+p2

⊥/m
2
bd)Eb

and E′
c = (1 + p2

⊥/m
2
ce)Ec, for the invariant masses with the recoiler to be

preserved, and therefore

xa =

(

1 +
p2
⊥

m2
bd

)

xb +

(

1 +
p2
⊥

m2
ce

)

xc . (51)

It is then this xa that should be used in parton densities, to ensure that the
probability of a joining is suppressed near the kinematical limit.

Given that no joinings are possible until after (at least) two interactions have
been generated, and that the rate increases roughly quadratically with the
number of interactions, this physics mechanism becomes more important at
smaller p⊥ values. Therefore we do not expect the above two extremes to differ
that significantly for practical applications.

5.2 Joined interactions: results

Although an algorithm implementing the full kinematics for joined interactions
has not yet been constructed, it is still possible to gauge the order of magnitude
of the effects such joinings could have. We do this by formally performing
the backwards evolution according to eq. (48), i.e. including the joining term
eq. (47) in competition with the ordinary ISR and MI terms, without actually
letting the generated joinings occur physically. Thereby we still obtain an
estimate for how often and at which p⊥ values joinings would occur.

Since we do not perform the joinings physically, the backwards evolution
could in principle attempt joinings involving the same initial state shower chain
more than once. Such joinings are of course rejected; only the first joining
involving a particular chain is kept track of.
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Figure 24: Probability distributions of MI, ISR, FSR, and JI in a) min-bias
events and b) events with p⊥hard > 100 GeV, for 1.96 TeV pp events. Note
that the MI distribution does not include the hardest scattering.

Taking the High FSR model in Table 1 as a fair representative of the evo-
lution in the new framework, we show the number distributions of multiple in-
teractions excluding the first (MI), ISR branchings, FSR branchings, and trial
joinings (JI) in 1.96 TeV pp minimum-bias events, Fig. 24a, and for events
where the p⊥ of the hard interaction is above 100 GeV, Fig. 24b. Below, we
refer to the former as the “min-bias” sample and to the latter as the “UE”
(underlying event) sample. FSR is shown mainly for reference here, the impor-
tant graphs being the ones illustrating the evolution in the initial state: MI,
ISR, and JI. One clearly observes that joinings are much less frequent than the
other types of evolution steps, averaging at roughly one joining per 15 events
for the min-bias sample and one per 7 events for the UE sample. Thus, even
when relatively hard physics is involved, shower joinings do not appear to take
a very prominent role in the evolution.

To complement the number distributions, Fig. 25 shows where the evolution
steps occur in p⊥evol. As expected, the joinings occur at comparatively low
values of p⊥evol. Also notice that both the ISR, MI, and JI distributions exhibit
a turnover around p⊥0, characteristic of the smooth regularization used in the
High FSR model.

Finally, Fig. 26 shows the total p⊥ sum of MI, ISR, FSR, and JI activity,
respectively. That is, for each interaction, branching, or joining, a scalar p⊥
is defined, which is added to a cumulative sum. For MI and JI this p⊥ is
defined with respect to the beam axis, while the ISR and FSR p⊥ is defined
with respect to the branching parton, which for ISR is roughly along the beam
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Figure 25: p⊥evol distributions showing the scale at which multiple interactions
(MI), ISR branchings, FSR branchings, and joined interactions (JI) occur, in
1.96 TeV pp min-bias events. a) Minimum-bias events, with the p⊥ scale of the
hardest interaction shown for reference (solid line). b) events with p⊥hard >
100 GeV. Note that the p⊥ axis goes out to 20 GeV in a) and to 50 GeV in b).

direction, but for FSR normally not. Therefore FSR mainly broadens jets, i.e.
redistributes the existing ET/ , whereas the other mechanisms increase the total
ET/ of the event. Again, the cumulative effect of joinings is small, with only
about 1% of the min-bias sample and 5% of the UE one exhibiting more than
2 GeV of total p⊥ from joinings.

6 Conclusions

It would seem natural to consider the evolution of a high-energy event in the
normal time order. In such a framework, the incoming hadrons are evolved
from a simple partonic configuration at a low Q0 scale, up through a number
of short-lived fluctuations at different virtuality scales. At the moment of
collision, the two sets of partons may undergo several independent interactions.
The scattered partons can radiate in the final state, while fluctuations inside
which no scatterings occurred may recombine. Finally the set of outgoing low-
virtuality partons hadronize.

Such an approach has the advantage that it inherently provides multiparton
distributions, and thereby automatically contains correlations between interac-
tions, including what is here called joined interactions. It does not remove
the need to consider possible scatterings in some order of hardness, however:
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Figure 26:
∑
p⊥ distributions for MI, ISR, FSR and JI, in 1.96 TeV pp a)

minimum-bias events and b) events with p⊥hard > 100 GeV. Note that the MI
distribution does not include the hardest scattering.

the partons of a high-virtuality fluctuation may either interact individually or
collectively, the latter as the unresolved mother parton at a lower resolution
scale, and the former should preempt the latter.

There is also the well-known problem that it is difficult to generate rare pro-
cesses, since there is no straightforward way to preselect the forwards evolution
to give the desired configuration. The nightmare example is the production of
a narrow Higgs state, where the incoming partons must match very precisely in
invariant mass for a reaction to be possible. More generally, efficiency suffers
from the need to consider a wealth of virtual fluctuations that in the end lead to
nothing. The assignment of individual virtualities and transverse momenta to
partons in such fluctuations is also not unique, and does affect the kinematics
reconstruction. And, of course, the whole plethora of coherence effects need to
be considered.

The alternative is to start with the hardest interaction, and then ‘work
outwards’ to longer timescales both in the past and future, i.e. to (re)construct
less hard steps in the evolution of the event. This makes the preselection of
desired events straightforward, and in general implies that the most striking
aspects of the event are considered ‘up front’. The price is a tougher task
of reconstructing the soft associated activity in the initial state, while final-
state radiation and hadronization offer about the same challenges in the two
scenarios.

In a set of articles we have begun the task of providing an improved descrip-
tion of events along this latter philosophy. The first step [3] was to develop
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a model for the hadronization of junction topologies, thereby allowing com-
plicated beam remnants. The second step [1] was to develop a framework for
correlated parton densities, in flavour, colour and transverse and longitudinal
momentum, thereby allowing initial-state radiation to be considered in full. In
this, the third step, we have interleaved multiple interactions and initial-state
radiation in a common transverse-momentum-ordered sequence, with a com-
mon dampening procedure at low transverse momenta to handle destructive
interference in this region. Our lack of explicitly implemented joined interac-
tions has been shown not to be a major shortcoming, since such joinings are
reasonably rare. That is, taken together, we now have a framework that should
provide a complete description of all aspects that could have been covered by
a forwards-in-time evolution scenario, along with the traditional advantages of
the backwards-evolution approach. In addition, the new framework makes use
of new algorithms for p⊥-ordered evolution in initial- and final-state radiation,
which should further improve the quality of the description.

It may then be somewhat disappointing that we here have used Pythia
Tune A [34] as a reference, well knowing that Tune A is able to describe a host of
jet and minimum-bias data at the Tevatron, in spite of it being based on a much
more primitive approach [2]. The hope, of course, is that our new approach
will be able to explain — and predict — much more data than Tune A can. For
sure we know of many aspects of the old framework that are unreasonable, but
that either have not been probed or that may have been fixed up by a contrived
choice of tuned parameters. Ultimately this is for experimentalists to tell, as
tests become increasingly more sophisticated. Certainly, one should not expect
the advantages of the new model to become apparent unless a similar effort is
mounted as went into producing Tune A in the first place.

There are also a few issues still hanging over us, awaiting a ‘fourth step’.
One is the implementation of joined interactions and 3 → 3 rescattering pro-
cesses, to see what their real impact is, whether negligible or not. But the
main one we believe to be the interleaving of final-state radiation with multiple
interactions and initial-state radiation. On the one hand, such an interleaving
may not be required, since the competition between FSR and MI+ISR is less
direct than that between MI and ISR: an FSR emission at a high p⊥ scale does
not affect the probability for MI or ISR activity at lower p⊥ values. On the
other hand, there would then also not seem to be any disadvantage to having a
commonly ordered p⊥ sequence of MI+ISR+FSR, and such an ordering would
come in handy for a consistent interfacing to higher-order matrix elements.
Furthermore, a p⊥-ordered FSR algorithm is available, well matched to the
p⊥-ordering of MI and ISR.

There is, however, one major open question related to FSR interleaving:
which parton takes the momentum recoil when a FSR branching pushes a
parton off the mass shell? The problem is not so much the momentum transfer
itself, but that the size of the radiating dipole sets the maximum scale for
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allowed emissions. We have in this article illustrated how such a choice can
affect e.g. the jet multiplicity and jet profiles. The crucial distribution is the
〈p⊥〉(nch) one, however. In order to provide a reasonable description of the
experimental data, we are forced to arrange colours in the final state to have
a smaller string length than colour correlations in the initial state alone would
suggest. This problem has ‘always’ been there [2], and is accentuated in Tune
A, where as much as 90% of the partons added by multiple interactions are
connected so as to minimize the string length. The hope that an improved
treatment of other aspects would remove the need for a special string-length
minimization mechanism has so far failed to materialize. We therefore need
to understand better how the colour flow is set, and how this influences the
evolution of an event, especially the FSR activity.

The related fields of minimum bias physics and underlying events thus are
further explored but not solved with this article, and likely not with the next
one either. This should come as no surprise: in the world of hadronic physics,
there are few simple answers. Everything that is not explicitly forbidden is
bound to happen, and often at a significant rate. To reflect reality, the theoret-
ical picture therefore has to become more and more complex, as one considera-
tion after the next is pulled into the game. However, if the journey is interesting
and educational, why despair that the end station is not yet reached?
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T. Sjöstrand, L. Lönnblad, S. Mrenna and P. Skands, LU TP 03-38 [hep-
ph/0308153].

[7] V.N. Gribov and L.N. Lipatov, Sov. J. Nucl. Phys. 15 (1972) 438, ibid.
75;
G. Altarelli and G. Parisi, Nucl. Phys. B126 (1977) 298;
Yu.L. Dokshitzer, Sov. J. Phys. JETP 46 (1977) 641

[8] B. Andersson, G. Gustafson, G. Ingelman and T. Sjöstrand, Phys. Rep.
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