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ABSTRACT:

We analyze a model for the Higgs sector with two scalar doublets and a softly broken
Zo symmetry. One of the doublets breaks the electroweak symmetry and has tree-level
Yukawa couplings to fermions. The other doublet has no vacuum expectation value and no
tree-level couplings to fermions. Because the Zs parity is broken the two doublets can mix,
which leads to a distinct and novel phenomenology. This Stealth Doublet Model can be seen
as a generalization of the Inert Doublet Model with a broken Zs symmetry. We outline
the model and present constraints from theory, electroweak precision tests and collider
searches, including the recent observation of a Higgs boson at the LHC. The CP-odd scalar
A and the charged scalar H* couple to fermions at one-loop level. We compute the decays
of A and H* and in particular the one-loop decays A — ff, H* — ff, H* - W*Z
and H* — W*~. We also describe how to calculate and renormalize such processes in our
model. We find that if one of H* or A is the lightest scalar, H* — W*y or A — bb are
typically their respective dominating decay channels. Otherwise, the dominating decays of
H?* and A are into a scalar and a vector. Due to the absence of tree-level fermion couplings
for H* and A, we consider pair production and associated production with vector bosons
and scalars at the LHC. If the parameter space of the model that favors H* — W&y is
realized in Nature, we estimate that there should be a considerable amount of such events
in the present LHC data.
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1 Introduction

The ATLAS [1] and CMS [2, 3] experiments at the Large Hadron Collider (LHC) have
after a long history of searches discovered a Higgs boson. By all accounts the properties
of the observed particle agree very well with what is expected of a Standard Model (SM)
Higgs boson (see e.g. [4-7] for more recent data), but it will require much work to ascertain
whether the SM Higgs doublet is all there is, or if an extended Higgs sector exists. There
are some, although not quite significant, hints of an enhanced signal strength in H — v
from ATLAS, but CMS sees no such an effect. It is important to now probe and investigate
the Higgs sector in detail to understand the observations and what can be expected.

Much work has been dedicated to studying some standard scenarios for the electroweak
symmetry breaking sector. Among these scenarios are the SM, the Minimal Supersym-
metric Standard Model (MSSM), and general CP-conserving two-Higgs doublet models
(2HDMs). For the latter models one often imposes a, possibly softly broken, Zs symme-
try to prevent the occurrence of large flavor-changing neutral currents (FCNCs). General
2HDMs have been recently reviewed in Ref. [8]. Except for the SM, these models predict
a set of additional Higgs bosons, each of which has characteristic production and decay
channels for a given set of parameters.

In general models with two Higgs doublets there are two CP-even neutral Higgs bosons,
h and H, which have the same couplings to fermions and gauge bosons (up to mixing angles)
as the SM Higgs. Their decay channels are the same as for the SM Higgs plus possible decays
to lighter Higgs bosons. Of course their branching ratios can be very different because of
different coupling strengths and different open decay channels. There is additionally a
CP-odd neutral Higgs boson A, which mainly decays to the heaviest possible fermions,
A — bb or tt, or to a Higgs-vector boson pair, A — hZ, HTWT. Finally, there is a charged
Higgs boson H*, which depending on its mass decays mainly as H* — 7v, ¢s or tb, or as
H* 5 hW* or HY — AW®,

An alternative scenario is presented by the Inert Doublet Model (IDM) [9-11], where
there is a SM-like Higgs boson, but in addition there is another doublet that is odd un-
der a discrete Zo symmetry. Making all other SM particles even under this symmetry
and demanding that the Lagrangian is Zs symmetric, the scalars from the other doublet
become fermiophobic and do not couple to fermions. Thus, if the Zo symmetry is exact
the lightest scalar from this doublet is stable, providing a possible dark matter candidate
(see e.g. [12, 13] for constraints on the IDM from dark matter). This makes for a very
different phenomenology, so that if an alternative scenario such as the IDM or some other
non-standard model is realized in Nature, the common searches may prove inadequate.

The Stealth Doublet Model (SDM) studied in this paper was recently proposed in
Ref. [14]. It can be seen as a generalization of the IDM, but with the Zg symmetry softly
broken in the scalar potential. This means that, in general, there is no stable scalar particle,
but instead there are now two particles, h and H, that can play the role of the Higgs boson
observed at LHC. In [14] we showed that this model can describe the observations of ATLAS
and CMS very well. In this paper we will study the model in more detail, and we will in
particular study some of the properties of the charged scalar H* and the CP-odd scalar A.



As in the IDM, the A and H* have no tree-level couplings to fermions, and must
therefore be produced and decay in different channels than in the standard scenarios.
However, contrary to the IDM, because of the softly broken Zs symmetry, couplings to
fermions are now generated at the one-loop level. The usual decay channels of the A
and H* bosons into fermions are therefore loop suppressed in our model. Consequently,
model-dependent constraints do not always apply, and A and H* can be lighter in our
model than in standard scenarios. For example, the main decay of the charged Higgs is
typically H¥ — W+, provided that HT is the lightest scalar. Another example is that
the production of the CP-odd Higgs A through gluon-gluon fusion is strongly suppressed,
but still the main decay channel is typically into bb as in the standard scenarios.

Fermiophobic models have been discussed previously [15-21], for the case where the
lightest CP-even Higgs boson is fermiophobic. Such a Higgs boson has an increased branch-
ing ratio for h — v but is not produced in gg — h. In our model, instead, the lightest
CP-even Higgs boson has the same types of interactions as in standard 2HDMs, but the
A and H* are fermiophobic. Fermiophobic charged Higgs bosons have recently also been
discussed in [22].

If a symmetry is only broken by dimension-two mass terms, it is said to be softly
broken, and the symmetry is then restored in the high energy limit. Such soft symmetry
breaking in the Higgs sector is discussed in [23-26]. In particular, we in this paper consider
soft breaking of the discrete Zs symmetry as a way to parametrize our ignorance of the
symmetry breaking mechanism. This is the conventional approach in supersymmetric
(SUSY) models with soft SUSY breaking terms in the Lagrangian. For an explicit example
of a UV complete model with composite Higgs bosons that leads to a similar type of 2HDM
that we are considering here, see [27].

As already mentioned, a Zs symmetry is usually imposed on 2HDMSs in order to not
run into dangerous FCNCs. One possibility is to arrange the symmetry such that only one
of the doublets couples to fermions. This is known as a Type-I Yukawa sector, and our
model is an example of such a Yukawa sector. An additional motivation for considering
Type-I models is that recent work in string theory [28] seems to imply that they are
generic in heterotic string theories, where selection rules forbid additional Higgs doublets
from coupling to fermions. Type-I models by definition have an exact Zs symmetry in the
Yukawa sector. As a consequence, if the symmetry is broken softly in the Higgs potential,
then no dangerous FCNCs are generated at tree-level, as the symmetry is restored at high
energies. This also applies to our model, where new sources of FCNCs only appear at the
two-loop level.

The organization of this paper is as follows: in section 2 we discuss the definition of
the model and derive masses and couplings. In particular, we discuss the parametrization
of the soft Zy breaking and the free parameters of the model. We then consider constraints
on the model from theoretical considerations and electroweak precision tests (EWPT) in
section 3. The recently observed Higgs boson at the LHC is discussed in the context of our
model in section 4. Decays of the scalar particles are discussed in section 5. Finally, we
briefly discuss the collider phenomenology of the charged scalar and the CP-odd scalar in
section 6. Some more technical matters are relegated to the appendices.



2 The Stealth Doublet Model

In this section we will analyze the scalar potential of the model, derive the mass eigenstates,
and consider the free parameters and the constraints put on them from the requirement
that the Zo symmetry is softly broken. We will in the following refer to the model as the
Stealth Doublet Model (SDM). The model has previously been presented in [14] and in the
conference proceedings [29].

2.1 The scalar potential

We introduce two SU(2);-doublet, hypercharge ¥ = 1, complex scalar fields ®; 2, which
may be written in terms of their component fields as

+
D)y = <%01,2>, (2.1)
Y1,2
or in components [®;5]" = gon and [®12]® = p12. We then consider the most general
gauge invariant and renormalizable scalar potential,
V[, o] = m2, 0B + m3,®I 0y — [m2,®]dy + h.c)]

1 1
+ §A1(<1>{<1>1)2 + §A2(<1>§<1>2)2 + A3(@10)) (PLD2) + Ay (D] Do) (D))

1
- {2A5(¢qq>2)2 + [A6(@1®1) + A7 (@1 Do) | @] Dy + h.c.} , (2.2)

where all parameters are real except A5 67 and m%Q, which may be complex. In this paper we
are only concerned with CP-conserving models and will from now on assume all couplings
to be real.

There is a priori no difference between the two fields ®; and ®9 in the potential (2.2),
which is invariant under global U(2) transformations of the two doublets, ®, — Uy, ®p with
U € U(2). We may define a basis for the doublets in terms of their vacuum expectation

@)= (1) (2.3
@)= (). (2.0

vy elé

values (vevs) as

where v? = v+ 02 ~ (246 GeV)? is the total vev, and where ¢ is a possible phase that could
allow spontaneous CP breaking, which we therefore set to zero. A U(2) transformation may
then be seen as a change of basis, where the total vev is rotated between the doublets. The
traditional parameter tan 3 = vy /vy, which is a physical parameter in the MSSM at tree-
level, does therefore not in general have a physical meaning. It is only after specifying the
structure of the Yukawa couplings to fermions that a basis is singled out as the physical
basis. A particular choice of basis is v9 = 0, i.e., the vacuum expectation value resides
completely in ®;. This is known as the Higgs basis in the literature, and our model is a
physical realization of this basis (see [8, 24, 26] for clear discussions of basis changes and



the Higgs basis). In this basis there is naturally no tan 8 parameter, and we shall not use
it.
The potential (2.2) explicitly breaks the Zs symmetry

P — 9y (2.5)
(I)Q — —<I>2 (26)

through the dimension-two operator <I>I<I>2+h.c. with coupling m?3, and the dimension-four
operators (@I@Q(@i@g)%—hﬁ. and (@;CI)Q)(@I(DQH—h.C. with couplings A\¢ and A7. Such a Zy
symmetry is often imposed to remove these terms. It is also imposed, with various schemes
for assignments of Zo charges to fermions, in order to forbid large flavor-changing neutral
currents (FCNC) [30, 31], by arranging the Yukawa couplings such that each fermion only
couples to one doublet.

The dimension-four operators lead to hard breaking of the Zo symmetry, while the
dimension-two operator breaks it softly, meaning that at very high energies, E? >> |m32,|,
the symmetry is restored [32]. If the symmetry is broken, large FCNC may potentially
occur, but we will only encounter new sources of FCNC at the two-loop level (see section
2.4 below).

We will thus consider a physical realization of the Higgs basis where only ®; couples
to fermions and acquires a vev at tree-level, i.e. v1 = v = 246 GeV. The minimization
conditions for electroweak symmetry breaking are simple,

2 1

my = —502)\1, (2.7)
1
miy = 502)\6, (2.8)

giving no constraint on m3,, which is therefore a free parameter in our model.

We must also consider bounds on the parameters from the requirement that the po-
tential is bounded from below [9, 33]. Stability of the potential gives rise to a number of
constraints on the parameters in the quartic part of the potential. The simplest constraints
are

A1 >0, Ao >0, Az > —v/ A9, A3+ Ap— A5 > —/ A, (2.9)

where the last equation applies for A\g # 0 or A7 # 0. There are also additional constraints
that we do not list here, which can be found in references [9, 33]. In addition, one can also
constrain the parameters by requiring perturbativity of the various four-Higgs couplings
and tree-level unitarity as we will come back to below in section 3.

2.2 Physical states and mass relations

We choose ®; to be the doublet that gets a vev, with Zy parity +1, and ®2 to be the one
with zero vev and Zy parity —1. In a CP-conserving 2HDM, there are two CP-even neutral
states h, H, one CP-odd neutral state A, and two charged states H*. We may write the



doublets as

1 V2GT
1= V2 (v + 1+ iG0> (2.10)

()

where G* and G° are the Goldstone bosons and ¢1,2 are the neutral CP-even interaction

eigenstates. The doublet @, is fermiophobic, i.e., the states H*, A, and ¢2 do not interact

with fermions at tree-level. Because only ®; acquires a vacuum expectation value, we do

not call &5 a “Higgs” doublet. From now on, we will also call the mass eigenstates in our

model “scalars”, not Higgs bosons, in accordance with the usual IDM nomenclature [11].
The masses for the A and H* can be found directly from the potential,

1 1
ma = m%z + 5112()\3 4+ A4 — )\5) = m%t — 51}2()\5 — )\4) (2.12)
1
m¥. = m3, + §U2A3. (2.13)

The mass matrix for the CP-even states has non-diagonal elements, and we may find the
physical mass eigenstates by diagonalizing this matrix. Taking the minimization conditions
(2.7, 2.8) into account, we have

2 2 2 2
M2 _ A11}2 ) )\G’U ,| = )\11)2 2/\6U .| (2'14)
A6U" M3y + A3450 A6V My + Asv
where A345 = A3 + A4 + A5. The matrix M? may be diagonalized by an orthogonal matrix
V', defined by a rotation angle «, as

2
m ) Z vy (2.15)
0 my

The physical CP-even states are then given by (with « defined so that mgy > my)

H o1 cosa sina o1 T T
=vT = here — - <a< — 2.16
(h) (gbg) <—Sina cosa) <¢2>’ where Ty =a=59 (2.16)
or, in terms of the doublets,
H= (V2Re[®]° —v)cosa+ V2Re [®s]"sina (2.17)
h = —(V2Re[®]° — v)sina + vV2Re [®3]° cos a, (2.18)

where [®12]° = @19, c.f. eq. (2.1). The physical CP-even scalar masses can be expressed
as

m? + 5202\ + 20?5 — 25400 N6 (2.19)

m? + oA + 52025 + 254ca0% N6, (2.20)

mi =c

2

2
«
mH:Si



where we defined the abbreviations s, = sina, ¢, = cosa. Finally, we have explicit
expressions for the potential parameters \; 345 in terms of the masses, the mixing angle
a, and the couplings \g and m3,,

2 2 m2, — m2
Ao = miy + g, (mh h) — 02\ tan 2a (2.21)
2 2 cos 2
A3v? = 2 (mfye — m3,) (2.22)
2 2 2 2
o my+mp  (my—mi) 2 2
A = 5 ~ S cos 00 + v Xg tan 2a + my — 2mi . (2.23)
2 2 2 2
ms; +m (m —m )
Ao = —H_ —h I R 26 tan 200 — m 2.24
50 5 5 o8 90 + v° g tan 2a — m7y, (2.24)
allowing us to use the masses of the scalars as parameters of the model. The mixing angle
is given by
202\
tan 20 = v A (2.25)

1)2()\1 — )\5) — m2 ’

or, in terms of the masses and A\g only,

202\
sin20 = ——0 . (2.26)
mg —m

Note that the mass relations egs. (2.12), (2.13), (2.19) and (2.20) are invariant under
sina — —sina. Equivalently, from eqgs. (2.21-2.24), the parameters A\j, Az, Ay and As
are invariant. This is easily seen, since as we have —5 < a < 7, the parameter sin a can
take any value —1 < sina < 1, and cos « is always non-negative. This implies that under
sina — —sin «a, we have sin2a — —sin2a and A\g — —Ag.

Eqgs. (2.21-2.24) are not valid in the case of maximal mixing, a = +7%. In this case
one instead obtains

m2, +m?

Mv? = % (2.27)

A3v? =2 (mFe —m3,) (2.28)
2 2

Mo? = w +m?% — 2m. (2.29)
2 2

Asv? = mHTWL —m. (2.30)

Egs. (2.14) and (2.26) show that when the Zs symmetry is exact (A¢ = 0), the mass
matrix is diagonal and there will be no mixing between h and H. This is the case in the
Inert Doublet Model; in fact all our results reduce to the IDM in the limit Ag — 0, A7 — 0
and sinaw — 1 or —1.' In this sense, our model is a generalization of the IDM.

The scalar-scalar couplings depend on the potential parameters and are straightforward
to obtain from the potential. The scalar-gauge boson couplings are obtained from the
covariant derivatives and depend on the mixing angle only. The relevant three-particle
couplings are listed in Appendix A.

!Note that in this case the relation my > my, is not valid, since no rotation is performed to diagonalize
the mass matrix M2.



2.3 Soft breaking of the Z,; symmetry

We have so far imposed the condition of electroweak symmetry breaking and have identified
the physical scalars and their masses and mixing. We will now further constrain the
potential parameters so that the scalar potential only breaks the Zs symmetry softly.
Naively, it may seem that because the soft Zs-breaking parameter m%z is proportional
to the hard breaking parameter A\g (eq. (2.8)), hard breaking is linked to soft breaking.
However, there may exist a basis in which A\¢ = A7 = 0 while m?, # 0 such that the
symmetry is broken softly. If this is the case, then the symmetry is broken softly in any
basis reached by a U(2) transformation. To find constraints on the potential parameters
for when this is the case, we employ the basis-independent methods of Davidson and Haber
[24] (see also [25, 26]). We find that in the Higgs basis the conditions are

(A1 — X2) [Asa5(N6 + A7) — Xadg — A7) — 2(XAg — A7) (A6 + A7)? =0, (2.31)
(A1 — A2)m2y 4+ (N6 + A7) (miy — m3y) # 0. (2.32)

Egs.(2.31) and (2.32) define the model parameter space. As explained below in section 2.5,
A7 will be one of the free parameters of the model, and Ay can then be chosen from the
second order equation in Az for a given Az-value resulting from eq. (2.31):

2
Agi):—gi\/%—c, (2.33)

B=-— [)\1 ()\6 — )\7) + )\345(>\6 + )\7)] /)\6 (2.34)

where

and
C = [MAsas(X6 + A7) — A A7 — 2(A6 — A7) (A6 + A7)?] /6. (2.35)

All quartic couplings \; that satisfy these relations break the Zs symmetry softly,
although the fact that the breaking is soft is not manifest. One can visualize the model
space by solving the second order equation (2.31) for each value of A7 and plotting the
resulting roots, see figure 1 for some examples. The behavior of the allowed points is non-
trivial. From the requirement that Ao is real one also gets a maximum allowed value for
A7,

(A1 — Aas5)?

86 ’

By inspection of eq. (2.31) one obtains that A7 = Ag, Ao = A1 is always a solution if

AKX — o 4 (2.36)

m3y #m?2,, from eq. (2.32).

2.4 Yukawa sector

We have up to now specified the scalar sector by considering a physical realization of the
Higgs basis where only ®; acquires a vev. Furthermore, we imposed a discrete Zo symmetry
on the scalar doublets and allowed this symmetry to be broken only softly. This can be
achieved if the parameters of the scalar potential eq. (2.2) satisfy the relations (2.31) and
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Figure 1. The black line displays the allowed values of Ao and A7 according to eq. (2.31). The red
line corresponds to eq. (2.32); these points are not allowed.

(2.32). Now we are in a position to specify the Yukawa couplings of the model. The most
general Yukawa Lagrangian in the Higgs basis reads [26]

~L vukawa = kg LL®1ER + K5 QL(—i02®F) Ug + k§ QL ®1 DR

L7 UA [+ @ DA (2.37)
+ py L ®2ER + po Qr(—i02®5) Ur + py QrP2Dr

and is written in terms of the electroweak interaction eigenstates. In order to obtain the
fermion mass eigenstates, the matrices /ig , pg (F =U,D, L) are transformed by a biunitary

transformation that diagonalizes HOF using the unitary matrices VLF , Vg according to
2
K =VERgVE = V2yr o = VEpEVE, (2.38)
v

where MT is the diagonal mass matrix for fermions F, e.g. [ML}QQ = m, etc. The ot
matrices are in general non-diagonal and will generate FCNC. To naturally avoid large
FCNC at tree level, we also impose (positive) Zgy parities to the fermions. This is obtained
by enforcing p'” = 0 at tree level; in other words ®, will not couple to fermions. Thus, our



model is a Type-1 2HDM. The fermions will acquire mass through Yukawa couplings with
the Higgs doublet ®; only. The Yukawa Lagrangian in unitary gauge reads

—Eyukawa:%@flllf(H cosa—hsina), (2.39)

for all fermions f. As will be shown in sections 5.2.1 and 5.3.1 the soft breaking terms
m%QCD];(I)g + h.c. will generate couplings between ®, and fermions, i.e. pI # 0 at one-
loop level. Furthermore, the p’” matrices are diagonal at one-loop level. At higher orders
in perturbation theory, p will develop off-diagonal elements and introduce additional
sources of FCNC?2. Finally we also note that the couplings of fermions to A and H*
are also governed by pf’, more specifically we have terms of the form iFpfy5FA and

U [Vexmp® (1 +75) — p¥Vexm(1 —45)] DHT.
2.5 Parameters of the model

By imposing CP conservation with only real parameters, the scalar potential has ten free
parameters. The minimization conditions (2.7, 2.8) remove m?, and m?2,, leaving us with
the eight parameters A\;-\7; and m3,. Finally, the condition for soft Zg breaking removes
one more parameter. We may use the relations (2.21-2.24) to relate Aj, A3, A4, and A5 to
the four physical scalar masses mp, myg, ma and my+. The parameter A\g can be used to
specify the amount of Zg breaking, but considering eqs. (2.25, 2.26) we choose to instead
use the mixing angle « for this purpose, since in a general 2HDM sin(a — ) is invariant
under basis changes. Of the remaining A-parameters Ay and A7, we note that A2 only enters
indirectly through the stability and tree-level unitarity constraints, etc., as its only direct
effect is to set the strength of the self-interaction of the ®5 field. As discussed above, Ay can
then be specified if we give a value for A7, which will be our chosen parameter. Finally, we
can relate \3 and m3, using eq. (2.13). We choose A3 as input parameter, as this parameter
enters the coupling between the CP-even states and pairs of charged scalars, see sections 4,
5.1, and Appendix A.
The seven parameters of the model that we will use are then

Mp, My, MA, My+, SinOé, )\37 A7'

To simplify our analysis we will often make the following assumptions. To start with,
we choose Ao = A; and A7 = Xg in order to fulfill the condition (2.31). We will also
sometimes be using a set of representative values for A3, chosen as A3 = 0, Qm%{i /v? and
4m%{i /v?, corresponding to m%Q = m%{i, 0 and —m%{i, respectively. In section 4 we will
vary Az and A7, within theoretically allowed regions, to deduce their impact on the signal
strengths for h — vy and H — ~~.

3 Constraints on the SDM

Apart from the constraints discussed above, namely that we require electroweak symmetry
breaking with a vacuum bounded from below and a softly broken Zo symmetry, we impose

2In our model, just as in the SM, we will have, e.g., hbs couplings generated by a loop with two W ¥ bosons
with off-diagonal CKM matrix elements.
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Figure 2. Contours displaying allowed regions in parameter space (to the left of/above/below the
contour lines), taking into account the theoretical constraints of stability, tree-level unitarity and
perturbativity. The black contour displays the allowed region for my = 200 GeV, cyan my =
300 GeV and magenta my = 400 GeV. Here, we have used Ao = A1 and A7 = \g, which makes the
allowed regions depend only on |sin «|.

several other theoretical and experimental constraints on the model. All of the constraints
discussed in this section are included in our numerical work by using the two-Higgs doublet
model calculator 2HDMC [34, 35], where we have implemented our model as a special case.

The electroweak vacuum selected by the symmetry breaking mechanism must be stable,
which requires that the potential should be bounded from below for any values of the fields.
This leads to the conditions (2.9) and three more complicated equations. We also impose
the requirements that tree-level scattering of scalars and longitudinal W and Z bosons must
be unitary at high energies (the eigenvalues L; of the S-matrix elements obey |L;| < 167)
[36-40], and that the quartic scalar couplings are perturbative |Cp,p,n.n,| < 47. We will
collectively call these constraints “theoretical constraints”. Two examples of the allowed
regions in the parameter space of the model are shown, for positive sinq, in figure 2. If
we choose Ao = A; and Ay = A¢ as the solution to egs. (2.31) and (2.32), the allowed
regions depend only on |sina|. For other solutions of the Zs breaking conditions, the
allowed regions depend on the sign of sin a. This is illustrated in figure 3, where we show
the allowed regions for different choices of A7 (positive) and Ay. The allowed regions with
negative Ay values are obtained by mirroring the regions in figure 3 with respect to the
mp+-axis through sina = 0.

In general, one could also consider constraints from renormalization group evolution
of Yukawa couplings and masses in a similar way as in [12, 41]. Furthermore, one could
consider constraints on metastable vacua as in [42, 43]. However, this is beyond the scope
of this study.

Any model with new particles that couple to gauge bosons can potentially lead to
large contributions to the gauge boson self-energies. Such corrections are constrained by
experimental measurements, and can be parametrized by the oblique Peskin—Takeuchi S,
T, and U parameters [44], which are defined in terms of contributions to the vacuum po-
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larizations of the electroweak gauge bosons. In particular, the T parameter is proportional
to the deviation from the SM value of the p parameter p = m%,/(m% cos? fy). We do not
list the explicit expressions here, which are lengthy and involve all scalars. S, T and U do
not depend explicitly on the parameters in eq. (2.2) but only implicitly through the scalar
masses of the model, equations (2.12), (2.13) and (2.19). Additionally, the mixing angle «
only enters as 5(21 and cg, so S, T and U do not depend on the sign of s,.

We use 2HDMC to compute the oblique parameters S, T and U and require the obtained
values of S and T to fall within the 90% C.L. ellipse of figure 10.7 in [45]. This ellipse is
given by values of constant gt (5,7), where, approximately,

- - 2 - . 2
Scos@—i—TsmH) (TcosH—Ssm@) ’ (3.1)

&t (5,T) = ( 0.224 0.068
with § = 0.753, S = S — 0.051 and T = T — 0.077. In other words, figure 10.7 in [45]
shows the Egt (S,T) = 1 ellipse. We use the reference value mlﬁf = 125 GeV, which is to
be compared with the values 115.5 < misf < 127 GeV used in [45], where U was fixed at
U = 0, the expected result for models without anomalous gauge couplings. We find that
for parameter points in our model with allowed S and T values, we have 0 < U < 0.02.
In figure 4 we show some examples of regions satisfying the experimental constraints
on the S and T parameters as well as the theoretical constraints discussed above. We note
that in our model, there are two candidates for the new observed Higgs boson, H, with
mass my ~ 125 GeV: either the lightest CP-even scalar h, or the heaviest H. We will in
the following refer to the scenario mj; = 125 GeV as “Case 1”7 and to myg = 125 GeV as
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Figure 4. Some examples of allowed regions in parameter space taking into account theoretical
constraints and experimental S and T values. The z-axis shows the charged scalar mass my«
and the y-axis the CP odd scalar mass m 4. The z-axis displays the value of Egr (S, T) if it fulfills
Est < 1.0, see eq. (3.1). The regions to the left of the lines in the figure are the allowed by theoretical
constraints for the different values of A3 indicated: black (i) A3 = 0, magenta (i) A3 = 2m?,. /v?
and cyan (iii) A3 = 4m%1i /v2. Here, we have also used Ay = A\; and A7 = Ag.

“Case 2”. In section 4 we will see that in order to accommodate the experimentally observed
signal strengths, |sin a| must be close to unity in Case 1 and small in Case 2. Motivated by
these relationships between my, i and sin a, we present the constraints in the (mg+,ma)-
plane from theory and S and T parameters, using sina = 0.9 for my, = 125 GeV, and
sina = 0.1 for my = 125 GeV in figure 4. We use Ay = A\ and A7 = Ag in order to
satisfy eq. (2.31), see section 2.5. We also present the boundaries for different values of Az
(corresponding to the three values m3, = 0 and m3, = +m3,., according to eq. (2.22)),
shown as the regions inside the black, magenta and cyan lines in figure 4. First of all,
we see that in order to satisfy the theoretical constraints, the scalar masses can typically
not exceed ~ 700 GeV. Secondly, as noted in [46] for 2HDMs, in order to have a small
contribution to the S and T parameters, the H* and A masses must satisfy an approximate
custodial symmetry (the two branches in the figure). If we define [46]

M? = mj cos® a + m% sin? a, (3.2)

then there is an approximate custodial symmetry if either m4 ~ mpg+ + 50 GeV when
m3. S M?, or ma~mpgs when m?, > M? or 0 Sma < 700 GeV when m?. ~ M2
In models with charged scalars H*, any Feynman diagram that contains a W¥ also
occurs with a H*. In particular, this will affect low energy observables such as decay
widths of mesons. By considering the effects of H* and A on low energy observables, one
can indirectly constrain e.g. my+ for a given set of Cy+; couplings, or in other words
p¥'. For a discussion of the impact of constraints from meson decays on HT in general
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Figure 5. The two additional Feynman diagrams for the process H — ~v in 2HDMs, H = h, H.

2HDMs we refer to e.g. Ref. [46]. In our model, we will assume that the sizes of the loop-
induced couplings between H* and fermions are well below current limits from such flavor
observables. In other words, indirect constraints from flavor observables do not apply to the
H* and A of our model. The only direct, model independent, constraint prior to LHC that
applies to our H* is the measurement of I'y, which gives the limit my+ > 39.6 GeV [47].

4 The SDM and the observed Higgs boson at the LHC

In this section, we include collider constraints in our analysis of the SDM parameter space.
This is implemented through the 2HDMC interface to HIGGSBOUNDS (version 3.8.0) [48, 49],
which includes Higgs searches at LEP, the Tevatron and the LHC (7 TeV data). We do not
include all of the very recent LHC results in the present analysis, but this will be discussed
further below. Limits on mpy+ and m4 are not tested with HIGGSBOUNDS, since 2HDMC
only calculates tree-level branching ratios for the charged scalar H* and the CP-odd scalar
A, see section 5.2 and further below. We will refer to the recently discovered Higgs boson
as ‘H and the SM Higgs boson as Hgy.

We here mainly consider the «v-channel, which is the most significant channel in the
discovery of H. Studies of the impact of the ~v-signal on the IDM has been studied
in e.g. [12, 13, 50, 51]. In ref. [52] constraints on general 2HDMs with a softly broken Zs
symmetry and tan g # 0 are studied in the light of the new LHC data.

The ATLAS experiment has observed a small excess in the v+ signal strength compared
to the SM. Here, the signal strength py,.+ is defined as

o — Yokok(pp = "+ Xi) x BR(H = vy)
TS ok(pp — Hswm + Xi) x BR(Hsm — vy)

(4.1)

where H = h, H in our model, and oy, are the gluon-fusion and vector boson fusion (VBF)
hadronic cross sections. The signal strength for other channels, such as uy zz, are defined
in an analogous way. At the time of writing, ATLAS reports the value 3, = 1.65 £
0.24(stat) T025 (syst) at a mass my = 126.8 + 0.2(stat) + 0.7(syst) GeV [4]. The best fit
signal strength and mass using all decay channels are pg; = 1.43 4+ 0.16(stat) + 0.14(syst)
and my = 125.5+ 0.2(stat)f8:2(syst) GeV [53]. The CMS experiment does not report any
excess in the H — v channel; their best fit value is pz., = 0.78 & 0.24 with a best-fit
mass of my = 125.4 £ 0.5(stat) £ 0.6(syst) GeV [6].
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Figure 6. The maximally obtained pnyy = ppy, with my, = 125 GeV and mpy = 300 GeV, for
parameters that satisfy all constraints from theory, collider searches with the use of HIGGSBOUNDS
version 3.8. In (b) the requirement 0.5 < ppzz < 2.0 is added. We have plotted the points

resulting in 1.0 < g < 2.0 (red) above the points resulting in 0.5 < phay < 1.0 (black). The

scan is described in the text.

We further consider the ZZ — 4¢ channel. At the mass my = 124.3f8:g(stat)fgg(syst)
GeV, ATLAS obtains a best fit signal strength uzzz = 1.7153 [5]. The CMS experiment
obtains at my = 125.7 GeV the signal strength 377 = 0.92+0.28 [7]. In the following, we
will consider signal strengths 0.5 < f134y~, i3rzz < 2.0 (where H = h, H) to be compatible
with observation.

In our model, the signal strength ;- becomes

s = sin? a BR(h = v7) s = cos BR(H — vv)
" ( )T BR(Hsm — vy)

(4.2)

since h couples as sin « both to quarks in the gg-fusion process and to vector boson pairs
in VBF, whereas H couples as cos a.

The matrix element for H — vy at lowest order in 2HDMSs, and in particular in our
model, has contributions from two additional Feynman diagrams compared to the SM, with
a pair of charged scalars in the loop, as shown in figure 5. These two diagrams contain the
couplings between H and H™H ™

InH+H- = —Ww (=A3sina + Arcosa), gpp+r- = —iv (Agcosa + A7sina) (4.3)

in the matrix element for the partial width I'yy_,,~. The inclusion of the charged scalars
in the loop can enhance the I'yy_,,, and BR(* — 77) compared to the SM and therefore
also i3y -

In order to deduce the regions of parameter space in our model that are compatible with
the experimentally observed v and ZZ signal strengths and that satisfy constraints from
EWPT, theory and limits from previous collider experiments (through HIGGSBOUNDS), we
scan in the (mpy+,sin «a)-plane over the A3 and \; parameters. For a given A7 all solutions
to equations (2.31) and (2.32), i.e. A2 values according to equation (2.33), are tested. The
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resulting in 0.5 < pp5* < 1.0 (black). The scan is described in the text.

scan proceeds by sampling uniformly from the following intervals:
my+ € [45,300)GeV, |sina| €[0,1], X3 €[-5,15], A7 € [-10,10]. (4.4)

We need only consider | sin o since it can be shown that the allowed points are independent
on the sign of sin «.

In Case 1, my4 is taken as mg = mpy+ + 50 GeV in order to fulfill the constraints from
EWPT. In Case 1 we also use myg = 300 GeV. In Case 2 we use my = 75 or 95 GeV
with ma = mpg+ to fulfill EWPT constraints. The maximum signal strengths ,u?_’ta;; for
parameter points that satisfy all the constraints are shown in figures 6 and 7 for the two
cases respectively.

In total, we generate 5 x 10* points for each (mp, mp) configuration. In Case 1, 1432
points pass all constraints and give 0.5 < pp=> < 1.0 and 286 points give 1.0 < pp= < 2.0.
In Case 2 with mj;, = 75 (95) GeV, 1466 (3385) points pass all constraints and give 0.5 <
s < 1.0, and 1130 (2247) points give 1.0 < Py, < 2.0.

We find an allowed region for Case 1 compatible with observed signal strengths, such
that 0.7 < [sina|. There is also a region my /2 < myg+ S 150 GeV, where the ~y signal
strength is compatible with observations. However, for such low values of | sin |, the signal
strength for h — ZZ is not compatible with data. (The h — ZZ signal strength scales as
sin? @ in Case 1 as long as the decay channels into other scalars can be neglected). One
should therefore consider |sina| ~ 0.7 as a lower limit for the allowed parameter space.
There is also an allowed region with my+ < my/2 for 0.8 < |sina|. This region is not
shown in figure 6 since it is a very finely tuned region and can only be seen if one generates
more points according to (4.4). This region exists because the coupling gj,z+py- can be
made small enough to make BR(h — H+H ™) negligible. For such low m g+ one might think

that the LEP constraints on mg+ are violated (see section 5.2.4). However, the majority of
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the allowed points compatible with pi5, for mpy+ < my,/2 have BR(HT — W+y) > 99%
which we have assumed avoids the LEP constraints. We refer the reader to section 5.2 for
details concerning the H* decays in our model.

For Case 2, with my, = 75 GeV or my, = 95 GeV, the preferred regions are |sina| < 0.2
or |sinal < 0.5 respectively, both with with m, < mpy+, see figure 7. For my = 95 GeV,
an allowed region with |sina| < 0.1 and mg/2 < my+ < my, exists with relatively high
statistics. Analogous to the previously discussed Case 1, there is also an allowed region,
with my+ < mpg/2 and |sina| < 0.2 in Case 2, which is not shown in figure 7 due to low
statistics.

We have not considered the off-shell decay channels # — H ™) H—* nor A® A*, which
are not included in the 2HDMC code. However, due to the smallness of I';+ and I' 4, they
are not important (see sections 5.2.4 and 5.3.2).

In Case 1, we note that a conservative lower limit on my can be obtained by using the
searches for the SM Higgs boson by the ATLAS and CMS experiments. As an example we
consider figure 12a of Ref. [5] from ATLAS. This figure shows o(gg — Hgm) x BR(Hgm —
ZZ) x BR(ZZ — 4¢) as a function of mpg,,. Assuming no other decay modes of the H
boson of our model than into SM particles, we should rescale their result with cos® o in
order to compare with our model. For sina = 0.9, our predicted cross section is below the
present exclusion limit for myg > 200 GeV. For sin @ = 0.8 we are within and below the 1o
exclusion limit when mpy 2 300 GeV, still assuming no other decay modes of the H boson
than into SM particles. If decay modes that involve any of the new scalars in our model are
open, in particular the hh mode but possibly also the H*W¥ and AZ modes, then lower
my and sin « values are not excluded. It would be interesting to further analyze our model
in the light of the very recent LHC results, e.g. by using the updated HiIcGSBOUNDS [54, 55]
and the new code HIGGSSIGNALS [56].

5 Decays of the Scalars in the SDM

In this section we present the decay branching ratios and widths for the scalars in our
model. We first briefly discuss the decays of the CP-even bosons h and H followed by a
longer discussion of the decays of the charged scalar H*. Some of the discussion regarding
technical details of the H* decays is relegated to Appendices B and C. We then finish this
section by briefly discussing the decays of the A bosons, which are computed analogously
to the HT decays.

5.1 Decays of the non SM-like CP even scalar h or H

The decay modes of the h and H bosons are as in a Type-1 2HDM with tan 5 = 0. In this
section, we will focus on Case 1 and Case 2, which were discussed in section 4. For the
calculations of the branching ratios of h and H, we use 2HDMC.

We first consider Case 1, where my, = 125 GeV. The decay modes of h must be SM-like
in order to reproduce the recent LHC results. This constrains the masses of the charged
scalar H* and the CP-odd A to be large enough to prohibit e.g. h — HTH~ and h — AA,
unless the couplings are small as discussed in section 4. The heavier H boson, which can
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Figure 8. The branching ratios of the H boson as a function of mg+ when scanning over A3 and A;
(see the text for details) for my = 300 GeV (left) and my = 200 GeV (right): maximal BR(H —
HTH™) is shown as a black dotted line, whereas BR(H — HTWT)ma* and BR(H — HT*WT)min
are shown as solid and dashed magenta lines. The cyan band shows the sum BR(H — HT X).

be as light as ~ 200 GeV according to the discussion in section 4, can decay into HT¥W T,
HTH~, AA and AZ if any of these channels are open. In this case they will be potential
production channels for charged scalars and CP-odd scalars.

In order to investigate these decays in more detail, we have performed a scan in the
(A3, A\7)-plane according to

—5<A <15,  —10< )\ < min{10, AV®*} | (5.1)

in steps of 50 each in A3 and A7 for a given (mpy+,sin«) point, where AP'** is given by
eq. (2.36), using sina = 0.9, my, = 125 GeV and m4 = my+ + 50 GeV as well as imposing
the theoretical constraints and 0.5 < ppyy < 2.0 and 0.5 < ppzz < 2.0. The results are
summarized in figure 8a and figure 8b for my = 300 and 200 GeV, respectively. From
figure 8a we see that for my = 300 GeV the branching ratio of the H scalar into a pair
of charged scalars HtH~ can be as large as 60% and H — HTWT can be up to 70%.
Looking at the sum of the two, we see that the branching ratio for H — H* X is substantial
for my+ < 150 GeV. Turning to the case my = 200 GeV shown in figure 8b we see that
the decay H — HTH~ can dominate completely whereas H — H*WT is substantial for
my+ S 120 GeV.

In Case 2, the possible decays modes of H are the same as in Case 1. However, in
order to accommodate the recent LHC results, the signal strengths must be very SM-like
and therefore puts limits on my+ and my. The branching ratios of h in Case 2 should
then also be SM-like since no other decay channels are open.

5.2 Decays of the charged scalar H+

We now turn to the decay of the charged scalar H*. The main issue here is that below
the H* — W*S threshold, where S is the lightest of the neutral scalars, it is not known
a priori which is the largest of the partial decay widths: H* — ff', H¥ — W*Z/~ (which
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proceeds at one-loop level at lowest order) or H* — W**S* — 4 or 6 fermions (which are
tree level processes, suppressed by massive propagators and multi-particle phase-space).

All loop calculations of the H* and A decays in this paper have been performed by
implementing the model in the FEYNARTS [57] and FORMCALC [58, 59] packages with the
help of the FEYNRULES package [60].> The calculations have been performed in Feynman-
't Hooft gauge, i.e. R¢ gauge with { = 1, and renormalization conditions and counterterms
have been implemented in FORMCALC directly as this is not included in models generated
using FEYNRULES. Details of the calculations are given in the rest of this section, and
details of the renormalization and the chosen on-shell renormalization scheme are given in
Appendix B.

5.2.1 H* = ff

Due to the assigned Zs parities of the ®q 2 fields and the fermions, the charged scalar,
which resides solely in ®9, does not couple to fermions at tree level. Since the CP-even
mass eigenstates are a mixture of the neutral and real components from ®; and ®, it is
possible for the charged scalar to interact with fermions through the terms m%ﬂ){(ﬁg +h.c.
in the scalar potential. Because of the mixing, the amplitudes for all such diagrams will
be proportional to sin 2a o< [mi2| (see egs. (2.8) and (2.26)).

3The FEYNRULES model can be obtained from the authors.

G* .
/// +
__l__|;_(\\\ L
h/H ~
L+

Figure 9. Feynman diagrams in R¢ gauge for the effective vertex for (a): H* — u;d; and (b):
H* — LT v. Here, u; and d; denote up- and down-type quarks of family i. L™ denotes a positively
charged lepton; e™, ut, 77 and v the corresponding neutrino. Diagrams that contain propagators
denoted by h/H are to be counted as two diagrams: one with a h boson running in the loop and
one with a H boson instead. The effective vertices for Au;ii; and ALt L™ are described at one-loop
order by the same set of diagrams as in (a) and (b) but with the replacements A — HT, W+ — Z,
Gt -G d; > u; andv — L.
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There are several different ways for the charged scalar to couple to two fermions. We
start by considering the effective vertex generated by the Feynman diagrams shown in
figure 9, and given in eq. (C.2) in appendix C. Since the coupling Cp+ ¢ ~ pF is absent
at tree level and no counterterm is obtained by performing field and coupling expansions
in £ vukawa, the loop-generated coupling is UV finite. This has also been verified explicitly
using the FEYNARTS and FORMCALC implementation.

Another contribution to the matrix element My+_, 7 comes from mixing of the
charged scalar with the longitudinal component of the W boson or the charged Gold-
stone boson G since we are using R¢ gauge. This contribution also arises due to the
m%QCIﬂ;(I)g + h.c. term in the scalar potential. Feynman diagrams for the HT¥WT and
H*GT mixing contribution to H* — ff' are shown in figures 10 and 11.

In the present work, we follow the procedure for renormalization described in [61],
which means that no tadpole diagrams contribute and the real parts of the H¥WT and
H*G¥ mixings are absent for on-shell charged scalars. Again we refer to Appendix B
for details. Below the hW¥ threshold, only the vertex-diagrams in figure 9 contribute
to I'y+_, ¢ in the present renormalization scheme. As a consequence, for charged scalar
masses below my, + myy, the width for H* — ff’ is proportional to the fermion mass m ¥
and vanishes when m; — 0. Above the mj, + my threshold, where the H=W F-mixing
diagrams develops a non-zero imaginary part (which is unaffected by the renormalization
scheme, see figure 24), the width will not vanish in the limit m; — 0. We have also
verified, with our FEYNARTS and FORMCALC implementation, that the final expression
for the partial width I'y+_, ; 7, including all contributions, is indeed UV finite.

Finally we want to emphasize that the H* — ff’ partial width is proportional to
sin? 2« and does not depend on the parameters As, A3 or A7. In our numerical calculations
we include QCD radiative corrections for final state quarks up to order a?, according
to eq. (14) in [34], which is based on [62-64]. We will also in the following discussion set
Vexkum equal to the unit matrix.

Figure 10. HTW ™ mixing contribution to Ht — ff’. The same set of diagrams exists for the
AZ mixing contribution to A — ff with the replacements A — Ht, W+ — Z, Gt — G° and
f' — f. There is also the possibility to draw diagrams where the A boson mixes with a h/H boson
which in turn go into a pair of fermions, but all such diagrams vanish due to CP conservation in
the scalar sector. Diagrams that contain propagators denoted by h/H are to be counted as two
diagrams: one with a h boson running in the loop and one with a H boson instead.
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In figure 12, the partial widths I'g+_, ., and I'g+_,., are shown. The widths are very
small, less than ~ 1 eV. This is partially due to the small Yukawa couplings ms/v, m./v and
m, /v, on which all diagrams below the hWW* threshold depend through the H;ff vertex,
H; = h, H. Above the hW* threshold, the diagrams in figure 10, which are independent of
the Yukawa couplings, start to contribute according to the chosen renormalization scheme.
The smallness of the widths is also due to the loop suppression. In section 5.3.1, we compare
the partial width for the process A — 77~ (which is analogous to H* — 7v) evaluated in
our model and in a generic 2HDM in order to extract the size of the loop suppression. We
also note that the widths depend on my, and mp since diagrams with h and H propagators
interfere destructively. Furthermore, the 7 and c¢s widths are similar in size due to the
scaling with the fermion masses in the H;ff vertex.

5.2.2 H* - W*Z/y

We now discuss the decay channels H* — W*Z/~, starting with H* — W%y, Since
the electromagnetic current ng must be conserved classically, only couplings between
photons and particle-antiparticle pairs exist at tree level. This means in particular that
the coupling H*W T~ is absent, irrespective of the underlying model giving rise to the
charged scalar H* state. However, this coupling can in general be generated at higher
orders. The Feynman diagrams that contribute to the amplitude at one-loop order in R
gauge are shown in figure 13.

In principle, the diagrams in figure 14 could also contribute to longitudinally polarized
W+ bosons, WLi, but in fact all vanish. This can be understood by the form of the H™ H v

_ ~ _ h/H _
G* f He f w*rof
GRS RIS e
h/H h/H h/H
G° G* = H* - A -
//’\\ f //‘\\ f //‘\\ f //‘\\ f
e e e e

Figure 11. HtG~ mixing contribution to HT — ff’. The last five diagrams are purely real
and vanish in on-shell renormalization schemes [61]. The same set of diagrams exists for the AG°
mixing contribution to A — ff with the replacements A — HT, W+ — Z, Gt — G° and f' — f.
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Figure 12. The partial widths I'g+_,,, (black) and I'g+_,., (magenta) evaluated for m, =

125 GeV, sina = 0.9. For the solid lines we have my = 300 GeV, and for the dotted lines
mpg = 200 GeV.
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Figure 13. Feynman diagrams in R¢ gauge for the H £W Ty effective vertex at one-loop order.
Diagrams that contain propagators denoted by h/H are to be counted as two diagrams: one with
a h boson running in the loop and one with a H boson instead.

coupling, for which the Feynman rule reads
HYH v : e [p’éH —p‘IfI,] , (5.2)

where the four momenta are taken to be incoming. Due to four momentum conservation at
each vertex, we obtain p’ e, — Py = Pyiine. = Dy (at the HT H ™y vertex in the diagrams
in figure 14), which contracted with the final state polarization vector €, for the W= boson
gives

Py eulospw) = 0, (5.3)
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G+W+ H+W+ W+W+

Figure 14. Feynman diagrams in R gauge that contribute to the process H + 5 WTy at one-
loop level, where the external W= boson has longitudinal polarization, W . Diagrams that contain
propagators denoted by h/H are to be counted as two diagrams: one with a h boson running in the
loop and one with a H boson instead. All of these diagrams vanish due to the form of the H+H ™~
vertex, as explained in the text.

according to the gauge condition for massive spin-1 bosons, for all polarizations o. This
demonstrates that all the diagrams in figure 14 vanish and has also been verified with our
FOorMCALC implementation.

Similarly, the diagrams in figure 17, which are a subset of possible diagrams for the
matrix element of H* — W*Z;, vanish by the same argument applied to the AHTWT
coupling,

AH*WT : gagews [Phe — 4], (5.4)

where the four-momenta are taken to be incoming. It is important that the contributions
from AZ-mixing vanish at one-loop level in H* decays. If they did not, then we would not
have a consistent renormalization scheme (see Appendix B).

One should also add to the matrix element Mpy+_,y+, all the diagrams from the
H*WT¥ and H*GT mixing previously discussed for the H* — ff’ processes, by substi-
tuting W+~ for ff’ in the diagrams depicted in the figures 10 and 11. We do not include
diagrams with external Goldstone bosons in the processes H* — W*Z/~ since we employ
the standard unitary gauge prescription for summing over the physical polarization states
of the final state W= and Z bosons,

* Pup
Zeu(@p) 61,(0',]9) = —9w + :Lgy s (5'5)
loa

14

where V =W+ or Z.

Before continuing with further H* decays, we now want to briefly compare the decay
modes calculated so far. Above the on-shell threshold m = > myy we find that H+ — Wt~y
naturally dominates over HT — 77 v, / ¢5 by several orders of magnitude, as illustrated in
figure 15. (However, as will be discussed below, it is possible to tune the parameters to make
H* — W~ become very small.) The reason for this can be found in the different couplings
appearing in the respective loop diagrams. As was discussed in the previous section, all the
diagrams that contribute to I'y+_, ;7 are proportional to the small Yukawa couplings for
myg+ < mp+mypy. Above the threshold this partial amplitude is more or less unchanged. In
contrast, the leading order diagrams that contribute to H* — W%~ do not depend on the
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Figure 15. The cyan band shows the maximal and minimal obtained I'y=_, ., by scanning
according to eq. (5.1). The dotted magenta line shows I+ _, ., and the solid black shows I' = _,;,,,
evaluated at A3 = 2(mpy=/v)? and A7 = Ag. The dotted black line shows T'y=_,yy., evaluated at
A3 = A7 = 0 which makes the contribution from diagrams containing H; H H~ vertices (H; = h, H)
vanish according to (4.3).

Yukawa couplings, and thus H* — W=*+ dominates over HT — 7Fv, /5. The situation
is similar to the case in the Standard Model where Hgy — WTW ™ dominates over the
bb channel if it is open. It is well known that by including the width of the W bosons,
i.e. Hsn — WH*W—* — fermions, the W*W —* decay mode of the Hgy dominates over
bb far below the threshold; m Hey < 2mw. As we will now show, the situation is similar
in our model, i.e. the H* — W**~y mode dominates over the H* — ff’ modes even for
charged scalar masses mpy+ < myy .

To investigate this, we include the effect of subsequent decays of the W+ boson, by
considering the process H* — W*"y, using the method of “smeared mass unstable par-
ticles” [65, 66] described in Appendix D. Formally, one should consider all contributions
to the process HT — ff’~, with a photon energetic enough to be detected. The diagrams
contributing to this process would be the same as those for H* — ff’ with an external
photon radiated off any charged particle. We do not do this here, since to be consistent, we
would then also have to include all other O(agy) corrections to those widths, which are
needed to cancel IR divergences. This procedure will then require two-loop calculations, a
cumbersome task that will not alter the overall result regarding our H+ — Wy — ff'y
calculation.

The result of the inclusion of the width of the W= boson is that, due to its broadness
and the smallness of I'yy+ ., and I'y+_, .5, the process H* — W*"y clearly dominates the
spectrum even below the threshold for H* — W%+, as shown in figure 18 below and in
figure 15 above.

The H* —» W*Z /v widths are proportional to sin? 2o and are independent of \.
They do however depend on the A3 and A7 parameters through the H*H~h and HTH-H
vertices present in the second and seventh diagram in figure 13. In figure 15 we give the
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Figure 16. Feynman diagrams in [?¢ gauge that contribute to the process H + — WTZ at one-loop
level. Diagrams that contain propagators denoted by h/H are to be counted as two diagrams: one
diagram with a h boson running in the loop and one with a H boson instead.

partial decay width H* — W%~ for the canonical choice of A3 = 2(my=/v)? with A7 = Ag
as well as when scanning over A3 and \; according to eq. (5.1). The conclusion is that
for the vast majority of parameter space, the W~ mode dominates over the 7v and cs
modes. We note that it seems possible to tune the parameters A3 and A\; for a given
mp+ to give a very small I'g+_,p+,. This is most likely due to cancellations between
the diagrams containing H; HtH~ vertices, H; = h, H (which depend on A3 and A7, see
eq. (4.3)) with diagrams containing H; HT¥WT vertices (which depend on gauge couplings,
see appendix A). However, we do not analyze this further here.

We now turn to the process H¥ — W*Z. The tree-level coupling g+ +» depends on
the SU(2), and Y representations of the different scalar multiplets in a given model, and
their vevs. In models where only SU(2); doublet representations are present, the coupling
gz vanishes at tree level. This coupling can in general be generated at higher orders.
The diagrams for the process H* — W¥Z at one-loop order are the same diagrams as for
H* — WTF~ (replace v — Z) plus the diagrams in figure 16.

At this stage, we do not include off-shell effects in the H* — W*Z decays. The reason
will become clear below in section 5.2.4 where we will see that since my; = 125 GeV or
lighter, the tree level decay H¥ — WEA®) will dominate over HE — W*Z as soon
as h can be produced on-shell in H* — W**h. Now, since my, = 125 GeV is below the
W*Z threshold, this will always be true. The inclusion of H* — W**Z* does not alter
this result. However, it can in principle influence the importance of the H* — W%+ mode
below the W Z threshold, as indicated in figure 18. In addition, the inclusion of off-shell
top quarks could also be important when we consider which decay mode is sub-dominant
(at the percentage level). We leave these questions for future studies.

Finally, we have checked, using the FEYNARTS and FORMCALC implementation of our
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Figure 17. Feynman diagrams in ¢ gauge that contribute to the process H + 5 WTZ at one-loop
level, where the external Z boson has longitudinal polarization, Z;. There is also the possibility
to draw diagrams, with a H*W¥h/H vertex, where h/H goes into an external Z boson. Those
diagrams vanish due to the different quantum numbers of h/H and Z. Diagrams that contain
propagators denoted by h/H are to be counted as two diagrams: one diagram with a h boson
running in the loop and one with a H boson instead. All of the diagrams in this figure vanish due
to the form of the AH*W T vertex as discussed in the text.

model, that the calculated partial widths of I'y+_,y+ 7/, are UV finite. For completeness
we also note that the processes H* — W*Z/v have been considered for the MSSM, as
well as type I and IT 2HDMs, in [61].

5.2.3 H* — W*h/H/A — multiple fermions

In addition to the loop-decays already discussed, the H* can also decay into fermions via,
possibly off-shell W*, h, H and A bosons. Here we limit the discussion to decays into 4 or
6 fermions, I'y+_,4¢/65. For 4 fermion decays the only relevant channel is

Tps gp = D(HT — W = 2f] + [0*/H* — bb]). (5.6)

For 6 fermion final states there are several different amplitudes that contribute. In principle
the partial width should be calculated from the sum of all of all these. In line with this
we add the contributions from (possibly) virtual h, H on the amplitude level. However, we
do not consider possible interference terms between diagrams with different vector boson
propagators. In other words, we approximate

T+ op ~ D(HE = W = 2f] + [A*/H* — W*W* — 4f]) (5.7)
+T(HE = W = 2f] + [W*/H* — Z*Z* — 4f)), (5.8)

as is standard practice. We also define

U+ wh/g =Vt sap + Tt ey (5.9)

We calculate these widths using the 2HDMC implementation of our model interfaced with
the tree-level matrix-element and Monte Carlo phase-space generator MADGRAPH [67,
68], with non-zero widths included for the internal propagators using the prescription in
eq. (D.6).

As we will see in section 5.2.4, I'g+_,yyp,/p is negligible in comparison to the partial
widths I'ys_, pp and I+ <, for mg+ < mg S 2myy, where S is the lightest of A and h,
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Figure 18. The branching ratios of the charged scalar H* as a function of my+. The solid black
line shows the W*+ mode, dotted black W*Z, solid cyan W* A, dashed cyan Wih/ H and dotted
magenta tb. In this figure, we have A\3 = 2(mpy=+/v)%, Ao = Ay and Ay = Xg. The scenarios in
(a) and (b) are phenomenologically disfavored since EWPT require my > m+ for these values of
mpy+ (see figure 4 and the related discussion).

even after the inclusion of off-shell h/H and A bosons. This is due to the smallness of the
widths of the h, H and A bosons below the h/H — WW/ZZ and A — Zh/H or W*HT
thresholds. The effects of off-shell h, H and A bosons can become sizable when we consider
larger myp, g 4, i.e. when the sub-channels h/H — VV or A — Zh/H are kinematically
open, so that I'y, g 4 = O(1 GeV). One should also remember that the AH*WT coupling
is independent of the mixing angle a.

5.2.4 Decay widths and branching ratios for H+

We have now come to the point where we can compare the magnitudes of the different
decay modes under consideration in our standard cases with A3 = 2(mp+/v)%, A2 = A\
and A7 = )g as is illustrated in figure 18. Here we have calculated the partial width of the
decay mode H* — W** A using the closed formulas included in 2HDMC.
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First of all it should be noted that the contribution to the decay modes of H* from the
processes H* — v and HT — cs is very small: BR(H* — 7v) + BR(HT — ¢s) < O(1%).
As mentioned, due to the broadness of the W= boson, the H* — W**y mode dominates
over H* — 7v and H* — c¢s even below the threshold, mpy+ < my. If one considers
ma < mp+, the decay mode H* — W**A will start to make a significant contribution
and will dominate the branching ratios for the charged scalar below the W¥~ threshold,
mpg+ < myy. If we consider Case 1, then the mass of the A boson has to be heavier than
H* for mpy+ < M (according to the limits from EWPT illustrated in figure 4a with M
given by eq. (3.2)) and the decay mode H* — W* A is therefore not possible for light H*.
For charged scalar masses larger than myy, the decay mode H* — W~ will dominate,
provided that H* is the lightest scalar in our model. The tb and W Z modes will contribute
to the branching ratios of the order a few percent.

A phenomenological consequence is that the charged scalar in our model s not con-
strained by the LEP result my+ > 80 GeV, valid for BR(H* — ¢s) + BR(H* — 7v) =
1[47, 69, 70]. Moreover, the W+ channel can be dominant, and WZ of order 1%. This is to
be compared to the case of type-I or I 2HDMs and MSSM where the maximal branching
ratios for the W+~ mode are ~ O(107°) and WZ ~ O(1073) [61].

Note that, as shown in figure 15, the width of H* can become very small in some
regions of parameter space. For example, if the width would be 1 eV, then the proper
decay length is ¢ ~ 0.2 ym, and if the width is as small as 1 meV, then ¢r ~ 0.2 mm.
It would therefore be interesting to study whether this could lead to tracks or displaced
vertices in the detector. Such signatures have been studied by the CMS collaboration in
[71].

5.3 Decays of the CP-odd scalar A

We end this section on scalar decays by considering the decays of the A boson. As men-
tioned for the H* bosons, we do not know a priori if the decay modes of the A boson into
4 or 6 fermions, via possible off-shell bosons, dominates over A — ff, which proceeds at
one-loop at the lowest order in our model*. The decay modes of the A boson into 4 or
6 fermions through possible off-shell h, H, H*, Z and W= bosons are calculated in a very
similar way as the decay of the charged scalar, in section 5.2.3.

531 A— ff

The situation here is similar to the situation for the charged scalar: the CP-odd scalar
A couples to a pair of fermions with the same diagrams as the charged scalar, but with
the W+ or G* bosons replaced with Z or G? in the loop. The A bosons will mix with
longitudinally polarized Z bosons (and with G° bosons in R¢ gauge), which in turn go into

4Note that due to the quantum numbers of the A boson, the amplitudes for A — V'V, where VV =
WTW ™, ZZ,~4v, Z~ or gg, are zero at tree-level. In general 2HDMs, the A boson can couple to a pair of
gauge bosons at one-loop order through a loop of fermions [72]. This is not the case in our model due to
the vanishing of the tree-level couplings between A and a fermion pair, C'ys5 ~ p¥ = 0. This means that
in our model, A — V'V is a two-loop process. We will not consider these decay modes in this paper.
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Figure 19. The ratio { = [pL]% / (m;/v) as a function of m4. The solid line is for sina = 0.7
and the dotted for sin o = 0.95. The other parameters of the model are taken to be m;, = 125 GeV,
mpg = 300 GeV, myg+ = ma.

a pair of fermions. We will renormalize the AZ and AG® mixing in the same way as for
H*W#* and H*G?, i.e., the real part of the mixing vanishes for an on-shell A boson.

One way to give a measure of the magnitude of the loop-generated p!" elements in
our model is by comparing e.g. I'y_,.+,- calculated in our model (at one-loop level)
with the tree-level result obtained in a generic model. Writing the effective interaction
as iU, [pL} 43 75¥r A, we can calculate the effective coupling [pL}?)B from

2my 4m2
Tarir = ([p"]4s) /1 — — - (5.10)
—TTT 33 87'(' mi
Defining the ratio
C — ['OL]33 (5 11)
T omg v’ ’

where ( = 1 is the value obtained in a Type-I 2HDM with tan 5 = 1, we find that the
magnitude of ¢ in our model is O(1073) if ma < my, + mz, see figure 19. Note that this
effective coupling is independent of the values of mpy+, A3, A2, and A7.

Another property of the model is that at lowest order we have

Pasee — mg

FA—)S§ ms

N[O N

(5.12)

In this sense, our model is therefore Type I-like. Furthermore, as already mentioned, the
off-diagonal entries in the p matrices are zero at one-loop level. This is due to the absence
of a W* boson in the diagrams for the process A — ff. At two-loop order, off-diagonal
p! matrix elements are generated and will introduce new FCNC in our model.

5.3.2 Decay widths and branching ratios for A

The result of the calculations for the partial widths and branching ratios for the A boson
is similar to those of the charged scalar. If the CP-odd scalar is not the lightest scalar
in our model, the dominating decay mode is A — SV, where S is the lightest scalar and
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Figure 20. The various branching ratios for the scalar A: dotted magenta A — bb, solid magenta
A — c¢, dashed magenta A — 77, dashed black A — Zh/H, solid black A — W HT. Here A3 = 0,

)\2 = )\1 and )\7 = )\6.
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Figure 21. The branching ratios for the scalar A: dotted magenta is bb, solid magenta c¢, dashed
magenta 77, dashed black Zh/H. mg+ = my, mp = 75 GeV my = 125 GeV, sina = 0.1. Here
)\3 = O, /\2 = /\1 and )\7 = /\6-

V the associated vector boson. If A is the lightest scalar, the bb mode dominates, see
figure 20 and figure 21. The partial decay widths A — ff are proportional to sin? 2« and
can be very small, figure 22. In Case 1 there is no region in parameter space which allows
the A boson to be the lightest scalar. As was outlined in section 3, in Case 1 one should
have my 2 mpy+ + 50 GeV in order to fulfill the constraints from EWPT for mg+ below
myp = 125 GeV. In Case 2 we have larger freedom to choose my and mg+ according to
figure 4b. But the recent LHC results restrict the possible m4 and mpy+ since e.g. the
decay mode H — AZ* (with Z far off shell) should not be allowed.
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Figure 22. The partial decay widths I'4 as a function of m 4. Dotted magenta is bb, dashed black
Zh/H, solid black W*HT. Here A3 = 0, Ay = A\; and A7 = \g.

6 The scalars of the SDM at collider experiments

We have seen that the scalars in our model, and in particular H* and A, can have non-
standard decay modes. If HT is the lightest scalar, its dominating decay mode will be
H* — W+, In this section we now consider the production of the scalars. As mentioned
in section 4, the CP-even scalars h and H are produced in the same way as Hgy in gg-fusion
and VBF, but with modified couplings

or(pp = H;) = kn, o (pp — Hsm), (6.1)

2« and oy, are the production cross-sections

where H; = h,H, k, = sina,ky = cos
through gg-fusion or VBF.

The discovery of a charged scalar H* has for long been considered a sure sign of physics
beyond the SM. In the standard scenarios such as MSSM, NMSSM or 2HDMs, H* are
produced primarily in top quark decays if they are light, or if they are heavy, in association
with top and bottom quarks in gg and gb collisions.

In our model, the tbH* coupling is zero at tree level and is instead generated by loops,
and the same holds for the Abb coupling. We have calculated the loop-generated decay
width I';, g+ in our model in the same way as we calculated I'y+_,;5. The result is
that the branching ratio BR(t — H* b) is less than 1076 for allowed points in parameter
space (the X\ parameters can not be arbitrarily large). So due to the absence of tree-level
fermion couplings for H* and A, we will neglect the standard production mechanisms of
the H* involving the tbH* couplings and the gg — A channel for the A. Other production
mechanisms must therefore be considered. Our model thus leads to a novel phenomenology
of the H* and A bosons, with both production and decay modes being non-standard. More
detailed phenomenological studies of H* and A will be performed in future work, but in
this section, we briefly outline some channels that will be important. Production cross
sections for light charged Higgs bosons in general 2HDMs can be found in [73].
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Figure 23. Hadronic cross-sections for various production mechanisms as functions of mg+:
(a) o(pp — HTH™) at LHC 8 (14) TeV solid (dashed) and o(pp — HTH~) at the Tevatron
(dotted), (b) o(pp — HTA) at LHC 8 TeV. For the solid/dashed/dotted lines, we have my =
mpg+ +0/25/50 GeV, (c) o(pp — HTh) at LHC 8 TeV. For the solid line, we have m; = 125 GeV
with sina = 0.9, the dashed (dotted) line my, = 95 (75) GeV with sina = 0.1, (d) o(pp - HYH)
at LHC 8 TeV. For the solid (dashed) line, we have mg = 200 (300) GeV with sina = 0.9 and for
the dotted line my = 125 GeV with sina = 0.1.

6.1 Production of H*

The production of a pair of charged scalars in ¢g collisions through s-channel v*/Z* ex-
change depends on the electroweak couplings through the ZHTH~ and vH ™ H~ vertices.
Except for the dependence on m =, the partonic cross section for ¢q¢ — H™H ™~ does not
depend on the parameters of the scalar potential, if one neglects the contribution from
s-channel processes with h and H bosons, whose couplings to the quarks involved are very
small. To get a first estimate of the hadronic production cross sections we have calculated
o(pp— HTH™) at /s = 8 TeV and 14 TeV and o(pp — HTH™) at /s = 2 TeV using
the LO Monte Carlo generator software MADGRAPH [67, 68] with CTEQ6L1 PDFs and
using factorization and renormalization scales set to u = My. The results are shown in
figure 23a as a function of mpy«.

Another production process to consider is the associated production g7 — W* —
H* S, where S = h, H or A. This will give cross sections of similar magnitude as ¢g —
v*/Z* — HTH~, provided that the sum of the final state rest masses are similar; my+ +
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mg ~ 2mp+. In figure 23b—d we show the leading order hadronic cross sections at the
LHC with /s = 8 TeV, as calculated with MADGRAPH, for pp — HT A, pp — H'h and
pp — HTH respectively. We note that the process qf — W* — H* A is independent of
the mixing angle «, whereas the ¢¢ — W* — H* H; processes have a dependence on o
through the W*H¥ H; coupling, where H; = h, H.

6.2 Production of A

The process gg — A occurs at two-loop level in our model. We will instead consider those
regions in parameter space where it can be produced in decays of the other scalars or in
association with those. If H is heavy enough, its decays H — AZ, AA could contribute a
significant amount of the total production cross section of A bosons at the LHC. One could
also consider the process q77 — Z* — Ah/H for which the cross section is similar to the
previously discussed q¢ — H*A/h/H. One would then have to consider the subsequent
decay of the A boson into hZ or HTWT. If A is the lightest scalar of the model one has
to instead consider A — bb.

We also note that if A is the lightest scalar, the decay width can be very small,
'y <1 meV as shown in figure 22b, for sin @ ~ 0.1. This feature might open for signatures
with displaced vertices in the detectors, provided that the A bosons are produced with
sufficient pp relative to its mass to that the ~v-factor from the boost is large enough.

7 Conclusions and summary

In this paper, we have discussed a novel type of 2HDMs, first introduced by us in [14],
where the Zo symmetry is softly broken and only one of the doublets has a non-zero vev.
This leads to that only one of the doublets has tree-level fermion couplings, and that new
FCNCs occur first at the two-loop level. Since the H* and the A bosons reside solely in the
fermiophobic doublet, indirect constraints from flavor observables do not apply. We also
demonstrated that there are substantial regions of the parameter space of the model which
satisfy theoretical constraints, are compatible with EWPT and earlier Higgs searches, and
with the new LHC results. In particular,we have considered the H — vy and H — ZZ
signal strengths, where H denotes the observed Higgs boson.

We have calculated the decay rates of all scalars, and in particular the decays of the H*
and A bosons that occur through one-loop processes at lowest order. Decay modes involving
off-shell final state particles have also been considered in detail. These calculations show
that if the H* boson is the lightest scalar of the model, the non-standard decay mode
H* — W%+ will normally dominate. Otherwise, decays of H* into on-shell scalars and
off-shell vector bosons will dominate. The decay modes of the A boson show a similar
behavior as for the H* boson. If A is not the lightest scalar, then A will decay into on-
shell scalars and off-shell vector bosons. If A is the lightest scalar, A — bb is the dominating
decay channel.

Since the H* and A bosons of this model are fermiophobic at tree level, they have
loop-suppressed standard production channels at hadron colliders. Therefore, we consider
production of these scalars in pairs, and in association with vector bosons and other scalars.
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These production channels could originate from q¢ collisions or H decays. We estimate
that, if light enough, H* and A should already had been produced in considerable amounts
at the LHC. Therefore, more detailed investigations of such scenarios should be considered,
in particular the case where H* — W+ is the dominating decay mode.
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Appendices
A Couplings

In this Appendix we give the three-particle couplings of scalars and gauge bosons. We do
not list all the Goldstone boson couplings or the four-particle couplings, but these can be
easily obtained using the FEYNRULES implementation of the model. As before, we define
Sa = sina, cq, = cosa, and sy = sinfyy. The triple scalar couplings of the model are then
given by g, = —iveyy, for 4, j,k = h, H, A, H?*, where

Chih = 3 (—83)\1 + 3casiA6 + CZ)W — Cisa)\345) , (A1)
crnn = 3 (A1 + 3c2sade + SoA7 + casEA345) s (A.2)
Chii = 35506 — 3284 (206 — A7) + casZ (BA1 — 2)345) + € Aaas, (A.3)
chEH = 3¢ A6 — 3¢as? (206 — A7) — 254 (3A1 — 2A345) — 55 Aaus, (A.4)
ChAA = —5a (A3 + Mg — A5) + car, (A.5)
CHAA = Ca (A3 + Ay — As) + 87, (A.6)
ChH+H- = —SaA3 + CaA7, (A7)
CHH+H- = Ca3 + Sa 7, (A.8)
utrr- = 5 (2500 — alAa + X9)), (A.9)

—
>
—_
=

~—

1
CHH+G_ == —5 (26@)\6 + Sa()\él + )\5)) :

Coming to the gauge-scalar couplings, we start with the SSV couplings. Writing the
Feynman rules as

S185V = gs,s,v (P, — Pls,)s (A.11)
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where the momenta are taken to be incoming, we have

ecq €Sa

= == A.12
9hAZ e sy JHAZ 2w sy ( )
iecy iesq
s = A.13
IhHEWF ¥2SW ) JHH+*WF ?28W ) ( )
e
- _ A.14
JAHEWF sy ( )
s (2 2
ie (c5, — s .
9H+H-7Z = (2W W> ) gH+H-~ = 1€. (A'15)
CW SW
Finally we have the SVV couplings, which we write as
SVV : gSV\/g“V (A.lﬁ)
with
.2 .2
ie“vs ie“ve
9hzz = _2 P 2a ) 9gHZZ = 5 204 ; (A17)
Yy Sy QCWSW
.9 2
ie“vsq ie“ve,
= , = —, A.18
9hw+w 23%,[, JHW+W 25%,‘, ( )
ies iec
ghetws = £ guctws = Fo—. (A.19)
2sw 2sw

The gauge—scalar couplings are thus the same as in general 2HDMs with the replacement
8 —0.

B Renormalization

We here give a summary of the on-shell renormalization scheme used in [61]. The on-shell
renormalization scheme at one-loop order for 2HDMs and the MSSM is also discussed in
e.g. Refs. [74-78]. We renormalize the doublets and vevs according to:

(I)i — Zi (i)z', Vi — ﬁi — (57)1. s (Bl)

where vo = 0 at tree level in our model, and the wavefunction renormalization constants
Z; are expanded as Z; = 1+ 0z, at one-loop order. These redefinitions are then inserted
into the kinetic Lagrangian for the doublets. After this insertion, we obtain the following
counterterms (A, is the photon field):

Spew= (PH)WF, (B.2)
(SH:EWI,Y HiW;FAV = e(sHiW$HiW;FAV7 (B3)
Surwez HEWT Z, = e‘%éHimHiwjzm (B.4)

for the mixings and vertices respectively, where
my

Srtews = 2 [510,, — 028y, + 18202, — 022)] B5
HEWT rf)%_i-'f)% ['l)l 9 V2 1+'UIUQ< Z1 ZQ)] ( )
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Figure 24. The imaginary part (a) and the real part (b) of the on-shell renormalized off-diagonal
self energy by H+wF as a function of the invariant mass k. In this figure we have mpy+ = 100 GeV
(solid), my+ = myp + my+ (dashed) and my+ = 300 GeV (dotted). The other parameters in our
model are taken to be my = 100 GeV, my = 300 GeV, ma = myg=+, sina = 0.9, A3 =0, Ay = )
and )\7 = )\6-

Hence, the renormalization of the HE*WTZ and HT*W T~ vertices depends on the HEWF
mixing renormalization.

In order for the one-loop potential to be minimized by ©; and 09, we require that the
renormalized tadpoles vanish:

where T}, /g denotes the sum of all tadpole diagrams for the field h/H and 4y, /n the tadpole
counterterms at one-loop order.

The on-shell renormalization scheme proceeds by requiring that the real part® of the
renormalized off-diagonal self-energy 3 <+ vanishes for an on-shell H*:

Re |:2HiW1 (k’Q = m%{i)] = 0, (B7)
which then determines §g+y+ according to
Re i:H:thp (]62 = m%[i)} = Re [EH:twq: (k‘2 = m%{i)] + 5H:tW2F - 07 (BS)

where the bare self-energy X +y+ is given by eq. (C.3). Furthermore, the renormalization
of the H*GT mixing is also determined by §y=y+ due to a Slavnov-Taylor identity that
forces X p+y+ and Syeor to be proportional to each other [61, 78, 79].

For illustration we show the real and imaginary parts of the renormalized self-energy
)y g=we in figure 24. Note that the real part vanishes for an on-shell H* as prescribed.
Note also that the imaginary part is only non-zero when the internal particles in the loop
(W*,h and H) can be produced on-shell, i.e. when k > mj, + myy.

By following the same prescription outlined here and in [61], we find that the coun-
terterm for AZ mixing is proportional to the one obtained for H*W¥ mixing, daz =
i(mz/mw) dg+w+. The AZ mixing is also defined to vanish on-shell,

Re [2/}2(16‘2 = mi)] =0, (B.9)

5 . . . .
+ w - v .
°dp+w is real since we consider a CP-conserving scalar sector
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and the AG® mixing is related to this by a similar Slavnov-Taylor identity as for the H*GT
mixing. All in all this means that the AZ and H*W ¥ mixing cannot vanish on-shell at the
same time. At one-loop order this is not a problem since the AZ and H*W ¥ mixing cannot
both be present in the same set of diagrams, and we are free to choose whatever scheme
(i.e. values of the counterterms) we want. However, if we include two-loop diagrams, then
inconsistencies may arise but this is not relevant for this study, so we leave aside the issue
of on-shell renormalization of 2HDMs, and in particular of our model, at arbitrary order
in perturbation theory.

In a perturbative expansion using R¢ gauge one must also include Faddeev—Popov
ghosts. The ghosts corresponding to W and Z couple only to h/H in the scalar sector
and only occur in loop diagrams. For diagrams that contribute to the matrix elements
for U+ ppry Pyt swez), and I'y_, ;7 at one loop order, the tadpole diagrams are the
only ones that contain ghosts. Since we require the sum of the tadpole diagrams to vanish
according to eq. (B.6) we do not need to include the ghost contributions explicitly in our
calculations. It is however straightforward to include ghosts in our model. One just makes

the replacement Hgy — H cos o — hsin o in £§}1Y<[>st [75], which gives the following couplings
between ghosts (ny) and h, H,
hny ity = 18a Emi v, Hny iy = —iCa emd v, (B.10)

where V=W W~ or Z.

C Expressions for the vertices and mixing self-energies

In this appendix we give the expressions for the unrenormalized vertices and self-energies.
The vertex function Vy+ -, for H™ — LTv in Feynman—"t Hooft gauge is at leading order
defined as

MH+*>L+ZI = [ﬂL+ PR Q]IJ]VYH+L*1/ (m%{iam%v 0) ) (Cl)

where M+ _ 1+, is the matrix element for the triangle loop contribution to H™ — LTv,
see figure 9b. The vertex function reads

167° Vig+ 1, (m3y=,m7,0) = gnp+r-gnm+w-3 Bo(0,m7, miy)
— gnr+1- [ 9nm+a-9a+1-vme — Ghprw-G(mys +mi —4m37) |
X Co(m%i,m%,(),m%,v,m%,m%)
+ ghr+1- [9np+c-96+L-vmL — Grmrw-J (mie —2m7) |
X C’l(qui,m%,o,m%ﬁ/,m%,m%)
+ Gnr+L-Gnm+w-3 (mipe —mi)
x Co(m2e,m%,0,m%y, mi,m3) + (h— H), (C.2)

where By, Co, C1, Co are Passarino-Veltman integrals [80], § = ie/v/2sw, gnr+1- = imr /v,

ga+1-» = —iv2myg /v, and the remaining gijk are given in Appendix A. The (h — H)
indicates the four terms that have a H boson running in the loop instead of A, which
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are obtained if one makes the replacement h — H. The vertex function for H J“L%Jj is
analogous to Vy+-,, but has more terms due to the non-vanishing quark masses.
The bare off-diagonal HTW ™ self-energy in Feynman—"t Hooft-gauge reads

167° S ew- () = gnmrw— gnm+ [Bo(K*,mip, mips) + 2 Bi(k?, mj, m3;2 )]
— Gnrrw- Gaww- [2 Bo(k?, mi, miy) + Bi(k?, miy, mi)]
+ Gng+w- Gn+a- [Bo(k?, mi, miy) + 2 Bi(k?, mj, miy)]
+ (h— H),

(C.3)

where again By and B; are Passarino—Veltman functions. The (h — H) indicates the three
terms that have a H boson running in the loop instead of h are obtained if one makes the
replacement h — H.

One should notice that the matrix element M g+ = for the transition H* — W+
vanishes. This is because of the Feynman rules for the hRH*WT and HH*WT vertices,
which are present in the diagrams in figure 10:

S]{iI/V¥ : 9SsHEWTF [p’;{i —pgv] y (04)

where S = h, H and the four-momenta are taken to be incoming. This means that the
mixing diagrams are all proportional to pgi = p‘lfv, which, combined with eq. (5.3) for a
final state WW* boson results in Mg+ = = 0. A HT boson can therefore not fluctuate
into an (on-shell) W+ boson, which is a renormalization-scheme independent statement.

The vertex functions for A — 2f are obtained similarly. We do not give the expressions
for the vertex functions for H* — W=V here, but they can be found in Ref. [61].

D The smeared mass unstable particle model

The smeared mass unstable particle (SMUP) model is based on the time—energy uncertainty
relation and the Kallén—Lehmann form of the exact propagator where finite width effects
are taken into account in the spectral density, see [65, 66] and references therein. The reason
we use this model is that it requires only the use and knowledge of I'} . HWi*,y(TrLHi,q)
defined below.

To evaluate the decay width for H* — W*"y for a given mass of the charged scalar,

mp+, one considers the invariant mass of the virtual W, my,+« = ¢, as a free parameter

and defines
m? )
FHiﬁwi*,y(mHj:) = /0 ngﬁwi*v(mHi,q) p(q) dq s (Dl)
where in_)wi*,y(mHi,q) is the decay width for H* — W*"y with the off-shell W+
having a specific invariant mass g. This is folded with the spectral density p(q), defined as
1 qT'w(g)
pla) = — (D.2
)T P+ i @P )
where we have used myy = 80.4 GeV and
9¢°
r = —q. D.3
wla) = jo-a (D.3)
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Figure 25. (a) Comparison of off-shell (dashed blue line) and on-shell (solid red line) decay widths
for H* — yW*. (b) The ratio of the on-shell and the off-shell decay widths. The parameters of the
model take the values my, = 125, my = 300 GeV, ma = mpy+, sina = 0.9 and A3 = 2(my= /v)2.

We evaluate eq. (D.1) by using our code for H* — Wy with on-shell W but allowing
the W*-mass to vary. We then integrate numerically over the spectral density.

As a check of the formalism, we also applied the SMUP model to the well-known
SM process Hgy — W *WH*. Comparison with known “standard” formulas [81, 82]
show excellent agreement with a difference of less than 2%. The standard formula for
Hsy — W*WH* with a fixed width reads [82]

m%]SM dq% mWrw/ﬂ' k? dq% mWrw/ﬂ'
FHSM—WV—*W“'* (mHSM) = 0 [qQ 0 [q

§—miyl? +mi T, 3 —mp 2+ my g, "
(D.4)
where k = mpg,, — q1, and
Fo:% <1_ ¢ B )2_4 0343 (1_ ¢ 3 >2+8 43q3
167TU2 m%ISI\/I m%{SI\/I mz]l{sl\/[ m%—ISM m%{SM mz]l{SM
(D.5)

This formula is obtained by denoting the denominator of the respective W*-propagators
as

g; — miy +imwTw, (D.6)

where q? is the invariant mass squared of the i’th off-shell W*-boson. We stress that,
differently from the SMUP method, the quantity Ty in (D.4) should not be literally in-
terpreted as neither the decay width of the Higgs boson to a pair of virtual bosons with
invariant masses ¢i, g2 nor as the matrix element squared.

As a further check, we evaluate I'py+_, =+, for mpy+ far above the threshold, with the
result that the off-shell calculation coincides with the on-shell result, as shown in figure 25b.
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