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Abstract

This note provides an interim summary of the current recontagons of the
PDF4LHC working group for the use of parton distribution dtions (PDFs)
and of PDF uncertainties at the LHC, for cross section anskcsection uncer-
tainty calculations. It also contains a succinct user gtodbe computation of
PDFs, uncertainties and correlations using available Ri¥: s

A companion note (the PDF4LHC Working Group Interim Repstjnma-
rizes predictions for benchmark cross sections at the LHO & using mod-
ern PDFs currently available from 6 PDF fitting groups.
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1. Introduction

The LHC experiments are currently producing cross secframs the 7 TeV data, and thus need accurate
predictions for these cross sections and their uncergiati NLO and NNLO. Crucial to the predictions
and their uncertainties are the parton distribution funi(PDFs) obtained from global fits to data from
deep-inelastic scattering, Drell-Yan and jet data. A nundfeyroups have produced publicly available
PDFs using different data sets and analysis frameworksotie of the charges of the PDF4LHC working
group to evaluate and understand differences among the &BFode used at the LHC, and to provide a
protocol for both experimentalists and theorists to usedPR€ sets to calculate central cross sections at
the LHC, as well as to estimate their PDF uncertainty. Thte iwintended to provide recommendations
for estimations of cross sections and uncertainties at H@.L

2. ThePDF4LHC recommendation

Before the recommendation is presented, it is useful toligighthe differences between two use cases:
(1) cross sections which have not yet been measured (suébr &ample, Higgs production) and (2)
comparisons to existing cross sections. For the latterpthst useful comparisons should be to the
predictions using individual PDFs (and their uncertairgyds). Such cross sections have the potential,
for example, to provide information useful for modificatiohthose PDFs. For the former, in particular
the cross section predictions in this report, we would ligeptovide a reliable estimate of the true
uncertainty, taking into account possible differencesveen the central values of predictions using
different PDF4l. From the results seen it is clear that this uncertainty allarger than that from any
single PDF set, but we feel it should not lose all connect@thé individual PDF uncertainties (which
would happen for many processes if the full spread of all PREse used), so some compromise is
proposed.

The wish for a recommendation follows directly from the HEHRAC workshop conclusions [1],
and has always been one of the main goals of the PDF4LHC gincg its creation in 2006, particularly
as a wish of the LHC experiments. In order for the recommeowlad be acceptable by the experiments,
it has to be pragmatic and not unnecessarily complicated.also an advantage to try to keep close to
the techniques or procedures that are already being uskd éxperiments up to now. To that end, many
studies in the past years have been done with CTEQ and MSTd¥eaantly also NNPDF. But it should
be clear that at this point no general judgement is made otheheertain PDFs can or cannot be used;
for any given particular analysis, different expert judgens can lead to different choices, maybe even
the use of only a single PDF set. Also, the recommendatioengdelow can and will be revised in due
time when a new level of understanding and development ezl which is expected to follow from
the ongoing discussions at the PDF4LHC forum.

As seen at NLO there is always reasonable agreement betw88WWVCTEQ and NNPDF and
potentially more deviation with the other sets. In some sdhes deviation has at least one potential
origin, e.g. thett cross-section at 7 TeV at the LHC probes similar PDFs as probthe lowerpr jet
production at the Tevatron, which has neither been fit nodatdd against quantitatively by some groups
(preliminary results for ABM may be found atl[2]). As notedrde deviations in predictions between
existing NNLO sets are similar to those between the same MNit© Biscrepancies in MSTW, CTEQ and
NNPDF do not always have clear origin, or may be a matter ofgutare (e.g. gluon parameterisation)
which is an ongoing debate between groups. Bearing thismal mnd having been requested to provide
a procedure to give a moderately conservative uncertdds4LHC recommends the following.

It may also be more conservative to use this procedure toleddcthe uncertainty for the acceptance for a measured cros
section.



2.1 NLO prescription

At NLO, the recommendation is, for the first case describenv@pto use predictions from the PDF fits
from CTEQ, MSTW and NNPDF. These sets all use results fronmdmadollider experiments, i.e. the
Tevatron, as well as fixed target experiments and HERA, asdriake available specific sets for a vari-
ety of as(my) values. The PDFs from these three groups to be used are: CEEZ)EVISTW2008 [4]
and NNPDF2.0[[5]. Neither the CTEQ6.6 nor the MSTW2008 PDE sse the new combined very
accurate HERA data sets, which are instead used by NNPD&gdaies of the CTEQ (CT10![6]) and
MSTW [ PDFs will include them) but these PDFs are now most commoséd by the LHC exper-
iments and are suggested in the recommendation for thisrreaBhe NNPDF2.0 set does not use a
general-mass variable flavor number scheme (the NNPDF2FLgeE) which does use a general-mass
variable flavor number scheme is currently being finalE)edbut the alternative method which NNPDF
use for determining PDF uncertainties provide importadependent information.

Other PDF sets, ABKMO09 [9, 10] GJR08 [11,]/12] and HERAPDFL8) [are useful for direct
comparison to data as suggested for case (2), for crosss;hamolt for a more extensive and conserva-
tive evaluation of the PDF uncertainty. For example, HERARID allows a study of the theoretical
uncertainties related to the charm mass treatment.aLhencertainties (for the PDFs) can be evaluated
by taking a range oft-0.0012 for 68%c.l. (or +0.002 for 90% c.l.) from the preferred central value
for CTEQ and NNPDF. The total PDlat uncertainty can then be evaluated by adding the variations i
PDFs due taxvg uncertainty in quadrature with the fixedy PDF uncertainty (shown to correctly incor-
porate correlations in the quadratic error approximatibl)[ or, for NNPDF, more efficiently taking a
gaussian distribution of PDF replicas corresponding tteddht values oty [15,[20]. For MSTW the
PDF+x, uncertainties should be evaluated using their prescriptibich better accounts for correlations
between the PDF and, uncertainties when using the MSTW dynamical tolerancegaore for uncer-
tainties [16]. Adding thexg uncertainty in quadrature for MSTW can be used as a simgiificdut
generally gives slightly smaller uncertainties.

So the prescription for NLO is as follows:

e Forthe calculation of uncertainties at the LHC, use the lepeeprovided by the central values and
PDF+a; errors from the MSTWO08, CTEQ6.6 and NNPDF2.0 PDFs, using) gagup’s prescrip-
tions for combining the two types of errors. We propose teinition of an envelope because the
deviations between the predictions are as large as theartamaties. As a central value, use the
midpoint of this envelope. We recommend that a 68%c.|. uacey envelope be calculated and
the o variation suggested is consistent with this. Note that thE@6.6 set has uncertainties and
« variations provided only at 90%c.l. and thus their uncatias should be reduced by a factor
of 1.645 for 68%c.l.. Within the quadratic approximatidmstprocedure is completely correct.

2.2 NNLO prescription

At NNLO, base the calculation of PDF uncertainties on they ®™NLO set which currently includes a
wide variety of hadron collider data sets, i.e. MSTW2808 here seems to be no reason to believe that
the spread in predictions of the global fits, i.e. MSTW, CTE@ &INPDF, will diminish significantly

at NNLO compared to NLO, where this spread was somewhat bifpge the uncertainty from each
single group. Hence, at NNLO the uncertainty obtained frol8TW alone should be expanded to
some degree. It seems most appropriate to do this by mufigppipe MSTW uncertainty at NNLO by
the factor obtained by dividing the full uncertainty obtdnfrom the envelope of MSTW, CTEQ and

2The MSTW presentation at the DIS 2010 worksHdp [7] can beudtetsto assess the effects of these data.

3The NNPDF presentation at the DIS 2010 workstidp [8] can bewted to assess the effects of these corrections.

“4Although inclusive jet data from the Tevatron are includethie MSTW2008 (and other) NNLO fits, we note that to date
the inclusive jet cross section has only been cslculated 10.N



NNPDF results at NLO by the MSTW uncertainty at NLO. In all eathea, uncertainty should be
included. We note that in most cases so far examined for th€ kithning at 7TeV centre of mass
energy this factor of the envelope divided by the MSTW uraety is quite close to 2, and this factor
can be used as a short-hand prescription.

Since there are NNLO PDFs obtained from fits by the ABM,@JR]d HERAPDF groups, these
should ideally be compared with the above procedure.

So the prescription at NNLO is:

e As a central value, use the MSTWO08 prediction. As an unatitatake the same percentage
uncertainty on this NNLO prediction as found using the NL@entainty prescription given above.

5See Ref [[117] for a comparison of a number of benchmark crestions at NNLO.
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3. ThePDF4LHC prescription for Higgs production via gluon fusion

The total hadronic cross-section for the inclusive produmcof a Higgs boson via gluon fusion can be
written as
1 1 i\ .
o(hthy » H+X) =) /O dvdzy fop (21, 150) fons (€2, 1) /O dz 6 <z - @> Gan(2) (1)
a,b
The accurate evaluation of the partonic cross seciigns the most important step to obtain an

accurate prediction of the central value of the total haidroross section. In fact the latter receives large
contributions from NLO- and NNLO-QCD corrections, but afsam the soft gluon resummation, from
leading NNNLO-QCD terms and from NLO-EW corrections. Fenibp mass corrections at NNLO-
QCD have been studied and turn out to be small. For the sakienpfisity but still in full generality,
the evaluation of the size of the combined P&uncertainty can be obtained by considering only exact

NLO-QCD and NNLO-QCD corrections in the infinite top massitinThe results in the next Sections
have been computed using the code described in [18], imdraith the NNLO-QCD corrections [19].

In this study@ the following three global sets of PDF have been considet@liEQ6.6 [3],
MSTW2008 [4)16], NNPDF2.0|5]. The combined PDdrtuncertainties for each of the three global
sets is computed as discussed in the PDF4LHC Working GrdepimReport. The various recipes are
also compared in detail in Ref. [15].

In order to obtain a meaningful comparison of the predigioomputed with different PDF sets,
it is crucial to adopt the same uncertainty range fordhealue. For the purposes of illustration of the
PDF4LHC recommendation, we will assume the same range anthesed for the PDF4LHC Working
Group Interim Report namely,

§9q, =0.002 90 %cl.,  6®a, =0.0012 = 0.002/Cyy 68 %c.L. 2)

whereCyy = 1.64485 is the number of standard deviations correspondingd@ac.!.
At NLO-QCD, the PDF4LHC recipe can be summarized in the Wihy steps.

1. Compute the Higgs cross section, using CTEQ6.6, MSTWi2068cl, NNPDF2.0.

. For each set, use the preferiedm ) value (respectively 0.118, 0.1207, 0.119).

3. Compute the PDFR#,uncertainty band, according to the rules of each collamoratescribed in
the PDF4LHC Working Group Interim Report

4. Take the envelope of the three uncertainty bands.

5. Compute the mid-point of the resulting band and call uaimtly the distance of the edge of the
envelope from it.

In Fig.[1 we show at different collider energies (Tevatrob@.7 and 14 TeV) the size of the
combined PDF# uncertainty bands obtained with CTEQ6.6, MSTW2008nlo6&&8PDF2.0, all nor-
malized to the central value by MSTW2008nlo68cl. One remdahlat for different Higgs mass values
the predictions show partial agreement of different pairthe three collaborations, in such a way that
only an envelope (the black line) of the three bands provadesnservative estimate of the uncertainty
in the whole mass spectrum.

Now we turn to discuss NNLO-QCD. There is, at present, only giobal set of PDF extracted
with NNLO-QCD accuracy: MSTW2008nnlo. In this case it is patssible to prepare an envelope
like it is done at NLO-QCD. The PDF4LHC recipe in this casa@oblates the information available at
NLO-QCD to NNLO and can be summarized in the following steps.

1. From the NLO-QCD exercise determine the percentage tamar relative to the mid point of the
envelope.

N

5We would like to thank Alessandro Vicini for carrying outststudy.



2. Determine the ratio of this percentage uncertainty tatieestimated with MSTW2008nlo68cl.
3. Compute the central value and the Plfdncertainty band with MSTW2008nnlo68cl.
4. Rescale the MSTW2008nnlo percentage uncertainty byttbreecaratio.

One remarks from Fid.l 2 that the PD&zuncertainty bands obtained with MSTW2008 at NLO- and at
NNLO-QCD are very similar. The small differences are takea account by rescaling the MSTW2008nnlo68cl
uncertainty band with the ratio at NLO-QCD of the percentagth of the envelope with respect to its

mid point, to the percentage uncertainty of MSTW2008nld68s it can be observed in Fig] 2 (lower

panel), the rescaling factor is close to 2, but it has a nertrilependence on the Higgs boson mass, on

the collider type and on the collider energy.



1.3

NNPDF2.0

CTEQ6.6
19| MSTW2008nlo
PDF4LHC recipe

1.1

different values of a(mz)
exact pdf+ag uncertainties

0.9 |
\
Tevatron
08 normalized to MSTW2008 ]
pdf+a, 68% C.L.
0.7 1 1 1 1 1 1 1
100 150 200 250 300 350 400 450 500
mp (GeV)
11 ‘ ‘ " NNPDF2.0
different values of as(mz) CTEQ6.6
s MSTW2008nlo
f s
105 | exact pdf+a, uncertainties PDFALHC recine

_—

1 F

o~
0.95 | -
09 F |
LHC 7 TeV
normalized to MSTW2008
pdf+a, 68% C.L.
085 1 1 1 1 1 1 1
100 150 200 250 300 350 400 450 500
mpy (GeV)
1.1 T T T T
. NNPDF2.0 ——
different values of a(mz) CTEQ6.6
exact pdf+as uncertainties MSTW2008nlo ———
1.05 + PDF4LHC recipe e

~
0.95 ¢ |

09
LHC 14 TeV
normalized to MSTW2008
pdf+a, 68% C.L.
0.85 1 1 1 1 1 1 1

100 150 200 250 300 350 400 450 500
mpy (GeV)

Fig. 1: Combined PDFeuncertainty band relative to the total Higgs productiorssrsection via gluon fusion, at NLO-QCD,
evaluated according to the PDF4LHC recipe. The bands ameali@ed with the central value of MSTW2008nlo.
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Fig. 2: In the upper panels, combined PDREtincertainty band relative to the total Higgs productionssreection via gluon
fusion, at NLO-QCD and at NNLO-QCD, obtained with MSTW20@#&8c| and with MSTW2008nnlo68cl. In the lower
panel, rescaling factor obtained from the ratio of the petage width of the NLO-QCD envelope with respect to its mitchpo

to the percentage uncertainty of the MSTW2008nlo68cl barek rescaling factor has to be applied to the MSTW2008nnlo
PDF+asband, to obtain an estimate of the NNLO-QCD envelope.



4, Summary

In this note, we have provided a method to calculate reasematimates for PDF uncertainties for cross
section predictions at the LHC, using PDFs from CTEQ, MST\W NPDF. The method is intended to

be both pragmatic and practical for the calculation of PDéetrainties; it is not intended to discourage
comparisons to all PDFs relevant for LHC calculations.

The recommendation is expected to evolve when new expetanggts and new PDF determina-
tions warrant.
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