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Prologue

The implementation of spontaneous symmetry breaking ifrémework of gauge theories in the 1960s
triggered the breakthrough in the construction of the steshdlectroweak theory, as it still persists today.
The idea of driving the spontaneous breakdown of a gauge symriy a self-interacting scalar field,
which thereby lends mass to gauge bosons, is known aBlitigs mechanisnand goes back to the
early work of Refs.[[1-5]. The postulate of a new scalar ra@uioson, known as thieiggs particle
comes as a phenomenological imprint of this mechanism. eSime birth of its idea, the Higgs boson
has successfully escaped its detection in spite of tremenskearch activities at the high-energy colliders
LEP and Tevatron, leaving the crucial question open whdtieHiggs mechanism is just a theoretical
idea or a “true model” for electroweak symmetry breakinge €kperiments at the Large Hadron Collider
(LHC) will answer this question, either positively uponelgting the Higgs boson, or negatively by ruling
out the existence of a particle with properties attributethe Higgs boson within the Standard Model.
In this sense the outcome of the Higgs search at the LHC \tlieeicarve our present understanding of
electroweak interactions in stone or will be the beginnihg theoretical revolution.



Abstract
This Report summarizes the results of the first 10 monthsvities of the
LHC Higgs Cross Sections Working Group. The main goal of tloeking

group was to present the status-of-art on Higgs PhysicedtHT integrating
all new results that have appeared in the last few years.

The Report is more than a mere collection of the proceedifigiseogeneral

meetings. The subgroups have been working in differenttiines. An at-

tempt has been made to present the first Report from theseosiisgin a

complete and homogeneous form. The subgroups’ contriiitt@rrespond-
ingly comprise the main parts of the Report. A significant ammf work has

been performed in providing higher-order corrections &Hliggs-boson cross
sections and pinning down the theoretical uncertainty efStandard Model
predictions. This Report comprises explicit numericaulsson total cross
sections, leaving the issues of event selection cuts afatetittial distributions

to future publications. The subjects for further study demnitified.

Vi
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1 Preface

After the start ofpp collisions at the LHC the natural question is: Why preciditiggs physics now?
The LHC successfully started at the end of 2009 colliding praton beams at centre-of-mass energies
of v/s = 0.9 and2.36 TeV. In 2010 the energy has been raised up Te@V.

By the end of th& TeV (and, likely,8 TeV) run in 2011 (as well as, likely, 2012) each experiment
aims to collect an integrated luminosity of a few inverse ti@marns. Then a long shutdown will allow
to implement necessary modifications to the machine, tanesgain in 2013 at the designed energy of
14 TeV. By the end of the life of the LHC each experiment will haadlected3000 fo—'on tape. The
luminosity that the experiments expect to collect with ThEeV run will allow us to probe a wide range
of the Higgs-boson mass. Projections of ATLAS and CMS whentmiaing only the three main channels
(H—vyy,H — ZZ,H — WW), indicate that in case of no observed excess, the StandadaINSM)
Higgs boson can be excluded in the range betwi@®mand200 GeV. A 50 significance can be reached
for a Higgs-boson mass range betwdén GeV and170 GeV. The experiments (ATLAS, CMS, and
LHCb) are now analyzing more channels in order to increasi fflotential for exclusion at lower and
higher masses. For these reasons an update of the discas#fienproper definition of the Higgs-boson
mass and width has become necessary. Indeed, in this sgah&iof utmost importance to access the
best theory predictions for the Higgs cross sections anachiag ratios, using definitions of the Higgs-
boson properties that are objective functions of the erpamial data while respecting first principles of
quantum field theory. In all parts we have tried to give a wideimogeneous summary for the precision
observables. Comparisons among the various groups ofraudih® documented reflecting the status of
our theoretical knowledge. This may be understood as pirgyid common opinion about the present
situation in the calculation of Higgs cross sections and theoretical and parametric errors.

The experiments have a coherent plan for using the inputestiggs of the theoretical community
to facilitate the combination of the individual results. dking for precision tests of theoretical models
at the level of their quantum structure, requires the higktndards on the theoretical side as well.
Therefore, the Report is the result of a workshop startechagppeal by experimentalists. Its progress
over the subsequent months to its final form was possible lmatause of a close contact between the
experimental and theory communities.

The major sections of this Report are devoted to discuss atatipn of cross sections and branch-
ing ratios for the SM Higgs and for the Minimal Supersymnegtandard Model (MSSM) Higgs bosons,
including the still-remaining theoretical uncertaintieEhe idea of presenting updated calculations on
Higgs physics was triggered by experimentalists and istanbated as far as possible in this Report.
The working group has been organizedlinsubgroups. The first four address different Higgs produc-
tion modes: gluon—gluon fusion, vector-boson fusion, ldiggahlung, and associated production with
top-quark pairs. Two more groups are focusing on MSSM nkaitrdt MSSM charged Higgs production.
One group is dedicated to the prediction of the branchingsdBR) of Higgs bosons in the SM and
MSSM. Another group studies predictions from different MoCarlo (MC) codes at next-to-leading
order (NLO) and their matching to parton-shower MCs. Thenitdfin of Higgs pseudo-observables is
also a relevant part of this analysis, in order to correctitah the experimental observables and the the-
oretical definitions of physical quantities. Finally, a gpas devoted to parton density functions (PDFs),
in particular to the issue of new theoretical input relatedDFs, in order to pin down the theoretical
uncertainty on cross sections.

To discover or exclude certain Higgs-boson mass regioferdift inputs are needed:

— SM cross sections and BR in order to produce predictions;

— theoretical uncertainties on these quantities. Thesertaiaties enter also the determination of
systematic errors of the mean value.

Furthermore, common and correlated theoretical inputssécsections, PDFs, SM and MSSM
parameters, etc.) require the highest standards on theettoed side. The goal has been to give precise



common inputs to the experiments to facilitate the commnadf multiple Higgs search channels.

The structure of this Report centers on a description ofscsggtions computed at next-to-next-
to-leading order (NNLO) or NLO, for each of the productiondes. Comparisons among the various
groups of authors for the central value and the range of taiogr are documented and reflect the status
of our theoretical knowledge. Note that all the central galbhave been computed using the same SM
parameters input, as presented in table Tablé A.1 of the @gipeAn update of the previous discussions
of theoretical uncertainties has become necessary foraeeasons:

— The PDF uncertainty has been computed following the PDRZlIgrescription as described in
Sectior 8 of this Report.

— Theag uncertainty has been added in quadrature to the PDF variatio

— The renormalization and factorization QCD scales haven begied following the criterion of
pinning down, as much as possible, the theoretical unogytdit often remains the largest of the
uncertainties.

A final major point is that, for this Report, all cross sectidmve been computed within an inclusive

setup, not taking into account the experimental cuts ancdteeptance of the apparatus. A dedicated
study of these effects (cuts on the cross sections an-ectors) will be presented in a future publica-

tion.

The final part of this Report is devoted to describe a new timeof work: what the experiments
observe in the final state is not always directly connected weell defined theoretical quantity. We
have to take into account the acceptance of the detectadefirgtion ofsignal the interferencesignal—
backgroung and all sort of approximations built in the Monte Carlo cedds an example at LEP, the
line shape of the for the final state with two electrons has to be extracted ftbencross section of
the processe( e~ — eTe™), after having subtracted the contribution of the photod the interference
between the photon and tle A corrected definition of the Higgs-boson mass and widtheisded.
Both are connected to the corresponding complex pole iptimane of the propagator with momentum
transferp. We claim that the correct definition of mass of an unstablégba has to be used in Monte
Carlo generators.

Different Monte Carlo generators exist at LO and NLO. It waportant to compare their predic-
tions and to stress the corresponding differences, alsogahkto account the different algorithms used
for parton shower. Note that NLO matrix-element generatoatched with a parton shower are the tools
for the future. Beyond the goals of this Report remains thieegent between NLO MC predictions and
NNLO calculations within the acceptance of the detectols fiext step in the activities of this working
group will be the computation of cross sections that incladeeptance cuts and differential distribu-
tions for all final states that will be considered in the Higgarch at the LHC. Preferably this should be
carried out with the same set of (benchmark) cuts for ATLA8 @WS. The goal is to understand how
the K -factors from (N)LO to (N)NLO will change after introducticof cuts and to compare the NNLO
differential distributions with the ones from Monte Carlergrators at NLO. There is a final comment
concerning the SM background: We plan to estimate theatgiredictions for the most important back-
grounds in the signal regions. This means thhaekground control regiohas to be defined, and there
the experiments will measure a given source of backgrouratity from data. Theontrol regioncan
be in the bulk of the background production phase space,dsualso be in the tail of the distributions.
Thus it is important to define the precision with which the Sitkground will be measured and the
theoretical precision available for that particular regidhen the background uncertainty should be ex-
trapolated back to theignal region using available theoretical predictions and their uraiety. It will
be important to compute the interference between signabankiground and try to access this at NLO.
The (N)LO Monte Carlos will be used to simulate this backgi@and determine how th& -factor is
changing with the chosen kinematic cuts.

The present documentation is the result of a workshop theestin January 2010 as a new joint

2



effort for Higgs cross sections between ATLAS, CMS, and beoty community.

In this Report the Higgs-boson cross section calculatioaspeesented at the energy of the first
pp run, 7 TeV, as well as at the nominal on&4(TeV). Updated tables at the likely coming energy of
8 TeV will be made available at the twiki page
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CseSections

Stefan Dittmaier
Chiara Mariotti
Giampiero Passarino
Reisaburo Tanaka



2 Gluon-Fusion Proces$
2.1 Higgs-boson production in gluon—gluon fusion

Gluon fusion through a heavy-quark lodp [6] (see Fig. 1) is thain production mechanism of the
Standard Model Higgs boson at hadron colliders. When coedbimith the decay channel$ — vy,

H — WW, andH — ZZ, this production mechanism is one of the most important figgktboson
searches and studies over the entire mass rageGeV < My S 1 TeV, to be investigated at the
LHC.

b4 e H

Fig. 1: Feynman diagram contributing g — H at lowest order.

The dynamics of the gluon-fusion mechanism is controlledtbgng interactions. Detailed studies
of the effect of QCD radiative corrections are thus necgstaobtain accurate theoretical predictions.
In QCD perturbation theory, the leading order (LO) conttidwu [6] to the gluon-fusion cross section
is proportional ton?, whereay is the QCD coupling constant. The main contribution arisemfthe
top quark, due to its large Yukawa coupling to the Higgs bosidme QCD radiative corrections to this
process at next-to-leading order (NLO) have been knowndorestime, both in the largex; limit [7]18]
and maintaining the full top- and bottom-quark mass depecei¢9d/10]. They increase the LO cross
section by abou0—100% at the LHC. The exact calculation is very well approximatgdhe largem
limit. When the exact Born cross section with the full depamzk on the mass of the top quark is used to
normalize the result, the difference between the exactlamapproximated NLO cross sections is only
a few percent. The next-to-next-to-leading order (NNLOYections have been computed only in this
limit [L1H17)], leading to an additional increase of the sresction of abowt5%. The NNLO calculation
has been consistently improved by resumming the soft-ghaortributions up to NNLL[[IB]. The result
leads to an additional increase of the cross section of abef@it; (6—7%) at/s = 7 (14) TeV. The
NNLL result is nicely confirmed by the evaluation of the leaglsoft contributions at NLO [19-:23].

Recent years have seen further progress in the computdticadiative corrections and in the
assessment of their uncertainties. The accuracy of thestaggapproximation at NNLO has been stud-
ied in Refs. [24=29]. These papers have definitely shownithithie Higgs boson is relatively light
(My S 300 GeV), the largesn; approximation works extremely well, to better thH#. As discussed
below, these results allow us to formulate accurate thigatgiredictions where the top and bottom loops
are treated exactly up to NLO, and the higher-order cowastto the top contribution are treated in the
large+n; approximation([30].

Considerable work has also been done in the evaluation cfreleeak (EW) corrections. Two-
loop EW effects are now knowmn [81-435]. They increase thescgestion by a factor that strongly
depends on the Higgs-boson mass, changing féivt for My = 120 GeV to about—2% for My =
300 GeV [38]. The main uncertainty in the EW analysis comes froenfact that it is not obvious how to
combine them with the large QCD corrections. In gaatial factorizationscheme of Ref[[35] the EW
correction applies only to the LO result. In tbemplete factorizatioscheme, the EW correction instead
multiplies the full QCD-corrected cross section. Since Q€&lirections are sizeable, this choice has a
non-negligible effect on the actual impact of EW correcsiomthe computation. The computation of the
dominant mixed QCD-EW effects due to light quarks![30], perfed using an effective-Lagrangian
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approach, supports the complete factorization hypothasiggesting that EW corrections become a
multiplicative factor times the full QCD expansion. Thisuét should be interpreted carefully since
the effective theory is strictly valid only whelly; < Myy. However, as discussed later, it is expected
to be a good approximation to the exact result for Higgs-borsasses below several hundred GeV for
the same reasons that the largedimit furnishes a good approximation to the exact top-masgseddent
calculation up to nearly/; = 1 TeV. Very recently, EW effects for Higgs production at finitensverse
momentum|[[38, 37] have also been studied. Their effect iseat% level or smaller.

In the following we present the results of three updated adatfwns, based on the work pre-
sented in Refs[ 30, 38] (see Section] 2.2) and Refs$[[39,s48 Section 214)* These calculations use
MSTW2008 NNLO parton distribution functions (PDFs)[41].

2.2 Cross-section predictions |

The following predictions are based on calculations by Aasisu/Boughezal/Petriello/Stoeckli and by
de Florian/Grazzini.

The calculation by Anastasiou, Boughezal, Petriello aneé&tli (ABPS) [30] starts from the exact

NLO cross section with full dependence on the top- and botjoark masses and includes the NNLO
top-quark contribution in the larger limit. The result includes EW contributions [32+35] acdogl

to Refs. [34,35], evaluated in the complete factorizaticmesne. Mixed QCD—EW contributions [30] are
also accounted for, together with some effects from EW ctioes at finite transverse momentumI[36].
The effect of soft-gluon resummation is mimicked by chogdime central value of the renormalization
and factorization scales as; = ur = My /2. The latter choice is also motivated by an improved
convergence of the fixed-order QCD perturbative expansion.

The calculation by de Florian and Grazzini (dFG) is a slightiproved version on the calculation
presented in Ref[[38]. The starting point is the exact NL@ssrsection with full dependence on the
top- and bottom-quark masses, computed with the programLidI{®][10], on top of which the NLL
resummation of soft-gluon contributions is included. Thite top-quark contribution is considered and
the NNLL+NNLO corrections[[18] are consistently added ie fargem; limit. The result is finally
corrected for EW contributions [32—35] according to ReBd/B5] in the complete factorization scheme.
The central value of factorization and renormalizationlesds chosen to bgr = ugr = My. The
results of this calculation are available through an ontialeulator [42].

The results of the dFG and ABPS calculations are reportedfie® I.B andl2] 4, respectively. For
each Higgs-boson mass the corresponding cross sectiopaded. We also quote three uncertainties:
Scale uncertainty, PDFt uncertainty, and the latter uncertainty according to thé&=fHC recipe,
computed as discussed below. In Fify. 2 we present a comparfs@BPS and dFG results, including
scale uncertainties. We see that the results are perfemtiyistent and show a very good agreement
over a wide range of Higgs-boson masses. \At = 7 TeV the difference between ABPS and dFG
central values ranges from3.5% for My = 100 GeV to —6% for My = 1 TeV. In the rangeVly =
115—300 GeV the difference ranges from3% to +1%. At /s = 14 TeV the difference between ABPS
and dFG central values ranges frars.7% for My = 100 GeV to—3% for My = 1 TeV. In the range
My = 115—300 GeV the difference ranges from3% to +2%.

The central values of these cross-section predictionsiagedd mutual agreement, but the error assessment — inartic
of theoretical errors that go beyond mere scale uncergsintiis still under debate, leading to this splitting of cresstion
predictions into parts | and Il. It is worth noting that bo@daulations (ABPS and dFG) include the exact NLO mass deparal
already. Also, thé mass parametric error should be accounted for by scaleieasa The combined numbers in the Summary,
Sectior IB, are based on the two predictions (ABPS and dFtBeafext section; the inclusion of the BD analysis described
Sectiorf 2.4, with a common combination of all uncertaintiesn progress.



Table 1: Results onpp(gg) — H + X cross sections with/s = 7 TeV based on dFG calculation, using
MSTW2008 NNLO PDFs.

My[GeV| opbl Scale[%] PDF#g[%] PDFALHC [%]
90 29.48 +8.2 -8.7 44.0-3.1 +7.8 —6.7
95 26.48 +8.0 —-8.6 +4.0 —3.0 +7.8 —6.7
100 23.97 +78 -84 4+4.0 -3.0 +7.7 —6.8
105 21.74  +7.7-83 44.0 3.0 +7.7 —6.9
110 19.81 +7.5-8.1 +4.0 -3.0 +7.7 —6.9
115 18.12 474 —-8.0 +4.0 -3.0 +7.7 =7.0
120 16.63 +72-79 +4.0 -3.0 +7.6 —=7.0
125 1531 +7.1-78 +4.0 -3.1 +7.6 —=7.1
130 14.13 47.0-77 +4.0-3.1 +7.6 —7.2
135 13.08 +6.9 -76 +3.9 -3.1 +7.6 —7.3
140 12.14 468 -75 +3.9-3.1 +7.6 —7.3
145 11.29 +6.7-7.5 +3.9 -3.1 +7.6 —=74
150 10.52 +6.6 —74 +3.9 -3.1 +7.6 —7.5
155 9.80 +6.5-73 439 -3.1 +7.5 =75
160 9.08 +64—-7.2 +3.9-3.1 +7.5 =7.6
165 835 +64—-72 439 -3.2 +7.5 =7.7
170 776  +6.3-7.1 4+3.9-3.2 +7.5 =7.8
175 724  +6.2-70 +3.9-3.2 +7.5 =78
180 6.76 +6.2 —-7.0 +3.9-3.2 +7.5 =7.8
185 6.32 +6.1 —6.9 +3.9 -3.2 +7.5 =78
190 592 +6.1-6.9 +3.9-3.3 +7.5 =7.8
195 5.07 +6.1 —6.8 +4.0 —3.3 +7.5 =78
200 527 +6.0 -6.8 +4.0-3.3 +7.6 —7.8
210 4.74  +6.0 —6.7 +4.0 -3.4 +7.5 =79
220 429 465 —-6.6 +4.0-3.4 +7.6 =7.9
230 3.92 +59—-6.5 +4.0-34 +7.7 —=8.0
240 3.59  +59-64 +4.0-3.5 +7.7 =8.0
250 3.32  +58—-6.3 +4.1 —-3.5 +7.8 =8.1
260 3.08 +58-6.3 +4.1-3.6 +7.8 =8.1
270 287  +58 —-6.2 +4.1 —-3.6 +7.9 —=8.1
280 270 +58—-6.1 +4.2 -3.7 +7.9 —8.2
290 2.55 458 —-6.1 +4.2 -3.7 +8.0 —8.3
300 242 +58-6.0 +4.2-38 +8.0 —8.3
320 225 +58-6.0 +4.3-39 +8.2 -84
340 220  +5.8 =59 +4.4 —-4.0 +8.3 —8.4
360 236 +58-59 445 —-4.1 +8.4 —8.5
380 2.26 +59 —5.6 +4.5 —4.2 +8.4 —8.6
400 203 +59-54 +4.7—-4.3 +8.8 —8.6
450 1.37 +5.9-53 +5.0-4.5 +9.2 —8.7
500 0.865 +6.0 —5.2 +5.4 —4.8 +9.5 —-8.9
550 0.538 +6.0 —5.2 +5.8 =5.0 +9.7 —-9.0
600 0.336 +6.1 —=5.2 +46.2 —5.3 +10.1 —9.4
650 0.212 +6.2-5.2 +6.5 —5.5 +10.4 —9.7
700 0.136 +6.3 —5.3 +6.9 —5.8 +10.7 =9.9
750 0.0889 +6.4—-54 +7.2-6.1 +10.9 —10.1
800 0.0588 +6.5-54 +7.6—-6.3 +11.2 -10.4
850 0.0394 +6.5-55 +80-6.6 +11.8-11.0
900 0.0267 +6.7 —5.6 +83—-6.9 +12.6 —11.8
950 0.0183 +6.8 =5.7 +88—-7.2 +13.5 —12.7
1000 0.0127 +7.0-5.7 +9.1 -7.5 +14.2 -13.5




Table 2: Results onpp(gg) — H + X cross sections with/s = 7 TeV based on ABPS calculation, using
MSTW2008 NNLO PDFs.

My [GeV]  o[pb] Scale [%] PDF#g [%] PDF4LHC [%)]
90 30.70  +10.2 -11.9 +4.2 -3.1 +8.0 —6.9
95 2754  4+9.9 —10.8 +4.1 —=3.1 +8.0 —6.9
100 24.81 +9.7 —10.5 +4.1 3.1 +7.9-7.0
105 2247 494 -10.3 +4.1 —=3.1 +7.9-7.0
110 20.44  +9.2 —10.1 +4.1 3.1 +7.9 -7.1

115 18.67 489 -10.0 +4.1 -3.1 +7.9 7.2
120 17.12 +8.7 —9.8 +4.1 =3.1 +7.8 —=7.2
125 15.74 +8.6 —9.7 +4.0 =3.1 +7.8 7.3
130 14.52 +8.3 9.6 +4.0 3.1 +7.8 7.4
135 13.43 +8.2 —-94 +4.0 =3.1 +7.7 =74

140 12.45 +8.1 —9.3 +4.0 3.1 +7.8 7.5
145 11.58 +8.0 —9.3 +4.0 —3.2 +7.8 7.5

150 10.79 +7.9 -9.3 +4.0 —3.2 +7.8 7.6
155 10.08 +7.7-9.2 +4.0 —3.2 +7.7 =77
160 9.36 +7.6 —9.2 +4.0 —3.2 +7.7 =77
165 8.54 +7.5 —9.2 +4.0 —3.2 +7.7 7.8
170 7.92 +7.5 =9.2 +4.0 —3.2 +7.7-7.9
175 7.40 +7.4 -9.2 +4.0 -3.3 +7.7-7.9
180 6.93 +7.3 -9.1 +4.0 —3.3 +7.7-7.9
185 6.44 +7.2-9.1 +4.0 -3.3 +7.7 8.0
190 6.03 +7.2 -9.1 +4.0 —3.3 +7.7-8.0
195 5.67 +7.2-9.1 +4.0 -3.4 +7.7 8.0
200 5.36 +7.1 -9.1 +4.1 =34 +7.8 8.0
210 4.82 +7.0 =9.1 +4.0 —3.4 +7.7 -8.0
220 4.37 +7.0 9.0 +4.1 =3.5 +7.8 8.1
230 3.98 +6.8 —9.0 +4.1 —3.5 +7.8 8.1
240 3.65 +6.8 —9.0 +4.1 =3.5 +7.9 —8.2
250 3.37 +6.7 9.0 +4.2 —3.6 +7.9 —8.2
260 3.12 +6.6 —9.0 +4.2 -3.6 +8.0 —8.3
270 291 +6.5 —9.0 +4.2 =3.7 +8.0 —8.3
280 2.73 +6.6 —9.0 +4.2 =3.7 +8.1 —8.3
290 2.58 +6.6 —8.9 +4.3 —3.8 +8.1 —8.4
300 2.45 +6.5 —8.9 +4.3 3.8 +8.2 —8.4
320 2.28 +6.5 —9.0 +4.4 -3.9 +8.3 —8.5
340 2.25 +6.7 9.2 +4.5 —4.0 +8.4 —8.6
360 2.44 +6.8 —9.2 +4.5 —4.1 +8.5 —8.6
380 2.31 +6.1 —8.9 +4.6 —4.2 +8.7 =8.7
400 2.05 +5.7 —8.6 +4.8 —4.3 +8.9 —8.7
450 1.35 +4.8 —8.2 +5.2 —4.6 +9.5 —8.9

500 0.844 +4.2 =79 +5.5 —4.8 +9.7 -9.0

550 0.522 +3.8 =7.7 +6.0 —=5.1 +10.0 —=9.2
600 0.325 +3.5 =75 +6.4 —5.4 +10.5 —9.6
650 0.205 +3.3 -74 +6.8 —5.6 +10.8 —=9.9
700 0.131 +3.2 =7.3 +71-59 +11.1 —-10.2
750 0.0850  +3.1 7.2 +7.5-6.2 +11.3 -10.4
800 0.0560  +3.0 —7.2 +7.9 —-6.5 +11.6 —10.8
850 0.0374  +2.9 -7.1 +8.3 —6.8 +12.3 —11.4
900 0.0253  +2.8 -7.1 +8.7-72 +13.1 —-12.2
950 0.0173  +2.8 -7.1 +9.1 =75 +14.0 -13.1
1000 0.0119 +2.7-7.1 +9.5 =78 +14.9 —14.0




Table 3: Results onpp(gg) — H + X cross sections witR/s = 14 TeV based on dFG calculation, using
MSTW2008 NNLO PDFs.

My[GeV] olpb] Scale [%] PDF#;[%] PDF4LHC [%)]
90 87.68 +87-9.0 +4.0-3.0 +7.3 6.0
95 79.95 +8.5-88 +43.9-3.0 +7.3 —6.0
100 73.38 +83 —-8.6 +3.9-3.0 +7.2 —6.0
105 67.47 +81 -85 +43.9-3.0 +7.2 —6.0
110 62.28 +79 —-83 +3.9-29 +7.2 —6.0
115 57.69 +7.8 —-82 +43.8-2.9 +7.2 —6.0
120 53.62 +7.6 —-8.1 +4+3.8-29 +7.2 —6.0
125 49.97 +75-8.0 +3.8-29 +7.2 —6.0
130 46.69 +73-79 4+3.8-29 +7.2 —6.0
135 43.74 +72-78 +3.7-238 +7.1 —6.0
140 41.05 +7.1 =77 +3.7 =28 +7.1 —6.0
145 3861 +7.0-76 +3.7-28 +7.1 —6.1
150 36.38 +6.9 —-7.5 43.7 -2.8 +7.1 —6.1
155 3426 +6.8 =75 4+3.7 =238 +7.1 —6.1
160 32.08 +6.7-74 43.7-2.8 +7.1 —6.1
165 29.84 +6.7-74 43.6 —2.8 +7.0 —6.1
170 28.01 +6.6 -7.2 +43.6 —2.8 +7.0 —6.2
175 26.41 +6.5-72 43.6 —2.8 +7.0 —6.2
180 2492 +64 -71 +43.6 —2.8 +7.0 —6.2
185 23.53 +64 -71 +43.6 —2.8 +7.0 —6.3
190 2226 +6.3 -7.0 +43.6 —2.8 +7.0 —6.3
195 21.15 +6.2-7.0 +3.6 2.7 +7.0 —6.3
200 20.18 +6.2-6.9 +3.6 2.7 +7.0 —6.3
210 18.50 +6.1 —6.8 +3.6 —2.7 +6.9 —6.4
220 17.08 +46.0 -6.7 +3.6 —2.8 +6.9 —6.4
230 1586 +5.9-6.6 +3.6 -2.8 +6.9 —6.5
240 14.82 458 —6.5 +3.5 —2.8 +6.9 —6.6
250 13.92 458 -64 +3.5-2.8 +6.9 —6.7
260 13.15 +45.7—-64 +3.5-2.8 +6.9 —6.8
270 1248 +45.7-6.3 +3.5-2.8 +6.9 —6.8
280 11.91 +45.7-6.2 +3.5-2.8 +6.8 —6.9
290 11.44 +45.7-6.2 +3.5-2.8 +6.8 —6.9
300 11.07 +5.6 —6.1 +3.5-2.9 +6.8 —=7.0
320 10.60 +5.6 —6.0 +3.5-2.9 +6.8 —6.9
340 10.69 +5.6 —6.0 +3.5-2.9 +6.8 —=7.0
360 11.81 +45.6 =59 +3.5-3.0 +6.8 —=7.0
380 11.66 +5.6 —5.7 +3.6 —3.0 +6.8 —=7.1
400 10.76 473 =55 +3.6 =3.0 +6.9 —-7.1
450 7.80 +5.5-5.1 +3.6 —3.2 +6.9 —7.2
500 531 455 -5.0 +3.7-3.3 +7.0 —=7.2
550 3.54 +54-49 +38-34 +7.3 =7.5
600 237 454 -48 +3.9-35 +7.3 =74
650 1.60 +5.3 —4.7 +44.0 -3.6 +7.5 =75
700 1.10  +53 —-4.7 +4.1 =38 +7.7 =75
750 0.765 +5.4—-4.7 +4+4.3 -39 +8.0 —=7.6
800 0.539 +5.3 —-4.6 +44.5—-4.0 +8.2 =7.7
850 0.385 +5.3 —-4.6 +4.7-4.1 +8.4 -7.8
900 0.279 +5.3 —4.6 +4.9 —4.2 +8.6 —8.0
950 0.204 +54—-4.7 +45.1—-44 +8.8 —=8.1

1000 0.151 +54 —-4.6 +5.3 —4.5 +8.9 —8.2




Table 4: Results onpp(gg) — H + X cross sections witR/s = 14 TeV based on ABPS calculation, using

MSTW2008 NNLO PDFs.

My [GeV] opb) Scale [%] PDF#g [%] PDF4LHC [%)]
90 91.49 +10.5-14.0 +4.1 —-3.1 +7.5 —6.2
95 83.22 +10.1 —13.5 +4.0 —-3.1 +7.4 —6.1
100 76.07 +9.9 —13.1 +4.0 —-3.1 +7.4 —6.1
105 69.84 +9.6 —12.7 +4.0 —3.0 +7.4 —6.1
110 64.38 +9.3 —12.3 +3.9 -3.0 +7.3 —6.1
115 59.56 +9.1 —11.9 +3.9 -3.0 +7.3 —6.1
120 55.29 489 —11.6 +3.9 -2.9 +7.3 —6.1
125 51.47 +8.7—-11.3 +3.9 -2.9 +7.3 —6.1
130 48.06 +8.6 —11.1 +3.8 =2.9 +7.3 —6.1
135 4498 +8.4 —10.8 +3.8 —2.9 +7.3 —6.1
140 42.21 +8.2 -10.5 +3.8 =2.9 +7.3 —6.2
145 39.71  +8.1 —-10.3 +3.8 =2.9 +7.3 —6.2
150 3743 +8.0 —10.1 +3.8 —2.8 +7.2 —6.2
155 3534 +7.8-99 +3.8 —2.8 +7.2 —6.2
160 33.19 477 -9.7 +3.7 -2.8 +7.2 —6.2
165 30.60  47.6 —9.5 +3.7 -2.8 +7.2 —6.2
170 28.69 +7.5-94 +3.7 —=2.8 +7.2 —6.3
175 27.09  47.5-9.2 +3.7 -2.8 +7.2 —6.3
180 25.65 +7.4 -9.1 +3.7 —-2.8 +7.2 —6.3
185 24.09 +7.3 -89 +3.7 -2.8 +7.1—-6.4
190 22.75 +7.3 —8.8 +3.7 2.8 +7.1—-6.4
195 21.63 472 8.7 +3.7 -2.8 +7.1—-6.4
200 20.64  4+7.1 -85 +3.7 -2.8 +7.1—-6.4
210 18.92 +7.0 —8.3 +3.6 —2.8 +7.1 —6.5
220 17.47  +6.9 —8.1 +3.6 —2.8 +7.1 —6.6
230 16.22 +6.8 —8.0 +3.6 —2.8 +7.0 —6.6
240 15.15  +6.7 =79 +3.6 —2.8 +7.0 —6.7
250 14.23  +6.6 —7.9 +3.6 —2.8 +7.0 —6.8
260 13.43  +6.5-7.8 +3.6 —2.8 +7.0 —6.9
270 12.74 464 7.8 +3.6 —2.8 +7.0 —6.9
280 12.15 464 -7.8 +3.6 —2.8 +7.0 -7.0
290 11.67  +6.3 —7.7 +3.6 —2.9 +6.9 —=7.0
300 11.28  +6.2 =7.7 +3.6 —2.9 +6.9 -7.0
320 10.81  +6.2 =7.7 +3.6 —2.9 +6.9 -7.0
340 11.00  +6.2 =7.7 +3.6 —2.9 +6.9 —7.1
360 12.30  +6.1 =7.7 +3.6 —3.0 +6.9 -7.1
380 12.01 +5.7 7.4 +3.6 —3.0 +6.9 —7.1
400 10.98 453 -T7.1 +3.6 —3.1 +6.9 —-7.2
450 7.81 +4.7 —6.7 +3.7 —3.2 +7.0 =7.2
500 5.24 +4.3 —6.4 +3.7 —-3.3 +7.1-7.3
550 3.48 +4.0 —6.2 +3.8 —3.4 +7.3 =75
600 2.32 +3.8 —6.0 +3.9 -3.5 +7.4 —=7.5
650 1.57 +3.6 —5.9 +4.0 —3.6 +7.5 7.5
700 1.07 +3.5 =5.8 +4.1 —-3.8 +7.7 -7.6
750 0.746  +3.3 =5.7 +4.3 —3.9 +7.8 =77
800 0.525 +3.2 —5.7 +4.4 —4.0 +7.9 —-7.8
850 0.3714  +3.2 -5.6 +4.5 —4.1 +8.0 -7.9
900 0.270  +3.1 —5.6 +4.6 —4.3 +8.1 —8.0
950 0.197  +3.0 =5.5 +4.8 —4.4 +8.2 —8.1
1000 0.146  +3.0 =5.5 +4.9 —4.5 +8.3 —8.3
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Fig. 2: Comparison of ABPS[30] and dFG [38] results, including saaicertainty bands.

2.3 Uncertainties

We now discuss the various sources of uncertainty affettingcross sections presented in Tabldd 1-4.
The uncertainty has two primary origins: From missing teimrtte partonic cross sections and from our
limited knowledge of the PDFs.

e Uncalculated higher-order QCD radiative corrections are of the most important sources of
uncertainty on the partonic cross section. The customatiadeused in perturbative QCD calcu-
lations to estimate their size is to vary the renormalizatiad factorization scales around a central
valuepp, which is chosen to be of the order of the hard scale of theggcThe uncertainty of the
ABPS and dFG calculations is quantified in this way. The faz&tion and renormalization scales
ur andpupg are varied in the rang@5pg < pp, pr < 240, with the constrain®.5 < up/ur < 2.
The choice of the central scalg is instead different. dFG choogg = My, whereas ABPS
chooseuy = My /2. The structure of the scale dependent logarithmic corttabs in the fixed-
order calculation of ABPS suggests that the central valubescale should be chosen paramet-
rically smaller thanMy. This is supported by the better convergence of the cros®seabrough
NNLO and also after including the leading’NO terms [19]. The resummation implemented in
the NNLL result of dFG minimizes the sensitivity to the chmiaf central scale. This is clearly
shown in Fig[B, where the scale dependent bands for ditfesdues of the reference scalg are
shown. The results of dFG show a remarkable stability wiipeet to the choice qi, both at7
and at14 TeV.

In principle, the uncertainty obtained through scale \emes can only give a lower limit on the
true uncertainty. Nonetheless, we point out that the resultsB®8 and dFG are consistent with
those obtained at the previous order (i.e., dFG NNLL bandslap with the NNLO band, and
ABPS NNLO band overlap with the NLO band), thus suggestiraj the uncertainty obtained
with this procedure provides a reasonable estimate of tieepterturbative uncertainty. Afs = 7
(14) TeV the scale uncertainty of the ABPS result is ab@9t-10% (£8—13%) in the range
My = 100—300 GeV, and it decreases to abatit% (+5%) as My increases. Af/s = 7
(14) TeV the scale uncertainty of the dFG result is ab6t-8% (+6—9%) in the rangeMy =
100—300 GeV, and it decreases slightly to abatfi—7% (+5%) as My increases.

e Another source of perturbative uncertainty on the partamass sections comes from the im-
plementation of the EW corrections. Both ABPS and dFG rssalé obtained in the complete
factorization scheme discussed above. The partial faetioh scheme would lead to a change
of the results ranging from about3% (My = 110 GeV) to+1% (My = 300 GeV). We note
that the effective-theory calculation of Ref. [30] suppottte use of the complete factorization
scheme. When the three-loop mixed QCD-EW correction deriliere is normalized with the
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Fig. 3: Comparison of NNLO and NNLL bands with different choice oé ttentral scale.

exact two-loop light-quark terms derived in Refs.|[34, 3 dominant parts of the exact QCD
corrections to the EW contributions are properly includ&dtis is the same reason that the NLO
correction found using the large; approximation only differs from the exact result by—15%
even forMy ~ 1 TeV, well outside the expected range of validift; < 2m,. We expect that the
exact three-loop mixed QCD-EW correction is estimated wittimilar=10% uncertainty using
the effective-theory calculation of Ref. [30]. As the twawsp EW contribution to the cross section
reaches a maximum of onk5%, we estimate an uncertainty &f1% coming from missing EW
corrections forMy < 300 GeV.

The use of the large:; approximation induces another source of uncertainty. TB&% and
dFG calculations both include the exact NLO correction$wiudl dependence on the masses of
the top and bottom quarks. The NNLO (NNLL) top-quark conttibns are instead evaluated
in the largem limit. In Refs. [24+£29] subleading corrections to the large limit have been
computed. These works have shown that for a relatively Iidilggs boson {7y < 300 GeV),
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the approximation works to better thaf. For a heavier Higgs bosodfy 2 300 GeV), the
accuracy of the larges; approximation is expected to be worse, but still within a fesvcent.

o Different choices of the input quark masses andm,, lead to a scheme dependence in the cross
section. We have checked that different valueswpfproduce a negligible effect on the final cross
section. Although the contribution of the bottom quark te gmoduction rate is much smaller than
that of the top quark, large logarithms of the fohmi My /my, ) lead to a non-negligible shift in the
cross section. We estimate this by evaluating the crosgoeegsing both the pole mass and the
MS mass for theb quark, and interpreting the difference as a measure of taiogr. We use the
MS mass evaluated at the renormalization scalg(.). This leads to an uncertainty estimate of
approximately+1—2% on the final result.

e The other important source of uncertainty in the cross @edsi the one coming from PDFs. Mod-
ern PDF sets let the user estimate the experimental unagrimiiginating from the accuracy of
the data points used to perform the fit. The MSTW2008 NNLOZ&E} provides 40 different grids
that allow evaluation of the experimental uncertaintiesoading to the procedure discussed in
Ref. [43]. A related and important uncertainty is the one icgnfrom the value of the QCD cou-
pling. Higgs production through gluon fusion start€¥t?) and thus this uncertainty is expected
to have a sizeable effect on the production rate. RecehdyMSTW collaboration has studied the
combined effect of PDF+ uncertainties [44]. The PDFg uncertainties aé8% confidence limit
(CL) of the ABPS and dFG calculations are reported in Tadblk The uncertainties turn out to
be quite similar, being about3—4% in the rangeMy = 100—300 GeV both at,/s = 7 and
14 TeV. At+/s = 7 (14) TeV they increase to abott8—9% (+5%) at high Higgs-boson masses.
In Table1E4 we also report the uncertainties (see Seci)noBtained through the PDF4LHC
recommendatior? [45]. At 7 (14) TeV the uncertainties are abot? —8% (£6—7%) in the range
My = 100—300 GeV, and increase at high Higgs-boson masses. This is ngbletety unex-
pected: as the Higgs mass increases, larger valuesua probed, where the gluon distribution is
more uncertain.

We finally point out that, besides MSTW, we have at presemtettmther NNLO parton analyses:
ABKMO09 [46], JROOVFNNLO [47], and HERAPDF [48]. These PDRsé¢end to give smaller
cross sections both @tand14 TeV with respect to MSTW. For example, st TeV the ABKM09
(JRO9) result is smaller than the MSTW result by abéutl0% (13—8%) in the rangeMy =
100—300 GeV. At7 TeV the ABKMO09 (JR09) cross section is smaller than the MST\&s
section by9—16% (12—4%) in the same range of Higgs-boson masses. HERAPDF hasedleas
two NNLO PDF sets corresponding ta(Myz) = 0.1145 andag(Myz) = 0.1176. At 14 TeV

the result corresponding t@s(Mz) = 0.1145 (as(Mz) = 0.1176) is smaller than the MSTW
result by abouB—10% (4—5%). At 7 TeV the cross section correspondingatd Mz) = 0.1145
(as(My) = 0.1176) is smaller than the MSTW result by abolit—14% (5—7%).

2.4 Cross-section predictions Il

A study of both the central value and uncertainty of Higgglpiciion cross sections at the Tevatron
was performed in Ref[[39]. We refer to this analysis with #oeonym BD. The BD study was later
extended to cover LHC production [40], and the results goented in TableEl5 arld 6. BD use a fixed-
order calculation with the exact top- and bottom-quark nediexts at NLO, and then add on the NNLO
top contributions in the large:; limit as well as the electroweak corrections at NLO and NNS,
done in ABPS. They assume a central scale valye= My /2, as also do ABPS. This leads to an
excellent agreement in central value and relatively gogdeagent in the estimated scale variation error
with the dFG and ABPS results. BD estimate the error arisiomfthe PDFs and; differently than do
dFG and ABPS. They first choose to consider the 90% CL RPBFRag uncertainty and then define an

Bwe thank A. Vicini for providing us with the PDF4LHC correati factors.
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additional theoretical error aAt"o, = 0.002 on the strong coupling constant and use PDF grids with
a fixed o provided by MSTW to define a resulting uncertainty on the poidn cross section. The
resulting BD uncertainty is then added in quadrature withdbmbined PDFA“*Pqg uncertainty (at
90% CL) obtained by using the MSTW procedufe[44], giving mbied PDF-A®P*th o uncertainty
estimate of+10% for Higgs masses below 350 GeV. The BD procedure is motivatetiaving the
PDF+ag uncertainty bands obtained using MSTW to be consistent tivike obtained with the PDF set
of Ref. [46]. The ensuing BD uncertainty is only slightlyder than the one obtained by following the
PDF4LHC recommendation. BD finally combine the uncertasas follows: the PDFa uncertainties
are evaluated directly on the maximum and minimum crossosecthat arise from scale variation. This
gives a combined BD uncertainty that is comparable to thtgioed with a linear sum of the scale and
PDF+u, uncertainties.

The major difference between the BD estimate for the theoisertainty compared to dFG and
ABPS, is that an additional uncertainty, which is mainly daehe use of the effective-field-theory
approach beyond NLO, is considered. It consists of threa g@nponentsi) the difference between the
partial and complete factorisation schemes in the NLO ede@ak corrections [35] which approximately
is equivalent to the contributions of the mixed NNLO QCD-etleweak corrections obtained in the limit
My < My [30]; ii) the missingb-quark loop contribution at NNLO (and its interference wiitie top-
quark loop) and the scheme dependence in the renormatisattithe b-quark mass in the NLO QCD
contributions;éii) the use of then, — oo effective approximation for Higgs masses beyond2he
threshold in the NNLO QCD contribution. The (linear) sum loé$e three uncertainties turns out to be
quite large: it is at the level of abo6t-7% in the mass rang@/y < 160 GeV where the difference
between the partial and complete factorisation approaishegnificant and becomes even larger for
My 2 600 GeV where then; — oo approximation starts to fail badly.

When the EFT uncertainty is added linearly with the combiseale and PDFR+, uncertainty, the
total BD theoretical uncertainties become definitely latggng at,/s = 7 TeV, about+-25—30% in the
low- and high-Higgs mass ranges.

2.5 An alternative cross-section calculation based on anfettive field theory

In Ref. [49] updated predictions for Higgs-boson produttiwthe Tevatron and the LHC were presented.
The results of Ref[[49] are based on the work of Réfsl[[50, &hEre a new calculation of the Higgs
production cross section was presented. This calculatipplements the NNLO result, obtained in the
large+n; approximation, with soft-gluon resummation done in thedfesvork of an effective field theory
(EFT) approach, and with the resummation of sométerms” originating from the analytic continua-
tion of the gluon form factor. These additional terms areantetd in the EFT formalism by choosing an
imaginary matching scale, and are included by the authorsgmve the convergence of the perturbative
series. The update of Ref. [49] treats both top- and bottaarigloops in the heavy-quark approxima-
tion, and includes EW corrections assuming complete faettion. In the rangé/y; = 115—200 GeV
the central values of Ref. [49] are in good agreement witsehaf the ABPS and dFG calculations (for
example, the difference with the dFG results ig-a2% level). However, we note that the reliability of
72 resummation has been questioned, and that there are mudiffierences between this approach and
the standard soft-gluon resummation. The effect of resuiomin Ref. [49] is driven by ther? terms;
without them, the effect of resummation is much smaller ttienone obtained using the standard ap-
proach[51]. The numerical agreement between central saherefore appears accidental. Soft-gluon
resummations typically deal with logarithmically termstlare enhanced in some region of the phase
space. As an example, in the soft-gluon resummation of RB&f.the logarithmic terms areg™ (1 — 2)
wherel — z = 1 — M?/3 is the distance from the partonic threshold. These logaiiherms can be

precisely traced back and identified at each perturbatigeroiOn the contraryy? terms are just num-
bers, and there is no limit in which they can dominate. Moegoenly thoser? terms coming from the
analytic continuation of the gluon form factor can actudiéycontrolled in this way. Other? terms are
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present at each order in perturbation theory, and they caitagned only through an explicit computa-
tion. We add a final comment on the perturbative uncertamfieted in the calculation of Ref. [49]. The
scale uncertainty of the results are of the ordef-8f% or smaller. This should be contrasted with the
uncertainties of the ABPS and dFG calculations, which agctof of2—3 larger. Since the calculation
of Ref. [49] does not contain new information beyond NNLOhvigéspect to those of ABPS, dFG, and
BD, we feel uncomfortable with such a small uncertainty aeliele it is underestimated. For compari-
son, it should be noticed that the perturbative uncertasfity full N3LO calculation, estimated through
scale variations, would be of the order of abetit% [19].
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Table 5: Results orpp(gg) — H + X cross sections witR/s = 7 TeV based on BD calculation with MSTW

PDFs.

My[GeV] ofpb]  Scale[%]  PDFASPT™[%] EFT [%]
90 29.79 +10.4 —12.1 9.3 -89 17.8
95 26.77 +10.1 —11. 9.2 8.9 +7.7
100 24.25 +9.9 —10.7 +9.2 —8.8 +7.6
105 2201 +9.6 —10.5 +9.2 —8.8 +7.5
110 20.06 +9.4 —10.3 1+9.1 —8.8 7.4
115 18.35 49.1 —10.2 +9.1 —8.8 +7.3
120 16.84 +8.9 —10.2 4+9.1 —8.8 +7.3
125 1551 488 —9.9 +9.1 —8.8 +7.2
130 1432 485 — 938 4+9.1 —8.8 £7.1
135 1326 484 — 96 +9.1 —8.8 +7.0
140 1231 483 —95 4+9.1 —8.8 £7.0
145 1145 482 —95 +9.1 —8.8 +6.9
150 10.67 +8.1 —95 1+9.1 —8.8 16.8
155 994  +7.9 —94 9.1 —8.8 +6.6
160 921  +7.8 —94 1+9.1 —8.8 £5.9
165 8A7T 477 —94 4+9.1 —8.8 +4.9
170 787  +7.7 —94 +9.1 —8.8 +4.2
175 735  +7.6 —94 1+9.1 —8.9 +3.7
180 6.86 +7.5 —9.3 +9.2 —8.9 +3.1
185 6.42  +7.4 —9.3 9.2 8.9 £3.0
190 6.01 +74 —9.3 +9.2 —8.9 +3.4
195 565 474 —9.3 9.2 8.9 +3.6
200 534  +7.3 —9.3 +9.3 —9.0 +3.7
210 481  +72 —9.3 +9.3 -9.0 +3.7
220 436  +7.2 —9.2 +9.3 -9.1 +3.6
230 3.97 47.0 —9.2 1+9.4-9.2 +3.5
240 3.65  +7.0 —9.2 +9.5 -9.2 +3.3
250 337 +6.9 —9.2 +9.5 -9.3 +3.1
260 311  +6.8 —9.2 +9.6 —9.4 +£3.0
270 2890  +6.7 —9.2 +9.7 -9.5 +2.8
280 271 468 —9.2 +9.8 —9.5 +£2.6
290 255  +6.8 —9.1 +9.8 —9.6 +2.4
300 242  +46.7 —9.1 +9.9 —9.7 +£2.3
320 223  4+6.7 —9.2 +10.1 —9.9 +2.3
340 219  46.9 —9.2 +10.3 —10.1 +3.0
360 231 +7.0 —9.2 +10.5 —10.3 +4.1
380 218 463 —9.1 +10.7 —10.5 1£2.5
400 193  +59 —8.8 +11.0 —10.7 +3.1
450 127 450 —84 +11.6 —11.3 +4.0
500 0.79 +4.4 — 8.1 +12.2 —11.9 +4.5
550 049  +4.0 — 7.9 +12.7 —12.4 +5.5
600 031 437 —7.7 +13.3 —13.0 +6.6
650 020 +35 — 7.6 +14.0 —13.5 +7.5
700 013 434 —75 +14.7 —14.1 +8.3
750 0.08 +3.3 —74 +15.4 —14.6 +9.0
800 0.06 431 —7.4 +16.2 —15.1 +9.7
850 0.04 431 —7.3 +17.1 —15.7 +10.2
900 0.03 430 —7.3 +18.0 —16.2 +10.8
950 0.02 430 —7.3 +18.9 —16.8 +11.3
1000 0.01 429 —7.2 +19.9 —17.3 +11.8




Table 6: Results orpp(gg) — H + X cross sections with/s = 14 TeV based on BD calculation with MSTW

PDFs.

My[GeV] ofpb]  Scale[%]  PDFASPT™[%] EFT [%]
90 90.02 +10.8 —14.3 9.1 —8.9 18.3
95 82.09 +10.4 —13.8 +9.0 — 8.8 +£8.2
100 7541 +10.2 — 134 +89 — 8.7 +8.1
105 69.38 +9.9 —13.0 +88 — 8.7 +8.0
110 64.07 +9.6 —12.6 +8.7 — 8.6 +7.9
115 59.37  +9.4 —12.2 +8.7 — 85 +7.8
120 5520 +9.2 —11.9 +8.6 — 8.4 +£7.7
125 5145 +9.0 —11.6 +85 — 8.4 +7.6
130 48.09 +8.9 —11.4 +8.5 — 8.3 +7.5
135 45.06 +8.7 —11.1 +8.4 — 82 +7.5
140 4230 +85 —10.8 +8.4 —82 7.4
145  39.80 +8.4 —10.6 +83 —8.1 +7.3
150 3750 +8.3 —10.4 +83 —8.1 +£7.2
155 3532  +8.1 —10.2 +83 —8.1 +7.0
160  33.08 +8.0 —10.0 8.2 —8.0 16.3
165  30.77 +7.9 —9.8 8.2 —8.0 +5.3
170 28.89 +7.8 —9.7 +8.2 — 8.0 +4.5
175 2724 +7.8 — 9.5 182 —7.9 +4.0
180 2571 +7.7 —9.4 182 —7.9 +3.5
185  24.28 +7.6 —9.1 +8.1 —7.9 +3.3
190 2297 +7.6 —9.1 8.1 —7.9 +3.8
195  21.83  +7.5 —9.0 +8.1 —7.9 +4.0
200 2083 474 —88 +8.1 — 7.9 +4.1
210 19.10 +7.3 — 8.6 8.1 —7.8 +4.1
220 17.64 472 —84 +8.1 — 78 +4.0
230 16.38  +7.1 —8.3 +8.0 — 7.8 +3.8
240 1530  +7.0 —8.2 +8.0 — 7.8 +3.7
250 1438  46.9 —8.2 +8.0 — 7.8 +3.5
260 1352  +6.8 —8.1 +8.0 — 7.8 +3.3
270 1279 46.7 —8.1 +8.0 — 7.8 +3.1
280 12.17 +6.7 — 8.1 +8.0 — 7.8 +2.9
290 11.65 +6.6 —8.0 +8.0 — 7.8 +2.8
300 1122 +6.5 —8.0 +8.0 — 7.8 +3.4
320 10.70  +6.5 — 8.0 +81 — 7.9 +3.1
340 10.83  +6.5 — 8.0 +8.1 —7.9 +£2.8
360 11.77 464 — 8.0 +8.1 — 8.0 +3.5
380 1146  +6.0 — 7.7 +8.2 —8.1 +4.4
400 1046  +5.6 — 7.4 8.2 —8.1 £5.0
450 742 +5.0 — 7.0 +8.4 —8.3 +6.0
500 497  +4.6 —6.7 +8.6 — 8.6 +6.4
550 332 +4.3 —6.5 +8.9 —8.8 +7.4
600 224  +4.1 —6.3 1+9.2 —9.1 +8.3
650 153 439 —6.2 +9.5 — 9.4 +9.0
700 1.05 +38 —6.1 +9.8 — 9.6 +9.6
750 0.74  +3.6 —6.0 +10.1 — 9.9 +10.1
800 0.52 +3.5 — 6.0 +10.4 —10.2 +10.5
850 038  +35 —5.9 +10.7 —10.5 +11.0
900 027 434 —5.9 +11.0 — 10.7 +11.3
950 020 433 —5.8 +11.3 —11.0 +11.7
1000 0.15  +3.3 —5.8 +11.5 —11.3 +12.0




3 Vector-Boson-Fusion Proces$
3.1 Higgs-boson production in vector-boson fusion

The production of a Standard Model Higgs boson in assodiatiith two hard jets in the forward and
backward regions of the detector, frequently quoted as ¥ketbr-boson fusion” (VBF) channel, is a
cornerstone in the Higgs-boson search both in the ATLAS 2] CMS [53] experiments at the LHC.
Higgs-boson production in the VBF channel plays also an maoo role in the determination of Higgs-
boson couplings at the LHC (see e.g. Refl[54]). Bounds orgstandard couplings between Higgs and
electroweak (EW) gauge bosons can be imposed from preasilies in this channel [55]. In addition
this channel contributes in a significant way to the inclediliggs production over the full Higgs-mass
range.

The production of a Higgs boson + 2 jets receives two cortiohs at hadron colliders. The first
type, where the Higgs boson couples to a weak boson that timksgquark lines, is dominated by
andu-channel-like diagrams and represents the genuine VBFRehaihe hard jet pairs have a strong
tendency to be forward—backward directed in contrast terojgtt-production mechanisms, offering a
good background suppression (transverse-momentum aiattyaquts on jets, jet rapidity gap, central-
jet veto, etc.).

If one is interested in the measurement of the Higgs-bosaopltws in VBF, especially for the
measurement of thHEWW andHZZ couplings, cuts should be applied in order to suppress g¥erh
Higgs + 2 jet production via gluon fusion, which become a Igackind to the signal VBF production.
In the gluon-fusion channel, the Higgs boson is radiatedadffeavy-quark loop that couples to any
parton of the incoming hadrons via gluons][56, 57]. Althodigé final states are similar, the kinematic
distributions of jets are very different. Applying appri@te event selection criteria, called VBF cuts
(see e.g. Refs_[58-62]), it is possible to sufficiently segp the gluon-fusion Higgs-boson production
mechanism with respect to the VBF one. According to a recstitnate [63], gluon fusion contributes
about4—5% to the Higgs + 2 jet events for a Higgs-boson mass20fGeV, after applying VBF cuts. A
next-to-leading order (NLO) analysis of the gluon-fusiamtibution [57] shows that its residual scale
dependence is still of the order 85%.

Electroweak Higgs-boson production at leading order (Ll®@dive only quark and antiquark ini-
tial states,qq — qqH. The topologies of the LO Feynman diagrams contributingaioous partonic
processes are shown in Hig. 4. Ashannel diagrams and interferences tend to be suppredssdim-
posing VBF cuts, the cross section can be approximated bgattigibution of squared andu-channel
diagrams only without their interference. The correspongdpCD corrections reduce to vertex correc-
tions to the weak-boson—quark coupling. Explicit NLO QClxaéations in this approximation [64—568]
confirm the expectation that these QCD corrections are stoaflause they are shifted to the parton
distribution functions (PDFs) via QCD factorization to agla extent. The resulting QCD corrections
are of the order 06—10% and reduce the remaining factorization and renormalinasicale depen-
dence of the NLO cross section to a few percent. For the NLO @fedictions from HAWK [[69=71],
VBFNLO [66,72], and VV2H [73] (this last program calculatesly total cross sections without cuts),
a tuned comparison has been performed in Ref. [74], negestchannel diagrams and interferences.
Recently, VBF@NNLOI[75] was also run in the same setup. Thalte of all four codes were found
to agree within the statistical errors at the levedaf%.

In Refs. [69,70] the full NLO EW + QCD corrections have beempoted with HAWK, including
the complete set of-, u-, and s-channel Feynman diagrams and taking into account reaécions
induced by photons in the initial state and QED correctiomglicitly contained in the DGLAP evolution
of PDFs. The size of the electroweak corrections sengjtideppends on the chosen renormalization
scheme to define the weak couplings, most notably on the nhadee for the electromagnetic coupling

18A. Denner, S. Farrington, C. Hackstein, C. Oleari, D. Reb(eds.); P. Bolzoni, S. Dittmaier, F. Maltoni, S.-O. Moch,
A. Mick, S. Palmer and M. Zaro.
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Fig. 4: Topologies oft-, u-, ands-channel contributions for electroweak Higgs-boson pobidm, qq — qqH at
LO, whereq denotes any quark or antiquark avicstands folW andZ boson.

«. The preferred choice, which should be most robust witheesf higher-order corrections, is the
so-calledGr scheme, wherer is derived from Fermi’s constarttz. The impact of EW and QCD
corrections in the favoured Higgs-mass range betw@erand200 GeV are of ordeb% and negative,
and thus as important as the QCD corrections. Photon-indpoecesses lead to corrections at the
percent level.

Approximate next-to-next-to-leading order (NNLO) QCD m@mtions to the total inclusive cross
section for VBF have been presented in Refl [75]. The thaalepredictions are obtained using the
structure-function approach [65]. Upon including the NNe&@rections in QCD for the VBF production
mechanism via the structure-function approach the thieataincertainty for this channel, i.e. the scale
dependence, reduces from the10% of the NLO QCD and electroweak combined computations [€5,70
down to1—2%. The uncertainties due to parton distributions are eséthtd be at the same level.

3.2 Higher-order calculations

In order to study the NLO corrections to Higgs-boson proiducin VBF, we have used two existing par-
tonic Monte Carlo programs: HAWK and VBFNLO, which we now geat. Furthermore we also give
results of the NNLO QCD calculation based on VBF@NNLO and loimm them with the electroweak
corrections obtained from HAWK.

3.2.1 HAWK - NLO QCD and EW corrections

HAWK [69H71] is a Monte Carlo event generator fpp — H + 2jets. It includes the complete
NLO QCD and electroweak corrections and all weak-bosorofusind quark—antiquark annihilation
diagrams, i.et-channel and:-channel diagrams with VBF-like vector-boson exchange sobannel
Higgs-strahlung diagrams with hadronic weak-boson deslgo, all interferences at LO and NLO
are included. If it is supported by the PDF set, contribigidrom incoming photons, which are at
the level of1-2%, can be taken into account. Leading heavy-Higgs-bosorctsfi& two-loop order
proportional toG% Mj; are included according to Refs.[76] 77]. While these cbatidns are negligible
for small Higgs-boson masses, they become important fog$dipson masses abo¥e0 GeV. For
My = 700 GeV they yield+4%, i.e. about half of the total EW corrections. This signalgeakdown

of the perturbative expansion, and these contributionsbeaviewed as an estimate of the theoretical
uncertainty. Contributions df-quark PDFs and final-state quarks can be taken into account at LO.
While the effect of only initialb quarks is negligible, final-stafe quarks can increase the cross section
by up t04%. While s-channel diagrams can contribute uRt¥ for small Higgs-boson masses in the
total cross section without cuts, their contribution isdwell % once VBF cuts are applied. Since the
s-channel diagrams are actually a contributiord@1 andZH production, they are switched off in the
following.
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The code is interfaced to LHAPDF and allows to evaluate th& Bbcertainties in a single run.
The calculation can be performed for an on-shell Higgs basofor an off-shell Higgs boson de-
caying into a pair of gauge singlets, thus mimicking an bk Higgs boson. While the effects of
the off-shellness are negligible for small Higgs-boson seasthey should be taken into account for
My 2 400 GeV. As a flexible partonic Monte Carlo generator, HAWK altot apply phase-space
cuts on the jets and the Higgs-boson decay products and tochseff certain contributions.

3.2.2 VBFNLO - NLO QCD and EW corrections

VBFNLO [78] is a fully flexible partonic Monte Carlo progranorf VBF, double and triple vector-
boson production processes at NLO QCD accuracy. Arbitraty can be specified as well as various
scale choices: in fact, VBFNLO can use fixed or dynamical meradization and factorization scales.
Any currently available parton distribution function seincbe used through the LHAPDF library. For
processes implemented at leading order, the program idbleapé generating event files in the Les
Houches Accord (LHA) format [79].

Since, in the phase-space regions which are accessibldratheolliders, VBF reactions are dom-
inated byt-channel electroweak gauge-boson exchange, in VBFNt&annel exchange contributions
and kinematically-suppressed fermion-interferencerdmttons [80, 81] are disregarded. While the in-
terference effects are always well beld, they are entirely negligible once VBF cuts are applied.
Here, even the-channel contributions which, with excellent accuracyy b& regarded as a separate
"Higgs-strahlung" process, drop below 1%. The subsequegaydof the Higgs boson is simulated in the
narrow-width approximation. For thd — WTW™ and theH — ZZ modes, full off-shell effects and
spin correlations of the decay leptons are included. Detdithe calculation can be found in Ref. [66].
Very recently, the EW corrections to VBF Higgs-boson prdatuchave been added to the codel[82].

3.2.3 VBF@NNLO — NNLO QCD corrections

VBF@NNLO [75] computes VBF Higgs cross sections at LO, NL@d &NNLO in QCD via the
structure-function approach. This approach| [65] condistsically in viewing the VBF process as a
double deep-inelastic scattering (DIS) attached to thewtdss pure electroweak vector-boson fusion
into a Higgs boson. According to this approach one can ircNHO QCD corrections to the VBF pro-
cess employing the standard DIS structure functibyis;, Q?); i = 1,2, 3 at NLO [83] or similarly the
corresponding structure functions [84+-87].

The structure-function approach does not include all tygdesontributions. At LO a structure-
function-violating contribution comes from the interfeoes between identical final-state quarks (e.g.
uu — Huu) or between processes where eitheWaor a Z can be exchanged (e.gd — Hud).
These LI contributions have been included in the NNLO resulpart from such contributions, the
structure-function approach represents an exact appadsstat NLO. At NNLO, however, several types
of diagrams violate it. Some are colour suppressed and lkditieafly suppressed [88—90], others have
been shown in Ref. [91] to be small enough not to produce afsignt deterioration of the VBF signal.
A first rough estimation for a third set showed that their dbation is small and can be safely neglected.
At NNLO in QCD, the theoretical uncertainty is reduced to é&sslthar2%.

3.3 Results
In the following, we present VBF results for LHC atnd14 TeV calculated at NLO, from HAWK and
VBFNLO [78], and at NNLO, from VBF@NNLO92].

All results have been computed using the values of the eleettk parameters given in Ap-
pendix[A. The renormalization and factorization scalesehlgen fixed ta\/y, and both the scales

varied in the rangé/w /2 < p < 2My. The Higgs boson has been treated as stable on on-shell, and
the contributions frons-channel diagrams have been neglected.
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Fig. 5: VBF cross sections at the LHC at(left) and14 TeV (right) estimated with MSTW2008 PDF set. NLO
QCD results and NNLO QCD results are shown both with the EWembions. The bands represent the PDdr,+
68% CL uncertainty.
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Fig. 6: NLO VBF cross sections at the LHC at(left) and 14 TeV (right). Results with and without the EW
corrections are plotted. The bands represent the PRF68% CL uncertainty coming from thenvelopeof three
PDF sets (see text for details).

Fig.[H and Fig[b summarize the VBF results at the LHG and 14 TeV. In Fig.[3, the cross
section results at NLO QCD and NNLO QCD both with EW corrawti@re shown as a function of the
Higgs-boson mass. Calculations are performed with the M3008 68% CL PDF set. In Fi§l 6, the
NLO and NNLO results, with and without the EW correctionsg ahown as a function of the Higgs-
boson mass. For these calculations, the full estimatioreofral values and + PDF uncertainty over
three PDF sets (namely MSTW2008, CTEQ6.6, and NNPDF2.0btcwed according to the PDF4LHC
prescription) is available and represented in the plotdbyetror bands.

In Tabled¥ andl9, we collect the NLO QCD + EW results, for theOL&t7 and 14 TeV, respec-
tively. Numbers have been obtained with HAWK. VBFNLO resuybtained with CTEQ6.6 PDF set)
are listed in the rightmost column, for the sake of comparidéor some of the mass points, a full PDF
+ a uncertainty estimation has been performed according t&®Die4LHC prescription. In this case,
the uncertainty comes from tlevelopeamong three PDF sets (namely CTEQ6.6, MSTW2008NLO,
and NNPDF2.0), and the central cross section values are fed@m the mid-point of the envelope width.
Integration errors, affecting the last shown digit, arebe).1%. The integration error for the VBFNLO
results is of orde0.3%.

In Tabled 8 and 10 we collect the results on NLO QCD corrediiorthe LHC at7 and14 TeV,
respectively. Numbers have been obtained with VBFNLO. Inld@, HAWK results (obtained with
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MSTW2008 PDF set) are listed in the rightmost column, forgalke of comparison.

In Tables[Il and—12 we show the NNLO QCD results (second colurobtained with
VBF@NNLO, and the combination of NNLO QCD and NLO EW correns (third column). The
combination has been performed under the assumption th&t @ EW corrections factorize com-
pletely, i.e. the cross section has been obtained as

0 = ONNLO X (1 + 5EW)> (l)

whereonnLo IS the NNLO QCD result andgy the relative EW correction determined in the limit =

0. To estimate the uncertainties coming from the partonidigions, we have employed the MSTW
68% confidence level PDF sets [41] and compared with other NNL® Béls, i.e. ABKMO09I[[46] and
JRO9VF [47]. The results show that an almost constahtPDF uncertainty can be associated to the
cross section for the LHC. The above discussed NNLO resaltulated with MSTW2008 PDFs are
similar to the ones based on ABKMO09, both in central valuesRIDF uncertainties aP(2%), over the
whole mass range. JRO09 is in agreement with this for smaly$iigassesi00—200 GeV) and predicts
0O(10%) larger cross sections at high masses (1 TeV). The msnatb¢he NNLO calculation presented
here can also be obtained via the web interfaceé [92], wheredde VBF@NNLO can be run online.
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Table 7: NLO QCD + EW results on VBF cross sections\at = 7 TeV: central values and relative uncertainties
from HAWK. Integration errors, affecting the last shownitigre below0.1%. In the last column, VBFNLO
results obtained with CTEQ6.6, for the sake of comparisate@ration errors at th&3% level).

My[GeV]| o[fb] scale uncert. [%] PDF4LHC [%] VBFNLOb]

90 1682 +0.8 —0.2 1706
95 1598 +0.8 —0.3 1613
100 1530 +0.8 —0.1 +£2.2 1531
105 1445 +0.7 —0.2 1450
110 1385 +0.7 —=0.1 +£2.2 1385
115 1312 +0.7 —=0.1 1314
120 1257 +0.7 —=0.0 £2.1 1253
125 1193 +0.6 —0.0 1193
130 1144 +0.6 —0.0 £2.1 1138
135 1087 +0.6 —0.1 1085
140 1042 +0.6 —0.0 +2.1 1037
145 992 +0.6 —0.1 989
150 951 +0.6 —0.1 +2.1 946
155 907 +0.5 —0.1 903
160 869 +0.5 —0.1 +2.2 864
165 842 +0.5 —0.1 836
170 808 +0.4 —-0.1 +2.2 802
175 772 +0.4 —0.1 767
180 738 +0.4 —-0.1 +2.2 735
185 713 +0.3 —0.1 709
190 684 +0.3 —0.1 +£2.2 680
195 658 +0.3 —0.1 652
200 630 +0.3 —0.1 +£2.2 625
210 580 +0.3 —0.0 £2.2 D76
220 935 +0.4 —0.0 +£2.3 931
230 495 +0.3 —0.0 £2.3 490
240 458 +0.3 —0.0 +2.4 453
250 425 +0.3 —0.0 +2.4 422
260 395 +0.3 —0.0 £2.5 392
270 368 +0.4 —0.0 +2.6 364
280 343 +0.4 —0.0 £2.7 340
290 320 +0.4 —0.0 +£2.7 316
300 298 +0.5 —0.0 £2.8 296
320 260 +0.4 —-0.1 £2.9 257
340 227 +0.4 —0.1 £3.0 225
360 200 +0.4 —0.0 £3.1 198
380 180 +0.6 —0.1 +3.3 178
400 161 +0.8 —0.1 +3.4 159
450 125 +1.1 —0.2 122
500 94.6 +1.4 —0.2 +4.0 93.4
550 74.8 +1.7 —0.2 72.8
600 o7.6 +2.0 —-0.3 +4.5 56.9
650 46.6 +2.3 —0.3 44.7
700 36.4 +2.6 —0.3 £5.1 35.7
750 30.0 +2.9 —04 28.6
800 23.7 +3.3 —04 +5.6 23.5
850 19.9 +3.9 —04 18.9
900 15.9 +4.3 —04 £6.1 15.5
950 13.6 +4.9 —0.5 13.0
1000 11.0 +5.6 —0.5 +6.6 10.6
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Table 8: NLO QCD results on VBF cross sections (NLO EW correctionsincluded) at,/s = 7 TeV: central
values and relative uncertainties from VBFNLO. Integragorors, affecting the last shown digit, are bel@g’%.

In the last column, HAWK results obtained with MSTW2008NLfGy, the sake of comparison (integration errors
at the0.1% level).

My[GeV| o[fb] scale uncert. [%] PDF4LHC [%] HAWKb]

90 1776 +0.0 —=0.5 +2.4 1772
95 1685 +0.1 —-0.3 +2.5 1682
100 1601 +0.1 —-0.4 £2.5 1597
105 1522 +0.1 —0.4 £2.5 1519
110 1448 +0.2 -04 £2.5 1445
115 1377 +0.1 —-0.3 +2.6 1375
120 1312 +0.2 -0.3 +£2.6 1310
125 1251 +0.2 -0.3 +2.6 1249
130 1193 +0.3 —0.3 +2.6 1190
135 1139 +0.3 —0.2 +2.6 1136
140 1088 +0.4 —0.2 +2.7 1084
145 1040 +0.4 —0.2 +2.7 1036
150 994 +0.4 —-0.3 +2.8 990
155 951 +0.5 —0.2 £2.8 947
160 910 +0.5 =0.1 +2.9 906
165 872 +0.6 —0.1 +3.0 867
170 836 +0.6 —0.2 +3.0 831
175 801 +0.7 0.1 £3.0 796
180 768 +0.6 —0.0 +3.1 763
185 737 +0.7 0.1 +3.1 732
190 707 +0.7 =0.1 +3.1 702
195 679 +0.6 —0.0 £3.2 674
200 653 +0.7 =0.0 +3.2 648
210 603 +0.8 —0.1 +3.3 998
220 558 +0.9 -0.0 +3.4 953
230 517 +1.0 -0.0 +£3.5 512
240 480 +1.0 —0.0 +3.6 475
250 446 +1.2 -0.0 +3.6 440
260 415 +1.1 -0.1 +3.7 410
270 386 +1.1 —0.1 £3.8 382
280 360 +1.2 -0.1 +3.9 356
290 336 +1.3 —-0.1 +£3.9 332
300 314 +1.4 —0.1 +4.0 310
320 275 +1.4 —0.1 +4.2 271
340 242 +1.5 —0.2 +4.3 238
360 213 +1.5 —0.2 +4.4 209
380 189 +1.7 —0.2 +4.5 185
400 167 +1.7 —0.3 +4.7 163
200 94.9 +2.2 -04 +5.3 92.0
600 96.3 +2.5 —0.6 +5.9 54.3
650 43.9 +2.7 —0.7 +6.2 42.2
700 34.5 +2.9 —0.7 +6.5 33.1
750 27.3 +3.0 —0.8 +6.8 26.1
800 21.7 +3.1 —-1.0 £7.1 20.7
850 17.3 +3.3 —1.1 +7.4 16.5
900 13.9 +3.5 —1.2 +7.7 13.2
950 11.2 +3.7 —1.2 £8.0 10.6
1000 9.03 +3.9 —1.2 +8.3 8.51
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Table 9: NLO QCD + EW results on VBF cross sections,a& = 14 TeV: central values and relative uncertainties
for HAWK. Integration errors, affecting the last shown djgire below0.1%. In the last column, the VBFNLO
results obtained with CTEQ6.6, for the sake of comparisate@ration errors at th&3% level).

My[GeV]| o[fb] scale uncert. [%] PDF4LHC [%] VBFNLOb]

90 9375 +1.0 —0.5 5517
95 5156 +0.9 —0.5 5272
100 5004 +1.0 -0.4 +2.6 5057
105 4746 +1.0 —0.4 4839
110 4607 +1.0 —0.5 +2.6 4642
115 4373 +0.9 —0.5 4455
120 4254 +0.9 —-04 +2.6 4272
125 4048 +0.8 —0.4 4109
130 3938 +1.0 —0.3 +£2.5 3952
135 3754 +0.9 —0.4 3807
140 3651 +0.8 —0.3 +2.5 3666
145 3485 +0.8 —0.3 3431
150 3394 +0.7 —=0.3 +2.5 3403
155 3237 +0.8 —0.3 3277
160 3147 +1.0 —0.2 +2.4 3156
165 3047 +0.8 —0.3 3083
170 2975 +0.8 —0.3 +2.4 2978
175 2842 +0.8 —0.3 2866
180 2765 +0.9 —0.3 +2.3 2764
185 2667 +0.9 -0.3 2679
190 2601 +1.0 —0.0 +2.3 2595
195 2494 +0.8 —0.2 2512
200 2432 +0.8 —0.0 +2.3 2437
210 2279 +0.8 —0.0 +2.2 2274
220 2135 +0.6 —0.2 +2.3 2135
230 2006 +0.7 0.3 £2.2 1999
240 1885 +0.7 —=0.2 +2.3 1883
250 177 +0.6 —0.1 +2.2 1770
260 1675 +0.7 —0.1 +2.1 1668
270 1581 +0.7 —=0.1 +2.1 1575
280 1494 +0.7 —=0.0 +2.1 1488
290 1413 +0.8 —0.0 +2.1 1407
300 1338 +0.7 —=0.0 +2.1 1329
320 1202 +0.6 —0.1 +2.1 1195
340 1077 +0.6 —0.1 +2.1 1069
360 977 +0.6 —0.2 +2.1 973
380 901 +0.5 —0.0 £2.1 893
400 830 +0.4 —0.2 +2.2 826
450 681 +0.5 —0.2 673
500 260 +0.6 —0.0 +2.3 261
550 469 +0.6 —0.1 463
600 391 +0.8 =0.1 +2.6 388
650 335 +1.2 —0.0 330
700 284 +1.4 —0.0 +3.0 282
750 248 +1.8 —0.0 242
800 213 +1.9 —0.0 +3.2 212
850 189 +2.4 —0.0 185
900 165 +2.6 —0.1 +3.6 164
950 149 +3.0 —0.0 146
1000 132 +3.6 —0.1 +3.9 130
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Table 10: NLO QCD results on VBF cross sections (NLO EW correctionsinduded) at,/s = 14 TeV: central
values and relative uncertainties from VBFNLO. Integragorors, affecting the last shown digit, are bel@g’%.

My[GeV] o[fb] scale uncert. [%] PDF4LHC [%)]

90 5792 +1.0 -0.9 £3.0
95 5550 +0.8 —0.9 £3.0
100 5320 +0.8 —0.7 +2.9
105 5104 +0.7 —=0.9 +2.9
110 4898 +0.7 —=0.7 +2.8
115 4702 +0.8 —0.6 +2.8
120 4521 +0.7 —=0.8 +2.8
125 4344 +0.7 —0.6 +2.7
130 4182 +0.5 —0.8 +2.7
135 4025 +0.5 —0.8 +2.7
140 3874 +0.5 —0.7 +2.6
145 3734 +0.4 —0.8 +2.6
150 3599 +0.5 —0.6 +2.6
155 3472 +04 —0.7 +2.6
160 3349 +0.4 —0.7 +2.5
165 3234 +0.3 —0.6 +£2.5
170 3124 +0.3 —0.6 +£2.5
175 3017 +0.3 —0.6 +2.4
180 2917 +0.4 —0.6 +2.4
185 2819 +0.3 —0.5 +2.4
190 2726 +0.3 —0.5 +2.4
195 2639 +0.2 =0.5 +2.4
200 2553 +0.2 -0.5 +2.4
210 2395 +0.1 =0.5 +2.4
220 2248 +0.1 —-0.4 +£2.5
230 2115 +0.1 —0.4 +2.5
240 1991 +0.0 —0.4 +£2.5
250 1877 +0.1 =0.5 +£2.5
260 1771 +0.1 —0.4 +2.5
270 1673 +0.2 —-0.4 +£2.5
280 1583 +0.2 -0.3 +2.5
290 1498 +0.1 —0.3 +2.6
300 1419 +0.2 —0.2 +£2.5
320 1279 +0.3 —0.3 +2.7
340 1156 +04 —0.4 +2.7
360 1048 +0.5 —0.3 +2.8
380 953 +0.5 —0.1 £3.0
400 869 +0.6 —0.2 +3.0
500 566 +0.9 —0.2 +3.4
600 385 +1.2 —0.1 £3.8
650 322 +1.4 —0.0 +4.0
700 271 +1.4 —-0.1 +4.2
750 229 +1.5 —0.1 +4.4
800 195 +1.6 —0.1 +4.5
850 167 +1.7 —0.2 +4.7
900 144 +1.8 =0.1 +4.9
950 124 +1.9 —0.2 +5.0
1000 108 +2.0 —0.2 +5.1
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Table 11: NNLO QCD results on VBF cross sections\@ = 7 TeV: central values and relative uncertainties.
PDF uncertainties are evaluated with MSTW2008NNLO PDFIs&tgration errors are below tliel % level.

Mu[GeV] o[fb] (1+drgw)olfb] scaleuncert. [%] PDF #s[%] PDF4LHC [%]

90 1788 1710 +0.6 —0.2 +1.8 —1.8 +2.1 =21
95 1703 1628 +04 —0.4 +1.8 —1.8 +2.1 -2.1
100 1616 1546 +0.4 —0.3 +1.8 —1.8 +2.2 =21
105 1539 1472 +0.3 —0.3 +1.8 —1.8 +2.2 =21
110 1461 1398 +0.5 —0.2 +1.8 —1.8 +2.3 -2.1
115 1393 1332 +0.2 —0.2 +1.8 —1.8 +2.3 -2.1
120 1326 1269 +0.3 —0.4 +1.8 —1.8 +2.4 2.1
125 1265 1211 +0.3 —0.3 +1.8 —1.8 +2.5 =21
130 1205 1154 +0.3 —0.2 +1.8 —1.8 +2.5 =21
135 1148 1100 +0.5 —0.1 +1.8 —1.8 +2.6 —2.1
140 1099 1052 +0.2 —0.2 +1.8 —1.8 +2.6 —2.1
145 1048 1004 +0.4 —0.0 +1.9 —-1.9 +2.7 =2.1
150 1004 961.7 +0.2 -0.1 +1.9 —-1.9 +2.7 -2.1
155 959.6 918.0 +0.3 —0.0 +1.9 —-1.9 +2.8 —2.1
160 920.0 878.7 +0.1 —0.2 +1.9 —-1.9 +2.8 =2.1
165 880.0 851.7 +0.2 -0.1 +1.9 —-1.9 +2.9 -2.1
170 843.9 817.3 +0.2 —0.2 +1.9 —-1.9 +3.0 —=2.1
175 808.2 781.4 +0.2 -0.1 +1.9 —-1.9 +3.0 =2.1
180 776.0 748.0 +0.0 -0.3 +1.9 —-1.9 +3.1 —-2.1
185 742.1 719.3 +0.3 —0.1 +1.9 —-1.9 +3.1 =20
190 713.5 692.5 +0.1 —0.2 +1.9 —-1.9 +3.2 =20
195 685.0 664.3 +0.2 —0.4 +1.9 —-1.9 +3.2 =20
200 657.9 637.1 +0.1 —0.2 +1.9 —-1.9 +3.3 —2.0
210 607.6 586.9 +0.1 —0.3 +2.0 —2.0 +3.4 =20
220 562.3 542.0 +0.0 -0.4 +2.0 —-2.0 +3.5 —2.0
230 520.8 501.1 +0.1 —-0.4 +2.0 —-2.0 +3.6 —2.0
240 483.2 464.1 +0.1 —0.5 +2.0 —2.0 +3.7 =2.0
250 448.7 430.4 +0.1 —0.6 +2.0 —-2.0 +3.8 —2.0
260 416.2 398.8 +0.3 —-0.4 +2.0 —-2.0 +3.9 —-2.0
270 388.1 371.5 +0.1 —0.6 +2.0 —2.0 +4.0 —2.0
280 361.9 346.1 +0.2 =0.7 +2.0 —-2.0 +4.2 =20
290 337.7 322.6 +0.2 —0.7 +2.1 -2.1 +4.3 —-2.0
300 315.4 301.0 +0.2 —0.8 +2.1 -2.1 +4.4 -2.0
320 275.4 262.2 +0.3 —0.7 +2.1 =21 +4.6 —1.9
340 241.9 228.6 +0.3 —0.9 +2.1 -2.1 +4.8 —1.9
360 213.2 201.8 +0.3 —1.1 +2.2 =22 +5.0 —1.9
380 188.2 180.7 +04 —-1.1 +2.2 =22 +5.2 -1.9
400 166.6 161.9 +0.4 —1.2 +2.2 —-2.2 +5.5 —1.9
450 124.4 123.5 +0.6 —1.3 +2.2 =22 +6.0 —1.8
500 94.07 94.91 +0.7 —1.6 +2.3 —-2.3 +6.6 —1.8
550 71.90 73.56 +0.8 —1.7 +2.3 —-2.3 +7.1 —1.8
600 55.52 57.63 +1.0 —2.0 +2.4 —24 +7.6 —1.7
650 43.22 45.56 +1.1 —2.2 +2.4 —24 +8.2 —1.7
700 33.89 36.35 +1.2 —24 +2.5 =25 +8.7 —1.6
750 26.74 29.24 +1.4 —2.6 +2.5 =25 +9.3 —1.6
800 21.21 23.71 +1.5 —2.8 +2.6 —2.6 +9.8 —1.6
850 16.90 19.37 +1.6 —3.0 +2.6 —2.6 +10.4 —1.5
900 13.52 15.95 +1.7 =3.2 +2.7 =2.7 +10.9 —-1.5
950 10.86 13.21 +2.0 -3.3 +2.7 =2.7 +11.5 —1.4
1000 8.752 11.03 +2.2 =35 +2.8 —2.8 +12.0 —-1.4
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Table 12: NNLO QCD results on VBF cross sections\g@ = 14 TeV: central values and relative uncertainties.
PDF uncertainties are evaluated with MSTW2008NNLO PDFIsétgration errors are below tlel % level.

Myu[GeV] offb] (14 dorw)ol[fb] scale uncert. [%] PDF #[%] PDFALHC [%]

90 2879 9569 +1.0 —0.4 +1.6 —1.6 +1.9 —-2.6
95 2637 5338 +1.0 -0.5 +1.6 —1.6 +2.0 —2.6
100 5401 0114 +0.8 =0.5 +1.6 —1.6 +2.0 —2.6
105 o175 4900 +1.2 —0.3 +1.6 —1.6 +2.0 —2.6
110 2015 4750 +0.2 —-1.3 +1.6 —1.6 +2.0 —2.6
115 4771 4520 +0.9 —04 +1.6 —1.6 +2.0 —2.6
120 4603 4361 +0.4 —0.9 +1.6 —1.6 +2.1 —2.6
125 4412 4180 +0.7 —0.4 +1.6 —1.6 +2.1 —2.6
130 4252 4029 +0.4 —0.5 +1.6 —1.6 +2.1 —2.6
135 4076 3862 +0.9 —0.2 +1.6 —1.6 +2.2 —-2.6
140 3938 3732 +0.5 —0.8 +1.6 —1.6 +2.2 —2.6
145 3789 3590 +0.8 —0.4 +1.6 —1.6 +2.2 —-2.6
150 3653 3460 +0.6 —0.4 +1.6 —1.6 +2.2 —2.6
155 3522 3332 +0.7 —0.4 +1.6 —1.6 +2.2 —2.6
160 3386 3198 +0.9 -0.2 +1.6 —1.6 +2.3 —2.6
165 3278 3137 +0.7 —=0.3 +1.7 —1.7 +2.3 —2.6
170 3168 3033 +0.5 —0.4 +1.7 —=1.7 +2.3 —2.6
175 3058 2922 +1.1 —0.2 +1.7 —1.7 +2.3 —2.6
180 2945 2805 +0.9 -0.2 +1.7 —=1.7 +2.4 —2.6
185 2860 2740 +0.4 —0.3 +1.7 —1.7 +2.4 —2.6
190 2766 2652 +0.3 —0.3 +1.7 —=1.7 +2.4 —2.6
195 2678 2566 +0.4 —0.3 +1.7 —1.7 +2.4 —2.6
200 2583 2472 +0.7 =0.1 +1.7 =1.7 +2.5 —2.6
210 2425 2315 +0.7 —0.1 +1.7 —1.7 +2.5 —2.6
220 2280 2171 +0.4 —0.5 +1.7 —=1.7 +2.6 —2.6
230 2142 2036 +0.6 —0.2 +1.7 —1.7 +2.6 —2.6
240 2021 1918 +0.4 —-0.1 +1.7 —=1.7 +2.7 2.6
250 1908 1807 +0.2 —0.4 +1.7 —1.7 +2.7 —2.6
260 1809 1711 +0.2 -1.1 +1.8 —1.8 +2.8 —2.6
270 1699 1606 +0.2 —0.3 +1.8 —1.8 +2.8 —2.6
280 1603 1514 +0.4 —-0.1 +1.8 —1.8 +2.8 2.6
290 1522 1436 +0.3 —0.2 +1.8 —1.8 +2.9 —2.6
300 1441 1358 +0.2 -0.3 +1.8 —1.8 +2.9 —2.6
320 1298 1220 +0.2 —0.2 +1.8 —1.8 +3.0 —2.6
340 1173 1094 +0.2 -0.2 +1.8 —1.8 +3.1 —2.6
360 1063 993.0 +0.1 —0.2 +19 —-1.9 +3.2 —2.6
380 965.3 914.8 +0.1 -0.1 +1.9 -1.9 +3.3 —2.6
400 878.6 842.2 +0.2 -0.1 +19 —-1.9 +3.4 —2.6
450 703.6 689.3 +0.2 -0.4 +1.9 -1.9 +3.7 —2.6
500 570.7 568.4 +0.1 —0.3 +2.0 —2.0 +3.9 —2.6
550 467.6 472.4 +0.3 —-0.4 +2.0 =2.0 +4.1 —2.6
600 386.9 396.5 +0.3 —0.5 +2.0 —2.0 +4.4 —2.6
650 322.8 336.0 +0.3 —0.6 +2.1 =21 +4.6 —2.6
700 271.3 287.2 +0.4 —0.8 +2.1 -2.1 +4.9 —2.6
750 229.3 247.6 +0.5 —0.9 +2.1 =21 +5.1 —2.6
800 195.1 215.5 +0.5 —1.1 +2.2 —2.2 +5.3 —2.6
850 166.5 188.5 +0.7 =1.0 +2.2 =22 +5.6 —2.6
900 143.0 166.6 +0.6 —1.2 +2.2 —2.2 +5.8 —2.6
950 123.4 148.4 +0.5 —14 +2.2 =22 +6.1 —2.6
1000 106.7 133.0 +0.7 —1.4 +2.3 —-2.3 +6.3 —2.6
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4 'WH/ZH Production Mode!’
4.1 Experimental overview

Searches for the Higgs boson in e andZH production modes, usually defined as Higgs-strahlung
processes, have been considered mainly by exploiting twaydmodesH — WTW~ andH — bb.
While the former is looked for mainly because it could cdnite to the measurement of the Higgs-
boson coupling toW bosons, the latter decay mode might contribute to the désgoef a low-mass
Higgs boson and later allow to measure the coupling of thg$llgpson td quarks. The experimental
sensitivity toH — WTW ™ is highest for Higgs-boson masses above ab60iGeV, while theH — bb
decay modes are investigated for the low Higgs-boson mggsebelow about 30 GeV.

The WH — WWW channel in the tri-lepton mode was explored with a parteellstudy in
Ref. [93], while a first estimate of the discovery sensiyiat the LHC was presented in Refs. [94], 95],
based on a fast simulation of the ATLAS detector only. In #itéek document the statistical discovery
significance of the ATLAS detector with an integrated lunsityp of 30 fb—! was estimated to be above
3o for Higgs-boson masses in the rang®—170 GeV. However, a more realistic study based on sam-
ples of fully simulated Monte Carlo events, presented in [@&], shows that the extraction of this signal
might be significantly harder than previously thought, intigalar due to the very hight background,
although a precise quantitative estimate of the discovigmnjificance suffers from the limited available
statistics of the samples and from the fact that the contmMWIW W background was not considered in
the study.

The decay channdéll — bb is dominant at low Higgs-boson masses, below aligit GeV.
Given the largébb backgrounds from pure QCD-driven processes, this decaynsoabt accessible in
gluon-fusion production mode and is only marginally acitéesn combination with the vector-boson
fusion. The most promising sensitivity studies rely on theaziated production of a Higgs boson either
with aZ or W boson ¥WH or ZH) or with att pair. TheWH andZH channels withH — bb are the
main search channels at the Tevatron for a Higgs boson witimass, but at the LHC it is significantly
more challenging to extract these signals from the backgieu A first study of the sensitivity to a
Higgs boson in th&VH andZH channels was presented in the ATLAS TDRI[94] and one year ilate
Refs. [97/98]. The channel with the most significant preictignal iSWH, which however results in
a predicted discovery significance of abaufter30 fb! and a signal to background ratio of ab@@b.
Under these conditions, the extraction of the signal iseemély challenging, since the significance is
low and the normalization of the backgrounds in the signgibremust be controlled at the percent level.

More recently, in Ref.[[99], it has been proposed to focussiarch for a Higgs boson in the
WH andZH channels with the decalf — bb into the very specific kinematic region where both the
Higgs boson and th& or Z boson produced in association with it are emitted at highle.g.pr >
200 GeV), i.e. in a topological configuration where they are bixkack in the transverse plane and
highly boosted. As a first consequence, the intermediatigali¥v or Z boson producing the Higgs boson
and the associated vector boson must be very massive, tanséth the LHC centre-of-mass energy it
will produced quite centrally, so that the kinematic aceepe of its decay products, the Higgs andie
bosons, will be significantly improved. In addition, for i@rs reasons, the signal-to-background ratio is
significantly improved, reducing the impact of backgroundertainties onto the discovery significance.
A first study based on a realistic simulation of the ATLAS dé&be but based only ohO Monte Carlo
generators, was performed in Réf. [100], where it was founad after 30 fo! of data collected at a
centre-of-mass energy aft TeV a discovery significance abogeshould be achievable and that these
channels might contribute, in combination with othershi discovery of a low-mass Higgs boson with
around 10 fb'! of integrated luminosity.

In the past months the expected sensitivity in W&l andZH channels has been re-evaluated for
lower centre-of-mass energies, by both the ATLAS and CMSaBotations. Withl fo~! of data and

s, Dittmaier, R.V. Harlander, J. Olsen, G. Piacquadio jes.Brein, M. Kramer and T. Zirke.
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Fig. 7: (a), (b) LO diagrams for the partonic procespps— VH (V = W, Z); (c) diagram contributing to the
¢g — HZ channel.

Vs = 7 TeV ATLAS expects to exclude a Higgs boson9ats CL with a cross section equivalent to
about6 times the SM one[ [101], while with fo~! of data and,/s = 8 TeV CMS expects to exclude
a Higgs boson a#5% CL with a cross section equivalent to ab@utimes the SM one [102]. These
results are very preliminary and partially rely on analysg¢sch have not been re-optimized for the
lower centre-of-mass energy.

One of the main challenges of these searches is to contrbhitiegrounds down to a precision of
about10% or better in the very specific kinematic region where thealignexpected. Precise differential
predictions for these backgrounds as provided by theatgi@rturbative calculations and parton-shower
Monte Carlo generators are therefore crucial. Furthenesu@.g. in Ref.[[103]) suggest that with data
corresponding to an integrated luminosity of the order oft80 thett background might be extracted
from data in a signal-free control region, while this seemisd significantly harder for thé&/bb or Zbb
irreducible backgrounds, even in the presence of such a Erwpunt of data.

For all search channels previously mentioned, a precis#igii@en of the signal cross section and
of the kinematic properties of the produced final-stateiglag is of utmost importance, together with
a possibly accurate estimation of the connected systematiertainties. The scope of this section is to
present the state-of-the-art inclusive cross sectionthia¥WWH andZH Higgs-boson production modes
at different LHC centre-of-mass energies and for diffeygrgsible values of the Higgs-boson mass and
their connected uncertainties.

4.2 Theoretical framework

The inclusive partonic cross section for associated prooluof a Higgs bosonH) and a weak gauge
boson {) can be written as

5(5) = /0 g dk? o (V*(k)) j—;(v*(k) — HV) + Ao, 2)

whereV/s is the partonic centre-of-mass energy. The first term on.ths. rarises from terms where a
virtual gauge bosoiy* with momentumk is produced in a Drell-Yan-like process, which then radiate
a Higgs boson. The facter(V*) is the total cross section for producing the intermediatgtoreboson
and is fully analogous to the Drell-Yan expression. The séderm on the r.h.sAo, comprises all
remaining contributions. The hadronic cross section igiabtl from the partonic expression of Hq. (2)
by convoluting it with the parton densities in the usual way.

The LO prediction forpp — VH (V = W,Z) is based on the Feynman diagrams shown in
Fig.[7 (a),(b) and leads to a LO cross sectiorf%). Through NLO, the QCD corrections are fully
given by the NLO QCD corrections to the Drell-Yan cross secti(V*) [L04+106]. Forl” = W, this
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observation carries over to NNL¥€) so that the corresponding QCD corrections can be easilyeder
by integrating the classic Drell-Yan restilt [14, 107] ovee virtuality of the intermediate gauge boson.
For that purpose, the program VH@NNLO has been developes],[t0ilding on the publicly available
codezwPROD.F [107].

The Drell-Yan-like corrections that determine the NNLOulefor WH production also give the
bulk of theZH contribution. However, in that case, there are gluon—gindniced terms that do not
involve a virtual weak gauge boson; bdthand H couple to the gluons via a top-quark loop in this
case, see Fi@l] 7 (c). This class of diagrams is not taken o@ouat in VH@NNLO; it was computed
in Ref. [108], and the numbers included in the results belmvased on the corresponding numerical
code.

As every hadron collider observable that is evaluated adl foreer perturbation theory, the cross
section depends on the unphysical renormalization andrfaation scaleg.rz andu . Since the QCD
corrections mostly affect the production of the interme&glgauge boson, a natural choice for the central
value of.r and g is the virtuality 2 of this gauge boson.

NLO electroweak (EW) corrections have been evaluated in R68]. In contrast to the NLO
QCD corrections, EW corrections do not respect a factaamanto Drell-Yan-like production and de-
cay, since there are irreducible (box) corrections;q® — VH already at one loop. Note also that
the size of the EW corrections (as usual) sensitively dementhe chosen renormalization scheme to
define the weak couplings, most notably on the choice for khetremagnetic couplinga. The pre-
ferred choice, which should be most robust with respectdbdri-order corrections, is the so-call@gh
scheme, where: is derived from Fermi’'s constaii g.

The combination of QCD and EW corrections poses the questiowhether factorization of the
EW and QCD effects is a valid approximation to the actual ohi&¥ G ras) corrections. Following
Ref. [110], we present our result based on the assumptidrfutidactorization of the two effects is
valid, i.e., the cross section is determined as

VH@NNLO VH@NNLO
= UWH@ x ( = UZH@ x (

OWH 1 4+ 0wH,EW) o7ZH 1+ 0zuEwW) + 0ggzt, (3)

whereo/H@NNLO js the NNLO QCD result of VH@NNLO througtd(a2), v gw is the relative
EW correction factor determined in the limit, = 0, andog,_,zn is the NNLO contribution tdZH
production induced byg fusion.

The PDF+y uncertainties are evaluated according to the recipe peapims Sectiorl 815 of this
report. The uncertainties due to the residual dependenteeaenormalization and factorization scales
are determined by considering the cross section when niytisahg one of uz and .z at the central
scalev/k2 (the mass of the intermediate gauge boson, see above), aidgvthe other scale between
VE2 /3 and 3vk2. The EW factordy 1 pw is always calculated in the same way as the central value of
the cross section, because the relative EW correction éngisve to the PDF and/or scale choices.

In principle there are also real NLO EW corrections inducgdnitial-state photons, which are
ignored, since current PDF sets do not deliver a photon PBRE.photon PDF is, however, strongly
suppressed, so that an uncertainty of not more than 1% slaoiglel from this approximation. This
estimated percent uncertainty, which rests on the congrassth other cross sections such as vector-
boson fusion[[69, 70] where these effects have been cadcljlaiso includes the neglect of NLO EW
corrections in the evolution of current PDFs.

8This statement holds up to two-loop diagrams where the Himg®n is attached to a one-loop Drell-Yan diagram via
the loop-inducedsgH coupling. Such diagrams, which are neglected so far, aievieel to have only a small impact; their
calculation is in progress.
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4.3 Numerical results

The results for the NLO and the NNLO QCD cross sections\idfl production, including NLO EW
effects, are shown in Fif] 8, bothaand14 TeV. The numbers are obtained by summing o%erH and

W ™H production. The correspondinly-factors, obtained by normalizing the cross section to te L
value (at central scales and PDFs), are shown iriFig. 9. Tileelinks at around 160 GeV and, somewhat
smaller, 180 GeV are due to th8W andZZ thresholds that occur in the EW radiative corrections (see
also Ref.[[109]). The present prediction does not propeglscdbe the threshold behaviour, which is
in fact singular on threshold. Therefore, in practice, Kiggass windows of +5 GeV around the
thresholds should be obtained upon interpolation unlesshteshold regions are properly described
(e.g. by complex masses), a task which is in progress. Thertamaty of the threshold interpolation is
about 1%.

The plots forZH production are shown in Figs.110 and 11. The fact that thertaiogy bands at
NNLO are of the same order of magnitude as at NLO is due tgghehannel that occurs only at NNLO
and is absent in th&VH case. In more detall, for the centre-of-mass energy téV (14 TeV) thegg
channel contributes tdH production by2—6% (4—12%) with an uncertainty o20—30% from scale
variation and oft% (2%) from PDF, translating roughly into@5—1.5% (1—3%) uncertainty on the full
result.

We have checked the NLO numbers against V2HV [111] and findeagent at the permille level,
once CKM mixing is included in V2HV. Also, we find satisfacyoagreement of the NLO result when
comparing to MCFMI[112]. However, the comparison is lessisim this case as MCFM does not allow
the same scale choice as used here.

The results for the central values of the cross section amddiresponding theoretical uncertain-
ties are shown in Tablés113 ahd 14 foend 14 TeV, respectively. Notice that the scale uncertainties
for ZH production are consistently larger than #iH production, because they are dominated by the
uncertainties of theg channel.
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Fig. 8: Cross section for the sum & "H and W~ H production for7 and14 TeV at (a) NLO and (b) NNLO
QCD, including NLO EW effects in both cases.
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Fig. 9: K-factors (ratio to LO prediction) for the NLO and NNLO crogsgons of FiglB.
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Fig. 10: Cross section foZ.H production for7 and14 TeV at (a) NLO and (b) NNLO QCD, including NLO EW
effects in both cases.
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Fig. 11: K-factors (ratio to LO prediction) for the NLO and NNLO crosstons of FiglID.
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Table 13: Total inclusive cross section @tTeV for WH andZH production at NNLO QCD + NLO EW. The
first error indicates the uncertainty from the renormal@aand factorization scale variation, the second from the
PDF+qy variation.

My[GeV] o(WH)[pb] Scale [%] PDF4ALHC [%] o(ZH)[pb] Scale [%] PDF4LHC [%]

90 1.640 +0.3 —-0.8 £3.0 0.8597 +0.9 -1.0 £3.0
95 1.392 +0.1 -0.9 +£3.2 0.7348 +1.0-1.1 +3.6
100 1.186 +0.6 —0.5 +£34 0.6313 +1.1-1.2 +3.4
105 1.018 +0.3 —0.8 £3.5 0.5449 +1.3-1.6 +3.7
110 0.8754 +0.3 0.7 £3.8 0.4721 +1.2-1.2 +4.1
115 0.7546 +0.4 -0.8 +£3.9 0.4107 +1.3-1.2 +4.2
120 0.6561 +0.4 -0.7 +3.4 0.3598 +1.5 —1.2 +£3.5
125 0.5729 +0.2 -0.8 £3.5 0.3158 +1.4-1.6 £3.5
130 0.5008 +0.3 —-0.8 £3.5 0.2778 +1.5—-14 +3.7
135 0.4390 +0.7-0.4 +3.4 0.2453 +1.7-14 £3.6
140 0.3857 +0.5 —0.5 £3.5 0.2172 +1.5—-1.6 +3.7
145 0.3406 +0.2 -0.8 £3.8 0.1930 +1.8 -1.8 +4.0
150 0.3001 +0.4 -0.8 +£3.3 0.1713 +1.8-1.6 +3.6
155 0.2646 +0.5 -0.8 £3.5 0.1525 +2.1-1.6 £3.6
160 0.2291 +0.5 —0.7 +£3.8 0.1334 +2.0-1.7 +4.0
165 0.2107 +0.5 -0.7 £3.6 0.1233 +2.1-1.7 +4.1
170 0.1883 +0.5 —0.7 +£3.8 0.1106 +2.2-19 +4.2
175 0.1689 +0.3 -1.1 +£3.8 0.09950 +2.1-1.9 +4.1
180 0.1521 +0.6 —0.6 £3.5 0.08917 +22-1.9 £3.8
185 0.1387 +0.4 -0.9 +£3.5 0.08139  +2.3-2.0 +3.8
190 0.1253 +0.5 -0.7 £3.7 0.07366  +2.2 -2.1 £3.9
195 0.1138 +0.7 -0.6 £3.7 0.06699  +2.3-1.9 +4.0
200 0.1032 +0.4-1.0 £3.8 0.06096  +2.3-1.9 +4.1
210 0.08557 +0.5 —0.7 +£3.7 0.05068  +2.1 —-2.0 +4.2
220 0.07142 +0.3 -0.9 £3.7 0.04235 +2.2-1.9 +4.2
230 0.06006 +0.7-0.7 +4.5 0.03560  +2.1-1.9 +4.8
240 0.05075 +0.5 -0.7 +4.0 0.02999 +1.9-138 +4.4
250 0.04308 +0.5 —0.7 +4.0 0.02540  +2.0-1.6 +4.2
260 0.03674 +0.8 —0.7 +4.0 0.02158  +1.8 —1.7 +4.5
270 0.03146 +0.6 —0.9 £3.8 0.01839  +1.7—-1.7 +4.3
280 0.02700 +0.4-1.0 +4.4 0.01575  +1.6 —-1.3 +4.9
290 0.02333 +0.7-0.8 +4.2 0.01355 +1.5-1.3 +4.5
300 0.02018 +0.6 —0.9 +4.5 0.01169 +1.4-1.2 +5.0
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Table 14: Total inclusive cross section at 14 TeV fofH andZH production at NNLO QCD + NLO EW. The
first error indicates the uncertainty from the renormal@aand factorization scale variation, the second from the
PDF+qy variation.

My[GeV] o(WH)[pb] Scale [%] PDF4ALHC [%] o(ZH)[pb] Scale [%] PDF4LHC [%]

90 4.090 +0.4 -0.7 +3.9 2.245 +1.3-1.7 +4.0
95 3.499 +0.6 —0.7 +£3.8 1.941 +1.6 —1.6 +3.6
100 3.002 +0.8 —=0.6 £3.7 1.683 +1.9-1.5 £3.8
105 2.596 +0.6 —0.5 +£3.5 1.468 +1.7-1.7 +3.7
110 2.246 +0.3 —-0.8 £3.8 1.283 +2.1-1.6 +4.0
115 1.952 +0.7 —0.2 +£3.8 1.130 +2.5—-1.5 +3.7
120 1.710 +0.6 —0.3 +£3.8 0.9967 +2.4-1.38 +3.6
125 1.504 +0.3 —0.6 £3.8 0.8830 +2.7-1.8 £3.7
130 1.324 +0.5-0.4 +3.3 0.7846 +2.9-1.8 +3.4
135 1.167 +0.6 —0.5 £2.9 0.6981 +2.9-2.2 £3.0
140 1.034 +0.2 -0.7 £3.1 0.6256 +2.8 —2.2 +3.0
145 0.9200 +0.5-0.4 +3.3 0.5601 +3.3 -2.1 +3.4
150 0.8156 +0.3 —0.6 +£2.7 0.5016 +3.3-2.0 +2.7
155 0.7255 +0.4 -0.6 £3.1 0.4513 +3.3-24 +3.2
160 0.6341 +0.2 -0.5 £3.1 0.3986 +3.5—-24 +3.1
165 0.5850 +0.2 -0.6 +2.4 0.3705 +3.8 -2.3 +2.6
170 0.5260 +0.3 —-0.7 £2.8 0.3355 +3.5—-24 +3.0
175 0.4763 +0.5—-0.3 £2.9 0.3044 +3.5—-2.6 £3.1
180 0.4274 +0.4 -0.6 £2.8 0.2744 +3.7-2.8 £3.0
185 0.3963 +0.4 -0.7 £2.5 0.2524 +3.5-2.9 +2.6
190 0.3600 +0.2 -0.6 +2.8 0.2301 +3.5-2.9 £3.0
195 0.3291 +0.3 —-0.7 +£2.7 0.2112 +3.5-2.9 +2.9
200 0.3004 +0.4 —-0.5 £3.0 0.1936 +3.6 =3.0 +3.1
210 0.2526 +0.2 -0.7 +2.6 0.1628 +3.9 -2.5 +2.6
220 0.2138 +0.6 —0.5 +2.8 0.1380 +3.4-2.7 +2.9
230 0.1826 +0.4 -0.5 +£3.5 0.1173 +3.4-2.6 +3.6
240 0.1561 +0.4 —-0.5 £3.3 0.09996  +3.1 —-2.5 +3.4
250 0.1343 +0.2 -0.7 £3.0 0.08540  +3.0-2.3 +3.2
260 0.1161 +0.2 -0.7 £2.8 0.07341  +3.0-2.1 +3.1
270 0.1009 +0.5 —0.6 £2.6 0.06325  +2.5-1.9 +2.8
280 0.08781 +0.4 -0.6 £3.0 0.05474  +2.5-1.8 +3.2
290 0.07714 +0.3 —0.6 £3.2 0.04769  +2.2-1.5 +3.2
300 0.06755 +0.6 —0.5 +£3.3 0.04156  +2.0-1.6 +3.6
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5 ttH Process?®
5.1 Higgs-boson production in association witltt pairs

Higgs radiation off top quarkgq/gg — Htt (see Fig[IR) plays a role for light Higgs masses below
~ 150 GeV at the LHC. The measurement of thél production rate can provide relevant information
on the top—Higgs Yukawa coupling. The leading-order (L)ssrsection was computed a long time
ago [113E£117]. These LO results are plagued by large theakeincertainties due to the strong de-
pendence on the renormalization scale of the strong caupbnstant and on the factorization scales of
the parton density functions inside the proton, respdgtivieor the LO cross section there are several
public codes available, as e.g. HQQ64,118AdMsRAPH/MADEVENT [119/120], MCFM [112], or
PYTHIA [121]. The dominant background processes for thamai process argtbb, ttjj, ttyy, ttZ,
andtt WTW ™ production depending on the final-state Higgs-boson decay.

q t g voso0e—— ¢
---H

[ R H

q t g ToTToe—e——

Fig. 12: Examples of LO Feynman diagrams for the partonic procesgass — ttH.

The full next-to-leading-order (NLO) QCD corrections tidH production have been calculated
[122+12%] resulting in a moderate increase of the totalsceestion at the LHC by at most 20%,
depending on the value @ff;; and on the PDF set used. Indeed, when using CTEQ6.6 the NLr€ceor
tions are always positive and thé-factor varies betweei.14 and1.22 for My = 90,...,300 GeV,
while when using MSTW2008 the impact of NLO corrections iscmiless uniform: NLO corrections
can either increase or decrease the LO cross section by agfeemis and result ik -factors between
1.05 and0.98 for My = 90,...,300 GeV.

The residual scale dependence has decreased @t@0%) to a level of O(10%) at NLO, if
the renormalization and factorization scales are variec igctor2 up- and downwards around the
central scale choice, thus signalling a significant impnoset of the theoretical prediction at NLO.
The full NLO results confirm former estimates based on arceffe-Higgs approximatiori [126] which
approximates Higgs radiation as a fragmentation procetgihigh-energy limit. The NLO effects on
the relevant parts of final-state particle distributionsare of moderate size, i@(10%), so that
former experimental analyses are not expected to changk dueto these results. There is no public
NLO code for the signal process available yet.

5.2 Background processes
Recently the NLO QCD corrections to thebb production background have been calculated|[127-131].
By choosingu?, = u2 = my J/PTOP1G s the central renormalization and factorization scales\thO

corrections increase the background cross section witt@rsignal region by abo@) — —30%. The
scale dependence is significantly reduced to a level signifiz below30%. The new predictions for
the NLO QCD cross sections with the new scale chqu'%e: pa = my /DTuPry, are larger than the

old LO predictions with the old scale choigg; = jup = m; + my; /2 by more thanl00% within the

18C. Collins-Tooth, C. Neu, L. Reina, M. Spira (eds.); S. Daws8. Dean, S. Dittmaier, M. Kramer, C.T. Potter and
D. Wackeroth.
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typical experimental cut$ [129]. In addition the signalgesspp — ttH — ttbb has been added to
these background calculations in the narrow-width appnetion [131]. This makes it possible to study
the signal and background processes including the fina-btiggs decay intbb with cuts at the same
time at NLO. However, it should be noted that the final-staedecays have not been included at NLO
so that a full NLO signal and background analysis includifigegperimental cuts is not possible yet.
The top-quark decays are expected to affect the final-ststigbditions more than the Higgs decays into
bb pairs. For highly boosted Higgs bosons the shapes of thegbaawkd distributions are affected by
the QCD corrections which thus have to be taken into accowpeply. The effects of a jet veto for the
boosted-Higgs regime require further detailed investigat Very recently the NLO QCD corrections to
ttjj production have been calculatéd [132]. However, a full nicaganalysis of these results has not
been performed so far. As it is the case for the signal protksse is no public code available for the
NLO calculations of the background procesges— ttbb, ttjj.

5.3 Numerical analysis and results

In the following we provide results for the inclusive NLO sgj cross section for different values of
Higgs masses. The central scale has been chosgp as up = g = my + My /2. In addition, the
uncertainties due to scale variations of a factor of two adaine central scalg, as well as the 68% CL
uncertainties due to the PDFs and the strong couplingre given explicitly. In this study we used the
on-shell top-quark mass and did not include the parametrientainties due to the experimental error
on the top-quark mass. Loop diagrams with a bottom-quarg Veere calculated using thequark pole
mass. The top-quark Yukawa coupling was defined in termsenfdp pole mass. The values for the
top and bottom masses are chosen according to the parargatensin AppendiX’A. We have used
the MSTW2008([41, 44], CTEQ6.6 [1B3], and NNPDFZ.0 [134kseft parton density functions. The
central values of the strong coupling constant have beefemmgnted according to the corresponding
PDFs for the sake of consistency. In Tablé 15 we show the L8scsections for the signal process and
their respective scale and PDF uncertainties calculatddM&TW2008 PDFs. For comparison we also
show the central LO cross sections obtained with CTEQ6L1$2DFis remarkable that the numbers
using the LO PDFs of MSTW2008 and CTEQG6L1 differ by ab®ifs. The scale uncertainties at LO
are typically of the order a30—40%, while the PDF uncertainties amount to abdut3%.

Table 15: LO cross sections ofp — ttH for /s = 7 TeV using MSTW2008 and CTEQ6.6 PDFs. The scale
dependence is given for the scale varialioi2 < ug, urp < 2u With go = my + My /2. The PDF uncertainties
are defined at 68% CL using MSTW2008.

My [GeV] LO [fb], MSTW2008 LO [fb], CTEQ6L1

scale [%0] PDF[%]

90 213.2 174.2 +40.0 -26.3 +2.5-2.6
100 162.7 133.0 +39.9 -26.3 +2.5-2.6
110 126.1 102.8 +39.9 -26.2 +2.5-2.5
120 98.66 80.43 +39.8 -26.2 +2.5-2.6
130 78.09 63.62 +39.8 -26.2 +2.5-2.5
140 62.43 50.79 +39.9 —-26.2 +2.5-2.6
150 50.35 40.94 +39.8 -26.2 +2.6 -2.6
160 40.98 33.29 +39.8 -26.2 +2.6 -2.6
170 33.62 27.30 +39.8 -26.2 +2.6 -2.6
180 27.83 22.57 +39.8 -26.2 +2.6 -2.6
190 23.20 18.80 +39.8 =26.2 +2.7-2.6
200 19.48 15.78 +39.9 -26.2 42.7-2.7

In Table[16 the NLO signal cross section is listed includimg $caleq,, and PDF uncertainties at
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68% CL for MSTW2008 PDFs. It should be noted that the LO and Mk@3s sections are very similar
so that theK -factor is about unity for the central scale choice with MSAOW8 PDFs. The scale un-
certainties amount t6—10% at NLO typically, while the PDF uncertainties range at thelef 3—5%.
The uncertainties induced by the strong couplingurn out to be of0(2—3%) for MSTW2008 PDFs,
while the combined PDFR#; errors range at the level af-6%. In Table[1¥ we show the corresponding
NLO numbers for the CTEQ6.6 PDFs and in Tdble 18 for the NNPDparton densities. The difference
of about20% between MSTW2008 and CTEQ6L1 at LO reduces to a lev&-a&§% at NLO between
MSTW2008 and CTEQ6.6. The PDF and uncertainties are larger with CTEQ6.6 PDFs than with
MSTW2008. For the NNPDF2.0 sets we obtain the smallesincertainties. The PDF uncertainties are
comparable to MSTW2008.

TabledI9 an@ 20 contain our final results {g¢ = 7 TeV and14 TeV, respectively. We exhibit
the central values and the PDdtuncertainties according to the envelope method of the PBiAtec-
ommendation and the relative scale variations using MSTM8ZRDFs (see Table 116 fqrs = 7 TeV).
The last column displays the total uncertainties by adduegfinal errors linearly. The cross sections for
Vs = 14 TeV are7—10 times larger than the corresponding values.fér = 7 TeV. The total uncer-
tainties amount to typically0—15% apart from Higgs masses beyond 200 GeV where they are glightl
larger.

In Fig.[13a we show the LO and NLO QCD cross sections,fer= 7 TeV for the MSTW2008,
CTEQ®6.6, and NNPDF2.0 PDF sets individually. It is clearisille that the LO and NLO cross sec-
tions nearly coincide for the central scale choice with MS2088 PDFs, while there are corrections of
O(20%) with CTEQ6.6 PDFs. At NLO all three PDF sets yield consisteties within less thah0%.

The final total cross sections fpp — ttH + X are shown in Fig_13b for both energi¢s =
7,14 TeV. The error bands include the total uncertainties adogrtb the PDF4ALHC recommendation
as given in Tablels 19 and]20.
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= \s=7 TeV = 2 -
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1 102 N LO QCD CTEQ6.6 = g ! [ \]_:7 TeVv ] g
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S L =& e NLO QCD CTEQ6.6 ] &2 B\
5 - 1 Sl R “Zy,
L --L0QCD MSTW2008 | L //;;;%25 /////
r - 1= NLO QCD MSTW2008 | 10 = L
L =—— NLO QCD NNPDF 2.0 L
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Fig. 13: (a) Total production cross sections@b — ttH + X for /s = 7 TeV at LO and NLO QCD for the
different sets of PDFs. (b) Total production cross sectafng — ttH + X for /s = 7 TeV and14 TeV at NLO
QCD including the total uncertainties according to the PDf@& recommendation.
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Table 16: LO and NLO QCD cross sections pp — ttH for /s = 7 TeV using MSTW2008 PDFs. The scale
dependence is given for the scale variatjion2 < ug, ur < 2po With ug = my + My /2. Theay and PDF
uncertainties are defined % CL. The last column contains the combined PE-tncertainties obtained with
combined PDF sets.
My[GeV] LO[fb]NLO QCDIJfb] scale [%] ag [%0] PDF [%] PDF+g [%0]
90 213.2 224.8 +4.1-9.7 4+2.2-27 +29-34 +4.2-39
95 186.1 195.6 +4.0 -9.6 +2.2-2.7 +29-34 +4.3-3.9
100 162.7 170.4 +39-96 +4+22-27 +29-34 +4.3-3.9
105 143.1 149.0 +3.7-9.5 4+2.2-27 +29-34 +4.3-3.9
110 126.1 130.8 +3.6-95 +22-27 429-34 +4+43-39
115 111.4 115.0 +3.5-94 +4+22-27 +3.0-34 +4.3-3.9
120 98.66 101.4 +34-94 +22-27 43.0-34 +43-39
125 87.66 89.8 +3.3-93 +22-27 +3.0-34 +4.3-3.9
130 78.09 79.57 +3.2-93 +22-27 43.0-33 +43-39
135 69.71 70.75 +3.1-9.2 +422-27 +3.0-34 +4.3-3.9
140 62.43 63.06 +3.0-92 +22-27 43.0-34 +4+44-39
145 55.96 56.50 +29-91 +22-27 431-34 +4+44-39
150 50.35 50.59 +2.9-9.1 +4+22-27 +3.1-34 +44-3.9
155 45.37 45.49 +28-91 +22-27 431-34 +4+44-39
160 40.98 41.01 +2.8-9.1 +4+2.2-2.7 +3.1-34 +44-3.9
165 37.09 36.99 +2.7-91 +22-26 4+32-34 +4+45-39
170 33.62 33.47 +2.7-9.0 +4+22-26 +3.2-34 +45-3.9
175 30.56 30.31 +26-90 +22-26 +3.2-34 +4+45-39
180 27.83 27.55 +2.6 -9.0 +2.2-2.7 +3.2—-34 +4.6-4.0
185 25.38 25.09 +26-90 +22-27 433-35 +4+4.6-4.0
190 23.20 22.93 +2.6 -9.0 +2.2-2.7 +3.3-3.5 +4.6—-4.0
195 21.25 20.94 +26-90 +22-27 434-35 +4.7-40
200 19.48 19.20 +26-91 +22-27 4+34-36 +4.7-4.1
210 16.49 16.23 +2.8-9.2 +42.2-2.7 +3.5-3.7 +48—-4.1
220 14.04 13.81 +29-93 +22-27 436-3.7 +49-—-42
230 12.04 11.86 +3.2-94 +23-27 43.7-39 +5.0-4.3
240 10.38 10.24 +3.2-95 +23-27 +38-40 +52-44
250 9.011 8.899 +3.5—-9.7 +23-27 4+40—-41 +453—-45
260 7.850 7.777 +3.9-99 +23-28 4+41-43 +455-46
270 6.888 6.866 +4.3 —-10.1 +2.4—-2.8 +4.2—-44 +5.6—-4.7
280 6.075 6.092 +4.7-104 +24-28 +44-46 +58-49
290 5.376 5.405 +5.2-10.6 +24—-2.8 4+4.6 —4.7 +6.0—-5.0
300 4.780 4.848 +5.6 -10.9 +2.5-29 +4.7-49 +6.2-5.2
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Table 17: LO and NLO QCD cross sections pp — ttH for \/s = 7 TeV using CTEQ6.6 PDFs. The scale
dependence is given for the scale variatjon2 < pug,ur < 2po With ug = my + My /2. Theay and PDF
uncertainties are defined at 68% CL.

My [GeV] LO[f] NLOQCD[D] scale [%]  a. [%] PDF [%]
90 174.2 210.0 +42-94 +35-25 +59-5.1
95 151.9 182.5 +41-94 +35-25 +59-5.1
100 133.0 159.1 +40-93 +35-25 +6.0-5.1
105 116.7 139.3 +38-92 +35-25 +6.1-5.2
110 102.8 122.1 +37-92 +36-25 +6.1-52
115 90.81 107.5 +3.6—-9.2 +35-25 +4+6.2-5.2
120 80.43 94.91 +35-9.1 +35-26 +6.2-5.3
125 71.44 83.94 +35-9.1 +3.6-25 +6.3-5.3
130 63.62 74.54 +34-90 +3.6-25 +6.4-5.3
135 56.77 66.32 +33-9.0 +3.6-25 +64-54
140 50.79 59.16 +32-9.0 +3.6-25 +6.5-54
145 45.55 52.92 +32-89 +3.6-25 +6.6-55
150 40.94 47.45 +31-89 +3.6-25 +6.6-55
155 36.88 42.60 +31-89 +3.6-25 +6.7-5.6
160 33.29 38.38 +3.0-89 +3.6-26 +6.8-5.06
165 30.12 34.68 +3.0-89 +37-26 +6.9-5.7
170 27.30 31.38 +3.0-89 +3.7-26 +7.0-5.7
175 24.81 98.47 +3.0-89 +3.7-26 +7.0-58
180 22.57 25.88 +3.0-89 +37-26 +7.1-58
185 20.58 23.56 +3.0-89 +37-26 +7.2-59
190 18.80 21.52 +3.0-89 +38-26 +7.3-6.0
195 17.20 19.70 +3.0-89 +38-26 +7.4-6.0
200 15.78 18.06 +31-9.0 +38-26 +7.5-6.1
210 13.33 15.27 +32-91 +3.9-26 +7.8-6.3
220 11.32 13.02 +33-91 +39-26 +8.0-64
230 9.696 11.20 135-93 +4.0-27 +83-6.6
240 8.344 9.685 136-94 +4.1-27 +85-6.8
250 7.227 8.450 13996 +42-27 488-7.0
260 6.286 7.418 14197 +43-28 49.1-7.2
270 5.501 6.541 14.4-99 +44-28 +9.5-74
280 4.837 5.809 14.6-10.1 +4.5-29 +98-T7.7
290 4.267 5.186 +4.9-10.3 +4.6-29 +10.1-7.9
300 3.785 4.653 152105 +4.7-30 +10.5-8.2
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Table 18: NLO QCD cross sections ¢fp — ttH for /s = 7 TeV using NNPDF2.0 PDFs. The scale dependence
is given for the scale variationy /2 < pg, pr < 2po With g = my + My /2. Theas and PDF uncertainties are
defined at 68% CL.

My [GeV] NLOQCD[f] scale [%]  as[%]  PDF [%]
90 221.3 F48-10.7 +1.6-23 4.1
95 192.0 +4.7-106 +1.6-23  £4.1
100 167.1 +45-106 +1.6-22 4.1
105 145.9 +4.4-105 +1.6-22  £4.1
110 127.8 +43-104 +1.6-22  44.2
115 112.3 +4.2-104 +1.6-22  £4.2
120 99.01 +41-103 +1.6-2.2  £4.2
125 87.50 +41-102 +1.6-22  44.2
130 77.54 +4.0-102 +1.6-2.2  £4.2
135 68.89 +39-101 +1.6-21  44.2
140 61.37 +3.8-10.1 +1.6-21  £4.3
145 54.81 +38-100 +1.6-21  +4.3
150 49.07 +3.7-100 +1.6-21  £4.3
155 44.03 4+3.7-99 +1.6-21  +4.3
160 39.61 13.6-9.9 +1.6-21 +44
165 35.72 4+3.6-9.9 +1.6-21 44
170 32.28 1+3.6-9.9 +1.6-21  £45
175 29.24 1+3.6-9.9 +1.6-21  £45
180 26.55 +3.6-9.8 +1.6-21 445
185 24.16 1+3.6-98 +1.6-21  £4.6
190 22.03 1+36-9.9 +1.6-20 +4.6
195 20.13 1+3.6-9.9 +1.6-2.0 £4.7
200 18.44 +3.7-99 +1.6-20  +4.7
210 15.56 +3.8-10.0 +1.6-2.0  £4.9
220 13.24 43.9-100 +1.6-20  +5.0
230 11.35 +41-101 +1.6-2.0  £5.2
240 9.805 +4.3-103 +1.6-2.0 +5.3
250 8.527 +45-104 +1.6-2.0 £55
260 7.465 +4.8-10.6 +1.6-21  £5.7
270 6.575 4+51-10.7 +1.6-21  +5.9
280 5.824 +54-109 +1.6-21  =£6.1
290 5.187 457111 +15-21  +6.4
300 4.642 +6.0-11.3 +1.5-21  £6.6
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Table 19: NLO QCD cross sections qfp — ttH for /s = 7 TeV obtained according to the envelope method of
the PDF4LHC group.

My [GeV] NLOQCD[fb] scale [%] PDF4LHC [%]

90 216.2 +4.1 -9.7 +8.4
95 188.0 +4.0 -9.6 +8.4
100 163.8 +3.9 -9.6 +8.4
105 143.3 +3.7-9.5 +8.4
110 125.7 +3.6 —9.5 +8.5
115 110.6 +3.5-94 +8.4
120 97.56 +3.4-94 +8.4
125 86.34 +3.3-9.3 +8.5
130 76.58 +3.2-9.3 +8.4
135 68.10 +3.1-9.2 +8.4
140 60.72 +3.0 -9.2 +8.4
145 54.35 +2.9-9.1 +8.5
150 48.69 +2.9-9.1 +8.4
155 43.74 +2.8 -9.1 +8.6
160 39.42 +2.8-9.1 £8.6
165 35.59 +2.7-9.1 +8.6
170 32.19 +2.7-9.0 £8.6
175 29.18 +2.6 -9.0 +8.6
180 26.52 +2.6 —9.0 +8.6
185 24.14 +2.6 —9.0 +£8.7
190 22.06 +2.6 -9.0 +8.7
195 20.16 +2.6 —9.0 £8.7
200 18.49 +2.6 -9.1 +8.7
210 15.62 +2.8-9.2 £8.9
220 13.30 +2.9-9.3 +8.9
230 11.43 +3.2-94 £9.0
240 9.873 +3.2-9.5 £9.1
250 8.593 +3.5-9.7 +9.1
260 7.524 +3.9-9.9 £+9.0
270 6.636 +4.3 —-10.1 +9.3
280 5.889 +4.7-10.4 £9.5
290 5.256 +5.2 —10.6 +9.7
300 4.719 +5.6 —10.9 +10.0
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Table 20: NLO QCD cross sections gfp — ttH for /s = 14 TeV obtained according to the envelope method
of the PDF4LHC goup.

My [GeV] NLOQCD[fb] scale [%] PDF4LHC [%]

90 1449 +6.2 -9.3 +8.7
95 1268 +6.1 -9.3 £8.7
100 1114 +6.1 —-9.3 +8.7
105 981.6 +6.0 —9.3 £8.7
110 868.1 +6.0 —-9.3 +8.8
115 769.9 +6.0 —9.3 £8.8
120 685.0 +5.9 -9.3 +8.8
125 611.3 +5.9 -9.3 +8.9
130 547.2 +5.9-9.3 £8.9
135 491.0 +5.9 -9.3 +8.9
140 441.9 +5.9-9.3 £8.9
145 398.9 +5.9 -9.3 £+9.0
150 360.9 +5.9-9.3 £9.0
155 327.5 +5.9 -94 +9.0
160 298.0 +5.9 -94 +9.1
165 271.8 +6.0 —9.4 £9.1
170 248.7 +6.5 —-9.7 +9.2
175 2279 +6.6 —9.7 +9.2
180 209.5 +6.6 —9.8 +9.2
185 193.0 +6.6 —9.8 +9.2
190 178.3 +6.7-9.9 +9.3
195 165.0 +6.7-9.9 £9.3
200 153.2 +6.8 —10.0 +9.4
210 132.9 +7.0-10.1 +9.4
220 116.2 +7.2-10.3 +9.5
230 102.5 +7.5-10.4 £9.6
240 91.09 +7.6 —10.6 +9.7
250 81.56 +8.0 —10.8 £9.7
260 73.51 +8.3 —11.0 +9.8
270 66.67 +8.6 —11.2 +9.9
280 60.81 +9.0-11.4 +10.0
290 95.75 +9.3 —11.6 +10.1
300 51.33 +9.7-11.8 +10.1
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6 MSSM Neutral Higgs Production Processe®
6.1 Higgs phenomenology in the MSSM

The Higgs sector of the Minimal Supersymmetric Standard éldftSSM) with two scalar doublets
accommodates five physical Higgs bosons. In lowest ordeethee the light and heavy CP-eveand

H, the CP-odd A, and the charged Higgs bosoHs. The MSSM Higgs sector can be expressed at
lowest order in terms of the gauge couplings and two furthput parameters, conventionally chosen
astan § = vy/vy, the ratio of the two vacuum expectation values, and eitigror M+. All other
masses and mixing angles can therefore be predicted. Howesdliggs sector of the MSSM is affected
by large higher-order corrections, which have to be takém @acount for reliable phenomenological
predictions. In particular, owing to the large top Yukawagling, loop contributions from the top and
stop sector to the Higgs masses and couplings can be nufheviesy important. For large values of
tan 3 also effects from the bottom/sbottom sector can be large. rélation between the bottom-quark
mass and the bottom Yukawa coupling is affected byua/3-enhanced contributiod\,, [135-+144],
which is non-vanishing even in the limit of asymptoticaljrde values of the SUSY mass parameters
(an analogous contribution also exists for tHepton). While the MSSM Higgs sector is CP-conserving
at lowest order, CP-violating effects can enter via the pitdély large loop corrections, giving rise to a
mixing between all three neutral mass eigenstates. In fleviog we will focus on the CP-conserving
case and usé&/, as input parameter.

Higgs phenomenology in the MSSM can differ very significafitbm the SM case. The relevant
couplings entering production and decay processes of anMMISi§gs boson can be much different
from the corresponding couplings in the SM case. The lowendmn the Higgs mass in the SM from
the searches at LEP cannot directly be applied to the MSSHK! [da%| 146], and in fact much lighter
Higgs masses are possible in the MSSM without being in canflith the present search limits. The
presence of more than one Higgs boson in the spectrum caniggvi® overlapping signals in the Higgs
searches, in particular in parameter regions where thes-iggon widths are large. On the other hand,
in the decoupling limit,M > My (in practice realised already fav/, 2 2My), the couplings of
the light CP-even Higgs boson to gauge bosons and fermiawsriee SM-like. In this parameter region
the light CP-even Higgs boson of the MSSM resembles the Higgsn of the SM. In addition to the
production and decay processes present for a SM Higgs,efuctannels are possible in the MSSM
case. In particular, MSSM Higgs bosons can be produced imciad®n with or in decays of SUSY
particles, and decays of MSSM Higgs bosons into SUSY pasjdf kinematically allowed, can have
a large impact on the Higgs branching ratios. In some parmnegions even decays of heavy MSSM
Higgs bosons into lighter Higgs states can be relevant, wifiidetectable could be of great interest to
gain information on the Higgs self-couplings. In the folingy we will mainly focus on the production
processes that are expected to be most relevant for earghesafor MSSM Higgs bosons at the LHC,
namely Higgs production in gluon fusion and in associatiatin Wwottom quarks.

It is customary to discuss searches for MSSM Higgs bosonering of benchmark scenarios
where the lowest-order input parametess 5 and My (or My+) are varied, while the other SUSY
parameters entering via radiative corrections are setrtainebenchmark values. In the following we
will focus on them*** benchmark scenario [147], which in the on-shell schemefiael® as

Msysy =1TeV, X; =2Mgygsy, w =200 GeV, Mg = 800 GeV, My = 200 GeV, Ap = At, (4)

whereM sy sy denotes the common soft-SUSY-breaking squark mass ofitlieggneration Xy = A; —
1/ tan § the stop mixing parameted; and A;, the stop and sbottom trilinear couplings, respectively,
the Higgsino mass parametér; the gluino mass, and/, the SU(2)-gaugino mass parametéf; is
fixed via the GUT-relationV/; = 5/3Mj sin 6,/ cos 6,,.

?OM. Spira, M. Vazquez Acosta, M. Warsinsky, G. Weiglein (¢d8. Dittmaier, R. Harlander, S. Heinemeyer, A. Kalinowski
M. Mihlleitner, M. Kramer, H. Rzehak, M. Schumacher, P. &awand T. Vickey.
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In contrast to the SM case, where the Higgs mass is a free pgpatneter, calculations of Higgs-
boson production and decay processes in the MSSM requirdiiss step the evaluation of the Higgs-
boson masses and mixing contributions in terms\of, tan 8, and all other SUSY parameters that
enter via radiative corrections. The mixing between thee@fn stated andH (in the approximation
where CP-violating effects are neglected; in general ngixiatweerh, H, andA has to be considered)
must be taken into account correctly in order to ensure theecioon-shell properties of the Higgs fields
appearing in th&-matrix elements of Higgs-boson production or decay preees

Two dedicated codes exist for calculating the Higgs-bos@ssas and mixing contributions in
terms of the MSSM input parameterse WWHIGGS [148+151] and CBuPERH [152,[153], which in-
corporate higher-order corrections in the MSSM Higgs gseapoto the two-loop level. In the case of
real parameters a more complete set of higher-order camacts included in EYNHIGGS. We will
therefore use EYNHIGGS for evaluating the Higgs-boson masses and effective aogpiin the MSSM.
We have performed a comparison between the predictionsofiHIGGs and CBUPERH (using an ap-
propriate parameter transformation to take account of iffereint renormalization schemes used in the
calculations incorporated in the two codes) in th** and no-mixing benchmark scenarios [147,/154].
We have found in general good agreement, with deviationsamtediction of the lightest MSSM Higgs
mass M), of O(1) GeV, and deviations of up to 10% in the effective mixing angle of the neutr@P-
even Higgs sector for large valuestah 5. The deviations can nevertheless be relevant in the paeamet
regions that are tested first by the LHC: relatively lafy and largetan 8. A numerical comparison
of FEYNHIGGS and CRUPERH with the program HDECAY|[[64, 155, 156], which performs tha-c
culation of Higgs-boson masses and mixings in the MSSM uaitgss complete set of higher-order
corrections, is in progress.

In making predictions for Higgs-boson production or decaycpsses in the MSSM one has to
face the fact that certain types of higher-order correstibave only been calculated in the SM case
up to now, while their counterpart for the case of the MSSMas yet available. Instead of starting
from dedicated MSSM calculations for Higgs cross sectiandezay widths, which treat higher-order
corrections of SM-type and SUSY-type on the same footingrbay be lacking the most up-to-date
SM-type corrections, it can be advantageous to start fromtygd processes including the relevant
higher-order corrections and to dress suitable buildirnghd with appropriate MSSM coupling factors
(using also the MSSM predictions for the Higgs masses). @numerical results presented below on
MSSM Higgs production in gluon fusion and in associationhviibttom quarks we have followed the
latter approach, as explained in more detail below.

6.2 Overview about the most relevant MSSM Higgs production ppcesses
The dominant neutral MSSM Higgs production mechanismsrfalisand moderate values tfn 5 are

the gluon-fusion processes (see FEig. 14)
gg — h,H, A

which are mediated predominantly by top and bottom loop$ d&iseé SM case, but in addition by stop

Fig. 14: Typical diagram contributing tge — h, H, A at lowest order.

and sbottom loops for the scalar Higgs bosan#l, if the squarks are ligh{ [157]. The NLO QCD
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corrections to the quark loops are known in the heavy-quark |78,/ 158 159] as well as including
the full quark mass dependen€el[9,10,/160+164]. They ivertiee cross sections by up to aboh%

for smallertan 8 and up to about0% for large tan 3, where the bottom loop contributions become
dominant due to the strongly enhanced bottom Yukawa cogmliifor the light CP-even Higgs this
enhancement is only present away from the decoupling limeit,for relatively smallM ). The limit

of heavy quarks is only applicable foan 8 < 5 within about20—25%, if the full mass dependence
of the LO terms is taken into account [64,165-167]. Thus tlelable NNLO QCD corrections in the
heavy-quark limit[14=16, 168, 169] can only be used for $amadl moderatean 3, while for largetan 3
one has to rely on the NLO results including the full mass ddpace([, 10, 160, 162-164]. The QCD
corrections to the squark loops are known in the heavy-&diirait [L57] and including the full mass
dependence [162-164,170]. The full SUSY QCD correctione leeen obtained in the limit of heavy
squarks and gluino$ [171-177] and recently including tHlenfiass dependences, tao [178,179]. The
pure QCD corrections are of about the same size as those wu#r& loops thus rendering the total
K -factor of similar size as for the quark loops alone with a imat deviation of about 0% [157]. The
pure SUSY QCD corrections are small for small valueszof 3 [171-+174/178]. For large values of
tan 3 sizable corrections arise duetten S-enhanced corrections [177,179]. The NNLL resummation
of the SM Higgs cross section [18,/19] 22] can also be appti¢te scalar MSSM Higgs cross sections
in the regions where the heavy-quark limit is valid. For tlseydoscalar Higgs-boson production the
NNLL resummation has not been performed so far.

The vector-boson fusion processes [180+182] (sed Fig. 15)
qq — qq + WW*/Z*Z* — qq + h/H

play an important role for the light CP-even Higgs bo%oim the decoupling limit M > My, where

it becomes SM-like, and for the heavy CP-even Higgs bd$dar small M, whereH becomes SM-
like. In the other regions the cross sections are supprdsséte additional SUSY factors of the Higgs
couplings. The NLO and approximate NNLO QCD correctiondtotbtal cross section and the distribu-
tions can be taken from the SM Higgs case and are small [668680), 75]. The SUSY QCD corrections
mediated by virtual gluino and squark exchange at the esrtiorned out to be small [183,184]. The
SUSY electroweak corrections are typically at the level%fwith up to2—4% at the edge of the SUSY
exclusion limits [184].

Fig. 15: Diagram contributing tejq — qqV*V* — qq + h/H (V = W, Z) at lowest order.

Higgs-strahlung ofW, Z gauge bosons$ [185, 186] (see Figl 16)
qq — Z*/W* = Z/W + h/H

is most relevant for SM-like Higgs states. This class of peses gained renewed attention at the LHC
in the context of possible improvements of jet reconstamctind decomposition techniqués|[99]. The
NLO [64/104] and NNLOI[108] QCD corrections can be trangldtem the SM to the MSSM case, and
the SUSY QCD corrections are small [183]. The SUSY electadnedrrections are unknown.
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Fig. 16: Diagram contributing tejg — V* — V + h/H (V = W, Z) at lowest order.

Higgs-boson radiation off top quarks [113=117] (see [Eig. 17
qq/ge — tt + h/H/A

plays a significant role at the LHC for the light scalar Higgstjzle only. The NLO QCD corrections

are the same as for the SM Higgs boson with modified top andibotukawa couplings and are thus of
moderate size [122—125]. The SUSY QCD corrections have bemputed recently [187=190]. They
are of moderate size, too.

q t/b g vooooy—— t/b
g S
L H, A | b, H, A
q t/b g TTTTO t/b

Fig. 17: Typical diagrams contributing tgq/gg — QQ +h/H/A (Q = t,b) at lowest order.

For large values ofan 3 Higgs-boson radiation off bottom quarks [113-117] (see[ER)
qq/gg — bb +h/H/A

constitute the dominant Higgs-boson production proces3é& NLO QCD corrections can be taken
from the analogous calculation involving top quarks. Hogrethey turn out to be large [191,192]. The
main reason is that the integration over the transverse mitanoé the final-state bottom quarks generates
large logarithmic contributions. The resummation of théelacan be established by the introduction of
bottom-quark densities in the proton, since the large ittlgas correspond to the DGLAP evolution of
these densities. Their DGLAP evolution resums them. Tladdeto an approximate approach starting
from the process [193] (see Fig.]18a)
bb — h/H/A

at LO, where the transverse momenta of the incoming bottarkgutheir masses and their off-shellness
are neglected at LO. The NLQO [194, 195] and NNLO [196] QCD ections to these bottom-initiated
processes are known and of moderate size, if the runningrbo¥ukawa coupling is introduced at
the scale of the corresponding Higgs-boson mass. At NNLOfherocessgg — bb + h/H/A
(see Fig[IBb) contributes to the real corrections for thet fime. The fully exclusivegg — bb +
h/H/A process, calculated with four active parton flavours in a-ftavour scheme (4FS), and the
result, calculated with five active parton flavours in the-fia@our scheme (5FS), will converge against
the same value at higher perturbative orders. Reasonatderagnt between the NLO 4FS and NNLO
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(a) (b)
Fig. 18: Typical diagrams for the Higgs-boson production mechasistated to Higgs radiation off bottom quarks
in the 5FS and 4FS at leading order: &) — h/H/A (5FS) and (byg — bb + h/H/A (4FS).

5FS is achieved if the factorization scale of the bottomrkdiensities is chosen as about a quarter of the
Higgs mass [197,198]. If both bottom jets accompanying tiggsiboson in the final state are tagged,
one has to rely on the fully exclusive calculation f@r — bb +h/H/A. For the case of a singletag in

the final state the corresponding calculation in the 5F $ssttaam the processg — b-+h/H /A with the
final-state bottom quark carrying finite transverse momantlihe NLO QCD corrections to this process
have been calculated [199, 200] supplemented by the NLO SQSW corrections recently [201].

In our study we concentrated on the gluon-fusion processdsnautral Higgs-boson radiation
off bottom quarks as the first step. We have focused omtfi¢* scenario[[14[7, 154], which is char-
acterised by rather heavy SUSY particles. Genuine SUSY Q@DSUSY electroweak corrections in
this scenario are below th®% level for Higgs-boson radiation off bottom quarks as welttas gluon-
fusion processes. For the calculation of the MSSM Higg®harasses and couplings we have used
the program EYNHIGGS2.7.4 [148-151] which includes the most up-to-date ragbatiorrections to
the MSSM Higgs sector up to the two-loop level and thg terms as an approximation of the SUSY
QCD and electroweak corrections to the bottom Yukawa cagpli In further steps we will have to in-
clude the full SUSY QCD and SUSY electroweak correctionsrelaailable and in addition allow for
complex MSSM parameters which leads to additional comiitina of the Higgs sector, since the mass
eigenstates will no longer be CP-eigenstates. Moreovethi®study we have fixed the MSSM scenario,
since otherwise general predictions as in the SM case wilbagossible due to the huge variety of the
MSSM parameter space. However, the results inth&> scenario will not be representative for all
possible MSSM scenarios. In the further progress of thiskwsa will develop the machinery to be able
to cover as many aspects of the MSSM as possible. This reghiescombination of the most advanced
results and tools available in our HEP community for neu#&8ISM Higgs-boson production.

6.3 Gluon fusion

The gluon-fusion processeg — ¢ (¢ = h,H, A) have been calculated by generating grids for the
individual contributions of the top and bottom-quark looS$op and sbottom loops have been neglected
in this first step but will be included in the next steps. Weehgenerated grids for the scalar and
pseudoscalar Higgs bosons individually with Yukawa cowgsiof SM-like strength. The MSSM cross
sections can then be obtained by rescaling the individuds gy the corresponding MSSM Yukawa
coupling factors,

t 9y
MSSM ,MSSM
9t Ip
SM SM Utb(gg — ¢)7 (5)
9t 9y

gMSSM 2 gMSSM 2
O_MSSM(gg N (b) — (W) Utt(gg — QS) + (W) Ubb(gg — ¢)
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whereoyt, o1, andoy;, denote the square of the top contributions, the square dbdktem contribu-
tions, and the top—bottom interference, respectively. dggrandoy;, we have used the full NLO QCD
calculation of HIGLU [202]. Foroy; we have used the full NLO QCD result of HIGLU and added
the NNLO corrections in the heavy-top-quark limit by usimg torogramcGH@NNLO [14,/168] in
the following way:o? , 0% o, ando¥ ;o have been calculated lsGH@NNLO. The additional part
added to the full NLO result of; is then given by

AN O(gg — ¢) = AKsnro ot (gg — ¢),
UIQINLO - UIQILO
AKNNLO = - (6)
91,0

where the individual cross section,, 0% ¢, oo have been evaluated consistently with LO, NLO,
and NNLO PDFs, respectively. Since top mass effects arel stnbINLO [24-+29] this procedure pro-
vides a result that is expected to be very close to full NNLODXccuracy for the parts. Electroweak
corrections to MSSM Higgs-boson production via gluon fasi@ave not been calculated. The corre-
sponding electroweak corrections in the SM case([31-33¢&bhot be translated easily to the MSSM
and have thus been neglected. Moreover, we have neglee@tNbL resummation effects [18,19,122]
on theo, part for two reasons: (i) The NNLL resummation has not bedecutated for the pseudoscalar
Higgs boson so far so that in order to treat the scalar andlpsealar Higgs bosons at the same level, the
NNLL effects should be neglected. (ii) For a completely dstent NNLL prediction also NNLL PDFs
would be needed which, however, are not available. To use®IRDFs instead is not fully consistent.

The top and bottom-quark masses have been introduced asps$es in the calculation including
the corresponding Yukawa couplings. The MSSM Yukawa cogplatios to the SM couplings in EqJ(5)
have been taken from the prograrBYRNHIGGS2.7.4 [148=151] . As mentioned above, for the numeri-
cal MSSM results we have chosen thg'** benchmark scenario as specified in Eg. (4). As the central
choices of the renormalization and factorization scaleadapted the corresponding Higgs-boson mass
M. For the NLO pieces of the cross section we used the NLO MSTO& BDFs, while for the NNLO
contributions the NNLO MSTW2008 PDFs have been used apiatefy. The strong coupling constant
has been normalized according to the PDFspis€M7) = 0.12018 at NLO andas(Myz) = 0.11707 at
NNLO [41/44]. The scale uncertainty has been determinedabying the renormalization and factoriza-
tion scales betweef/y/2 and2M,,. It amounts to about0—15% for the whole Higgs mass andn
range although for large values tafn 5 the results are dominated by the bottom-quark loops whieh ar
only known at NLO, unless the light (heavy) scalar Higgs niastose to its upper (lower) bound, where
the top loops are dominant for large valuesat 5, too. However, the scale dependence of the bottom-
quark contributions is considerably smaller than that efttp quark ones$ [10, 160]. We have added the
68% CL PDF+ug uncertainties of the MSTW2008 PDFs to the scale uncerégiitnearly. Since there
are no NNLO PDF sets of CTEQ and NNPDF we did not include theteis this uncertainty.

We have generated grids of the three cross section pgfts©, oNEO, andoLO for the mass
ranges froni70 GeV up tol TeV in steps ofl GeV for the scalar and pseudoscalar Higgs bosons sepa-
rately. These grids are then used for interpolation andeslting numbers rescaled and added according
to the coupling ratios of EYNHIGGS. For them}'** scenario we have included then 3-enhanced\y,
corrections in the effective MSSM bottom Yukawa couplingsice we expect them to dominate the
full SUSY QCD corrections for squark and gluino masses maeher than the Higgs massés [177].
The resulting cross sections for the pseudoscalar Higgsnbase shown for various values ©fn 5 in
Fig.[19, while Figs[ 20 and 21 display the correspondingltesor the light and heavy CP-even MSSM
Higgs bosons. The overall scale and PREtncertainties amount to aboif%. It is visible that for
small and moderate values @fn 3 virtual tt thresholds develop for Higgs masse, = 2my, while
for large values ofan 3 this threshold behaviour is strongly suppressed due to dingirdaince of the
bottom-quark contributions. For the light CP-even Higgsdiomost of the displayed parameter region
corresponds to rather low values &fs (which is the input parameter that has been varied in the)plot
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while the decoupling region whe/, > My corresponds to the region of the highdsgt, values in
the plots. It should be noted that in this limit, i.e. for thgper bound of the light CP-even Higgs-boson
mass in the plots, the light scalar Higgs-boson productiosssection approaches the NNLO SM result
by construction. Note that the full MSSM result includingstand sbottom loop contributions does
not approach the SM cross section for the light scalar Higgs masdts upper mass bound in general.
The additional contributions from the stops and sbottony®ose a mismatch between the MSSM cross
section in the decoupling limit and the corresponding SMssreection. This differs from the results of
Section 2 which include the NNLL resummation effects by kbss110%), i.e. less than the residual scale
uncertainties.
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Fig. 19: Total gluon-fusion cross sections of the pseudoscalar M$gs bosonA for four values oftan 3
within them*®* scenario for/s = 7 TeV using MSTW2008 PDF$ [41, 44]. The NNLO results for the 8ide
contributions have been obtained from the programs HIGL@eH@NNLO, while the rescaling with MSSM
coupling factors has been done witB YWHIGGS.
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Fig. 20: Total gluon-fusion cross sections of the light scalar (@Br¢ MSSM Higgs bosoh for four values of
tan 4 within the m}*** scenario for,/s = 7 TeV using MSTW2008 PDF$ [41, 44]. The NNLO results for the
SM-type contributions have been obtained from the progrEitit3LU and GGH@NNLO, while the rescaling
with MSSM coupling factors has been done withYNHIGGS.

As the next step the inclusion of the full stop and sbottonploontributions has to be performed.
This requires the generation of multi-dimensional gridthef squark contributions including their inter-
ference terms with the top and bottom contributions as vgefiraong each other along the same lines as
in Eq. (B). This step, however, is beyond the present wiiteTihe omission of the squark contributions
as well as the full SUSY QCD corrections to the gluon-fusiomss sections has to be interpreted as an
additional theoretical uncertainty on top of the scale abdFRy, uncertainties. Since the corrections
originating from theA,, terms are smaller than abol@% in the m}'** scenario, their impact on the
overall uncertainties is of moderate size. Since the fulSSWQCD corrections to the gluon-fusion cross
sections have not been included in our analysis, we takeathigiloution of theA, terms as an estimate
of the uncertainties related to these corrections. Théutotzertainties of our gluon-fusion results can be
estimated as- 25—30% within them}*** scenario.

51



'3‘ 2 ; N T T T N T T T N T T T N T T T l 5 E 2 ; N T T N T T T N T T T N T T T l g
o 10°E ER o 10°E ER
< Ns=7Tevi, S ¢ Ns=7TeV3;
* 10; — NNLOG M) I * 10; — NNLO (1 =n =M) 3°
e N HH =2 M, 05 M, ] O B =2 M 0.5M,
2 F B POF MSTW) +a, 7 & F B PDF (MSTW) +0og ]
©10tF = C0'f E
107 T 107 \ £
5[ mhmax scenario ] 5[ Mmhmax scenario ‘ ]
107¢ tanp=5 10™¢ tanp=10
104 3 104F .
:\ ‘ Il Il ‘ Il Il ‘ Il Il ‘ Il Il 3 :\ ‘ Il Il ‘ Il Il ‘ Il Il ‘ Il Il
200 400 600 800 1000 200 400 600 800 1000
M, [GeV] M, [GeV]
H H
E 2 ; { T T T { T T T { T T T { T T T ] g 3 2 T { T T T { T T T { T T T { T T T ] g
o 10°E 78 " 10°K ERY
E B \s=7TeV 32 5 Vs=7Tev %
* 10? — NNLO M) G X 10? —— NNLO (=1, =M)  3°
1 1; 77777777 “R:“F:Z*MH,O.S*MH é N 1; ,,,,,,,, uR:uF:Z*MH,O.S*MH é
g B POF MSTW)+a, & F [l POF (MSTW) +a, ]
° 10t ERRE e 3 E
10%F 1 107k -
5[ mhmax scenario 1 5[ mhmax scenario 1
10™E tanp= 30 E 10™F tanp= 50 E
104F E 104F -
:\ ‘ Il Il ‘ Il Il ‘ Il Il ‘ Il Il 3 :\ ‘ Il Il ‘ Il Il ‘ Il Il ‘ Il Il 3
200 400 600 800 1000 200 400 600 800 1000
M, [GeV] M, [GeV]

Fig. 21: Total gluon-fusion cross sections of the heavy scalar (GF#reMSSM Higgs bosoiil for four values
of tan 2 within the m}*®* scenario for,/s = 7 TeV using MSTW2008 PDFs [41,44]. The NNLO results for
the SM-type contributions have been obtained from the progrHIGLU andsGH@NNLO, while the rescaling
with MSSM coupling factors has been done withYNHIGGS.

6.4 Higgs radiation off bottom quarks

We have generated grids for the 5FS calculatioblof— ¢ and the 4FS calculation @fg, G — bbe.
The Higgs mass rang®—200 GeV has been covered with step$ddeV and the rang200 GeV—1 TeV
with steps oR20 GeV.

For the 5FS calculation we have used the progesbhl @NNLO [196]. Scalar and pseudoscalar
Higgs-boson production are identical for the same massegtensame coupling factors due to the
chiral symmetry of massless bottom quarks. The input vafubeoMS bottom mass has been chosen
asmy(my) = 4.213 GeV which corresponds to a NNLO pole massof = 4.75 GeV, i.e. the bottom
mass value of the MSTW2008 PDF sets|[41, 44]. For the 5FS theQNRDFs of MSTW2008 have
been adopted with the strong coupling adjusted accordinglys(Mz) = 0.11707. As central scales
we have chosepr = My for the renormalization scale and- = My/4 for the factorization scale,
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respectively. For the scale uncertainties of the 5FS we haried the scales in the intervald, /5 <
pr < 5My and My /10 < pp < 0.7M,. These ranges cover the maximal and minimal values of
the cross sections within the 5FS. The central predictidriibeo5FS calculation are shown in Fig.]22a

2
for SM-like couplings. These cross sections have to be pligtl with the ratios(g{)VfSSM/ggM) of

the MSSM and SM Yukawa couplings. The MSSM coupling$>>* should contain the\;, terms
[135+143], since they approximate the full genuine SUSY QCE3/190] and SUSY electroweak [203]
corrections within the percent level. The correspondiraesancertainties are shown in Higl] 22b. They
amount to less thaih0% for Higgs masses above about 200 GeV, while for smaller Higgsses they
can reach a level d§0—40% as can be inferred from Fig.22b. The 68% CL PDLEtncertainties are
displayed in Fig[ 22c and the 90% CL uncertainties in Eig..ZPde 68% CL uncertainties amount to
less than about0% in the relevant Higgs mass range belews00—600 GeV, while they are enhanced
to a level below abow20% at 90% CL as shown in Fif. P2d. It is also visible that thesestamnties are
dominated by the pure PDF uncertainties, whiledheariation adds only a moderate contribution.

In the corresponding 4FS calculation we have chosen therhaguark pole mass asy, =
4.75 GeV which corresponds to a NLOIS massmb(mb) = 4.40 GeV. The closed top loop con-
tributions appearing in the virtual one-loop contribudmave been neglected for consistency, since for
large values ofan 5 they are strongly suppressed and in the 5FS calculationvaeigh for strictly
massless bottom quarks. In the further progress of thig/studwill generate separate grids for these
top loop contributions so that they can be included in the M&&Iculations consistently. The running
bottom-quark Yukawa coupling, expressed in terms ofi$ebottom mass, has been chosen at the scale
of the Higgs masd/,,. The central scalesg = ur = My /4 have been adopted for the renormalization
and factorization scales, respectively. The scale urinéga have been obtained for scale variations
My/8 < pg,ur < My/2 where the choicgir = up = My/8 corresponds to the maximal cross
sections angkr = pup = My/2 to the minimal cross sections for all Higgs masses. The flamour
PDFs of MSTW2008[204] have been used for the numerical arsalyithin the 4FS. Error PDFs within
this scheme have only been published very recently so thdkt BDF uncertainty analysis could not be
performed for the 4FS yet. However, the scale uncertaimiieX)—30% are expected to dominate the
overall uncertainties of the 4FS calculation so that theteuféhl PDF+ uncertainties will be expected
to modify the overall uncertainties only mildly. The comigan of the 4FS and the 5FS for SM-like
couplings is shown in Fid. 23 for scalar and pseudoscalagsdipson production in association with
bottom quarks. The scalar and pseudoscalar cross sectiotisef same mass differ by less th2if
within the 4FS thanks to the approximate chiral symmetrytiiierlight bottom quarks compared to the
Higgs-boson masses. Fig.l23 shows good agreement of thensi&-8 results for smaller Higgs masses
while for large Higgs-boson masses the 5FS cross sectiensoasiderably larger than the correspond-
ing 4FS results. However, an overlap of both uncertaintydbas visible for the whole mass range. This
is the first completely consistent comparison of both sclserasulting in a much better agreement of
both schemes than in all former studies [197]. The centilakgof the 4FS and 5FS differ by up36%.
In order to decide which of the two prescriptions is closeth®mexperimentally relevant values of these
production cross sections, the comparison of the 4FS and&lESlations obb+Z production with the
forthcoming experimental data will be of big help.

In Fig.[24 the central predictions for the gluon-fusion msgese — h, H, A and neutral Higgs
radiation off bottom quarks within the 5FS are shown as atfanoof the corresponding Higgs mass
within the m};'®* scenario for two values ofan 3 = 5,30. These results have been obtained from
the grids generated byGH@NNLO and HIGLU for the gluon-fusion process aBEH@NNLO for
bb — ¢ and rescaling the corresponding Yukawa couplings by theMI8tors calculated with EvN-
Hices?L. It is clearly visible that Higgs-boson radiation off batiqquarks plays the dominant role for
tan 8 = 30 while for tan 5 = 5 the gluon fusion is either dominant or competitive.

ZTwo complete scans of theMa,tan 8) plane for/s = 7 and 14 TeV are available in electronic format on
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/MSSMNeutral for them}'**scenario.
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7 MSSM Charged Higgs Production Proces®

Many extensions of the Standard Model, in particular sypensetric theories, require two Higgs dou-
blets leading to five physical scalar Higgs bosons, inclgdimo (mass-degenerate) charged particles
H*. The discovery of a charged Higgs boson would provide unguthis evidence for an extended
Higgs sector beyond the Standard Model. Searches at LEP dedv@ limit M+ > 79.3 GeV on
the mass of a charged Higgs boson in a general two-Higgsketonindel [205]. Within the MSSM,
the charged Higgs-boson mass is constrained by the pseldostiggs mass and the W-boson mass
throughM?, = M3 + My, at tree level, with only moderate higher-order correctiffifl[206-208].

A mass limit on the MSSM charged Higgs boson can thus be akfieen the limit on the pseudoscalar
Higgs bosonM > 93.4 GeV [146], resulting inM/};+ 2 120 GeV. At the Tevatron, searches for light

charged Higgs bosons in top-quark decayss bH* [209,210] have placed some constraints on the
MSSM parameter space, but do not provide any further gebetiads on/;;-.

There are two main mechanisms for charged Higgs-boson gtioduat the LHC:

top-quark decay: t — bHEHX  if My= Smy,

associated production:pp — tbH*+X if My+ 2 my .
Alternative production mechanisms like quark—antiquarkihilation g’ — H* andH* + jet produc-
tion [211], associatedI™W T production [212], or Higgs pair production [213,214] hawpsressed
rates, and it is not yet clear whether a signal could be éskedal in any of those channels. Some of the

above production processes may, however, be enhanced ilswaith non-minimal flavour violation.

In this section we discuss charged Higgs-boson productian- bH* decays and compare the
results of different software packages for the calculatibtiis branching ratio. Furthermore, we present
NLO QCD predictions for the processp — tbH*+X in the four- and five-flavour schemes.

7.1 Light charged Higgs production from top-quark decays

If the charged Higgs boson is lighi/;;~ < my, it is produced in top-quark decays. The branching
ratio calculation of the top quark to a light charged Higgsdiois compared for two different programs,
FEYNHIGGS, version 2.7.3[[148=151], and GBPERH, version 2.2[[152, 153]. We note that the decay
t — HTb is also included in HDECAYI[[155], which has however not beedided in the compar-
ison presented here. The)** benchmark scenario was uséd [147], which in the on-she#iraehis
defined as described in E] (4). In additionttm 3 and My, the . parameter was varied with val-
ues+1000, 200 GeV [215]. The Standard Model parameters were taken as givéme Appendix
TablelA].

The calculation within EYNHIGGS is based on the evaluations Bft — W*b) andI'(t —
H*b). The former is calculated at NLO according to Ref.[216]. Teeay to the charged Higgs boson
and the bottom quark uses; (m) andmy(my) in the Yukawa coupling, where the latter receives the
additional correction factor/(1 + Ay,). The leading contribution té, is given by [139]

C(F Qg
Ab = T?mgutanﬂf(mglam527m§)7 (7)

with Cr = 4/3 and the auxiliary function
2

1 22 @0 20 b 2 2y €
[(a’b’c):(a2—b2)(bz—cz)(a2—cz) ablnb—2+bclnc—2+calnﬁ . (8)

22M. Flechl, M. Kramer, S. Lehti (eds.); S. Dittmaier, T. HafilnHartonen, S. Heinemeyer, J. S. Lee, A. Pilaftsis, M. Spira
and C. Weydert.
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Here,b, , are the sbottom mass eigenstates, ands the gluino mass. The numerical results presented
here have been based on the evaluatiorhgfin Ref. [144]. Furthermore additional QCD corrections
taken from Ref.[[139] are included.

The calculation within CBUPERH is also based on the top-quark decays Wb andt — H™b.
The decay widtH'(t — W™b) is calculated by including)(«s) corrections[[21[7]. The partial decay
width of the decay — H™b is given by

ggbmt Mf{i ’

+ _ S 2 P2 _

Pt —H") = = (Ig5, P +Ig", 1) (1 = ) , (9)
m . m

Wheregtb = _gmt/\/gMW’ gﬁJr{b = (gﬁ+fb + m_}; g§+fb)/21 andgll_;JrEb = Z(gﬁ+fb - m_}; gI}{%+fb)/2'

In the coupling@éﬁb, all the threshold corrections (both those enhanced anénmtawnced byan 3)

have been included as described in Appendix A of Ref.[[158]Refs. [218, 219], see also Ref. [140].
Form, andm, appearing in the couplings, we use the quark masses evalaidtiee scalé\/;;- .

The comparison started by running  WHIGGS with a selected set of parameters. TherK-
HIGGs output was used to set the values for the CPsuperH input géeasn Due to differences in the
parameter definitions, the bottom-quark mass was changedFEYNHIGGS my,(my,) = 4.16 GeV to
mp(my) = 2.64 GeV which is taken as input by GRPERH. The main result from the comparison is
shown in Figs[ 26 and 26. A very good agreement within typical-2% can be observed, except if
simultaneously very small values pf hightan 3, and relatively small\/j;+ are chosen.

7.2 Heavy charged Higgs production with top and bottom quarls

For heavy charged Higgs bosony;+ < my, associated productiopp — tbH*+X is the dominant
production mode. Two different formalisms can be employeckiculate the cross section for associated
tbH* production. In the four-flavour scheme (4FS) withinquarks in the initial state, the lowest-order
QCD production processes are gluon—gluon fusion and gaatiguark annihilationgg — tbH* and

qq — tbH¥, respectively. Potentially large logarithmsIn(ur/my,), which arise from the splitting of
incoming gluons into nearly collinearb pairs, can be summed to all orders in perturbation theory by
introducing bottom parton densities. This defines the fiseeflir scheme (5FS) [220]. The use of bottom
distribution functions is based on the approximation ti&t dutgoingb quark is at small transverse
momentum and massless, and the virti@uark is quasi on shell. In this scheme, the leading-order
(LO) process for the inclusivebH* cross section is gluon—bottom fusiogly — tH*. The next-to-
leading order (NLO) cross section in the 5FS inclu@¥s,) corrections tgh — tH* and the tree-level
processegg — tbH™ andqq — tbH*. To all orders in perturbation theory the four- and five-flavo
schemes are identical, but the way of ordering the pertubaixpansion is different, and the results
do not match exactly at finite order. For the inclusive prdiduncof neutral Higgs bosons with bottom
quarks,pp — bbH+X, the four- and five-flavour scheme calculations numericatjyee within their
respective uncertainties, once higher-order QCD coomstare taken into account [191,197,1198]221],
see Section 6 of this Report.

There has been considerable progress recently in imprakigross-section predictions for the
associated production of charged Higgs bosons with heaagkglby calculating NLO SUSY QCD and
electroweak corrections in the four- and five-flavour schef@82+229], and the matching of the NLO
five-flavour scheme calculation with parton showérs [23@loi/, we shall present state-of-the-art NLO
QCD predictions in the 4FS (Sectibn 7J2.1), in the 5FS (88Efi2.2), and a first comparison of the two
schemes at NLO (Sectign 7.2.3).
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Fig. 25: The branching fraction of — bH™ as a function ofan 3 for different values of: and M. The lines
in the upper left plot terminate when the specific code remehmegative light Higgs mass squared. Depending on
the code this happens for slightly smaller or larger 3 values (in this extreme scenario).

7.2.1 NLO QCD predictions fopp — tbH= in the 4FS

In the 4FS the production of charged Higgs bosons in assaciatth top and bottom quarks proceeds
at LO through the parton processes — tbH™ andqq — tbH™, and the charge-conjugate processes
with thetbH™ final state[[231=233]. Throughout this section we presesilie for thetbH~ channels.
Generic Feynman diagrams that contribute at LO are display€ig.[27.

The calculation of the NLO QCD corrections to charged Higgsdpction in the 4FS has been
discussed in detail in Ref. [234], both within a two-Higgsdthlet model with the SM patrticle content
besides the extended Higgs sector, and within the MSSM. Tt@ QCD effects considerably enhance
the cross section and reduce the dependence on the rermatioaliand factorization scales. In the
MSSM, additional loop corrections from squark and gluinol&nge are sizable for largen 3, but they
can be taken into account through the corrections to the bottom—Higgs-Yukawa coupling [cf. E&)],(
i.e. through a rescaling of the NLO QCD prediction accordiagny, tan 5/v — my, tan 8/v (1 —
Ap/tan? B)/(1 + Ay) [234].

In Tabled 2L and 22 we present 4FS NLO QCD results for the ptamuof heavy charged Higgs
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Fig. 26: The difference of BR(— bH™) calculated with CBUPERH and FEYNHIGGS as a function ofan 3 for
different values of, and My +.

bosons in a two-Higgs-doublet model. Cross sections for MS8enarios with largean 8 can be
obtained from the NLO QCD cross sections by the rescalinghédfabove. Predictions are presented
for LHC cross sections atand14 TeV energy, withtan 8 = 30 and the SM input parameters according
to TabldA.l.

Table 21: NLO QCD cross sections fgip — tbH ™ in the 4FS at the LHC with TeV, tan 3 = 30.

My+ [GeV] o [fb] scale uncert. [%] PDF + [%]
200 130 —33 + 27 —5.50 +4.5
300 45.9 —33 + 34 —6.7 +5.6
400 18.0 —34 + 30 —7.7 +6.6
500 7.59 —35 + 32 —8.6 + 7.5

For a consistent evaluation of the hadronic cross sectiotisei 4FS we adopt the recent MSTW
four-flavour PDF[[204] and the corresponding four-flavayr Note, however, that the evaluation of
the runningb-quark mass in the bottom—Higgs-Yukawa coupling is basea dine-flavourag with

59



q t g Toosoo—— 1t
---H—
- - — - — - H™
q b g TTOO0 b

Fig. 27: Generic Feynman diagrams fop — tbH ™ +X in the 4FS at LO.

Table 22: NLO QCD cross sections fgrp — tbH ™ in the 4FS at the LHC with4 TeV, tan 8 = 30.
M+ [GeV] o [fb] scale uncert. [%] PDF +g [%)]

200 972 —30 + 27 -34 +2.7

300 405 —30 426 —4.0 +3.2

400 184 —-30 +26 —4.7 + 3.7

500 92.6 —32 +29 —-5.1 +4.1
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Fig. 28: NLO QCD cross sections fqrp — tbH™ in the 4FS at the LHCTTeV and14 TeV) as a function of the
Higgs-boson mass. The error band includes the NLO scalatanuy. (Calculation from Ref[[234].)

as(Mz) = 0.120. The renormalization and factorization scales have beentified and are set to
= (my +my, + M- )/3 as our default choice. The NLO scale uncertainty has beenatsd from the
variation of the renormalization and factorization scélgs factor of three about the central scale choice
= (my +my, + My-)/3. As shown in Ref.[[234], the variation of the QCD scales byadathree
about the central scale provides a more reliable estimatedheory uncertainty than the usual variation
by a factor two, as the variation by a factor three encomgabssemaximum of the NLO prediction. The
residual NLO scale uncertainty is then approximate80%. While no four-flavour PDF parametrization
exists that would allow to estimate the combined PDF apnérror, the difference in the relative PDF
error as obtained from the MSTW four- and five-flavour sets @&gimal. We have thus adopted the
five-flavour MSTW PDFI[411] to estimate the combined PDF agdincertainty shown in Tablés21 and
[22. We find that the theoretical uncertainty of the 4FS NLO Q&&¥iction forpp — tbH™ at the LHC

is by far dominated by the scale uncertainty.

The NLO QCD cross section fgrp — tbH™ at the LHC with7 and14 TeV is shown in Figl2i8
as a function of the Higgs-boson mass. The error band qyah&fNLO scale uncertainty.
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Fig. 29: NLO QCD cross sections fgrp — tH™ in the 5FS at the LHCTTeV and14 TeV) as a function of the
Higgs-boson mass. The error band includes the NLO scaletaity. (Calculation from Ref[[230].)

7.2.2 NLO QCD predictions fopp — tH* in the 5FS

In the 5FS the LO process for the inclusil#é" cross section is gluon—bottom fusiqth) — tH*. The
NLO cross section include® (o) corrections tazb — tH* and the tree-level processgg — tbH*
andqq — tbH*, and has been calculated in Refs, [224] 225, 230]. In Tales&# 24 we present NLO
QCD results for the production of heavy charged Higgs bosotise 5FS, withtan 8 = 30 and the SM
input parameters according to Table]A.1. As in the 4FS calimn, cross sections for MSSM scenarios
with large tan 8 can be obtained from the NLO QCD cross sections by rescatiaghbttom—Higgs-
Yukawa coupling. The NLO cross section values have beenrgataising MC@NLO 4.0[235], with

Table 23: NLO QCD cross sections fqrp — tH™ in the 5FS at the LHC witlt TeV, tan 8 = 30.
My+ [GeV] o [fb] scale uncert. [%]

200 178 -7.1 +94
300 62.7 —10.0 +4.7
400 24.7 —-11.0 +2.7
200 10.5 —-12.0 +1.1

Table 24: NLO QCD cross sections fqgrp — tH™ in the 5FS at the LHC with4 TeV, tan 5 = 30.
My« [GeV] o [fb] scale uncert. [%]

200 1237 -84 +13
300 521 -9.0 +9.5
400 242 9.8 + 7.7
500 121 —10.0 +6.5

the optionrflag switched to O (for MSbhar Yukawa renormalization). The cantcale has been set to
po = (my + My-)/4, and the five-flavour MSTW PDF [41] has been adopted. We findidual NLO
scale uncertainty 0of0—20%. Since there are no direct experimental constraints on ¢t PDF,
the PDF uncertainty of theb — tHT process is difficult to quantify. Thus, unfortunately, ndiaiele
estimates of the PDF and, uncertainty of the 5FS calculation exist to date.

The total 5FS NLO QCD cross section fop — tH™ at the LHC with7 and14 TeV is shown in
Fig.[29 as a function of the Higgs-boson mass. The error basiddes the NLO scale uncertainty only.

Note that supersymmetric electrowe@ka) corrections to charged Higgs-boson production in the
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Fig. 30: NLO QCD cross sections fgsp — tH™(b) in the 4FS and 5FS at the LHG eV and14 TeV) as
a function of the Higgs-boson mass. The error band includes\iLO scale uncertainty. (Calculations from

Refs. [230,234].)

five-flavour scheme have been studied in Ref. [228]. Theseaions depend sensitively on the MSSM
scenario and have thus not been included in the numberspeeddeere.

7.2.3 Comparison of the 4FS and 5FS calculations

The 4FS and 5FS calculations represent different ways @friorgl the perturbative expansion, and the
results will not match exactly at finite order. However, takinto account higher-order corrections, the
two predictions are expected to agree within their respeatncertainties, see Sectiioh 6 of this Report
for a similar comparison for the inclusive production of traliHiggs bosons with bottom quarks.

In Fig.[30 we present a comparison of the 4FS and 5FS calengatt NLO QCD for the inclu-
sivepp — tH™(b) cross section at the LHC. The error band indicates the ttiear@ncertainty when
the renormalization and factorization scales are varieadxn .o /3 and3pg, with o = (mg + my, +
My-)/3 and g = (my + My-)/4 for the 4FS and 5FS calculations, respectively. Taking tades
uncertainty into account, the 4FS and 5FS cross sectionk@tdxe consistent, even though the predic-
tions in the 5FS at our choice of the central scales are léingarthose of the 4FS by approximatély/,
almost independently of the Higgs-boson mass. Qualitgtisienilar results have been obtained from a
comparison of 4FS and 5FS NLO calculations for single-tapdpction at the LHC[[236]. Note that
the bottom PDF of the recent five-flavour MSTW fit [41] is comsibly smaller than that of previous

fits [237] and has lead to a significant decrease in the 5FS sexgion prediction.
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8 Parton Distribution Functions 23
8.1 Introduction

Parton distribution functions (PDFs) are crucial for thediction of any physical process to be mea-
sured at the LHC, hence PDFs and their uncertainties hayem@ortant significance, in particular for
discovery and exclusion limits. At present these PDFs atairmdxd from fits to data from deep-inelastic
scattering, Drell-Yan, and jet production from a wide vgrief different experiments. A number of
groups have produced publicly available PDFs using diffedata sets and analysis frameworks. Here
we summarise our level of understanding as the first LHC essons at TeV are being determined.
There are many differences between existing PDF analy#féeredt input data, different methodologies
and criteria for determining uncertainties, different wayf parametrizing the PDFs, different number
of parametrized PDFs, different treatments of heavy quaikerent perturbative orders, different ways
of treatingas (as an input or as a fit parameter), different values of playgiarameters such ag and
heavy-quark masses, and more. Hence, we begin by sumnggttidmnmain features of current PDF sets.
We subsequently introduce various theoretical unceréaimin PDFs, focusing on the uncertainty related
to the value of the strong coupling constant, and provideeagmtation of choices made by different
groups. We then briefly summarise the computation of phiyproesses using various PDF sets. As an
outcome of this, we motivate and describe the PDF4LHC imteecommendatior [45] to obtain current
combined predictions and uncertainties based on sevelahlgPDF sets, and illustrate it by showing its
application to the Higgs production cross section via ghgdaon fusion, both at NLO and at NNLO.

We will discuss the following PDF sets (when several release available, the reference release
for our discussion below is given parenthesis in each cas@KM [46], CTEQ/CT (CTEQ6.6[[238]),
GJR [239[24D], HERAPDF (HERAPDF1.0 [241]), MSTW (MSTWO0SL[#4,204]) and NNPDF
(NNPDF2.0[134]). ABKM, JR[[24R2] (for variable flavour see RE47]), MSTW, and HERAPDF[48]
are available with NNLO evolution [243,244]. A CTEQ/CT upelds already available (CT10 [245]),
while preliminary updates of ABM [246], NNPDFE [247], HERAFL48], and MSTW!|[248] have also
been presented.

8.2 PDF determinations — experimental uncertainties

Experimental uncertainties on PDFs determined in global(fisually calledPDF uncertainties for
short) reflect the information available (or lack thereofthe underlying data and the way it constrains
PDFs; they should be interpreted as genuine statisticartainties, and indeed they are often given in
the form of confidence levels (CL). They may differ becausditierent choices made in the analysis
that extracts this information from the data, specificatly (il) the choice of data sets; (2) the statistical
treatment which is used to determine the uncertainties dmchvalso determines the way in which PDFs
are delivered to the user; (3) the form and size of partonrpemdzation.

8.2.1 Data Sets

A wider data set contains more information, but data comingfdifferent experiments may be incon-
sistent to some extent. The choices made by the various gareghe following:

— The data sets considered by CTEQ, MSTW, and NNPDF inclutefisan both electroproduction
and hadroproduction, in each case from both fixed-targetaltider experiments. The electropro-
duction data include electron, muon and neutrino deemstiel scattering data (both inclusive and
charm production). The hadroproduction data include B¥&lh (fixed-target virtual photon and
collider W andZ production) and jet productions (Tevatron jets requiriagne approximation for
the MSTW NNLO analysis). Details vary slightly among pauter versions of CTEQ, MSTW,
and NNPDF fits.

233, Forte, J. Huston, K. Mazumdar, R.S. Thorne and A. Vicini.
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— For GJR (and JR) the data set consists of electroprodudétawhich include electron- and muon-
inclusive deep-inelastic scattering data, and deepstielaharm production from charged leptons
and neutrinos from fixed-target and collider experimenits] a smaller set of hadroproduction
data, i.e. fixed-target virtual photon Drell-Yan produntand Tevatron jet production.

— The ABKM data set includes electroproduction from fixewdyd and collider experiments, includ-
ing electron, muon, and neutrino deep-inelastic scatiedata (both inclusive and charm produc-
tion), and fixed-target hadroproduction data, i.e. virppfadton Drell-Yan productici.

— The HERAPDF input contains all HERA deep-inelastic indeslata.

8.2.2 Statistical treatment

Available PDF determinations fall in two broad categorigmise based on a Hessian approach and those
which use a Monte Carlo approach. The output format for mfttion on PDFs is different in each
case. Here we outline only the basic features. The precismenan which to implement the PDFs is
explained in more detalil in the appropriate referencesdoharoup.

Within the Hessian method, PDFs are determined by minimizin? function defined ag? =
ﬁ >ii(di = di)covi;(d; — dj), whered; are datad; theoretical predictionsiNg,; is the number of
data points, andov;; is the covariance matrdX. The best fit is the point in parameter space at which
2 is minimum, while PDF uncertainties are found by evalugtamyp often diagonalizing the (Hessian)
matrix of second derivatives of the’ at the minimum, and then determining the range of parameter
variation corresponding to a prescribed increase ofythéunction with respect to the minimum. In
principle, the increase ig? which providess8% CL (10) is Ax? = 1. However, a larger variation of
Ax? = T?, with T > 1 a suitable “tolerance” parametér [43, 249,250] may turntouie necessary
for a more realistic error estimate for fits containing a wi@eiety of input processes and data, and
in particular, in order for each experiment which entersdhubal fit to be consistent with the global
best fit within one sigma (or an alternative confidence legead, 90%). Possible reasons why this is
necessary could be data inconsistencies or incompatbjlitinderestimated experimental systematics,
insufficiently flexible parton parametrizations, thearatiuncertainties or approximations in the PDF
extraction. At present, HERAPDF and ABKM uge? = 1, GJR used ~ 4.7, CTEQ6.6 use§” = 10
at90% CL (corresponding t@" ~ 6 at68% CL), while MSTWO08 uses a dynamical tolerancel[41], i.e.
a different value ofl” for each eigenvector, with values frdfh~ 1 to I’ = 6.5 and most values being in
the range o < T' < 5.

Within a Monte Carlo method, PDFs are determined by first pcoty a Monte Carlo sample of
N..p pseudo-data replicas. Each replica contains a number oifsp@gual to the number of original data
points. The sample is constructed in such a way that, in thié IV, — oo, the central value of the
i-th data point is equal to the mean over tNg,, values that the-th point takes in each replica, the
uncertainty of the same point is equal to the variance owerdhlicas, and the correlations between any
two original data points is equal to their covariance over riéplicas. From each pseudo-data replica,
a PDF replica is constructed by minimizingy@ function. The PDF central values, uncertainties and
correlations are then computed by taking means, variarazebs covariances over this replica sample.
NNPDF uses a Monte Carlo method, with each PDF replica addaas the minimuny? which satisfies
a cross-validation criteriori [134, 251], and is thus lartiem the absolute minimum of the?. This
method has been used in all NNPDF sets from NNPDF1.0 versioaa@s.

24an update is being prepared that includes the Tevatron fatatawell.
BDifferent groups use differing definitions of the covariamoatrix — including entirely or only partially correlatedaer-
tainties — see the papers for details. Hence the values aftlgeioted are only roughly comparable.
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8.2.3 Parton parametrization

Existing PDF sets differ in the number and choice of lineanbmations of PDFs which are indepen-
dently parametrized and the functional form and number cdmaters used. For the functional form the
most common choice is that each PDF at some reference@gaseparametrized as

fi(z, Qo) = Nax® (1 — x)ﬁigi(x) (10)

whereg;(x) is a function which tends to a constant for bath— 1 andz — 0, for exampleg;(z) =
1+ €iv/Z + Dix + E;x? (HERAPDF). The fit parameters ang, 3;, and the parameters . Some of
these parameters may be chosen to take a fixed value (ingladio). The general formi (1L0) is adopted
in all the PDF sets which we discuss here except for the caS®BDF which, instead, defines

fi(x, Qo) = ci(x)NN;(x), (11)

whereN N;(z) is a neural network (a feed-forward neural network with tidglen layers, see Ref. [134]

for details) and;(x) is apreprocessingunction. The fit parameters determine the shap&/of;(z).

The functionc; () is chosen randomly in a space of functions of the faftn(1 — )%, within some ac-
ceptable range of the parametessand3;. For each group the basis functions and number of parameters
are the following.

— ABKM parametrizes the two lightest flavours, correspogdamti-flavours, the total strangeness,
and the gluon (six independent PDFs) with 21 free parameters

— CTEQ6.6 and CT10 parametrize the two lightest flavours atieflavours, the total strangeness,
and the gluon (six independent PDFs) with respecti2@land26 free parameters.

— GJR parametrizes the two lightest flavours, their anteflias, and the gluon witB0 free param-
eters (five independent PDFs); the strange distributiosssimed to be either proportional to the
light sea or to vanish at a low scalg < 1 GeV at which PDFs become valence-like.

— HERAPDF parametrizes the two lightest flavoaisthe combinationl +5§, and the gluon witd0
free parameters (five independent PDFs), strangenessiisadso be proportional to thedistri-
bution; the effect of varying the form of the parametrizatand the size of the strange component
is also studied.

— MSTW parametrizes the three lightest flavours and antéfles; and the gluon witB8 free pa-
rameters (seven independent PDFs) to find the best fi§ &t held fixed in the determination of
the uncertainty eigenvectors.

— NNPDF parametrizes the three lightest flavours and antdis, and the gluon witR59 free
parameters3y for each of the seven independent PDFs).

8.3 PDF determinations — theoretical uncertainties

The theoretical uncertainties of the PDFs reflect the appratons in the theory which is used in order
to relate the PDFs to the measurable quantities. The stutheofetical PDF uncertainties is currently
less advanced than that of experimental uncertainties,oalydsome of the theoretical uncertainties
have been explored till now. One might expect that one of th@nrtheoretical uncertainties in PDF
determinations should be related to the treatment of tlemgtinteraction: in particular, to the values
of the strong coupling constant() and of the heavy-quark masses.(andm,), and the uncertainties
related to the truncation of the perturbative expansiom(oonly estimated through the variation of
renormalization and factorization scales). The uncetain o has been explored systematically by the
PDF groups. The effect of varying,, andm,. has been included by HERAPDF in model uncertainties,
and these are parameters in the covariance matrix for ABK®]l [8ets with varying quark masses and
implications have been made available by MSTW [204], andimheary studies of the effect oy,
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andm,. have also been presented by NNPDF [252]. Further unceesiate related to the treatment of
the heavy-quark thresholds, which are handled in variousviey different groups (see Section 22 of
Ref. [131]), to numerical approximations, and to the treaitof electroweak effects (such as QED PDF

evolution [253]).

8.3.1 The value otxg and its uncertainty

The choice of value ofis is clearly important because it is strongly correlated td-BDespecially the
gluon distribution: this correlation is studied in detailRef. [254] using CTEQ, MSTW, and NNPDF
PDFs;ay is a parameter in the covariance matrix for ABKM, GJR(JR)erEhare two separate issues
related to the value af, in PDF fits: first, the choice ofi, for which PDFs are made available, and
second the choice of the preferred valuecgfto be used when giving PDFs and their uncertainties.
These are two separate though related issues, and for edwmotwo different basic philosophies may
be adopted. In what concerns available values, for somegrBDF fits are performed for a number of
different values ofs. Though a PDF set corresponding to some reference valugisfjiven, the user is
free to choose any of the given sets. This philosophy is &doipy CTEQ (.118), HERAPDF (.1177),
MSTW (0.120), and NNPDF (.119), where, in parenthesis, the reference (NLO) valuexofor each
set is indicated. For others; is treated as a fit parameter, and PDFs are given only for siefibgalue.
This philosophy is adopted by ABKM)(11801) and GJR ({(.1145). Concerning the preferred central
value and uncertainty, for some groups the valuewgfi/;) is taken as an external parameter. This
philosophy is adopted by CTEQ, HERAPDF1.0, and NNPDF. Is tase, there is no a-priori central
value ofag(My), and the uncertainty ong(My) is included by repeating the PDF determinatiorogs

is varied in a suitable range. For othetsis treated as a fit parameter, so its value and uncertainty are
determined along with the PDFs. This philosophy is adopief8TW, ABKM, and GJRO08.

When comparing results obtained using different PDF seshiguld be borne in mind that if
different values oty are used, predictions for cross sections change both dheitalependence am
(which for some LHC processes, such as top-pair productiddiggs production ingg fusion may be
quite strong), as well as to the dependence of the PDFs orathe wfag. Differences due to the PDFs
alone can be isolated only while performing comparisonscainamon value ofy. The different groups
have different ways of calculating the total uncertainty twboth the PDFs and,. This is explained in
more detail in Ref[[254] and in publications from each of gheups, in particular, Refs. [44,146, 255].

8.4 Comparison of results from different PDFs

To compare results from different PDF sets it is useful tooiice differential parton—parton luminosi-
ties, which, when multiplied by the dimensionless crossieeés for a process, provide an estimate of
the size of an event cross section at the LHC. The differleptiton—parton luminositylL;; /ds is

1
ds dy 1+ 52‘3'

where the prefactor avoids double-counting for identieatgns. A generic cross section is written as
1 R
~ dS dLZ A
o= %:/0 day dzwy fi(w1, 1) fi (w2, 1) 635 = %:/ (;) ( d§]> (5635) - (13)

The relativegg PDF luminosities at NLO, along with theit8% CL error bands, are shown in
Fig.[31, normalized to the MSTWO08 central vallie [256]. ForRFPDF1.0 the inner uncertainty bands
(dashed lines) correspond to the experimental errors, lnduter uncertainty bands (shaded regions)
include errors due to model and parametrization. d&iduminosity plots [256] look similar, but turn
upwards at higlts/s for HERAPDF1.0. The error bands for each of the PDF lumiesiare of similar
size. The luminosity for the range of and Higgs production are in good agreement for CTEQ, MSTW,
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and NNPDF, while the agreement with ABKM, HERAPDF, and GJIR&s good at higher masses. It
is notable that the PDF luminosities tend to differ at lovand highz. The CTEQG6.6 distributions, for
example, may be larger at lowvthan MSTW2008, due to the positive-definite parametrizatdthe
gluon distribution; the MSTW gluon starts off as negativéoat = and@?, and this results in an impact
for both the gluon and sea-quark distributions at laxgéwvalues. The NNPDF2.6q luminosity tends

to be somewhat lower, in thé/, Z region for example. Part of this effect might come from the aka
zero-mass heavy-quark scheme, although other differenig# be relevant. However, there are other
discrepancies of more th&0% at high or low invariant masses.

At small z details of heavy-flavour treatment cause some deviatiahitaare is also an anticorre-
lation with the value ofys which varies between groups (with the GJR value differingtnoAt highz
Tevatron jet data gives a constraint on the gluon (thougretteesome variation depending on the data
set) and this data is not used in ABKMO9 (investigations byM\Biay be found at Refs[ [257, 258])
and HERAPDF1.0 fits. At highe, W production data (not used by ABKM, GJR, and HERAPDF) con-
strain the light-quark distributions, which are then ctated to the gluon by the momentum sum rule.
The high and lowe gluon distributions are also anti-correlated by the mom@nsum rule. All these
factors, amongst others, may influence the forms of the gluminosities and be responsible for the
discrepancies observed.

Benchmark computations of LHC total cross sections andlitgpdistributions from various PDF
groups can be found in Reff. [259] (see also Ref. [260]); thigeof agreement and discrepancy between
the groups is commensurate with the luminosity plots shoane hDifferences between the luminosities
and predictions for those sets which exist at NNLO are simdaNLO, showing that they are most
likely due to choices of data sets in the fit or other assumptiather than theoretical procedures, such
as different schemes for the treatment heavy flavours, fochwtlifferences should become smaller at
higher orders.

It is also very useful to show the cross sections as a funaifam,. The predictions for Higgs
production fromgg fusion (shown for MSTWO08 and NNPDF2.0 in the top left and tiglots of Fig[32,
respectively) depend strongly on the valuea@f the anticorrelation (or correlation for the Tevatron)
between the gluon distribution and the valuecogfis not sufficient to offset the growth of the cross
section as seen from the top-left plot. In the bottom plot sees that CTEQ, MSTW, and NNPDF
predictions are in moderate agreement but CTEQ lies sontdaxuar, to some extent due to the lower
choice ofas. Compared at the common valueaf{ M7) = 0.119, the CTEQ prediction and those from
others have one-sigma PDF uncertainties which just abcedag for My = 120 GeV. This trend is
similar up to abouf\/; = 180 GeV, and the agreement improves for higher masses, as s&&n 3
below. Hence, both the difference in PDFs and in the depemdefithe cross section on the value of
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Fig. 32: Cross-section predictions as a functioneQffor a Higgs gg fusion) for a Higgs mass of20 GeV at
NNLO for the Tevatron and LHC a4 TeV [44] (top-left) and at NLO for the LHC &t TeV [261] (top-right) and
for various groups all at NLQ [261] (bottom).

« are responsible for the differences observed. A useful area¥ this is to note that the difference in
the central values of the MSTW and CTEQ predictions for a comralue ofas(M2) = 0.119 and for

a Higgs-boson mass a0 GeV (a typical discrepancy) is equivalent to a changedf/7) of about
0.0025. The worst discrepancy between CTEQ and either MSTW or NNRDdEny mass value of the
Higgs is similar to a change in, of about0.004. The predictions using some of the other PDF sets
are rather lower [259], particularly at high masses, refigcthe behaviour of the gluon luminosity of

Fig.[31.

8.5 The PDF4LHC recommendation

Before we present our recommendation, we would like to kggilthe differences between two use
cases: (1) cross sections which have not yet been measwad gs, for example, Higgs production)
and (2) comparisons to existing cross sections. For therldtte most useful comparisons should be
to the predictions using individual PDFs (and their ungetyabands) discussed above. Such cross
sections have the potential, for example, to provide infdiom useful for modification of those PDFs.
For the former, in particular the cross-section predidiam this Report, we would like to provide a
reliable estimate of the true uncertainty, taking into actgoossible differences between the central
values of predictions using different PDFs. From the ressgien it is clear that this uncertainty should
be larger than that from any single PDF set; however in orlethie probabilistic interpretation of PDF
uncertainties to be preserved, it should not lose all caioreto the individual PDF uncertainties, which
would inevitably happen for many processes if the full sgreall PDFs were used. In order to do this,
some compromise must be reached.

As seen at NLO there is always reasonable agreement betw88WMCTEQ, and NNPDF, and
potentially more deviation with the other sets. In some sdhes deviation has at least one potential

68



Q:l'ls UL LI LA L L BN I

[ LHC 7 TeVv — PDF4LHC recipe|
:PDF'HJ 68% C.L. == NNPDF2.0
1.1 normalized to MSTW2008nlo

m1.15 \\\‘\\\\‘\\\\‘\\\\\\\\\ )
[LHC 14 TeV = PDF4LHC recipe|

:PDF+G 68% C.L. == NNPDF2.0

1.1 normalized to MSTW2008nlo

w CTEQG6.6 « CTEQ6.6

LHC HIGGS XS WG 2010
LHC HIGGS XS WG 2010

----- MSTWO08nlo =xe:s MSTWO8NIlO

1.05 B

1 .05 ----------------------- ~ :
1 N {
0.95 v .. 0.95%— \\\\\\\\\\

TR

Lk

/

0.9  0.9
[ different values ofas(m ) [ different values ofus(m )

eXaCt PDF+G UnCertalntleS | | eXaCt PDF+G Uncertamtles
0-8355"150 200 250 300 350 400 450 500  O-3%00"150 200 250 300 350 400 450 500
M, [GeV] M, [GeV]

Fig. 33: Combined PDF#, uncertainty band for the total Higgs production cross sectiia gluon fusion, at
NLO, evaluated according to the PDF4LHC recipe. The bandsiarmalized to the central MSTW2008 NLO
result.

origin, e.g. thett cross section af TeV at the LHC probes similar PDFs as probed in the lower-
jet production at the Tevatron, which has neither been fitvatidated against quantitatively by some
groups (preliminary results for ABM may be found at Refs.12858]). As noted, large deviations in
predictions between existing NNLO sets are similar to tHmteveen the same NLO sets. Discrepancies
in MSTW, CTEQ, and NNPDF do not always have clear origin, oyiipa a matter of procedure (e.qg.
gluon parametrization) which is an ongoing debate betweamgs. Bearing this in mind and having been
requested to provide a procedure to give a moderately caatser uncertainty, we adopt the following
PDF4LHC recommendation [45].

8.5.1 NLO prescription

At NLO the recommendation is to use (at least) predictiomsnfthe PDF fits from CTEQ, MSTW,
and NNPDF. These sets all use results from a hadron collifgeranent, i.e. the Tevatron as well as
fixed-target experiments and HERA, and they make availgigeiic sets for a variety of values of.
The PDF versions to be used are: CTEQ6.6, MSTW2008, and NIRFDNeither the CTEQG6.6 nor the
MSTW2008 use the new combined very accurate HERA data ske&sgas NNPDF2.0 does use this data
(the CT10[245] update of the CTEQ PDFs does include them ainalef updates of MSTW [248] will
as well). Itis to be noted that CTEQ6.6 and MSTW2008 are the &sions most commonly used by
the LHC experiments currently, hence it is these versioatdre suggested in the recommendation. The
NNPDF2.0 set does not use a general-mass variable flavouberuscheme (the NNPDF2.1 PDF set,
which does use a general-mass variable flavour number sabemeently being finalized [247]), but the
alternative method which NNPDF use for determining PDF tag&ies provides important independent
information. Other PDF sets, GJR08, ABKMO09, and HERAPDFk®useful for more conservative or
extensive evaluations of the uncertainty. For example @dystdi the theoretical uncertainties related to
the charm-mass treatment is possible using HERAPDF1.0 &iVA

The o uncertainties can be evaluated by taking a range®012 for 68% CL (or +0.002 for
90% CL) from the preferred central value for CTEQ and NNPDF. TdtaltPDF+, uncertainty can then
be evaluated by adding the variations in PDFs dugstoncertainty in quadrature with the fixed PDF
uncertainty (shown [255] to correctly incorporate corielas in the quadratic error approximation) or,
for NNPDF, more efficiently taking a gaussian distributidnP®F replicas corresponding to different
values ofas. For MSTW the PDF#, uncertainties should be evaluated using their prescriptibich
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better accounts for correlations between the PDFe@nehcertainties when using the MSTW dynamical
tolerance procedure for uncertainties. Adding éheuncertainty in quadrature for MSTW can be used
as a simplification but generally gives slightly smaller emainties.

So the prescription for NLO is as follows:

— For the calculation of uncertainties at the LHC, use thelpe provided by the central values and
PDF+a; errors from the MSTWO08, CTEQ6.6, and NNPDF2.0 PDFs, usitt) gaoup’s prescrip-
tions for combining the two types of errors. We propose teinition of an envelope because the
deviations between the predictions can sometimes be as dartheir uncertainties. As a central
value, use the midpoint of this envelope. We follow the PDIR@Lprescription and recommend
that a68% CL uncertainty envelope be calculated anddbeariation suggested is consistent with
this. Note that the CTEQ6.6 set has uncertaintiesaanehriations provided only &0% CL and
thus their uncertainties should be reduced by a factdr@f5 for 68% CL. Within the quadratic
approximation, this procedure is exact.

8.5.2 NNLO prescription

For estimating uncertainties in cross section at NNLO, doe@mmendation is to use for base predictions
the only NNLO set which currently includes a wide variety atlhon collider data sets, i.e. MSTW2008.
There seems to be no reason to expect that the spread intpmesliof the sets used in the NLO prescrip-
tion, i.e. MSTW, CTEQ, and NNPDF, will diminish significaptht NNLO compared to NLO, where this
spread was somewhat larger than the uncertainty from eaglesjroup. Hence, at NNLO the uncer-
tainty obtained from MSTW alone should be expanded to sorgesde It seems appropriate to do this
by multiplying the MSTW uncertainty at NNLO by the factor abted by dividing the full uncertainty
obtained from the envelope of MSTW, CTEQ, and NNPDF resuliéL2D by the MSTW uncertainty at
NLO. In all cases they uncertainty should be included. We note that in severalscagdar examined,
for the LHC running af TeV centre-of-mass energy, this factor of the envelopeddiviby the MSTW
uncertainty is approximately constant, and quite clos2 fior Higgs production as shown below: this
constant factor can be used as a short-hand prescription.

Since there are NNLO PDFs obtained from fits including fewatadets by the ABKM, JR, and
HERAPDF groups, these should ideally be compared with tbeeprocedure, bearing in mind that it is
possible there will be kinematic regions where the absehdata, or other reasons — e.g. in the JR case
a theoretical constraint is imposed on the input by the éofassuming the form Eq.(1L0) of PDFs at a
very low, arguably non-perturbative, starting scale (tiftodata are fit only at higher scales) — may lead
to PDFs and predictions differing significantly from the tahvalue and the extent of the uncertainty
band.

So the prescription at NNLO is:

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

8.5.3 Application to Higgs production via gluon fusion

In accordance with the recommendation, we have considéredCTEQ6.6([238], MSTW2008 [41,
144], and NNPDF2.0.[134] PDF sets. Combined PFtincertainties for each of the three global sets
are computed as discussed in SEecil 8.2[and 8.3 (more dewile Ref. [254]). Computations have
been performed using the code described in Refs [32, 331663262, 263], improved with the NNLO
corrections[[11=16].
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Fig. 34: Top: Combined relative PDFd uncertainty band for the total Higgs cross section from glfusion, at
NLO (left) and at NNLO (right) obtained using MSTW2008. Bwtt: rescaling factor for the NNLO uncertainty
(left), obtained as the ratio of the percentage width of thg®Nenvelope with respect to its mid point to the
percentage uncertainty of the MSTW2008 NLO band, and finaL@Nincertainty band obtained applying the
rescaling to the MSTWO08 NNLO result (right).

In order to obtain a meaningful comparison between diffeRIDF sets it is crucial to adopt the
same uncertainty range for the value @f Here we assume the same range as for the PDF4LHC
benchmarks of Refl_[45] namely

§9a, =0.002 at 90% CL,  6©®a, =0.0012 = 0.002/Cy at 68% CL, (14)

whereCyy = 1.64485. In Fig.[33 we show the combined PD&zuncertainty bands obtained with
CTEQ6.6, MSTW2008, NNPDF2.0, for LHC @and14 TeV, all normalized to the central MSTW2008.
For different Higgs mass values the predictions show patjeeement of different pairs of the three col-
laborations in such a way that only an envelope (the blaeX fithe three bands provides a conservative
estimate of the uncertainty. This black line correspondfedNLO PDF4LHC prescription.

At NNLO, the PDF4LHC prescription amounts to multiplyingetMSTWO08 NNLO percentage
uncertainty by a factor obtained as the ratio of the MSTWO&Niercentage uncertainty to the NLO
envelope percentage uncertainty (all shown in [Eig). 34 aleitig the final result). Note that in this case
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the MSTW2008 NLO and NNLO PDFt bands are very similar to each other. As can be observed
in Fig.[34, the rescaling factor is of order it is approximately constant for LHC at TeV, but it
displays a non-trivial Higgs mass dependence at the Tevatiee of the full range of NNLO PDF sets
would provide significantly more variation, e.g. in the ab@xample for a Higgs mass 890 GeV the
downwards error band for the LHC &@tTeV would increase from.5% for MSTW2008 t027%, as
opposed tat.5% to 8% using the PDF4LHC prescription. Some updates on variosveete seen at
Ref. [257] with some signs of convergence evident.

8.6 Summary

We have summarized our understanding of PDFs and the atbeigerimental and theoretical uncer-
tainties. The PDF4LHC recommendation is a pragmatic recenaa@tion to be used when a prediction
for the central value and a conservative estimate of thertainges is required, which acknowledges
that the latter will be larger than that from an individual, $it is still representative of this uncertainty.
It has the feature that the uncertainty bands are never tdmfa those PDF fits that include the largest
number of data sets, in particular hadron collider data ftbenTevatron which has the closest correla-
tion to the measurements (particularly for high-mass fitetkes) at the LHC. It is most likely expected
to evolve when new experimental sets and new PDF determitealiecome available. In the near future
some of the data used in the PDF determinations will be fraandC, and this will help to improve
the PDFs from all groups. Comparison of current predictidogether with uncertainties, will help to
determine which of the different choices currently made iffgicnt groups are most successful.
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9 Branching Ratios?®
9.1 Standard Model (SM) Higgs branching ratios

The branching ratios of the Higgs boson in the Standard Moale been determined using the programs
HDECAY [64,155/156] and RoPHECYAF [264-:266]. In a first step, all partial widths have been
calculated as accurately as possible. Then the branchiiug fsave been derived from this full set of
partial widths. Since the widths are calculated for on{dHiglgs bosons, the results have to be used with
care for a heavy Higgs bosoiff; 2 500 GeV).

The code HDECAY calculates the decay widths and branchitigsraf the Higgs boson(s) in the
SM and the MSSM. For the SM it includes all kinematically aléml channels and all relevant higher-
order QCD corrections to decays into quark pairs and intorggu More details are given below. The
electroweak next-to-leading order (NLO) corrections te ttecaysH — yy andH — gg have been
calculated in Refs[[32, 38, 85,262, 263,267]. They are @mgnted in HDECAY in form of a grid
based on the calculation of Ref. [35].

PROPHECY4F is a Monte Carlo event generator fdr— WW /ZZ — 4f (leptonic, semi-leptonic,
and hadronic) final states. It provides the leading-ord€¥)(&and NLO partial widths for any possible 4-
fermion final state. It includes the complete NLO QCD andtetseeak corrections and all interferences
at LO and NLO. In other words, it takes into account both theezions to the decays into intermediate
WW and ZZ states as well as their interference for final states thatvalbr both. The dominant
two-loop contributions in the heavy-Higgs-mass limit podpnal to GiMf_‘I are included according
to Refs.[76,77]. Since the calculation is consistentlyfguened with off-shell gauge bosons without any
on-shell approximation, it is valid above, near, and belogvgauge-boson pair thresholds. Like all other
light quarks and leptons, bottom quarks are treated as esasdlsing the LO/NLO gauge-boson widths
in the LO/NLO calculation ensures that the effective bramghatios of theW andZ bosons obtained
by summing over all decay channels add up to one.

The results presented below have been obtained as follomesHiggs total width resulting from
HDECAY has been modified according to the prescription

Ty =THP — TP — T{Ry + T, (15)

wherel'y is the total Higgs width[" the Higgs width obtained from HDECAY,}? andI'iiR;; stand

for the partial widths taZZ and WW calculated with HDECAY, whilel’} ;™" represents the partial
width of H — 4f calculated with RoPHECYAF. The latter can be split into the decays itd, WW,
and the interference,

Proph.
Ly = Taoweweoap + Tuozezesap + Tww)zz-int.- (16)

The relative theoretical uncertainties of the calculatiesulting from missing higher-order cor-
rections are summarized in Tablg 25. For QCD correctionsititertainties have been estimated by the
scale dependence of the widths resulting from a variatidhetcale up and down by a factbor from
the size of known omitted corrections. For electroweakeamiions the missing higher orders have been
estimated based on the known structure and size of the NL@atmns. For cases where HDECAY
takes into account the known NLO corrections only approxétyathe accuracy of these approximations
has been used. These theoretical uncertainties from missgymer-order corrections will have to be
combined with the parametric uncertainties (most notatagnfthe bottom-quark mass and) to arrive
at the full theory uncertainties.

Specifically, the uncertainties of the results from HDECAM abtained as follows: For the
decaysH — bb,cc, HDECAY includes the complete massless QCD correctionsougnd including
NNNLO, with a corresponding scale dependence of abdut(0.2%. The NLO electroweak corrections

2. Denner, S. Heinemeyer, . Puljak, D. Rebuzzi (eds.); $tnidier, A. Miick, M. Spira, M. Weber, and G. Weiglein.
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Table 25: Estimate of theoretical uncertainties from missing highelers

partial width QCD electroweak total
H — bb/cc ~0.1-02% ~ 12% for My < 135 GeV ~ 12%
H— 11 ~ 1-2% for My < 135 GeV ~ 12%
H — tt ~ 5% < 2-5% for My < 500 GeV ~ 5%

~ 0.1(My /1 TeV)* for My > 500 GeV  ~ 5-10%
H— gg ~ 10% ~ 1% ~ 10%
H — vy < 1% < 1% ~ 1%
H— WW/ZZ — 4f < 0.5% ~ 0.5% for My < 500 GeV ~ 0.5%

~ 0.17(My /1 TeV)* for My > 500 GeV  ~ 0.5-15%

[268+271] are included in the approximation for small Higgasses[[272] which has an accuracy of
aboutl1% for My < 135 GeV. The same applies to the electroweak correctiofit to t1~. For Higgs
decays into top quarks HDECAY includes the complete NLO Q@Bections for small Higgs masses
[273+279] interpolated to the large-Higgs-mass resultdMiNLO far above the threshold [280—286].
The corresponding scale dependence is béld@wOnly the NLO electroweak corrections due to the self-
interaction of the Higgs boson are included, and the negieetectroweak corrections amount to about
2—5% for My < 500 GeV, where>% refers to the region near the threshold an@% to Higgs masses
far above. ForMy > 500 GeV higher-order heavy-Higgs corrections [2874292] daterthe error,
resulting in an uncertainty d@f.1 x (My/1 TeV)* for My > 500 GeV. ForH — gg, HDECAY uses
the NLO [8]10, 298] and NNLQ [294] QCD corrections in the liraf heavy top quarks, while NNNLO
QCD corrections [295] are neglected. The uncertainty frioesicale dependence at NNLO is abtiift

for My < 135 GeV. The NLO electroweak corrections are included via agrpulation based on a grid
from Ref. [35]; the uncertainty from missing higher-ordé&atroweak corrections is estimated tolye.

For the decayl — yy, HDECAY includes the full NLO QCD corrections [0, 296—3@t{d a grid from
Ref. [35] for the NLO electroweak corrections. Missing heglorders are estimated to be belt¥. The
contribution of thell — ye™e™ decay via virtual photon conversion, evaluated in Ref. [3@2ot taken
into account in the following results. Its correct treatiinand its inclusion in HDECAY are in progress.

The decaydl — WW /ZZ — 4f are based on®oPHECYAF, which includes the complete NLO
QCD and electroweak corrections with all interferences laading two-loop heavy-Higgs corrections.
For My > 500 GeV higher-order heavy-Higgs corrections dominate therdeading to an uncertainty
of 0.17 x (My /1 TeV)* for My > 500 GeV.

The assessment of parametric uncertainties of the Higgebirag ratios is still work in progress.
A thorough, but very conservative estimation has recerggnbmade in Refl_[40].

9.2 MSSM Higgs branching ratios: work in progress

The common issues of MSSM cross section and branching-caiiuilations have been outlined in
Sect[6.. It was stressed tHagforeany branching-ratio calculation can be performed in a firsp s
the Higgs-boson masses, couplings, and mixings have totbentieed from the underlying set of (soft
SUSY-breaking) parameters. A brief comparison of the dedit codes that provide this kind of calcu-
lations (FEYNHIGGS [148+151] and CBuPERH [152[153]) has been given, where in the case of real
parameters more corrections are included irko #HIGGS.

After the calculation of Higgs-boson masses and mixingsnftbe original SUSY input the
branching-ratio calculation has to be performed. This cardbne with the codes, GRPERH and
FEYNHIGGS for real or complex parameters, or HDECAY _[64, 155,1156] fealrparameters. The
higher-order corrections included in the calculation df tharious decay channels differ in the three
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codes. A detailed analysis of the accuracy of the differexltes for certain decay widths is currently
performed.

As for MSSM Higgs-boson production cross sections (seei@el@&1) due to the complexity
of the MSSM parameter space, results can only be derivedpiesentative benchmark scenarios. In
accordance with Sectidn 6 we show in Tdblé 32 exemplary sdhrethe BR¢ — 1717) (¢ = h, H, A),
in them*®* scenario[[1417] (see Ed.l(4) for the definition of the SUSY peeters) consistently derived
with FEYNHIGGS2.7.4. In the further progress of this work a machinery wél et up to evaluate
MSSM Higgs-boson branching ratios (consistent with theesponding cross-section calculations) that
will be valid for the full MSSM parameter space.

9.3 Results

Final SM Higgs-boson branching ratios for all relevant ctela and the total decay width are listed in
Tabled 26E29. Branching ratios as a function of the SM Higgsen mass up 200 GeV are shown in
Figure[3%. The full mass range is displayed in Fidurk 43. @8 shows the SM Higgs-boson total
decay width as a function of its mass. All partial widths aseedd in AppendixB.

In Tables[30 an@_31 we list the branching ratios of the SM Higgson into4-fermion final
states. We display results for the specific final states ete™ (H — 4e) andeTe up~ (H — 2e2p),
which are also valid ife is interchanged withu or 1, since fermion masses are neglected. We also
provide results for final states witharbitrary leptonsi{ — 47) wherel = e, H, T, Ve, Yy Vs 4 arbitrary
quarks  — 4q), whereq = u,d,s,c,b, 2 arbitrary quarks and lepton$l(— 2¢2!), and for all
possible4-fermion final statesi{ — 4f). For Higgs-boson masses below #ié threshold, interference
contributions become relevant féffermion decays with identical fermions liké — ZZ — 4e. These
enhance the corresponding branching ratios by more théh compared to those without identical
fermions forMy = 120 GeV.

MSSM Higgs-boson branching ratios t61~ final states in then]*®* scenario as a function of
My [GeV] andtan 3 are given in Table_32 as an example of the MSSM results.

All results have been obtained using the values of the eMeeak parameters as given in Appendix
A. For the strong coupling constant we useS(ﬂMg) = 0.119 with two-loop running.
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Table 26: SM Higgs branching ratios in fermionic final states in thed@nd intermediate-mass range.

My [GeV] H — bb H— 1t H — pp H — s§ H — cc H — tt

90 8.12-1071 841-107%2 292-107% 6.20-10~* 3.78-1072 0.00
95 8.04-1071 841-1072 2.92-107*% 6.13-107* 3.73-1072 0.00
100 7.91-107' 836-1072 290-107* 6.03-107* 3.68-1072 0.00
105 7.73-1071 825-1072 286-10"* 5.89-107* 3.59-10"2 0.00
110 7.45-1071 8.03-1072 2.79-10* 5.68-10"* 3.46-1072 0.00
115 7.05-107' 7.65-1072 266-107* 537-107% 3.27-1072 0.00
120 6.49-1071 7.11-1072 2.47-107* 4.94-10~* 3.01-1072 0.00
125 5781071 6.37-1072 2.21-107*% 4.40-107* 2.68-1072 0.00
130 494-1071 549-1072 1.91-107* 3.76-10"* 2.29-1072 0.00
135 4.04-107Y 452-1072 1.57-107% 3.07-107* 1.87-1072 0.00
140 3.14-1071 3.54-1072 1.23-107* 2.39-10* 1.46-1072 0.00
145 2.31-1071 2.62-1072 9.09-107° 1.76-10"* 1.07-1072 0.00
150 1.57-107Y 1.79-1072 6.20-10"° 1.19-10~* 7.25-107% 0.00
155 9.18-1072 1.06-1072 3.66-107° 6.98-107° 4.25-1073 0.00
160 3.44-1072 3.97-1073 1.38-107° 2.61-107° 1.59-1073 0.00
165 1.19-1072 1.38-107% 4.78-107% 9.02-107% 5.49-10"* 0.00
170 7.87-1073% 9.20-107* 3.19-107% 599.1076 3.64-10"* 0.00
175 6.12-1073 7.19-107* 2.49-107% 4.65-1076 2.83-10~* 0.00
180 497-107% 587-107% 2.04-107% 3.78-107% 2.30-107* 0.00
185 3.85-1073 4.57-107* 1.59-1076 2.93.10°6 1.78-10~* 0.00
190 3.15-107% 3.76-107* 1.30-107% 2.39-1076% 1.46-10~* 0.00
195 2701073 3.24-107* 1.13-107% 2.06-1076 1.25-10~* 0.00
200 2.38-107% 2.87-107* 9.96-10~7 1.81-10% 1.10-107* 0.00
210 1.92-107% 2.34-107* 811-1077 1.46-10% 8.89.10°° 0.00
220 1.60-1073 1.96-107* 6.81-1077 1.22-10%¢ 7.40-10°° 0.00
230 1.36-107% 1.68-10~* 5.82-10"7 1.03-107% 6.27-10°° 0.00
240 1.17-1073 1.45-107* 5.04-1077 8.86-10"7 5.39-107° 0.00
250 1.01-107% 1.27-107* 4.42-1077 7.70-10"7 4.68-107° 0.00
260 8.89-10~* 1.12-107* 3.90-10~7 6.75-107 4.11-107° 5.14-10°8
270 7.86-107% 1.00-10~* 347-1077 597-1077 3.63-10"°> 2.29-10°F
280 7.00-10* 898-107° 3.11-1077 5.31-1077 3.23-107° 1.09-107°
290 6.27-107%* 8.09-107° 2.80-1077 4.76-10"7 2.90-10"° 3.06-107°
300 5.65-10"% 7.33.107° 2.54-1077 4.29-1077 261-107° 6.87-107°
310 512-107% 6.68-107° 2.32-1077 3.89-10~7 2.36-107° 1.38-10~*
320 466-107* 6.12-107° 2.12-1077 3.54-1077 2.15-107° 2.66-10"*
330 426-107% 563-107° 1.95-1077 3.24-1077 1.97-107° 5.21-10~*
340 3.92-107% 5.20-107° 1.80-10~7 298-10"7 1.81-107° 1.20-1073
350 3.57-107% 4.76-107° 1.65-1077 2.71-1077 1.65-107° 1.56-1072
360 3.16-107% 4.23-107° 1.47-1077 2.40-1077 1.46-10"° 5.15-1072
370 2.81-107%* 3.78-107° 1.31-1077 2.13-1077 1.29-10"° 8.37-10"2
380 2.52-107* 3.40-107° 1.18-1077 1.91-10"7 1.16-10=® 1.10-107!
390 2.28-107%* 3.10-107° 1.07-1077 1.73-1077 1.05-10~° 1.32-107!
400 2.08-107* 2.84-107° 9.83-1078% 1.58-1077 9.59-106 1.48-107!
410 1.91-107*% 261-107° 9.06-10"% 1.45-10"7 880-10% 1.62-10"!
420 1.76 -10* 243-107° 841-107% 1.34-1077 813-10% 1.72-10°!
430 1.64-107*% 2.26-107° 7.84-10% 1.24-1077 7.55-10% 1.79-10"!
440 1.53-107* 2.12-107® 7.34-107% 1.16-1077 7.05-10% 1.85-10°!
450 1.43-107% 1.99-10~° 6.90-10~% 1.09-10"7 6.60-10~% 1.89-10"!
460 1.35-107* 1.88-107° 6.51-107% 1.02-1077 6.21-107% 1.91-10!
470 1.27-107% 1.78-107° 6.16-107% 9.63-107% 5.85-107% 1.93-107!
480 1.20-10* 1.69-10® 585-10% 9.10-10~% 5.53-10% 1.94.-10°!

490 1.14-107* 1.60-107° 556-10"% 863-10"% 524-10% 1.94-10"!




Table 27: SM Higgs branching ratios in fermionic final states in thehhigass range.

My [GeV] H —bb H— 11 H — pp H — ss H — cc H — tt

500 1.08-107% 1.53-10° 5.30-107% 8.19-10% 4.98-107% 1.93.-107!
510 1.03-107% 1.46-10"° 5.06-107% 7.80-10"% 4.74-107% 1.92-10"!
520 9.80-107° 1.40-107°5 4.84-1078 7.44-1078% 4.52-10=% 1.90-107!
530 9.36-107° 1.34-107° 4.64-1078% 7.10-1078 4.31-10=6 1.88-10!
540 895-107° 1.28-107° 4.45-107% 6.79-107% 4.12-107% 1.86-107!
550 857-107° 1.23-107° 4.27-1078% 6.50-1078% 3.95-1076 1.84-10"!
560 821-107° 1.18-107° 4.10-107® 6.23-107® 3.79-10"6 1.81.107!
570 7.88-107° 1.14-107° 3.95-107% 598-107% 3.63-1076 1.78.107!
580 757-107° 1.10-107° 3.80-107% 574-107% 3.49-1076¢ 1.75.107!
590 7.28-107° 1.06-10"° 3.67-1078% 5.52-1078% 3.35.1076¢ 1.72-107!
600 7.00-107° 1.02-107° 3.54-107% 531-107% 3.23-107% 1.69.-107!
610 6.74-107° 9.86-107% 3.42-107% 5.12-1078% 3.11-10% 1.66-10"!
620 6.50-107° 9.53.107% 3.30-107% 4.93-107% 299-10°% 1.63-107!
630 6.27-107° 9.21-107% 3.19-1078% 4.76-10"8% 2.89-10=% 1.60-10"!
640 6.05-107° 891-107% 3.09-1078% 4.59-107% 2.79-106¢ 1.57-10"!
650 584-107° 8.63-1076 2.99-1078 4.43-1078% 2.69-10"6 1.54-107!
660 564-107° 835-107% 2.89-107% 4.28-107% 2.60-10"% 1.50-10"!
670 5.45-107°5 8.09-107% 2.80-1078% 4.14-1078% 251-1076 147-107!
680 527-107° 7.84-107% 2.72-1078% 4.00-107% 243-1076 1.44-.-107!
690 510-107° 7.60-107% 2.64-10"8% 3.87-1078% 2.35.1076 141-107!
700 494-107° 7.37-107% 2.556-107% 3.74-107% 2.27-107% 1.38-107!
710 478 -107° 7.16-107% 248-107% 3.62-107% 2.20-10°6 1.35-1071
720 463-107° 6.94-107% 2.41-10® 3.51-107% 2.13-107% 1.32-107"
730 448 -107° 6.74-107% 2.34-107% 3.40-107% 2.07-10°6 1.29-107!
740 434-107° 6.55-107% 2.27-107® 3.30-107%® 2.00-107% 1.26-10""
750 421-107° 6.36-107% 220-107% 3.19-107% 1.94-1076 1.23-1071
760 4.08-107° 6.18-107% 2.14-107% 3.10-107%® 1.88-1076 1.21-1071
770 3.96-107° 6.00-107% 2.08-107® 3.00-107% 1.82-1076¢ 1.18.107!
780 3.84-107° 5.83-1076 2.02-1078% 291-1078% 1.77-106¢ 1.15-107!
790 3.73-107° 5.67-107% 1.97-107% 2.83-107% 1.72-107%¢ 1.13-107!
800 3.62-107° 5.52-107% 1.91-1078% 2.74-1078% 1.67-107% 1.10-107!
810 3.51-107° 5.36-107% 1.86-107% 2.66-107% 1.62-10"6¢ 1.07-107!
820 3.41-107° 5.22-107% 1.81-1078% 2.58-107% 1.57-107% 1.05-107!
830 3.31-107° 5.07-107% 1.76-107% 2.51-107% 1.52-107% 1.02-107!
840 3.21-107° 4.93-107% 1.71-1078% 244-10"8% 1.48-10=% 1.00-107!
850 3.12-107° 4.80-107% 1.66-107% 2.37-1078 1.44-10"6 9.77-1072
860 3.03-107° 4.67-107% 1.62-1078% 2.30-1078% 1.40-106 9.54.1072
870 294-107° 4.55-107% 1.58-107% 2.23-107% 1.36-1076 9.31-1072
880 2.86-107° 4.42-107% 1.53-1078% 2.17-107% 1.32-106 9.09-1072
890 2.78-107° 4.31-107% 1.49-107% 2.11-1078 1.28-1076 8.87-1072
900 2701075 4.19-107% 1.45-1078% 2.05-1078 1.24-1076 8.66-1072
910 262-107° 4.08-107% 1.41-107% 1.99-1078 1.21-1076 8.45.1072
920 2.55-107° 3.97-107% 1.38-107% 1.93-1078% 1.17-1076 8.24.1072
930 248-107° 3.86-107% 1.34-107% 1.88-107% 1.14-107% 8.04-1072
940 2.41-107°% 3.76-107% 1.30-107% 1.83-1078% 1.11-1076 7.84.1072
950 2.34-107° 3.66-107% 1.27-107% 1.77-1078% 1.08-1076 7.65-1072
960 2271075 3.56-107% 1.23-1078% 1.72-1078% 1.05-1076 7.46-1072
970 221-107° 3.47-107% 1.20-107® 1.68-107% 1.02-1076 7.27.1072
980 2.15-107° 3.38-107% 1.17-1078% 1.63-1078% 9.88-10~7 7.09-10"2
990 2.09-107° 3.29-107% 1.14-1078% 1.58-1078% 9.61-10~7 6.91-10"2
1000 2.03-107° 3.20-107% 1.11-107% 1.54-1078 9.34-1077 6.74-1072




Table 28: SM Higgs branching ratios in bosonic final states and Higtd teidths in the low- and intermediate-
mass range.

My [GeV] H —gg H— vy H—Zy H—-WW H-—7ZZ Totall'yg[GeV]
90 6.12-1072 1.23-1073 0.00 2.09-1073% 4.21-1071 2.20-1073
95 6.74-1072 1.40-1073 4.52-107% 4.72.-1073 6.72-10~* 2.32.1073
100 7.37-1072 1.59-10% 4.98-107° 1.11-107%2 1.13-1073 2.46-1073
105 795-1072 1.78-1073 1.73-10~* 243-107%2 2.15-1073 2.62-1073
110 844-1072 1.97-102 3.95-107% 4.82-1072 4.39-1073 2.82-1073
115 876-1072 2.13-1073 7.16-10"* 8.67-1072 8.73-1073 3.09-1073
120 882-1072 225-1073% 1.12-1073% 1.43-107' 1.60-1072 3.47-1073
125 856-1072 230-1073 1.55-1073 2.16-10"1 2.67-1072 4.03-1073
130 7.96-1072 2.26-107% 1.96-1073 3.05-10"' 4.02-1072 4.87-1073
135 7.06-1072 2.14-1073 2.28-1073 4.03-10"! 5.51-1072 6.14-1073
140 5.94-1072 1.94-1073 2.47-1073 5.04-10"! 6.92-1072 8.12-1073
145 4701072 1.68-1073 2.49-1073 6.03-1071 7.96-1072 1.14 - 1072
150 3.43-1072 1.37-1073% 2.32-1073% 6.99-10"' 8.28-1072 1.73-1072
155 2.16-1072 1.00-1073 1.91-10=3 7.96-10"! 7.36-10"2 3.02- 1072
160 857-1073% 5.33-107%* 1.15-1073 9.09-10"' 4.16-1072 8.29.102
165 3.11-107% 2.30-107% 5.45-107* 9.60-10"' 2.22.1072 2.46 - 1071
170 2.18-1073 1.58-10~* 4.00-10~* 9.65-10"! 2.36-10"2 3.80- 1071
175 1.80-107% 1.23-107* 3.38-107* 9.58-10"! 3.23.1072 5.00- 1071
180 1.54-1073 1.02-10~* 2.96-10~* 9.32-10"! 6.02-10"2 6.31-1071
185 1.26-107% 8.09-107° 244-10~* 844-10"' 1.50-10! 8.32-1071

190 1.08-1073% 6.74-10~°> 2.11-10~* 7.86-10"! 2.09-10"! 1.04
195 9.84-107%* 5.89-10° 1.91-107* 7.57-107' 2.39-107! 1.24
200 9.16-10~%* 5.26-107° 1.75-10~* 7.41-107' 2.56-107! 1.43
210 827-107% 4.34-107° 1.52-107* 7.23-107' 2.74-107! 1.85
220 769-107%* 3.67-107° 1.34-10~* 7.14-107' 2.84-107! 2.31
230 727-107% 3.14-107° 1.19-107* 7.08-107' 2.89-107! 2.82
240 6.97-107% 2.72-107° 1.07-107* 7.04-1071 2.94-107! 3.40
250 6.75-107% 2.37-107° 9.54-107° 7.01-107' 2.97-107! 4.04
260 6.59-10"% 2.08-107° 857-107° 6.99-10"1 2.99-10"! 4.76
270 6.48-107% 1.84-107° 7.72-107° 6.97-10~' 3.02-107! 5.55
280 6.42-107%* 1.63-107° 6.98-107° 6.95-10"1 3.04-107! 6.43
290 6.42-107% 1.45-107° 6.32-107° 6.93-10"' 3.05-107! 7.39
300 6.46-10~%* 1.30-107° 5.75-107° 6.92-10"' 3.07-107! 8.43
310 6.56-10"% 1.17-107° 5.24-107° 6.90-10~' 3.08-107! 9.57
320 6.73-107% 1.05-107° 4.79-107°5 6.89-10"1 3.09-107! 10.8
330 6.99-107* 9.56-107% 4.39-10° 6.88-10"' 3.10-107! 12.1
340 742-107* 8.73-107% 4.04-107° 6.87-10"' 3.11-107! 13.5
350 8.05-107* 7.62-107% 3.65-107° 6.76-10"' 3.07-107! 15.2
360 842-107%* 6.10-107% 3.17-107° 6.51-10"' 2.97-107! 17.6
370 854-107%* 4.85-107% 2.76-107° 6.28-10"1 2.87-107! 20.2
380 851-107% 3.86-107% 2.42-107° 6.09-10"' 2.79-107! 23.1
390 840-107%* 3.09-107% 2.14-107°5 5.94-107' 2.73-107! 26.1
400 822-107* 2.47-107% 1.90-107° 5.82-107' 2.69-10"" 29.2
410 8.02-107% 1.98-107% 1.70-107°5 5.72-107' 2.65-107! 32.5
420 7.80-107% 1.60-107% 1.53-107° 5.64-10"' 2.63-10"" 35.9
430 756-107%* 1.28-107% 1.38-107° 5.59-10"' 2.61-107! 39.4
440 7.33-100% 1.03-107% 1.26-107° 5.54-107' 2.60-107! 43.1
450 7.09-107% 827-1077 1.15-107° 5.51-1071 2.59-107! 46.9
460 6.85-107* 6.62-1077 1.05-107° 5.49-10"!' 2.59.10"! 50.8
470 6.62-107% 529-1077 9.64-107% b5.47-1071 2.59.-107! 54.9
480 6.39-107*% 4.21-1077 8.87-107% 5.46-10"! 259.10"! 59.1

490 6.17-107%* 3.34-1077 819-107% 546-1071 260-10"1 63.5




Table 29: SM Higgs branching ratios in bosonic final states and Higts teidths in the high-mass range.

My[GeV] H—ogg H—oy H—oZy H-WW HoZZ Toaly[Gev]

500 5.96-10~%* 2.64-1077 7.58-107% 5.46-10"1 2.61 107" 68.0
510 5.75-107%* 2.09-10"7 7.03-107% 5.46-10"' 2.61-107! 72.7
520 5.55-107%* 1.65-1077 6.53-107% 547-107' 2.62-10"" 77.6
530 5.36-107%* 1.30-1077 6.08-1076 5.48-10"' 2.63-107! 82.6
540 5.17-107* 1.04-1077 5.67-107% 549.107' 2.65-10"" 87.7
550 4.99-10~%* 852-107% 5.30-107% 5.50-107' 2.66-10"" 93.1
560 482-107* 7.16-107% 4.95-107% 5.51-107' 2.67-10"" 98.7
570 4.65-107%* 6.28-107% 4.64-107% 5.53-1071 2.68 107! 104
580 4.49-107* 5.80-107% 4.35-10°% 555-1071 2.70-10"! 110
590 434-107% 5.64-107% 4.08-107% 5.56-10"1 2.71-107! 116
600 419-107% 577-107% 3.84-107% 5.58-107' 2.72-107! 123
610 4.04-107%* 6.12-107% 3.61-107% 5.60-1071 2.73-.107! 129
620 3.90-107% 6.66-10"% 3.40-107% 5.62-107' 2.75-107! 136
630 3.77-107% 7.36-107% 3.21-107% 5.64-1071 2.76-107! 143
640 3.65-107* 8.19-10% 3.03-107% 5.66-10"' 2.77-107" 150
650 3.52-107% 9.12-107% 2.86-107% 5.67-1071 2.79-107! 158
660 3.40-107* 1.01-1077 2.70-107% 5.69-10"' 2.80-10"! 166
670 329.-107% 1.12-1077 2.56-107% b5.71-1071 2.81-107! 174
680 3.18-107* 1.23-1077 242-107% 5.73-1071 2.82.10°! 182
690 3.07-107* 1.35-1077 2.29-107% 5.75-1071 2.83.107! 190
700 297-107%* 1.47-1077 2.18-107% 5.77-107' 2.85-107! 199
710 2.87-107* 1.59-1077 2.06-107% 579-107' 2.86-10"" 208
720 2.78-107%* 1.71-1077 1.96-10"% 5.81-10"' 2.87-107! 218
730 2.69-107* 1.83-1077 1.86-107% 582-107' 2.88-10"" 227
740 2.60-107%* 1.95-1077 1.77-107% b5.84-10"' 2.89-107! 237
750 2.51-107* 2.07-1077 1.69-107% 586-10"' 2.90-10"" 248
760 243-107% 2.19-1077 1.61-107% 5.88-10"' 2.91-107! 258
770 2.36-107* 2.30-1077 1.53-107% 589-107' 2.92.10°! 269
780 228-107% 2.41-1077 1.46-107% 5.91-1071 2.93.107! 281
790 2.21-107% 253.1077 1.40-107% 5.93.-107' 294.1071 292
800 2.14-107% 2.63-1077 1.33-107% 5.94-107' 2.95.107! 304
810 2.07-107* 2.74-1077 1.27-107% 596-10"' 2.96-10"" 317
820 2.00-107%* 2.84-1077 1.22-107% 5.97-107' 2.97-107! 330
830 1.94-107% 294-1077 1.16-107% 5.99.10"! 2.98.10"! 343
840 1.88-10* 3.04-1077 1.12-107% 6.01-1071 2.99.101 357
850 1.82-107% 3.13-1077 1.07-107% 6.02-10"' 3.00-107! 371
860 1.76-10* 3.22-1077 1.02-10°% 6.03-107' 3.01-107! 386
870 1.71-107* 3.30-1077 9.83-1077 6.05-10"' 3.02-107! 401
880 1.65-107* 3.39-10"7 9.44-107 6.06-10"' 3.03-10°! 416
890 1.60-10~* 3.47-1077 9.07-1077 6.08-10"' 3.03-107! 432
900 1.55-107*% 354-1077 872-1077 6.09-107' 3.04-1071 449
910 1.50-10~* 3.61-10"7 8.38-1077 6.10-10"' 3.05-10"! 466
920 1.46-10~* 3.67-10"7 8.07-1077 6.12-10"' 3.06-107! 484
930 141-10* 3.75-1077 7.77-1007 6.13-107' 3.06-1071! 502
940 1.37-107% 3.81-1077 7.49-10"7 6.14-10"1 3.07-107! 521
950 1.33-107* 387-1077 7.22-1077 6.16-10"' 3.08-107! 540
960 1.29-107% 3.93-1077 6.97-1077 6.17-10"' 3.08-107! 560
970 1.25-107% 3.98-1077 6.73-1077 6.18-10"! 3.09-10"! 581
980 1.21-107% 4.03-1077 6.50-10"7 6.19-10"' 3.10-107! 602
990 1.17-107* 4.07-1077 6.29-1077 6.20-10"' 3.10-107! 624

1000 1.14-107% 4.12-1077 6.08-10"7 6.21-10"1 3.11-1071! 647




Table 30: SM Higgs branching ratios fot-fermion final states for the low- and intermediate-masgeane list
results for the specific final stateseete™ ande™e p™u~, for final states witht arbitrary leptons?2 leptons
and2 quarks andt quarks, as well as the result for arbitrarfermions.

My [GeV] H — 4e H — 2e2p H— 41 H — 4q H — 212¢ H — 4f

90 7.08-1077 9.39-1077 2.39-107* 1.06-10~2 1.09-10~% 2.40-1073
95 1.11-107% 149-107% 529-107* 234-10° 2.36-1073 5.21-103
100 1.80-1076 251-1076 1.22-10% 541-10~% 5.33-10~% 1.20-102
105 3.21-107% 4.78-107% 2.69-1073 1.18-107%2 1.16-1072 2.60-1072
110 6.10-107% 9.78-107% 5.39-1073 2.36-1072 2.30-10"2 5.22-1072
115 1.15-107® 1.95-107® 9.81-10% 4.30-1072 4.17-1072 9.45-102
120 2.03-107° 3.60-107° 1.63-1072 7.20-1072 6.94-10"2 1.57-107!
125 3.30-107° 5.98-107° 2.50-1072 1.11-10"' 1.06-10"' 242-107!
130 4.89-107° 9.03-107° 3.55-1072 1.57-107' 1.51-107' 3.43-1071
135 6.63-107° 1.24-107* 4.73-1072 2.09-10"' 2.00-10"* 4.56-107!
140 825-107° 1.56-10~* 5.93-1072 2.62-10"* 251-10"! 5.71-107!
145 9.43-107° 1.79-107* 7.07-1072 3.12-107' 299-10"' 6.81-107!
150 9.76-107° 1.87-107* 8.12-1072 357-107' 342-107' 7.83.107!
155 863-107° 1.66-10~* 9.10-1072 3.97-10~' 3.81-10"! 8.70-10"!
160 4.85-107° 9.36-107> 1.00-10~' 4.33-107! 4.18-107' 9.50-107*
165 2581075 5.00-107° 1.04-10"* 4.47-10"' 4.31-10"! 9.83-10"!
170 2.73-107° 5.32-107° 1.04-107' 4.50-10"' 4.34-10"! 9.87-10"!
175 3.71-1075 7.28-107° 1.05-107* 4.52-10~' 4.36-10"! 9.91-10"!
180 6.85-107° 1.36-10"* 1.04-10"' 4.53-10"' 4.34-10"! 9.93-10"!
185 1.70-10~* 3.38-10~* 1.03-10! 4.57-107! 4.34-107! 9.94.107!
190 2.36-107% 4.72-107* 1.02-107' 4.60-10"' 4.34-10"' 9.90-10"!
195 2.69-107* 5.37-107* 1.02-107' 4.60-10"* 4.33-10"! 9.95.10"!
200 2.88-107* 5.75-107* 1.02-107' 4.61-107' 4.33-10"! 9.98-10"!
210 3.08-107* 6.17-107* 1.01-107* 4.62-107' 4.33-10"! 9.96-10"!
220 3.19-107* 6.38-107* 1.01-107' 4.64-10"' 4.33-10"! 9.98-10"!
230 3.26-107* 6.52-107* 1.01-107* 4.65-10"' 4.33-10"! 9.97-10"!
240 3.31-100* 6.61-107* 1.01-107' 4.62-107' 4.33-10"! 9.98-10"!
250 3.34-107* 6.68-107* 1.01-107* 4.63-10"' 4.33-10"! 9.97-10"!
260 3.37-107% 6.74-107* 1.01-107' 4.65-107' 4.33-10"! 9.98-10"!
270 3.40-107* 6.79-10~* 1.01-107' 4.65-10"' 4.32-10"! 9.98.10"!
280 3.42-107* 6.83-107* 1.01-107' 4.64-107' 4.33-10"! 9.99.10"!
290 3.44-107* 6.87-107* 1.01-107' 4.64-10"' 4.33-10"! 9.98.10"!
300 3.45-107% 6.90-107* 1.01-107' 4.64-10"' 4.33-10"! 9.99.10"!
310 3.47-107* 6.93-107* 1.01-107' 4.64-10"' 4.33-10"! 9.98.10"!
320 3.48-107% 6.96-107% 1.01-107' 4.64-10"1 4.33-1071 1.00

330 3.49-107* 6.98-107* 1.01-107' 4.64-107' 4.33-107! 1.00

340 3.50-107% 6.99-107* 1.01-107' 4.64-1071 4.32-107! 1.00

350 3.45-107% 6.90-107* 9.95-1072 4.57-107' 4.26-10"! 9.82-10"!
360 3.34-107* 6.67-107* 9.61-1072 4.41-10"* 4.10-10"! 9.49-.107!
370 3.23-107% 6.46-107* 9.24-1072 4.26-10"' 397-10"! 9.14-107!
380 3.15-107% 6.29-107* 9.01-1072 4.13-10"' 3.85-10"! 8.88-10!
390 3.08-107* 6.15-107* 8.78-1072 4.03-10"' 3.76-10"! 8.67-10"!
400 3.03-107* 6.05-107* 859-1072 3.97-10"' 3.70-10"' 8.49.107!
410 299-107* 5.98-107*% 847-1072 3.91-107' 3.63-107! 8.38-10"!
420 296-107* 5.92-107* 8.36-1072 3.85-10"' 3.60-10"! 8.28-10"!
430 2.94-107* 5.88-10* 830-1072 381-10' 3.55-107' 8.19-10""
440 293-107* 5.86-107* 8.24-1072 3.78-10"' 353-10"! 8.15-107!
450 292-107% 5.84-107* 8.19-107%2 3.78-107' 352-10"! 8.10-107!
460 292.107* 5.84-107* 8.17-1072 3.76-10"' 350-10"! 8.07-107!
470 292-107* 5.84-107* 8.16-107%2 3.75-107' 3.50-10"! 8.07-107!
480 292.107* 5.85-107* 8.15-1072 3.76-10"' 348-10"! 8.05-10"!

490 2.93-107% 586-107% 8.16-1072 3.75-10~! 3.50-10"! 8.06-107"




Table 31: SM Higgs branching ratios fot-fermion final states for the high-mass range. We list redait the
specific final states™e"ete™ andee utu—, for final states witht arbitrary leptons? leptons and® quarks and
4 quarks, as well as the result for arbitrarjermions.

My [GeV] H — 4e H — 2e2u H— 4 H — 4q H — 212¢ H — 4f

500 294-107% 5.88-107% 8.16-107%2 3.75-10~' 3.50-10~' 8.06-107"
510 2.95-107* 5.90-10~* 8.17-1072 3.76-10"' 3.51-10"' 8.07-10""
520 296-107* 5.92-107* 8.19-1072 3.77-107' 351-10"! 8.09-10"!
530 2.97-107% 5.94-107* 8.21-1072 3.78-10"' 3.51-107' 8.12-107!
540 298-107* 5.97-107* 823-1072 3.78-107' 352-10"! 8.14-107!
550 3.00-107* 6.00-10* 826-10"2 3.79-10"' 3.53-107' 8.16-10""
560 3.01-107* 6.03-107* 8.28-10"2 3.81-10"' 355-107! 8.18-10"!
570 3.03-107%* 6.05-107* 8.31-1072 3.82-107' 3.56-10"' 821-107!
580 3.04-107* 6.08-107* 8.34-1072 3.83-10"' 357-107! 8.24-10"!
590 3.06-107* 6.11-10* 8.37-1072 3.85-10"' 3.59-10"' 827-10"!
600 3.07-107* 6.14-107* 839-1072 3.86-10"' 3.60-10"' 831-107!
610 3.09-107* 6.17-107* 843-1072 3.86-10"' 3.61-10"' 835-107!
620 3.10-107* 6.20-107* 845-1072 3.89-10"' 3.63-10"' 837-107!
630 3.12-107* 6.23-107* 852-1072 3.91-10"' 3.64-10"! 8.38-10"!
640 3.13-107% 6.26-107* 851-1072 3.92-107' 3.65-10"' 845-107!
650 3.15-107* 6.29-107* 855-1072 3.93-10"' 3.67-10"' 849.107!
660 3.16-107* 6.32-107* 858-1072 3.95-10"' 3.68-10"' 8.52-10"
670 3.17-107* 6.35-107* 8.64-1072 3.96-10"' 3.69-10"' 853-107!
680 3.19-107* 6.38-107* 8.64-1072 398-10"' 3.71-10"' 857-107!
690 3.20-107* 6.41-107* 8.67-1072 3.99-10"' 3.72-10"! 8.64-10"!
700 3.22-107* 6.43-107* 8.74-1072 4.01-107' 3.74-107! 8.64-10"!
710 3.23-107* 6.46-10"* 8.74-1072 4.02-10"' 3.75-107! 8.65-10"!
720 3.24-107% 6.49-107* 8.78-1072 4.04-10"' 3.76-10"! 8.69-10"!
730 3.26-107* 6.51-107* 8.80-10"2 4.05-10"' 3.78-10"! 871-107!
740 3.27-107% 6.54-107* 8.85-1072 4.06-10"' 3.79-10"! 8.73-10"!
750 3.28-107* 6.57-107* 8.89-1072 4.08-10"' 3.80-10"' &877-107!
760 3.29-107% 6.59-107* 8.91-1072 4.11-10"' 3.81-107! 8.79-10"!
770 3.31-107* 6.62-107* 895-1072 4.09-10"' 3.83-10"' 8.80-107!
780 3.32-107% 6.64-107* 8.95-1072 4.10-107' 3.85-10"! 8.84-10"!
790 3.33-107* 6.66-10"* 9.00-1072 4.14-10"' 3.83-10"! 8.86-10"!
800 3.34-107% 6.69-107* 9.03-1072 4.14-10"' 3.84-10"! 890-10"!
810 3.35-107* 6.71-107* 9.06-10"2 4.13-10"' 3.88-10"! 8.93-10"!
820 3.36-107* 6.73-10* 9.07-1072 4.15-10"' 3.88-10"' 8.95.-10""
830 3.38-107* 6.75-107* 9.09-10"2 4.17-10~' 391-10"! 8.98-10"!
840 3.39-107% 6.77-107% 9.14-1072 4.18-10"' 3.90-10"' 9.00-107!
850 3.40-107* 6.79-107* 9.14-1072 4.21-10"' 391-10"' 9.03-107!
860 3.41-107* 6.81-107* 9.18-1072 4.20-10~* 3.92-10"! 9.04-107!
870 3.42-107* 6.83-107% 9.21-1072 4.22-107' 3.94-10"' 9.06-107!
880 3.43-107* 6.85-107* 9.22-1072 4.23-10"' 3.94-10"! 9.08-10"!
890 3.44-107* 6.87-107% 9.25-1072 4.23-10"' 395-10"! 9.11-10"!
900 3.45-107* 6.89-107* 9.27-1072 4.23-10~' 3.96-10"! 9.13-10"!
910 3.46-107* 6.91-107* 9.29-1072 4.25-10' 397-107' 9.16-10""
920 3.47-107% 6.93-107* 9.32-1072 4.26-10"' 3.99-10"! 9.18-10"!
930 3.47-107* 6.95-107* 9.34-1072 4.26-10"' 3.98-10' 9.20-10""
940 3.48-107* 6.97-107* 9.37-1072 4.28-10"' 3.99.10"! 9.22.10°!
950 3.49-107% 6.98-107* 9.39-1072 4.30-10"' 4.00-10"' 9.24-107!
960 3.50-107% 7.00-107* 9.41-1072 4.30-10"' 4.02-10"! 9.25-107!
970 3.51-107% 7.02-107* 9.43-1072 4.30-10~' 4.03-10"' 9.28-10"!
980 3.52-107% 7.03-107* 9.45-1072 4.32-10"' 4.04-10"! 9.28-10"!
990 3.53-107% 7.05-107% 9.47-107%2 4.33-107' 4.04-10"' 9.31-10"!

1000 3.53-107% 7.07-107% 9.49-1072 4.33-10"' 4.05-107' 9.32-1071
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Table 32: MSSM Higgs branching ratio to" 1~ final states in thenj*** scenario as a function df/, [GeV] and
tan 3. The format in each cell i8/;, [GeV], BR(h — t™17) (upper line),My [GeV], BRH — t17) (middle
line), M4 [GeV], BR(A — t™17) (lower line).

Ma tan 8 = 20 tan 8 = 30 tan 8 = 40 tan 8 = 50 tan 8 = 60

90 | 89.6 1.09-10"1| 89.8 1.17-107 '] 89.9 1.25-10" '] 89.9 1.34-10"'] 89.9 1.44-10~ 1
130.6 9.63-1072(130.9 1.05-10"1{130.6 1.15-10"1|130.7 1.20-10"'{130.9 1.36-10!
90.0 1.09-10"'| 90.0 1.16-10"'| 90.0 1.25-10"'| 90.0 1.33-10"'| 90.0 1.43-107!
100 99.4 1.11-1071| 99.7 1.19-10"1] 99.9 1.28-10"'| 99.9 1.37-10"'] 99.9 1.47-10~ 1
130.8 1.06-10"1(130.6 1.16-10"1|130.6 1.27-10"1|130.7 1.38-10"'{130.9 1.50- 10!
100.0 1.11-1071{100.0 1.18-10~1{100.0 1.27-10~1|100.0 1.36-10"1{100.0 1.45-10!
110[109.0 1.13-10"1[109.6 1.21-10"1[109.8 1.30-10"'{109.8 1.39-10"1]109.9 1.50- 10~ T
131.1 1.13-1071{130.7 1.23-10"1]130.7 1.33-10"1|130.8 1.45-107"'|130.9 1.57-10"!
110.0 1.12-1071{110.0 1.20-10"1{110.0 1.29-10~1*|110.0 1.37-10"1{110.0 1.47-10!
120(118.2 1.14-1071[119.1 1.23-10"1[119.5 1.32-10"1[119.7 1.42-10"1]119.7 1.52- 1071
132.0 1.16-1071(131.2 1.25-10"1|131.0 1.35-10"1|130.9 1.45-107'|131.0 1.57-10"!
120.0 1.14-1071{120.0 1.22-10"1{120.0 1.30-10"1|120.0 1.39-10"1{120.0 1.49-10!
130[125.2 1.15-10°1[126.9 1.23-10"1[127.8 1.33-10" 11284 1.43-10"1]128.9 1.54-10!
1349 1.17-1071(133.4 1.25-1071]132.6 1.34-10"1|132.2 1.43-10""'|131.8 1.53-10"!
130.0 1.16-1071{130.0 1.23-10"1{130.0 1.32-10~1|130.0 1.41-1071{130.0 1.51-10!
140[128.1 1.13-1071[129.3 1.21-10"1[129.8 1.29-10"'[130.2 1.38 -1071[130.5 1.48- 1071
142.1 1.18-1071(141.1 1.26-10"1|140.6 1.34-10"1|1404 1.43-1071|140.3 1.53-10!
140.0 1.17-1071{140.0 1.25-1071]140.0 1.33-10"1|140.0 1.42-1071|140.0 1.52-10!
150(128.9 1.10-10"1]129.7 1.17-10"1]130.1 1.24-10"1]130.4 1.31-10"1[130.6 1.39- 101
151.2 1.19-1071(150.6 1.27-10"1|150.4 1.35-10"1|150.2 1.44-10"1|150.1 1.54-10!
150.0 1.18-1071{150.0 1.26-10~1|150.0 1.35-10"1|150.0 1.44-10"'|150.0 1.54 - 10!
160[129.2 1.07-10"1]129.9 1.12-10"1]130.2 1.18-10"1|130.4 1.24-10"1[130.6 1.30- 101
160.9 1.20-1071[160.4 1.28-10~1]160.3 1.36-10~1|160.2 1.46-10"1|160.1 1.55-10"!
160.0 1.19-1071{160.0 1.27-10"1]160.0 1.36-10~1|160.0 1.45-10"'|160.0 1.55- 10!
170[129.4 1.03-10~1]123.0 1.07-10"1]130.2 1.12-10"1]130.4 1.17-10"1[130.6 1.23- 1071
170.7 1.21-1071(170.4 1.29-10"'|170.2 1.38-10~1|170.1 1.47-10"1|170.1 1.57-10!
170.0 1.21-1071{170.0 1.29-10"1{170.0 1.37-101|170.0 1.46 - 10~ |170.0 1.56- 10!
180[129.5 9.90-10~2[130.0 1.03-10"1[130.2 1.07-10"7[130.4 1.11-10"1[130.6 1.15-107T
180.6 1.22-1071(180.3 1.30-10"1]180.2 1.39-10~1|180.1 1.48-10"1|180.1 1.58-10!
180.0 1.20-1071[180.0 1.29-10"1|180.0 1.38-10~'|180.0 1.47-10"'|180.0 1.57-10!
190[129.6 9.55-102[130.0 9.87-10"%[130.3 1.02-10"'[130.4 1.06-10"1[130.6 1.09- 10~ T
190.5 1.22-1071(190.3 1.31-10"1{190.2 1.40-10~1|190.1 1.49-10"1{190.0 1.59-10!
190.0 1.20-1071{190.0 1.30-10"1{190.0 1.39-10~1|190.0 1.48-10"'{190.0 1.58-10~!
200[129.7 9.23-1072[130.1 9.50-10"2[130.3 9.78 - 10~2[130.4 1.01-10"1[130.6 1.04- 107"
200.5 1.23-1071{200.3 1.32-10"1|200.2 1.40-10"1[200.1 1.50-10"'|200.0 1.60- 107!
200.0 1.21-10~1{200.0 1.30-10~1|200.0 1.40-10"1[200.0 1.49-10"1]200.0 1.59-10"!
220[129.7 8.68 -1072[130.1 8.87-102[130.3 9.08 -10~2[130.4 9.29-10"2[130.6 9.51 - 102
220.4 1.24-1071{220.2 1.33-1071|220.1 1.42-1071[220.1 1.52-1071]220.0 1.62-107!
220.0 1.22-1071{220.0 1.32-1071|220.0 1.41-1071[220.0 1.51-10"1]220.0 1.61-107"
240[129.8 8.24-1072[130.1 8.37-102[130.3 8.53-10"2[130.4 8.69-10"2[130.6 8.85 1072
240.4 1.25-1071{240.2 1.35-1071|240.2 1.44-1071[240.1 1.53-10"1]240.0 1.63-107!
240.0 1.21-1071{240.0 1.33-1071|240.0 1.43-1071[240.0 1.53-10"1]240.0 1.63-107!
260[129.8 7.88-1072[130.1 7.98-10"2[130.3 8.10-10"2[130.4 8.22-1072[130.6 8.35-10~2
260.4 1.25-1071(260.2 1.35-1071/260.2 1.45-10"1|260.1 1.55-10"1|260.0 1.65-10~*
260.0 1.17-1071{260.0 1.31-1071260.0 1.42-1071[260.0 1.53-10"1]260.0 1.63-107"
280(129.8 7.60-10-2]130.1 7.67-10%[130.3 7.76 - 1072[130.4 7.85-10"2[130.6 7.95- 102
280.4 1.24-1071{280.2 1.36-101|280.2 1.46-10~1[280.1 1.56-10"1]280.0 1.66- 107"
280.0 1.16 - 10~1{280.0 1.31-10"1|280.0 1.43-1071[280.0 1.54-10"1]280.0 1.64-107!
300[129.8 7.36-1072[130.1 7.41-10"7130.3 7.48-10"2[130.4 7.56-10~2[130.6 7.64 -10~2
300.4 1.22-1071{300.3 1.36-10"'|300.3 1.46-10"'|300.2 1.56-10"1|300.1 1.67-10~"
300.0 1.06 - 10~1{300.0 1.27-10"1|300.0 1.41-10"1[300.0 1.53-10"1|300.0 1.65-107"




10 NLO Monte Carlo?’
10.1 Introduction

In recent years Monte Carlo event generators have been Hjecswf great theoretical and practi-
cal developments, most significantly in the extension o$taxj parton-shower simulations to consis-
tently include exact next-to-leading order (NLO) corrent [3035321] and, separately, in the consis-
tent combination of parton-shower simulations and hightiplicity tree-level matrix-element genera-
tors [322-330].

In this note we aim at concisely reviewing the basic prirespdf the new generation of tools which
are now available, underlying the most important improvetsevith respect to a more standard parton-
shower approach. We provide also guidelines for experiatistd on which tools to use for a given Higgs
production channel, on the possible improvements/linoitest and on how to perform a meaningful cross
validation of the MC tools used in an experimental analy$ésavvis the best theoretical predictions
available at a given moment (for example, at NNLO level). Assult, we provide enough motivation
for the new MC tools to be used dsfaultanalysis tools, both to better tune Higgs-boson searches an
to perform precise measurements of its properties. We atscatproviding guidelines for how and
when to use these tools. We conclude by summarising thetsemudl by commenting on the readiness
of these theoretical tools for anticipated Higgs analyses] by adding a wish-list for tools from the
experimentalist point of view.

10.2 Embedding higher-order corrections into parton-shover Monte Carlos
10.2.1 NLO cross sections

Let us start by reminding the equation describing the catmn of next-to-leading order corrections in
QCD for a2 — n process; schematically it reads

do™0) = dd [B(®p) + V(®p)] + d®rR(Pr), (17)

where®z and® denote the phase-space elements related t@ then (Born level) and2 — n + 1
(real-emission correction) kinematid8{® ), V(P ) denote the Born-level and the virtual contribution,
while R(®p) is the real-emission correction.

In this equation the virtual term contains soft and collndergences. When integrated over
the full real phase space, the real term generates soft dideeo divergences, too, and only when
infrared(IR)-safequantities are computed, these divergences cancel to gieidte result. IR-safe ob-
servablesD(®) can be best understood by considering the soft or collinedr of ®r, i.e. when the
additional parton has low energy or is parallel to anothetgma In this limit, an IR-safe observable
yieldslim O(®r) = O(®p), where the Born-level configuratiobg is obtained from® by eliminat-
ing the soft particle (in case of soft singularities) or byrgieg the collinear particles (in case of collinear
singularities).

Technically, singularities are often handled with the sadiion method, where the real phase
space is parametrized in terms of an underlying Born phaeseedp; and a radiation phase spaég, 5.
The only requirement upon this parametrization is thathegingular limits, by merging collinear par-
tons, or eliminating the soft parton, the real phase becayeal to the underlying Born one. Then the
expectation value of an IR-safe observable reads

/dg<NLO>O(<I>) = /dch [B(®p) +V(<I>B)]O(<I>B)+/d<1>RR(<I>R) O(®r)

— /dch [B(@B) +V(®p) +/d<I>RBS((I)R)] O(®p)

2’M. Felcini, F. Krauss, F. Maltoni, P. Nason and J. Yu.
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+ / D5 [R(®r) O(®r) — S(BR)O(Dp)] | (18)

The third member of the above equation is obtained by addmdgsabtracting the same quantity from
the two terms of the second member. The tes\$ ) are the subtraction terms, which contain all
soft and collinear singularities of the real-emission teffgpically, using the universality of soft and
collinear divergences, they are written in a factorisedifas

S(®r) = B(®p) ® S(Priz) . (19)

where the§(<I>R|B) can be composed from universal, process-independentstibtr kernels with ana-
Iytically known (divergent) integrals. These integral,emhsummed and added to the virtual term, yield
a finite result. The second term of the last member of[Ed). €& 8)so finite ifO is an IR-safe observable,
since by constructioy’ cancels all singularities i® in the soft and collinear regions.

In the following we will always write the NLO corrections iha form of Eq.[(IV), assuming that
a subtraction procedure is carried out in order to evalduaeplicitly.

10.2.2 Parton shower (PS)

Parton showers are able to dress a given Born process witheatlominant (i.e. enhanced by collinear
logarithms, and to some extent also soft ones) QCD radigiionesses at all orders in perturbation
theory. In particular, also the hardest radiation includest-to-leading order corrections, but only the
dominant ones, i.e. those given by the leading logarithniie dross section for the hardest emission in
a shower — often this is the first emission — reads:

PS min RPS((I)R)
do™® = depB(®p) |AP]™) + dPrBA(PT(PRB)) 52— | (20)
B(®p)
whereA (pr) denotes the Sudakov form factor
RPS(®
A(pr) = exp [—/ d@R‘BM@(pT(q)R) —pT)] . (22)
B(®p)

This Sudakov form factor can be understood as a no-emissaiapility of secondary partons down to
a resolution scale gfr. Here RTS represents the PS approximation to the real cross secyipicatly
given schematically by a product of the underlying Borreleeerm folded with a process-independent
universal splitting functionP:

R™(®) = P(®p5) B(®p). (22)

In this framework,® i 5 is often expressed in terms of three showering variables thie virtualityt in

the splitting process, the energy fraction of the splittingand the azimutk. The above definition of the
Sudakov form factor, guarantees that the square bracked.ifZB) integrates to unity, a manifestation
of the probabilistic nature of the parton shower. Thus,graégng the shower cross section over the
radiation variables yields the total cross section, givdnGaby the Born amplitude. The corresponding
radiation pattern consists of two parts: one given by thetkrsn in the square bracket, where no further
resolvable emission above the parton-shower cupﬁ.f)'ﬂa — typically of the order ofi GeV — emerges,
and the other given by the second term in the square bracgetili@g the first emission, as determined
by the splitting kernel.

It is important to stress that the real-emission cross@edti a PS generator is only correct in the
small angle and/or soft limit, whe®"> is a reliable approximation of the complete matrix element.

2In more modern parton showers the transverse momentum spttiing or the (scaled) opening angle serve as ordering
variables instead of the virtuality, such a choice usudllynss to catch more of the leading logarithmic terms.
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While rather crude, the PS approximation is a very powerfd,alue mainly to the great flexi-
bility and simplicity in the implementation of — 1 and2 — 2 high-Q? processes. In addition, once
augmented with a hadronisation model the simulation caitygasvide a full description of a collision
in terms of physical final states, i.e., hadrons, leptonsmrudons. In the current terminology a generic
Monte Carlo generator mainly refers to such tools, the melsivant examples of areyPHIA 6 and

PYTHIA 8 [331/332], HERWIG [333], HERWIG++ [334], and $1ERPA [335].

It should be noted here, however, that each of these tooltogma variety of the more advanced
methods listed below, to enhance its accuracy in the deweripf the radiation pattern or the total cross
sections, thus going in some cases beyond the simple PSaappro

10.2.3 Matrix-element correction (MEC)

A first improvement of the parton-shower approximation isctorect the hardest emission with the
exact first-order real-emission matrix elemefithis has traditionally been achieved by matrix-element
corrections[[336=341]. These are provided by either répipthe approximate expression for the real-
emission cross sectioR”> with the exact oneR, or by adding real-emission events with a cross section
R — RPS|in order to compensate for the PS inaccuracies (includiok f complete coverage of phase
space) in large-angle emissions. Matrix-element cowastin PS have only been introduced for the
most simple processes, such as Drell-YarWoproduction, Higgs production in gluon fusion, or top
decay, all present inYrHIA 6, PYyTHIA 8, HERWIG, and HERWIG++.

Decomposing the real-emission cross section into a singnid non-singular par = R° + R/
(both being non-negative), the first-emission cross sedtidhis method can be written as

doMEC = A B(®p) |A(PT™) + / d<I>R|B%A(pT(¢R|B)) +dopR! (Pr),  (293)

min
Py

where the modified Sudakov form factor is given by replacimg $plitting function with the ratio of
real-emission and Born-level matrix elements,

A(pr) = exp _/d¢RB% : (24)

min
Py

Note that the term in the square bracket integrates to uagyn the usual PS case. In theTRiA
implementation?/ = 0, while in HERwIG, due to the lack of full phase-space coverage the t&fnis
introduced, with support only in the region of phase spaagttie parton shower cannot fill. In the latter
the hardest emission is not necessarily the first one, shecerdering parameter is the splitting angle.
The correction is thus applied to all branchings that arentirdest so far in the shower development.

While this method correctly reproduces the first-emissimeatics (formally this is a next-to-
leading order effect with respect to the Born-level crosgisr), it does not include the full next-to-
leading order accuracy to the total cross section.

10.2.4 NLO+PS

Several proposals have been made for the full inclusionmfdete NLO effects in PS generators. At this
moment, only two of them have reached a mature enough stdmgeused in practice: KI@ NLO [303]
and FOWHEG [310]. Both methods correct — in different ways — the realssion matrix element to
achieve an exact tree-level emission matrix element, emfange angle. As we have seen in the previous
subsection, this is what is also achieved with matrix-el@noerrections in parton showers, at least for
the simplest processes listed earlier. This, however, isuficient for the NLO accuracy, since the
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effect of virtual corrections also needs to be included. dthimethods, the real-emission cross section
is split into a singular and non-singular palt= R* + R’. One then computes the total NLO inclusive
cross section, excluding the finite contribution, at fixedentying Born kinematics, defined as

B* = B(®p) + [V@B) +/d<DRBRS(<I’RB)} ; (25)

and uses the formula

R*(®R)
B(®p)

40N — a0 (B1) | A% + A0 DA r(@)] + ae () (26)
for the generation of the events. In this formula, the téBntan be understood as a lod&l-factor
reweighting the soft matrix-element correction part of déimulation. Clearly, employing the fact that
the term in the first square bracket integrates to unity, &réethe cross section integrates to the full
NLO cross section.

10.2.5 MC@NLO

In MC@NLO one choose$’ to be identically equal to the terfd ® P that the PS generator employs
to generate emissions. Within®@ NLO, n -body events are obtained using tBé function, and then
fed to the PS, which will generate the hardest emission dowgto Eq.[Z5). These are callédevents
in the MC@NLO language. An appropriate number of events are also gedesat®rding to the?/
cross section, and are directly passed to the PS generase Bre calle@ events.

In MC@NLO, Rf = R — R* is not positive definite, and it is thus necessary to generegative
weighted events in this framework.

A library of MC@NLO Higgs processes (gluon fusion, vector-boson associatatlption, and
charged Higgs associated with top) is available at Ref.[[2@ich is interfaced to HRwIG and
HERWIGH+. A MC@NLO interface to the virtuality-ordered Y@HIA shower for theW-production
process has been recently achieved [342].

10.2.6 POWHEG

In POWHEG, one chooses® < R, and in many cases eved¥ = R, so that the finite cross section
R/ vanishes. In this case, the hardest emission is generatkih WOWHEG itself, and the process is
passed to the parton shower only after the hardest radistiganerated. Positive weighted events are
obtained, sinc&?’ can always be chosen to be positive definite. In all caseshibsenR® has exactly
the same singularity structure &s so thatR/ always yield a finite contribution to the cross section.

In angular-ordered parton showers, the hardest emissioot isecessarily the first, so that, when
interfacing OWHEG to an angular order shower @RwiG and HERwIG++) soft coherence is spoiled
unless truncated showers are introduced. These are indaetrgly needed when interfacing angular-
ordered parton showers to matrix-element generators. fiéet ef truncated showers has been studied
in the HERwWIG++ implementations of BWHEG processes. Implementations of Higgs production pro-
cesses with the ®WHEG method are available in gkRwic++ [317], in the PWHEG BOX [343]
(interfaced to both HRwWIG and PrTHIA) and recently in 8ERPA[344].

10.2.7 Matrix-element merging (ME+PS)

Matrix-element merging [323] aims at correcting as mangdaangle emissions as possible with the
corresponding tree-level accurate prediction, rathan tirdy small-angleaccurate. This is achieved by

generating events up to a given (high) multiplicity using atmx-element generator, with some internal
jet-resolution parametep.,; on the jet separation, such that practically all emissidis/a this scale
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are described by corresponding tree-level matrix elemdihisir contributions are corrected for running-
coupling effects and by Sudakov form factors. RadiatioroweD..,. on the other hand is generated by
a parton-shower program, which is required to veto radiatvgh separation larger tha@.,:. As far as
the hardest emission is concerned, matrix-element mergiag accurate as matrix-element corrections
(when these are available) or NLO+PS. Since they lack NL@iaircorrections, however, they do not
reach NLO accuracy for inclusive quantities. Nevertheléissy are capable to achieve leading-order
accuracy for multiple hard radiation, beyond the hardebt, avhile NLO+PS programs, relying on the
parton shower there are only accurate in the collinear asaft limit for these quantities.

Several merging schemes have been proposed, which indied€KKW scheme[[323-325]
and its improvements| [329, 330], the MLM matching [322], ahd k1-MLM variation [345]. The
MLM schemes have been implemented in several matrix eleooetgs such as 4 GEN, HELAC, and
MADGRAPH/MADEVENT, through interfaces to¥YAHIA/HERWIG, while SHERPAHERWIG++ have
adopted the CKKW schemes and rely on their own parton showeRef. [328] a detailed, although
somewhat outdated description of each method has been aicta comparative study has been per-
formed.

Basically all Higgs-boson production processes and ttaikrounds are available in this method.

10.2.8 MENLOPS

The MENLOPS method [346, 347] aims at combining matrix-elahmerging and BWHEG, in such

a way that, besides having accurate LO matrix element fotij@tilgeneration, inclusive observables
are also accurate at the NLO level. In essence, one intredutENLOPS separation scale, similar to
the merging scale above. Events with one extra jet (witheesip the basic process) above the hardest
scale are generated byp®HEG, and events with more than one jet are generated by the nedénxent
merging method. The method works as long as the fraction efitswvith more than one extra jet is of
the order of an NNLO correction.

10.3 Higgs production channels

In this section we list and briefly discuss, channel by chhrthe tools available for the simulation of
Higgs production.

10.3.1 Gluon fusion

The gluon-fusion production process is implemented withrathods listed in the previous section.
Parton-shower codes based on the+ 1 process with the exach; dependence or in the large;
limit, and with matrix-element corrections, are availalfibe this process. Furthermore, ME+PS is
available in the largen; limit in several matrix-element-based generators, SUCAIEGEN, SHERPA
and MADGRAPH/MADEVENT. The MC@NLO and FOWHEG (POWHEG BOX, HERwIG++ and
SHERPA) implementations use the large limit, but the Born term in the expression for tiefunction

is computed with the fulin, dependence. Several variations of this approach are addlalaie, the most
realistic one being the reweighting of the fu}l function with the ratio of the Born term with exact top
mass dependence, with respect to its value in the largémit. Since the full NLO calculation with
finite my is available [[8, 10], comparison studies between MontedSaahd this NLO result can and
should be carried out.

A comparison of several available Monte Carlo methods, ttagewith the bare NNLO calcula-
(parameters, inputs, cuts) of some key observables canupel finere as well, allowing for a careful
further validation and experimental work. The analysisehgas performed on the generated final states
and, with the exception of NNLO, after parton showering. Hadronisation effects were ishetlifor
the MC@NLO and FOWHEG results only. MM\DGRAPH/MADEVENT and SHERPA results have been
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rescaled to the NNLO result, while HERWIG++, MC@NLO, and RDOWHEG have not been rescaled.
In this study it was found that all methods gave a rather stesi behaviour, with only few marginally
problematic areas, displayed in Figl] 37. In particular, M@ NLO result exhibits a much softery
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Fig. 37: Comparison of ther spectrum of the Higgs in various approaches, from Ref.|[349]

spectrum, for transverse momenta above roughly one hdifeofliggs-boson mass. The transverse mo-
mentum region below5 GeV (i.e. the Sudakov region) also displayed a somewhadrdift behaviour,
being peaked arourigl-6 GeV for HERWIG++ and MAD GRAPH/MAD EVENT+PYTHIA while for all

the others the peak is slightly abol@ GeV. On the other hand, this discrepancy cannot be considere
fully conclusive, since hadronisation effects — althougpeeted to be small — were only included in the
MC@NLO and FOWHEG output.

In Ref. [319], a further detailed study was carried out corimgaresults from RTHIA, POWHEG,

and MC@NLO with the fixed-order NNLO calculation, and with the NNLL resomed transverse-
momentum distribution of the Higgs boson. The findings ofg¢tuely can be summarised in few points:

First of all, the RTHIA (including MEC) distributions differ from the ®WHEG ones by ak -
factor that depends only mildly upon the Higgs rapidity. sTisi explained by the fact that the first
radiation in both is of the same accuracy, the only diffeeebeing that in PTHIA it is B rather
than B that appears in front of this formula.

This observation also clarifies why all methods buC@NLO vyield very similar transverse-
momentum spectra. We can understand the reason for thisvibehdrom Eqg. [25). We see
the reason for this: here thig-factor is applied taS events only, but not t@{ events. These last
ones populate the region pfr above roughly60 GeV, and they are not amplified by the large
K -factor present in Higgs production.

The Higgs transverse-momentum distribution @WHEG shows very good agreement with the
NNLO calculation. Again we should state that the transvensenentum spectrum of the Higgs is
only computed at leading order irORVHEG (being in fact part of the NLO correction to inclusive
Higgs production). The presence of the flélHactor in front of this distribution should thus be
seen as an arbitrary correction, trying to catch the true SMNbe.

Similar observations also apply to ME+PS andrRIA results rescaled to the full NLO cross
section. It turns out, in this case, that the NNLO calculati® in better agreement with these
results. It is not clear whether this is a general pattern L& corrections; however, while
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the same pattern is observed alsd¥nandZ production it should be noted that these processes,
being s-channel production as well are very similar to Higgs prditurc It would be interesting
to investigate whether this is also the case in processewlah the NLO corrections to the
production of an associated jet is also known, like, for epiantt production.

— In the Sudakov region the transverse-momentum distabuti POWHEG agrees well with the
analytic NLL calculation of Ref[[350], while the also awatile NNLL result is above BWHEG,
but with a very similar shape (see HigJ]38). This can be unolersas being mostly an effect due
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Fig. 38: Comparison of the Higgsr spectrum of BWHEG compared with the analytical resummed results of
Ref. [350] (on the left), and comparison cbWHEG interfaced with RTHIA, POWHEGinterfaced with HERWIG,
MC@NLO and PrTHIA standalone (on the right).

to the inclusion of NNLO terms in the analytic calculationhieh globally increases the cross
section. In the same region, &@NLO and FOWHEG, when both interfaced to ERWIG, give
very similar results. This region is the most likely to be onant when a jet veto is applied, and
is affected by several physical effects of perturbative mmatperturbative origin. These should be
studied, for example, using theO®&VHEG and ME+PS methods, preferably interfaced to different
shower programs.

Detailed studies comparing ®@ NLO, the NNLO, and the NNLL results for specific Higgs decay
modes have been performed in REf. [351] for yhehannel, and in Ref. [352] for tH&/ W~ channel.
In both cases, a good agreement is found for the acceptamectoon found using the parton-level
NNLO calculation and NN@NLO. This is quite remarkable, especially for tRé™ W, where a jet
veto is an essential ingredient to suppress the lardmckground. Since the NNLL result only predict
the inclusive transverse-momentum distribution of theddigit is used to validate the shower Monte
Carlo results. It is found that the NLL and also the NNLL reésdbr the Higgs cross section below a
given transverse-momentum cut match well with the showarlte (consistently with what is displayed
in Fig.[38), and also with the NNLO result. This is understild, since apparently large Sudakov
logarithms are important for this distribution. The showéonte Carlo’s (MC@NLO and HERWIG)
both resum these logarithms at the NLL level, and in the NNE8ult one more logarithmic term is
included in the cross section with respect to the NLO one.

Hadronization and the underlying event are both likely tecifthe efficiency of the jet veto,
by adding more activity to the event. In Ref. [352] these @ffeare also studied usingeRwiG and
JIMMY [B53], for both a cone and &r algorithm. The results are reported here in Eig. 39. Effects
of the order of10% are found for a jet veto o025 GeV, with the hadronization and the underlying
event acting in opposite directions. It would be desirablextend these studies using other shower and
underlying event models.
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pp > H+X > WW+X->etverv+X
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Fig. 39: Difference of the cross section after signal cuts includimg underlying event and the hadronization
model, with respect to the partonic cross section, from [382]. The cross section is shown as a function of the
jet veto for both the SISCone and the clustering algorithm.

10.3.2 VBF

Vector-boson fusion is available in the ME+PS approach uersg matrix-element-based generators,
such as APGEN, MADGRAPH/MADEVENT and SHERPA as well as in the BWHEG BOX imple-
mentation [[354]. Another BWHEG implementation will be available soon also in thekiviG++
event generator.

At variance with the gluon-fusion process, in VBF, NLO catrens are very small and extra
QCD radiation in general is rather suppres8edrhis feature is exploited experimentally to enhance
the signal over the background by requiring a jet veto in #etral region. Due to angular ordering a
simple PS approach is expected to work well for VBF; in ordezdtimate uncertainties related to details
of the parton shower, a careful study invoking ME+PS and NBPS<tould be important. A first study
along these lines, using ME+PS, was presented in Réf. [6&revindeed substantial agreement between
parton-level predictions and those merged with the PS okdh@bservables were found.

A more recent study compared the NLO fixed-order computatiiin the POWHEG implemen-
tation interfaced to both YrHIA and HERwIG [354]. All the most relevant distributions are compared,
from the most inclusive to the more exclusive. On the forgend agreement with fixed-order com-
putations and only mild sensitivity to shower effects isrfduconfirming the small effects due to extra
radiation. However, for the more exclusive observablesiesdiscrepancies showed up. As the probably
most prominent example for such a discrepancy consideifffiaeacy of the central jet veto compared to
fixed-order LO and NLO computations. At low transverse motmern where soft-resummation effects
are important, fixed-order calculations cannot be relialnlé resummation, realised by a parton-shower
approach, becomes mandatory. Thus, in this case sizalideetites between fixed-order calculations
and the parton shower are expected and indeed found. All,ijealeto effects show some appreciable
dependence on resummation and therefore on the showeitlagoat least for lowpt veto, see Fig. 10

of Ref. [352].

This may deserve a further, more careful study, also inalydihe impact of e.g. PDFs and the
underlying event. On the same footing, it would be intengsto further compare the effect of jet vetoes
or jet azimuthal correlations to fixed-order calculatiohattinclude one extra jet at NLO [90] and to
top-loop-inducedd + 2 jets [355].

2t should be noted that for VBF the electroweak correctimesraughly as large as the QCD ones, but there is currently no
attempt to include them into a full simulation.

91



10.3.3 VH

Due to its comparably simple structure, Higgs associatedymtion with a vector boson is available
at the NLO and NNLO level; while the former is fully worked o¢iunmcluding spin correlations in the

decays, such differential distributions in general arditag for the latter. In addition, this process is
also implemented in both the M@ NLO and the ®WHEG approach. A detailed discussion of these
implementations, together with a tuned comparison withdfigeder results at NLO accuracy is available

in Ref. [317].

In addition, standard ME+PS tools such asP&EN, MAD GRAPH/MADEVENT, and SHERPA
are also capable to simulate this process. It should besstiehowever, that for searches based on the
boosted-Higgs idea of [99] the impact of higher-order ottioms to the Higgs decay infe quarks and
especially the impact of hard gluon radiation off thie is a crucial ingredient. Therefore further studies
on all possible levels would be certainly most welcome.

10.3.4 ttH

As of today, no public code including either, at the partevel NLO, or a full simulation in the @@ NLO
or POWHEG frameworks, is available for Higgs production in assooiatwith top quarks. However,
ME+PS matching is available in several matrix-elemenetagenerators, such a3 AGEN, SHERPA,
and MADGRAPH/MADEVENT.

However, as in VH, an accurate simulation of the Higgs deoaybt, which includes extra hard
radiation at the matrix element level, is recommended.

10.4 Modelling the Higgs boson in scenarios beyond the Staadd Model

Accurate simulations of Higgs production in scenarios Inelythe Standard Model will be needed both
in the identification of the interesting signatures and atsthe extraction of key information, such
as masses, couplings strengths, and CP structure. As aatengple can consider a general two-Higgs
doublet model, which encompasses the much more studied $HS36 and displays five scalar particles,
three neutrals and one charged pair. Other extensions ltemigpresentations, such as triplets, are also
often considered.

The status of the MC tools in such models is quite differemtfthat outlined above for the Stan-
dard Model (SM) Higgs. As many new physics models are nowhemsplementable in matrix-element
generators such as AMDGRAPH/MADEVENT or in SHERPA, ME+PS predictions are de facto avail-
able for many interesting scenarios, including the miniswgdersymmetric SM (MSSM) or extensions
such as the next-to-MSSM. To our knowledge, however, n@gsyatic comparisons with standard PS or
fixed-order NLO calculations have been performed.

Regarding NLO+PS the availability for cenarios beyond ttam8ard Model is much more limited.
There are, however, notable exceptions. All processesindiv physics scenarios that can be obtained
from those in the SM by simply rescaling the coupling straragid masses can be easily simulated. As
an example, consider VBF and VH for SUSY neutral Higgs prtida¢ where the cross sections for the
MSSM Higgs bosona andH can be obtained by such a simple rescaling.

An example where simple rescaling will not work is the cas@labn fusion where &-quark
loop could give a sizable contribution in the larger 3 scenarios. In this case, the usual approach of
using the Higgs-effective theory cannot be applied, andermanrk is needed (and would be welcome).
In addition, in SUSY scenario, effects from heavy colouredes would also play a role.

On a similar level, new calculations may be recycled for othannels. For example, whentdl
calculation will be available in the NLO+PS framework, watfew replacements this could be easily
recycled forbbH. Extension to include the pseudo scafah andbb A would also be straightforward.

Charged Higgs production is another example where a dedicaticulation was necessary. Cur-
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rently, the most promising mechanism is via the excitatiba top quark, either in associationH",
heavyH™) or via its decayt — H + b, light HT). The first processes is available ind@® NLO [230].
For the second onef production is available both in RI@NLO and in ROWHEG. However, the sub-
sequent decay — H + b can only be simulated without spin correlations and NLO ections at
present.

10.5 Currently used tools and wish list by the experimentatts

The experimental collaborations use a collection of plplavailable tools, which are properly ver-
sioned, maintained, well described, and referenced. @lipiall multi-purpose or parton-level event
generators fall into this category. A list of currently usddnte Carlo generator tools for mass produc-
tion of fully simulated and reconstructed events is presgint Tabld_3B.

Type Physics Generator Version Comments
Processes
Multi-purpose EW, QCD, PYTHIAG 6.423 Standard tune D6T
LO generators SM Higgs, with Q2 PS,
MSSM Higgs PS hadronization for
SUSY, exotica MADGRAPH, ALPGEN,
and TopRex
QCD di-jet PYTHIA8 8.145
QCD studies HERWIG6 6.510 PS hadronization for
HERWIG++ 24.2 MADGRAPH, ALPGEN,

MC@NLO and POWHEG
interfaced to JIMMY

(V4.31) for UE/MI
Dedicated gg— VV 09277, 9g2WW | 1.0.0
LO generators tt TopRex 411
Multi-leg QCD, MADGRAPH 4.4.13

matrix-element| Q+jets, QQ+jets,
LO generators| ~+jets,yy+jets,
V+jets, V'V +jets, SHERPA 1.2.2
tt, single top,Z’

V+jets,Vbb, ALPGEN 2.13
QCD, tT
NLO event DY, WW, MC@NLO 3.41/3.42
generators tt, single top,
ggF Higgs

Drell-Yan, Higgs POWHEG

Table 33: Combined set of Monte Carlo event generator tools currerghd for mass production by the ATLAS
and CMS collaborations. Most of these tools are used by hetballaborations, few are used in one collaboration
alone. The version numbers in the table represent the leg¢esions used but lower versions are also used in
experiments due to validation and coordinated productibedules.

For some of the inclusive-cross-section calculators, ewere just privately communicated and,
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thus, are not as systematically maintained as many of th& gemerators tools above. This issue needs
to be addressed to achieve a more uniform prescription ontbdmcorporate and reference these cal-
culations properly and make the results reproducible. Oonaesvhat similar footing, it is important
to reference also the standard tools in a proper manner, digaitng both version number and tune
identifier, and by making clear which tools have been interfiawith each othé?.

At the same time, flexibility of cross-section calculatooltothat allow detailed experimental cut
and efficiency analyses and the inclusion of fully excludimal states into their results are critical. It
would therefore be highly desirable to turn as many NLO datgans as possible into hadron-level event
simulations. A possible avenue, of course, would be to aslattihors of the respective NLO codes to
facilitate turning their calculations into a full-fledgeidwilation, through either BWHEGor MC@NLO
techniques. Automation of the whole process (NLO computadind interface to the parton showering)
is also possible.

It should be stressed, however, that it is necessary fohediretical tools to be maintained and
remain accessible at all times. Acommonly agreed centd® oepository, such as the Hepforge database
(http://www.hepforge.org/) would be highly useful for improved accessibility and mairance.

Based on the most immediate needs for the Higgs searcheg iexgeriments, a wish list for
theorists is also proposed as follows for the Higgs-signél &hd for background studies. For Higgs
signal MC generators, main processes that need urgentrmeplation are:

NLO corrections tdl — bb decay?,
Finite m¢/my, in gg — H production (especially relevant for SUSY Higgs),

— pp — (t — HTb)t, including a treatment of — H™b decay with the same level of accuracy
achieved it — W + b in MC@NLO and FOWHEG,

pp — ttH andpp — bbH,
— pp — bH.

For background MC generators, main processes needed topteniented at NLO are (listed in
order of implementation complexity):

— qq — ZZ* (now available without gamma interference),

— Vbb,

— ttbb, tt+jets, andV/+jets In particularV +jets processes are the most urgent since they have the
largest expected cross section of the three. It is howeveady possible to perform precise mea-
surements o¥/+jets production with the LHC data and test the theoreticatljgtions given the
expected high luminosity in the next year. This will help arstanding vector-boson production
in association with jets for better understanding of thei@lubackground process to many Higgs
search channels.

Finally, for the optimization of the experimental Higgs s#®es and their interpretation, there
are two main issues: signal and background predictions lamedtimation of their uncertainties both
inclusively and as a function of most important quantitisedito separate signal from background in the
experimental selections.

For signal expectations, we have to rely on theoreticaliptiedss. It is recommended to use as
much as possible all available higher-order MC generatatber than usind(-factors. In many cases

30For example, for a simulation based omTRiIA 6, the exact version numberPHIA 6.xxx plusthe properly documented
underlying event tune, like DW, must be indicated. Simylavthen interfaced with APGEN, the results should be called
“ALPGEN 2.Xxx+PYTHIA 6.yyy (DW)” or similar.

*LAn unreleased patch of HERWIG is available for NLO correusitoH — bb decay. For the experimental collaborations,
it would be ideal to have this process implemented in theiaffldERwWIG++ release. ME+PS corrections— bb decay
can be easily implemented also irERPAIN which these corrections are already implemented figcays.
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NLO MC generators exist, as described in this section, theretis no reason to use LO MC tools and
apply K -factors NLO/LO to correct the LO predictions to NLO. In sooases NNLO calculations exist
for SM Higgs productiondgH differential cross-section calculators) , but not a fukket/generator. In
this case, in collaboration with the authors, the NLO MC tesithprovide values of the re-weighting
factors NNLO/NLO for the Higgs momentum and pseudo-rapidistributions.

The NLO MC team will also provide guidelines on how to estiendiie theoretical uncertainties on
signal production predictions as a function of most impartaeasurable quantities used to discriminate
signal from background in the experimental analyses (basetthe compilation of the common set of
variables and cuts by the experimental collaborations).

Future work of the NLO MC team will be devoted to the followiagen questions: Can we devise
methods to test the signal predictions before the signalf its measured, by using similar and already
measurable SM processes? For example, how a precisely gmuineenent of thét cross section may
help to reduce the uncertainty on Higgs productionggdusion (such aggH)? More generally what
measurable processes may serve as the benchmark and tiaiealdf the signal predictions?

For background predictions, a number of processes can dhdenineasured with the data col-
lected during the current and coming years at the LHEjets andV/bb predictions are urgent because
they can be studied already with the LHC data. For all baakggigprocesses, experimentalists should
review methods to measure these processes in some cogimisevhere data statistics is abundant and
to extrapolate the background predictions in some sigrabne where data statistics is expected to be
small. The theoretical predictions should give guidance iamprove the precision of the extrapolated
results. For this, the NLO MC team will provide prescripsoon how to assign theoretical uncertainties
to background predictions in the signal regions.

10.6 Further issues and studies
10.6.1 Which tools to use?

With the advent of better and more precise tools it becomaeasingly important to understand which
tool to pick for a given study, in order to optimally use thesti®ols. Obviously it is very hard to find a
solution that fits all eventualities, but we believe it idl stiorthwhile to formulate a few guidelines:

— Never use one tool alone.

Clearly, different tools have different accuracies and iy employ different approximations.
This in turn may lead to systematic uncertainties, whichaaly be addressed by using different
tools. Prime examples for this are uncertainties relateitieaunderlying event or hadronisation,
which involve a big amount of modelling. While it is temptitmsimply use only various tunes of
the same generator it may be important to see if various redded. R THIA 8 vsS. HERWIG++)
lead to systematically different outcomes. The same alddshoue for uncertainties related to
parton showering etc.

— Employ the accuracy dictated by your analysis:
For very inclusive studies, like e.qg. the rapidity disttibn of the Higgs boson, NNLO accuracy is
available and should be used. For exclusive final statefdbieaccuracy available at the moment
is given by the codes employing th@©O®WHEG and MC@NLO techniques, which would yield
NLO accuracy for relatively inclusive quantities such as Higgs-boson rapidity, LO accuracy
for more exclusive quantities such as he distribution of the first jet, and PS accuracy for all
further jets. In contrast ME+PS tools yield LO accuracy fibjets, as long as the corresponding
MEs have been employed. Thus, if an analysis relies on theaodescription of many jets,
employing the ME+PS tools is preferred, while the NLO+PSd@me the tools of choice for more
inclusive quantities. Conversely, this suggest that p8eddls should typically not be used.
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10.6.2 Choice of parton distribution functions

For hadron colliders, parton distribution functions (PPBky an important role in determining the
outcome of theoretical predictions. Common lore suggésiisthe order of the PDFs must be consistent
with the order of the predictions. For leading-order predits, LO PDFs should be used while for NLO
predictions, NLO series of PDFs need to be used. This simpterp, however, is somewhat blurred by
the parton showers, since they partially include highdeoeffects, as discussed above.

This issues is further obfuscated by the often large imgesetRDF has on the underlying event
simulation. Itis therefore important to ensure that the BBIfe used in a conscientious way — changing a
PDF without changing other parameters may lead to huge gplaysital effects. Therefore, in order to
assess PDF uncertainties by comparing apples to applesuitiwe paramount to have at hand various
tunes for the underlying event etc.

10.6.3 Interfacing codes

Many of the tools discussed in this section are based orfaaiag a parton-level calculation at leading
(ALPGEN and MADGRAPH/MADEVENT) or next-to leading order ®WHEG BOX and MC@ NLO)

to a full event generator that includes the parton showblesutderlying-event simulation, and hadro-
nisation. While most likely uncritical for very inclusivebeervables such as cross section, a number of
issues may arise for more exclusive observables such aphigiion, jet spectra, and jet vetoes. Since
they have not been studied in details, it may be worth paintint a few of these issues:

— Typically, for NLO calculations, an NLO PDF is used, and #teng coupling constant of this
PDF is employed, to guarantee the theoretical consistehthyeaalculation. In a similar fashion,
already on the tree-level choices concerning PDFsgrate made. When interfacing such parton-
level codes with their choice of PDFs etc. with a parton-strogode such asYAHIA or HERWIG
in a specific tune, which also includes a definition of PDFs@andrhis renders the evaluation of
PDF and scale uncertainties a tricky task, for which no pigison has been defined yet.

— In this context it is worth noting that for ME+PS tools, whisit on a full event generator, the
merging algorithm often employs the Sudakov form factorthefunderlying parton shower. This
may then lead to the counter-intuitive effect thdtaadertune for the parton shower yields softer
jets when interfaced with parton-level MEs.

— As discussed above, quantities such as the central-girveBF depend on resummation proper-
ties — typically the realm of the parton showers in the sittioites currently used by experimenters.
It would therefore be worthwhile to check for these effeatdlifferent interfaced codes, including
the impact of the underlying event in a more complete fashion

10.7 Conclusions

As we are entering the LHC running phase, we have availabbralevery accurattheoretical-stylepre-
dictions in the form of parton-level integrators that catpow histograms for any IR-safe observable. On
the other hand, Monte Carlo event generators with NLO acguaiee now (or will be soon) available for
all the relevant Higgs production processes. A systematitgparison between various implementations,
PS programs and fixed or improvéteoretical-stylecalculations is now possible.

In this brief note we have listed the available tools and gigen an example (taken from Reéf. [349])
on how such comparisons can be made.

The tunes for the various Monte Carlos need to be re-edtalolias components relevant to assess,
for instance, systematic uncertainties due to PDFs. Wecexpis to be a continuous process as the im-
plemented order of calculations change and new codes arsicphprocesses become available. Finally,
it is important to establish
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a consistent set of Standard Model parameters for MC ttmdsN|C4LHC group is to provide a
suggested set of these parameters),

a consistent and complete way to reference the tools used,

a common code repository,

procedures to cross compare and validate different cotksvglementations,

procedures to assess systematic uncertainties of theetioab predictions and simulations.
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11 Higgs Pseudo-Observables
11.1 Introduction

Recent years have witnessed dramatic advances in teclgsfog computing production and decay of
Higgs bosons, critical to the program of calculations fdtider physics. The main goals of this Report
have been to calculate inclusive cross sections for on-shefs-boson production and Higgs-boson
branching ratios (BRs). Therefore, Higgs-boson decaysamnsidered, in the experimental analyses,
as on-shell Higgs bosons decaying according to their BR&uding higher-order effects. However,
the quantities that can be directly measured in the (LHCEBRENtS are cross sections, asymmetries,
etc., calledRealistic Observable@RO, see below). The obtained results depend on the speeifiaf s
experimental cuts that have been applied and are influenycgetbctor effects and other details of the ex-
perimental setup. In order to determine quantities likegdigoson masses, partial widths, or couplings
from the RO a deconvolution procedure (unfolding some ofttigder-order corrections, interference
contributions etc.) has to be applied. These secondantitigarare calledseudo Observablg®O, see
below). It should be kept in mind that the procedure of gonogf RO to the PO results in a slight model
dependence.

11.2 Formulation of the problem

With respect to the measurement of Higgs-boson quantitiiseal HC, some of the above mentioned
aspects are mostly neglected so far. Sophisticated issues as off-shell effects of Higgs and interfer-
ence between background and signal, have not been inclodsgerimental analysis since it is assumed
that they should not be so relevant fofi; < 200 GeV, within the SM. (The case of the most popular
extension of the SM, the Minimal Supersymmetric SM (MSSM) lae briefly discussed later.) It should
be noted that the statement on low importance of off-shedirfer the regime of low Higgs masses just
comes from naive analysis of the rafig /My: for a SM Higgs boson belo®00 GeV, the natural width

is much below the experimental resolution; and on certanm@gptions about the vanishing of imaginary
parts in the amplitudes. However, in our opinion, one shanlayze more carefully how much this ratio
banishes the off-shellness, given an increasgsituminosity at small values of. In any case, the ex-
perimental strategy for searching a light Higgs boson haayd been to produce an on-shell Higgs and
model its decay in a Monte Carlo (MC) generator. No effortlb@sn devoted to analyze how MCs such
as PrTHIA, HERWIG, or SHERPA are treating the Higgs-boson width internally. Especiéilyheavier
Higgs bosons, we expect studies that include the interferdout it is clear that most probably this will
only be done at LO with MC generators fop — n fermions.

There are few examples of theoretical studies as well: quithile ago, Ref.[[356] presented
a study of the interference of a light Higgs boson with theticmum background igg — H — vy.
Although the effect turned out to be fairly small, there mayother cases where such interference effects
might be sizable, maybe even in channels where there wiladeesensitivity to SM Higgs.

While the implementation of higher-order corrections tad# production cross sections and
Higgs decays does not represent a problem anymore, vdeydifort has been devoted in analyzing
the interference effect between Higgs-resonant and baokgrdiagrams. ATLAS and CMS studies
have been done with full simulation, but without the intesfeces.

11.3 Examples of Pseudo-Observables

In the following we define the relevant quantities from a mgeaeral way of looking at this question.
Let us splitsignal (S) from background(B) at the diagrammatic level. In principle one could refer to
someidealizedexperimental cross section, but here we advocate anothey tftte one to define universal
quantities that have the same meaning in all schemes andsnede Ref[[357]. Therefore, we go from

323, Heinemeyer and G. Passarino.
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datato predictionswhich are made of S @& B |?. Usually S and B come from different sources, and
B is not always complete, e.g. the best prediction is resefimed (usually including as many loops as
possible) while ofter3 is only known at LO; furthermore§ ® B is usually discarded.

In order to pin down the theoretical uncertainty as much asipte all calculations of are based
on a consistent procedure; one does notasat four loops in any LO calculation etc. In the end one is
interested in the extraction of Higgs-boson masses, witthdy comparing experimental measurements
with theory predictions. Therefore, the main question diare going to address in this section is about
the meaning of any future comparison (theory versus datayeylior instancel(H — yy) computed at
n loops is compared with something extracted from the dath miich less precision and, sometimes,
in a way that is not completely documented. Without loss afegality and to continue our discussion it
will be useful to introduce an elementary glossary of terms:

RD = | real data

RO = | going fromreal datato distributions with cuts defines RQ,
e.g. from diphoton pairéE, p) to M (yy); given a model, e.g. SM, R@can be computed
PO = | transform theuniversal intuitionof a non-existingquantity into ararchetype
e.g.o(gg — H), T'(H — yy), RO (M, T'(H — yy),...)

fitted to RQy;, (€.9. RQy, = M (yy)) defines and extracty/y etc.

Examples of POs used at LEP can be found in Ref.][358], for LELG.£g — 4 fermions) see
Ref. [359]. In calculations performed to date the backgdopim — 4 f is generated at LO, the production
cross section (e.gzg — H) is known at NNLO, and the on-shell decay is known at NLO, udahg
electroweak effects. Ideally one should extractjpfanformation from production and boost the decay
rate computed in the Higgs rest frame in order to have a demsisnatching in productior decay
(P® D). Next step is the replacement ofzFD with a Breit—-Wigner, next-to-next the correct folding
with a Dyson re-summed Higgs propagator. It is worth nothimag there is still a mismatch between
background (LO) and signal (NNL& NLO) and that for this channel we have more than one unstable
particle. This leads us to consider the following, recomdeeh strategy: to go via idealized (model-
independent?) RO distributions and from there then goiniged®Os, with the following steps:

— Step 0) Use a (new) MC tool — the PO code - to fit ROs;

— Step 1) understand differences witstandardevent generator plus detector simulation plus cali-
brating the method/event generator used (which differ filoenPO code in its theoretical content);

— Step> 2) document the results of the analysis and understandaatigns.

11.4 Experimental overview with theoretical eyes

MC generators are usually selected for specific processgsused for all relevant final states. MC
generators for Higgs production and decay, e.g. in CMS, ameiA and POWHEG; for description and
differences see Ref. [319]. For Higgs productionTRIA is similar to POWHEG, the main difference
being normalization which is LO in¥rHiA and NLO in POWHEG.

The strategy of describing Higgs signal as productiomecay is based on the small value of
width/mass (for a light Higgs) but also on the scalar naturéhe Higgs resonance, i.e. there are no
spin correlations, opposite to the caseWf/Z bosons. Therefore the typical experimental strategy
for analyzing the Higgs signal is based on generating ewsitts POWHEG, storing them and using
PYTHIA for the remaining shower. The correct definition of produtth decay is better formulated as
follows: the MCproducesa scalar resonance, the Higgs boson, with a momentum distdtaccording
to a Breit—=Wigner where peak and width are related to thehatl-nass and width of the Higgs boson. In

99



other words what has been done amounts to generating Higgality, $, according to the replacement

Mu 'y

MC@NLO
(g—Mg)QJr(MH Tu)

2

3=

1 STu/My Pythia/ POWHEG

(§—M§)2+(§ Ty /My )

=

where My, 'y are the on-shell mass and width. Furthermore, Higgs-bosoduption (e.g. viagg
fusion) is also computed &t a procedure which does not guarantee gauge invariancgregriorders if
the background is not included at the same order. As a coasequof this approach, no Higgs-boson
propagator appears and the most important quantity at LHEe-Higgs-bosormass— appears only
through the peak position of the momentum distribution igd4i production.

It is not the aim of this section to discuss how the shower rfop@ed or the NLO accuracy of
the MC; we focus here on the treatment of the invariant-mégslilition, e.g. the way a Breit—Wigner
distribution is implemented. For instance, POWHEG usesnaing-width scheme for the resonance
while MC@NLO implements a fixed-width schemiey (M ); therefore, the different treatments are
sensitive to thresholds (e.tt), a fact that becomes relevant for high Higgs-boson maskesewin any
case, the whole procedure is ambiguous since the Higgsibwisith becomes larger and larger.

The main point here is that both schemes are equally inatedulbe Higgs boson is not light and
propagator effects should be included. When talking abdu® Nr NNLO effects most people visualize
them as a lot of gluon lines attached to the production ti@mgeg fusion; there is an often forgot place
where NLO effects show up, the propagator function. The ualsspect of these corrections is that they
manifest themselves in the denominator (pngpagato), transforming @aremass into a&omplex pole
a basic property of th&-matrix.

11.5 Theoretical background

Our review here will mention only the minimal material needer the description of the proposed solu-
tion. To summarize, extraction of POs depends on many de&iperimental cuts, detector effects etc.,
and requires deconvolution/unfolding. There are als@kffit priorities: from the theory side we need a
crystal cleardefinition, e.g. what is the correct definition of mass for aatable particle. The quest for a
proper treatment of a relativistic description of unstgiaeticles dates back to the sixties and to the work
of Veltman [360]; more recently the question has been resded by Sirlin and collaboratofs [361].

The Higgs boson, as well as th€ or Z bosons, are unstable particles; as such they should be
removed from in/out bases in the Hilbert space, without giranthe unitarity of the theory. Concepts
as the production of an unstable particle or its partial dee@ths, not having a precise meaning, are
only an approximation of a more complete description, sefs.H859/362]. From the experimental
side priorities are on how to extract couplings (can cogslibe extracted?) etc. For a comprehensive
analysis of the problem see Ref. [54].

Concerning the definition of the Higgs-boson mass the objechave to deal with is the com-
plex pole of the Dyson re-summed propagator, whereas all ii@ementations have been done with
the on-shell mass definition. In order to have these deviatimder control it would be required to
(a) investigate what is included in the MC tools actuallydubg the experiments and (b) to compare
this to the results obtained from an MC tools using the comess definition. However, right now this
cannot be done with realistic ATLAS/CMS distributions. Henthe strategy should be limited to: take
latest ATLAS/CMS MC tools, use (at most) a box detector (ptarece cuts, no resolutions) and try for
a closure test with state-of-the-art tools and documentitioings.

There is no perfect solution to the problem but our suggestare as follows. As an example we
take a process — f, e.g.gg — H — yy that is already described by a two-loop set of diagrams, and
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parametrize the amplitude as

A(i > f)=Aa(i = H— )+ Apack (0 — ), AH(i%Haf):%, (27)

wheresy is a complex quantity, the Higgs complex pole, usually pataized as

SH = [y — i pr - (28)

It is the tough life of an unstable state whose energy (evem mon-relativistic theory) is doomed to
be complex. Kinematics, of course, is always real, ansl the corresponding invariant at the parton
level. S; ; are the matrix elements for the procegs — H* andH* — yy. Theoretically speaking,
these matrix elements alone are ill-defined quantitiesisf arbitrary and this reflects the intuition that
only poles, their residues and non-resonant parts are \wéhealtl, e.g. they respect gauge invariance.
Therefore, it is better to perform the following split in taenplitude:

Si(su) S Si(3) — S; Sy(5)— S
Ag = (SgH)_ S’;(SH) + (S; — SH(SH) S¢(su) + f(si — SIJ;(SH) Si(sn)
$i(8) = Si(sm)| [S1(5) = Sy (sm)
+ = AH,signal + AH,non—ros> (29)

and to includedy non—res IN Apack, the latter given by all diagrams contributingiip — yy that are not
H -resonant. They can be classified as follows:

- LO qg—vy,
— beyond LO qq — yy andgg — vyy.

In case NLO is included one should worry about additionaltph® in the final state and this influences,
inevitably, the POs definition. After that, let us define

;[ ars
§

where the Higgs-boson mass is set (by convention)ipbut other options are available as well. The
phase space is always with real momenta while the Mandelsteariant is made complex through the
substitutions — sy, a procedure that can be genaralized to processes with matestate legs. At this
point we have four parameters, all of them Pseudo-Obsearsabl

Si(su) Sy(sm) |2 i3y
§— SJ;{ e | §—spu |2 Tag—H(1H) ©@ Thoy (). (30)

HH,  VH, Ugg—>H(#H% FH—WV(:“'H)a (31)

that we want to use in a fit to the (box-detector) experimetitdtibution (of course, after folding with
PDFs). These quantities are universal, uniquely defined,immne-to-one correspondence wdbr-
rectedexperimental data. After that one could start comparingékalts of the fit with a SM calculation.
The way this calculation has to be performed is also unigfiegd.

The breakdown of a process into products of POs can be gemserab include unstable particles
in the final state; an example is given py — 4 leptons; the amplitude can be written as

A(pp = 41) = Apaec (pp — 41) + A (pp > H — ZZ — 41) + Ay (pp — H — 41). (32)

The first and third amplitudes in Eq._(32) are subtracted hygguSM (or MSSM) calculations while
the second (triply resonant) can be parametrized in terni®Q0sf and a fit ta\/(111l) attempted. The
(triply resonant) signal igg — 41 is split into a chaingg — H (production),H — ZZ (decay), and
7 — 1l (decays) with a careful treatment a%(/Z) spin correlation. In this way we can also introduce the
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folowing PO:T' (H — ZZ). It is worth noting that the introduction of complex polefels us to split
multi-leg processes into simple building blocks througl thechanism of separating gauge-invariant
parts, once again, the complex pole, its residue, and thearegart. How else can we stand against the
temptation of introducing a quantity like(H — ZZ) where three unstable particles occur in the in/out
states?

For processes which are relevant for the LHC and, in pagicédr H — bb, yy, gg, andgg — H
etc., it is possible to define three different schemes andeoetheir results. The schemes are:

— the RMRP scheme which is the usual on-shell scheme whemeazkes and all Mandelstam in-
variants are real;

— the CMRP schemé [363], the complex-mass schémé [364] witiplex internalWW andZ poles
(extendable to top complex pole) but with real, externatsball Higgs, etc. legs and with the
standard LSZ wave-function renormalization;

— the CMCP scheme, the (complete) complex-mass scheme avitplex, external, Higgsw, Z,
etc.) where the LSZ procedure is carried out at the Higgs ¢exmle (on the second Riemann
sheet).

The introduction of three different schemes does not refidtteoretical uncertainty; only the CMCP
scheme is fully consistent when one wants to separate pioduand decay; therefore, comparisons
only serve the purpose of quantifying deviations of moreiliamschemes from the CMCP scheme.
Example of how to apply the ideas presented in this sectiarbedound in Ref[[359].

The usual objection against moving Standard Model Higgs ifsthe second Riemann sheet
of the S-matrix is that a light Higgs boson, say below0 GeV, has a very narrow width and the
effects induced are tiny. Admittedly, it is a well taken pofar all practical consequences but one
should remember that the Higgs-boson width rapidly in@saxfter the opening of th&/ W andZZ
channels and, because of this, the on-shell treatment ottamal Higgs particle becomes inadequate
as a description of data if the Higgs boson is not (very) lighh top of all practical implications one
should admit that it is hard to sustain a wrong theoreticatdption of experimental data.

It is also important to establish the proper connection betwHiggs-boson propagator and Breit—
Wigner distribution. Given the complex polg = u%{ — i up vu, define new quantities (up tho higher
orders, HO) as follows:

-2 2 2 -— = f%{
My = pi +y5 +HO, puyn = Mul'n l_ﬁ + HO. (33)
H

At this order it can be shown that

1
S — SH

L) (34)

- (1+¢T—H) <3—M2 pi s
My U My

which one should compare with the Breit—Wigner implemeaitain MC tools. The practical recipe for

introducing the Higgs complex pole in the Higgs-resonanplitodegg — H — f is as follows:

52 r My $2 T sH
Ogg—H(Mn) 2 2 H_;\J/}( ) — Ogg—H(SH) 2 H_)1f/(2 )' (35)
(5—M3)" + (sTw/M) H 5= su s

It is worth noting that in any BSM scenario there will be intependence among Higgs-boson masses
and the simultaneous renormalization at the exact commkspvill also introduce consistency checks.
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11.6 Extensions of the SM

Extensions of the SM allow for more complex Higgs sectorsabRms that can be avoided in the SM
can easily be encountered in new-physics models. For icstdreavy SM-like Higgs bosons with a
relatively large width naturally occur in models with an @gtehal U (1) symmetry and a corresponding
7' boson.

Here we briefly describe the situation in the MSSM, where tiggbisector consists of two Higgs
doublets, leading to one light CP-even Higfspne heavy CP-even Higgd, one CP-odd HiggsA and
two charged Higgs bosonH;*. At tree level the Higgs sector is described by andtan 3 (the ratio of
the two vacuum expectation values). In general, concelthi@gletermination of the MSSM parameters,
additional complications arise compared to the SM cassatl¥ithe unfolding procedure often involves
the assumption of the SM. Using this data within the MSSM (ay ather extension of the SM) is
obviously only justified if the new-physics contributiorsthe subtraction terms and the implemented
higher-order corrections are negligible. Secondly, thelehadependence is relatively small for masses
(see below). For couplings (beyond the SM-like gauge cagp)i, mixing angles, etc., on the other
hand, the model dependence is relatively large. In contoaiste SM, many of the MSSM parameters
are not closely related to one particular observable (fstaimcetan /), resulting in a relatively large
model dependence. Therefore the approach of extracting iftnly a fairly small model dependence
seems not to be transferable ot the case of the MSSM. EventbalMSSM parameters will have to be
determined in a global fit of the full MSSM to a large set of atvables, taking into accoubnsistently
higher-order corrections.

As mentioned above, the Higgs-boson masses in generaltatast smaller problem, even com-
pared to the SM case. For large parts of the parameters sgace 2My, the light CP-even Higgs
boson is SM-like, while all other Higgs bosons are nearly swhesgeneraté [365]. Furthermore the upper
limit of M, is about135 GeV [150]. Consequently, here the width of thés also SM-like and small.
Exceptions can occur for low/,, and largetan 5. Here thehbb coupling can grow withtan /3, so the
width can grow withtan? 3. On the other hand, in this part of the parameter spaceWi&/ coupling is
reduced, so that the decay— WW ) contributes less than in the SM. All in all for loi, and large
tan 8 one can find a strong enhancement with respect to the SM, Hatgevalue ofy, /M, .

The situation is different for th&l and A. For heavyH, A, M, 2 150 GeV, H and A have no
substantial couplings to SM gauge bosons, so there is naypieal growth with M. Again here the
H/Abb coupling goes withan 3, leading to an enhancement of the widths, but not to vergleaiuies of
Ty/a /My )4 as in the SM for masses above200 GeV. Only for intermediate masség, ~ 150 GeV
the enhancement in the couplingli@uarks can overcompensate the reduced coupling to gaugesyos
depending onan S.

11.7 Conclusions

In conclusion, the only purpose of this section has beenais ¢he problem and the possible way to
solutions, conventional but unique. Therefore, the worthia section is quite plainly an interlude and
an actuate all at the same time. In any case it is worth notiag dne of the goals of LHC will be
to discover or exclude a SM Higgs boson upsti) GeV. Already ats00 GeV the effect of using the
complex pole instead of the on-shell mass ondghe— H cross section is large and comparable to
higher-order QCD corrections. Using on-shell Higgs-boatso for high values ofif;; can only be a
very first step (i.e. a first guess, as taken elsewhere in teR) and a truely quantitative analysis
should do much better. But it is not the previous stratediasdre important this time — it is normal that
in the start-up phase of a new machine, strategies will i@l dutumn leaves — what's significant here
is that the LHC's performance significantly calls for funthikeeoretical improvement. POs, they're the
only things we can pay.
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12 Parametric and theoretical uncertainties®
12.1 Introduction

In this note we address the following questions: definitibtheoretical uncertainties (THU) for LHC
predictions, their statistical meaning, inclusion of paedric uncertainties (PU), their combination. For
the latter we want to stress that the solution (how to comhiglees on some implicit assumptions; any
variation in the assumptions leads to a somehow differdatisn. In this case intuition may still help
to qualitatively guess how the value of the measurementestaf.

The first step that we need to do is establish the definitionusf &nd THUs. Following this we
need to describe the issue (problem) of combination.

12.2 Parametric uncertainties

In our attempt to encode an acceptable definition of themaletincertainty for observables at the LHC
we differentiate parametric uncertainties — those reléatethe value of input parameters — from true
theoretical uncertainties reflecting our lack of knowledfeut higher orders in perturbation theory.

— PU, Parametric uncertainties, will always be there, but exaht reduced when more precise
experiments produce improved results. They should not Bednwvith THU, but listed as

O = z.xxx £+ 0.00y (param)f8:88§ (th). (36)

Ideally and assuming that the central value will not charigeificantly, the better way of dealing
with future improvements is as follows:

1. Produce for each observalde which is a function of parametet; ... p,}, the central

value
O - pn) 37)
2. Provide derivatives
doO .
—_— Vi. (38)
dpi
In this way users will not have to re-run codes as soon as anoirad measurement of; is

available.

Here, the recommendation is that parametric errors carenneplected and calculations should include
them in their final estimate.

The main difference between PU and THU is that PU are digagtbaccording to a known (usually
Gaussian) distribution while the statistical interprietatof THU is less clear, and they are arguably
distributed according to a flat distribution. Sometimesuheertainty oy (say) is added in quadrature
to the scale uncertainty (see Secfion 12.4.1), which istouneble if the former is Gaussian and the latter
is flat. It is worth mentioning that we are discussing ess#igtStandard Model PUs.

12.3 THU, understanding the origin of the problem
In this and the next section we are going to discuss two sepmsues [366] that are sometimes mixed:

— What is the optimal choice for QCD scales?
— Can one use scale variation to estimate higher-orderatmns?

We begin by addressing the first question. Let us for a momemtentrate on the uncertainty
induced by variations of the renormalization scalg, and of the factorization scalg,. The question

33A. Denner, S. Dittmaier, S. Forte and G. Passarino.
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is: Do we have a.; problem in QED? The answery®gs but is it a real problem? This time the answer
is no, because we have ghysicalsubtraction pointg? = 0, for photons with momentum transfer
which defines the Thomson limit. The next question is: Do weehay.; problem in the electroweak
(EW) theory? Yes, but it is not a real problem since, oncerage¢ have ghysicalsubtraction point(s),
since the electromagnetic coupling can still be fixed in therfison limit and the weak mixing angle
can be tied to the ratio of th&/- andZ-boson masses. Stated in other words, our calculationsndepe
on i, but once Lagrangian parameters (masses and couplings@@aeed by data (according to the
renormalization program) this dependence disappearso@se, in perturbation theory, the numerical
output depends on the set of data that we have chosen, tteetkfonext question will be: Do we have
large logs in our radiative corrections? The answefeisfor all cases where the coupling is related to
a EW gauge boson, i.¢, W, or Z, with momentum transfer at the EW scale or higher. In the EW pa
of our theory the first step of the solution will be: Use thg -scheme, notv(0), which is equivalent to
sayresumlarge logarithms that are connected to the running(@f) from ¢> = 0 to the EW scale. In
the G, scheme(G and the gauge-boson masses are used as input parameteng atettromagnetic
coupling is derived according @, = v2GM% (1 — M3, /M2) /. Actually, the message would be:
For an observable at a scalelo not use an input parameter set at a sggle s unless you know how
to resum large logarithms. Of course, there may be moreitbgas of large scale ratios connected to
effects other than the running afin addition (collinear photon radiation, EW Sudakov logamis, etc.).
Furthermore, thé& , scheme should not be used for couplings that concern ekg@mtons wherex(0)
is appropriate.

What to do in QCD? Resummation is the keywdrd| [18] but, admliyt apart from the running
of the strong coupling it is not always available. There,i@st useful keyword will beninimization
To understand the problem consider a physical observahkilghugaffected by (large) QCD corrections.
Since we have no analogue @f. in QCD, our LO calculation will always contain logarithrhs(s/1.)
wheres is the scale where we want to study the process. Ideally, lno@d find a scale, where some
data is available and renormalization means the repladelm@ .z) — In(s/so) andsg should not be
far away froms. This is not (yet) possible in QCD, so the question will tlates into,how do | choose
ur? The guideline will besetur, t0 s, i.e. to evolve the coupling to scatewith renormalization group
equations, or, in other words, make sure that you do not @&engh by going to the next order. This is
easy in a one-scale process but in any multi-scale proceswitithave other additional large logarithms,
say of argument/s’. What to do?

— Selectu and ., process by process, in such a way that when going fréinNto N*+1LO
you minimize the effect of the new corrections. In many caspbase-space-dependent choice is
needed in order to achieve this in differential cross sastiorhe recipe is the best simulation of
a subtraction at some physical point close to the relevaié sin jargon this is calledynamical
scale

12.4 THU uncertainties
In this section we will briefly discuss different sources &0, starting with QCD scale variation.

12.4.1 QCD scale variation

Once the dynamical scale has been selected (process bysgrace can address the second question
mentioned in the beginning of Sect. 12.3. Namely, how do waetstand our approximation in terms
of scale variation, e.gs/n < upr < ns? The idea is as follows: In thill theory there is no scale
dependence and order by order in perturbation theory weldhmuable to see this asymptotic limit.
Therefore, variation of the scale(s) is a pragmatic way aofeustanding how far we are from controlling
the theory. In practice, this meansich value do | chooskr n?
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The recommendation, in this case, should be as follows: atem @rder look for a plateau in the
scale dependence and fixo be such that the plateau is included. Therefore:

— Allow each calculation to set the range of scale variatibis @ matter of experience), but check
that nobody is allowing for too small or too large variatigost to bring theerror in the range
foreseen by their religion.

— Check that different calculations and different choicee gonsistent results.
— Drop extreme choices which are too far away froommorunderstanding of the problem.

Renormalization scale and factorization scale have @iffeorigins and there is no good argument ac-
cording to which we should set, = ;. Once again we invoke thminimization principle i.e. when
going from N'LO to N**!LO the choice should minimize the effect of the new correwicSometimes
the estimate of the uncertainty is based on a diagonal socamgtgnes anti-diagonal directions are in-
cluded. There is also another recipe, a two-dimensional &t 1/n < pg/pur < n. One should also
mention that an independent variation of the two scalesdiuttes large logarithmic corrections that are
cancelled by the next order in perturbation theory. Ourmaoendation here is for a one-dimensional
scan, monitoring at the same time large differences indbgdtie two-dimensional one.

A word of caution is needed at this point: there are examplesr&vone can see that it is easy
to optimize the scale choice, but scale variation becomesyapoor way to estimate higher-order cor-
rections (HO) (in fact at LO it misses even the order of magig). Being pragmatic we should state
that while there may be an optimal scale choice (i.e. onerttiaimizes higher-order corrections), one
should be careful that this does not then bias the resultstwhating higher orders by scale variation.
To be more specific, nobody would object to the suggestionithand ., should be chosen in such a
way that higher-order corrections are minimized, but ircfica the recipe is not always meaningful. It
remains true that if we do know the higher order, we will useaitd if we do not know it, we cannot
estimate the scale which minimizes the difference. Theegfwhat we are suggesting here is to use the
last two known orders for the search of stability and for miizing corrections (if reasonable), which
is — at best — aule of thumb Looking for aplateausimply means looking for a stationary point in the
dependence of the observable on scale. If there is a statipoat it suggests greater reliability. How to
trust a calculation if there is no stationary point remaingighly questionable point. To summarize, one
searches the region of the minimum of the higher-order ctiares, and for distributions a dynamical
scale that stays near the minimum in the whole condsidenmagkeraso that thd(-factor does not drift
away

12.4.2 PDF

For PDFs, theoretical uncertainties in the sense definedeats®@ unknown and have never been esti-
mated (see Secil 8 and Refs.][45,]259] 367]). The known PDériamuties are

— PDF uncertainties, which are propagated data uncesdsai(fiDF uncertainty, henceforth);

— parametric uncertainties, of which the one due to propagaif the uncertainty on the value
of a5 (as uncertainty henceforth) has been studied systematicgllgelveral groups, while the
uncertainties due to the value of the heavy-quark massdsearg gradually included.

While we refer to Secf.]8 for a more detailed discussion, we timat the recommendation given
there for the determination of PDF uncertainties providessalt that already includes the combination
of the PDF uncertainty and the, uncertainty. One option could have been to keep them sepbbait
it was the PDF community recommendation to provide only thalgination of these two. For future
studies it might be more advantageous to keep them separdbati this would give more flexibility
to the user. It should be understood clearly that other pamderuncertainties are thus not included in
this prescription. It is interesting to note that the Gaasdiehaviour of PDF uncertainties has been
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checked explicitly within the HERAPDF and NNPDF PDF detarations (see Sect 3.2 in Ref. [368]
and Ref.[[134]).

12.4.3 Other sources of THU
Other potential sources of THU are:

— Pole masses vs. running masses? Whenever we know which(imelssling its scale) is to be
taken the uncertainty should not enter the game. This meansr general, we do not recommend
inclusion of these effects in THU.

— In the scheme productiondecay the Higgs shape is, usually, represented by a Bregréii
distribution. Differences induced by using fixed-width egte vs. running width scheme should
not enter the THU. If the difference matters (e.g. at lardaesof the Higgs mass) one should try
to understand the difference and compare results with thmplex-mass scheme.

— EW uncertainties; we have renormalization scheme depeerdéut also an uncertainty associated
to inclusion of EW effect in a QCD NNLO calculation [35]. IfehQCD K -factor is large it will
make some difference to multipyw by the full K-factor (complete factorizatiori [30]) or to
include it only at LO (as the conservative recipe of partadtdrization would suggest). The
most conservative recipe for mixed EW-QCD effects is the \matween complete and partial
factorization, but an estimate should be given in any case.

— Full top mass dependence [10] vs. large-approximation in the productioa (H — gg). The
correct recipe is as follows: at NLO one should take the iplmass dependence and the estimate
of the approximation at NNLO should go into the THU [369].

— Inclusion of the bottom-quark loop in gluon—gluon fusioamplete factorization ¢op+bottom |?
with full NNLO K-factor) or partial one|(bottom |? and top—bottom interference with NL&-
factor)?

— Missing higher-order corrections not related to scaleettamties. Sometimes LO predictions
lack some scale uncertainty that appears only in highersi@eg. no QCD renormalization scale
in the Drell-Yan process in LO), sometimes new channels apdrigher orders, which is also
a systematic effect that has nothing to do with scales ¢g @hannel forWWW+jet production).

In particular, the THU resulting from missing higher-ordeW corrections cannot be estimated
via scale uncertainties. NNLO EW corrections can be eséthéd some extent based on the
known structure and size of the NLO corrections combineti witwer counting of EW couplings
and logarithms. Here we are discussing mostly SM, at the monwspecial recommendation is
available for MSSM and one should include THU, whenever iptessby scaling the corresponding
SM THU.

12.5 How to combine THU

The main question we want to discuss heredie THU confidence intervals®nd also:Do we have sta-
tistical meaning for THUT here are different opinions on the subject; some of us tthiak THUshould

be confidence intervals, though of course being a distdbutf true values they must be interpreted in a
Bayesian sense. Obviously, given that they refer to a Higian of the values there is no reason to think
that they are Gaussian, and it might be more reasonableddhekn as flat distributions. This said, they
should be combined using the rules of Bayesian inference.ehlielope method is then the correct rule
to combine probability intervals from flat distributions.

No matter which opinion one has, it seems obvious that if Tidkhe from flat distributions, then
they should be added linearly, and if from Gaussian, in catade. It is more reasonable and more con-
servative to think that THU are flat, and thus to add them ligeds already stated, PDF uncertainties
are most certainly Gaussian uncertainties, they have bg#icidy checked to be Gaussian, and should
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therefore be treated as such. Therefore, there is enoudarea that the PDF &, uncertainty should
be added in quadrature to all other PU. The way the total Pbes tombined with the THU comes
down to the best way of combining a Gaussian and flat distabst(which is less obvious). Of course,
whenever a theoretical uncertainty dominates (typicaiéy@CD scale uncertainty, e.g. for gluon—gluon
fusion) the problem becomes less relevant.

If only one observable is needed each code should providecd sptions
{o1, ... ,om},  withvalues o; = {0}, ... 0" (39)
where, for instancey; is QCD y, dependence anfb}, o?, 03} refer tou, = scalg’2, scale, 2scale.
After running the observabl® over all options one determin€,.,;,,, O., andO,..«, Where the central
value is fixed by the author’s taste, defining greferredsetup.

If several observables have to be combined one has to takagobunt that, givem options with
multiple values, some of them are correlated, e.g. all opt@ncerning production vig fusion should
not be varied independently in all observables. This meansoticompute?; with scale’2 andO; with
2 scale if both come fromg fusion. Even here we have two possibilities:

— Vary one option at the time and add the effects;

— vary all options (taking into account correlations) andlfine absolute minimum and maximum
in the allowed range of variation.

The first choice has the virtue that experimentalists carddge@ter on, on error combination; the second
one is more clean and reflects the true status of THU.

All this said, one has to face the problem of how to combinfediht determinations of uncertain-
ties, e.g., from different groups which provide differemicartainty estimates for the same observable.
Assume for definiteness that the two groups provide the jitityadistribution for an observabl® as
p1(O) andp2(0O), for example by saying that the distributions are gaussmhpaioviding their means
and standard deviations; andg;. In the case of statistical uncertainties, two attitudespassible:

— The different determinations differ due to statisticalgens. In such case, the best value is found
as the weighted average. In the above example, the combetedndnationp(O) is a gaussian,
with meanm equal to the weighted average of the means of the two stadistgbutions and

standard deviation equal to the standard deviation of trenmaeé = i;% In this case, the error
on the combined determination is always smaller than tha e each of the determinations that
go into it.

— The different determinations are exclusive, i.e. eithes or the other is correct, and they should
be combined in a Bayesian way by assigning an a priori rdiiathd each of them. In this case
the combined probability ig(O) = M, and the error on the combined determination
is not necessarily smaller, and in fact typically largemtliae error of each of the determinations
that go into it. Indeed, in practice, unless the probabdistributions that are being combined are
very inconsistent (e.qg. if their respective means differmmpny standard deviations) this Bayesian
combination is very close to the envelope of the distrimgiwhich are being combined (compare
the method for the combination of PDF uncertainties disetisas Sect B).

The case of theoretical uncertainties is rather less obvaoua it will be discussed in the next section.

12.5.1 Possibilities for option combination

Consider a given observabt® whose calculation is characterized by a set of optipns ... ,0,}. A
typical result, showing all components of THU will be as olis:

0 =0 0 o] -+ [ou). (40

_ pmin
On,
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The question is on the combination of different sources.r& lage three options:
L) Linear combination:

L n n .
0-0."g.  ALO=3 o ALO= 3o (@)
B i=1 i=1

Q) Quadratic combination:

n

0O—0 +a%0 A20 = |:Z(0;;nax)2:| 1/27 AQO — {Z(Ognin)z} 1/27 42)

C —A?O’
i=1 i=1
E) Envelope combination:

+Aa%0 B B .
AYO = max O({o}) -0, AZO=0.,— min O ({o}), (43)

c E )
—AZO 01, ...,0n o1,

0=0
.. ,On

where “c” refers to the preferred setup for all options. Adaaver all options that are not correlated is
indeed needed, all options that are independent shouldries\&imultaneously. When a specific set of
PDFs is used, it should be kept fixed at its central value wloempciting the various THU. The PDF
uncertainty (which is not a THU as discussed above) is coetpalong with other statistical and para-
metric uncertainties. Let us now assume that all optionsespond to uncertainties which are known
to be THU. Clearly addition in quadrature is then not appedpr In an ideal case, all sources of THU
should be recorded, with correlated options not be variddpendently but rather in the correlated way
discussed previously. The final ensuing uncorrelated THisthen be just combined linearly. More-
over, in the future, combination can be repeated when soroertainty is reduced or some improved
strategy is found. To this purpose, all authors should pl@information on each source of THU.

Unfortunately, this is not usually done, so, lacking dethinformation, the problem of combining
uncertainties arises. To be more concrete, let us considebservable) and two different predictions,
O, and O, both with asymmetric error (with for definitene€s, > Op). The precise meaning of
error here is not obvious; however, we can assume that anarie\ , means that the observable has a
constant probability of being in the rand®, — A, < O < O, + A4 (with the obvious generalization
when the error is asymmetric). Note that the standard dewiaf such a probability distribution is equal
too = Ag. The rationale for this choice is that if a calculation isfpened by using the state-of-art of
the present technology, the meaning of the error band is frelon’t know about higher-order effects, |
haven't computed them, but | know that it is almost imposdtitdit they will change my result more than

what | have indicatedThus, the true result should be within the shown interval.

Given two predictiong), ; with asymmetric errora\ A, andA B, the central value (this result
rests on the assumption that the upper limit is dud #nd the lower due t®) can be defined as

(0) = % (01+05+4B, —24) (44)

i.e. at the centre of the overlapping band (or at the centteefap in case of no overlap). If the two
uncertainties are treated as completely independent aydatte added linearly, the width of the band
then is

W=AA;L +AA_+AB, +AB_. (45)

This is a very conservative estimate, which contradictsatheve philosophy according to which the two
intervalsAA, +AA_ andA B, +AB_ should already be “maximal” ranges of variation. Furthemeno
it neglects the fact that in practice the ranges of variagiiven by different authors will include several
common effects.
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One could then alternatively argue in the following way: the determinations provide each a
maximal range of variation, however the two different esti@s of the range of variation include some
common effects. The total range of variation should thenrhaller thaniV, Eq. [4%), to account
for these common effects. For example, suppdsdoes not include the -effect and estimates the
corresponding uncertainty, but includes theeffect. The opposite foB. If it is thought that a smaller
W reflects a genuine progress, then an ideal solution wouldhdtedt and B include both thex- and
B-effects. However, sometimes this is not possible, for extarif B considers thex -effect to be wrong
or questionable. Even so, a less conservative than jusy &&in [45) is possible. Namely, assuming
that the possible inclusion of common effects is respoadil the fact that the two bands overlap, and
the difference in central values is due to effects not inetlioh both determinations, one should subtract
from the uncertainty band the width

d=max{0, Op — O, +AB; + AA_} (46)
of the region of overlap of the two bands, thereby getting racettainty band with width
W' =W —d. (47)

If the bands have a nonzero overlapdse 0, W’ Eq. (41) is just the envelope of the two bands, namely
W' = W", with.

W" = AA, + AB_ + (OA - (QB>. (48)
If the bands do not overlap the envelope Eq] (48) is wider thatinear sum of the uncertainties Hqg.l(45):
W"” > W. In this case, the lack of overlap of the two bands suggeatseither or both of two deter-

minations are missing some source of uncertainty, and thelae prescription, which is now more
conservative than the linear sum, seems more advisable.

Hence we conclude that it is in general advisable to adoptetivelope uncertainty estimate
Eq. (48). To formulate our recommendation in full geneyahe define
O_ =max{Op —AB_, 0, — AA_},
O =min{Op + AB;, O, + AALY,
E_=min{0Oz —AB_, O, — AA_},
E; =max{Op +AB;, O, + AA,}. (49)

Our recommendation is thus to use as best prediction forlibergable the central value

1
©) =3 (0++0-), (50)
with an uncertainty band with envelope width
W'=E, - E_ (51)
[generalization of Eq[{48)], namely:
_ +{E+—(0)}
0= <O>_{<(9+>_E,}- (52)

Finally, we note that a similar conclusion is reached if wauase that the two determinations under dis-
cussion should be taken as exclusive and with equal a priobigbility. Indeed ifp,(O) andp;(O)
are two flat probability distributions for the observalde then the combined distributiop(Q) =
(pa(O) + ps(0))/2 has an effect very similar to a flat distribution with widthuedj to the envelope
of p,(O) andp;(0), as long as the two bands at least touch each other.

If the starting determinations distributions are incotesig§ i.e.Oz + AB. < O, — AA_ none
of these methods seems adequate, and in such case one shesiirg the reliability of the results
which are being combined. In all other cases, we concludetieaenvelope method Ed. (52) provides a
conservative but not overly conservative way of combinit¢JJT though it could overestimate a bit the
combined THU.
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12.5.2 Conclusions
The concept of THU and its use require few basic rules and seeagent within the community:

— Sets of options in different calculations should be homeges; if one calculation includes a
new option its physical origin should be motivated and its isthm accepted, in which case all
codes should include it. If a calculation is based on optithad inflate (or deflate) the THU
without a general consensus or a solid theoretical basstoild not be included in the average.
Controversial assumptions should be put on a waiting lidtiacluded only when the issue is fully
clarified. Our recommendation for central value is the midpof the overlapping region, EQ.(50).

— If different calculations include homogeneous sets obuistthe difference between central values
should be considered with particular care, unless the @evdtfue itself reflects a specific choice
for the preferred setupvith different choices in different calculations. If allwpns, including the
preferred setup, are congruent then differences in theatammiues cannot be justified by THU.

To summarize our recommendations we suggest that:

— Parametric uncertainties that are distributed accorttirgknown (usually Gaussian) distribution
should be added in quadrature.

— For the choice of central QCD scales we are suggesting tthedast two known orders for the
search of stability and for minimizing corrections (if reaable), which is — at best —rale of
thumb The corresponding theoretical uncertainty, which of sewshould be assessed by investi-
gating the highest known order, is arguably distributedbediog to a flat distribution. Problems
related to incompatible data are more the rule than an excefar THU and, in principle, THUs
should be considered case by case; this is this is partigtfeae whenever the two error bands are
far apart, and also the envelope (the standard method fomipatible statistical uncertainties) be-
comes questionable. In order to formulate a global recondiaiton we suggest that THU should
be combined according to the envelope method: therefofeedthe central value according to
Eq.(50) with uncertainty given by EQ.(62).

— One should keep in mind that there are additional sourcdsHtf, e.g. the THU resulting from
missing higher-order EW corrections, that cannot be estichaia scale uncertainties. Therefore
scale variation uncertainties (SU) are a relevant portidhe global THU but do not exhaust the
THU. It is our recommendation that all sources of THU, notyo8U, and their origin should
always be documented.

— The way the total PU is then combined with the THU comes dawthé best way of combining
a Gaussian and flat distributions. As general rule that iscgerfitly conservative only the linear
combination of those errors can be recommended.

— To stress our point let us repeat that the PD&Hplus other parametric uncertainties, such as
heavy-quark masses) are added in quadrature to each othef gne wants to add heavy-quark
mass effects, this has to be done in quadrature to PRF which is already the sum in quadrature
of PDF + «y), but then they are addeshly onceat the end to the THU. Thus if one has two
different estimates of the PDF & uncertainty,A and B, the recommendation is on averaging
these two estimates (which is the same as the uncertaintywafutly correlated measurements)
before combining with the THU. A remaining source of uncettg i.e. the scale dependence of
PDF, cannot be estimated at present.
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13 Summary®

The present document is the result of a workshop that stamtddnuary 2010 as a new joint effort
between ATLAS, CMS, LHCb, and the theory community. In thispBrt we have presented the state-
of-the-art for SM and MSSM Higgs cross-section and brargshatio calculations.

Here we summarize the Higgs production cross sections wdmetobtained following the rec-
ommendation of Section 8 for the choice of parton distrifoutfunctions (PDFs) and their combined
uncertainty assessment together with the one for the sitongling constanty, (PDF4LHC recipe).
Moreover, we combine this PDF & uncertainty with the theoretical uncertainty (THU) acdngdto
the prescription of Sectidn112. In detail, given two caltiolas O; » with THU uncertaintiesA}V and

PDF +a; uncertainties (according to the PDFALHC recipg}y, we

— define the corresponding central value as

1
©) =3 (0++0-), (53)
whereO_. give the boundaries of the overlap,

O4 = min{O; + ATHY, 0, + AGHYY, O_ = max{0; — AT"Y, 0, — AJHY}, (54)

)

compute combined THU uncertainty
Tt = Ei.—(0), T =(0)-E_, (55)
whereEL give the boundaries of the envelope,

By = max{0; + AT}V, 0, + ATHYY, E_ =min{0; — ATV, 0, — ATV} (56)

compute combined PDF & uncertainty
1
P =2 (AP +abY) (57)

define total errorsI'+ + P*.

The combined numbers in this Summary, for geefusion process, are based on the two predic-
tions (ABPS and dFG) of Section 2; work is in progress to ustaeid the numerical impact of (possibly)
remaining THUs with the inclusion of other analyses (e.g.BID calculation of Section 2.4).

The total cross section gfs = 7 and14 TeV is shown in Fig[.40. The SM Higgs production
cross sections for the individual channels are shown in#lgfor /s = 7 TeV and in Fig[4R for
Vs = 14 TeV, with the combined parametric and theoretical uncetites, PU + THU, illustrated by
bands. The labels on the bands briefly indicated the typediditige corrections that are included in the
predictions. For details of the calculations and individet@nponents of the error (THU, PDFax, etc.)
we refer the reader to the main text, e.g. to Sedilon 2 fogghfusion results. In Tablds BA=137 the cross
sections and associated total errors for different praduathannels are summarized together with the
total inclusive Higgs production cross sections.

The branching ratios for the SM Higgs boson are shown in[EZy. Bables containing explicit
numbers on partial widths, branching ratios, and on thé watith can be found in Sectidd 9 and Apg. B.
As already pointed out in Sectidh 9, a full error analysishef Higgs branching ratio is still in progress
(see Ref.[[40] for a recent independent analysis).

The results shown in this section will be regularly updatedus webpag®.

343 Dittmaier, C. Mariotti, G. Passarino and R. Tanaka.
SShttps://twiki.cern.ch/twiki/bin/view/LHCPhysics/CseSections
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Fig. 40: The total SM Higgs production cross sectionat = 7 and14 TeV.

Each experiment is recommended to use the common Standadél Mgput parameters (Ap-
pendix[A), the best known NNLO(NLO) cross sections and bnamyg ratios reported in this Report
as common basis for Higgs physics at LHC.

Beyond the goals of this Report remains the agreement betiwe® MC predictions and NNLO
calculations within the acceptance of the detectors. TResiep in the activities of this working group
will be the computation of cross sections that include atznege cuts and differential distributions for
all final states that will be considered in the Higgs seardheatl HC. Preferably this should be carried
out with the same set of (benchmark) cuts for ATLAS and CMSe gbal is to understand how the
K-factors from (N)LO to (N)NLO will change after introductioof cuts and to compare the NNLO
differential distributions with the ones from Monte Carlergrators at NLO.

There is a final comment concerning the SM background: Wetplastimate theoretical predic-
tions for the most important backgrounds in the signal megiorhis means that lsackground control
region has to be defined, and there the experiments will measureea gource of background, directly
from data. Thecontrol regioncan be in the bulk of the background production phase spate;am
also be in the tail of the distributions. Thus it is importémtdefine the precision with which the SM
background will be measured and the theoretical precisuailable for that particular region. Then
the background uncertainty should be extrapolated backesitjnal region using available theoreti-
cal predictions and their uncertainty. It will be importdaotcompute the interference between signal
and background and try to access this at NLO. The (N)LO MoradoS will be used to simulate this
background and determine how thefactor is changing with the chosen kinematic cuts.
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Fig. 41: The SM Higgs production cross sectionat = 7 TeV.
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Fig. 42: The SM Higgs production cross sectionat = 14 TeV.
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Fig. 43: The SM Higgs branching ratios as a function of the Higgs-bhasass.
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Table 34: SM Higgs-boson production cross sectionat= 7 TeV: light Higgs boson.

My goF VBF WH ZH ttH Total
[GeV| o[pb] error [%] olpb]  error [%)] olpb]  error [%)] o[pb]  error [%)] o|pb] error [%] opb]
90 2947 +22.9 —15.6 1.710 +2.7 =23 1.640 +3.3 —3.8 | 0.8597 +3.9 —4.0 0.2162 +12.5 —18.1 33.90
95 26.58 +21.9 —15.9 1.628 +2.5 —2.5 1.392 +3.3 —4.1 0.7348 +4.6 —4.7 0.1880 +12.4 —18.0 30.52
100 24.02 +21.2 —15.6 1.546 +2.6 —2.4 1.186 +4.0 —3.9 | 0.6313 +4.5 —4.6 0.1638 +12.3 —18.0 27.55
105 21.78 +20.8 —15.5 1472 425 —24 1.018 +4+3.8 —4.3 | 0.5449 +5.0 —5.3 0.1433 +12.1 —17.9 24.96
110 19.84 4204 —15.3 1.398 +28 =23 | 08754 +4.1 —4.5| 04721 453 —5.3 0.1257 +12.1 —18.0 22.71
115 18.13 +420.0 —15.3 1.332 +2.5 —2.3 | 0.7546 +4.3 —4.7 | 04107 +5.5 —54 0.1106 +11.9 —17.8 20.74
120 16.63 +19.7 —15.1 1.269 +42.8 —2.5| 0.6561 +3.8 —4.1 | 0.3598 +5.0 —4.7 | 0.09756 +11.8 —17.8 19.01
125 15.31 4195 —15.1 1.211  +2.7 =24 | 0.5729 +3.7 —4.3 | 0.3158 +4.9 —5.1 0.08634 +11.8 —17.8 17.50
130 14.12  419.2 —15.1 1.154 +2.8 —2.3 | 0.5008 +3.8 —4.3 | 0.2778 +5.2 —5.1 0.07658 +11.6 —17.7 16.13
135 13.08 +18.9 —15.0 1.100 +43.0 —2.2 | 04390 +4.1 —3.8 | 0.2453 +5.3 —5.0 | 0.06810 +11.5 —17.6 14.93
140 12.13 +18.8 —14.9 1.0562 +42.8 —2.2 0.3857 +4.0 —4.0 | 0.2172 +5.2 =53 | 0.06072 +114 —17.6 13.85
145 11.27 4187 —14.9 1.004 +3.1 —-2.1 0.3406 +4.0 —4.6 | 0.1930 +5.8 —5.8 | 0.05435 +11.4 —17.6 12.86
150 10.50 +418.7 —14.9 | 0.9617 +2.9 —2.2 0.3001 +3.7 —4.1 0.1713 +5.4 —5.2 0.04869 +11.3 —17.5 11.98
155 9.795 +18.5 —15.0 | 0.9180 +3.1 —2.1 0.2646 +4.0 —4.3 | 0.1525 +45.7 —5.2 0.04374 4114 —17.7 11.17
160 9.080 +18.6 —15.0 | 0.8787 +29 —23 | 0.2291 +44.3 —4.5 | 0.1334 +6.0 —5.7 | 0.03942 +411.4 —17.7 10.36
165 8.319 +18.1 —14.7 | 0.8517 +3.1 —2.1 0.2107 +4.1 —4.3 | 0.1233 +6.2 —5.8 | 0.03559 +11.3 —17.7 9.540
170 7.729 +17.9 —14.9 | 0.8173 +3.1 —2.2 0.1883 +4.3 —4.5 | 0.1106 +6.4 —6.1 0.03219 +11.3 —17.6 8.877
175 7.211 4179 —14.8 | 0.7814 +3.2 —2.1 0.1689 +4.1 —4.9 | 0.09950 +6.2 —6.0 | 0.02918 +11.2 —17.6 8.290
180 6.739 +18.1 —14.7 | 0.7480 +3.1 —2.4 | 0.1521 +4.1 —4.1 | 0.08917 +6.0 —5.7 | 0.02652 +11.2 —17.6 7.755
185 6.295 +17.4 —15.0 | 0.7193 +3.4 —2.2 0.1387 +3.9 —4.4 | 0.08139 +6.1 —5.8 | 0.02414 +11.3 —17.7 7.259
190 5.896 +17.3 —15.0 | 0.6925 +3.3 —2.2 0.1253 +4.2 —4.4 | 0.07366 +6.1 —6.0 | 0.02206 +11.3 —17.7 6.810
195 5.551 +17.2 —15.1 | 0.6643 +3.4 —2.5 0.1138 +4.4 —4.3 | 0.06699 +6.3 —5.9 | 0.02016 +11.3 —17.7 6.416
200 5.249 +17.2 —15.2 | 0.6371 +3.4 —2.3 | 0.1032 +4.2 —4.8 | 0.06096 +6.4 —6.0 | 0.01849 +11.3 —17.8 6.069
210 4.723 +16.9 —15.3 | 0.5869 +3.5 —2.4 | 0.08557 +4.2 —4.4 | 0.05068 +6.3 —6.2 0.01562 +11.7 —18.1 5.462
220 4.288 +16.8 —15.3 | 0.5420 +3.5 —2.5 | 0.07142 +4+4.0 —4.6 | 0.04235 +6.4 —6.1 0.01330 +11.8 —18.2 4.957
230 3.908 +16.6 —15.5 | 0.5011 +3.8 —2.4 | 0.06006 +5.2 —5.2 | 0.03560 +6.9 —6.7 | 0.01143 +12.2 —184 4.516
240 3.081 +16.7 —15.4 | 0.4641 +3.8 —2.5 | 0.05075 +4.5 —4.7 | 0.02999 +6.3 —6.2 | 0.009873 +12.3 —18.6 4.136
250 3.312 +16.5 —15.6 | 0.4304 +4.0 —2.6 | 0.04308 +4.5 —4.7 | 0.02540 +6.2 —5.8 | 0.008593 +12.6 —18.8 3.819
260 3.072 +16.2 —159 | 0.3988 +4.3 —2.4 | 0.03674 +4.8 —4.7 | 0.02158 +6.3 —6.2 | 0.007524 +12.9 —18.9 3.937
270 2.864 +16.2 —15.8 | 0.3715 +4.2 —2.6 | 0.03146 +4.4 —4.7 | 0.01839 +6.0 —6.0 | 0.006636 +13.6 —19.4 3.292
280 2.696 +16.0 —16.2 | 0.3461 +4.3 —2.7 | 0.02700 +4.8 —5.4 | 0.01575 +46.5 —6.2 | 0.005889 +14.2 —19.9 3.091
290 2.546 +16.1 —16.1 | 0.3226 +4.5 —2.6 | 0.02333 +4.9 —5.0 | 0.01355 +6.0 —5.8 | 0.005256 +14.9 —20.3 2.911
300 2418 +16.1 —16.1 | 0.3010 +4.6 —2.7 | 0.02018 +5.1 —5.4 | 0.01169 +6.4 —6.2 | 0.004719 +15.6 —20.9 2.756
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Table 35: SM Higgs-boson production cross sectionat = 7 TeV: heavy Higgs boson.

My ggF VBF Total
GeV] opb] error [%] o[pb] error [%] opb|
320 2.248 +16.3 —16.2 0.2622 +4.9 —2.7 2.510
340 2.199 +17.6 —15.7 | 0.22806 +5.1 —2.9 2.428
360 2.359 +19.1 —14.8 0.2018 +5.3 —3.0 2.561
380 2.263 +16.9 —15.8 | 0.1807 +5.7 —3.0 2.444
400 2.035 +15.3 —16.6 0.1619 +45.9 —3.0 2.197
450 1.356 4164 —17.4 | 0.1235 +6.6 —3.2 1.479
500 0.8497 +17.6 —17.5 | 0.09491 +47.2 —34 0.9446
550 | 0.5259 +18.4 —17.6 | 0.07356 +7.9 —3.5 0.5995
600 0.3275 +19.3 —17.8 | 0.05763 +8.6 —3.8 0.3851
650 | 0.2064 +19.8 —17.9 | 0.04556 +9.3 —3.8 0.2520
700 0.1320 +20.5 —18.2 | 0.03635 +9.9 —4.0 0.1683
750 | 0.08587 +21.4 —18.5 | 0.02924 +10.7 —4.2 0.1151
800 | 0.05665 +422.1 —19.0 | 0.02371 +11.3 —4.3 | 0.08036
850 | 0.03786 +23.1 —19.6 | 0.01937 +11.9 —4.5 | 0.05723
900 | 0.02561 +24.3 —20.4 | 0.01595 +12.6 —4.6 | 0.04156
950 | 0.01752 +425.5 —21.4 | 0.01321 +13.4 —4.8 | 0.03073
1000 | 0.01210 +427.1 —22.6 | 0.01103 +14.2 —4.9 | 0.02313
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Table 36: SM Higgs-boson production cross sectionat = 14 TeV: light Higgs boson.

My ggF VBF WH ZH ttH Total
[GeV] opb] error [%] olpb]  error [%)] o[pb]  error [%)] olpb]  error [%)] opb] error [%] o[pb]
90 87.56 +23.0 —164 5.569 +2.9 -3.0 4.090 +4.3 —4.6 2.245 +5.3 —5.7 1.449 4149 —18.0 100.9
95 79.83 +22.3 —16.0 5.338 +3.0 —3.1 3.499 +44 —4.5 1.941 +5.2 —5.2 1.268 +14.8 —18.0 91.88
100 73.27 +21.5 —16.0 5.114 +2.8 —-3.1 3.002 +4.5 —4.3 1.683 +5.7 —5.3 1.114 +14.8 —18.0 84.18
105 67.34 +21.1 —15.6 4900 +3.2 —29 2.596 +4.1 —4.0 1.468 +5.4 —5.4 | 0.9816 +14.7 —18.0 77.29
110 62.16 +20.6 —15.3 4.750 +2.2 =3.9 2.246 +4.1 —4.6 1.283 +46.1 —5.6 | 0.8681 +14.8 —18.1 71.31
115 57.57 +20.2 —15.0 4.520 429 —-3.0 1.952 +4.5 —4.0 1.130 +6.2 —5.2 0.7699 +14.8 —18.1 65.94
120 53.49 +20.0 —14.8 4.361 +2.5 =35 1.710 +4.4 —4.1 0.9967 +6.0 —5.4 | 0.6850 +14.7 —18.1 61.24
125 49.85 +19.6 —14.6 4.180 +42.8 —3.0 1.504 +4.1 —4.4 | 0.8830 +6.4 —5.5 0.6113 +14.8 —18.2 57.03
130 46.55 +19.5 —144 4.029 425 —-3.1 1.324 +3.8 —3.7 | 0.7846 +6.3 —5.2 0.5472 +14.8 —18.2 53.23
135 43.61 +19.1 —14.2 3.862 +3.1 —2.8 1.167 +3.5 —3.4 | 0.6981 +59 —5.2 0.4910 +14.8 —18.2 49.83
140 40.93 +18.9 —13.9 3.732 +2.6 —3.3 1.034 +3.3 —3.8 | 0.6256 +5.8 —5.2 0.4419 +14.8 —18.2 46.76
145 3849 +18.8 —13.7 3.590 +3.0 =3.0| 09200 +3.8 —3.7 | 0.5601 +6.7 —5.5 | 0.3989 +14.9 —18.3 43.96
150 36.27 +18.7 —13.5 3.460 +2.8 —3.0 | 0.8156 +3.0 —3.3 | 0.5016 +6.0 —4.7 | 0.3609 +14.9 —18.3 41.41
155 34.22 +18.6 —13.6 3.332 +29 —-3.0| 0.7255 43,5 —3.7| 04513 +6.5 —5.6 | 0.3275 +14.9 —184 39.06
160 3210 +18.6 —13.7 3.198 +3.1 —2.8 | 0.6341 +3.3 —3.6 | 0.3986 +6.6 —5.5 0.2980 +15.0 —18.5 36.63
165 2977 +178 —134 3.137 +3.0 =29 | 05850 +26 —3.0| 03705 464 —4.9 | 0.2718 +15.1 —18.5 34.13
170 2793 +17.7 —13.3 3.033 +2.8 —3.0| 0.5260 +3.1 —3.5 0.3355 +6.5 —5.4 | 0.2487 +15.7 —18.9 32.07
175 26.36 +17.7 —134 2922 +3.5 —2.8| 04763 +3.4 —3.2 0.3044 +6.6 —5.7 | 0.2279 +15.8 —18.9 30.29
180 2492 +178 —134 2.805 +3.3 —2.8 | 04274 +3.2 —34 | 02744 +6.7 —5.8 | 0.2095 +15.8 —19.0 28.64
185 23.49 +17.2 —134 2740 +2.8 —2.9 | 0.3963 +2.9 —3.2 0.2524 +6.1 —5.5 0.1930 +15.8 —19.0 27.07
190 2221 +17.1 —13.2 2.652 +2.7 —2.9 | 0.3600 +3.0 —3.4 | 0.2301 +6.5 —5.9 | 0.1783 +16.0 —19.2 25.63
195 21.10 +17.0 —13.2 2.566 +2.9 —2.9 | 0.3291 +3.0 —34 | 0.2112 +64 —5.8 | 0.1650 +16.0 —19.2 24.37
200 20.16 +16.8 —13.2 2472 +3.2 =27 | 0.3004 434 —3.5 0.1936 +6.7 —6.1 0.1532 +16.2 —194 23.28
210 18.49 +16.6 —13.3 2315 +3.2 =27 | 0.2526 +2.8 —3.3| 0.1628 +6.5 —5.1 0.1329 +16.4 —19.5 21.35
220 17.08 +16.4 —13.3 217 429 =31 0.2138 +34 —-3.3 | 0.1380 +6.3 —5.6 | 0.1162 +16.7 —19.8 19.72
230 1586 +16.3 —13.2 2.036 +3.2 —2.8 | 0.1826 +39 —4.0| 0.1173 +47.0 —6.2 0.1025 +17.1 —20.0 18.30
240 14.82 +16.1 —13.2 1.918 +43.0 —2.7 | 0.1561 +3.7 —3.8 | 0.09996 +6.5 —5.9 | 0.09109 +17.3 —20.3 17.09
250 1392 +416.0 —13.2 1.807 +42.9 —3.0 | 0.1343 +3.2 —3.7 | 0.08540 +6.2 —5.5 | 0.08156 +17.7 —20.5 16.03
260 13.14 +415.9 —13.3 1.711 429 -3.7| 0.1161 +3.0 —3.5| 0.07341 +6.1 —5.2 | 0.07351 +18.1 —20.8 15.11
270 12.47  +15.7 —13.1 1.606 +3.0 —2.9 | 0.1009 +3.1 —3.2 | 0.06325 +5.3 —4.7 | 0.06667 +18.5 —21.1 14.31
280 11.90 +15.7 —13.1 1.514 +43.2 —2.7 | 0.08781 +3.4 —3.6 | 0.05474 +5.7 —5.0 | 0.06081 +19.0 —21.4 13.62
290 11.43 4154 —13.2 1436 +3.2 —2.8 | 0.07714 +3.5 —3.8 | 0.04769 +5.4 —4.7 | 0.05575 +19.4 —21.7 13.05
300 11.05 +15.3 —13.0 1.358 +43.2 —2.9 | 0.06755 +3.9 —3.8 | 0.04156 +5.6 —5.2 | 0.05133 +19.8 —21.9 12.57
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Table 37: SM Higgs-boson production cross section/at= 14 TeV: heavy Higgs boson.

My ggF VBF Total
[GeV opb] error [%] olpb]  error [%] o[pb]
320 10.59 4154 —12.9 1.220 +3.2 —2.8 11.81
340 10.72 +159 —13.4 1.094 +3.3 —-28 11.81
360 11.91 +416.5 —13.8 | 0.9930 +3.3 —2.8 12.90
380 11.72 4153 —13.3 | 09148 +3.4 —2.7 12.63
400 10.87 +13.2 —13.6 | 0.8422 +3.6 —2.7 11.71
450 7.790 +12.6 —13.7 | 0.6893 +3.8 —3.0 8.479
500 5.255 +13.7 —13.9 | 0.5684 +4.0 —2.9 5.823
550 3493 +14.2 —14.1 | 0.4724 +4.4 -3.0 3.965
600 2.332 +14.5 —14.0 | 0.3965 +4.7 —3.1 2.728
650 1.576 +14.5 —13.8 | 0.3360 +4.9 —3.2 1.912
700 1.078 +15.2 —14.1 | 0.2872 +5.2 —34 1.365
750 | 0.7498 +15.5 —13.9 | 0.2476 +5.6 —3.5 | 0.9974
800 | 0.5280 +15.6 —14.0 | 0.2155 +5.8 —3.7 | 0.7435
850 | 0.3766 +15.9 —14.2 | 0.1885 +6.3 —3.6 | 0.5651
900 | 0.2723 +16.3 —14.5 | 0.1666 +6.5 —3.8 | 0.4389
950 | 0.1987 +16.8 —14.5 | 0.1484 +6.6 —4.0 | 0.3471
1000 | 0.1472 +16.8 —14.6 | 0.1330 +7.0 —4.0 | 0.2802
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Appendices
A The Standard Model input parameter set

The production cross sections and decay branching ratibedfiggs bosons depend on a large number
of Standard Model parameters. Unless otherwise specifiedfotlowing default parameter seté are
used as listed in Table A.1.

The strong coupling constant, is in general taken to be the value from the PDF set used.
MSTW2008 determines the; value as part of its PDF fity,(M2) = 0.1394 at LO,0.1202 at NLO and
0.1171 at NNLO. The CTEQ collaboration uses the world average eafug(M/7) = 0.130 at LO and
as(M2) = 0.118 at NLO) for its PDF fits. The NNPDF collaboration useg/2) = 0.119 at NLO.

\ parameter | valueterror \

electron mass | 0.510998910(13) MeV
muon mass 105.658367(4) MeV
tau mass 1776.84(17) MeV
uquark mass | 190 MeV
d quark mass | 190 MeV
s quark mass 190 MeV
¢ quark mass 1.40 GeV
b quark mass | 4.75 GeV
t quark mass 172.54+ 2.5 GeV
MS scheme: mass| 1.28 GeV
MS scheméb mass| 4.16 GeV
¢ pole mass 1-loop 1.41 GeV
¢ pole mass 2-loop| 1.55 GeV
b pole mass 1-loog 4.49 GeV
b pole mass 2-loop 4.69 GeV

W mass 80.398+ 0.025 GeV
Tw 2.141+ 0.041 GeV
NLO I'yy 2.08872 GeV
7 mass 91.1876+ 0.0021 GeV
Ty, 2.4952-+ 0.0023 GeV
NLO T'y 2.49595 GeV
Gr 1.16637(1)x 10~ GeV—2

Table A.1: The Standard Model input parameters for particle massesvatitds for computing cross section and
branching ratios as presented in this Report.

B SM Higgs-boson partial widths

SM Higgs boson partial widths for all relevant decay chasmet listed in Tablds B.I-B.4.

In Tabled B.5 anf BI6 we list the partial widths of the SM Higgson into 4-fermion final states.
We display results for the specific final states ~ee™ (H — 4e) andeTe utu~ (H — 2e2u), which
are also valid ife is interchanged witlu or 1, since fermion masses are neglected. We also provide
results for final states with 4 arbitrary leptori$ ( 41) wherel = e, M T, Ve, Vs Vs 4 arbitrary quarks
(H — 4q), whereq = u,d, s, ¢, b, 2 arbitrary quarks and leptonH (— 2¢2[), and for all possible four
fermion final statesH — 4f).

%These parameters can be founddps://twiki.cern.ch/twiki/bin/view/L HCPhysics/SMputParameter
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Table B.1: SM Higgs-boson partial widths [GeV] in fermionic final statdor the low and intermediate mass
range.

My [GeV] H —bb H— 11 H — pp H — ss H — cc H — tt

90 1.79-1072% 1.85-100%* 6.43-107 1.36-10° 8.32-107° 0.00
95 1.87-1073 1.95-107* 6.79-1077 1.42-1076 8.68-107° 0.00
100 1.95-107% 2.06-10* 7.14-107 1.48-10% 9.04.-107° 0.00
105 2.02-107% 2.16-10* 7.50-107 1.54-107% 9.40-107° 0.00
110 210-1073 2.26-107* 7.85-1077 1.60-10"6 9.75.107° 0.00
115 2.18-1073 2.37-107* 821-1077 1.66-10"6 1.01-10~* 0.00
120 2.25-107% 247-107* 856-10~7 1.72-107% 1.05.10"* 0.00
125 2.33-1073% 2.57-107% 8.92-1077 1.77-1076 1.08-10~* 0.00
130 2.40-1073% 2.67-107%* 9.28-1077 1.83-1076% 1.11-107* 0.00
135 248 -1073 2.78-107* 9.63-1077 1.89-1076 1.15-10~* 0.00
140 2.55-107% 2.88-10~* 9.99-10~7 1.94-10% 1.18-107* 0.00
145 2.63-1073% 2.98-107* 1.03-107% 2.00-1076 1.22-10~* 0.00
150 2.70-10% 3.08-107* 1.07-107% 2.05-107% 1.25-10* 0.00
155 2.77-1073% 3.19-107* 1.11-107% 2.11-1076 1.28-10~* 0.00
160 2.85-1073% 3.29-107*% 1.14-107% 2.17-1076 1.32-107* 0.00
165 292.1073% 3.39-107* 1.18-1076 2.22-1076 1.35-10~* 0.00
170 299-1073% 3.50-107% 1.21-107% 2.27-1076 1.38-107* 0.00
175 3.06-1073 3.60-107* 1.25-1076 2.33-10°6 1.42-10~* 0.00
180 3.13-1073% 3.70-107* 1.28-107% 2.38-1076 1.45-107* 0.00
185 3.20-1073% 3.80-107* 1.32-1076 2.44-10"6 1.48-10~* 0.00
190 3.27-107% 3.91-100% 1.35-107% 249-107% 1.51-107* 0.00
195 3.34-1073% 4.01-107* 1.39-1076 2.54-1076 1.55-10~* 0.00
200 3.41-1073% 4.11-107*% 1.43-107% 2.59-1076 1.58-107* 0.00
210 3.55-1073% 4.32-107* 1.50-1076 2.70-1076 1.64-10~* 0.00
220 3.60-107% 4.53-107%* 1.57-107% 2.80-107% 1.70-107* 0.00
230 3.83-1073% 4.73-107* 1.64-107% 2.91-10"6 1.77-10~* 0.00
240 3.96-1073% 4.94-107* 1.71-107% 3.01-1076 1.83-10~* 0.00
250 410-1073% 5.15-107%* 1.78-107% 3.11-107% 1.89-10~* 0.00
260 423-107% 535-107% 1.86-107% 3.21-107% 1.95-107* 2.45-1077
270 436-107% 5.56-107* 1.93-107% 3.31-107% 2.02-107* 1.27-107°
280 450-1073% 5.77-107%* 2.00-107% 3.42-107% 2.08-10~* 7.00-1075
290 463-107% 5.98-107% 2.07-107% 3.52-107% 2.14-107* 2.26-107*
300 4.76-1073% 6.18-107%* 2.14-107% 3.62-107% 2.20-10~* 5.79-10~*
310 490-107% 6.39-10%* 2.22-107% 3.72-107% 226-107* 1.32-1073
320 5.02-1073 6.60-10"* 2291076 3.81-1076 2.32-10~* 2.86-1073
330 5.16-102 6.81-107% 2.36-107% 391-10% 238-107* 6.31-1073
340 529-1073 7.02-107* 2.43-107% 4.01-10°6 244-10~* 1.62-1072
350 542-1073% 7.23-107% 2.50-107% 4.11-107% 250-107* 2.37-107!
360 5.55-1073 7.44-107* 2.58-1076 4.21-107% 2.56-10=* 9.07-10"!
370 5.68-107% 7.65-107%* 2.65-107% 4.31-107% 262-107* 1.69
380 581-1073 7.86-10"* 2.72-1076 4.41-1076 2.68-10~* 2.54
390 5.94-107% 8.07-107%* 2.80-107% 4.51-107% 2.74-107* 3.43
400 6.07-1073 8.28-10"* 2.87-1076 4.61-1076 2.80-10~* 4.34
410 6.20-1073 8.49-107*% 2.94-107% 4.70-1076 2.86-10~* 5.25
420 6.32-1073 8.70-10~* 3.02-1076 4.80-1076 2.92.10~* 6.16
430 6.45-1072 8.92-107* 3.09-107% 490-107% 298-10* 7.06
440 6.58-1073 9.13-107* 3.16-1075 4.99-10"6 3.04-10~* 7.96
450 6.71-1073 9.34-107* 3.24-107% 5.09-1076 3.09-10~* 8.85
460 6.84-1073 9.55-107* 3.31-107% 5.19-10°6 3.15-10~* 9.73
470 6.96-102 9.77-107* 3.38-107% 5.29.-107% 321-107* 10.6
480 7.09-1073% 9.98-107* 346-107% 5.38-107% 3.27-107* 114

490 7.22-107% 1.02-10% 3.53-10% 5.48-10% 3.33-10°* 12.3




Table B.2: SM Higgs-boson partial widths [GeV] in fermionic final statéor the high mass range.

My [GeV] H —bb H— 11 H — pp H — ss H—-cc H-ott

500 735-107% 1.04-10~2 3.60-10% 5.57-107° 3.39-107% 13.1
510 747-1073% 1.06-1073 3.68-107% 567-107% 3.45-107*  13.9
520 7.60-1073 1.08-1073 3.75-107% 5.77-1076 350-10* 14.8
530 7.72-1073 1.10-1073 3.83-107% 586-107% 3.56-10"* 155
540 7.85-1073 1.13-1073 390-10°% 596-10"% 3.62-107*  16.3
550 798-107% 1.15-107% 3.97-10% 6.05-10% 3.68-10* 17.1
560 810-1073% 1.17-1073% 4.05-107% 6.15-1076 3.73-107*  17.8
570 823-1073% 1.19-1073 4.12-107% 6.24-107% 3.79-10~* 18.6
580 835-1073% 1.21-1073 4.20-107% 6.34-1076 3.85-107*%  19.3
590 8481073 1.23-1073 4.27-107% 6.43-107% 3.91-107%*  20.1
600 8.60-107% 1.25-1073 4.35-107% 6.53-107% 3.96-107%  20.8
610 872-1073 1.28-1073 4.42-107% 6.62-107% 4.02-107% 21.5
620 885-1073% 1.30-1073 4.49-107% 6.71-1076 4.08-107*%  22.2
630 897-1073 1.32-1073 457-107% 6.81-107% 4.13-107% 229
640 9.10-1073 1.34-1073 4.64-107% 6.90-1076 4.19-107*  23.6
650 9.22-1073 1.36-1073 4.72-107% 6.99-10"6 4.25-107% 24.2
660 9.34-1073 1.38-1073 4.79-1076 7.08-1076 4.30-107*% 249
670 9.46-1073 1.40-103 4.86-10"6 7.18-10"% 4.36-10"* 25.6
680 9.58-1073 1.43-1073 4.94-1076 7.27-1076 4.42-107*  26.2
690 9.70-1073 1.45-1073 5.01-107% 7.36-10"6 4.47-107% 26.8
700 9.83-107% 1.47-1073 5.09-107% 745-107% 453.-107% 275
710 9.95-1073 1.49-1073 5.16-107% 754-107% 458-10~%  28.1
720 1.01-107%2 1.51-107% 523-10% 764-107% 4.64-107* 287
730 1.02-1072 1.53-1072% 5.31-10% 7.73-10°% 4.69-10* 294
740 1.03-1072 1.55-107% 538-10% 782.-10% 4.75-107%* 29.9
750 1.04-1072 1.57-107% 5.45-10% 7.91-10% 4.80-10~*  30.6
760 1.05-1072 1.60-10~2 5.53-10% 8.00-10¢ 4.86-10~* 31.2
770 1.07-107%2 1.62-107% 560-107% 8.08-107% 4.91-107* 31.7
780 1.08-1072 1.64-10~2 5.67-10% 8.17-10% 4.96-10~* 323
790 1.09-1072 1.66-10"% 575-107% 826-10% 5.02-107*  32.9
800 1.10-1072 1.68-1072% 582-10% 835-10% 5.07-107* 33.5
810 1.11-107%2 1.70-107% 5.89-10% 844-10% 5.12-107%* 34.1
820 1.12-1072 1.72-1072% 5.96-10% 852-10% 5.18-107*  34.6
830 1.14-1072 1.74-10% 6.03-10% 861-10% 523-107* 35.2
840 1.15-1072 1.76 -10~2 6.10-10°% 8.69-10¢ 5.28-10~*  35.7
850 1.16-1072 1.78-1072% 6.17-107% 878-107% 5.33-107*  36.2
860 1.17-1072 1.80-1072% 6.24-10% 8.86-10% 5.38-107*  36.8
870 1.18-1072 1.82-10% 6.31-10% 895-10% 5.43-107* 373
880 1.19-1072 1.84-1072% 6.38-10% 9.03-10¢ 548-10~* 378
890 1.20-107%2 1.86-10% 6.45-107% 9.11-10% 5.53-107%  38.3
900 1.21-1072 1.88-1072% 6.52-107% 9.19-10% 558-10~*  38.9
910 1.22-107%2 1.90-10% 6.58-107% 927-107% 5.63-107* 394
920 1.23-1072 1.92-1072% 6.66-10°% 935-10% 567-107*  39.9
930 1.24-107%2 1.94-10% 6.72-107% 943-10% 572.-107%* 404
940 1.25-1072 1.96-10~2% 6.79-10% 951-10% 5.77-107*  40.8
950 1.26-1072 1.98-10% 6.85-107% 958-107% 5.82-107%* 41.3
960 1.27-1072 2.00-1072% 6.92-10% 9.66-10¢ 586-10"*  41.8
970 1.28-1072 2.01-10% 6.98-10% 9.74-10% 5.90-107* 42.2
980 1.29-1072 2.03-1072 7.04-10% 9.81-10% 5.95-107* 42.7
990 1.30-1072 2.05-1072% 7.11-107% 9.88-107% 6.00-10~*  43.2

1000 1.31-1072 2.07-10% 7.17-10% 995-10% 6.04-107*  43.6




Table B.3: SM Higgs-boson partial widths [GeV] in bosonic final stafes the low and intermediate mass range.
My [GeV] H —gg H—vyy H—-%2v H—-WW H-—ZZ

90 1.35-107% 2.71-10°° 0.00 4.60-107% 9.27-107"
95 1.57-100% 326-107% 1.05-107% 1.10-10~® 1.56-10
100 1.81-107* 391-107% 1.22-1077 2.72-10®> 2.79-10°F
105 2.08-107* 4.67-107% 4.54-1077 6.36-107° 5.63-1076
110 2.38-107%* 5.55-1076 1.11-107% 1.36-10~* 1.24-107°
115 2.71-107% 6.59-1076 2.21-107% 2.68-107* 2.70-107°
120 3.06-10"* 7.81-107% 3.88-107% 4.95-107* 5.57-107°
125 3.45-107% 9.27-107% 6.26-107% 8.73-107* 1.07-107*
130 3.87-107% 1.10-107° 9.55-107% 1.49-1073 1.95-10*
135 433-107% 1.31-107° 1.40-107° 247-1073 3.38-10~*
140 482-107% 157-107° 2.01-107° 4.10-1073 5.62-107*
145 535-107% 1.91-107° 2.83-107° 6.86-1073 9.06-10~*
150 5.93-10% 2.36-107° 4.00-107° 1.21-1072 1.43-1073
155 6.52-10~%* 3.02-107° 5.78-1075 2.41-1072 2.22-1073
160 7.10-107% 442-107° 9.56-107° 7.53-107%2 3.44-1073
165 7.66-107% 5.66-10"° 1.34-10~* 2.36-10"! 547-1073
170 829-107* 6.01-107° 1.52-107* 3.67-10"' 8.98-1073
175 899-10~* 6.13-107° 1.69-10~* 4.80-10"' 1.62-1072
180 9.72-107%* 6.44-107° 1.87-107* 5.88-10"' 3.80-1072
185 1.05-107% 6.73-107° 2.03-10~* 7.02-107! 1.25-10!
190 1.13-107% 7.01-107° 220-10* &.17-107! 2.18-10!
195 1.22-107% 7.28-107° 236-10* 9.36-10"! 295.10°!
200 1.31-107% 7.54-107° 2.51-107* 1.06 3.66 - 1071
210 1.53-107% 8.01-10° 2.81-10"* 1.33 5.06 - 1071
220 1.77-107% 845-10~° 3.10-107* 1.65 6.54-101
230 2.05-107% 8.86-107° 3.36-10"* 2.00 8.16-101
240 2.37-1073% 9.23-107° 3.62-107* 2.39 9.97-10"1
250 2.73-1073% 9.58-107° 3.85-10~* 2.83 1.20
260 3.13-1073 9.90-107° 4.08-10~* 3.32 1.42
270 3.60-1073 1.02-107* 4.29-10~* 3.87 1.67
280 413-1073% 1.05-107* 4.48-10* 4.47 1.95
290 4741073 1.07-107* 4.67-107* 5.12 2.25
300 5.45-107% 1.09-10"* 4.85-107* 5.83 2.59
310 6.28-1073 1.12-107* 5.01-107* 6.60 2.95
320 7.26-1073 1.14-10* 5.16-10~* 7.44 3.34
330 8.46-1073 1.16-107* 5.31-107* 8.32 3.76
340 1.00-1072 1.18-10~* 5.44-10"* 9.26 4.19
350 1.22-107%2 1.16-107* 5.54-107* 10.3 4.66
360 1481072 1.07-10~* 5.58-10"* 114 5.22
370 1.73-1072 9.82-107° 5.59-10* 12.7 5.81
380 1.96-1072 8.92-107° 5.59-10"* 14.1 6.45
390 2.19-1072 8.05-107° 5.58-107* 15.5 7.13
400 2.40-1072 7.22-1075 5.55-107* 17.0 7.85
410 2.60-1072 6.45-107° 5.52-107* 18.6 8.62
420 2.80-1072 5.73-1075 5.49-10~* 20.2 9.43
430 2.98-1072 5.06-107° 5.45-10~* 22.0 10.3
440 3.16-1072 4.44-1075 5.42-10~* 23.9 11.2
450 3.32-1072 3.88-107° 5.38-107% 25.8 12.2
460 3.48-1072 3.37-107° 5.33-107* 27.9 13.2
470 3.63-1072 2.90-107° 5.29-10~* 30.0 14.2
480 3781072 2.49-107°5 5.25-107* 32.3 15.3

490 3.92-1072 2.12-107° 5.20-10~% 34.6 16.5




Table B.4: SM Higgs-boson partial widths [GeV] in bosonic final stafes the low and intermediate mass range.
My [GeV] H —gg H—vyy H—-72v H—-WW H-—ZZ

500 4.05-1072 1.80-10° 5.16-10 7 37.1 17.7
510 4181072 152-107° 5.11-107% 39.7 19.0
520 431-1072 1.28-107° 5.07-107% 42.4 20.4
530 4.42-1072 1.08-107° 5.02-10~% 45.2 21.8
540 454-1072 9.17-107% 4.98.10~* 48.1 23.2
550 465-1072 793-107% 4.93-10~* 51.2 24.7
560 476-1072 7.07-107% 4.89-107* 54.4 26.3
570 485-1072 6.56-107% 4.84-10~* 57.7 28.0
580 4.95-1072 6.40-107% 4.80-10~* 61.2 29.7
590 5.05-1072 6.57-107% 4.75.10~* 64.8 31.5
600 514-1072 7.08-1076 4.71-10~% 68.5 334
610 523-1072 7.92-107% 4.67-10% 72.4 35.4
620 5.31-1072 9.06-107% 4.63-107* 76.5 37.4
630 5.40-1072 1.05-107°5 4.59-10~* 80.7 39.5
640 5481072 1.23-107° 4.55-107% 85.0 41.7
650 5.56-1072 1.44-107° 4.51-107% 89.6 44.0
660 563-1072 1.68-107° 4.47-10~% 94.3 46.3
670 571-1072 1.94-107° 4.44-10~* 99.1 48.8
680 5781072 2.24-107° 4.40-10~% 104 51.3
690 584-1072 257-107° 4.36-10~% 109 53.9
700 591-1072 292-107° 4.33-10~% 115 56.7
710 5.98-1072 3.30-107° 4.30-10* 120 59.5
720 6.04-1072 3.72-107° 4.27-107% 126 62.4
730 6.11-1072 4.16-107° 4.24-10~% 132 65.5
740 6.16-1072 4.62-107° 4.20-10~% 139 68.6
750 6.22-1072 5.12-107° 4.18-10~* 145 71.9
760 6.28-1072 5.65-107° 4.15-10~% 152 75.2
770 6.34-1072 6.19-107° 4.12-10~* 159 78.7
780 6.39-1072 6.77-107° 4.10-10~* 166 82.3
790 6.45-10"2 7.38-107° 4.08-10"* 173 86.1
800 6.50-1072 8.02-107° 4.06-10~* 181 89.9
810 6.55-102 8.68-107° 4.04-10"* 189 93.9
820 6.60-10"2 9.37-107° 4.01-10~* 197 98.0
830 6.65-1072 1.01-107%* 4.00-10~* 206 102
840 6.70-1072 1.08-10~* 3.98-10~* 214 107
850 6.75-1072 1.16-10~* 3.96-10~* 223 111
860 6.80-1072 1.24-107%* 3.95-10~* 233 116
870 6.84-1072 1.32-107%* 3.94-10~* 242 121
880 6.88-1072 1.41-107* 3.93-10~* 252 126
890 6.93-1072 1.50-10~* 3.92-107* 263 131
900 6.97-1072 1.59-10~* 3.91-10~* 273 137
910 7.01-1072 1.68-107* 3.91-107* 284 142
920 7.05-1072 1.78-10~* 3.90-10* 296 148
930 7.09-1072 1.88-107* 3.90-10~* 308 154
940 7.13-1072 1.98-10~* 3.90-10°* 320 160
950 717-1072 2.09-107* 3.90-10~* 332 166
960 721-1072 220-107% 3.90-10~% 345 173
970 7.25-1072 2.31-107* 3.91-107* 359 180
980 729-1072 243-107% 3.92-107% 373 187
990 7.32-1072 254-107% 3.92-107% 387 194

1000 7.36-1072 2.66-10"* 3.94-107* 402 201




Table B.5: SM Higgs-boson partial widths [GeV] for 4-fermion final gatfor the low and intermediate mass
range. We list results for the specific final state® eTe™ andeTe pTu~, for final states with 4 arbitrary
leptons, 2 leptons and 2 quarks and 4 quarks, as well as thi fiarsarbitrary 4 fermions.

My [GeV] H — 4e H — 2e2p H— 41 H — 4q H — 212¢ H — 4f

90 1.56-1072 2.07-1072 5.26-107 2.34-10% 241-10° 5.28-10°°
95 2581079 3.47-107° 1.23-107% 543-107% 548.107% 1.21-107°
100 443-1072 6.19-107° 3.01-107% 1.33-107° 1.31-1075 2.94-1075
105 840-107° 1.25-107% 7.03-107% 3.09-107° 3.03-107° 6.82-107°
110 1.72-1078 2.76-107% 1.52-107° 6.66-107° 6.48-107° 1.47-10*
115 3.55-107% 6.03-107® 3.03-107° 1.33-107*% 1.29-107*% 2.92-10~*
120 7.06-1078% 1.25-1077 5.67-107° 2.50-10"* 241-10~* 547-10"*
125 1.33-1077 241-1077 1.01-107* 4.46-10"* 4.28-107* 9.75-10~*
130 2381077 4.39-1077 1.73-107* 7.65-10~* 7.34-10~* 1.67-1073
135 4.07-1077 7.61-1077 2.90-10~* 1.28-107% 1.23-107% 2.80-1073
140 6.70-1077 1.27-107% 4.82-107* 2.13-1073 2.04-1073 4.64-1073
145 1.07-107% 2.04-107% 8.05-107* 3.55-10"% 3.40-1072 7.75-1073
150 1.68-107% 322-107% 1.40-107% 6.16-10"% 5.90-10"2 1.35-1072
155 261-107% 5.01-107% 2.75-1073 1.20-1072 1.15-1072 2.63-1072
160 4.02-107% 7.76-107% 8.30-10=2 3.59-1072 3.46-10"2 7.87-1072
165 6.35-107% 1.23-107° 2.56-10"2 1.10-10~* 1.06-10"! 242.107!
170 1.04-107® 2.02-107® 3.97-102 1.71-10! 1.65-107!' 3.75-10"!
175 1.86-107° 3.64-10"° 523-1072 226-10"! 2.18-107! 4.96-10"!
180 432-107° 855-107° 6.58-1072 2.86-10"' 2.74-107' 6.26-107"
185 1.41-107* 2.82-107* 858-10"2 3.80-10"! 3.61-107! 827-10°!
190 2.46-10%* 4.91-107* 1.06-107' 4.78-107' 4.51-10"" 1.03
195 3.32-107% 6.64-107* 1.26-107' 5.69-10"1 5.35-1071 1.23
200 412-107% 824-107* 1.46-107' 6.61-107' 6.21-107" 1.43
210 570-107% 1.14-1073 1.87-107' 8.54-10"' 8.00-1071 1.84
220 7.36-107% 1.47-1073 2.34-107! 1.07 9.98 - 10! 2.30
230 9.19-107* 1.84-1073 2.86-107! 1.31 1.22 2.81
240 1.12-107% 2.24-10% 3.44-10"! 1.57 1.47 3.39
250 1.35-107% 2.70-10~2 4.09-10! 1.87 1.75 4.03
260 1.60-1073 3.21-10% 4.82-10! 2.21 2.06 4.75
270 1.89-107% 3.77-107% 5.62-10"! 2.58 2.40 5.54
280 2.20-107% 4.39-1073% 6.50-10"! 2.98 2.78 6.42
290 2.54-1073 5.07-1073 7.47-107! 3.43 3.20 7.37
300 291-1073 5.82-1073 8.53-107! 3.91 3.65 8.42
310 3.32-1073 6.63-1073 9.67-107! 4.44 4.14 9.55
320 3.76-1073 7.51-1073 1.09 5.01 4.67 10.8
330 423-107% 8.44-1073 1.22 5.62 5.24 12.1
340 4721073 9.43.1073 1.36 6.26 5.83 13.5
350 5.24-1073 1.05-1072 1.51 6.94 6.47 14.9
360 5.87-107% 1.17-102 1.69 7.75 7.22 16.7
370 6.54-1073 1.31-1072 1.87 8.62 8.03 18.5
380 7.26-1073 1.45-1072 2.08 9.54 8.89 20.5
390 8.03-1073 1.60-1072 2.29 10.5 9.80 22.6
400 8.84-1073 1.77-1072 2.51 11.6 10.8 24.8
410 9.71-1073 1.94-1072 2.75 12.7 11.8 27.2
420 1.06-1072 2.12-102 3.00 13.8 12.9 29.7
430 1.16-1072 2.32-1072 3.27 15.0 14.0 32.3
440 1.26-1072 2.52.1072 3.55 16.3 15.2 35.1
450 1.37-1072 2.74-1072 3.84 17.7 16.5 38.0
460 1.48 1072 2.97.102 4.15 19.1 17.8 41.0
470 1.60-1072 3.21-1072 4.48 20.6 19.2 44.3
480 1.73-1072 3.46-102 4.82 22.2 20.6 47.6

490 1.86-1072 3.72-1072 5.18 23.8 22.2 51.2




Table B.6: SM Higgs-boson partial widths [GeV] for 4-fermion final gaffor the high mass range. We list results
for the specific final states™e“ete™ andeTe pTu—, for final states with 4 arbitrary leptons, 2 leptons and 2
quarks and 4 quarks, as well as the result for arbitrary 4iferm

My [GeV] H — 4e H—22y H—4 H—4¢ H—212gq H —4f

500 2.00-1072 4.00-107%  5.55 25.5 23.8 54.8
510 2.14-1072 4.29-1072  5.94 27.3 25.5 58.7
520 229-1072 4.59-1072  6.35 29.2 27.2 62.7
530 245-1072 4.91-1072  6.78 31.2 29.0 67.0
540 262-1072 5.24-1072 722 33.2 30.9 71.4
550 2.79-1072 5.58-1072  7.69 35.3 32.9 76.0
560 2.97-1072 5.94-1072  8.17 37.6 35.0 80.7
570 3.16-1072 6.32-1072  8.68 39.9 37.2 85.7
580 3.36-1072 6.71-1072  9.20 42.3 39.4 90.9
590 3.56-10"2 7.12-1072  9.75 44.8 41.8 96.3
600 3.77-1072 754-1072 103 47.4 44.2 102
610 3.99-1072 7.98-10"2 109 50.2 46.7 108
620 422-1072 844-1072 115 53.0 49.4 114
630 446-1072 892-1072 122 55.9 52.1 120
640 471-1072 9.41-1072 128 58.9 54.9 127
650 4.96-1072 9.93-1072  13.5 62.1 57.9 134
660 5.23-1072 1.05-107'  14.2 65.4 61.0 141
670 551-1072 1.10-107'  15.0 68.8 64.1 148
680 580-1072 1.16-1071  15.7 72.3 67.4 155
690 6.09-1072 1.22-107'  16.5 76.0 70.8 163
700 6.40-1072 1.28-1071 174 79.8 74.4 172
710 6.72-1072 1.34-10! 182 83.7 78.0 180
720 7.05-1072 141-107' 19.1 87.8 81.8 189
730 7.40-1072 1.48-10"'  20.0 92.0 85.8 198
740 7.75-1072  1.55-107'  21.0 96.4 89.8 207
750 812-1072 1.63-1071  22.0 101 94.1 217
760 851-1072 1.70-10~'  23.0 106 98.4 227
770 890-1072 1.78-1071 24.1 110 103 237
780 9.31-1072 1.86-10"' 25.1 115 108 248
790 9.74-1072 1.95-10!  26.3 121 112 259
800 1.02-107* 2.04-107Y 275 126 117 271
810 1.06-10"1 2.13-101 287 131 123 283
820 1.11-107* 222-107Y 299 137 128 295
830 1.16-107Y 2.32.107!  31.2 143 134 308
840 1.21-1071 242-1071 326 149 139 321
850 1.26-1071 2.52-1071  33.9 156 145 335
860 1.31-107Y 2.63-10"! 354 162 151 349
870 1.37-107Y 2.74-107Y  36.9 169 158 363
880 1.43-1071 2.85-10"! 384 176 164 378
890 1.49-107Y 297-107'  40.0 183 171 394
900 1.55-107" 3.09-10"!  41.6 190 178 410
910 1.61-107* 3.22.-107! 433 198 185 427
920 1.68-10"1 3.35-1071  45.1 206 193 444
930 1.74-1071 3.49-10"'  46.9 214 200 462
940 1.81-1071 3.63-101 488 223 208 480
950 1.89-107* 3.77-107Y  50.7 232 216 499
960 1.96-10"1 3.92.10"!  52.7 241 225 518
970 2.04-107' 4.08-107' 548 250 234 539
980 2.12-1071 4.24-107'  56.9 260 243 559
990 2.20-1071 4.40-107'  59.1 270 252 581

1000 2291071 4.57-1071 61.4 280 262 603
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