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Abstract

We discussissuesof QCD at the LHC including partondistributions, Monte
Carlo event generatorsthe available next-to-leadingorder calculations,re-
summationphotonproduction,smallx physics,doublepartonscatteringand
backgroundso Higgsproduction.

1. INTRODUCTION

It is well known that precisionQCD calculationsandtheir experimentaltestsat a proton—protoncol-
lider areinherentlydifficult. “Unfortunately”, essentiallyall physicsaspect®f the LHC, from particle
searchedeyondthe StandardModel (SM) to electraveak precisionmeasurementandstudiesof heary
guarksareconnectedo theinteractionf quarksandgluonsatlargetransferrednomentumAn optimal
exploitation of the LHC is thusunimaginablewithout the solid understandingf mary aspectof QCD
andtheirimplementatiorin accuratéMonte Carloprograms.

This review on QCD aspectgelevant for the LHC givesan overview of todays knowledge, of
ongoingtheoreticakffortsandof someexperimentafeasibility studiedor theLHC. More aspectselated
to the experimentalfeasibility andan overviev of possiblemeasurementslassifiedaccordingto final
stateproperties,canbe found in Chapterl5 of Ref. [1]. It wasimpossible,within the time-scaleof
this Workshop,to provide accurateand quantitatve answerso all the needsfor LHC measurements.
Moreover, owing to the foreseertheoreticaland experimentalprogressdetailedquantitatve studiesof
QCDwill have necessarilyo beupdatedustbeforethestartof the LHC experimentajprogram.Theaim
of thisreview is to updateRef.[2] andto provide referencevork for theactvities requiredin preparation
of theLHC programin thecomingyears.

Especiallyrelevantfor essentiallyall possiblemeasurementst the LHC andtheir theoreticalin-
terpretationis the knowledgeof the parton(quark,anti-quarkandgluon) distribution functions(pdf’s),
discussedn Sect.2. Todays knowledgeaboutquarkandanti-quarkdistribution functionscomesfrom
lepton-hadrordeep-inelasticscattering(DIS) experimentsand from Drell-Yan (DY) lepton-pairpro-
ductionin hadroncollisions. Most informationaboutthe gluon distribution functionis extractedfrom
hadron—hadromteractionswith photonsin thefinal state. Thetheoreticainterpretatiorof alarge num-
berof experimentshasresultedn varioussetsof pdf's which arethe basisfor crosssectionpredictions
atthe LHC. Althoughthesepdf's arewidely usedfor LHC simulations their uncertaintiesare difficult
to estimateandvariousquantitatve methodsarebeingdevelopednow (seeSects.2.1 — 2.4).

Theaccurag of this traditionalapproacho describeproton—protorinteractionds limited by the
possibleknowvledgeof the proton—protoriuminosity at the LHC. Alternatively, muchmoreprecisein-
formationmighteventuallybeobtainedrom anapproactwhich considershe LHC directly asa parton—
partoncollider at large transferrednomentum. Following this approach the experimentallycleanest
andtheoreticallybestunderstoodeactionsvould be usedto normalizedirectly the LHC parton—parton



luminositiesto estimatevariousotherreactions. Todays feasibility studiesindicatethat this approach
might eventually lead to crosssectionaccuraciesdue to experimentaluncertaintiesof about+ 1%.
Suchaccuraciesequirethatin orderto profit, thecorrespondingheoreticalincertaintiehave to becon-
trolled at a similar level usingperturbatre calculationsandthe correspondingvionte Carlo simulations.
As examples,the one-jetinclusive crosssectionandthe rapidity dependencef W and Z production
areknown at next-to-leadingorder implying a theoreticalaccurag of about10 %. To improve further,
higherordercorrectionshave to be calculated.

Section3 addressetheimplementatiorof QCD calculationsn Monte Carloprogramswhich are
an essentiatool in the preparatiorof physicsdataanalyses.Monte Carlo programsare composef
several building blocks, relatedto variousstagesn the interaction: the hard scatteringthe production
of additionalpartonradiationand the hadronization.Progresss being madein the improvementand
extensionof matrix elemenigeneratorandin the predictionfor thetransersemomentundistributionin
bosonproduction.Besidegheissuesf partondistributionsandhadronizationanothemon-perturbatie
piecein a Monte Carlo generatotis the treatmentof the minimum biasandunderlyingevents. Oneof
theimportantissuediscussedn the sectionon Monte Carlogeneratorss the consistentnatchingof the
variousbuilding blocks.More detailedstudieson Monte Carlogeneratorsor the LHC will beperformed
in aforeseertopicalworkshop.

The statusof higherorder calculationsand prospectdor furtherimprovementsare presentedn
Sect.4. As mentionedearlier oneof the essentialngredientsor improving the accurag of theoretical
predictionss theavailability of higherordercorrections For almostall processesf interest,containing
a (partially) hadronicfinal state,the next-to-leadingorder(NLO) correctionshave beencomputedand
allow to male reliableestimatef productioncrosssections.However, to obtainan accurateestimate
of the uncertainty the calculationof the next-to-net-to-leading order (NNLO) correctionsis heeded.
Thesecalculationsare extremelychallengingandonceperformed they will have to be matchedwith a
correspondingncreasen accurag in theevolution of the pdf's.

Section5 discussethe summation®f logarithmicallyenhanceaontritutionsin perturbatiorthe-
ory. Examplesof suchcontrilbutions occurin the inclusive productionof a final-statesystemwhich
carriesa large fraction of the available centerof-massenegy (“thresholdresummation”)or in caseof
theproductionof asystemwith highmassatsmalltransersemomentun(*pr resummation”)In caseof
thresholdresummationghe theoreticalcalculationdor mostprocessesf interesthave beenperformed
at next-to-leadinglogarithmicaccurag. Theirimportances two-fold: firstly, the crosssectionsat LHC
mightbedirectly affected;secondlytheextractionof pdf's from otherreactionamight beinfluencedand
thusthe crosssectionsat LHC are modifiedindirectly For trans\ersemomentumresummationstwo
analyticalmethodsarediscussed.

The productionof promptphotons(asdiscussedn Sect.6) canbe usedto put constraintson the
gluondensityin theprotonandpossiblyto obtainmeasurementsf the strongcouplingconstanatLHC.
The definition of a photonusually involves someisolation criteria (againsthadronsproducedclosein
phasespace).Thisrequirements theoreticallydesirableasit reduceshe dependencef obserableson
thefragmentatiorcontritution to photonproduction.At thesametime, it is usefulfrom theexperimental
point of view asthe backgrounddueto jets faking a photonsignaturecan be further reduced.A new
schemedor isolationis ableto eliminatethe fragmentatiorcontritution.

In Sect.7 theissueof QCD dynamicsin the region of smallx is discussedFor semi-hardstrong
interactionswhich arecharacterizethy two large, differentscalesthe crosssectionscontainlargeloga-
rithms. Theresummatiorof theseatleadinglogarithmic(LL) accurag canbe performedby the BFKL
eguation Availableexperimentadataarehowever notdescribedy theLL BFKL, indicatingthepresent
of large sub-leadingcontritutionsandthe needto include next-to-leadingcorrections.Studiesof QCD
dynamicsin this regime canbe madenot only by usinginclusive obserables,but alsothroughthe study
of final stateproperties Theseincludethe productionof di-jetsat large rapidity separatior{studyingthe
azimuthaldecorrelatiorbetweerthetwo jets)or the productionof mini-jets (studyingtheir multiplicity).



An importanttopic at the LHC is multiple (especiallydouble) parton scattering(describedin
Sect.8), i.e. the simultaneousccurrenceof two independenhard scatteringin the sameinteraction.
Extrapolationdo LHC enegies,basedon measurementst the Tevatronshawv theimportanceof taking
this processnto accountwhensmalltransersemomentaareinvolved. Manifestationf doubleparton
scatteringare expectedin the productionof four jet final statesandin the productionof a leptonin
associatiorwith two b-quarks(wherethe latteris usedasa final statefor Higgs searches).

Thelastsection(Sect.9) addressethe issueof the presenknowledgeof backgroundor Higgs
searchesior final statescontainingtwo photonsor multi-leptons. For the caseof di-photonfinal states
(usedfor Higgs searchesvith 90 < mpy < 140 GeV), studiesof the irreduciblebackgroundare per
formed by calculatingthe (single and double) fragmentationcontritutions to NLO accurag and by
studyingthe effectsof soft gluonemission.The productionof rarefive leptonfinal statescould provide
valuableinformationon the Higgs couplingsfor mg > 200 GeV, awaiting further studieson improving
theunderstandingf the backgrounds.

During the workshop,no studiesof diffractive scatteringat the LHC have beenperformed.This
topicis challengingoothfrom thetheoreticabndthe experimentapoint of view. The studyof diffractive
processegwith atypical signatureof aleadingprotonand/oralarge rapidity gap)shouldleadto anim-
provedunderstandingf thetransitionbetweersoftandhardprocessandof the non-perturbatie aspects
of QCD. Fromthe experimentalpoint of view, the detectionof leadingprotonsin theLHC environment
is challengingandrequiresaddingadditionaldetectordo ATLAS andCMS. If harddiffractive scattering
(leadingproton(s)togethemwith e.g. jetsassignaturefor a hardscattering)s to be studiedwith decent
statisticalaccurag atlarge p,, mostof the luminosity deliveredundernormalrunning conditionshas
to be utilized. A few moredetailscanbe foundin Chapterl5 of Ref. [1], someideasfor detectorsn
Ref.[3]. Much morework remainsto be done,includinga detailedassessmertf the capabilitiesof the
additionaldetectors.

1.1 Overview of QCD tools

All of the processe$o beinvestigatedat the LHC involve QCD to someextent. It cannotbe otherwise,
sincethe colliding quarksandgluonscarry the QCD color chage. Onecanuseperturbationtheoryto
describehecrosssectionfor aninclusive hard-scatteringrocess,

hi(p1) + ha(p2) — H(Q.{...}) + X . (1)

Herethe colliding hadronsh; and ho have momentap; andp,, H denoteshe triggeredhard probe
(vector bosons,jets, heary quarks,Higgs bosons,SUSY particlesand so on) and X standsfor ary

unobsered particlesproducedby the collision. Thetypical scale@ of the scatteringprocesss setby

the invariantmassor the transseersemomentunmof the hardprobeandthe notation{.. .} standsfor ary

othermeasuredinematicvariableof the processFor example,the hardprocessnaybethe production
of a Z boson.Then@ = M, andwe cantake {...} = y, wherey is therapidity of the Z boson.One
canalsomeasurahetransersemomentum®)r of thethe Z boson.Thenthe simpleanalysisdescribed
belov appliesif Q; ~ M. Inthecases), < My and M, < Qr, therearetwo hardscalesn the

processandamorecomplicatedanalysiss neededThecasel)r <« M is of particularimportanceand
is discussedn Sects3.3,3.4and5.3.

Thecrosssectionfor the procesq1) is computedoy usingthe factorizationformula[4, 5]

o(p1,p2; Q. {...}) = Z/dfﬂl g fopn, (21, Q%) fopny (T2, Q%) Gap(x1p1, 22p2; Q. {. .} as(Q))

a,b
+ O((Agep/Q)F) . (2)

Herethe indicesa, b denotepartonflavors, {g, u,u,d, d,...}. The factorizationformula (2) involves
the convolution of the partoniccrosssections,,;, andthe partondistribution functions f,, ;, (x, Q?) of



the colliding hadrons.Theterm O ((Agcp/Q)P) on theright-handsideof Eq. (2) genericallydenotes
non-perturbatie contrikutions (hadronizatioreffects, multipartoninteractions contritutions of the soft
underlyingeventandsoon).

Evidently the pdf's areof greatimportanceto makingpredictionsfor the LHC. Thesefunctions
are determinedfrom experiments. Someof the issuesrelating to this determinationare discussedn
Sect.2. In particular therearediscussion®f the questionof erroranalysisin the determinatiorof the
pdf's andthereis a discussiorof the prospectdor determiningthe pdf’'s from LHC experiments.

The partoniccrosssectiona,;, is computableasa power seriesexpansionin the QCD coupling

as(Q):
Gur(prp2i Q.1 Fias(Q) = (@) {657 (prp2s Q. {-.})
+ag(Q) 5((12“0)(1717172;@7 D
+03(@ s L@ L D+ @)

The lowest(or leading)order (LO) term 6(X9) givesonly a roughestimateof the crosssection. Thus
oneneedghe next-to-leadingorder(NLO) term, which is availablefor mostcaseof interest.A list of
the availablecalculationds givenin Sect.4.1. Crosssectionsat NNLO arenot availableat presentput
the prospectarediscussedn Sect.4.2.

The simple formula (2) applieswhenthe crosssectionbeing measureds “infrared safe. This
meansthat the crosssectiondoesnot changeif one high enegy strongly interactinglight particlein
the final statedividesinto two particlesmoving in the samedirection or if one suchparticle emitsa
light particle carrying very small momentum. Thusin orderto have a simpletheoreticalformula one
doesnot typically measurahe crosssectionto find a singlehigh-py pion, say but ratheronemeasures
the crosssectionto have a collimatedjet of particleswith a given total transersemomentump. If,
instead,a single high-py pion (or, moregenerally a high-p7 hadronH) is measuredthe factorization
formulahasto includean additionalcorvolution with the correspondingartonfragmentatiorfunction
daym (2, Q?). An exampleof a casewhereoneneedsa morecomplicatedreatmenis the productionof
highpr photons.This caseis discussedn Sect.6.

As anexampleof aNLO calculationwedisplayin Fig. 1 thepredicteccrosssectiondo /dE dy at
the LHC for theinclusive productionof ajet with transerseenegy Er andrapidity y averagedoverthe
rapidityinterval —1 < y < 1. Thecalculationuseghe programin Ref.[6] andthepdf setCTEQ5M[7].
As mentionedabore, the “jets” mustbe definedwith aninfrared safealgorithm. Herewe usethe k-
algorithm([8, 9] with ajoining parametei? = 1. The kr algorithmhasbettertheoreticalpropertieghan
the conealgorithmthathasoftenbeenusedin hadroncollider experiments.

In Eq. (2) thereare integrationsover the partonmomentumfractionsz; andx,. The valuesof
x1 andz, thatdominatetheintegral arecontrolledby the kinematicsof the hard-scatteringrocess.n
the caseof the productionof a heary particle of massM andrapidity y, the dominantvaluesof the
momentundfractionsarez; o ~ (Me*Y)//s, wheres = (p; + p2)? is the squareof the centre-of-mass
enegy of the collision. Thus,varying M andy atfixed /s, we aresensitve to partonswith different
momentunfractions.Increasing,/s thepdf’'s areprobedn akinematicrangethatextendstowardslarger
valuesof Q andsmallervaluesof z; ». Thisis illustratedin Fig. 2. At theLHC, z; » canbequitesmall.
Thussmallz effectsthatgo beyond the simpleformula(2) could be important. Thesearediscussedn
Sect.7.

In Fig. 3 we plot NLO crosssectiongfor a selectionof hardprocessesersus,/s. The curvesfor
the lower valuesof /s arefor pp collisions,asat the Tevatron, while the curvesfor the highervalues
of /s arefor pp collisions,asat the LHC. An approximation(basedon an extrapolationof a standard
Regge parametrizationjo the total crosssectionis alsodisplayed. We seethat the crosssectionsfor
productionof objectswith a fixed massor jetswith a fixedtrans\erseenegy £y risewith /s. Thisis
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Fig. 1: Jetcrosssectionatthe LHC, averagedover therapidity intenal —1 < y < 1. Thecrosssectionis calculatedat NLO
using CTEQ5M partonswith the renormalizatiorandfactorizationscalessetto ur = ur = Er/2. Representate valuesat
Er =0.5,1,2,3and4 TeVare(6.2 x 10%,8.3 x 10',4.0 x 107*,5.1 x 1072,5.9 x 1077) fb/GeV with about3% statistical
errors.

because¢heimportantz; » valuesdecreaseasdiscussedbove, andtherearemorepartonsatsmallerz.
On the otherhand,crosssectionsfor jets with transersemomentumthatis a fixed fraction of /s fall
with /s. Thisis (mostly) becausehe partoniccrosssectionss fall with Ep like E;Q.

The perturbatre evaluationof the factorizationformula (2) is basedon performingpower series
expansionsn the QCD couplingas(Q@). Thedependencef ag onthescale@ is logarithmicandit is
givenby therenormalizatiorgroupequation4]

da
@2 5(as(@) = b ad(@ b d(@ +-- . @
wherethefirst two perturbatre coeficientsare
332N 153 — 19Ny
bo = 1o by = Sz (5)

and Ny is thenumberof flavoursof light quarks(quarkswhosemassis muchsmallerthanthe scale@).
Thethird andfourth coeficientsb, andbs of the g-functionarealsoknown [11,12]. If we includeonly
the LO term,Eq. (4) hasthe exactanalyticalsolution

1
aS( ) = ) (6)
bo ln(QQ/AéCD)

wheretheintegrationconstantA ¢ p fixesthe absolutesizeof the QCD coupling. FromEq. (6) we can
seethata changeof the scale) by anarbitraryfactorof orderunity (say @ — @/2) inducesavariation
in ag thatis of the orderof oZ. This variationin uncontrollablebecauset is beyond the accuray at
which Eq. (6) is valid. Therefore,in LO of perturbationtheory the size of ag is not unambiguously
defined.

The QCD couplingas(Q) canbe preciselydefinedonly startingfrom the NLO in perturbation
theory To this order the renormalizatiorgroupequation(4) hasno exactanalyticalsolution. Different
approximatesolutionscandiffer by higherordercorrectionsandsome(arbitrary)choicehasto bemade.
Differentchoicescaneventually be relatedto the definition of differentrenormalizatiorschemes.The
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Fig. 2: Valuesof = and@? probedin the productionof anobjectof massM andrapidity y atthe LHC, /s = 14 TeV.

mostpopularchoice[13] is to usethe MS-schemeo definerenormalizatiorandthento usethefollowing
approximatesolutionof thetwo loop evolution equatiornto defineAgcp:

) : @A) [In(Q¥ /A
boIn(Q2/AZ,) bon(Q2/AZ ) W2(Q2/A2 )

as(Q) (7)

Herethe definitionof Agcp (Agep = AWS) is containedn thefactthatthereis no termproportional

to 1/ln2(Q2/AéCD). In this expressiorthereare Ny light quarks. Dependingon the valueof @), one
maywantto usedifferentvaluesfor thenumberof quarksthatareconsideredight. Thenonemustmatch
betweendifferentrenormalizatiorschemesandcorrespondinglychangethe value of Ays asdiscussed
in Ref. [13]. TheconstantAM—S is the onefundamentatonstanif QCD thatmustbe determinedrom
experiments. Equivalently experimentscanbe usedto determinethe value of ag at a fixed reference
scale@Q = pop. It hasbecomestandardo chooseuy = M. The mostrecentdetermination®f ag
lead[13] to theworld averageas(Mz) = 0.119 £ 0.002. In presen@applicationso hadroncollisions,
thevalueof ag is oftenvariedin thewiderrangeas(Mz) = 0.113 — 0.123 to conseratively estimate
theoreticauncertainties.

The partondistribution functions f, /, (=, Q?) atary fixedscaleQ arenot computablen pertur
bationtheory However, their scaledependencés perturbatiely controlledby the DGLAP evolution
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Fig. 3: Crosssectionsfor hardscatteringversus,/s. The crosssectionvaluesat /s = 14 TeV are: oior = 99.4 mb, o, =
0.633 mb, oy = 0.888 nb,ow = 187 nb,oz = 55.5 Nb, o (Mu = 150 GeV) = 23.8 pb, ou(Mu = 500 GeV) = 3.82 pb,
Ties (B3 > 100 GeV) = 1.57 ub, ojes (B > /5/20) = 0.133 nb, ojec (B3 > (/5/4) = 0.10 fb. All exceptthefirst of
thesearecalculatedusingthelatestMRST pdf's [10].

equation14-17]
d fom(x
Q2 / /h Q Z/ ab OCS )7'2:) fa/h(x/za Q2) . (8)

Having determinedf,, (z, Q3) atagiveninput scaleQ = Qo, the evolution equationcan be usedto
computethe pdf's at differentperturbatie scales) andlargervaluesof z.

The kernelsP,;(ag, ) in Eq. (8) arethe Altarelli-Parisi (AP) splitting functions. They depend
on the partonflavours a, b but do not dependon the colliding hadronk and thus they are process-
independentThe AP splitting functionscanbe computedasa power seriesexpansionn as:

Pulas, 2) = asPY(2) + 2P0 (2) + o2 POV (2) + 0(ad) ©)

TheLO andNLO termsP(LO>( 2) andP(NLO)( ) in the expansionareknown [18-24]. Thesefirst two
terms(their explicit expressionsarecollectedin Ref. [4]) areusedin mostof the QCD studies. Partial
calculationg25, 26] of the next-to-next-to-leadng order(NNLO) term P(%VNLO) (z) arealsoavailable
(seeSects2.5,2.6and4.2).



As in the caseof ag, the definition andthe evolution of the pdf's dependson hov mary of the
quark flavors are consideredo be light in the calculationin which the partondistributions are used.
Again, thereare matchingconditionsthat apply In the currently popularsetsof partondistributions
thereis a changeof definitionatQ = M, whereM is themassof aheary quark.

The factorizationon the right-handside of Eq. (2) in termsof (perturbatve) process-dependent
partoniccrosssectionsand (non-perturbatie) process-independepdf’'s involves somedegreeof arbi-
trarinesswhich is known asfactorization-schemdependenceWe canalways ‘re-define’ the pdf's by
multiplying (corvoluting) them by someprocess-independeperturbatie function. Thus, we should
alwaysspecifythe factorization-schee usedto definethe pdf's. The mostcommonschemes the MS
factorization-schemp]. An alternatve schemeknown asDIS factorization-schemi7], is sometimes
used.Of coursephysicalquantitiescannotdependbn thefactorizationschemePerturbatre corrections
beyondthe LO to partoniccrosssectionsand AP splitting functionsare thusfactorization-schemde-
pendento compensat¢he correspondinglependencef the pdf's. In the evaluationof hadroniccross
sectionsat a given perturbatve order the compensatiommay not be exact becauseof the presenceof
yetuncalculatedhigherorderterms.Quantitatve studiesof thefactorization-schemeependenceanbe
usedto setalowerlimit onthesizeof missinghigherordercorrections.

Thefactorization-schae dependences not the only signalof the uncertaintyrelatedto the com-
putationof thefactorizationformula (2) by truncatingits perturbatre expansionata givenorder Trun-
cationleadsto additionaluncertaintiesand, in particular to a dependencen the renormalizatiorand
factorizationscales.Therenormalizatiorscaleu  is the scaleat which the QCD couplingag is evalu-
ated. Thefactorizationscaleu  is introducedto separatehe bound-stateffects (which areembodied
in the pdf's) from the perturbatie interactiongwhich areembodiedn the partoniccrosssection)of the
partons.In Egs.(2) and(3) wetook ur = pr = Q. Onphysicalgroundsthesescaleshave to be of the
sameorderas(, but their valuecannotbe unambiguouslyixed. In thegeneralkcase theright-handside
of Eq. (2) is modifiedby introducingexplicit dependencen ur, ur accordingto thereplacement

Fasnn @1, Q%) fasny (@2, Q%) Gap(z1p1, 22p2; Q. {. ..} as(Q))
|
Sayin @1 BE) fapny (@2, 13) Gap(21p1, 22p2; Q. .-} pr. s s (pg)) - (10)

Thephysicalcrosssections(p1, p2; @, {. . .}) doesnotdependnthearbitraryscales., pr, but parton
densitiesandpartoniccrosssectionsseparatelydependon thesescales.The ur, 1 r-dependencef the
partoniccrosssectionsappearsn their perturbatie expansionandcompensatethe 1.z dependencef
ags(ur) andthe pp-dependencef the pdf's. The compensatiorwould be exactif everything could
be computedto all ordersin perturbationtheory However, whenthe quantitiesenteringEq. (10) are
evaluatedat, say the n-th perturbatve order theresultexhibits aresidualu r, up-dependenceyhichis
formally of the (n + 1)-th order Thatis, the explicit ur, urp-dependencéhatstill remainsreflectsthe
absencef yet uncalculatechigherorderterms. For this reasonthe size of the ug, ur dependencé
oftenusedasa measuref the sizeof atleastsomeof the uncalculatedigherordertermsandthusasan
estimatorof thetheoreticakerrorcausedy truncatingthe perturbatie expansion.

As anexample,we estimatethe theoreticalerror on the predictedjet crosssectionin Fig. 1. We
varytherenormalizatiorscaleu r andthefactorizationscaleu . In Fig. 4, we plot

(do(pr/Er, pr/Er) /dET dy)
(do(0.5,0.5)/dEr dy)
versusEy for four valuesof the pair {ur/Er, pr/Er}, namely{0.25,0.25}, {1.0,0.25} {0.25, 1.0},

and {1.0,1.0}. We seeabouta 10% variationin the crosssection. This suggestshat the theoretical
uncertaintyis atleast10%.

Theissueof the scaledependencef the perturbatre QCD calculationshasreceved attentionin
theliteratureandvariousrecipeshave beenproposedo chooseoptimal’ valuesof i (seethereferences

A(pr/Er,pr/Er) = (11)
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Fig. 4: Variationof the jet crosssectionwith renormalizatiomandfactorizationscale. We shav A definedin Eq. (11) versus
Er for four choicesof {ur/Er, pr/ET}.

in [13]). Thereis no compellingargumentthat shavs that these‘optimal’ valuesreducethe size of

the yet unknavn higherorder corrections. Theserecipesmay thusbe usedto get more confidenceon

the centralvalue of the theoreticalcalculation,but they cannotbe usedto reduceits theoreticaluncer

tainty asestimatedfor instance py scalevariationsaroundu ~ Q. Thetheoreticaluncertaintyensuing
from thetruncationof the perturbatie seriescanonly be reducedy actuallycomputingmoretermsin

perturbatiortheory

We have sofar discussedhefactorizationformula(2). We shouldemphasizé¢hatthereis another
modeof analysisof the theoryavailable, thatembodiedn Monte Carlo eventgeneratoiprograms.In
this type of analysis,oneis limited (at present)}o leadingorderpartonichardscatteringcrosssections.
However, onesimulategshecompletephysicalprocessbeginningwith thehardscatteringandproceeding
throughpartonshaveringvia repeatednepartonto two partonsplittingsandfinally endingwith amodel
for how partonsturninto hadrons.This classof programswhich simulatecompleteeventsaccordingto
anapproximatiorto QCD, arevery importantto the designandanalysisof experiments.Currentissues
in Monte Carloeventgeneratoandotherrelatedcomputemprogramsarediscussedn Sect.3.

2. PARTON DISTRIBUTION FUNCTIONS!?

Partondistributions (pdf's) play a centralrole in hard scatteringcrosssectionsat the LHC. A precise
knowledgeof the pdf's is absolutelyvital for reliable predictionsfor signalandbackgroundcrosssec-
tions. In mary casesijt is the uncertaintyin the input pdf's that dominateghe theoreticalerror on the
prediction. Suchuncertaintiesanariseboth from the startingdistributions, obtainedfrom a global fit
to DIS, DY andotherdata,andfrom DGLAP evolution to the higher Q? scalestypical of LHC hard
scatteringorocesses.

To predictLHC crosssectionswe will needaccuratepdf's over a wide rangeof = andQ? (see
Fig. 2). Several groupshave madesignificantcontrilutionsto the determinatiorof pdf's both during
and after the workshop. The MRST and CTEQ global analyseshave beenupdatedand refined,and
small numericalproblemshave beencorrected. The ‘central’ pdf setsobtainedfrom theseglobal fits
are, not surprisingly very similar, and remainthe bestway to estimatecentralvaluesfor LHC cross
sections Speciallyconstructediariantsof the centralfits (exploring, for example differentvaluesof a.g
or differenttheoreticakreatment®f heary quarkdistributions)allow the sensitvity of the crosssections
to someof theinputassumptions.

A rigorousandglobaltreatmenbdf pdf uncertaintiesemainselusie, but therehasbeensignificant
progressn thelastfew yearswith severalgroupsintroducingsophisticatedtatisticanalysesnto quasi-
globalfits. While someof themorenovel methodsarestill ata ratherpreliminarystageijt is hopedthat
overthenext few yearsthey maybe developedinto usefultools.

Onecanreasonablyxpectthatby LHC start-uptime, the precisionpdf determinationsvill have
improved from NLO to NNLO. Although the completeNNLO splitting functionshave not yet been

1SectioncoordinatorsR. Ball, M. DittmarandW.J. Stirling.



'szq - . a(feeil-down)
e Bagde
&(higher-twist)
low logQ® high

Fig. 5: Schematiaepresentatiomf the variousuncertaintiesontrituting to the predictionof a structurefunction or parton
distribution at high Q2.

calculatedseveralstudieshave madeuseof partialinformation(momentsg — 0, 1 limiting behaiour)
to assessheimpactof theNNLO corrections.

At thesametime, accurateneasurementsf StandardModel (SM) crosssectionsatthe LHC will
further constrainthe pdf's. The kinematicacceptancef the LHC detectorsallows a large rangeof z
and@? to be probed. Furthermorethe wide variety of final statesand high parton-partoduminosities
availablewill allow anaccuratedeterminatiorof the gluon densityandflavour decompositiorof quark
densities.

All of the above issuesare discussedn the individual contritutions that follow. Lack of space
hasnecessarilyestrictedhe amountof informationthatcanbeincluded,but moredetailscanalwaysbe
foundin theliterature.

2.1 MRS: pdf uncertaintiesand W and Z production at the LHC ?

Thereareseveral reasonswhy it is very difficult to derive overall ‘one sigma’ errorson partondistri-
butions of the form f; + 6 f;. In the globalfit thereare complicatedcorrelationsbetweena particular
pdf at differentz values,andbetweenthe differentpdf flavours. For example,the charmdistribution is
correlatedwith thegluondistribution, the gluondistribution atlow = is correlatedwith the gluonathigh
x viathemomentunsumrule, andsoon. Secondlymary of theuncertaintiesn theinput dataor fitting
procedureare not ‘true’ errorsin the probabilisticsense. For example,the uncertaintyin the high—
gluonin the MRST fits [28] derivesfrom a subjectve assessmertdf the impactof ‘intrinsic £’ onthe
promptphotoncrosssectionsincludedin the globalfit. Despitethesedifficulties, several groupshave
attemptedo extractmeaningfult4 f; pdf errors(see[29,30] andSects.2.3,2.4). Typically, theseanal-
ysesfocuson subset®of the available DIS andotherdata,which arestatistically‘clean’, i.e. free from
undeterminedystematicerrors. As aresult, variousaspectf the pdf's that are phenomenologically
important,the flavour structureof the seaandthe seaandgluondistributionsatlarge = for example,are
eitheronly weakly constrainedr not determinedatall.

Facedwith thedifficultiesin trying to formulateglobal pdf errors,onecanadoptamorepragmatic
approacho the problemby makinga detailedassessmertf the pdf uncertaintyfor a particular cross
sectionof interest. This involves determiningwhich partonscontritute andat which = and Q? values,
andthensystematicallytracingbackto the datasetsthat constrainedhe distributionsin the globalfit.
Individual pdf setscanthenbe constructedo reflectthe uncertaintyin the particularpartonsdetermined
by aparticulardataset.

2Contrituting authors:A.D. Martin, R.G.Roberts W.J. Stirling andR.S.Thorne.
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Fig. 6: Predictionsfor the W and Z total crosssectiongtimesleptonicbranchingratio in pp collisionsat 14 TeV usingthe
variousMRST partonsetsfrom Ref.[10]. The error barson the default MRST predictioncorrespondo a scalevariation of
H = ]\/[\//2 — 2Mv,v = W,Z

We have recentlyperformedsuchan analysisfor W and Z total crosssectionsat the Tevatron
andLHC [10]. Thetheoreticakechnologyfor calculatingtheseis very robust. The total crosssections
areknown to NNLO in QCD perturbatiortheory[31-33], andtheinputelectraveakparametergMyy, 7,
weak couplings,etc.) areknown to high accurag. The maintheoreticaluncertaintythereforederves
from theinput pdf's and,to alesserextent,from «g.2

For thehadro-productiof aheary objectlike a W bosonwith massM andrapidity y, leading-
orderkinematicsgive x = M exp(+y)/+/s andQ = M. For example,a W boson(M = 80 GeV)
producedat rapidity y = 3 atthe LHC corresponds$o the annihilationof quarkswith = 0.00028 and
0.11, probedat Q* = 6400 GeV2. Noticethatu, d quarkswith theser valuesarealreadymoreor less
directly ‘measuredin deepinelasticscatteringat HERA andin fixed—taget experimentgespectiely),
but at muchlower Q?, seeFig. 2. Thereforethe first two importantsourcesof uncertaintyin the pdf's
relevantto W productionare

(i) theuncertaintyin the DGLAP evolution, which exceptathigh x comesmainly from thegluonand
Qasg,

(ii) theuncertaintyin the quarkdistributionsfrom measuremergrrorson the structurefunction data
usedin thefit.

Thisisillustratedin Fig. 5.* Only 75% of thetotal W crosssectionatthe LHC arisesrom the scattering
of v andd (anti)quarks.Thereforealsopotentiallyimportantis

(iii) the uncertaintyin the input strange(s) and charm(c) quarkdistributions, which are relatvely
poorly determinedht low Q? scales.

3Thetwo areof coursecorrelatedseefor example[28].
“The‘feed-dovn’ errorrepresents possibleanomalouslyarge contritution atz ~ 1 affectingthe evolution at lower z. It
is notrelevant,however, for W productionatthe Tevatronor LHC.
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Fig. 7: Comparisorof CTEQ5M (original) andCTEQ5M1 (revised)distributionsattwo enegy scales.

In order to investigatethesevarious effects we have constructedten variantsof the standard
MRST99distributions[10] that probeapproximatet 1o variationsin the gluon, as, the overall quark
normalisationandthe s andc pdf's. The correspondingpredictionsfor the W total crosssectionat the
LHC areshawn in Fig. 6. Evidently the largestvariation comesfrom the effect of varying a.s(M32),
in this caseby +0.005 aboutthe centralvalue of 0.1175. The higherthe value of ag, the fasterthe
(upwards)evolution, andthe larger the predicted? crosssection. The effect of a +-2.5% normalisa-
tion error asparameterisetly the ¢ | pdf's, is alsosignificant. The uncertaintiesn theinput s andc
distributionsgetwashedout by evolution to high Q?, andturn outto be numericallyunimportant.

In conclusion,we seefrom Fig. 6 that +5% represents conserative error on the predictionof
o(W) atLHC. We arrive at this resultwithout recourseo complicatedstatisticalanalysesn the global
fit. It is alsoreassuringhat the latest(corrected)CTEQS prediction[7] is very closeto the central
MRST99prediction,seeFig. 8 belav. Finally, it is importantto stressthat the resultsof our analysis
represend ‘snap-shotof thecurrentsituation.As furtherdataareaddedo theglobalfit in comingyears,
the situationmay change However it is alreadyclearthatLHC W and Z crosssectionscanalreadybe
predictedwith high precision,andtheir measuremenwill thereforeprovide a fundamentatestof the
SM.

2.2 CTEQ: studiesof pdf uncertainties®
Statusof StandardPartonDistribution Functions

Thewidely usedpdf setsall have beenupdatedecently drivenmainly by new experimentalnputs.
Largely dueto differencesin the choicesof theseinputs (direct photonvs. jets) andtheir theoretical
treatmentthe latestMRST [10] and CTEQ [7] distributions have noticeabledifferencesn the gluon
distribution for x > 0.2. Detailsaredescribedn theoriginal papers.

The accurag of modernDIS measurementandthe expanding(z, Q) rangein which pdf's are
appliedrequireaccurat&)CD evolution calculations Previously known differencesn theQCDevolution
codeshave now beencorrectedall groupsnow agreewith establishedesults[34] with goodprecision.
Thedifferencedetweerupdatedodf’s obtainedwith theimproved evolution codeandtheoriginal ones
aregenerallysmall; andthe differenceshetweenthe physicalcrosssectionsbasedon the two versions
of pdf's areinsignificant, by definition, sinceboth have beenfitted to the sameexperimentaldatasets.
However, accuratepredictionsfor physicalprocessesot includedin the global analysis,especiallyat
valuesof (z, Q) beyondthe currentrange candiffer andrequiretheimproved pdf's. Figs.7a,bcompare
the pdf setsCTEQ5M (original) andCTEQ5M1 (updatedit scales) = 5 and80 GeV respectiely.

A comparisorof the predictedi?” productioncrosssectionsat the Tevatronandat LHC, usingthe his-
torical CTEQ partondistribution sets,aswell asthe mostrecentMRST setsaregivenin Figs.8. We see

5Contrituting authors:R. Brock, D. Casg, J.Huston,J. Kalk, J. Pumplin,D. StumpandW.K. Tung.
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Fig. 8: PredictedVV productioncrosssection,usingvarioushistoricalandrecentpartondistribution sets.

thatthepredictedvaluesof oy agreevery well. However, the spreadf oy from different“bestfit” pdf
setsdoesnot give a quantitatve measuref the uncertaintyof oyy!
Studiesof pdf Uncertainties

It is importantto quantify the uncertaintieof physicspredictionsdueto impreciseknowledgeof
thepdf'satfuturecolliders(suchasthe LHC): theseuncertaintiesnaystronglyaffecttheerrorestimates
in precisionSM measuremeniaswell asthe signalandbackgroundg$or new physicssearches.

Uncertaintieof the pdf's themselesarestrictly speakingunphysical sincepdf’'s arenot directly
measurablesThey arerenormalizatiorandfactorizationschemedependentandtherearestrongcorre-
lationsbetweendifferentflavoursanddifferentvaluesof x which cancompensateachotherin physics
predictions.Onthe otherhand,sincepdf's areuniversal,if onecanobtainmeaningfulestimate®f their
uncertaintiedasedon globalanalysisof existing data,they canthenbe appliedto all processethatare
of interestfor thefuture.

An alternatve approachs to assesshe uncertaintieson specificphysicalpredictionsfor the full
range(i.e.theensembledf pdf's allowed by availableexperimentakonstraintavhich areusedin current
global analyseswithout explicit referenceto the uncertaintiesof the partondistributions themseles.
This clearly givesmorereliable estimateof the rangeof possiblepredictionson the physicalvariable
understudy Thedisadwantages thattheresultsareprocess-specifiliencetheanalysishasto becarried
outfor eachprocesof interest.

In this shortreport, we presenffirst resultsfrom a systematicstudy of both approachesin the
next sectionwe focuson the W productioncrosssection,as a proto-typicalcaseof currentinterest.
A techniqueof Lagrangemultiplier is incorporatedn the CTEQ global analysisto probeits rangeof
uncertaintyat the Tevatronandthe LHC. This methodis directly applicableto other crosssectionsof
interest,e.g. Higgs production. We also plan to extendit for studyingthe uncertaintiesof W-mass
measurements thefuture. In thefollowing sectionwe describea Hessiarstudyof the uncertaintieof
the non-perturbatie pdf parametersn general followed by applicationof theseto the W+ production
crosssectionstudyanda comparisorof this resultwith thatof the Lagrange-multiplieapproach.

First, it is importantto notethe varioussourcesof uncertainty in pdf analysis.

Statistical errors of experimentaldata. Thesevary over awide range but arestraightforvard to treat.

Systematicexperimental errors within eachdatasettypically arisefrom mary sourcessomeof which
arehighly correlated Theseerrorscanbetreatedy standardnethodgrovidedthey arepreciselyjknown,
which unfortunatelyis often not the case— either becausehey are not randomlydistributed or their
estimationmay involve subjectve judgements. Since strict quantitatve statisticalmethodsare based
on idealizedassumptionssuchas randomerrors,one facesan importanttrade-of in pdf uncertainty
analysis. If emphasidgs put on the “rigor” of the statisticalmethod,then mostexperimentaldatasets
cannot beincludedthe analysis(seeSect.2.3). If priority is placedon usingthe maximalexperimental
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Fig. 9: x2 of thebaseexperimentadatasetsvs. the W productioncrosssectionat the TevatronandLHC.

constraintfrom available data,then standardstatisticalmethodsneedto be supplementedby physical
considerationstakinginto accountexisting experimentalandtheoreticallimitations. We take the latter
tack.

Theoretical uncertainties arisefrom higherorderPQCDcorrectionsyesummatiorcorrectionsearthe
boundarie®f phasespacepowerlaw (highertwist) andnucleartargetcorrectionsetc.

Uncertaintieof pdf's dueto the parametrization of the non-perturbative pdf’s, f,(x, Q%), at some
low enegy scale@q. The specificfunctional form usedintroducesimplicit correlationsbetweenthe
variousz-rangeswhich could be asimportant,if not moreso, thanthe experimentalcorrelationsn the
determinatiorof f,(x, Q?) for all Q.

In view of theseconsiderationsthe preliminary resultsreportedhere can only be regardedas
the beginning of a continuingeffort which will be comple, but certainly very importantfor the next
generatiorof collider programs.

TheLagrange multiplier method

Our work usesthe standardCTEQ5analysistools andresults[7] asthe startingpoint. The “best
fit” is the CTEQ5M1set. Thereare 15 experimentaldatasets,with atotal of ~ 1300datapoints;and
18 parameters;,i = 1,..., 18 for the non-perturbatie initial partondistributions. A naturalway to
find thelimits of a physicalquantity X, suchasoy, at/s = 1.8 TeV, is to take X asoneof the search
parameterf theglobalfit andstudythe dependencef 2 for the 15 baseexperimentaldatasetson X .

Conceptuallywe canthink of the function x? thatis minimizedin the fit asa function of {a:-
ay7, X} insteadof {a1-a1g}. This idea could be implementeddirectly in principle, but Lagranges
methodof undeterminednultipliersdoesthe samething in amoreefficientway. Oneminimizes

F() = X"+ X (a1,...,a13) (12)

for fixed \. By minimizing F'()\) for mary valuesof \, we mapout y? asafunctionof X.

Figs. 9a,bshav the x? for the 15 baseexperimentaldatasetsasa function of oy at the Teva-
tron andthe LHC enegiesrespeciiely. Two curveswith pointscorrespondingo specificglobalfits are
includedin eachplot®: one obtainedwith all experimentalnormalizationsfixed; the otherwith these
includedasfitting parametergwith the appropriateexperimentalerrors). We seethat the y?’s for the
bestfits correspondingo variousvaluesof the W crosssectionarecloseto beingparabolic asexpected.
Indicatedon the plots are 3% and 5% rangesfor oyy. The two curvesfor the Tevatroncaseare far
therapartthanfor LHC, reflectingthe factthatthe W -productioncrosssectionis moresensitve to the
quark/anti-quarldistributionsandthesearetightly constrainedy existing DIS data.

Theimportantquestionis: how largeanincreasén x? shouldbetakento definethelik ely rangeof
uncertaintyin X. The elementanstatisticaltheoremthat Ax? = 1 correspondso 1 standardieviation

5Thethird line in Figs.9arefersto resultsof the next section.



of the measuredjuantity X relies on assumingthat the errorsare Gaussianuncorrelated and with
their magnitudescorrectly estimated. Becausetheseconditionsdo not hold for the full dataset (of
1300pointsfrom 15 differentexperiments)this theoremcannotbe naively appliedquantitatvely.” We
planto examinein somedetail how well the fits alongthe parabolashavn in Fig.9a,bcomparewith
the individual precisionexperimentsincludedin the global analysis,in orderto arrive at reasonable
guantitatve estimatesn the uncertaintyrangefor the W crosssection.In the meantimepasedon past
(admittedly subjectve) experiencewith global fits, we believe a x? differenceof 40-50 represents
reasonabl@stimateof currentuncertaintyof partondistributions. This implies that the uncertaintyof
ow is about3% atthe Tevatron,and5% atthe LHC. Theseestimateertainlyneedto beputonafirmer
basisby the on-goingdetailedinvestigationmentionedabore.

TheHessianmatrix method

The Hessianmatrix is a standardprocedurefor error analysis. At the minimum of 2, the first
derivativeswith respecto the parameters; arezero,sonearthe minimum y? canbe approximatedy

1
X=X+ g > Fyyiy (13)

]

wherey; = a; — ag; is the displacemenfrom the minimum, and F;; is the Hessian the matrix of
secondderivatives. It is naturalto definea new setof coordinatesisingthe completeorthonormalset
of eigewvectorsof the symmetricmatrix ;. Thesevectorscan be orderedby their eigevaluese;.
The eigemvaluesindicatethe uncertaintiedor displacementslongthe eigewvectors. For uncorrelated
Gaussiarstatistics the quantity/; = 1/,/e; is the distancein the 18 dimensionaparametespacethat
givesaunitincreasdn y? in thedirectionof eigevectori.

Fromcalculation®of theHessiarwefind theeigevaluesvary overawiderange.Thereare“steep”
directionsof 2 — combinationsof parametershat arewell determined- e.g. parametersor v andd,
which arewell-constrainecby DIS data. Therearealso“flat” directionswherex? changedittle over
large distancein a; space someof themassociatedvith the gluon distribution. Theseflat directions
areinevitablein globalfitting, becausasthe dataimprove it makessensdo maintainenoughflexibility
for f.(z,Q3) to be determinedy the available experimentalconstraints The Hessianmethodgivesan
analyticpicture of theregion in parametespacearoundthe minimum, henceallows us to identify the
particulardegreesof freedomwhich needfurther experimentainputin future globalanalyses.

We have calculatedhow the W crosssectionoyy variesalongthe eigervectorsof the Hessian.
Detailswill be describedelsavhere. This provides anotherway to calculatethe relation betweenthe
minimum x? for the baseexperimentaldatasetsandthe value of oy;,. The resultsare shavn asthe
third line in Fig. 9a. We seethatthereis approximateagreemenbetweerthis methodandthe Lagrange
multiplier method. Armed with the Hessian,one canin principle make similar calculationson other
physicalcrosssectionswithout having to do repeatedylobal fits asin the Lagrangemultiplier method.
Thelatter, however, givesmorereliableboundsfor eachindividual process.

Conclusion

We have just begun the taskof determiningquantitatve uncertaintiedor the partondistribution
functionsandtheir physicspredictions. The methodsdevelopedso far look promising. Relatedwork
reportedin this Workshop(see[10,35-37] and Sects.2.1,2.3,2.4)sharethe sameobjectves, but have
ratherdifferentemphasessomeof which are briefly mentionedn the text. Thesecomplementanap-
proacheshouldleadto eventualprogresswhichis critical for the high-enegy physicsprogramat LHC,
aswell asatothercolliders.

"As shown by Gieleet.al.[35], takenliterally, only oneor two selectedsxperimentssatisfythe standardstatisticaltests.



2.3 Pdf uncertainties
Introduction

The goal of our work is to extract pdf's from datawith a quantitatve estimationof the uncer
tainties. Thereare somequalitative tools that exist to estimatethe uncertaintiesseee.g.[28]. These
tools areclearly not adequatevhenthe pdf uncertaintiedecomemportant. One crucial exampleof a
measuremerihatwill needa quantitatve assessmermtf the pdf uncertaintyis theplannechigh precision
measuremerdf the massof the W -vectorbosonatthe Tevatron.

The methodwe have developedin [35] is flexible andcanaccommodat&on-Gaussialistribu-
tionsfor the uncertaintiesaassociateavith the dataandthe fitted parametersiswell asall their correla-
tions. New datacanbeaddedn thefit without having to redothewholefit. Experimentergantherefore
includetheir own datainto thefit duringtheanalysisphaseaslong ascorrelationwith olderdatacanbe
neglected.Within this methodit is trivial to propagatehe pdf uncertaintiego new obsenables thereis
for exampleno needto calculatethe derivative of the obserablewith respecto thedifferentpdf param-
eters.The methodalsoprovidestoolsto assesshe goodnessf thefit andthe compatibility of new data
with currentfit. The computercodehasto befastasthereis alarge numberof choicesin theinputsthat
needto betested.

It is clearthat someof the uncertaintiesare difficult to quantify andit might not be possibleto
quantifyall of them. All the plots presentedherearefor illustration of the methodonly, our resultsare
preliminary At the momentwe arenotincludingall the sourcesf uncertaintiesandour resultsshould
thereforebe consideredaslower limits on the pdf uncertaintiesNote thatall thetechniquesve useare
standardin thesenséghatthey canbefoundin booksandpaperon statisticd38,39] and/orin Numerical
Recipes.

Outline of the Method

We only give a brief overvien of the methodin this section. More detailsare availablein [35].
Oncea setof coreexperimentss selecteda large numberof uniformly distributed setsof parameters
A=A, A2, ..., AN, (€achsetcorrespondso onepdf) canbe generatedThe probability of eachset,
P(\), canbecalculatedrom thelikelihood(the probability) thatthe predictionsbasedn A describethe
data,assuminghattheinitial probability distribution of the parameterss uniform, see[38,39].

Knowing P()), the probability of the possiblevaluesof ary obserable (quantity that depends
on \) canbe calculatedusinga Monte Carlo integration. For example,the averagevalue andthe pdf
uncertaintyof anobserablex aregivenby:

Npa'r Npar

ux_/ IT dxni | =P, ag_/ IT x| (=0 = pa)?P(N)
=1 i=1

Note thatthe averagevalue andthe standarddeviation representshe distribution only if the latteris a
GaussianTheaborve is correctbut computationallyinefficient, insteadwe usea Metropolisalgorithmto
generateV,4 unweightedpdf's distributedaccordingto P(\). Then:

Npay Npay

1 9 1 2
~ x(N), TS x(Aj) — .
o™ Ty 2y P g 2 (20 =)

This is equivalentto importancesamplingin Monte Carlo integrationtechniquesandis very efficient.
Giventheunweightedsetof pdf's,anew experimentcanbeaddedo thefit by assigningaweight(anew
probability)to eachof the pdf's, usingBayes’theorem.Theabore summationdecomeneighted.There
is no needto redothewholefit if thereis no correlationbetweerthe old andnew data.If we know how
to calculateP(\) properly theonly uncertaintyin themethodcomesrom the Monte-Carlointegrations.

8Contrituting authors:W.T. Giele,S.KellerandD.A. Kosaver.
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Fig. 10: Plot of the distribution (histogram)of four of the parametersThefirst oneis ag, the strongcouplingconstantat the
massof the Z-boson.Theline is a Gaussiardistribution with sameaverageandstandardieviation asthe histogram.

Calculationof P(\)

Given a setof experimentalpoints {z¢} = z§,x§, ... .xfy . the probability of a setof pdf is
proportionalto the likelihood, the probability of the datagiven thatthe theoryis derived from that set
of pdf: P(\) = P({z¢}|A). If all theuncertaintiesare Gaussiardistributed,thenit is well known that:

2

P(z¢|\) = e 5, wherey? is the usualchi-square.lt is only in this casethatit is sufficient to report
the size of the uncertaintiesaandtheir correlation. Whenthe uncertaintiesare not Gaussiardistributed,
it is necessaryor experimentsto reportthe distribution of their uncertaintiesandthe relationbetween
theseuncertaintieghe theoryandthe value of the measurementsUnfortunatelymostof the time that
informationis not reported,or difficult to extractfrom papers.This is a very importantissuethat has
beenoneof the focusof the pdf working groupat a Fermilabworkshopin preparatiorfor run Il [40].
In otherwords,experimentsshouldalwaysprovide a way to calculatethe likelihoodof their datagiven
a theory predictionfor eachof their measureddatapoint (P({z¢}|\)). This wasalsothe unanimous
conclusionof a recentworkshopon confidencdimits held at CERN[41]. This is particularly crucial
whencombiningdifferentexperimentsogether:the pull of eachexperimentwill dependonit and,asa
result,sowill thecentralvaluesof thededucegdf’'s. Anotherproblemthatis sometimesinderestimated
is thefactthatsomeif notall systematiaincertaintiesrein factproportionalto thetheory Ignoringthis
factwhile fitting for the parametersanleadto seriousbias.

Sourcesf uncertainties

Therearemary sourcef uncertaintiedesidethe experimentaluncertainties.They eitherhave
to be shavn to be smallenoughto be neglectedor they needto beincludedin the pdf uncertaintiesFor
examples:variationof therenormalizatiorandfactorizationscalesnon-perturbatie andnuclearminding
effects; the choice of functional form of the input pdf at the initial scale;accurag of the evolution;
Monte-Carlouncertaintiesandthe theorycut-of dependences.

Currentfit

Draconianmeasuresvereneededo restartfrom scratchandre-e/aluateeachissue.We fixed the
renormalizatiorandfactorisationscales avoided dataaffectedby nuclearbinding andnon-perturbatie
effects,andusea MRS-style parametrizatiorior the input pdf's. The evolution of the pdf is doneby
Mellin transformmethod,see[42,43]. All the quarksareconsiderednasslessWe imposeda positivity
constrainton F>. A positvity constrainton other“obsenables”couldalsobeimposed.

At themomentwe areusingH1 andBCDMS(proton)measuremerdf F2 for ourcoreset. Thefull
correlationmatrix is taken into account.Assuminghat all the uncertaintiesare Gaussiandistributed®
we calculatethe x?(\) and P()\) ~ exp(—x?/2). We generated0000unweightedpdf's accordingto
the probability function. For 532 datapoints, we obtaineda minimum x? = 530 for 24 parameters.
We have plottedin Fig. 10, the probability distribution of someof the parameters.Note that the first

®No informationbeinggivenaboutthe distribution of the uncertainties.
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Fig. 11: Therelative uncertaintiesor selectedsetof partonluminosities(full lines: experimentalerrors(stat+syst);short-
dashedines: RS;dotted-dashetlines: TS; sparse-dottelines: DC; dense-dottetines: MC; long-dashedines: SS).Here Laa
is gluon-gluonluminosity; Lqq = Luu + Lad + Lau; Lqg = Lug + Lauw; Lg+q)¢ = Luc + Lac + Lac + Lag-

parameteiis ag. Thevalueis smallerthanthe currentworld average. However, it is known thatthe

experimentswe are using prefera lower value of this parametersee[44], andasalreadypointedout,

our currentuncertaintiesare lower limits. Note that the distribution of the parameteis not Gaussian,
indicating that the asymptoticregion is not reachedyet. In this case,the blind useof a so-calledchi-

squareditting techniqueis not appropriate.From this large setof pdf’s, it is straightforvard to plot,

for example,the correlationbetweendifferent parameterandto propagatehe uncertaintiedo other
obsenrables.

2.4 Uncertainties on pdf’sand parton-parton luminosities©

An importantquantityfor LHC physicsis theuncertaintyof pdf’'s usedfor thecrosssectioncalculations.
Themodernwidely usedpdf’'s parametrizationslo not containcompleteestimateof their uncertainties.
This estimatds difficult partially dueto thelack of experimentainformationon the datapointscorrela-
tions, partially dueto the factthatthe theoreticaluncertaintiesarecorventional,andpartially dueto the
fundamentaproblemof restoringthe distribution from thefinite numberof measurements heseprob-
lemsarenot completelysolved at the momentanda comprehense estimateof the pdf's uncertainties
is not availablesofar. The studygivenbelawv is basedonthe NLO QCD analysisof theworld chaged
leptonsDIS dataof Refs.[45-51] for protonanddeuteriumtargets?. Theanalysediataspantheregion
x=10"*=+0.75, Q? = 2.5 + 5000 GeV?, W > 2 GeV andallows for precisedeterminatiorof pdf's at
low z, whichis importantfor LHC sincethemostof accessibl@rocessearerelatedto smallz. Thedata
areaccompaniedby theinformationon point-to-pointcorrelationgdueto systematierrors. This allows
thecompletanferenceof systematierrors thatwasperformedusingthe covariancematrix approachas
in Ref.[36]. The pdf's uncertaintieslueto the variationof the strongcouplingconstantug andthe high
twists (HT) contrilkution are automaticallyaccountedor in the total experimentaluncertaintiessince
ag andHT arefitted!?. Othertheoreticalerrorson pdf’'s wereestimatedasthe pdf's variationafter the
changeof differentfit ansatzes:

RS —thechangeof renormalizatiorscalein theevolution equationgrom Q? to 4Q?. This uncertainty
is evidently connectedvith theinfluenceof NNLO corrections.

Contrituting author:S. Alekhin.
"More detailsof theanalysiscanbefoundin Ref.[29].
2Thevalueof ag(Mz) = 0.1165 + 0.0017(stat + syst) is obtainedthatis compatiblewith theworld average.



Fig. 12: Theratiosof the experimentalpdf’s errorscalculatedwith somefitted parametergixedto the pdf's errorscalculated
with all parameterseleasedas fixed—a); HT fixed—b)). Thesimilar ratio for the systematierrorsomitted/includeds also
given— c). Full lines correspondo gluons,dashedones— to total sea,dottedones— to d-quarks,dashed-dottednes— to

u-quarks.

TS —thechangeof thresholdvalueof Q? for the QCD evolution loopswith heary quarksfrom m(% to
6.5m2Q. Thevariationis corventionalandwaschoserfollowing the agumentsof Ref. [52].

DC -thechangeof correctionon nucleareffectsin deuteriumfrom theansatdasecn the Fermimo-
tion modelof Ref.[53] to thephenomenologicdbrmulafrom Ref.[54]. Notethatthis uncertainty
may beoverestimatedn view of discussion$55,56] ontheapplicabilityof themodelof Ref.[54]
to light nuclei.

MC -thechangeof c-quarkmassby 0.25GeV (thecentralvalueis 1.5GeV).

SS - the changeof strangeseasuppressioriactorby 0.1, in accordancevith recentresultsby the
NuTeV collaboration57] (the centralvalueis 0.42).

Onecanseethatthe scaleof thetheoreticakerrorsis corventionalandcanchangewith improvementsn
the determinatiorof thefit input parametersindprogressn theory Moreover, the uncertaintiesanbe
correlatedwith the uncertaintie®f the partoniccrosssectionsge.g.the effect of RSuncertaintyon pdf's
canbe compensatetly the NNLO correctionto partoncrosssection. Thusthe theoreticaluncertainties
shouldnot be appliedautomaticallyto ary crosssectioncalculationscontraryto experimentalones.

The pdf's uncertaintiehave differentimportancefor variousprocessesThe limited spacedoes
notallow usto review all of them.We give thefiguresfor the mostgenericonesonly. Theuncertainties
of a specificcrosssectiondue to pdf's are entirely locatedin the uncertaintiesof the parton-parton
luminosity L, thatis definedas

1 [Ydx 9 9
L) =2 [ L @A oo/, 00%),
where M is the producedmassandr = M?/s. In Fig. 11 the uncertaintiedor selectedsetof parton
luminositiescalculatedusingthe pdf's from Ref.[29] aregiven. The upperboundof M waschoserso
thatthe correspondinduminosityis ~ 0.01 pb. Onecanseethatin generalat M > 1 TeV experimental
uncertaintieslominatewhile at M < 1 TeV theoreticabbnesdominate.Of the latterthe mostimportant
arethe RS uncertaintyfor the gluon luminosity andMC uncertaintyfor the quarkluminosities. At the
largest M the DC uncertaintyfor quark-quarkuminosity is comparablewith the experimentalone. In
the whole the uncertaintiesdo not exceed10%at M < 1 TeV. As for the quark-quarkuminosity its
uncertaintyis lessthan10%in thewhole M range.Theuncertaintiegrenot solargein view of thefact
thatonly asmallsubsebf datarelevantfor the pdf's extractionwasusedin the analysis Adding dataon
promptphotonproduction DY processandjet productioncanimprove the pdf's determinatiorat large
x. Meanwhileit is worth to notethathigh orderQCD correctionsaremoreimportantfor theseprocesses
thanfor DIS andthe decreas®f experimentalerrorsdueto addingdatapointscanbe accompaniedby
theincreaseof theoreticakerrors.
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Fig. 13: The pdf's correlationcoeficients.

stat+systf RS| TS | SS| MC | DC
ALw (%) 1.9 04(09|13| 29|03
ALz (%) 1.6 05({09|13| 29| 0.6
ALy 7(%) 0.5 -1 -1-1-103

Tablel: Theuncertaintiesf thepartonluminositiesfor W/Z productioncrosssectionsandtheirratios.HereLw = L5+ Lqa,
Lz = Lua + Lgg, and Ly 7 = (Lyg + Lau)/(Lua + Lgg)-

As it wasnotedabore, the experimentalpdf's errorsby definition includethe statisticalandsys-
tematicalerrors,aswell aserrorsdueto ag andHT. To tracethe effect of ag variation on the pdf's
uncertaintieghe latter werere-calculatedvith ag fixed at the value obtainedin thefit. The ratios of
obtainedexperimentalpdf’s errorsto the errorscalculatedwith ag releasedaregivenin Fig. 12. It is
seenthatthe ag variationtakes someeffect on the gluondistribution errorsonly. Similar ratiosfor the
HT fixedarealsogivenin Fig. 12. Onecanconclude thatthe accountof HT contrilution have signifi-
cantimpacton the pdf's errors. Meanwhileit is evidentthattheseratioshardly dependon the scaleof
pdf’'s errorandarespecificfor the analysediataset. For instancejn the analysisof CCFRdataon the
structurefunction F3 no significantinfluenceof HT onthepdf's wasobsered[58,59]. Thecontritution
of systematicerrorsto the total experimentalpdf’s uncertaintiess alsogivenin Fig. 12: the systematic
errorsaremostessentiafor theu- andd-quarkdistributions.

Exceptuncertaintiedtself the pdf correlationare alsoimportant(seeFig. 13). The accountof
correlationscanleadto cancellatiorof the pdf's uncertaintiesn the calculatedcrosssection.The lumi-
nositiesuncertaintiecanalsocancelin theratiosof crosssections.An exampleof suchcancellatioris
givenin Table2.4, wherethe uncertaintieof luminositiesfor the 1W/Z productioncrosssectionsand
their ratiosaregiven.

The pdf setdiscussedn this subsectiortanbe obtainedby the code[60]. The pdf's areDGLAP
evolved in therangez = 1077 +~ 1, Q? = 2.5 ~ 5.6 - 107 GeV2. The codereturnsthe valuesof
u-, d-, s-quark,andgluon distributions Gaussian-randomizedith accordancef their dispersionsand
correlationdgncluding both experimentalandtheoreticalones.



2.5 Approximate NNLO evolution of parton densitied®

In orderto arrive at precisepredictionsof perturbatie QCD for the LHC, for examplefor the total
W -productioncrosssectiondiscussedn Sects2.1and2.2,thecalculationseedto beextendedbeyond
theNLO. Indeed the NNLO coeficientfunctionsfor theabove crosssectionhave beencalculatedsome
time ago[32,33]. The sameholdsfor the structurefunctionsin DIS [61-64] which form the backbone
of the preseninformationon the partondensities On the otherhand,the correspondindNNLO splitting
functionshave not beencomputedsofar. Partial resultsare however available,notablythe lowestfour
andfive even-integermomentsrespecirely, for the singletandnon-singlecombinationg25,26]. When
supplementedby resultson the leadingxz — 0 terms[65-69] derived from small« resummationsthese
constraintdacilitateeffective parametrisationg’0,71] which aresuficiently accuratdor awide rangein
x (andthusawide rangeof final-statemassestthe LHC). In this section we compiletheseaxpressions
andtake abrieflook attheirimplications.For detaileddiscussionshereaderis referredto refs.[70,71].

In termsof theflavour non-singlet(NS) andsinglet(S) combinationf the partondensitieghere
qu =gandf, = g),
Ny

_ _ _ )y
WNsir = G+T— (T @) s = Y (& — @), qs = <g> (14)
r=1

with > = Zf:fl(qﬁrcjr), theevolutionequationg8) consistof 2N ,—1 scalamon-singleequationsand
the 2 x 2 singletsystem.The LO andNLO splitting functions P(*9)(z:) and P(NLO) (1) in Eq. (9) are
known for alongtime. For eachof the NNLO functionsP®) (z) = (47)2 POVNLO) (1) two approximate
expressiongdenotedby ‘A’ and‘B’) aregiven belav in the MS schemewhich spanthe estimated
residualuncertainty The centralresultsarerepresentetly theaveragel /2 (Pf) + Pg)).

TheNS" parametrisationfr0] read,usingd = §(1—z), L1 =In(1—-z)and Ly = Inz,

1137.897
P (z) = T 1099.754 6 — 2975.371 22 — 125.243 — 64.105 L2 + 1.580 L{ (15)
3 — x +
184.4098 9 9 (2)
— Ny (m +180.6971 6 + 98.5885 L; — 205.7690 2 — 6.1618 — 5.0439 L0> + Pygvz -
1347.207
P (x) = (N 4 2283.0116 — 722.137 L% — 1236.264 — 332.254 Lo + 1.580 (L§ — 4L3)
’ —T)+
184.4098 9 . 9 (2)
! (m +180.6971 8 + 98.5885 L; — 205.7690 22 — 6.1618 — 5.0439 L0> + Pas.z
with
PO @) = (== 19004 192¢(3) —320¢(2)]6(1 — ) + 64
NS,N? s1\ (1—a)y
rlnz 9
+ 7 (96 Iz +320) + (1 - 2) (48 In®x + 352z +384) ) . (16)

Here((1) denoteRiemanns ¢-function. Equation(16)is anexactresult,dervedfromlarge-Ny methods
[72]. Thecorrespondingxpressiongor PIEIZS)* are

P a(e) = P& (x) +20.6872% — 18.466 + 66.866 L3 — 0.148 L
+ Ny (0.0163 Ly — 0.4022° + 0.4122 — 1.4965L5) (17)
PR (@) = P{t(e) —0.101 L3 + 1.508 + 4.775 Ly — 0.148 (L — 4L3)

+ Ny (0.0163 L1 —0.402 22 4+ 0.4122 — 1.4965L(2)) .
BContrituting authors:W.L. vanNeenenandA. Vogt.
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Fig. 14: Left: The LO, NLO andapproximateNNLO predictionsfor the logarithmicderiativesg/q = dIngq/d1n ufc of the
singletquarkandgluondensitiesg = ¥ andq = g, atpi ~ 30 GeV*. Right: Therelative scaleuncertaintyA ,, ¢ (definedin
thetext) of theseNLO andNNLO results.Thenumberof flavoursis Ny = 4.

The differencebetweenpﬁ)_ andPl%)V is unknavn, but expectedio have a negligible effect (<« 1%).
The effective parametrisationfor the singletsectoraregivenin Ref.[71]. Besideshel/z Inx
termsof Pq(g), Pq(g) andPg(g) [66,67], only the N]% contritution < 1/[1 — x| to Pg(? is exactly known
here[73].
The evolution equationg(8) are written for a factorizationscalexy = Q. Their form canbe
straightforvardly generalizedo includealsothe dependencen therenormalizatiorscaleg,.

The expansionof Eq. (8) is illustratedin the left part of Fig. 14 for pu, = s, as = 0.2 and
partondensitiegypical for ufc ~ 30 Ge\2. Undertheseconditions the NNLO effectsaresmall (< 2%)
at mediumandlarge x. This also holdsfor the non-singletevolution not shawvn in the figure. The
approximateharacteof theourresultsfor P(2) doesnotintroducerelevantuncertaintiesitz > 2-1073.
Thethird-ordercorrectionsncreasewith decreasing:, reaching(12+4)% and(—6+3)%, respectiely,
of theNLO predictionsfor 3. andg atz = 10~%.

Therenormalization-scaluncertaintyof theseresultsis shawvn in theright partof Fig. 14in terms
of Au.d = (Gmax — Gmin)/[2 Gaverage], @asdeterminedover therange0.5 iy < p, < 2py. Notethat
the spikesslightly belov z = 0.1 arisefrom gayverage >~ 0 anddo not represenenhancedincertainties.
Thustheinclusionof thethird-ordertermsin Eq.(8), alreadyin its approximatdorm, leadsto significant
improvementsof the scalestability, exceptfor the gluonevolution belav z = 1073,

2.6 The NNLO analysisof the experimental data for xF3 and the effects of high-twist power
corrections

During the lastfew yearstherehasbeenconsiderablgrogressn calculationsof the perturbatre QCD
correctiongo characteristicof DIS. Indeed,the analyticexpressiongor the NNLO perturbatie QCD
correctionsto the coeficient functionsof structurefunctions F» [61,62,64] andxz F3 [63,74] arenow

YContrituting authors:A.L. Kataes, G. ParenteandA.V. Sidoror.



known. However, to performthe NNLO QCDfits of theconcretexperimentablatait is alsonecessaryo

know the NNLO expressiongor theanomalouslimensionof the momentsof F, andx F3. At present,
this informationis availablein the caseof n = 2,4,6,8,10 momentsof F» [25,26]. The resultsof

Refs.[25,26,61-64,74] areforming thetheoreticabackgroundor the studyof the effects,contrituting

to scalingviolation at the level of new theoreticalprecision,namelywith takinginto accountthe effects
of the NNLO perturbatre QCD contritutions.

In theproces®f thesestudiest is ratherinstructive to includetheavailabletheoreticainformation
ontheeffectsof high-twistcorrectionswhich couldgive riseto scalingviolation of theform 1/Q?. The
developmentof the infraredrenormalon(IRR) approachfor a review seeRef. [75]) andthe dispersie
method76] (seealso[77,78]) madeit possibleto construcimodelsfor the pover-suppressedorrections
to DIS structurefunctions(SFs). Thereforejt becamegpossibleto includethe predictionsof thesemodels
to the concreteanalysisof the experimentaldata.

In this part of the Reportthe resultsof the seriesof works [58,59,79,80] will be summarized.
Theseworks are devotedto the analysisof the experimentaldataof x F3 SF of vN DIS, obtainedby
the CCFRcollaboration[81]. They have the aim to determinethe NNLO valuesof A% andag(My)
with fixation of theoreticalambiguitiesdue to uncalculatechigherorder perturbatie QCD termsand
transitionsfrom the caseof f = 4 numberof active flavoursto the caseof f = 5 numberof active
flavours. The secondtaskwasto extract the effects of the twist-4 contritutions to = F5 [58,80] and
comparghemwith theIRR-modelpredictionsof Ref.[82]. Someestimate®f theinfluenceof thetwist-
4 correctiongo the constantf theinitial parametrizatiorof x F3 [59] are presented.Theseconstants
arerelatedto the partondistribution parameters.

The analysisof Refs.[58,59,79,80] is basedon reconstructiorof the non-singlet(NS) SF z F3

from the finite numberof its momentsi,,(Q?) = j;)l "1 F3(z,Q?)dz usingthe Jacobipolynomial
method proposedn Ref.[83] andfurtherdevelopedin Refs.[84-87]. Within this methodonehas

Nmaz n
eFy(z, Q%) =21 —2)” Y 020(2) 3" i (a, B)MIMC (@) (18)
n=0 =0

where©2? aretheJacobipolynomials,cg.") («, B) arecombinatoriakoeficientsgivenin termsof Euler
I'-functionsandthe o, g-weight parameterslin view of the reasonsdiscussedn Ref. [58] they were
fixed to 0.7 and 3 respectrely, while N,,... = 6 wastaken. Note, that the expressiondor Mellin

momentswere correctedby target masscontritutions (TMC), taken into accountas M€ (Q?) =

M, (Q%) + (n(n+1)/(n + 2))(M2,,;/Q?*) M, +2(Q?). The QCD evolution of themomentss defined
by the solutionof the correspondingenormalizatiorgroupequation

M (QY) { (@ l5(@) ;] CNa(Ax(@) 19
Ma(@3) 7 /AS(Q(%) 8@ oW (AQ2) (19

TheQCD runningcouplingconstanentershis equatiorthroughA, (Q?) = as(Q?)/(4r) andis defined
asthe expansionin termsof inversepowers of ln(QQ/A ) 2) termsin the LO, NLO andNNLO. The

NNLO apprOX|mat|oerthecoeﬂmentfunchonsofthemomenti? ( s(Q%) = 1+CW(n) A,(Q*)+
C®(n)A%(Q?) weredeterminedrom the resultsof Ref. [63,74]. The relatedanomalousdimension

functionsaredefinedas o
ann n i i
S = W) = DN AL (20)

i>0

wherez NS aretherenormalizatiorconstant®f the correspondingNS operators The expressiorfor the
QCD s-functionin the A/ S-schemés known analyticallyattheNNLO [11,88]. However, aswasalready

mentionedthe NNLO correctiongo 7](@ areknown atpresenbnly in thecaseof n = 2,4,6,8,10 NS



Order A% A b c y Ay[GeV?] | xPIpoints
LO 264+ 36 | 4.98+ 0.23| 0.68+ 0.02 | 4.05+ 0.05 | 0.96+ 0.18 - 113.1/86
433+ 51 | 4.6 0.13| 0.64+-0.01 | 4.03+0.04| 1.16+0.12 | -0.33:£0.12 83.1/86
331+162 | 5.33+1.33 | 0.69-0.08 | 4.214+0.17 | 1.15+0.94 | h(x)in Fig.15 | 66.3/86

NLO | 339+35 | 4.67+0.11 | 0.65+0.01 | 3.96+0.04 | 0.95+0.09 - 87.6/86
369437 | 4.62:0.16 | 0.64+0.01 | 3.95+0.05 | 0.98:0.17 | -0.12£0.06 82.3/86
440+183 | 4.714+1.14 | 0.66+0.08 | 4.09+-0.14 | 1.34+0.86 | h(x)in Fig. 15| 65.7/86

NNLO | 326+35 | 4.70+£0.34 | 0.65+0.03 | 3.88+0.08 | 0.80+0.28 - 77.0/86
327+35 | 4.7+0.34 | 0.65+:0.03 | 3.88+0.08 | 0.80+0.29 | -0.01+0.05 76.9/86
372+133 | 4.790.75 | 0.66+0.05 | 3.95+0.19 | 0.96+0.57 | h(x)in Fig.15 | 65.0/86

Table2: Theresultsof thefits of the CCFR’97datawith thecut Q% > 5 GeV2. The parameters, b, ¢, v arenormalizedat
Q32 = 20 GeV?, whichis initial scaleof the QCD evolution. Statisticalerrorsareindicated.

momentsof F» SFof eN DIS [25,26]. Keepingin mind thatin thesecaseghe differencebetweerthe

NLO expressiongor yj(vfg P and%(\,fg «F, IS rathersmall[79], it wasassumedhatthe similar featureis

trueatthe NNLO also. Theng fits of Refs. [58,59,79,80] weredonewithin this approximation.The

onemoreapproximationgnteringontotheseanalysis wasthe estimationof the anomalouslimensions
of odd momentswith n = 3,5,7,9 by meansof smoothinterpolationof the resultsof Refs.[25,26],

originally proposedn Ref. [89]. In view of the basicrole of the NNLO correctionsto the coeficient

functionsof z F; momentsyevealedin the procesf the concretdfits [58,59,79,80], it is expectedthat
neitherthe calculationsof the NNLO correctiongo x 3 odd anomalouslimensiongwhich arenow in

progresq90]) and further interpolationto even valuesof n, nor the fine-tuningof the reconstruction
methodof Eq. (18), which depend=n the valuesof «, 8 and N,,.., Will not affect significantly the

accurag of themainresultsof Refs.[58,59,80].

Thepower correctionsvereincludedin theanalysisusingtwo differentapproachesrirst, follow-
ing the ideasof Ref.[91], theterm h(z)/Q? wasaddedontother.h.s. of Eq. (18). The function h(z)
wasparameterizety a setof freeconstants:; for eachz-bin of theanalysedlata. Theseconstantsvere
extractedfrom the concreteLO, NLO andNNLO fits. Theresultingbehaiour of h(x) is presentedn
Fig. 15, taken from Ref. [58]. Secondly the IRR modelcontritution M 2R = C(n)M, (Q?) A,/ Q3
wasaddednto thereconstructioriormulaof Eq. (18), WhereA’2 is thefreeparameteandwasestimated
in Ref.[82]. Thefactor M,,(Q3) in thel.h.s. of Eqg. (19) wasdefinedat the initial scaleQ? usingthe
parametrization: Fs(z, Q3) = A(Q3)z"@0) (1 — 2)4@3) (1 + ~(Q32)z). In Table2 thecombinedresults
of the fits of Refs.[58,59] of CCFR’97 dataare presented.The twist-4 termswere switchedoff and
retainedfollowing thediscussionpresentedbove.

Thecommentn the extractedbehaiour of h(z) (seeFig. 15) arenow in order Its z-shapepb-
tainedfrom LO andNLO analysisof Ref.[58] is in agreementvith theIRR-modelformulaof Ref.[82].
Notealso,thatthecombinatiorof quarkcountingrules[92,93] with theresultsof Ref.[94,95] predictthe
following z-shapeof h(z): h(z) ~ A, (1 — x)2. Takinginto accounthenegative valuesof A,, obtained
in the procesof LO andNLO fits (seeTable2), onecanconclude thattherelatedbehaiour of h(z) is
in qualitatve agreemenivith thesepredictions.Thougha certainindicationof thetwist-4 termssurvives
evenattheNNLO, theNNLO partof Fig. 15 demonstratethatthe z-shapeof h(x) startsto deviatefrom
the IRR modelof Ref. [82]. Notice also,thatwithin the statisticalerror barsthe NNLO value of A'2 is
indistinguishabldrom zero(seeTable?2). This featuremight berelatedto theinterplaybetweerNNLO
perturbatie and1/Q? corrections Moreover, atthe usedreferencescaleQ3 = 20 GeV? the high-twist
parametersannotbe definedindependentlfrom the effectsof perturbatiortheory which atthe NNLO
canmimic the contritutions of highertwists provided the experimentaldatais not preciseenoughand
thevalueof Q3 is nottoo small (for therecentdiscussiorof this subjectseeRefs.[29,30]).
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Fig. 15: h(z) extractedfrom CCFR’97datafor x F}

Theresultsof Table2 demonstratethat despitethe correlationof the NLO valuesA% with the
valuesof thetwist-4 coeficient A'2 , the parametersf the adoptednodelfor = F3(x, Q3) remainalmost

unafectedby the inclusionof the 1/Q?-termvia the IRR-modelof Ref. [82]. Thus,the corresponding

partondistributionsarelesssensitve to twist-4 effects,thanthe NLO valueof A%. At theNNLO level
the similar featureis relatedto alreadydiscussedendeny of the effective minimizationof the 1/Q?-

contritutionsto z F5 (seealsoNNLO partof Fig. 15).

For the completenesshe NLO and NNLO valuesof ag(Mz), obtainedin Ref. [58] from the
resultsof Table2 with twist-4 termsmodelledthroughthe IRR approactarealsopresented:

NLO ag(Mz) = 0.120 £ 0.003(stat) % 0.005(syst) T35 (21)
NNLO ag(Mz) = 0.118 + 0.003(stst) & 0.005(syst) + 0.003

The systematicalincertaintiesn theseresultsaredeterminedoy the pure systematicalincertaintieof
the CCFR’97 datafor xF3 [81]. The theoreticalerrorsarefixed by variation of the factorizationand
renormalizationscales[58]. The incorporationinto the M S-matchingformula for ag [96-98] of the
proposalof Ref. [52] to vary the scaleof smoothtransitionto the world with f = 5 numberof active
flavoursfrom m? to (6.5m;)? wasalsotaken into account. The theoreticaluncertaintiespresentedn
Eq. (22) arein agreementvith the ones,estimatedn Ref.[70] usingthe DGLAP equation.The NNLO
valueof ag(Mz) is in agreementwith anotherNNLO resultag(Mz) = 0.1172 + 0.0024, which was
obtainedn Ref.[99] from theanalysisof SLAC, BCDMS, E665andHERA datafor F5, with the helpof
the Bernsteinpolynomialtechniqug100].

2.7 Measuring Parton Luminosities and Parton Distrib ution Functions at the LHC 1°

The traditionalapproachfor crosssectioncalculationsand measurementat hadroncolliders usesthe
proton—protonuminosity Lyroton—proton, @andthe “best” known quark, anti-quarkand gluon parton—
distribution functions, PDF (1, 22, Q?) to predictevent rates N.,..:s for a particularparton parton
processwith acalculablecrosssectionoy,eory (¢, ¢, g — X ), USINg:

Nevents (pp - X) = Lproton—proton X PDF(iL‘l, z2, QQ) X Utheory(‘]: q,.9 — X) (22)

The possiblequantitatve accurag of suchcomparisonglependsiot only on the statisticalerrors,but
alsoon the knowledge of Ly, oton—proton, the PDF(x1, z2, Qz) andthe theoreticaland experimental
uncertaintiesor the obsened andpredictedeventratesfor the studiedprocess.

15Contrituting authors:M. Dittmar, K. MazumdarandN. Skachlov.
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Fig. 16: a) The detectedchaged lepton cross sectionratio, Fig. 17: The inclusive muon p; spectrumin selected
o(t*v) /o (4~ ), originating from the reactiongg — W* —  photon—jet events originating from light and heay

¢*v asafunction of the leptonpseudorapiditfor the MRS(H)  quarkg105]. Assumingstandard—lifetimetaggingex-

and MRS(A) structurefunction parametrisation.b) The rela- pectationfrom ATLAS or CMS oneshouldreducethe

tive changesfor the chaged lepton distributions betweenthe b—flavouredjets by abouta factorof 2, the charm—jets
MRS(H) and MRS(A) parametrisationor W, W~ andfor by afactorof 10 andthe light quarksby roughly a fac-

Z° production[101]. tor of 50.

muon spectrum of selected events

For mary interestingreactionsat the LHC onefindsthat statisticaluncertaintiesbecomequickly
negligible whencomparedo todays uncertainties Besideshe technicaldifficulties to performhigher
ordercalculations]imitations arisefrom the knowledgeof the proton—protoriluminosity andthe parton
distribution functions.Estimategor proton—protorluminositymeasurementstthe LHC assigrtypically
uncertaintie®f £5%. Similar uncertaintiegareexpectedrom thelimited knowvledgeof partondistribu-
tion functions.Consequentlythetraditionalapproactio crosssectionpredictionsandthe corresponding
measurementwill belimited to uncertaintie®f atbest+5%.

A morepromisingmethod[101], usingonly relative crosssectionmeasurementspightleadeven-
tually to accuraciesf +1%. Thenew approactstartsfrom theideathatfor high Q? processesneshould
considerthe LHC asa parton—partorcollider insteadof a proton—protorncollider. Consequentlyone
needsto determinethe different parton—partoiuminositiesfrom experimentallycleanandtheoretical
well understoodeactions.

Theproductionof thevectorbosong¥ * and Z° with their subsequereptonicdecaydulfil these
requirements.Taking todays experimentalresults,the vector bosonmassesre preciselyknowvn and
their couplingsto fermionshave beenmeasuredvith accuracie®f betterthan1%. Furthermore ¥+
and Z° bosonswith leptonicdecayshave 1) hugecrosssections(several nb’s) and2) canbe identified
over alargerapidity rangewith smallbackgrounds.

Fromtheknowvn massandthe numberof “counted” eventsasa functionof therapidity Y onecan
usetherelationsM? = szizo andY = %l”% to measurdirectly the correspondingjuarkandanti-
qguarkluminositiesover awide x range(seefig.2). Simulationstudiesindicatethatthe leptoniciW and
7 decaysanbe measuredvith goodaccuraciesip to leptonpseudorapiditieg;| < 2.5, corresponding
roughlyto quarkandanti-quarkr rangedetweer0.0003to 0.1. Thesensitvity of W andZ production
dataatthe LHC evento smallvariationsof the pdf's is indicatedin Figure16.

Oncethe quarkandanti-quarkluminositiesaredeterminedrom the W andZ dataover awide x



range SM eventratesof high massDrell-Yanleptonpairsandotherprocessedominatecy quark—anti-
quarkscatteringcanbe predicted. The accurag for suchpredictionsis only limited by the theoretical
uncertaintie®f the studiedprocesselative to theonefor W andZ production.

The approacicanalsobe usedto measurehe gluon luminosity with unprecedentedccuracies.
Startingfrom gluon dominated‘well” understoodeactionswithin the SM, onefindsthatthe cleanest
experimentalconditionsarefound for the productionof high massy—Jet,Z%—Jetandperhaps ¥ *—Jet
events. However, the identificationof thesefinal statesequiresmoreselectioncriteriaandincludesan
irreduciblebackgroundf about10-20%from quark—anti-quarlscattering.Someexperimentalobserv-
ablesto constrairthegluonluminosityfrom thesereactionshave beeninvestigategreviously [102]. The
study usingratherrestrictive selectiorcriteriato selectheabove reactionswith well definedkinematics,
indicatedthe possibility to extract the gluon luminosity function with negligible statisticalerrorsand
systematicsvhich might approacterrorsof about+1% over awide x range.

Furthermoretheuseof thedifferentrapidity distributionsfor the Vectorbosonsandtheassociated
jets hasbeensuggestedn [103]. The proposedneasuremendf the rapidity asymmetryimprovesthe
separatiobetweersignalsandbackgroundsindshouldthusimprove theaccuracieso extractthegluon
luminosity

For thisworkshop previousexperimentakimulationsof photon—jefinal stateshave beenrepeated
with muchlarger Monte Carlo statisticsand more realistic detectorsimulations[104]. Thesestudies
selecteventswith exactly onejet recoiling againstan isolatedphotonwith a minimum p, of 40 GeV.
With therequirementhat,in the planetrans\erseto the beamdirectionthejet is back—to—backvith the
photon,only the photonmomentunvectorandthe jet angleneedso be measuredUsingthe selected
kinematics the massof the photon—jetsystemcanbe reconstructeavith goodaccurag. Thesestudies
shawv that seseral million of photon—jeteventswith the above kinematicswill be detectedor a typical
LHC yearof 10 fo~! andthusnegligible statisticalerrorsfor the luminosity andz between0.0005to
~ 0.2. This z rangeseemso be sufiicient for essentiallyall high Q? reactionsinvolving gluons. In
addition,it might however be possibleusingdedicatedriggerconditions to selecteventswith photonp;
aslow as10-20GeV, which shouldenlagethe x rangeto valuesaslow as0.0001.The above reactions
arethusexcellentcandidateso determineaccuratelythe partonluminosity for light quarks,anti-quarks
andgluons.

To completethe determinatiorof the differentpartonluminositiesoneneedsalsoto constrainthe
luminositiesfor the heavier s,c and b quarks. The charmandbeautyquarkscanbe measuredrom a
quarkflavour taggedsubsamplef the photon—jeffinal states.Onefindsthatthe photon—jetsubsamples
with charmor beautyflavouredjets are produceddominantlyfrom the heary quark—gluonscattering
(c(b)g — c(b)y). For this additionalstudyof photon—jeffinal statesthe jet flavour hasbeenidentified
asbeinga charmor beautyjet, usinginclusive high p, muonsandin additionb-jet identificationusing
standardifetime taggingtechniqueg105]. The simulationindicatesthat cleanphoton—charmet and
photon—beautjet eventsampleswith high p, photong>40 GeV) andjetswith inclusive highp; muons.
Themuonp; spectrunirom the differentinitial quarkflavoursis shavn in Figurel7.

Assumingthat inclusve muonswith a minimum p; of 5-10 GeV can be clearly identified, a
PYTHIA Monte Carlosimulationshavs thatafew 10° c—photoneventsandabout1®® b—photonevents
per10fb—! LHC yearshouldbeacceptedThesenumberscorrespondo statisticalerrorsof about+ 1%
for az. andz, rangebetween0.001and0.1. However, without a muchbetterunderstandingf charm
and beautyfragmentationfunctions suchmeasurementsill be limited to systematicuncertaintiesof
+ 5-10%.

Finally, the strangequarkluminosity can be determinedrom the scatteringof s¢ — We. The
eventswould thus consistof W+ charm—jeffinal states.Using inclusive muonsto tag charmjets and
the leptonicdecaysof 1W's to electronsand muonswe expectaboutan acceptedavent samplewith a
crosssectionof 2.1 pb leadingto about20k taggedeventsper 10 fo—! LHC year Again, it seemghat
the correspondingtatisticalerrorsaremuchsmallerthanthe expectedsystematiancertaintiegrom the



charmtaggingof + 5-10%.

In summary we have identified and studiedseveral final stateswhich shouldallow to constrain
thelight quarksandanti-quarksandthe gluonluminositieswith statisticalerrorswell belov 1% for anz
rangebetweerD.0005to at ~ 0.2. However, experimentalsystematicdor isolatedchagedleptonsand
photons,dueto the limited knowledgeof the detectoracceptancend selectionefficiencieswill bethe
limiting factorwhich optimisticallylimit theaccuracieso perhapst1%for light quarksandgluons.The
studiedfinal stateswith photon—jeteventswith taggedcharmandbeautyjets shouldallow to constrain
experimentallytheluminositiesof s, ¢ andb quarksandanti-quarksover asimilarz rangeandsystematic
uncertaintie®f perhap$H-10%.

Thesepromisingexperimentafeasibility studiesneednow to becombinedwith thecorresponding
theoreticalcalculationsand Monte Carlo modelling. In detail one hasto studyhow well uncertainties
from scaledependenceays andhigherordercorrectionschangeexpectedcrosssectionratios. Figure6
givesanexampleof todays uncertaintiesor W andZ crosssectionsatthe LHC [10]. Similarestimates
for all studiedprocesseseedto be doneduringthe comingyearsin orderto know the real potentialof
this approacho precisioncrosssectionmeasuremeniandtheirinterpretatioratthe LHC.

2.8 Lepton Pair Production at the LHC and the Gluon Densityin the Proton'®

The productionof leptonpairsin hadroncollisionshihy — v*X;~v* — Il proceedghroughaninter

mediatevirtual photonvia ¢g — ~*, andthe subsequerieptonicdecayof the virtual photon. Interest
in this DY processs usuallyfocusedon leptonpairswith large mass() which justifiesthe application
of perturbatre QCD andallows for the extraction of the anti-quarkdensityin hadrong106]. Prompt
photonproductionh; he — X canbecalculatedn perturbatie QCD if the trans\ersemomentum®

of thephotonis sufiiciently large. Becausehequark-gluonComptonsubprocess dominantgg — v.X,

this reactionprovidesessentialnformationon the gluon densityin the protonat large x [28]. Alterna-
tively, the gluondensitycanbe constrainedrom the productionof jetswith large transersemomentum
athadroncolliders[7].

In this reportwe exploit the fact that, along promptphotonproduction,lepton pair production
is dominatedby quark-gluonscatteringin the region @ > @/2. This realizationmeansthat nenv
independenconstrainton the gluon densitymay be derved from DY datain kinematicalregimesthat
areaccessiblattheLHC but withoutthetheoreticarndexperimentalncertaintiepresentn theprompt
photoncase.

At LO, two partonicsubprocessentributeto the productionof virtual andrealphotonswith non-
zerotransersemomentum:qg — v*)g andgg — +*)q. The crosssectionfor leptonpair production
is relatedto the crosssectionfor virtual photonproductionthroughthe leptonicbranchingratio of the
virtual photona/(37Q?). The virtual photoncrosssectionreducego the real photoncrosssectionin
thelimit Q2 — 0.

The NLO correctionsarisefrom virtual one-loopdiagramsnterferingwith the LO diagramsand
from real emissiondiagrams. At this order2 — 3 partonicprocessesvith incidentgluon pairs (gg),
quarkpairs(¢qq), andnon-factorizablequark-anti-quark ¢g2) processesontrikute also. An important
differencebetweenvirtual and real photonproductionariseswhen a quark emits a collinear photon.
Whereaghe collinearemissionof a real photonleadsto a 1 /e singularitythathasto be factoredinto a
fragmentatiorfunction,the collinearemissionof avirtual photonyieldsafinite logarithmiccontritution
sinceit is regulatednaturally by the photonvirtuality Q. In thelimit Q> — 0 the NLO virtual photon
crosssectionreducedo thereal photoncrosssectionif thislogarithmis replacedoy a1/e pole. A more
detaileddiscussiorcanbefoundin Ref.[107,108].

The situationis completelyanalogougo hardphoto-productiorwherethe photonparticipatesn
the scatteringin the initial stateinsteadof the final state. For real photons,one encounteran initial-
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Fig. 18: InvariantcrosssectionEd3s /dp® asafunctionof ~ Fig. 19: Contritutions from the partonicsubprocessegy
Qr for pp — v* X aty/s = 14 TeV. and¢q to the invariantcrosssectionEd>s /dp® asafunc-

tion of Qr for pp — v* X at/s = 14 TeV. Thegg channel
dominatesn theregion Qr > Q/2.

statesingularitythatis factoredinto a photonstructurefunction. For virtual photons this singularityis
replacedy alogarithmicdependencen the photonvirtuality @ [109].

A remarkis in order concerningthe intenal in Q7 in which our analysisis appropriate. In
general,in two-scalesituations,a seriesof logarithmic contritutionswill arisewith termsof the type
adIn"(Q/Qr). Thus,if eitherQr >> Q or Qr << @, resummation®f this seriesmustbe consid-
ered. For practicalreasonssuchaseventrate,we do not ventureinto the domainQr >> @, andour
fixed-ordercalculationshouldbe adequate On the otherhand,the crosssectionis large in the region
Qr << Q. In previous paperg107,108], we comparedour crosssectionswith availablefixed-taget
andcollider dataon massie lepton-pairproduction,andwe wereableto establishthatfixed-ordemper
turbative calculationswithoutresummationshouldbereliablefor Q7 > Q/2. At smallervaluesof Qr,
non-perturbatie andmatchingcomplicationsntroducesomelevel of phenomenologicambiguity For
thegoalwe have in mind, viz., constraintn the gluondensity it would appeaibestto restrictattention
to theregion Q1 > Q/2, butbelov Qr >> Q.

We analyzethe invariantcrosssectionEd3 o /dp® averagedover the rapidity intenal -1.0 < y <
1.0. We integratethe crosssectionover variousintenals of pairmass@ andplot it asa function of
thetransersemomentum@ . Our predictionsarebasedona NLO calculation[110] andareevaluated
in the MS renormalizatiorscheme.The renormalizatiorandfactorizationscalesaresetto y = up =
pr = 1/Q? + Q2. If not statedotherwise,we usethe CTEQ4M partondistributions [111] and the
correspondingalueof A in thetwo-loop expressiorof ag with four flavours(five if i > m;). TheDY
factora/(37Q?) for thedecayof thevirtual photoninto aleptonpairis includedin all numericaresults.

In Fig. 18 we displaythe NLO crosssectionfor leptonpair productionatthe LHC asafunctionof
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Qr for four regionsof @ choserto avoid resonances,e. from thresholdto 2.5 GeV, betweerthe J /¢

andtheY resonancegbove the Y’s, andahigh massregion. Thecrosssectionfalls bothwith themass
of theleptonpair Q and,moresteeplywith its trans\ersemomentunt) ;. Theinitial LHC luminosityis

expectedo be10®* cm™2 s, or 10fb—!/year andto reachthedesigniuminosityof 10** cm~2 s~! after
threeor four years.Thereforeit shouldbe possibleto analyzedatafor leptonpair productionto at least
Q1 ~ 100 GeV whereonecanprobethe partondensitiesn the protonup to zp = 2Qr//s ~ 0.014.

The UAL collaborationmeasuredhe transeersemomentumdistribution of leptonpairsat /s = 630

GeVto zp = 0.13 [112], andtheir dataagreewell with our expectationg107,108].

Thefractionalcontritutionsfrom theqg andqg subprocessabroughNLO areshovnin Fig. 19. It
is evidentthatthegg subprocess themostimportantsubprocesaslongasQ, > @ /2. Thedominance
of the gqg subprocesicreasesomavhatwith @, rising from over 80 % for the lowestvaluesof () to
about90 % at its maximumfor @ ~ 30 GeV. Subprocessestherthanthoseinitiated by the ¢g andqgg
initial channelsareof negligible import.

The full uncertaintyin the gluon densityis not knovn. We estimatethe sensitvity of LHC ex-
perimentdo the gluondensityin the protonfrom the variationof differentrecentparametrizationsWe
choosethe latestglobal fit by the CTEQ collaboration(5M) asour point of referencq7] andcompare
resultsto thosebasedon their precedinganalysis(4M) [111] andon a fit with a highergluon density
(5HJ)intendedto describethe CDF andDO jet dataat large transersemomentum We alsocompareto
resultsbasedon globalfits by MRST [28], who provide threedifferentsetswith a central,higher and
lower gluondensity andto GRV98 [113]*.

In this seta purely perturbatie generationof heary flavours (charmand bottom) is assumed. Sincewe are working
in a masslessapproachwe resortto the GR/92 parametrizatiorfor the charm contribution [114] and assumethe bottom
contritbution to be nggligible.




In Fig. 20 we plot the crosssectionfor leptonpairswith masshetweerthe J/ andY resonances
at the LHC in the region between@r = 50 and 100 GeV (xz7 = 0.007...0.014). For the CTEQ
parametrizationsve find thatthe crosssectionincreasegrom 4M to 5M by 5 % anddoesnot change
from 5M to 5HJ in the whole Qp-range. The largestdifferencesfrom CTEQ5M are obtainedwith
GRV98 (minus18 %).

Thetheoreticaluncertaintyin the crosssectioncanbe estimatedoy varying the renormalization
andfactorizationscalepr = pp aboutthe centralvalue /@2 + Q2. In the region betweenthe J /1)
and T resonanceghe crosssectiondropsfrom +39% (LO) to +16% (NLO) when y is varied over
theintenal intenval 0.5 < p/4/Q? + Q2 < 2. The K-factorratio (NLO/LO) is approximatelyl.3 at

1/\/Q*+ Q3 = 1.

We concludethat the hadroproductiorof low masslepton pairsis an advantageousourceof
information on the parametrizatiorand size of the gluon density With the designluminosity of the
LHC, regionsof x ~ 0.014 shouldbe accessibleThetheoreticaluncertaintyhasbeenestimatedrom
thescaledependencef the crosssectionsandfoundto besmallat NLO.

3. MONTE CARLO EVENT GENERATORS?

Theeventgeneratiorpackages thefirst link of theeventsimulation/reconstition softwaresuitewhich
is centralto ary experimentaldataanalysis.Physicsresultsareobtainedby a directcomparisorof sim-
ulatedandobsereddata.Therefore precisionanalysesely on anaccurateanddetailedimplementation
of theunderlyingphysicsmodelin the generatiorof signalaswell asbackgroundgrocesses.

An eventgeneratois built from variouspiecesvhoseobjectandnaturearequite different. Some
areperturbatre: the hard-scatteringnatrix element(ME) which canbe calculatedexactly, the parton
shaver (PS)whichapproximateshroughtheevolution equationstheinitial partonconditionsandfinal-
statejet structure,and someare non-perturbatie and probabilisticlike the partondistribution in the
compositanitial particlesandthefragmentatiorof thefinal partons.Themaindifficulty in writing event
generatoprogramdies on the consistenmatchingof thosedifferentcomponents.

Several multi-processpartonshaver event generatorgPSEG)have beendevelopedto cover the
physicsprogrammeat e*e~, pp or pp colliders: PYTHIA [115], HERwIG [116-118], ISAJET [119,
120]. TheseMonte Carloprogramsprovide anaccuratedescriptionof jet physicsat existing high-enegy
colliders,which allow the simulationof a large variety of final-stateprocessesvithin and beyond the
SM. Theseprogramshave beenessentiato demonstratéheimpressie LHC potentialon mary different
anddetailedphysicsguestionsto develop new analysisstratgiesandalsoto optimizethe performance
of the LHC experiments.

Neverthelessthe increasingpotentialof very accuratemeasurementat the LHC andthe sensi-
tivity to exotic physicsprocessesising specificandrarekinematicsdemandfor the implementatiorof
higherorder processeandthusa rethinkingof the organisationand probablyan extensve rewriting of
mary specificMonte Carlogenerators.

In the first section,we list the major points of concernor pendingissuesin the developmentof
event generatorgor the LHC physics. The next sectiondiscusseshe presentreatmentof minimum
biasandunderlyingevents. The following two contritutions addresghe implementatiorof transerse
momentuneffectsin bosonproduction.Thelastthreesectiongresentashortdescriptionof someof the
currentlyavailableME generators.

2Sectioncoordinator:D. Perret-Gallix.



3.1 QCD event generators: major issues
3.11 Multi-particle final states
Matrix element

PSEGare essentiallylimited to the simulationof 2 — 2 processésbasedon analytic matrix element
expressions.However, the LHC centerof massenegy is large enoughto openmary high multiplicity
channels. In addition, new particle searchesn the Higgs and Susysectorsrequirethe simulation of
2 — 4,2 — 6 oreven2 — 10 jet processesfor which a preciseknovledgeof the SM background
processess mandatory

QCD multi-jetseventspp — n; jetsandpp — Z/W + no jets have beencomputedat LO, for
n1 < 6 by usingthe SPHEL approximation[121] (i.e. assumingall helicity amplitudesgive similar
contritutions),andfor n; < 6 (NJETS) [122] andny, < 4 (VECBOS) [123] by usingexactrecurrence
relations[124].

In the PSEG partonicfinal statesare mimicked throughthe PSmechanisnbasedon theleading
logarithmic(LL) approximation. It properly describegpartonradiationsonly in the soft and collinear
region leadingto a crudeestimateof the multi-partondynamicsof the event. The remedyfor a better
multi-partonevent generatoiis two-fold: (i) to improve the simulationof the PS by introducingME
corrections(seeSects.3.3 and 3.4), (ii) to implementthe completemulti-parton hard scatteringME
process.

The evaluationof ME for multi-particle QCD processefiasbeenreviewed in [125]. A powerful
techniqueis the useof helicity amplitudesin the masslesdimit [126-128]. Recentdevelopmentsin
this directionweredonein [129] wherethe Weyl-van-defWaardenspinor calculuswas generalizedo
themassve fermions. At this level of compleity whereso mary sub-processemustbe calculatedthe
analytichand-madapproactbecomediterally intractableunlessstringentapproximationgreimposed,
asthenarrav width approximationmasslesgermions averaging/summingverinitial/final helicity state
or selectingonly a subsebf gaugeinvariantdiagrams.

A moresystemati@pproachs neededy(i) to provide all requiredchannels(ii) to allow for adetail
studyof finite width effectsandhelicity andcolor correlations(iii ) to generateompleteME expressions
in orderto matchthe experimentalprecision.For example,the LHC statisticswill allow to measurghe
top quarkmasswith negligible uncertainty This impliesthatbothtop quarkand W finite widths must
betakeninto accountn the evaluationof theinterferencebetweersignalandbackgrounddiagrams.

The automaticFeynmandiagramgeneratopackagesargely usedfor theete~ physicsanalysis,
generateompleteandapproximation-freéree-level ME codesjn principle,for ary final statemultiplic-
ity andwith a higherreliability level thanhandwritten procedurés They aregraduallyupgradedo pp
physics.GRACE [130-132], MADGRAPH [133], ALPHA [134] andPHACT [135,136] arebasedontree
level helicity amplitudealgorithmsin arbitrarymassve gaugetheories.The evaluationis purely numer
ical andthe codesize scaledinearly with the numberof externalparticles. In ALPHA (seeSect.3.7),
aniterative algorithm, basedon Greenfunctionalmethods evaluatesthe amplitudesfor ary given La-
grangianandleadsto more compactexpressionsallowing, for example,the generatiorof gg/qg — n
with n < 9 [137]. The ComPHEP [132,138] packages basedon the squaredamplitudetechnique.
Here,thesizeof the ME codegrows exponentiallywith the numberof externalparticles but it produces
morepowerful symbolicexpressionsThis methodhasshavn goodefficiengy for theevaluation2 — 3,4
processes;omparabléo the helicity amplitudealgorithms.

However, the completenessf the automaticallyproducedmatrix elementsandthe pooroptimiza-
tion of the code (when comparedto hand coding) often translateinto computationallyintensve and

SContrituting authors:V.A. llyin, D. Perret-GallixandA.E. Pukhov.

“n — m representprocessewheren initial particlesdecaysor scatterto producem particlesin thefinal state.
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®The packagesutomaticallygeneratehecksfor gaugenvarianceandgaugeindependence.



memoryhungry expressionssometimegeachingthe limit of computabilityon conventionalworksta-
tions.

Thedevelopmenteffort is focusedon two directions:(i) to improve the codeefficiengy by thein-
troductionof new computationahlgorithm,by abetteroptimizationandby the“automated’introduction
of approximations(ii) to develop codetakingadwantageof massvely parallelsystemg139,140].

Multi-dimensionalntegration

The crosssectioncomputationand the event generationstageare basedon the multi-dimensionalin-
tegration procedure. It needsto be focusedto the phasespaceregion wherethe amplitudeis large.
Theamplitudebehaior on thoseregionscanbe sharpandmulti-variatedueto complec singularitypat-
terns. Integration packagesncluding VEGAS [141,142], BASES/SPRING [143,144], MIL XY [145],
FoAaM [146] useself-adaptingechniquedasedon importanceand/orstratified sampling However, a
fasterintegration corvergenceis obtainedby providing the integration algorithm with informationon
the locationandbehaior of the singularities. This is usuallydoneby the so-called‘kinematics” rou-
tine performingthe mappingof the integrationvariablesto the physicsparametersNot yet fully auto-
mated[147], it is aiming by appropriatevariabletransformsat smoothingthe singularitiesandreducing
their dimensionality

For mary importantprocessesit is impossibleto matchall singularitieswithin a single set of
variabletransforms(e.g. pp — wudd with W,Z decaysand ¢t-channelsingularities). In thosecases,
onerelieson a multichannelalgorithm[148,149] whereeachpeakingstructurehasits own appropriate
mapping.

Interfaceto the PSEGpadkage

Theimplementatiorof automatically-produathard-procesME in PSEGis a delicatebut essentiatask
to benefitfrom the implementationof the complex QCD machineryreproducingthe initial and final
states.

Theultimategoalis to embedhefull ME with its appropriat&kinematicamappinginto thekernel
of the PSEGthroughsomeautomategrocedure Althoughsomeprogresdasbeenachievedtowardthis
end,asimplerapproachs to generatg@artonlevel eventsampleusinga programdedicatedo agivenME,
thenlet themfragmentthroughthe PSandhadronizatiorschemeof the selected®SEG.For example,in
PyTHIA theroutinesPYUPIN andPYUPE\Vareavailablefor theimplementatiorof externally produced
event processesSimilar facilities exist or canbe implementedn otherPSEG.This techniquealready
usedby the LHC experiments(seesection3.5) may raiseconsistenparameteand partondistribution
bookleepingissues.

3.12 Heavy-quarkproductionandpartonshower

Keepingthe fermion massest their on-shellvalue,althoughmakingthe expressionsnore comple, is
alwaysa goodpracticeto getrid of the propagatopole divergence.At LHC, from a phenomenological
point of view, light u, d and s quark massesan be neglected,but heary ¢, b andt quarkshouldbe
implementechot only to reproducehresholdeffects,but alsofor a correcttreatmenf spincorrelation
andNLO corrections.Besidethe basict-quarkphysicsstudies the heary-quark eventgeneratiorplays
animportantrole asthe dominantbackgroundo the Higgs search(W/Zbb, tt + 2jets andtttt, bbbb,
bbtt). Thosecomputationsequirethe useof multi-particlemassie ME asdevelopedin the automatic
approach.

The simulationof the PSdevelopedby a massie quarkis similar to the masslesgaseabove an
angularcut-of of § = m,/E,, while belov no radiationis emitted. This is true only in the soft and
collinearregion, if the physicsobsenableis sensitve to highp effects(e.g. top massreconstruction)
full massie radiatve heary-quarkdecayME (i.e. t — bW g) mustbe embeddedn the PScode[150,



151].

3.13 Color andhelicityimplementation

Color and spin effects are importantat LHC. Color correlationsbesidedriving the fragmentationof
partonsleadto color reconnectioreffectsactingon the local event multiplicity. Spineffectsin thetop
physics for example,provide a usefulhandleon the natureof the couplings[152].

The procedureto assignhelicity andcolor to the initial/final partonsrequiressimilar implemen-
tationsin an eventgeneratar For 2 — 2 processesthe numberof possiblecolor flows is small and
canbe handledeasilythroughan overall factorfor the singlediagramcaseandthrougha slightly more
elaboratedreatmentvhendealingwith the interferenceof 2 diagramswith differentcolor flows [153].
For higher multiplicity [154], in the supersymmetricQCD [155] and in the R-parity violated pro-
cesse$156], the selectionof the color final stateis moreinvolved. In the helicity amplitudeapproach,
eachdiagrammustbe decomposedver a color flow referencebase.The crosssectiondor all possible
color/helicity combinationg8™s x 3" x 2"s*"a) arethenevaluated.Adding morefinal-stateparticles
drasticallyincreaseshe numberof crosssectioncomputations.

3.14 NLOandNNLOcorrections

In QCD, talking aboutcorrectionsconcerninghe NLO andNNLO contritutionsis anunderstatement.
Higherordercomputationsireveryimportantmnotonly dueto theratherargecouplingconstantys induc-
ing substantiaktorrections put mainly becausehey reducethe renormalizatiorandfactorizationscale
dependencer-urthermoreganalysisor experimental-cutiependenciefike the cone-sizedependence
jet analysis)arebetterreproducedvhenhigherordercorrectionsareincluded. Roughlyspeakingf one
cansaythatNLO is thefirst ordergiving a sensibleperturbatie result, NNLO canbe seenasthe error
estimateon thisresult.

In principle, computingNLO matrix elementsis straightforvard using loop integral reduction
techniqueshut the numberof involved diagramsand their compleity have leadto the development
of automaticcoding programslike FeynArt/FeynCalc Formcalc/Looptoold157-159] or GRACE (see
Sect.3.6). Thelatteris gearedo provide 1-loop n-bodyfinal-stateME while, in practice,a maximum
of n = 4 andfurtherapproximationsareimposedoy computationalimitations.

But themainproblemliesin the cancellatiorof softandcollinearinfinities preseneat NLO preci-
sion. Fully inclusive computationgeneratehe so-calledi -factorasa globalscalingfactor but detailed
analyseseedphase-spacgependentorrections.Two techniquegseethegeneraliscussiornin Sect4.)
have beendevelopedto handlethe cancellationsthe phase-spacslicing method[160] andthe subtrac-
tion method[161,162]. In the former, the cancellations performedby approximatentegrationwithin
regionsdelimitedby someunphysicalkut-of (the approximatiorbecomedetterasthe cut-of becomes
smaller),in the latter the divergenttermsare replacedby a suitableanalytically-intgralde expression
plusits finite differencewith the original expression.For thesetwo approachesMonte-Carlointegra-
tion techniquesare used,allowing for a preciseimplementatiorof the experimentalcuts. TheseNLO
programs(seeSect.4.) canbe seenas“pseudo-gent generators”.Phasespacepoints (pseudo-eents)
afterbeingtestedagainsthe cutshave their correspondingveightsaccumulatedo form theobserable.
Single or multi differentialdistributionscanbe built in onego. But two issuespreventthe useof these
packagesstrue eventgenerators(i) the handlingof negative weightedeventsand(ii) theinterfaceto
the PSandfragmentationstage. No definite schemecurrently exists to properlyimplementLO+NLO
processes a stochasti@ventgeneratar

The negative weightedeventsarisefrom the virtual correctionscancellingthe soft and collinear
divergences.Several attemptsareon trial. Oneapproachis to treatthoseeventsasthe usualpositive
weightedeventsandto obsere the cancellatioronly afterthereconstructiorstagewheretheexperimen-
tal resolutionwill have introduceda naturalcut-off. Thisimpliesthe generationthe simulationandthe



reconstructiorof mary eventswhich finally cancel,not contrituting to the statisticalsignificanceand
thereforeleadsto unstableresults.More advancedattemptshave beenbasedon a re-weightingof event
generatedy shavering from the LO matrix elements[150,151,163-166]. Recently a modifiedsub-
tractionmethodis exercisedto built NLO eventgenerator$167,168] by point-by-pointcancellationof
the singularities. This approachooks quite encouraginglthoughfinal implementation$have not been
realizedyet.

The secondoroblemis the matchingof a NLO ME to the PS.A consistenapproachwould beto
interfacea NLO ME to next-to-leadinglogarithmic(NLL) orderpartonshawver, but no suchalgorithm
exist yet (seeSect.3.15)andthereforeonehasto find theleastdamagingapproacho connectNLO ME
andLL PSandfinal hadronization.Basicallythe orderedevolution PSvariable shouldbe matchedto
the ME regularizationparameter Remainingdoublecountingeffectswill be removed by the rejection
algorithmfor eacheventtopology[167].

3.15 Partonshower

In hadroniccollision, the partonshavering occursbothin theinitial andin thefinal state.In thelatter,
the high-virtuality partonsare evolved usingthe DGLAP equationgdown to quasi-reabbjectsreadyto
undego final hadronization.The initial partonsselectedrom the partondistribution functionswith a
relatve momentunfraction z andvirtuality Q? follow a backward evolution [169-171] to bring back
thevirtuality down to valuescompatiblewith the confinemenbof partonsn afasthadron(cloudof quasi-
real particles).In this processgluonsandquarksareemitted(absorbedn the backward-evolution time
frame) by quark radiationor gluon splitting. This radiationcontrilbutesto the final-statemultiplicity
(beamremnants).n addition,the partonacquiresa transsersemomentumandthe full kinematicof the
initial centre-of-massf the hardscatteringwill beuniquelydefined(seeSects3.3and3.4).

The partonshaver modelimplementedn the PSEGis essentiallya LL approximation.even if
someNLL correctionshave beenaddedhroughexactenegy-momentuntonseration,angularordering
and‘optimal scheme'definitionfor ag [172]. The dominantlogarithmicsingularitiesareresummedn
the Sudalov form factors.

As seenin the previous section,the needfor a NLL partonshaver is high. The problemis that
resumminghigherorder correctionbreaksonemajor “raison d’étre” of the PS:the universality At LL
level, the hard scatteringandthe partonshavering are 2 independenprocessesgfactorizationbetween
the shortanthe long range)andthe succes®f the PSEGis basedon this feature.Incorporatinghigher
ordercorrectionanay breakuniversalityandeachtype of hardscatteringorocessnayrequirea specific
NLL PSevaluation(seealsothelastparagraphn Sect.3.6).

3.16 Multi-parton scattering

PSEGfor rareeventsusuallyincludesingle-scatteringrocessesnly. At theLHC, oneexpect,dueto the
unitary bound,multi-partoninteractiongo give importantcontritutionsto severalprocesse§l 73,174].
As anexamplethe crosssectionfor the productionof four jetswith double-partorcollisionsdominates
the single-scatteringprocesswhenthe minimum of the producediets trans\ersemomentais p;, . <
20 GeV (seeSect.8.). Theseprocessespbsered by CDF [175,176], arelargely discussedn Sect.8.,
in the Bottom ProductionChapterof this Reportandin the ATLAS TDR [1]. Informationrelatedto
the PSEGimplementationof multi-partonscatteringcanbe found in the PYTHIA [115] and HERWIG
v6.1[118] manuals.

Underthe simplifying assumption®f no correlationbetweenthe longitudinal-momento frac-
tionsof theinitial partonsandof theprocess-independeaof partoncorrelationsn transerse-momentum
space double-partoninteractionsare easylyimplementableanto PSEGcodes,in termsof a single uni-
versalparametet. ¢ (seeSect.8.). However, noneof thosehypothesesanbetaken for granted.It is
thereforemportantto implementthoseeffectsin PSEGprogramsby usingdifferentdynamicalmodels.



In additionto their contritutionsto thebackgroundo new particlesearcheshemulti-partoninteractions
atthe LHC canprovide insightson the dynamicalstructureof thehadrond177-179].

3.17 Standadizationandlanguaje issues

The availability of severalindependengventgeneratiorpackageslthoughaiming at similar scopess
a big advantagefor the experimentalcommunity It makes possiblecomparatre checksandleadsto a
deepeunderstandingf the variousapproximationsisedandimplementatiordependenissues.

However, onemuststrongly stresshatthe definition of a commoninterfaceschemebetweerthe
eventgeneratorgindthe simulation/analysigxperimentalpackagesvould be extremelyvaluable.Such
a standardizatiorwould cover the following issues: (i) parametemamingcorvention, (i) parameter
databasenanagementjii ) eventoutputformat, (iv) eventsampledatabase.

Although the standardizatioschemecan alreadybe exercisedon the existing Fortran PSEG, it
takesits full meaningwith the currenttransitionto the objectoriented(OO) methodology The main-
tenancdssué of thoselarge andcomplex packagesver the long expectedifetime of the LHC experi-
mentsis the mainreasorfor usingthe OO technologybut the built-in objectmodularityopensthe door
to a finer grainedstandardizatiorat leastto the level of the interfacesof the main proceduregrandom
numbergeneratqrdiagramgenerationdiagramdisplay matrix elementcode,integrator partonshaver,
fragmentationstructurefunctions). This would allow the building of eventgeneratorsisingprocedures
from variousorigins. Most of the PSEGpackagelevelopershave endorsedC++ asthelanguagdor the
future developments Designandimplementatiorstudiesarealreadyin progres§180-182].

Ontheselastissuesthe settingup of a dedicatedvorking groupwith all concernedauthorsand
userswould bequitetimely.

3.2 Minimum biasand underlying events®

A crucialareaof physicsfor the LHC is the structureof finals statesn soft minimum-biascollisionsand
thesoftunderlyingeventin hardprocessesAt presenwerylittle is understoo@boutthesemattersonthe
basisof QCD startingfrom first principles.Thethreeprincipaleventgeneratorsn usefor LHC physics,
IsaJET, HERWIG andPYTHIA, usequite differentmodelsfor this type of physics,althougheachuses
basicallythe samemodelto generatdoothminimum-biasandunderlyingevents.

Simulationof minimum-biaseventsstartswith a parametrizatiorof thetotal crosssection.HER-
WIG andPYTHIA bothusethe Donnachie-Landshbfit [183]

Tror = 21.705"08% 1 56,0857 0-4525
(whereo isin mband./s in GeV), wheread sAJET usesalog? s form:
Orot = 25.65 [1 4 0.0102log?(s/1.76)] .

Notice (seeFig. 21) that,althoughsmallerasymptoticallythe | SAJET valueis largerat LHC enegies.

To modelsoft final states HERwIG usesthe UAS5 minimum-biasMonte Carlo [184], adaptedo
its own clusterfragmentatiormodel. Seethe HERwIG manualq118] for further details. The modelis
basedon a neggative binomial parametrizatiorof the overall chaged multiplicity. This hasthe property
of generatindarge multiplicity fluctuationswith long rangein rapidity, in additionto short-rangecorre-
lationsdueto clusterdecay For true minimum-biassimulation,the soft eventsgeneratedy HERWIG
shouldbemixedwith anappropriatdractionof QCD hard-scatteringvents.For theunderlyingeventin

"Maintenancéheremeansmuchmorethana merebug correctingprocessit refersto the ability to implementnew physics
models processesr featureson request.
8Contributing author:B.R. Webber
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Fig. 21: The pp total crosssectionaccordingto the parametrizationssedin HERWIG, PYTHIA andlSAJET.

hardcollisions,the samemodelis usedto simulatea soft collision betweerbeamclusterscontainingthe
spectatopartons.

The minimum-bias/underlyingventmodelusedin 1SAJET is basedon a mechanisnof multiple
Pomeronexchange[185], with a fluctuatingnumberof ‘cut Pomeronsactingas sourcesf final-state
hadrons.Eachcut Pomeronfragmentddirectly into hadronsaccordingto the ISAJET independentrag-
mentationmodel, with the fragmentationaxis along the beamdirection. The model againproduces
large long-rangemultiplicity fluctuations,but short-rangecorrelationsare weak dueto the absenceof
clustering.

In PYTHIA amultiple interactionmodelis usedto generatéhard,soft andunderlyingeventsin a
unifiedmanner Multiple interactionsarediscussedh moredetailbelon. Thenumbern anddistribution
P(n) of interactionsper event is controlledby the minimum transerse momentumallowed in each
interactionand, optionally by a modelfor theimpactparameteprofile. Long-rangefluctuationsmay
be somavhat wealer in this model, with short-rangecorrelationssomevhere betweenthe two other
generatorsln minimum-biaseventsthechoicern = 0 canoccur in which caseatwo-stringfragmentation
modellinking a quarkin eachbeamprotonto a diquarkin the otheris used.

A studyof enegy-flow correlationsetweenwell-separategphase-spacegionswould be helpful
in understandinghe underlyingeventandin separatingts contrilkution from thatof the hardsubprocess
[186]. Sucha studyis currentlybeingundertakn by the CDF Collaboration.

3.3 Matrix-element correctionsto vector bosonproduction and transverse-momentumdistrib u-
tions®

Vector bosonproductionwill be a fundamentalprocessto test QCD and the SM of the electraveak
interactionsMonte Carloeventgenerator$115-117] simulatetheinitial-stateradiationin vectorboson
productionprocessesn the soft/collinearapproximation,but can have ‘dead zones’in phasespace,
whereno partonemissionis allowed. The radiationin the deadzoneis physically suppressedsince
it is not soft or collinearlogarithmicallyenhancedbut not completeabsentasneverthelessappensn
standard®Salgorithms. Matrix-elementcorrectionso the HERwIG simulationof Drell-Yan processes
have beenimplementedn [164] following the methoddescribedn [163]: thedeadzoneis populatedoy
the usingof the exactfirst-orderamplitudeandthe cascadén the already-populateghase-spaceegion
is correctedusing the exact matrix elementevery time an emissionis capableof beingthe hardestso
far. A somevhatdifferentproceduras followedto implementmatrix-elementorrectiondo the Py THIA

Contrituting authors:G. CorcellaandM.H. Seymour
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eventgeneratof165,166]: the PS probability distribution is appliedover the whole phasespace the
previousalgorithmhaving acutgr < my onthevectorbosonV” transersemomentunto avoid double
counting,and the exact O(ag) matrix elementis usedonly to generatethe closestbranchingto the
hardvertex. Referringhereinafteito the HERwIG eventgeneratarin Fig. 22 the distribution of the W

trans\ersemomentumnmy; is plottedat the LHC by runningHERWIG 5.9, the latestpublic version,and
HERWIG 6.1[118], thenew versionincludingmatrix-elementorrectiongo vectorbosonproduction for

anintrinsic transersemomentuny i, = 0, its default value. A big differencecanbe seenatlarge ¢,

wherethe 6.1 versionhasmary moreeventswhich aregeneratedia the exactO(ag) amplitude.In the
PSsoft/collinearapproximationpn the contrary ¢ is constrainedo begr < myy. A suppressioran
beseenat small ¢y, dueto thefactthat,eventhoughwe are providing the Monte Carlo shaver with the
tree-level O(ag) matrix-elementorrectionsyirtual contritutions are missingand, by default, we still

getthetotal leading-orderccrosssection.No next-to-leadingorderpartonshaver algorithmis presently
available.

In Fig. 23 somerecentD@ data[187] onthe W ¢ spectrumat the Tevatronis comparedvith the
HERwWIG 6.1resultswhich arecorrectedor detectorsmearingeffects. A goodagreements found after
hardandsoft matrix-elementorrectionstheoptionsgr = 0 and1 GeV areinvestigatedbut norelevant
effectis visible after detectorcorrectionswhich have beenshavn in [164] to be pretty strong.

In Fig. 24,we compareHERwIG with someCDF data[188] on Z production alreadycorrectedor
detectoreffects,which arehowever muchsmallerthanthe W case.We considerthe optionsgrins = 0,
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1 and 2 GeV. The overall agreements good, with a crucial role of matrix-elementcorrectionsto fit
in with the dataat large ¢gr. At low gr, the bestfit is the one correspondindo ¢,y = 2 GeV. Even
though,ascanbe seenfrom Fig. 24, the Z distribution is stronglydependenon theintrinsic trans\erse
momentumat low ¢, in [189] andin Fig. 25 it is shavn that the ratio of the W and Z differential
crosssectionspothnormalizedto one,is roughlyindependenof ¢;i.¢, which meanghatthe effect of a
non-zerog iyt is approximatelythe samefor both W andZ spectraThisratiois oneof themaininputs
for theexperimentaknalysesandthefactthatit is not stronglydependenbn unknavn non-perturbatie
effectsis goodnews for studiesonthe W massmeasurement.

It is alsoworthwhilecomparinghe HERwIG 6.1 g distributionswith someavailablecalculations
which resumthelogarithmsl = log(my /qr), my beingthe vectorbosonmass,n a Sudalov-like ex-
ponentialform factor (seeSect.5. for a review of theoreticalaspectf Sudalkov resummation).Such
logarithmsarelarge in the low gp range. In [164] the Monte Carlo resultsare comparedwith the re-
summatiorapproachesf [190], whereall termsdown to the next-to-leadinglogarithmicorder~ o™
arekeptin the Sudakv exponent,bothin gpr- andimpactparameteb-spaceandof [191], wherethe
authorsexpandthe Sudakv exponentandkeepin the differential crosssectionall termsdown to the
ordera a%?"~3, which are next-to-next-to-leadng logarithmsafter the expansionof the form factor
Suchresummationgrealsomatchedo the exactfirst-orderresultin [164]. In Figs.26 and27 the W
qr distributions are plotted accordingto HERwIG 6.1 and the resummectalculationsat small g and
over the whole g rangerespectrely. The overall agreemenat low ¢ is reasonablendthe HERwIG
plotslie well within the rangeof the resummedpproachesAt large ¢y the matchingof theresummed
calculationsto the exact O(ag) resultworks well only for the approachof [190] in the ¢p-space,as
we have a continuoudistribution at the point g = myy, the otherdistributions shawving a stepdueto
uncompensatecontrikutions of ordera% or higher

In [164], it is alsoshavn thatmatrix-elementorrectiongo vectorbosonproductionhave a nggli-
gible effect on rapidity distributions, the latestversionHERwWIG 5.9 agreeingwvell with the CDF dataon
the Z rapidity. Theimplementechardandlarge-anglegluonradiationhasneverthelessa markedimpact
on jet distributionsbothat the TevatronandLHC, asmary moreeventswith high transerseenengy jets
arenow generatedWhile theseanalysesareperformedassuminghatthe producedrectorbosondecays
into a leptonpair, the implementationof matrix-elementorrectionsto the HERwIG simulationof the
hadroniclW decayW — qq is in progresshowever it is expectedto be a reasonablystraightforvard
extensionof the correctionsalreadyappliedto theprocessZ — ¢q. Furthermorethe methodappliedto
improve theinitial-stateshaver for W/Z productioncould be extendedto mary otherprocessesvhich



arerelevantfor theLHC. Amongthesewe expectthattheimplementatiorof matrix-elementorrections
to top and Higgs productionmay have a remarkablephenomenologica¢ffect at the LHC. This is in
progressaswell.

3.4 A comparison of the predictions from Monte Carlo programs and transverse momentum
resummationt?

For mary physicalquantitiesthepredictiondrom PSMonte Carloprogramsshouldbenearlyasprecise
asthosefrom analytictheoreticakalculationsThisis expectedamongothers for calculationsvhichre-
sumlogswith thetransersemomentunof partongnitiating the hardscatteringresummedalculations
aredescribedn Sect.5.). In therecentliterature,mostcalculationsof this kind are eitherbasedon or
originatefrom theformalismdevelopedby J. Collins, D. SoperandG. Stermar{192], whichwe choose
astheanalytic’benchmark’of this Section.In this case poththe Monte Carloandanalyticcalculations
shouldaccuratelydescribeheeffectsof the emissionof multiple soft gluonsfrom theincomingpartons,
anall ordersproblemin QCD. Theinitial statesoft gluonemissioncanaffect the kinematicsof thefinal
statepartons. This may have animpacton the signaturef physicsprocessest both the trigger and
analysidevelsandthusit is importantto understandhereliability of suchpredictions.The bestmethod
for testingthereliability is the directcomparisorof the predictionsto experimentaldata. If no experi-
mentaldatais availablefor certainpredictionsthensomeunderstandingf thereliability maybegained
from the comparisorof thepredictionsfrom thetwo differentmethods.

Parton shavering resumsprimarily the leadinglogarithms,which are universal,i.e. processn-
dependentanddependonly on the giveninitial state.In this lies oneof the strengthsof Monte Carlos,
sincepartonshavering canbe incorporatednto a wide variety of physicalprocessesAs discussedn
Sect.5., ananalyticcalculation,in comparisoncanresumall large logarithms,sinceall (in principle)
areincludedin the Sudakv exponentgivenin Eq. (46).

If wetry to interpretpartonshaveringin the samelanguageasresummationwhichis admittedly
risky, thenwe cansaythatthe Monte Carlo Sudalkv exponentalwayscontainsermsanalogougo A(!)
and B in Eq. (47). It wasshavn in Ref. [172] that a suitablemodificationof the Altarelli—Parisi
splitting function,or equivalentlythe strongcouplingconstanty,, alsoeffectively approximateshe A2
coeficient. 11

Both Monte Carlo andanalytic calculationsdescribethe effects of the emissionof multiple soft
gluonsfrom theincomingpartons,anall ordersproblemin QCD. Theinitial statesoft gluonemission
affectsthe kinematicsof thefinal statepartonswhich, in turn, may have animpacton the signatureof
physicsprocesseatboththetriggerandanalysidevels. Thusit is importantto understandhereliability
of suchpredictions.Thebestmethodfor testingthereliability is the directcomparisorof the predictions
to experimentabata.lf noexperimentallatais availablefor certainpredictionsthensomeunderstanding
of thereliability maybe gainedfrom the comparisorof the predictionsirom the two differentmethods.

In particular onequantitywhich shouldbe well-describedy both calculationss the trans\erse
momentum(py) of the final stateelectraveak bosonin a subprocessuchasqg — WX, ZX or
gg — HX, wheremostof the pr is provided by initial statepartonshavering. The partonshaver-
ing suppliesthe samesort of transwersekick asthe soft gluonradiationin a resummatiorcalculation.
This correspondencbetweenthe Sudakv form factorsin resummatiorand Monte Carlo approaches
may seemtrivial, but therearemary subtletiesn the relationshipbetweenrthe two approacheselating
to boththe amumentsof the Sudakv factorsaswell astheimpactof sub—leadingogs[164,166,188].

At a pointin its evolution correspondingdo (typically) the virtuality of a few GeV?, the parton
shawer is cut off andthe effectsof gluon emissionat softer scalesmustbe parameterize@ndinserted

10Contributing authors:C. Balazs,J. Hustonandl. Puljak.
H"Referencd172] dealsonly with thehigh- (or \/7) region, but the sameresultsapplyto the smallpr regionin trans\erse
momentundistributions.
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agreementvith the shapeof thedata(2.15GeV).

by hand.This s similar to the (somevhatarbitrary)division betweerperturbatie andnon—perturbate

regionsin aresummatiorcalculation. The parametrizations typically donewith a Gaussiarsmearing
similar to thatusedfor the non—perturbatie £ in aresummatiorprogram.in generalthe valuefor the

non—perturbatie (k1) neededn a Monte Carloprogramwill dependbn the particularkinematicsbeing
investigated!?

A valuefor the averagenon—perturbate &, greaterthanl GeV doesnot imply thatthereis an
anomalousntrinsic &y associateavith the partonsize;rather this amountof (k) needgo be supplied
to provide whatis missingin thetruncatedpartonshaver. If the shaver is cut off at a highervirtuality,
moreof the ‘non—perturbatie’ &, will beneeded.

3.41 \ectorbosonproductionandcomparisorwith PY THIA and RESBOS

The (resolutioncorrected)yr distribution for Z° bosong(in thelow pr region) for the CDF experiment
[188]is shawn in Figure28[193], comparedo boththeresummegbredictionfrom ResBog194], andto
two predictionsfrom PYTHIA (version6.125).0nePyTHIA predictionusesthedefault (rms)- valueof
intrinsic k7 of 0.44GeV andthe seconda valueof 2.15GeV perincomingparton. Thelattervaluewas
foundto give the bestagreementfor Py THIA with thedata.'* All of the predictionsusethe CTEQ4M
partondistributions[111]. Goodagreemenis obseredbetweerResBosPY THIA andthe CDF data.

3.42 Higgsbosonproductionandcomparisorwith PYTHIA

A comparisorof the Higgs pr distribution at the LHC [193]%®, for a Higgs massof 150 GeV, is shavn
in Figure 29, for ResBog195] andthe two recentversionsof PYTHIA. PYTHIA hasbeenrescaledo
agreewith thenormalizationof ResBodo allow for a bettershapecomparisonNotethatthe peakof the

2Notethatthisis unlike thecaseof theresummatioralculationsn Refs.[192,194,195], wherethenon—perturbatie physics
is determinedrom fits to fixedtargetdataandthenautomaticallyevolvedto the kinematicregime of interest.

3For a Gaussiaristribution, k7™ = 1.13(kr).

1seeSect.3.3andFig. 24 for comparisonsf the CDF Z° pr datawith HERWIG.

15A morecompletecomparisorof Monte Carloandresummatiorireatment®f Z andHiggs productionat boththe Tevatron
andthe LHC canbefoundin Ref.[196].
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resummedlistributionis atp; ~ 11 GeV (comparedo about3 GeV for Z° productionatthe Tevatron).
Thisis partially dueto thelarger mass(150 GeV comparedo 90 GeV), but is primarily becausef the
larger color factorsassociatedvith initial stategluons(Cy = 3) ratherthanquarks(Cr = 4/3), and
alsobecausef the larger phasespacefor initial stategluon emissionat the LHC. The newer version
of PYTHIA agreeswell with ResBosat low to moderatepy, but falls belov the resummedorediction
at high pr. Thisis easilyunderstood:ResBosswitchesto the NLO Higgs + jet matrix element197]
at high py while the default Py THIA cangeneratehe Higgs py distribution only by initial stategluon
radiation,usingas maximumvirtuality the Higgs masssquared.High pr Higgs productionis another
examplewherea 2 — 1 Monte Carlo calculationwith partonshavering cannot completelyreproduce
the exactmatrix elementcalculation without the useof matrix elementcorrectionsasalreadydiscussed
in section3.3. The high pr region is betterreproducedf the maximumvirtuality Q2, ... is setequal
to the squaredpartoniccenterof massenegy, s, ratherthanm?,. This is equivalentto applyingthe
PSto all of phasespace. However, this hasthe consequencef depletingthe low p, region as ‘too
much’ shavering causeseventsto migrate out of the peak. The appropriatescaleto usein PYTHIA
(or ary Monte Carlo) dependson the py rangeto be probed. If matrix elementinformationis used
to constrainthe behaior, the correcthigh pr crosssectioncanbe obtainedwhile still usingthe lower
scalefor shavering. Theincorporationof matrix elementcorrectiongo Higgs production(involving the
processegq — qH,qq — gH, g9 — gH) is the next logical projectfor the Monte Carlo experts,in
orderto accuratelydescribethe high p region.

The olderversionof Py THIA producedoo mary Higgseventsat moderatepy (in comparisorto
ResBos). Two changedave beenimplementedn the newer version. The first changeis thata cut is
placedon the combinationof z andQ? valuesin a branching:a = Q2 — 3(1 — z) < 0, wheres refers
to thesubsystenof the hardscatteringplusthe shaver partonsconsideredo thatpoint. The association
with 4 is relevantif the branchingis interpretedin termsof a2 — 2 hard scattering. The cornerof
emissionsthat do not respectthis requirementoccurswhen the Q? value of the space-like emitting
partonis little changedandthe z value of the branchingis closeto unity. This effectis mainly for the
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Fig. 30: A comparisorof predictionsfor the Higgs pr distribution at the LHC from ResBostwo recentversionsof PYTHIA
andHERWIG. TheResBosPYTHIA andHERWIG predictionshave beennormalizedo the samearea.

hardestemission(largestQ?). The netresultof this requiremenis a substantiateductionin the total
amountof gluonradiation[198] 8. In the secondchangethe parametefor the minimumgluonenegy
emittedin space-lile shaversis modifiedby anextra factorroughly correspondingo the 1 /- factorfor
theboostto thehardsubprocesfame[198]. Theeffectof this changés to increaseheamountof gluon
radiation.Thus,thetwo effectsarein oppositedirectionsbut with thefirst effect beingdominant.

This differencein the pr distribution betweenthe two versions,5.7 and 6.1, of PYTHIA could
have an impacton the analysisstratgies for Higgs searcheat the LHC [199]. For example,for the
CMS simulationof the Higgs searchand the decayinto two photonsit is ervisagedto optimize the
efficieny andthe massresolutionfor the high-luminosityrunning phaseusing chaged particleswith
relatively large p;, which balancethe Higgs p; spectrum.Theseassociatedhaged particleswill allow
to distinguishthe Higgs event vertex from otherverticesof unrelatedproton—protoninteractionswith
goodaccurag. Theefficiency of suchananalysisstratgy dependshbviously on the knowledgeof the
Higgspr spectrumandis thussomavhatsensitve to the usedMonte Carlo parametrisation.

3.43 Comparisorwith HERWIG

Thevariationbetweernversionss.7and6.1of PYTHIA givesanindicationof theuncertaintieglueto the
typesof choiceghatcanbemadein Monte Carlos. Therequirementhat« benegative for all branchings
is achoiceratherthananabsolutaequirementPerhapshebetteragreemenof version6.1with ResBos
is anindicationthatthe adoptionof theu restrictionsvascorrect.Of course theremaybe otherchanges
to PYTHIA whichwould alsoleadto betteragreementvith ResBodor this variable.

Sincethereareavarietyof choiceghatcanbemadein Monte Carloimplementationst is instruc-
tive to comparethe predictionsfor the p distribution for Higgs productionfrom ResBosand PY THIA

185ychbranchingsarekinematicallyallowed, but sincematrix elementorrectionavould assumeénitial statepartonsto have
Q? = 0, anon-physicat: results(andthusno possibilityto imposematrix elementorrections) Thecorrectbehaior is beyond
the predictive power of LL Monte-Carlos.



with thatfrom HERWIG (version5.6, alsousingthe CTEQ4M partondistribution functions). The HER-
WIG predictionis shavn in Figure30 alongwith the Py THIA andResBospredictionsall normalizedto
the ResBospredictiort’. In all casesthe CTEQ4M partondistribution wasused. The predictionsfrom
HERWIG and PYTHIA 6.1 arevery similar, with the HERwIG prediction matchingthe ResBosshape
somevhatbetteratlow py. An understandingf the signaturefor Higgs bosonproductionat eitherthe
Tevatronor LHC dependsuponthe understandingf the detailsof soft gluon emissionfrom theinitial
statepartons. This soft gluon emissioncanbe modelledeitherin a Monte Carlo or in a resummation
calculationwith variouschoicespossiblein bothimplementationsA comparisorof thetwo approaches
is usefulto understandhe strengthsandweaknessesf each. The datafrom the Tevatronthat either
existsnow, or will existin Run2, will beextremelyusefulto testbothapproaches.

In contrastto the casefor Z productionat the Tevatron, the Higgs crosssectionat the LHC is
not particularlysensitve to the non—perturbate k- addedat the scale@y. In the evolution to the hard
scatterscale@, the kr is ‘radiatedaway’, giventhe enhancedyluon radiationprobability presentfor a
gg initial state.For a morethoroughdiscussiorof the comparisorbetweeranalyticmethodsandparton
showvers,seeRef.[193].

3.5 COMPHEP for LHC 18

The ComPHEP packages availablefrom: http://theory.n pi .msu. su/~ comphep/. A ver
sionadaptedo the LHC physicsCoMPHEP V.33[138], includingexecutabld.inux moduless available
at CERNfrom: /afs/cern.ch/c ms/ph ysic s/ COMPHEP-L in ux.

The currentCoMPHEP versionperformsall calculationattreelevel (LO). Threeissuesmustbe
discussedsthey openseveral settingoptions: a) the partondistributions, b) the QCD scale,andc) the
runningstrongcoupling.

In ComPHEP v.33,thefollowing partondistribution setsareimplementedMRS(A) andMRS(G)
[200], CTEQ4landCTEQ4m[111]. Notethat CTEQA4lis a LO parametrizationwhile in all othersthe
evolution of partondistributionsis treatedat NLO. Dedicatedoutinesareavailableto allow theaddition
of ary otherdefinedpartondistribution (e.g. CTEQ5).

As discussedn Sect.1., the factorizationtheoremstatesthatthe partondistribution dependsiot
only on Bjorkenvariablex but alsoonits virtuality Q2 or, equivalently on the factorizationscale.This
parameters relatedto the enegy (or momentum)scalewhich characterizethe hardsubprocessyut it
cannotbe unambiguouslyfixed (seeSect.1.). Thereforeit canbe experimentallytuned. It canbe set
by the userfor eachspecificQCD processaseitherfixedor running In the latter case,Q? canbe set
to ary linear combinationsquaredf the externalparticlesmomenta(e.qg. (p1 — p3)?, (p1 — p3 — pa)?,
(p3 + p4)? ...whereinitial andoutgoingmomentaenterwith oppositesigns).

In CoMPHEP V.33,the QCD couplingag canbecomputedat LO, NLO or NNLO precision.All
thecorrespondindormulasarewrittenin termsof A%, thefundamentaQCD scalefor N = 6 flavours
of masslesgjuarks(seeSect.1. and[13]). In COMPHEP, to evaluatea QCD processpnefirst fixesthe
ag normalizationpoint (e.g. a popularnormalizationpointis the massof Z boson,Q = M) to which
correspondan experimentatit (e.g. o/SVLO(MZ) = 0.118). Then,thecorresponding\%) (Ny=5at
Q = Mz) canbededucedrom the ag expressioratthe selectecprecisionorder The ComPHEP input
parametetf\l(\;) is thenobtainedirom AI(\/Iﬁ)' Finally, the choiceof the QCD scale) determinesys and
the factorizationscalefor the pdf's. Therefore,completeLO calculationsof LHC processesre made
availablefor a consistenphenomenologicanalysisof theinfluenceof higherordercontritutions.

"The normalizationfactors(ResBos/MonteCarlo) are PY THIA (both versions)(1.61and HERwIG (1.76). Figuresof the
absolutelynormalizedpredictionsfrom ResBosPY THIA andHERwIG for the pr distribution of the Higgsatthe LHC canbe
foundin Ref.[193].

18Contributing authors:V.A.llyin andA.E.Pukha.



3.51 CoMPHEP-PYTHIA interface

An interfacebetweenCoMPHEP andPY THIA canbefoundin:
[/afs/cern.ch/cm s/ physics /C OMPPYTH.

A library of CoMmPHEP basedpartonicevent generatordor LHC processefiasbeeninitiated
andvarioussamplesof event are available at: /afs/cern.ch/cms Ip hysi cs/PEVLIB for Zbb,
Wb, ttbb and someothers. Unweightedevent samplefiles, locatedin the correspondinglirectories
(seethefiles README for details)whenhandledby the ComPHEP-PYTHIA interfacecode,generate
completel HC events,readyto befed to the detectorsimulationsoftware. For example the Zbb process
canbefoundin: /afs/cern.ch/cms/physics/PEVLIB/Z_b_b. Thefile __pevZbb containsabout200K
unweightedevents. Eacheventis representetby the Lorentzmomentaof all externalparticles. In the
currentversionof the packagethereis no color informationassociatedo the events. Thus, only the
IndependenEragmentationModel canbeinvoked. One canalwaysrequirethe Lund modeloption for
thefragmentationaslong asthecorrespondingolor stringshave beensetby anexternalalgorithmin the
routinePYUPEV Thesameremarkappliesalsoto thefinal stateradiationg FSR),which are,by default,
switchedoff in ComPHEP-PYTHIA interfacealthoughinitial stateradiations(ISR) areswitchedon. In
the upcomingversionof the ComPHEP packagg201] color stringswill be generatedrom the matrix
elemenftfactorsallowing for the useof the Lund fragmentatiormodel.

3.6 GRACE for LHC1?

The URL of web pagefor the GRACE systemis http://www-sc.ke K. jp /mina mi/ wherethe
latestinformation,the reportsandmanualg130,131], the GRACE version.2andthe otherproductsare
available.

The automatedsystemallows usto createeventgeneratorgor complicatedprocessesvhich are
hardto calculateby hand.For instancehe processyg — bbbb hasbeencalculatedwithoutary approxi-
mation(e.g.accountingor massve fermions)by useof the GRACE system[130,131].

The intrinsic function of the GRACE systemis to generatehe amplitudefor a specifiedparton
interaction. The systemhasbeentestedfor mary reactionsandit wasconfirmedto be ableto manage
2-bodyto 6-bodyfinal stateprocesses.The interfacewith the pdf's, PS and the fragmentationtools
will be implementedn the comingversions(seefor example GRAPE for ep — ¢¢X [202]). For the
partonshavering and the fragmentationiwo kinds of approachcan be followed. Thefirst is, like in
GRAPE a2 stepprocedurethe BASES/SPRING packagencluding pdf's is usedfor theintegrationover
the phasespaceandfor the generatiorof unweightedevents. If the “kinematics” codeis appropriate,
SPRING generategventswith high efficiengy andwrites the four-vectorsof the final-stateparticleson
a temporaryfile. Thenthe generatednomentaare passedo PYTHIA for PSandfragmentation.The
otherapproachis more cornvenientbut morecomplex. Herethe codeincluding the kinematicsandthe
generatednatrix elementis preparedsothat Py THIA candrive themdirectly. This type of interfaceis
testedill now only for the processewhosefinal stateconsistof 2-, 3- and4-bodies.

The GRACE systemcan automaticallydealwith one-loopprocesseg¢NLO) for the electraveak
andQED-like QCD interactionsFor thefinal two-bodyprocessethe performancéiasbeenshavn to be
good. Theapplicationto the multi-bodyfinal stateshowever, would belimited becaus®f thehugeCPU
time requiredwhenthe codeis usedaseventgeneratorsFor suchcasesa practicaluseof the generated
codewill beto evaluatethecrosssectionsandto give thedistribution of severalphysicalquantitiesrather
thanproviding eventgenerators.

As mentionedthe contritutions beyond LO are crucial for a detailedQCD study Sincethe PS
methodis basedon the renormalizatiorgroupequation it works asa bridgebetweerthe “hard” parton
collisionandthefragmentationThis bridgeis built onthesolid andreliablegroundof perturbatre QCD.
In otherwordsthe partonshaver providesan unambiguousheoreticalunderstandingf pp(p) interac-

Contrituting author:K. Kato.



tions exceptfor the “soft” componenwhich cannotbe controlledby the perturbatre QCD. However,
the PSin LL orderis notenough.Oneof the shortcomingss asfollows. The pdf's for theinitial state,
productof elaboratedvorks,areparameterizedccordingo theNLO QCD formulas.Ontheotherhand
the correspondind?S,implementedn the existing programdike PYTHIA, is evolved usingonly theLL
algorithmatleastin their currentstatus.Thenthe systematicsummatiorof large logarithmsup to NLL
ordermustsolve thisannging situations.Thoughthe basictechnologyhasbeenalreadyestablishe@nd
known for mary years[203-205], its implementatioris not a trivial taskas simply imagined. First it
is process-dependenOncethe ideaevolves andis realizedas one of the ervironmentsof GRACE, it
shouldallow moreprecisepredictionfor LHC. Thusthis mustbethebiggestissueto us.

3.7 ALPHA for LHC 0

As discussedn theintroductionto this Sectiontheability to evaluateproductionratesfor multi-jet final
stateswill befundamentahtthe LHC to studyalarge classof processeswyithin andbeyondthe SM. As
wasalsodiscussedn the Sect.3.1, a necessaryeatureof ary multi-jet calculationis the possibility to
properlyevolve the purely partonicfinal state for which exactfixed-orderperturbatre calculationscan
be performed,into the obserable hadronicfinal state. This evolution is bestperformedusing shaver
Monte Carlo calculations. The accuratedescriptionof colorcoherenceeffects, furthermore,requires
asnoticedin the introductiona careful bookkeepingof the contritution to the matrix elementsof all
possiblecolor configurations.The goal of the algorithm[137] describedn this Sectionis to allow the
effective calculationof multi-partonmatrix elementsallowing the separationfo the leadingorderin
1/N2 (N. = 3 beingthe numberof colors), of the independentolor configurations. This technique
allows anunweightingof the color configurationsandallows themeging of the partonlevel calculation
with the HERwIG Monte Carlo.

The key elementof the stratgy is the useof the algorithm ALPHA introducedin Ref. [134] for
the evaluationof arbitrarymulti-partonmatrix elementsThis algorithmdetermineshe matrix elements
from a (numerical)Legendretransformof the effective action,usinga recursve procedurenhich does
not make explicit useof Feynmandiagrams. The algorithm hasa compl«ity growing like a power
in the numberof particles,comparedo the factorial-like grownth that one expectsfrom nawve diagram
counting.Thisis anecessarfeatureof ary attemptto evaluatematrix elementdor processewith large
numbersof external particles,sincethe numberof Feynmandiagramsgrows very quickly beyond ary
reasonabl&alue. For example,this calculationallowed [137] the evaluationof the matrix elementgor
the productionof 8-gluonfinal states. The numberof Feynmandiagramswhich describethis process
exceedsy billion.

Theinterfaceof the partonlevel scatteringmatrix elementwith the PSrequiresthe capabilityto
reconstructhe appropriatecolor flow for a givenevent. The stratgy to dealwith this issueis described
in detailin [137]. Thefollowing pointshave to be noticed:

1. Dual amplitudeg206-208] can be easily evaluatedusing the ALPHAalgorithm. Sincethe dual
amplitudesA areindependentf thenumberN,. of colors,they canbecalculatedexactly by taking
N, suficiently large.

2. With anappropriatechoicefor the color of the externalpartonsthe full amplitudeis proportional
to asingledualamplitude.

We explicitly calculatedn-gluondualamplitudesusingthelarge-V. Lagrangian.The correctness
of the calculationwaschecledfor n up to 11 by comparingthe resultsfor maximally helicity violating
(MHV) amplitudes[209] (e.g. g"gT — g*---¢™) with the analytic expressionsknown exactly for
arbitrary n [124,206-208]. The input of the numericalevaluationof the matrix elementis a string
containingthe total numberof gluons, their helicity state,and their momenta. From thesedata, the
amplitudeis evaluatedautomatically

ZContrituting authors:M.L. MangancandM. Moretti.



Theprescriptiorto correctlygenerateéheparton-shaer associatetb agiveneventin thelarge-/V,
limit is thereforethefollowing:

1. Calculatethe (n — 1)! dualamplitudescorrespondingdo all possibleplanarcolor configurations.

2. Extractthe mostlikely color configurationfor this event on a statisticalbasis,accordingto the
relative contrikution of the single configurationsto the total event weight 1. Since eachdual
amplitudeis gaugednvariant,the choiceof color-configurationss alsoa gauge-imariantoperation.

3. Developthe PSout of eachinitial andfinal-stateparton,startingfrom the selectedcolor config-
uration. This stepcanbe carriedout by feedingthe generatedventto a Monte-Carloprogram
suchasHERWIG, which is preciselydesignedo turn partonsinto jets startingfrom an assigned
color-orderedconfiguration.

Noticethat,if the dualamplitudesareevaluatedfor a specifichelicity configuration HERwIG will also
includespin-correlatioreffectsin the evolution of the partonshaver[116,117,171,210,211].

As a result, useof the dual-amplituderepresentatiorf a multi-gluon amplitudeallows to ac-
curatelydescribenot only the large-anglecorrelationsin multi-jet final states but alsothe full shaver
evolution of theinitial- andfinal-statepartonswith the sameaccurag availablein HERwIG for the de-
scriptionof 2-jetfinal states.

In alternatve to the above prescription,onecanuseALPHALto calculatethe matrix elementgor
externalstateswith assignedolors. Sincethesestatesareall orthogonal suchanapproachs particularly
efficientif onewantsto usea Monte Carloapproacho the summatiorover all possiblecolor statesThe
programwill thenextractthrougha standardunweighting(at theleadingorderin 1/N?2) aspecificcolor
flow from all possiblecolor flows contrituting to a given orthogonalcolor state.This color flow is then
suitableasaninitial conditionfor the shaver evolution. Furtherdetailscanbe foundin [137]. At this
time, theprogramis only availablein its parton-leel form, andallows the calculationof matrix elements
forgg — g...gandqqg — g...g processesyith upto 8 final-stategluons.A full versionincludingthe
interfacewith HERwWIG is beingprepared.

4. AVAILABLE NLO CALCULA TIONS AND PROSPECTSAT NNLO??

4.1 Available NLO calculationsof multijet processées

QCD calculationsof multijet?** processedeyond LO in the strongcoupling constantng are quite in-
volved. Nowadayswe know (seebelow) how to performin generalkcalculationsof the NLO corrections
to multijet processesandalmostevery procesof interesthasbeencomputedo thataccurag. Instead,
thecalculationof theNNLO correctionss still atanorganisationastageandrepresentamainchallenge.
Why shouldwe performcalculationsvhich aretechnicallysocomplicated?

Thegeneramotivationis thatthe calculationof theNLO correctionsallows usto estimateeliably
a givenproductionrate,while the NNLO correctionsallow usto estimatethe theoreticaluncertaintyon
the productionrate. That comesaboutbecauséiigherorder correctionsreducethe dependencef the
crosssectionon the renormalizationscale, ur, andfor processesvith strongly-interactig incoming
particlesthe dependencenthefactorizationscale i, aswell.

An exampleis the determinatiorof ag from eventshapevariablesin ee™ — 3 jets[212-215].
The calculationof the NNLO contritutionsto this processvould be neededo furtherreducethe theo-
retical uncertaintyin the determinatiorof ag. An additionalmotivation for performingcalculationsat
NNLO is to obtaina more accurateheoreticaldeterminatiorof signaland QCD backgroundo Higgs
production(for furtherdetails,seeSect.9.).

#'Defining w; = |A;|? for eachcolor flow i, andW; = >, wy/ >, _, . wk, the j-th color structurewill be
selectedf W;_; < ¢ < Wj, for arandomnumber uniformly distributedover theinterval [0, 1].

225ectioncoordinatorsy. Del Duca,D. SoperandW.J. Stirling.

BContrituting authors:V. Del DucaandsS. Frixione.

%4For the sale of brevity, in this sectionwe will termasmultijet ary kind of (partly) hadronicfinal state.



In recentyearsit hasbecomeclear how to constructgeneral-purposealgorithmsfor the calcu-
lation of multijet processesit NLO accurag. The crucial point is to organisethe cancellationof the
infrared (i.e. collinearand soft) singularitiesof the QCD amplitudesin a universal,i.e. process-and
obserable-indepedert, way. The universaltermsin a NLO calculationare given by the tree-level
collinear[14,16,17,216] andsoft[217-219] functions,andby the universalstructureof the polesof the
one-loopamplitudeg160,220221]. TheuniversalNLO termsandtheprocess-dependeainplitudesare
combinednto effective matrix elementsyhich aredevoid of singularities.ThevariousNLO algorithms
(phase-spacgicing[160,222-224] andsubtiactionmethod 161,162 225-227]) provide differentmeth-
odsto constructthe effective matrix elements.Thesecanbe integratedin four dimensionsjn practice
almostalways numerically dueto the compleity of the integrand. The integration canbe performed
with arbitraryexperimentalcceptanceuts.

We now outline how to performa NLO calculationof a genericphysicalobserable. As is well
known from Bloch-NordsieckandKinoshita-Lee-NauenbgitheoremsQCD (like QED) doesnot have
aninfinite-resolutiorpower; ary attempto computehekinematicalpropertiesof afixednumberof final-
statequarksandgluonsresultsin aninfrared-dvergentcrosssection.In orderto obtainfinite quantities,
all the partonicsubprocesseshich contritute to the sameorderin ag to the squarecamplitudehave to
beincludedin thecomputationregardles®f thenumberof final-stateparticles.In addition,oneis forced
to considewvariableswvhich areinclusive enoughto beinfraredsafe Roughlyspeakinganobsenrableis
saidto beinfraredsafewhenits value,computedvith thekinematicalvariablesof thefinal-statepartons,
doesnot changeabruptlywhena soft gluonis emitted,or a partonsplits almostcollinearly into a pair
of partons.More technically aninfrared-safeobserablemusthave a smoothlimit (thatis, mustbehae
continuously)in thefollowing threeconfigurationsa) whena gluonin thefinal stategetssoft; b) when
two partonsin the final statetendto get collinearto eachother; c) whenan initial-state partonemits
collinearlyanotherparton.

At NLO (assuminghhatthe LO crosssectiongetscontrilbutions from the n-partonamplitudes),
thisimpliesthatonehassimply to considertwo contritutions,denotedasvirtual andreal. Theformeris
theproductof then-partonone-loopamplitudeswith the n-partontreeamplitudeswhile thelatteris the
squareof the (n + 1)-partontreeamplitudes.In orderto dealwith finite quantitiesin the intermediate
stepsof the calculation,we adoptdimensionalregularization— i.e. we changethe dimensionalityof
space-timeo d = 4 — 2¢. Thus,we canschematicallyvrite thevirtual andrealcontritutionsto thecross

sectionasfollows: J 1 d 1
o g
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here,1 — x representsheradiatedenegy. So,xz = 1 meansoradiation,andz = 0 is the maximumof
radiation.Therelevantphysicalquantitywill betheaveragevalue< F' > of acertainfunction F'(x); for
example,we canthink of F' asbeingthe productof thetafunctionsrepresenting histogrambin. Then,
theNLO contritutionto < F' > is

1 1
< F>x0 = /0 dz (Z—Z) VF(SL‘) +/0 dx (1 - ;(;)—26 <§_;>RF(x) (24)
_ L st a) )+ /1 dr (1 — 2)~1=% F(z) (25)
2¢e Jo 0
_ %F(l)—k <F>p. (26)

Thefactor(1 — )2 in therealcontritution comesrom the necessityof performingthe computatiorin
d dimensionsin orderto regulatethedivergencesrisingwhenperformingtheintegrationoverthe phase
spaceAs it is apparenfrom eq.(25), the mostdifficult taskis the computatiorof the real contrikution.
In practice,the form of F'(x) is too complicatedto perform an analyticalintegration. On the other
hand,we cannotproceedstraightforvardly, andcomputethe integral numerically;in fact, theintegral is



divergentin thelimit ¢ — 0, andthepolein 1 /e will exactly cancelthatexplicitly displayedn thevirtual
contrikution (providedthat /' describesninfrared-safequantity).

Two stratgieshave beendevelopedo tacklethis problem.In theframework of theslicing method,
therealcontrikution is rewritten asfollows:

Y F(x) ' F(x)
<F>R—/0 dx(li—k/lédx(i (27)
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whered is an arbitraryparameter0 < § < 1. Thefirst term on the right handside of this equation
is free of divergences(F'(x) is regularin the limit « — 1); in this term, one canthereforesete = 0,
andcomputethe integral with standarchumericalmethods.On the otherhand,the secondermis still
divegentfor ¢ — 0; however, if § is smallenough,onecanapproximater'(x) with F'(1) (thatis, with
thefirst termof its Taylor expansionaroundx = 1). Therefore
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Eqg. (29) cannow besubstitutednto eq.(26). Expandinged.(29) in powersof ¢, keepingonly theterms
which do not vanishin thelimit ¢ — 0, andneglectingthe contritutions of the termsof O(J), we see
thatthepoletermsin 1/¢ cancelandoneis left with afinite result:

1-6§
< F >icing / dzx f (xi + F(1)log . (30)
0 _
At afirst glance,this expressionis seeminglypuzzling: the paramete® is arbitrary andthe physical
resultsshouldnot dependon it. However, it is easyto seethatthe upperboundof the integral givesa
contritution behaing (approximately)ike — F'(1) log é. It hasto be stressedhatthe slicing methodis
basedn theapproximatiorperformedn eq.(28); for this approximatiorto hold, it is crucialthats is as
smallaspossiblejotherwise thetermscollectively denotedwith O(4) in eq.(29) arenot negligible. On
the otherhand,in practicalcomputationsthe integral in eq. (30) is performednumerically;dueto the
divergenceof theintegrandfor x — 1, § cannotbetakentoo small,becaus®f thelossof accurag of the
numericalintegration. Thus,the valueof § is a compromisebetweerthesetwo oppositerequirements,
beingneithertoo smallnortoolarge. Of course,'small” and“large” aremeaningfulonly whenreferred
to a specificcomputation.Therefore whenusingthe slicing method,it is mandatoryto checkthatthe
physicalresultsarestableagainsthe variationof the valueof ¢, chosenn asuitablerange.In principle,
this checkwould have to be performedor eachobserable F' computedjn practice only oneobserable
is checled, generallychoserto beratherinclusive (suchasatotal rate).

Anotherpossibilityto compute< F' > is givenby the subtaction method.Onewrites

L F)— FW)0(z —1+z. L9z -1+,
<F>R—/0 dz (z) (1(—)x)(1+2€ )—i-F(l)/O dxﬁ, (31)

wherez, is anarbitraryparametef) < z. < 1. Thefirst termon theright handsideof this equationis
corvergent,andwe cansete = 0. Thesecondermis formally identicalto theoneappearingn eq.(28).
Notice,however, thatno approximatiorhasbeenmadein eq.(31);thepriceto payis amorecomplicated
expressiorfor thefirst integral. Proceedingasbefore,we get:

< o> subt_ /1 da F(z) - F1)0(z — 1+ z) + F(1) log z.. (32)
0
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This equatiorhasto becomparedo eq.(30); althoughthe two arequite similar, therearetwo important
differenceghathave to be stressedFirstly, the parameter:.. introducedn the subtractiormethoddoes



not needto be small (actually in the original formulation of the methodz. wasnot even introduced,
which corresponds$o setz. = 1 here).Thisis dueto thefactthatin the subtractiormethodno approxi-
mationhasbeenperformedn theintermediatestepsof the computation.Thisin turnimpliesthesecond
point: thereis no needto checkthatthe physicalresultsareindependentf the valueof x.., sincethisis

true by construction.

Theuniversalalgorithmspreviously mentionedhllow thecomputatiorof ary infrared-safebserv-
ablein a straightforvard manner;the matrix elementsio not needary algebraicmanipulationandcan
be computedn four dimensionslt is thereforerelatively easyto constructtomputercodesaccurateo
NLO in QCD,thatareflexible enoughto becomeausefultool in theanalysisof theexperimentadata.In
thefollowing, we will list the codeswhich areof directinterestfor the physicsof high-enegy hadronic
collisions.We do notintendto give acompletdist of referenceso thepapergelevantfor thecalculation
of a given productionprocess?®, but ratheronly to quotethe computercodeswhich will have a chance
to be usedby the experimentalcollaborationsat the LHC. Most of the codeslisted hereareavailableas
free software.

e Jets

— S.D.Ellis, Z. Kunsztand D.E. Soper[6, 220], subtiaction computesone-and two-jet ob-
senables.

— W.T. Giele,E.W.N. GloverandD.A. Kosaver (JETRAD)[222], slicing, computesone-and
two-jetobserables.

— S.Frixione[227], subtiaction computene-andtwo-jet obserables.

— W. Kilgore andW.T. Giele[228], slicing, computeghree-jetobserables.

e SinglelsolatedPhoton(plusonejet)

— H. Baer J. OhnemusandJ.FE Owens[229], slicing, fragmentatiorcontritution computedo
LO accurag.

— L.E. GordonandW. Vogelsand230], analyticalintegrationoverthevariablesof therecoiling
partons: no information on the accompaying jet; dependencen the isolation variables
treatedo logarithmicapproximation.

— S.Frixione[231], subtaction only effective with theisolationprescriptionof ref. [232].

— M. Werlen(PHONLL) [http://home.cern.ch/"mocaw/phonll.html], slicing, basednref.[233,
234].

e |solated-Photofrairs

— B. Bailey, J.F OwensandJ. Ohnemug235], slicing, fragmentatiorcontritutionscomputed
to LO accurag.

— C. Balazs,E.L. Bemger, S. Mrennaand C.P. Yuan [236], slicing, resummatioreffects in-
cluded,fragmentatiorcontritutionscomputedwith partonshaver methods.

— T.Binoth, J.Ph.Guillet, E. Pilon and M.Werlen (DIPHOX) [237], slicing, all contritutions
computedo NLO accurag.

¢ SingleHeavy VectorBoson(plusonejet)

— W.T. Giele,E.W.N. GloverandD.A. Kosaver (DYRAD) [222], slicing.

¢ SingleHeavy VectorBosonplusonephoton

— U. Baur, T. Han,J. Ohnemug238,239], slicing.

— D. deFlorianandA. Signer[240], subtaction includesspincorrelationsn the decayof the
bosonsfragmentatiorcontributionscomputedo LO accurag.

e Heary VectorBosonPairs
— U. Baur, T. Han,J. OhnemusandJ.E Oweng[241-245], slicing.

BFurtherdetailson codesinvolving the productionof a singlevectorbosonandof a Higgs bosoncanbe foundin Sect.6.
and9., respectiely.




— S.Frixione,B. Mele, P. NasonandG. Ridolfi [246-248], subtiaction

— J.M. CampbellandR.K. Ellis (MCFM) [249], subtiction includesspin correlationsn the
decayof thebosons.

— L. Dixon, Z. KunsztandA. Signer[250], subtiaction includesspincorrelationsn the decay
of thebosons.
¢ HiggsBosonatlargetransersemomentum(plusonejet)
— D. de Florian and M. Grazziniand Z. Kunszt[197], subtraction computesHiggs-boson
productionin theinfinite top-quark-masgmit.
e Heary Quarks
— M. ManganoP. NasonandG. Ridolfi [251], subtiaction computessingle-inclusie distribu-
tion andcorrelationsbetweeer) andQ.

Sincethe universalalgorithmsaccomplishthe task of cancellingthe infrared divergencesof the
virtual andrealcontritutionsin aprocess-independeway, theremainingwork thathasto be performed
to calculatea productionrateatNLO is thecomputatiorof theappropriatéreeandone-loopamplitudes.
As we said previously, to computen-jet productionat NLO, two setsof amplitudesare required: a)
n-particle productionamplitudesat treelevel andoneloop; b) (n + 1)-particle productionamplitudes
attreelevel. If theone-loopamplitudesareregularisedthroughdimensionategularisationjt suficesat
NLO to computethemto O(e").

Efficient methodsbasedon the color decomposition125,252-254] of an amplitudein color
orderedsubamplitudeswhich arethen projectedonto the helicity statesof the external partons,have
largely enhancedhe ability of computingtree[125] andone-loop[255] amplitudes.Accordingly tree
amplitudeswith up to seven masslespartons[125,256,257] and with a vector bosonand up to five
masslespartons[258] have beencomputedanalytically In addition, efficient techniquedo evaluate
numericallytree multi-partonamplitudeshave beenintroduced[137,259] (seeSect.3. for a descrip-
tion of available numericalcodes),and have beenusedto computetree amplitudeswith up to eleven
masslesgartons[137]. The calculationof one-loopamplitudescan be reducedto the calculationof
one-loopn-point scalarintegrals [260-262]. The reductionmethod[260] allowed the computationof
one-loopamplitudeswith four masslespartons[263] andwith a vectorbosonandthreemasslespar
tons[264]. However, one-loopscalarintegralspreseninfrareddivergencesinducedby the masslesgx-
ternallegs. For one-loopmulti-partonamplitudestheinfrareddivergencesinderthereductionmethods
of ref. [260-262]. This problemhasbeenovercomein ref.[265,266]. Accordingly one-loopamplitudes
with five masslespartong267-269] andwith avectorbosonandfour masslespartong270-274]have
beencomputedanalytically Thereductionproceduref ref.[265,266] hasbeengeneralisedh ref. [275],
whereit hasbeenshavn thatany one-loopn-point scalarintegral, with n > 4, canbe reducedo box
scalarintegrals. The calculationof one-loopmulti-partonamplitudeshuscanbe pusheda stepfurther
in the nearfuture.

4.2 Prospectsfor NNLO calculations’®

Eventually a proceduresimilar to the onefollowed at NLO will permit the constructionof general-
purposealgorithmsat NNLO accurag. It is mandatorythento fully investigatethe infraredstructureof

the matrix elementsat NNLO. The universalpiecesneededo organisethe cancellationof the infrared
singularitiesaregiven by the tree-level triple-collinear[253,276,277], double-soff219,278] and soft-

collinear[276,278] functions,by the one-loopsplitting [271,279-281] andeikonal [271] functions,and
by the universalstructureof the polesof thetwo-loopamplitudeq282]. Theseuniversalpieceshave yet
to beassembledogetherto shav the cancellatiorof theinfrareddivergencesat NNLO.

Thento computen-jet productionat NNLO, threesetsof amplitudesarerequired:a) n-particle
productionamplitudesat treelevel, oneloop andtwo loops;b) (n + 1)-particle productionamplitudes
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attreelevel andoneloop; c) (n + 2)-particle productionamplitudesat treelevel. In dimensionakegu-
larisationat NNLO, thetwo-loopamplitudesheedbe computedo O(€), while theone-loopamplitudes
mustbe evaluatedto O(¢?) [271,283]. The main challengeis the calculationof the two-loop ampli-
tudes. At presentthe only amplitudeknown at two loopsis the onefor V' — ¢q [32,284,285], with
V' amassie vectorboson,which dependnly on onekinematicvariable. It hasbeenusedto evaluate
the NNLO correctiongo Drell-Yanproduction[32,33] andto deeplyinelasticscattering DIS) [63,64].
Two-loop computationdor configurationsnvolving two kinematicvariables which areneededn the
caseof parton-partorscatteringexist only in the specialcaseof maximalsupersymmetry286], andof
maximalhelicity violation [287]. Thelatter contritutesonly beyond NNLO. Oneof the main obstacles
for configurationgnvolving two kinematicvariablesis the analyticcomputationof the two-loop four-
point functionswith massles®xternallegs, wheresignificantprogresshasjust beenachiered. These
consistof planardouble-boxintegrals[288,289], non-planardouble-boxintegrals[290], single-boxin-
tegralswith a bubbleinsertionon one of the propagatorg291] andsingle-boxintegrals with a vertex
correction[292]. Finally, processesuchase™e™ — 3 jets andpp — H jet sportconfigurationsn-
volving threekinematicvariablesandrequirethe analyticcomputatiornof two-loopfour-point functions
with a massve externalleg. Someof the requiredtwo-loop four-point functionsof this kind have been
derivedrecently[293]. Anotherobstaclds the colordecompositiorof two-loopamplitudeswhichis not
generallyknown yet. Substantiaprogresss expectedn the nearfutureon all theissuesoutlinedabove,
which shouldmake the presenhotesoonoutdated.

Finally, we mentionthatin the factorizationof collinearsingularitiesfor strongly-interactig in-
comingpatrticles,the evolution of the pdf's in the jet crosssectionshouldbe determinedo anaccurag
matchingthe oneof the partoncrosssection.For hadroproductiorof jets computedat NLO, oneneeds
the NLO AP splitting functionsfor the evolution of the pdf's (seeEgs.(8) and(9)). Accordingly for
hadroproductiorat NNLO the evolution of the pdf’'s shouldbe computedusingthe NNLO AP splitting
functions.Exceptfor the lowestfive (four) even-intggermomentsof the NNLO non-singlef(singlet)AP
splitting functions[25, 26], no calculationof the NNLO evolution of the pdf's existsyet. SomeNNLO
analysedbasedn thefinite setof knovn momentshave beenperformedior the DIS structurefunctions
xF3 andF, (seeSects2.5and2.6 andRef.[99]). Furthermorein ref. [70] a quantitatve assessmeraf
theimportanceof theyetunknavn higherordertermshasbeenperformedwith the conclusiorthatthey
shouldbe numericallysignificantonly for Bjorkenz smallerthan10=2.

The computationof the evolution kernelsof the pdf's at NNLO accurag is a major challengen
QCD. TheNLO computationwasperformedwith two differentmethodspneusingthe operatomproduct
expansionOPE)in a covariantgaugg18-21,24], theotherusingthelight-coneaxial (LCA) gaugewith
principalvalueprescription[22,23]. However, theprescriptiorusedin ref. [22,23] hascertainshortcom-
ings. Accordingly the calculationhasbeenrepeatedn the LCA gaugeusinga prescription[294,295]
which malkesit amenabldo extensiondbeyond NLO, whereaghe principal valueprescriptiondoesnot
seemto be applicablebeyond NLO [296]. On the otherhand,usingthe OPEmethod,therehadbeena
problemwith operatormixing in the singletsectoy which hasbeenfixed [297-299] only recently and
theresultfinally coincideswith the oneobtainedin the LCA gaugein ref. [23]. Thusthe resultfor the
AP splitting functionsat NLO accurag is fully undercontrol. Recentproposaldor their calculation
beyond NLO includeextensionsof the OPEtechnique which have beenusedto recomputehe NNLO
correctionsto DIS [300], and a computationbasedon combininguniversalgauge-inariant collinear
pieceq301].



5. SUMMATIONS OF PERTURBATION THEORY?’
5.1 Summationsof logarithmically-enhanced contributions?®

The calculationof hard—scatteringrosssectionsn hadroncollisionsrequireghe knowledgeof partonic
crosssectionss, aswell asthat of partondensities(seethe factorizationformula in Eq. (2)). The
partoniccrosssectionss(py, p2; @, {Q1, . . . }; #?) areusuallycomputedoy truncatingtheir perturbatie
expansionat a fixed orderin ag, asin Eqg. (3). However, fixed—ordercalculationsare quantitatvely
reliable only whenall the kinematicalscales@, {@1, . ..} areof the sameorderof magnitude.When
the hard—scatteringrocessnvolvestwo (or several) very differentscalessay@ > @1, then-th term
in Eq. (3) cancontaindouble—and ssingle—logarithmiccontriutions of the type (asL?)" and (asL)"
with L = In(Q/Q1) > 1. Thesetermsspoil thereliability of the fixed—orderexpansionandhave to be
summedo all orders systematicallymproving onthelogarithmicaccurag of the expansion.

Typical examplesof suchlarge logarithmsarethetermsL = In Q/Q, relatedto the evolution of
partondensitiesand partonfragmentatiorfunctions)from a low input scale@, to the hard—scattering
scaleQ). Thesdogarithmsareproducedy collinearradiationfrom thecolliding partonsandgive single—
logarithmic contritutions. They never explicitly appearin the calculationof the partonic crosssec-
tion, becausehey aresystematically(LO, NLO andsoforth) resummedn the evolved partondensities
fa/n(z, Q?) andpartonfragmentatiorfunctionsd,, , ;; (7, Q?) by usingDGLAP equationg8).

A differentsortof large logarithm, L = In /s/Q, ariseswhenthe centre—of-masenegy /s of
the collisionis muchlargerthanthe hardscale. Thesesmall« (x = Q/+/s) logarithmsareproduced
by multiple gluonradiationover thewide rapidity rangethatis availableatlarge enegy. For suficiently
inclusive processes singletchannelghesegive single—l@arithmic (LLX) contributionsthatcanbecal-
culatedby usingthe BFKL equation[302-306]. The subleadingNLLXx) contritutions have alsobeen
calculatedecently[67,307] andturn outto beverylarge. Thisis understoodo be dueto contamination
by collinearlogarithmsof Q?/Q3, which mustbe simultaneouslyesummedo obtainreliable predic-
tions at small z [308,309]. Variousresummatiorprocedurediave beensuggestedandwill be briefly
discussedn Sects.5.4 and7. Unfortunatelythereareasyet no substantiaphenomenologicahnalyses
which usetheseresummationsThe resummatiorof small< logarithmswill beimportantfor the accu-
ratedeterminatiorof the behaiour of singletpartondensitiesf, ; (z, Q?) atsmallvaluesof the parton
momentumfraction x, andthusfor makingreliable predictionsof ary processhatis sensitve to the
hard—scatteringf low—momentunpartons(for exampleb—quarkproductio’® andinclusive production
of low—FE jetsandpromptphotonsat the LHC). The BFKL equationis however alsorelevant for un-
derstandinghe structureof final states for examplewhenthereare jets with large rapidity intenals,
or diffractive processesvith large rapidity gaps. Thesemore generalaspectof small<« physicsare
discussedn Sect.7.

Yet anotherclassof large logarithmsis associatedio the bremsstrahlungpectrumof soft gluons.
Sincesoft gluonscanbe radiatedcollinearly they give rise to double—Igarithmic contritutionsto the
partoniccrosssectionwhich takestheform

& ~ al 6LO) {1 + > ag (Chr 4 el el ) } . (33)

n=1

Double—logarithmidermsdueto soft gluonsarisein all the kinematicconfigurationsvherethe contri-
butionsof realandvirtual partonsarehighly unbalancedseeRef.[218] andreferencesherein).

Whenpartons(particlesor jets) with low momentunfraction z aredirectly triggeredin thefinal
state therble of (real) soft radiationis evidently enhancedThe low—momentunregion of the fragmen-
tation spectreof particlesandsubjetsin jet final-statess thusparticularlysensitve to the resummation
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of small—+ logarithms.The calculationsbasedon the resummatiorof theselogarithmsareprobablythe
perturbatre predictionsthataremostsensitve to the coherenceropertiegd218,310] of QCD. Detailed
studiesof fragmentatiorprocessefave beenperformedin e*e~ annihilation,DIS andat the Tevatron
(seetherecentreview in Ref. [311]). Althoughthis topicis notincludedin theseproceedingssimilar
studiesatthe LHC would certainlybevaluable.

In different kinematic configurations(real) radiationin the final statecan insteadbe strongly
inhibited. For instancethis happensn the caseof transwersemomentumdistributionsat low transerse
momentumjn the caseof hard—scatteringroductionnearthresholdor whenthe structureof the final
stateis investigatedvith high resolution(internaljet structure shapevariables).

Soft—gluonresummatiorfor jet shapedasextensiely beenstudiedandappliedto hadronicfinal
stateproduceddy ete™ annihilation[214,312,313]. Applicationsto hadron—hadronollisionshave just
begunto appeaf314-316]andhave alarge,yetuncorered,potential(from ag determinationso studies
of non—perturbate dynamics).Futurestudiesof thistopic arecertainlywarranted.

Thresholdlogarithms,. = In(1 — z), occurwhenthe taggedfinal stateproducedby the hard
scatterings forcedto carryavery largefractionz (x — 1) of the available centre—of—-massnegy +/s.
Outstandingexamplesof hardprocesserearthresholdareDIS atlargex (herez is theBjorkenvariable),
productionof DY leptonpairsor di-jets with large total invariantmass@ = M;; or M;; (x = Q/+/s),
productionof IV, Z andHiggsbosondz = My, z /+/s), productionof heary quark—anti-quarloairs
(z = 2mg/+/s), inclusive productionof single jets andsingle photonsat large trans\erseenegy Er
(xr =2E7p/\/s).

Transerse-momenturtogarithms,L = In Q?/p2, occurin the distribution of transersemo-
mentump,. of systemswith high mass@ (Q > pr) thatareproducedwith a vanishingp, in theLO
subprocessExamplesof suchsystemsareDY leptonpairs,leptonpairsproducedoy W and Z decay
heary quark—anti-quarkairs,photonpairsandHiggs bosons.

Studiesof soft—-gluonresummatiorfor transerse—momenturdistributionsat low transersemo-
mentumandhard—scatteringroductionnearthresholdverepioneeredwo decadesgo[317-327]. The
physicalbasedor a systematicall-ordersummationof the soft—gluoncontritutions are dynamicsand
kinematicsfactorization§328,329]. Thefirst factorizationfollows from gaugeinvarianceandunitarity:
in the soft limit multigluon amplitudedulfil factorizationformulaegivenin termsof universal(process
independent¥oft contrikutions. The secondfactorizationregardskinematicsand strongly dependson
the actualcrosssectionto be evaluated. Whenphase—spackinematicsis factorizable resummationis
analyticallyfeasiblein the form of a generlized exponentiationof the universalsoft contritutionsthat
appeaiin thefactorizationformulaeof QCD amplitudes.

Typically, phase—spacdctorizationdoesnot occurin the spaceof the kinematicvariableswhere
the crosssectionis defined. It is thus necessaryto introducea conjugatespaceto overcomephase
spaceconstraints. This is the casefor hard—scatteringprroductionnearthreshold,wherethe relevant
kinematicalconstraintis (one—dimensionalgnegy conseration, which can be factorizedperforming
a Laplace(or Mellin) transformationseeSect.5.2). Analogously the relevant kinematicalconstraint
for p,—distritutionsis (two—dimensionaljrans\erse—momenturnonseration andit canbe factorized
by performinga FouriertransformationseeSect.5.3). In the conjugatespacethelogarithmsL of the
relevantratio of momentunscalesarereplacedby logarithmsL of the conjugatevariable.

Theresummedtrosssectionis thustypically of theform

bres. = Ok / &0 .c.9, (34)

wheretheintegral [, denotesheinversetransformatiorfrom the conjugatespacevhereresummation
is actuallycarriedout. ThefactorC' containsall constantontritutionsin thelimit  — oo. Thesingular



dependencen L is entirelyexponentiatedn the effective form factorS:

S = exp{ L gi(os()L) + ga(as(w) L 1?) + as() galos(w)Ep?) +...} . (35)

The structureof the exponentis formally analogougo thatof the fixed—orderexpansionof the partonic
crosssections(seeEg. (3)). The function L g; resumsall the leadinglogarithmic (LL) contrilutions

agL”“, while g» containsthe next-to—leadindogarithmic(NLL) termsag L™ andsoforth. Note that

the NLL termsareformally suppressetly a pover of ag with respecto theLL ones,andthe sameis

true for the successie classe®f logarithmicterms®. Thus,this logarithmicexpansionis assystematic
asthefixed—orderxpansionin Eq. (3).

In general,a resummedxpressionsuchas Eqg. (34) must be properly combinedwith the best
availablefixed—ordermresult. Using a shorthandhotation,this is achieved by writing the partoniccross
sections as

o= OA—res. + OA'rem. . (36)

Theterm 6,5, embodieghe all-orderresummationyhile the remaindefs,.,,. containsno large loga-
rithmic contritutions. Thelatterhastheform

OA'rem. = a_(f.o.) - [&res. ](f-().) y (37)

andit is obtainedfrom 5(f-2), the truncationof the perturbatie expansionfor & at a given fixed order
(LO, NLO, ...), by subtractingthe correspondingruncation[&res,]“'o') of the resummedoart. Thus,
the expressionon the right—handside of Eq. (36) includessoft—gluonlogarithmsto all ordersand it
is matdiedto the exact (with no logarithmic approximation)fixed—ordercalculation. It representan
improved perturbatie calculationthatis everywhereas goodasthe fixed—ordemresult,and much bet-
ter in the kinematicsregions wherethe soft-gluonlogarithmsbecomelarge (ags. ~ 1). Eventually
whenagL > 1, the resummedberturbatre contritutions are of the samesize asthe non—perturbate
contritutionsandthe effect of thelatterhasto beimplementedn theresummedalculation.

Usingamatched\NLL+NLO calculationasdescribedabore, we canconsistentlyintroducea pre-
cisedefinition (sayMS) of ag(x) andinvestigatethe theoreticalaccuray of the calculationby studying
its dependencen therenormalizationActaization scaley.

Resummedalculationgor hadroncollisionsnearthresholdandfor pr—distributionsarediscussed
in Sects5.2and5.3, respeciiely. Someoverviews canalsobefoundin Ref.[196]. We referthereader
to Sects.3.3and3.4for comparison®f resummedalculationswith partonshaver eventgenerators.

5.2 Thresholdresummations?

Largelogarithmsarisein ary inclusive crosssectionfor the productionof anobjectwith alarge mass(),
wheneer the partonicenegy /s availablefor the processs closeto Q, the productionthreshold.The
physicalmechanisnresponsibldor theselogarithmsis simple. Closeto thresholdthe phasespacefor
theemissiorof gluonradiationin thefinal stateis kinematicallyrestricted softrealradiationis, howvever,
responsibldor the cancellationof infrared divemgencesassociatedvith virtual gluon exchangewhen-
everradiationis inhibited,thecancellationis partially spoiled:finite but large contritutionsareleft over,
in theform of logarithmsof theratio of thetwo relevantenegy scalesln[(s — Q?)/3]. Closeto partonic
thresholdtheselogarithmsbecomdarge andmustbe resummedProcesser which this resummation

%0This hasto be contrastedwith the tower expansionsketchedon the right—handside of Eq. (33). Within the framavork
of thetower expansionthat sumsthe double-logarithmiderms(as L?)™, thenthetermsa L*™~! ~ agL(asL?)"~! andso
forth, theratio of two successie towersis, roughly speakingof the orderof as L. More precisely the tower expansionallows
usto formally extendthe applicabilityof perturbatie QCD to theregion as L* < 1, andthe exponentiatiorin Eq. (35) extends
it to thewiderregionasL < 1.
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is relevantareubiquitous,asnotedin the previous subsection.Techniguego performthresholdresum-
mationshave beendevelopedand progressiely extendedfor well over a decadejeferencesn which
thesetechniquesare explainedis somedetail include[330-337]; herewe will briefly review the basic
theoreticalssuesandsketchthe statusof phenomenologicapplicationsof relevanceto the LHC.

As describedn theintroductionto the presenSection theresummatiorof thresholdogarithmsin
performedin Mellin space.To illustratethe structureof a typical resummatiorof thresholdogarithms,
let us concentrateon the simplestand bestknown example: the DY crosssection. In this casethe
resummedormulafor theMellin transformof thepartoniccrosssectionjn theDIS factorizatiorscheme,
takestheform [330,331]

&res. (Nv Q2) = C(Oés (Qz)) exXp [E(Nv Q2)} ) (38)

wherethe function C' collectstermsindependenof the Mellin variable V, while the exponentcanbe
writtenas

N

P | (1-2)Q? dq2

Blos(( =)@+ [ TrAes@®)| - @9)

1
E(N,Q* =—-2 /0 dz

Equations(38) and (39) resum,in principle, all logarithmsof N to all ordersin perturbationtheory
in the sensethatall suchlogarithmsexponentiateand are calculablefrom the functions A and B, for
which Feynmanrulescanbe deried. In practice,the functionsA and B areknown only to two loops,
sothattheresummatiorcanexplicitly be performedonly for leadingandnext—to—leadingogarithmsin
the exponent Performingtheintegralsin E(N, Q?), after expansionof the runningcouplingsin terms
of ag(Q?) to thedesiredaccuray, yieldsin generaln expressiorof theform

E(N,Q*) =InN gi(asIn N) + go(asIn N) + Zalg grr2(asIn N) | (40)
k=1

wherethefunctionsg;, andg, areknown in termsof thecoeficients A1), A and B of theperturba-
tive expansionof thefunctions A and B, togethemwith the one—andtwo—loopcoeficientsof the QCD
£ function. The (unknavn) function gs, giving the NNL logarithms would requirethe determinatiorof
A®) aswell asB®? andthethree—loop3 function.

Severalcommentsarenecessaryn orderto introducethe practicalapplicationsof resummedor-
mulassuchasEq. (39).

e At the presentevel of accurag (NLL) the dependencen the renormalizatiorscaleand on the
factorizationschemeis undercontrol. A changein renormalizationscaleshifts the function g
by anamountproportionalto the dervative of the functiong;. A changen factorizationscheme
changedothg; andgs, becausd affectsthewayin whichtheDIS processs subtractedrom DY
to constructa finite crosssection,however the changes well understoodandboth functionscan
betranslatedrom oneschemeo anothel{172,335].

e Tounderstandheeffectsof resummationpneshouldkeepin mindthatit is performedatthelevel
of the partonic crosssection. One consequencef this factis that resummatiorgenericallyen-
hanceghe crosssection,althoughonemight expecta Sudalov suppession sincethe probability
of having a nearlyradiation-leshardscatterings exponentiallysuppressedrhisis easilyunder
stoodin the DIS schemethereonecomputeghe (factorized)partonicDY crosssectionby taking
theratio of theDY procesgo the squareof the DIS processsincetherearetwo partonsn the DY
initial state.In thisratio, the denominators Sudalov suppressetivice asmuchasthe numeratar
resultingin anoverall Sudalov enhancement.

e The fact that the resummedpartonic crosssectionmust be folded with partondistributions to
extractaphysicalpredictionalsomeanghattheeffectsof resummatiorrefelt quitefaravayfrom



the hadronic threshold. In fact, given a hadroniccentre—of—-masenegy S, the typical partonic
enegy availablefor the productionproceswwill be < § >=< z129 > S, wherex; andz, arethe
momentunfractionsof the scatteregartons.Clearly s becomegloseto thresholdong beforeS
does.

Theresummegbartoniccrosssectionby constructiorcontainsa subsedf thefinite orderperturba-
tive calculationsavailablefor the processat hand. Oneshouldthenwork with a “matched”cross
section,asdescribedn the previous subsectior{seeEgs.(36) and(37)).

Thealertreademwill have noticedthatEq. (39), althoughwell-definedorderby orderif the run-
ning couplingsdependingon variableagumentsarere-expandedn termsof a fixed large scale,
is actuallyill-definedin the leading—logarithm(of Q?) approximation,becausehe integration
contourrunsover the Landaupole. This is a generaffeatureof mostknowvn resummationsf per

turbationtheory:in fact, perturbatiortheoryis pointingusto its own limitations, andto the need
to includeinformationconcerninghe non—perturbatie structureof QCD [75]. This facthastwo

consequencesOn the one hand, it is possibleto exploit partial resummationsuchasEg. (39)
to estimatethe size of thefirst relevant non—perturbate corrections:in the caseof the DY pro-
cess,two independenapproache$76,338] leadto the conclusionthat the first power correction
to Eq. (38)is O((N/Q)?). Ontheotherhand,experiencenasshavn thatthe necessarynversion
of the Mellin transformbackto momentumspacecangenerateunjustified(and stronger)power
correctionghatarenot presenin the original resummedxpression.Methodsto circumwentthis
problemhave beendeveloped[334], sothat Eg. (38) canbe usedconfidently with a definiteun-
derstandingf the sizeof expectedcorrections.

In the generalcaseof coloredfinal states,a comparatiely simple expressionfor the resummed
crosssection,suchasEg. (39), is not availableto all logarithmicorders,becausehe correspond-
ing evolutionequationsrein matrixform, andtheir solutioninvolvesascale—dependentixing of
colortensors.To NLL accurag, however, asimpleexponentiatiorcanstill be achieved, by diago-
nalizingamatrix of anomalouslimensionsn thespaceof availablecolorconfiguration$336,337].
This resultsin a matrix of exponentialsgachsimilar to Eq. (39), with two new colo—dependent
functionsof the running coupling. Thesenew functionsalsocarry the necessarglependencen
theangleshetweerincomingandoutgoingcoloredpartons.

It shouldbe emphasizedhat furtherimprovementsare possible,andin somecaseshave already
beenachieved. In the caseof the DY processthetermsindependendf N containedn thefactor
C in Eq. (38) canalsobe resummed:n the DIS schemethey containthe absolutevalue of the
ratio of thetime-like to the space-lile Sudalov form factor whichis known to exponentiatg339].
Methodsto resumclassef termsof the form In N/N have recentlybeensuggested340]. Fi-
nally, atechniqueo resumsimultaneouslyhresholdogarithmsandrecoilenhancemenis single
particleinclusive crosssectionshasbeenintroduced341].

Turningto practicalapplicationsywe obsere thatresummationsf thresholdogarithmshave been

performedto NLL accurag for mostof the processe®f interestat the LHC, rangingfrom DIS and
DY [172,330,331,335,342,343] to Higgs boson[340] production,to include morerecentlystudiesof

processewith hardcoloredparticlesin thefinal statessuchasheary quark[336,337,344], promptpho-
ton [345-348], W boson[349] anddi-jet [350] production;applicationsof the formalismto quarlonium

productionhave beenproposed351]. Detailedphenomenologicatalculationshowever, arepresently
availableonly for a subsebf theseprocesses.

It isimportantto notethatattheLHC thresholdesummatiorranbeimportantfor two reasonsOn

oneside,it candirectly be appliedto LHC processethroughthe correspondingpartoniccrosssections.
Onthe otherside, it canbe appliedto the lowerenegy processeshat aretypically usedto determine
thepartondensitiesandthusit canindirectly affect LHC predictionghroughtheuseof (evolved)parton
distributionsreesaluatedn this manner

We shallillustratethephenomenologicaffectsof theapplicationof thesetechniquesvith few ex-
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Fig. 31: Scaledependencef do/dEr for single prompt—photorproductionin pN collisions. The solid lines representhe
NLO resultfor differentchoicesof p = pr = pr (1 = Er/2 and2Er), normalizedto theresultfor = Er. Thedashed
linesrepresenthe NLO+NLL resultsfor differentchoicesof i, normalizedto NLO resultfor p = Er. SeeRef.[347] for
details.

ampleswhichwill seneto pointoutanotherelevantfeatureof NLO+NLL calculationstheirincreased
stability with respecto scalevariations.

As discussedh Sect.2., presentlataandNLO calculationglonot constrainverywell thedetermi-
nationof the partondistributionsatlarge valuesof the partonmomentunfractionz. Thisis particularly
true for the gluon density f,(z,Q?) atz > 107! and@Q ~ 5 — 10 GeV. The uncertaintyon f, in
this kinematicregion propagatesalthoughwith areducedverall size)to smallervaluesof = andlarger
valuesof Q2 in LHC processesThresholdresummatiorcanhelpto extractpartondistributionsat large
2 with more confidencethanis at presenin NLO analyses.Consider for instance the productionof
promptphotonswith hightranserseenegy Er atfixed—tagetexperiments.This processs very sensi-
tiveto thebehaiour of thegluondensityatlargex (z ~ xp = 2E7/+/s). Thecorrespondingheoretical
calculationsatfixedperturbatre order however, arenotvery accurateascanbeamguedby studyingtheir
dependencen thefactorization/rengmalizaion scaleu. WhenNLL resummations applied[347], the
scaledependencef thecalculationis highly reducedandtheresummed\LL contributionsleadto large
correctionsat high zp (andsmallercorrectionsat lower ). The scaledependencef the theoretical
crosssectionin pN collisionsis shavn in Fig. 31 asa function of Ey..m, the enegy of the proton
beam.Fixing ur = pr = p andvarying p in therangeEr/2 < p < 2Ep with Ep = 10 GeV and
Epeam = 530 GeV (this correspondso thelargestvalueof = thatis reachabléy the E706kinemat-
ics[352]), thecrosssectionvariesby afactorof ~ 6 atLO (theresultof the LO calculationis notshavn
in theplot), by afactorof ~ 4 atNLO andby afactorof ~ 1.3 afterNLL resummationThecentralvalue
(i.e. with u = E7) of theNLO crosssectionincreasedy afactorof ~ 2.5 afterNLL resummationAs
expectedthesizeof theseeffectsis reducedy decreasing: (e.g.by increasing,/s atfixed E). This
(extreme)exampleclearly illustrateshov NLO+NLL resummectalculationscanimprove the present
NLO determination®f partondistributions. The methodof Ref.[341] canalsobe appliedto investigate
therelevanceof recoil effectsin prompt-photorproduction.

NLL resummationsf thresholdogarithmsarenow availablefor all the mostimportantprocesses
(DIS, DY, andprompt—photomproduction)usedto determinghepartondensitiessia globalfits. It is thus
possibleto consistently[346,353] take into accountall thresholdeffectsaffecting the differenthadronic
crosssections Preliminarystudieg353-355] suggesthatNLO+NLL fits arenotlikely to make drastic
differencesn the partondensitieghatarestronglyconstrainedy DIS data,atleastsolong astheregion



of smallQ (Q ~ few GeV) is avoidedat very large z. At the sametime, they suggesthatresummed
fits can make somedifferencewherethe pdf's are not so well knovn (gluon densityat large = and
quarkdensitiesat largervaluesof x). In particular NLO+NLL fits, if implementedarelikely to reduce
scaledependencegndthusfurtherimprove our confidencan the theoreticalpredictionsfor LHC cross
sections.

Asfor directeffectsof NLL thresholdesummatioratthe LHC, we briefly discusgop pair produc-
tion, whichis currentlythebeststudiedprocessn LHC kinematicd337]. Onecouldarguethatthreshold
resummatioreffectsin this caseshouldnotbeexpectedsinceattheLHC wehave x = 2m;//s ~ 0.03.
This would however beincorrectsince,asexplainedabove, partonicthresholdcanbe, on average quite
far from hadronicthreshold.In the caseof top productionatthe LHC, the dominantpartonicsubprocess
is gluonfusion. Thegluondensityis steeplyfalling atlarge = andquite large at small z, sothatthe av-
eragemomentunfractionof gluonsenteringthe partonichardsubprocesss relatvely smallands < s.
As aconsequencehe effect of NLL resummatiornis still visible atthe LHC: the NLO+NLL resummed
crosssectionis larger thanthe NLO estimateby about5%. Moreover, NLL resummatiorreduceshe
scaledependencef the crosssectionby approximatelya factorof two (from about10% to about5%).
This canbe relevant, becausdhe uncertaintydue to the presentknowledge of the partondensitiesis
estimatedo be twice aslarge. We refer the readerto the Top PhysicsChapterof this Reportfor full
details.

Othertopical LHC processesreHiggs production,DY productionof W, Z andleptonpairs,as
well asproductionof high— jets. Sincethe Higgs massM; is expectedto be of the sameorderas
thetop-quarkmassHiggsproductionwill be dominatedoy gluonfusion. Thus,the effectsof threshold
resummatioron this processshouldbe at leastasimportantasfor top-pair production. The resultsof
Ref. [340], basedon the expansionat NNLO of thresholdresummationsupportthis conclusion.Com-
pletequantitatve studiesto NLL accurag arenot yet availableandwould be valuable.The production
of W and Z atthe LHC is lesscloseto thresholdthantop production.Moreover, its dominantpartonic
subprocesss ¢g annihilation. The large-« behaiour of the quarkdensitiess lesssteepthanthatof the
gluondensity andsoft—gluonradiationfrom initial-statequarksis depletedby the colour chage factor
Cr/Cy ~ 1/2 with respecto radiationfrom gluons. Thus, the effects of thresholdresummatioron
W, Z productionshouldbe small. Their sizecould however increasen the caseof productionof high—
masg(say @ >, 1 TeV) DY leptonpairs. Theinclusive productionof high—; jetsanddi-jetswith large
invariantmassat the Tevatronandat the LHC canbe sensitve to thresholdlogarithmic contritutions.
Nonethelesgphenomenologicanalysedo NLL accurag arenotavailablefor theseprocessesAn im-
portantconceptuateasorfor thatis thefactthatthe conealgorithmsusedsofarto experimentallydefine
jetsarenotinfraredandcollinearsafe[315,356]. Althoughtheirunsafetynayshav uponly atsomehigh
orderin perturbatiortheory it preventsall-ordersummations.Thefuture use[357] of safealgorithms,
suchasthe & -algorithm[8, 9] andthe improved conealgorithm studiedat the Workshopon Physics
atthe Tevatronin Runll, will overcomethis problem. For the definition of differentjet algorithms,we
referthereaderto Ref. [357].

5.3 Resummationof transversemomentum distrib utions32

The descriptionof vectorandscalarbosonproductionpropertiesjn particulartheir trans\ersemomen-
tum (pr) distribution, is likely to be one of the mostinvestigatedopicsat the LHC, especiallyin the
context of Higgs searches.To obtaina reliable theoreticalpredictionfor the pr distribution, the cor

rectionsdueto soft gluonradiationhave to be takeninto account. At smalltrans\ersemomentunthe
pr distribution is dominatedby large logarithmsln(Q? /p3.), which aredirectly relatedto the emission
of gluonsby theincomingpartons.Therefore at suficiently small pr, fixed—ordemperturbatiortheory
breaksdown andthelogarithmsmustberesummedThe origin of thelargelogarithmsis visible already
atleading—orderin fact,the contrikution from realemissiondiagramdor ¢qg — V ¢ containsatermof

%2Contributing authors:A. KuleszaandW. J. Stirling.



theform asCr In (Q?/p%) /(7p3.). Whenmoregluonsareemitted thelogarithmicdivergencebecomes
stronger It canbe shavn thatin the approximationof softand collinear gluonswith stronglyordered
transersemomentakr, i.e.

k) < ko < ... < kf, <P < QP (41)

the dominantcontritutionsto the qg — V X crosssectioncanbe resummedgiving a so—calledSu-
dakov factor[319], of theform

1 d A 2 A 2
——z S 5 In (Q—2> exp <—QL1112 <Q—2>> , (42)
oodpy  2mpt PT 47 Py
whereA = 2Cp, andoyg is thetotal LO gqg — V crosssection. This approximationis commonly
known asthe DoubleLeadingLogarithm Approximation(DLLA).

The resummationin Eqg. (42) givesa finite but unphysicallysuppessedresultin the small pp
limit. This suppressions causeddy the vanishingof strongly—ordereghasespace,n which overall
trans\ersemomentuntonserationis ignored. Theresultin (42) correspond$o a configurationin which
a single soft gluon balanceghe vectorbosontrans\ersemomentumgiving the overall In(Q?/p2.) /p3-
term, while all othergluonshave transersemomenta< pp. This is not the dominantconfiguration
in the small py limit. Equally importantare non—strongly—orered contritutions correspondingo the
emissionof soft (~ pr) gluonswhosetransersemomentaaddvectorially to give the overall pr of the
vectorboson. Although suchcontributions areformally sub-leadingorderby—order they do dominate
the crosssectionin the region wherethe Sudakv form factorsuppressethe (formally) leadingDLLA
contritutions. The non—leadingkinematical’ logarithmsare correctlytaken into accountby imposing
transersemomentumconseration (ratherthan strongordering),andthis is most easily achiered by
meanf a Fouriertransformto impactparamete(b—)space.

We next discussanalyticmethodsfor resummingarge logarithmsin b—spaceandp,—space.As
alreadymentioned,comparisonf resummedcalculationswith the predictionscoming from parton
shaver Monte Carloapproachearepresentedn Sects3.3and3.4.

5.31 Analyticmethodsb—space

In the b—spacamethod[317] oneimposesransersemomentumconseration by Fourier transforming
the pr distribution to impactparametespaceandusingtheidentity

N N
6(2) ( § kTi - pT) = m d2beitb'pT Helb.kTi . (43)
=1

i=1

This allows for the derivation of a generalexpressionresummingall termsof the perturbationseries
whichareatleastassingularas1/p% whenpr — 0[192,358,359]. Theresummedxpressioris of the
form

do(AB — V(— ll_')X) _ 1 Q>
dp?. dQ? dy d cos 0 d¢ 256 Nes (Q2 — M2)2? + MET3,
X [Ya(p7. Q% y.0) + Yi(p7, Q% v, 0,0)] (44)

where My andI'y, arethe massandthe width of the vectorboson,andf and ¢ standfor the lepton
polar andazimuthalanglesin the Collins—Soperframe[192,358,359]. Y, denoteghe resummedpart
of the crosssection,while Y; is the remainder(that s, the fixed—orderexpressionminus termswhich
arealreadytakeninto accountin Y;., asin Eq.(36)). The exactexpressiorfor Y; canbefoundin [360],



whereas

1
K‘(p%'yQ27y70) = ®(Q2 7p%) % /0 dbb']() pr ZF Q b $Aa~rB)
: a,b

X Hal0) fopaleas 1) fiyplen 1) e [,Q). (45)

Here f’ denotesa modifiedpartondistribution, H,,(6) includescouplingfactorsandthe angulardepen-
denceof thelowestordercrosssection[360], andb, and F Y ¥ arediscussedelov. The Sudalov factor
hastheform

50,05 = [ e (L) atast) + Bastut)|. (46)

(0]
Jg

Alas) Z( ) AD | B(ag) _i(%) BO, (47)

=1 =1

with by = 2exp(—vg). Theformin Eq. (46) is equallyvalid for processeitiated by ¢g-annihilation
(e.g.productionof DY leptonpairs,W andZ) andby gg-fusion(e.g.Higgsproduction).Thecoeficients
AD | A®) andBY in eachseries(47) werecomputedn Ref.[361] for gg-annihilationandin Ref.[362]
for gg-fusion. Thesecoeficients’® canalsobe obtained[363] from the exact fixed—ordemperturbatre
calculationin the high p; region by comparingthe logarithmic termsthereinwith the corresponding
logarithmsgeneratedy thefirst threetermsof the expansionof exp(S(b, Q?)) in Eq. (45).

Althoughthe b—spacemethodsucceed recovering afinite, positive resultin thep; — 0 limit,
therearedravbacksassociatedvith theneedto work in impactparametespace Thefirstis thedifficulty
of matchingtheresummedandfixed—ordepredictions.Sincethe resummations performedn b—space
onelosescontrol over which logarithmicterms(in pr—spacepretakeninto account.Thereforethereis
no unambiguougprescriptionfor matching;existing prescriptiongequireswitchingfrom resummedo
fixed—ordercalculationat somevalue of py. Secondly sincethe integrationin (45) extendsfrom 0 to
00, it is impossibleto make predictionsfor any pr without having a prescriptionfor how to dealwith
the non—perturbate regime of large b. Oneprescriptionis to artificially preventb from reachinglarge
valuesby replacingit with a new variableb, andby parametrisinghe non—perturbate large-b region
in termsof theform factorFé}fP. The'freezing’ of b atb, is achieved by

b*:+, b*<blima
14 (b/b1im)?

with the parameteib;;,, ~ 1/Aqcp separatingperturbatre and non—perturbatie physics. The de-

tailed form of the non—perturbatie function Fé})’P remainsa matterof theoreticaldispute(for a review
see[360]), althoughit is assumedo have the generalform [192,358,359]

FYP(Q,b,24,25) = exp {— [hQ(b) In ( @

2Qo

In a very simple modelin which the non—perturbatie contritution arisesfrom a Gaussiarintrinsic’

kr distribution, onewould have F' ~ exp(—xb?). The dataarenotinconsistentvith sucha form, but
suggesthattheparameterx mayhave somedependencen @ andz.

Phenomenologicadtudiesand numericalcalculationsbasedon the b—spaceformalism are pre-
sentedn Refs.[110,194,360,364,365] (for DY leptonpair, W and Z production)andin Refs.[195,
366-368] (for Higgsproduction).

In Ref. [363] the coeficient B?) for gg-annihilationwas alsocomputed. The coeficient B for gg-fusionis not yet
known.

) + ha(b,za) + Ty(b, xB)} } .




5.32 Analyticmethodspr—space

Thedifficulties mentionedabove couldin principle be overcomeif onehada methodof performingthe
calculationdirectly in transersemomentunspace.Givenaninsightinto which logarithmictermsare
resummedit shouldbefairly straightforvardto performmatchingwith thefixed—orderesult. Moreover,

the non—perturbatie input would berequiredin (andwould affect) only the smallp region.

Threetechnigueshave beenproposedor carryingout resummationn ppy—spacg190,191,369].
The maindifferencelies in the selectionof subset®of logarithmictermswhich eachmethodresumsfor
a detaileddiscussiorthe readeris referredto [370]. The startingpoint for all techniquess the general
expressionn impactparametespaceor the vectorbosontransersemomentundistribution in the DY
procesg192,358,359], at the quarklevel. To illustratethe results,we considerthe approaclof [369],
andwe give the expressiorfor theresummegartof thecrosssectiongg — ~+* X, in thesimplestcase,
with fixedcouplingas, atthe partonlevel, andretainingonly theleadingcoeficient A1) in theseriesof
Eq. (47). It is of theform

1 d A > (—gn)(v-1) L _
= = S eE Z 2 ( Nt )LN_l_m |:27—N+m + LTN4m-1] -

oodp%  pA o] (N —1)! m
(48)
HereL = In(Q?/p%), A = asCr/m, andthe numbersr,, aredefinedby
= [ dyn ). (49)
0 bo

The 7,,, canbe calculatedexplicitly usinga generatingunction[369] sothate.g.7p = 1, 7 = 1 =0,
T3 = —% (3), etc. Notice thatby settingall 7,,, coeficients(exceptr,) to zeroonewould immediately
recovertheDLLA form (48). Sincethereareno explicit sub-leadindogarithmsin (48), otherthanthose
relatedto kinematicsthepresencef ther,, coeficientsmustcorrespondo relaxingthestrong—ordering
condition. This canbe checled explicitly by performingthe ‘exact’ O(aZ) calculationin transwerse
momenturmspace Onefinds

1 2 /1.2 1 2 /1.2
/dszldszQ [ H(Q 2/k7T1)] |: D(Q Q/kTQ)] 5(2) (le +kpg — pT) — iz (_LB + 4((3)) . (50)
: k7 n k7o + Py

Strongorderingis equivalentto replacingthe § functionby 6 (kpy — pr)x 0(k2., — k2,) +(1 « 2).
Thisgivesonly theleadingL? termontheright-handside. The((3) termrepresentthefirst appearance
of the (kinematic)rs coeficientof Eq. (48).

In principle the formalism presentedabore allows for aninclusionof any numberof suchsub-
leadingkinematiclogarithms.In practice we useEq. (48) with afinite numberof termsby introducing
Nmax astheupperlimit of thefirst summation.Vy,,, correspondso the numberof towersof logarithms
whicharefully resummedFigure32 shavs thatfor smallvaluesof p theapproximatiorof theb—space
resultimproveswith increasingVn,.x. Thereforeby retainingsufiiciently mary termsonecanobtaina
goodapproximation(i.e. adequatdor phenomenologicgburposes}o the b—spaceresultby summing
logarithmsdirectly in p; space3*

Thetechniquedevelopedsofar canbe extendedto includesub-leadingd and B coeficients,the
runningcouplingandpartondistributions,thusyielding a‘realistic’ expressiorfor thehadron—lgel cross
section.Theresultis too lengthyto reproducehere,but canbefoundin [369,371].

34Notice however that, dueto the lack of knowledgeof A®), B®) etc.,it is only possibleto obtainthe completeresult
for the first four ‘towers’ of logarithms;subsequentowers canbe includedonly in the approximationdeadingto Eq. (48),
see[369].
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Although the p,y—spacemethodprovides a simple matchingprescription,the form of the non—
perturbatie functionin thisapproachaswell asin b—spaceapproachyemainsanopentheoreticaissue.
In particular the currentlack of understandingf thez and@Q? dependencef the non—perturbatie con-
tributionis alimiting factorin predictingthe p; — 0 behaiour of thedistribution atthe LHC. However,
it seemghat the dependencen the amountof non—perturbatie smearingwealenswith increasing@
(seeRef. [193] and the discussionin Sect.3.4). It hasalsobeenshavn [370] that the quality of the
approximationo the b—spaceaesultachieved by variousresummatiorapproaches pr—spacechanges
significantlyonly for smallvaluesof p2./Q?. Thisin turn would suggesthat the differencesbetween
theseapproachesnay becomerelevant for obtainingan accuratetheoreticaldescriptionof very heary
boson(e.g.Higgs) productionin thesmallpr regime.

5.4 Small- resummations®

If we areto make accuratepredictionsfor LHC ‘background’processesvith partoniccentre—of—-mass
enegy belov 1 TeV, we needto extrapolatecrosssectionameasure@t HERA andthe Tevatronforward
by betweenone and three ordersof magnitudein Q?, and back by betweenone and three ordersof
magnitudein x. Sinceaway from thresholdghesecrosssectionsaregenerallyrathersmoothfunctions
of 2 and Q? onemight try to do this by simply extrapolatingparametridfits [372,373]. However the
uncertaintiesn suchextrapolationsareverydifficult to quantify Addinganassumptiorthatthedominant
singularitiesare Reggepolesis not very helpful, sinceevenwith currentdatamorethanone‘Pomeron’
singularityis neededor a satisactoryfit [374,375]. Moreoverin this kind of approactit is notpossible
to relateall the variouscrosssectionsof interest,or for examplecalculateheary quark production,or
jet crosssections:eachmustbefitted individually. Clearly we needmoredynamics.Stronginteraction
dynamicsat high enegies inevitably meansperturbatre QCD, andit is the currentunderstandingpf
perturbatre QCD atsmallx thatwe summarisédere.

Provided thereis a hardscalein the processstronginteractionprocessesnay generallybe fac-
torizedinto a hardpartoniccrosssection,computabldn perturbatre QCD, andpartondensitieswhich
mustbe determinedempirically At large scalesQ? andnot too small but fixed = the QCD evolution
equationg14,16,216,376,377] provide areliableframenork for the extrapolationof thesepartonden-
sitiesfrom someinitial scale@Q? to highervaluesof Q2. The completeAP splitting functionshave been
computedin perturbationtheory at orderas (LO) anda? (NLO). For the first few momentsthe AP

%Contributing author:R.D. Ball.



splitting functionsat ordera (NNLO) arealsoknown [25,26]. Oncewe have the partondistritutions,
it is straightforvard to computehadroniccrosssectionsat LO or NLO: potentiallylarge contrikutionsof
theform (asIn Q?/Q3)" (LLQ), as(asIn Q?/Q3)"™ (NLLQ), ..., have beenresummedy solvingthe
evolution equationsso all thatis necessarys the corvolution of the evolved partondensitieswith the
hardpartoniccrosssection.

If we startwith initial partondistributionsthatriselesssteeplythanapowerin 1/x asz decreases,
thenfixedorderevolutionto higher@? inevitably leadsto distributionsthatbecomeprogressiely steeper
in 1/z as@? increase$378), in agreementvith therisein the F» datafrom HERA. More significantly
the specificform andsteepnessf theriseis precisely[379-381] aspredicted.This is a major triumph
for perturbatie QCD, sinceit canbe interpretedasdirect evidencefor asymptoticfreedom[382]: the
coeficient 3, which determineghe slopeof theriseis thefirst coeficient of the QCD pg—function. This
hasnow beenconfirmedmary timesby successfuNLO fits (see[383,384] andSect.2.) to increasingly
preciseHERA F, datasetsFromthesefits a gluondistribution may be extracted,andpredictionsmade
for F, di-jet production,and £, all of which have now beenconfirmedby directmeasurements885,
386]. Clearlyfixedorderperturbatie QCD workswell at HERA: noneof thesepredictionds trivial, and
all aresuccessfulExtrapolationto the LHC region, andthe calculationof relevant NLO crosssections,
canthenbe performedn the sameway asatlarge z, with theaddedbonusthatbesidesxtrapolatingup
in Q% onecansimultaneouslyextrapolatebackwardsin x. The errorsin suchpredictionsarethe usual
mix of experimentabndparametrizatiomincertaintiegseethediscussiorin Sects2.3,2.4andin [387]),
andtheoreticakrrorspredominantlydueto missingsub-leadingorrectionswhich maybeestimatedy
partialcalculationsof NNLO terms[70,388] (seealsoSect.2.5).

Howeverto obtaintruly reliablepredictiongfor processeatthe LHC it is notsuficientto confirm
NLO QCDwithin errorsatHERA: we mustalsobe corvincedthatnew source®f theoreticalincertainty
donot ariseasthekinematicregionis extended.In particular asonegoesto smallervaluesof z it is not
clearthatretainingonly the first few termsin the expansion(9) of the splitting functionsin powers of
ag will beandremaina goodapproximation:assoonasé = In 1/z is suficiently large thatagé ~ 1,
termsof orderas(asé)™ (LLX), o (as&)™ (NLLX), ...mustalsobe consideredn orderto achieve a
resultwhich is reliable up to termsof orderag. In fact agé > 1 throughoutmuch of the kinematic
region availableat bothHERA andthe LHC, soonemight naively expecttheseeffectsto be significant
whenextrapolatingfrom oneto the other Thefactthatat HERA they seemto be smallempiricallyis a
mysterywhich mustbe solvedif reliablepredictionsareto be madefor the LHC.

Using the BFKL kernel K(Q?, k%) [302-306] (seealso Sect.7.) calculatedto O(ag) (LO) it
is possible[389-391] to deducethe coeficients of the LLx singularitiesof the AP splitting function
to all ordersin perturbationtheory Summingtheseup, the splitting function (and thus the structure
function) is predictedto grov asz~* asz — 0, where(atLLx) A = Ay = (12agIn2)/7. This
procedurenaybeextendedo NLLx singularitiesusingcalculationf thecoeficientfunctionandgluon
normalizatior{66,392] andof theNLLx kernel[67,271,307,393-403],to give all theNLLx termsin the
splittingfunction[404-410]. It wasknown sometime agothatreconcilingthesesummedogarithmswith
theHERA datawasgoingto bedifficult [379-381,411-413], simply becausehereis no evidencein the
datafor arisewith afixedpower \g. Onceall theNLLx correctionsvereknown it becameclearerwhy:
the expansionin summedanomalouslimensionsat LLx,NLLX,... is unstablg69,414,415], theratio of
NLLxX to LLx contritutionsgrowing without boundasz — 0. It follows thatthe previous theoretical
estimate§404-413] of the size of the effectsof the small x logarithmsbasedon the fixed orderBFKL
equationgitheratLO or NLO, wereall hopelesslynreliable.Indeedary calculationwhich resumd.O
andNLO logsof Q?, but sumsup only LO andNLO logarithmsof = is seerto beinsuficient: somesort
of all orderresummatiorof the small z logarithmsis necessaryClearly therearemary waysin which
sucharesummatiomight be attemptedwhatareneededareguiding principlesto keepit undercontrol.

Thereare two distinct strandsto this problem. The first is the stability of the BFKL equation
itself (seethe discussiorin Sect.7.3). Variousproposalshave beenput forward: for examplea partic-



ular choiceof the renormalizatiorscale[416], or a differentidentificationof the large logs which are
resummed417,418]. Howevertheroot of the problem[308] is thatthe perturbatie contrikutionsto the
kernel K (Q?, k?) containunresummedbgarithmsof theform as(ast)™ (LLQ), aZ(aZt)™ (NLLQ).. ..,
wheret = In Q?/k?, which destabilisethe fixed orderexpansionbothin the ultraviolet region Q2 > k2
andin theinfraredQ? < k2. Theseogarithmiccontritutionsturn outto besolarge thatthefixed order
expansionis uselessevenin the smallx region, unlessag is unrealisticallysmall. In orderto obtaina
realisticapproximatiorto the kernel,the large logarithmsof Q? mustbe resummedo all ordersin per
turbationtheory Fortunatelythe ultraviolet logarithmsnot associatedvith the runningof the coupling
may be determinedat LLQ andNLLQ from theLO andNLO Altarelli—Parisi splitting functions[419].
Summingthemup, longitudinalmomentumis automaticallyconsered: the relevant part of the kernel
thensatisfiesheall ordersumrule [419] [ dtK(t) = 1. Furthermoreit turnsoutthatwhenthe LLQ
andNLLQ contributionsto theLO andNLO BFKL kernelsareresummedthe expansiorstabilisesn the
perturbatie (Q? >> k?) region, andtheresidualpartof the kernelwhich resumshe remainingsmall z
logarithmsis relatively small.

However beforewe canusethis resummedFKL kernelto computesmall x resummatiorcor
rectionswe needto resole a secondissue: the inherentperturbate instability of the LLx andNLLXx
contritutionsto the splitting functionsfirst notedin [69,414]. This is quite distinct from the previous
problem: it canbe shavn (see[415] and Sect.7.3) to follow inevitably from the shift in the value of
A fromits LLx value A\ to Ao + AX at NLLx. This shift mustbe accountedor exactly if a sensible
resummedperturbatie expansionis to be obtained.Sincein practicethe correctionA\ is of the same
orderas), it seemgrobablethat A = )y + A\ is notcalculablen perturbatiortheory:ratherthevalue
of A maybe usedto parameteris¢éhe uncertaintyin thevalueof thekernel K (Q?, k%) when@? ~ k2.

Puttingtogetherthe two principlesof momentumconseration and perturbatre stability, we can
computefully resummedNLO splitting functions[419]. Theresultdependsnthe unknavn parameter
A. Provided X < 0, thecorrectiongo corventionalNLO evolutionin the HERA region aretiny: thisin
itselfis sufficientto explainthesucces®f NLO evolutionin describinghe HERA data,andfurthermore
meanghateffectof resummedmallz logarithmsontheextrapolationupwardsin Q2 from HERA to the
LHC shouldalsobe rathersmall. More significanteffectsmight be expectedin the extrapolationdowvn
to smallerz, particularlyif Q2 is alsosmalland ) is positive. It shouldnow be possibleto quantifysuch
uncertaintiedby a phenomenologicanalysisusingavailable HERA datato constrain).

Onemight have hopedthateventuallyit would be possibleto compute) perturbatiely. Themain
uncertaintyin currentcalculationss dueto theunresummethfraredlogarithmsin thekernel K (Q?, k?),
which destabilisethe fixed orderperturbatie expansionin theregion Q% < k2. In Refs.[309,420,421]
an attemptis madeto resumtheselogarithmsthrougha symmetrizationof K (Q?, k?) in Q? and k%
theideais to deducethe infrared logarithmsfrom the ultraviolet ones. The main shortcomingof this
approachs thatit makesimplicit assumptionsboutthe validity of perturbatiortheorywhen@Q? is very
small: symmetrizatioronly workswhenrunningcouplingeffectsareincluded,but makingthe coupling
run with Q? or k2 is not only very model dependenbut seemsinevitably to destabilisethe small
evolution[422-427],suggestinghateffectsbeyondthereachof theusualperturbatie expansiorbecome
importantin this region.

It seemghatto make further progresswe requireeithergenuinenonperturbatie input, or a sub-
stantialextensionof the perturbatre domain.A possiblewvay in whichthis mightbe donethroughanewv
factorizationprocedurevasexploredin Ref. [428], from which the main conclusionwasthatat small
x the couplingshouldrun not with @2, but with W2 ~ Q?/x. Preliminarycalculationg429] suggest
thatthisis notphenomenologicallynacceptableAn alternatve approachio factorizatiornin high enegy
QCD basednWilsonlinesmaybefoundin Refs.[430,431]. Clearlymuchwork remaingto bedone.



6. PROMPT PHOTON PRODUCTION 36
6.1 Generalfeaturesof photon production 37

Whenmentioningthe photonin the framework of high-enegy collider physics,oneis immediatelyled
to think — with goodreasons- to Higgs searcheshroughthe gold-platedchannelH — ~+. However,
the productionof photonsalso deseres attentionon its own. Firstly, a detailedunderstandingf the
continuumtwo-photonproductionis crucialin orderto clearly disentangleary Higgs signalsfrom the
backgroundSecondlyin hadroniccollisions,whereaverylargenumberof strong-interactingarticless
producedphotonsignalsarerelatively clean,sincethephotondirectly couplesonly to quarks.Therefore,
prompt-photordatacanbe usedto studythe underlyingpartondynamicsjn acomplementaryvay with
respecto analogousstudiesperformedwith hadronsor jets. For the samereasonthesedatarepresent
avery importanttool in the determinatiorof the gluon densityin the proton, f,(z). Indeed,in recent
yearsalmostall the directinformation (thatis, not obtainedthroughscalingviolations as predictedby
the DGLAP equations)n the intermediate-andhigh- behaiour of f,(x) camefrom prompt-photon
production,pp — vX andpN — ~X, in fixed-taget experiments.The mainreasorfor this is that, at
LO, aphotonin thefinal stateis producedn thereactionsyg — vq andqg — ~g, with the contritution
of the former subproces$®eing obviously sensitve to the gluon and usually dominantover that of the
latter It is the ‘point-like’ couplingof the photonto the quarkin thesesubprocessebatis responsible
for a muchcleanersignalthan, say for the inclusive productionof a 7, which proceedsecessarily
througha fragmentatiorprocess.

Thereis, howvever, a big flaw in theagumentggivenabove. In fact, photonscanalsobe produced
througha fragmentatiorprocessin which a parton,scatterecr producedn a QCD reactionfragments
into a photonplusa numberof hadrons.The problemwith the fragmentatiorcomponentn the prompt-
photonreactionis twofold: first, it introducesn the crosssectiona dependenceponnon-perturbatie
fragmentatiorfunctions,similar to thoserelevantin the caseof single-hadromproductionwhich arenot
calculablein perturbatre QCD: they dependon non-perturbatie initial conditions[432,433], andonly
their asymptoticbehaior atvery large scaless perturbatiely calculable[434]. Thesefunctionsare,at
presentyery poorly determinedy the sparsd_EP dataavailable. Secondlyall QCD partonicreactions
contritute to the fragmentatiorcomponentthus,whenaddressinghe problemof the determinatiorof
thegluondensity theadwantageof having a priori only onepartonicreaction(¢qg — -yg) competingwith
thesignal(qg — ~q) is lost, eventhoughsomeof the subprocessa®levantto the fragmentatiorpartat
the sametime resultfrom agluonin theinitial state.

The relative contritution of the fragmentationcomponentwith respecto the direct component
(wherethe photonparticipatesin the short-distancehard-scatteringprocess)is larger the larger the
centre-of-masenegy andthe smallerthe final-statetransersemomenturd®: at the LHC, for trans-
versemomenteof the orderof few tensof GeV, it canbecomedominant.However, herethe situationis
saved by the so-calledisolation’ cut, which is imposedon the photonsignalin experiments.lsolation
is anexperimentalnecessity:in a hadronicervironmentthe study of photonsin the final stateis com-
plicatedby thealundanceof 7V’s, eventuallydecayinginto pairsof v’s. Theisolationcut simply senes
to improve the signal-to-noiseatio: if a givenneighbourhooaf the photonis free of enegetic hadron
tracks,the eventis kept; it is rejectedotherwise. Fortunately by requiring the photonto be isolated,
onealsosererelyreduceghe contritution of the fragmentatiorpartto the crosssection.This is because
fragmentationis anessentiallycollinearprocesstherefore photonsresultingfrom partonfragmentation
areusuallyaccompaniedby hadronsandarethereforeboundto be rejectedafter the imposition of an
isolationcut.

%sessiorcoordinatorsM. FontannazS. FrixioneandS. Tapprogge.

$7Contrituting authors:P. Aurenche M. FontannaandS. Frixione.

BActually, in thefixed-tagetpp — X reactionpnecanseethefragmentatiorcomponenincreasingelatively to thedirect
onealsoat very large pr-, becausef the direct crosssectiondying out very quickly at suchmomenta.This effectis of no
phenomenologicaklevanceatthe LHC.



It hasto be stressedhat, at fixed-taget enegies, the size of the averagetrans\ersemomentum
allows to resole the two photonscomingfrom 7° decayand thereforeto identify the 7¥. It seems
thereforeappropriatego recallsomefixedtargetresultsbeforeturningto promptphotonproductionatthe
LHC. A recentreview onthecomparisongetweerdataandtheorymaybefoundin [435]. Theorymeans
NLO predictionsincluding the directandthe bremsstrahlungontritutions[229,233,234,436,437]. A
Fortran codewhich putstogetherboth contritutions and allows simple changesof parameterss now
available[438]. Theconclusionreachedn ref. [435] is that somedatasetsareincompatiblewith each
other or that theory mustbe modified. A modificationproposedn ref. [352] consistsin introducing
trans\ersemomentumof initial partonswith a large averagevalue< «; >~ 1.4 GeV If this average
valuevarieswith /s, thenit is possibleto adjusttheoryto data. The resummatiorof thresholdeffects
[347] (seealso Sect.5.) increaseghe crosssectionat large z; = 2p, /+/s, but it cannotremove the
discrepang betweentheoryanddata. Clearly an unsettledoroblemremainsin this fixed target enegy
range which questionghe possibilityto determinehegluoncontentsof the protonfrom promptphoton
data(seeSect.2.).

We now turn to the caseof photonproductionat high-enegy colliders; after somegeneralin-
troductoryremarkswe will presenfphenomenologicgbredictionsrelevantto the LHC; we remindthe
readerthatthe productionof promptphotonsat LHC wasfirst studiedat the Aachenworkshop[2]. No
NLO correctiongo the bremsstrahlungermswereavailableat thattime, andtheisolationprescriptions
wereimplementednly atLO accurag. Sincethen,theoreticalcomputationgrogressedoward a fully
consistenNLO framavork, whichwe will discussn thefollowing.

6.2 Isolation prescriptions®

As mentionedbefore the fragmentatiorcontritution, thatthreatenedo spoil the cleanlinesof the pho-

ton signalsat colliders, is relatively well undercontrol in the caseof isolated-photorcrosssections.
Thereis of coursea priceto pay for this gain: the isolationconditionposesadditionalproblemsin the

theoreticalcomputationsyhich are not presenin the caseof fully-inclusive photoncrosssections.To

bespecific,wewrite thecrosssectionfor the productionof asingleisolatedphotonin hadroniccollisions
asfollows*:

doh, by (P1, P25 Dy) =

/dl‘ldefa/hl(l'la,uF)fb/hg(-T%MF)da'éi?»ly(zlpthpQ;pv;,URMLLFHLW)
+/d931d$2dzfa/h1 (@1, 1F) foyny (T2, L) AG L (21P1, T2P2; Py /25 R, Fs oy )y je(2, 115), (B1)

whereh; andh, arethe incominghadronswith momentap; andp, respecirely, anda sumover the
partonindicesa, b andc is understood.In the first term on the right handside of eq. (51) (the direct
componentthe subtractecpartoniccrosssectionsd&é%% getcontritutionsfrom all the diagramswith a

photonleg. Ontheotherhand,thesubtracteqbartoniccrosssectionsi&j,%?é appearingn theseconderm
on theright handsideof eq. (51) (the fragmentatiorcomponent)get contrikution from the pure QCD
diagramswith oneof the partonsaventuallyfragmentingin a photon,in away describedy the parton-
to-photonfragmentatiorfunctiond, .. As the notationin eq.(51) indicates,the isolationconditionis

embeddedhto the partoniccrosssections.

It is awell-known factthat,in perturbatre QCD beyondLO, andfor all theisolationprescriptions
known at presentwith the exceptionof thatof ref. [232], neitherthe directnor the fragmentatiorcom-
ponentsaresepaatelywell definedatary fixedorderin perturbatiortheory: only their sumis physically

39Contributing author:S. Frixione
4°The productionof pairs of isolatedphotonscanbe describedn the very samemanner;we will considerthis caselater.
Herewe stickto asimplercasein orderto have assimpleasnotationaspossible.



meaningful.In fact,thedirectcomponenis affectedby quark-to-photortollineardivergenceswhich are
subtractedby thebarefragmentatioriunctionthatappearsn theunsubtractedlagmentatiorcomponent.
Of coursethis subtractions arbitraryasfar asfinite termsareconcernedThisis formally expressedn
ed.(51) by the presencef the samescaley., in boththe directandfragmentatiorcomponentsa finite
piecemay be eitherincludedin the former or in the latter, without affecting the physicalpredictions.
Theneedfor introducinga fragmentatiorcontritution is physicallybettermotivatedfrom thefactthata
QCD hardscatteringprocessnay produce,againthrougha fragmentatiorprocessa p mesonthathas
the samequantumnumbersasthe photonandcanthuscorvertinto a photon leadingto the samesignal.

As far asthe isolation prescriptionsare concerned herewe will restrictto thosebelongingto
the classthat can be denotedas ‘cone isolations’[229,230,439-442]. In the framevork of hadronic
collisions, wherethe needfor invarianceunderlongitudinal boosts(which is necessaryor collinear
factorizability) suggestsiot to define physicalquantitiesin termsof angles,the coneis dravn in the
pseudorapidity—amuthal angleplane,andcorrespondso the setof points

Ce={ 6 |\r P+ @ 0,2 <R}, 52)

wheren, and ¢, arethe pseudorapidityandazimuthalangleof the photon,respectiely, and R is the
aperturgor half-angle)of thecone.After having dravn thecone,onehasto actuallyimposetheisolation
condition. We considerheretwo sub-classe®f coneisolation, whosedifferencelies mainly in the
behaiour of thefragmentatiorcomponentPrior to that, we needto definethetotal amountof hadronic
trans\erseenepgy depositedn aconeof half-angleR as

n

Brpaa(R) = Brif(R — Ry;). (53)
=1

where

Roi = /(1 — )2 + (5 — 63)2, (54)

andthe sumrunsover all the hadronsin the event (or, alternatvely, i canbe interpretedasan index
runningover the towersof a hadroniccalorimeter).For boththeisolationprescriptionsve aregoingto
definebelow, thefirst stepis to drav a coneof fixed half-angle Ry aroundthe photonaxis,asgivenin
eq.(52). We will denotethis coneastheisolationcone.

Definition A. The photonis isolatedif the total amountof hadronictrans\erseenegy in theisolation
conefulfils thefollowing condition:

ET,had(RO) < €cPrvs (55)

wheree, is afixed(generallysmall) parameterandp. is thetrans\ersemomentunof thephoton.
Definition B. Thephotonis isolatedif thefollowing inequalityis satisfied:

ET,had(R) < f'ypT'yy(R)v (56)

for all theconedying insidetheisolationcone thatis for ary R < Ry. Thefunction) is arbitrary
to alarge extent, but mustatleasthave thefollowing property:

lim Y(R) =0, (57)

andbeingdifferentfrom zeroeverywhereexceptfor R = 0.

Definition A was proven to lead to an infrared-safecrosssectionat all ordersof perturbationtheory
in ref. [443]. The smallere,., the tighter the isolation. Loosely speaking,for vanishinge. the direct



componentehaes like log €., while the fragmentationcomponentehaes like e.loge.. Thus, for
e. — 0 eg.(51) divemges. Thisis obvioussincethelimit . — 0 correspondso a fully-isolated-phabn
crosssectionwhich cannotbea meaningfulquantity whetherexperimentally(becaus®f limited enegy
resolution)or theoretically(becausesoft-particleemissioninside the conecannotbe forbiddenwithout
spoilingtheinfraredsafetyof the crosssection).

Definition B was proposedand proven to leadto an infrared-safecrosssectionat all ordersof
perturbationtheoryin ref. [232]. Eqg. (57) impliesthatthe enegy of a partonfalling into theisolation
coneCp, is correlatedo its distancgin then—¢ plane)from thephoton.In particular apartonbecoming
collinearto thephotonis alsobecomingsoft. Whena quarkis collinearto the photon thereis acollinear
divergence;hawever, if the quarkis alsosoft, this divergenceis dampedoy the quarkvanishingenegy.
Whena gluonis collinearto the photon,theneitherit is emittedfrom a quark,which s itself collinear
to the photon—in which case whatwassaidpreviously applies— or the matrix elements finite. Finally,
it is clearthattheisolationconditiongiven abore doesnot destrg the cancellatiorof soft singularities,
sincea gluonwith smallenoughenegy canbe emittedanywhereinsidetheisolationcone.Thefactthat
this prescriptionis free of final-stateQED collinearsingularitiesmpliesthatthe directpartof the cross
sectionis finite. As far asthe fragmentatiorcontritution is concernedin QCD the fragmentatiormech-
anismis purelycollinear Therefore py imposingeq. (56), oneforcesthe hadronicremnantsollinearto
thephotonto have zeroenegy. Thisis equivalentto sayingthatthefragmentatiorvariablez is restricted
to therangez = 1. Sincethe parton-to-photorfragmentatiorfunctionsdo not containary 4(1 — z),
this meanghatthe fragmentatiorcontritution to the crosssectionis zero,becauseanintegrationover a
zero-measureetis carriedout. Thereforepnly thefirst termontheright handsideof eq.(51) s different
from zero,andit doesnot containary p., dependence.

We stressagainthat the function ) canbe ratherfreely defined. Any suficiently well-behaed
function, fulfilling eq. (57), could do the job, the key point beingthe correlationbetweenthe distance
of a partonfrom the photonandthe partonenegy, which mustbe strongenoughto cancelthe quark-to-
photoncollinearsingularity Throughouthis papeywe will use

V(R) = <ﬂ>n n—1. (58)

1 —cos Ry

We alsoremarkthatthe traditionalcone-isolatiorprescriptioneg. (55), canbeformally recoreredfrom
eq.(56) by setting) = 1 ande, = e..

6.3 Singleisolatedphotonsat the LHC 4!

In this section,we will presentresultsfor isolated-photorcrosssectionsin pp collisions at 14 TeV.
Theseresultshave beenobtainedwith thefully-exclusive NLO codeof ref.[231], andarerelevantto the
isolationobtainedwith definition B; theactualparametersisedin the computatioraregivenin eq.(58),
togethewith e, = 1. We setR, = 0.4. Wewill commentin thefollowing on the outcomeof definition
A. Benchmarkratesfor isolatedphotonsover differentrangesof rapidity aregivenin Fig. 33.

Any sensibleperturbatre computatiorshouldaddresghe issueof the perturbatre stability of its
results. A rigorousestimateof the error affecting a crosssectionat a given order canbe givenif the
next orderresultis alsoavailable. If this is not the case,it is customaryto study the dependencef
the physicalobserablesupontherenormalizatior(i:z) andfactorization(u ) scales.It is importantto
stressthatthe resultingspreadshouldnot be taken asthe ‘theoreticalerror’ affecting the crosssection;
to understandhis, it is enoughto saythattherangein which ur andur arevariedis arbitrary Rathey
oneshouldcomparehe spreadobtainedat the variousperturbatie orders;only if the scaledependence
decreasesvhenincluding higherordersthe crosssectioncan be regardedas perturbatrely stableand
sensiblycomparedo data.

“Contrituting author:S. Frixione
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Fig. 33: Benchmarkcrosssectiongor isolated-photomproduction:differentialspectrum(left) andintegratedspectrun{right).

Usually ur andur areimposedio have the samevalue, i, whichis eventuallyvaried. However,
this proceduremighthidesomeproblems pecaus®f a possiblecancellatiorbetweertheeffectsinduced
by thetwo scaleslt is thereforedesirableo vary iz andp - independentlyHere,anadditionalproblem
arisesat the NLO. The expressionof ary crosssectionin termsof p (thatis, whenur = ur) is not
ambiguouswhile it is ambiguousf ur # pug. Infact,whenug # e, thecrosssectioncanbewritten
asthe sumof atermcorrespondingdo the contrilbution relevantto thecaseur = ur, plusatermof the
kind:

as (1) Blas (un) log . (59)

whereB hasthe samepower of ag asthe LO contritution, sayaf. The argumentof the ag in front of
eq. (59), n4, canbe chosereitherequalto ur or equalto i, sincethe differencebetweenthesetwo
choiceds of NNLO. Thus,it follows thatthedependencaponur or ur of aNLO crosssectionreflects
thearbitrarines®f the choicemadein eq.(59), whichis neggligible only if the NNLO (a’§+2) corrections
aremuchsmallerthantheNLO ones(a’é’“). Thisleadsto the conclusionthata studyof thedependence
uponug or ur only canbe misleading.In otherwords: B in eq.(59) is determinedhroughDGLAP
equationsn orderto cancelthe scaledependencef the partondensitiesup to termsof ordera’é’“.
This happensegardlesf the choicemadefor p 4 in eq.(59). However, herewe arenot discussinghe
cancellatiorto a given perturbatre orderof the effectsdueto scalevariations;we areconcernedbout
the coeficient in front of the (’)(o/§+2) terminducedby suchvariations,whosesizeis dependentpon
the choicemadefor i 4 andthereforeto someextent, arbitrary We have to live with this arbitrariness,
if we decideto vary pr or ur only. However, we canstill vary uz andu independentlybut eventually
puttingtogetherthe resultsin somesensiblevay, thatreducegheimpactof the choicemadefor p 4. In
this sectionwe will considerthe quantitiesdefinedasfollows:

(5_0> _ [U(NR = pio, iF = o) — 0 (LR = axpio, pF = Mo)} 2
o)y o(ur = po, pr = po) + o(pr = axpo, pr = po)
2) 2
N [U(MR = po, bF = pio) — o (4R = po, BF = aiuo)] (60)
o(ur = po, uF = o) + o (LR = po, kP = G o) ’
wherea, anda_ = 1/a, aretwo numbersof orderone, which we will take equalto 1/2 and2 re-

spectvely; the + signin front of theright handsideof eq.(60) is purely corventional. We canevaluate
(0o /o)+ byusingua = pur or ua = pr in eq.(59). Thereadercancorvince himself, with the help of
the renormalizatiorgroupequation(4), thatthe differencebetweerthesetwo choicesis of orderay in
theexpansiorof the contributionto (5o /o) dueto eq.(59); ontheotherhand this differenceis only of
orderag in eachof thetwo termsunderthe squarerootin theright handsideof eq.(60). Thisis exactly



MRST99 CTEQ5
1 ] 2 ] 3] 4] 5 M | HI || (0g/o)s
NLO, |n,| < 2.5 || 23.78] 23.20| 24.19] 22.07| 25.49 25.10] 24.61| *50%
LO, [7,] < 2.5 | 10.34] 10.07| 10.52| 9.875| 10.78| 10.91| 10.66| 007
NLO, |n,| < 1.5 || 14.59| 14.23] 14.88| 13.66| 15.53| 15.35] 15.01| 0%
LO,|n,| < 1.5 | 6.457]| 6.270] 6.583| 6.212| 6.657 | 6.771] 6.596| 0073

Table3: Isolated-photorcrosssectiongnb), with 40 < pr, < 400 GeV, in two differentrapidity rangesfor variousMRST
(MRST99-1/5)andCTEQ(CTEQ5M/HJ)partondensities The scaledependencevaluatedaccordingo eq.(60) andwith the
MRST99-1set,is alsoshawvn.

whatwe wantedto achieve: a suitablecombinationof the crosssectiongesultingfrom independent:
and ur variationsis lesssensitve to the choicefor 4 madein eq. (59) thanthe resultsobtainedby
varying ug or pg only.

In table 3 we presenthe resultsfor the total isolated-photomates,bothat NLO andatLO. The
lattercrosssectionshave beenobtainedoy retainingonly the LO terms(O(aems)) in theshort-distance
crosssectionandcornvoluting themwith NLO-evolved partondensities Also, a two-loopexpressiorfor
ag hasbeenused.Thereis of coursealot of freedomin the definition of a Born-level result. However,
we believe thatwith thisdefinitiononehasabetterunderstandingf someissuegelatedo thestability of
theperturbatie series.To obtaintheratesenteringtable3, we requiredthe photontransersemomentum
to bein therange40 < pr, < 400 GeV, andwe consideredherapidity cuts|n,| < 1.5 and|n,| < 2.5,
in orderto simulatea realisticgeometricabcceptancef the LHC detectorsWe first considerthe scale
dependencef our results(last column), evaluatedaccordingto eq. (60). We seethatthe NLO results
are clearly more stablethanthe LO ones;this is reassuringand implies the possibility of a sensible
comparisorbetweenNLO predictionsandthe data. Notice thatthe sizeof the radiatve correctiong K
factor definedastheratio of the NLO resultover the LO result)is quite large. Fromthetable,we see
thatthe crosssectionsobtainedwith differentpartondensitiediffer by 6% at the most(relative to the
resultobtainedwith MRST99-1[10], which we take asthe default set). MRST99sets2 and3 aremeant
to give anestimateof the effectsdueto the currentuncertaintieaffectingthegluondensity(seesect.2.),
whereassets4 and5 allow to studythe sensitvity of our predictionsto the value of ag(M ;) (setsl,

4 and5 have A =220,164 and 288 MeV respectrely). On the otherhand,the differencebetween

MS

MRST99-1and CTEQ5M [7] resultsis dueto the inherentdifferencebetweenthesetwo densitysets

(CTEQ5M hasA% =226 MeV, andthereforethe differencein the valuesof ag(M ) playsonly avery
minorrole).

Frominspectiornof table3, we canconcludethatisolated-photorrosssectionatthe LHC is under
control, bothin the senseof perturbatiortheoryandof the dependenceponnon-calculablenputs,like
as(My) andpartondensities. The relatvely weakdependenceponthe partondensities however, is
not a good pieceof news if oneaimsat usingphotondatato directly accesghe gluondensity On the
otherhand,the expectedstatisticsis large enoughto justify attemptsof a directmeasuremeraf sucha
guantity In theremaindelof this section,we will concentrat®n thisissue.We will consider

_dog/dx —do/dx

Ry = )
doo/dzx + do /dx

(61)

wherez is ary obserableconstructedvith the kinematicalvariablesof the photonand,possibly of the
accompaying jets. o ando arethecrosssectionbtainedwith two differentsetsof partondensitiesthe
latter of which is alwaysthe default one(MRST99-1). We canimaginea gedankn experiment,where
it is possibleto changeat will the partondensities;in this way, we canassumehe relative statistical
errorsaffectingo andoyg to decreasas1/v/N and1//N,, N and N, beingthe correspondingiumber
of events.lt is thenstraightforvard to calculatethe statisticalerroraffecting R .; by imposingR.. to be
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Fig. 34: Dependencef isolated-photorandisolated-photon-plus-jetrosssectionuponpartondensitiesasa function of pr,
andz;.

largerthanits statisticalerror, onegets

Rz > (Ry) = -t (62)

min 2Leo(x, Ax)’
where/ is theintegratedluminosity ¢ < 1 collectsall the experimentalkefficiencies,and

r+Ax/2 do

oz, Az) = / iz 32 (63)

z—Ax/2 dz

is thetotal crosssectionin arangeof width Ax aroundz.

In fig. 34we presenpurpredictiondor R.. In theleft panelof thefigurewe have chosenr = pr.,,
while in theright panelwe have v = z.,;, where

_ pryexp(n,) + prjexp(n;)

CL‘,Y]' = \/E .

In this equationy/s is the centre-of-masgnepy of the colliding hadronsandp.; andr; arethetrans-
versemomentumandrapidity of the hardesjet recoilingagainsthe photon.In orderto reconstructhe
jets,we adoptecherea k| -algorithm([8], in the versionof ref. [9] with D = 1. Noticethatz.; exactly
coincidesat the LO with the longitudinalmomentumfraction = of the partonsin one of the incoming
hadrons;NLO correctionsntroduceonly minor deviations. For all the densitysetsconsideredthe de-
pendencef R uponp;., is rathermild. The valuesin the low-p., region could alsobe inferredfrom

table3, sincethe crosssectionis dominatedoy smallp,,’s. Analogouslyto whathappensn the caseof

total rates the setsMRST99-4andMRST99-5give rise to extremeresultsfor R, , sincethe valueof

as(My) is quite differentfrom that of the default set. Fromthefigure, it is apparenthat, by studying
thetransyersemomentumspectrumjt will not be easyto distinguishamongthe possibleshapesf the

gluondensity Ontheotherhand,it seemghat,asfar asthe statisticds concerneda distinctionbetween
ary two setscanbeperformed.Indeedthesymbolsin thefiguredisplaythequantitydefinedin eq.(62),

for £ = 100 fo~!, Apr, = 10 GeVande = 1. Of coursethelattervalueis not realistic. However, a

smallervalue(leadingto alarger (R ).:»), caneasilybecompensatelly enlaging Apr-, andby thefact
thatthetotal integratedluminosity is expectedto be muchlargerthanthatadoptedn fig. 34.

Turning to the right panelof fig. 34, we can seea much more interestingsituation. Actually,
it canbe shawvn that the patterndisplayedin the figure is ratherfaithfully reproducedoy plotting the
analogougjuantity whereoneusesthe gluondensitiednsteadof the crosssections.This doesnotcome
asasurprise. First, z; is in an almostone-to-onecorrespondencwith the z enteringthe densities.

(64)



Secondly photonproductionis dominatedoy the gluon-quarkchannel,andthereforethe crosssection
hasa linear dependencepon f,(x), which canbe easily spotted. It doesseem therefore to be rather
adwantageouso look at more exclusive variables like photon-jetcorrelations(this is especiallytrue if
oneconsiderghe procedureof unfoldingthe gluondensityfrom thedata:in the caseof single-inclusre
variables the unfolding requiresa de-cowolution, which is not neededn the caseof correlations).Of
coursethereis apriceto pay: theefficiengy e will besmallerin the caseof photon-jetcorrelationswith
respecto the caseof single-inclusie photonobserables,mainly becaus®f the jet-tagging. However,
from the figure it appearghatthereshouldbe no problemwith statistics,exceptin the very large z., ;
region.

Finally, we would like to commenton the fact that, for the caseof single-inclusre photonob-
senables,we alsocomputedthe crosssectionby isolatingthe photonaccordingto definition A, using
ec = 2 GeV/py,. Thetwo definitionsreturnap,-, spectrumalmostidenticalin shapewith definitionB
higherby afactorof about9%. It is only atthe smallestp,., valuesthatwe consideredthat definition
B returnsaslightly steepespectrum.The factthatsuchdifferentdefinitionsproducevery similar cross
sectiongnaybe surprising.This happendecauseprior to applyingtheisolationcondition,partongend
to beradiatedcloseto the photon;therefore mostof themarerejectedwhenapplyingtheisolation,no
matterof which type. This situationhasalreadybeenencounteredh the productionof photonsat much
smallerenegies. Thereadercanfind a detaileddiscussioron this pointin ref. [444].

In the previous paragraphsye concentratean the possibility that isolated-photordatacan be
usedto constrainor measurehe gluon densityin the proton. However, it is well known that f,(z) is
ratherstronglycorrelatedo ag. Thisis notaproblemif oneis interestedn obserablesthatonly depend
uponthequantityas f,(z). Ontheotherhand,the determinatiorof the gluondensityaloneis important
in mary respectsThus,onehasto assumenaccurate&knowledgeof ag to extract f, (=) from thedata.
It is of coursepossibleto turnthisagumentthe otherway round:thatis, to assume goodknowledgeof
fq(x) to measurexs. Thesensitvity of theisolated-photorcrosssectionat the LHC uponthe value of
ag canbeinferredfrom table3 andfig. 34, looking at the resultsobtainedwith the setsMRST99-4and
MRST99-5.Unfortunately sincethe gluon-initiatedprocessedominatethe crosssection,andthegluon
is theleastknowvn amongthe partondensitiesthis procedurewill probablyresultin sizeablesystematic
errors;on the otherhand,thanksto the sizeof the productionrate,we shouldexpecta preciseresulton
a statisticalbasis. Theseconsiderationshouldencourageus to find alternatve waysof measuringxg
by using photondata. Sincethe main problemis in the dependencef the crosssectionupon f,(z),
the guideline is that of consideringobserablesthat are lesssensitve to the partondensitiesthanthe
isolated-photorcrosssection.

In whatfollows, we will aguethatanobsenrableof thiskind is givenby theratio

dO’j

X(pr) = (pr) - (65)

Here,do; /dpr; is thesingle-inclusie jet transersemomentunspectrumwhile do, /dp+, is thetrans-
versemomentunspectrumof theisolatedphoton.

It is immediateto seethat, at the LO, X is proportionalto ag. In the ratio that definesX’, one
expectsthatthedependenceaponthe partondensitiescancelto agoodextent,thusgiving anobserable
suitedto measureys, regardlessf the precisionto which f,(z) is known. In hadronicphysics thetrick
of consideringratiosof crosssectionginsteadof the crosssectionsghemseles)in orderto reducethe
dependencenthepartondensitieds frequentlyused.In particular for themeasuremertf ag athadron
colliders,onecanthink tothe W + 1-jet over W 4 0-jet ratio (.4), andto the 3-jet over 2-jetratio (55). We
have to stressanimportantdifferencebetweerthesetwo quantitiesandX’: in theratio thatdefines4 and
B, the numeratorequiresthe definition (throughfinal-statecuts) of an hardobjectin additionto those
alreadypresentin the denominatar This implies that the kinematicalconfigurationsn the numerator
anddenominatorcan be sizablydifferent. Therefore, onefacesthe following problem: evenif A and



Table4: NLO predictionsfor the doubleratio D definedin eq.(66), for variousp™:"™ andtwo rangesn rapidity.

7 (GeV) 20 | 100 200
my| <15
MRST99-2 || 1.006 £+ 0.009 | 1.003 £ 0.025 | 0.991 4+ 0.051
MRST99-3 || 1.002 &+ 0.009 | 1.009 £ 0.023 | 1.007 4+ 0.048
Imy| <25
MRST99-2 || 1.003 &+ 0.008 | 1.002 £ 0.023 | 0.998 4+ 0.042
MRST99-3 || 1.009 £ 0.008 | 1.009 4 0.023 | 0.999 £ 0.046

P (GeV) 20 | 100 | 200
my| <15
MRST99-2 || 0.974 + 0.003 | 0.966 £ 0.010 | 0.984 4+ 0.027
MRST99-3 || 1.019 +0.003 | 1.016 +0.010 | 1.012 4+ 0.025
Imy| <25
MRST99-2 || 0.976 + 0.002 | 0.973 £ 0.008 | 0.987 +0.019
MRST99-3 || 1.017 +0.002 | 1.010 +0.008 | 1.010 £ 0.018

Table5: NLO predictionsfor theratio definedin eq.(68). This tablehasto be comparedo table4.

B areformally proportional(at the LO) to ag, it is not straightforvard to determinethe scaleat which
ag Is calculated.Furthermoresincethe numeratorandthe denominatohave differenthardscalesthe
partondensitiesappearingn thesetwo quantitieswill be probedat differentmomenta:this of course
will partially destrg the cancellationthatoneis willing to achieve whenconsideringsuchratios. One
the otherhand,this problemdoesnot affect X': boththe isolated-photorandthe single-inclusie cross
sectionsaredominatedoy two-body back-to-baclconfigurationsit is thereforepretty intuitive that ag
will be evaluatedat a scaleequalto the transersemomentumof the obsered photonandjet. On the
otherhand the partonicsubprocessesontrituting to the numeratoandthe denominatoof A andB are
basicallythe same.This is nottruefor X', becausef the differenthardproductionprocessesvolved.
Therefore onemight amguethatin thelatter casethe cancellatiorof the dependencen partondensities
will not take place. We canhowever obsenre the following: atthe LHC, andif onedoesnot consider
too large valuesin pr, the averagemomentumfraction = probedis small: thus, the quark densities
aredominatedby the sea,which is in turn relatedto f,(x). In this way, we canexpectto recover the
cancellation.

Of course thereis no way to tell beforehandvhich obserabledisplaysthe smallestdependence
uponthe partondensitychoice. In orderto studythis issuein the caseof X', we will considerin the
following thedoubleratio

D(py™™) = X (p™) [ Xo(p™), (66)
where
— 2 do i do
X(py’ ):/ , deﬁ#// , devd—V- (67)
pmin prj pmin D1y

In eq.(66), X is computedwith our default partondensityset(MRST99-1),while X’ is computedwith

the other sets. Notice that we consideredY insteadof X' just becauseave collecteda limited amount
of statisticsin the MC runs performedso far, and X’ standsa betterchancethan X to be insensitve

to fluctuations. Notice, however, that the relevant transersemomentumspectraare quite steep,and
thereforeX (p") is dominatedoy X' (p™™). In eq.(67), the upperlimit p* canbe choseratwill. A

possiblechoiceis to setit equalto the kinematicallimit; in theresultspresentedn this sectionwe have
setp ' = 400 GeV.



OurNLO predictiondor thedoubleratio D arepresentedh table4. By inspectiorof thetable, we
canseethat D is remarkablystablewith respecto thechoiceof thedensityset;it hasto bestressedyow-
ever, thatanincreaseof thestatisticis mandatoryatthehighest*" consideredin thetable,we limited
ourselhesto consideringonly the setsMRST99-2andMRST99-3. Thereasons the following: by con-
struction,thesesetsgaugethe currentuncertaintyaffecting the determinatiorof f,(x), with MRST99-1
beingassumedo returnthe“true” densities.Thus,sinceD is compatiblewith one,we areindeedcheck-
ing that the dependence&ponthe partondensitiesin X' (actually X) almostperfectly cancels. If we
wereconsideringothersets like MRST99-4,we would expectD ~ as(AmrsT99—4)/as(AMRSTI9-1)-
However, the strongcorrelationbetweeng and f,(z) mightspoil this naive expectation.The samecan
be saidwhenconsideringhe setsof the CTEQ group: in this case a further biascanbe introducedby
thefactthat MRST and CTEQ usedifferentparametrizationandevolution codes.We postponea more
carefulanalysisof this problemto a forthcomingwork.

It canbe amuedthattheresultsdisplayedin table4 aredueto the factthatthe densitiesusedare
actually not that differentin the = rangeof interest. This, however, is nottrue. In fact, at the level of
crosssectionsthedifferencedetweerthe predictionsobtainedwith the default setor with the othersets
aremuchlarger. This canbe seenfrom table3. More preciselywe canconsidertheratio

pmaz ma:c do—o’y
dp / dp (68)

wheredoy, is calculatedusingMRST99-1,anddo., with all the otherdensitysets. The resultsfor this
guantity are presentedn table5. Eachentry of this table hasto be comparedwith the corresponding
entryin table4. Fromthis exercise,it is indeedevidentthat X’ is muchlesssensitve thantheisolated-
photoncrosssectionto the choiceof the densityset,at leastatsmallp™". Whenp™™ approachekarger
values,no firm conclusioncanbe reachedgiven the statisticscollected;as mentionedbefore,one can
suspecthat, the higherp??™, the larger the dependencef X’ uponthe densities.Onethe otherhand,it
canbeobseredthatsmallermomentaallow aneasieobseration of therunningof asg.

6.4 Pairs of isolated photons: infrar ed sensitivity with standard coneisolation*?

In thediscussiorgivenbefore we restrictedo thecaseof the productionof a singleisolatedphotons.Of

coursetheconsiderationsve madecanbe extendedwith obvious modificationin eq.(51) to the caseof

the productionof photonpairs.In sucha casethecrosssectionsplits naturallyin threeunphysicalcom-
ponents:direct, single-fragmentatiomnd double-fragmentatigrcorrespondingdo the processesvhere
bothphotonspnephotonandnoneof the photonsaredirectly enteringthehardsubprocessis farasthe

isolation prescriptionis concernedthingsare unchangedthis cut hasto beimposedon both photons,
andpossiblysupplementetly the requirementhatthe photonsbeisolatedfrom eachother

In Sect.9., the productionof photonpairsis describedwith a specialemphasisn its role asa
backgroundo Higgs searchesHerewe would like to concentrate®n a different,moretechnicalaspect,
whichis morerelevantto pure-QCDstudies Weinvestigateappearancef infrareddivergencesnsidethe
physicalspectrum An exampleof suchdivergencesappearsn thetransersemomentum(g;) spectrum
of a pair of isolatedphotons- or of a jet+isolatedphotonsystem. This canbe seenin Fig. 35, which
shavs do /dgr vs. g for isolatedphotonpairs,computecat NLO accurag [237]. Theratherlargevalue
of isolationcutusedhere, Ern... = 15 GeV, is notmotivatedby ary phenomenologicatonsideration:
it insteadallows to split the well known infraredissuein the vicinity of g — 0 from the new oneat
qr — ETmaz.

Thetroublecomesirom the “single fragmentation’contritution (the contritution whereonly one
photoncomesfrom the fragmentationof a hard parton, the other being emittedby the partonicsub-
process).In the QCD improved partonmodel framevork, the fragmentationis a strictly collinearpro-

42Contrituting authors:T. Binoth, J.R Guillet andE. Pilon.
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Fig. 35: Di-Photondifferential crosssectionds /dqr at LHC, /s = 14 TeV, with the kinematiccutspr(y:1) > 40 GeV,
pr(v2) > 25 GeV, |y(y1,2)| < 2.5, andwith isolationcriterion Erma, = 15 GeVin R = 0.4. The scalechoicefor initial
statefactorizationscale(M), fragmentatiorscale(M¢) andrenormalizatiorscale(u) is M = My = p = my~ /2.

cess,henceall the hadronicdebrisof the parton-to-photorfragmentationfall inside the cone of the
photonfrom fragmentation.At LO, both photonsare back-to-backin the trans\erseplane,so, dueto
transersemomentumconseration, gy = E%ad. Sincethe transersehadronicenegy depositedn the
isolationconehasto be lessthat Fr7 ..., the LO “single fragmentation”contritution of the ¢ distri-
bution hasa stepwisebehaior. Then,asshavn in [445], at NLO suchan obsenable getsan infrared
doublelogarithmicdivergenceat the critical point g = Er 4. The detailsof this infrared structure
arevery sensitve to the kinematicconstraintsandthe obsenrable considered.In the caseat hand,the
NLO contritution to do /dgqr getsa doublelogarithmbelow the critical point, which is producedby the
corvolution of the lowestorder stepwiseterm with the probability distribution for emitting a soft and
collineargluon,yielding:

do do ¢
— ~— | — © (BT maz — xa1112(1 T >+ 69
<dQT)NLo <dQT>LO (Br ) i 2% (©9)

T max

More generally at eachorderin oy, up to two powersof suchlogarithmswill appearmakingary fixed
ordercalculationdivergeat g, = Fr 4., SOthatthe spectruncomputedoy ary fixedordercalculation
is unreliablein the vicinity of this critical value. In principle,anall orderresummatiorhasto be carried
outif possiblejn orderto restoreary predictability In practice the phenomenologicallyelevantvalues
of B mq. arefairly lowerthan15 GeV, sothatthis problemmayaffect only the veryfirst binsof the g

distribution.

6.41 Mismatd theory/experimentwith verysevere isolationcuts

Anotherissuedeseres somecare,whenisolatedphotonsare selectecby meanof the above standard
conecriterion. In an actualprompt photonevent the transerseenegy depositednside the isolation
conehasseveral physicalorigins. Oneis whenhadronscomingfrom the hadronizatiorof hardpartons
involved in the subproces$all into the cone. A secondoneis given by the debrisof the fragmentation
producingthe photon,whenthe latter comesfrom sucha mechanismA third sourceof accompaning
transwerseenepy is provided by “minimum bias”. Moreover at high luminosity piled-up eventsmay
alsocontaminatehe hadronicervironmentof a previous photonevent. From an experimentalpoint of



view, thevalueof Er .. hasto beaslow aspossiblein orderto suppres®ackgroundventsandevents
with photonsfrom fragmentationwhile retainingmostof the “true” directphotons.Thegoalis thusto

useanexperimentalalueof Er,,., basicallysaturatedy “minimum bias” - andpile-up. For example
this is nearly achiezed by CDF at the Tevatronrequiring B e = 1 GeVin R = 0.4. In partonic
calculations the first two sourcesof accompaning transerseenegy aretaken into account,whereas
thelasttwo areignored. However if theaccompaying E%“d is to be saturatedy “minimum bias” and
pile-up,thenin apartoniccalculation this leavesalmostnoroomfor accompawing partonicE£; coming
from the hardsubprocesgself. Thereforea partoniccalculationmeantto incorporatethe effect of such
anexperimentalcut shouldusean effective valuefor E; 4. in the calculation,which is muchsmaller
thantheoneexperimentallyusede.g.atmostafew hundredvieV for CDF. Thecorrespondendeetween
thevaluesusedin experimentspr full Monte Carlosimulationgwhich modelthe “minimum bias”),and

their counterpartsn higherorderpartoniccalculationshasto be further studied. Sucha comparisons

worthwhileespeciallybecausehe actualisolationcutsusedby collidersexperimentsaremoreexclusive

andsophisticatedhanthe schematicriteriondefinedabove.

However whenthe experimentalvalue of Er ... is nearlysaturatedy “minimum bias”, sucha
studyis complicatedby aninfrared problem. Indeed,an infrareddivergenceappearsn partoniccalcu-
lations,whenphotonsarerequiredto be absolutelyisolated,i.e. accompaniedby a vanishingamountof
partonictrans\erseenegy insideaconeof finite size,becaus¢his amputatiorof gluonphasespacepre-
ventsthecancellatiorof theinfraredsingularitiesassociatedvith softgluonemission With afinite value
E7 maz, thiswould translateinto the appearancef In(Erma./Q) (Where@ is somelarge scale of the
orderof the photons p) which would becomdarge with atiny Er.,... Whereaghe “fragmentation”
contritution to, e.g.thepr distribution of directphotong230,446], or theinvariantmassdistribution of
photonpairs,is roughly

Ufmgm~6(1n26+1n61nR+---) (70)

(with e = Ep 6./ Q), the“direct” contritution behaesas
o ~ R%Ine + O(1) (71)

Thetheoreticapartoniccalculationwould thenbecomeunstableandunreliable whens <« 1 with finite
R. Moreover, this problemis notlocalizedin the solevicinity of someisolatedpoint, atthe borderof or
insidethe spectrumput in principle it plaguesthe calculationover the whole spectrum- at leastsome
extendedrangeof it - for obserablessuchas,e.g.,the pr distribution of directphotonsr theinvariant
massdistribution of photonpairs. The dependencef theoreticalpartoniccalculationson theisolation
parametersespeciallyon E ..., hasstill to bestudiedin detail[447]in orderto fix this puzzle.

7. SMALL X PHYSICS*
7.1 Jetphysicsat largerapidity intervals and the BFKL equatiorf*4

The LHC offersa uniqueopportunityto explore semi-hardstrong-interactioprocessesyhich arechar
acterizedby two large and disparatekinematicscales. In inclusive jet production,jets of trans\erse
enegy £/, = 50 GeV canspana kinematicrangeof up to 11 units of rapidity Processesvith two
large anddisparatekinematicscalegypically leadto crosssectionscontaininglarge logarithms.Exam-
plesof this type of processaredi-jet productionin hadroncollisionsat large rapidity intervals [448],
forward jet productionin DIS [449-451], andy*~* collisionsin double-tagevents,ete™ — ete +
hadrond452]. In large-rapiditydi-jet productionthe large logarithmis therapidity interval betweerthe
jets,Ay ~ In(3/|#|), with 5 the squaregpartoncenterof-massenegy and|#| of the orderof thesquared
jettrans\erseenegy. In forwardjet productionin DIS thelargelogarithmis In(xz /x;;), wherex; is the
Bjorkenscalingvariableandz the momentunfraction of the partonenteringthe hardscattering.These

43gectioncoordinatorsR. Ball, V. Del DucaandA. de Roeck.
44Contrituting authors:V. Del DucaandW.J. Stirling.



logarithmswill arisein aperturbatie calculationateachorderin thecouplingconstantig. Alternatively,
if the logarithmsarelarge enoughiit is possibleto include themthroughan all-orderresummatiorin
theleadinglogarithmic(LL) approximatiorperformedby meansof the Balitsky-Fadin-Kurae/-Lipatov
(BFKL) equation304-306].

In the high-enegy limit, § > |{|, the BFKL theoryassumeshatary scatteringprocesss domi-
natedby gluon exchangein the crossecthannet*® which for a given scatteringoccursat O(a2). This
constituteghe leading-orde(LO) term of the BFKL resummationThe correspondingCD amplitude
factorizesinto a gauge-inariant effective amplitudeformed by two scatteringcentersthe LO impact
factors,connecteddy the gluon exchangedn the crossedchannel. The impactfactorsare characteris-
tic of the scatteringorocessat hand. The BFKL equationthenresumsthe universalLL corrections of
O(aZ1n"(3/f])), to the gluon exchangein the crossedchannel. Theseare obtainedin the limit of a
strongrapidity orderingof the emittedgluonradiation,i.e. for n gluonsproducedn the scattering,

Y1 > Y2 > ... > Yn—1 > Yn - (72)

Di-Jetproductionin hadroncollisionsatlargerapidity intenalsis the simplestprocesgo whichto
applytheBFKL resummationandoneof thetopical BFKL processeatthe LHC, thuswe shalluseit as
theparadigmprocessSincedi-jet productionatlarge rapidity intenalsis dominatedoy gluonexchange
in the crossedchannel,the functional form of the QCD amplitudesfor gluon-gluon,gluon-quarkor
quark-quarkscatteringat LO is thesamethey differ only by the colourstrengthin the parton-production
vertices.We canthenwrite the crosssectionin the following factorizedform [458-460]

do
d?por 1 AP pry 1 dyar dyyy

doyg

_ 73
d*po 1 BPpyy’ (73)

- mgfeff(xga M%) zg;)feff (3727 H%)

wherep r is thefactorisatiorscale,a’ andb’ labelthe forward andbackward outgoingjet, respectiely,
andp, aretwo-dimensionalectorsin the planetranswerseto the collision axis, the azimuthalplane.
29, 29 arethe partonmomentundractionsin the high-enegy limit,

pare| [N -
12 = NG eYa 332 = We Yo (74)
andthe effective partondistribution functionsare[461]
4
fer@a i) = fal@a i) + 5 D0 | fuy @) + fay wpid)] (75)
f

wherethe sumis over the quarkflavours. In the high-enegy limit, the gluon-gluonscatteringcross
sectionbecome$458]

dé'gg [CAOzS Caasg
———9 = || f(qai,q ,Ay[ } 76
d?par 1 dpy 1. P2 (e @1, A9) Py 7o

withC4 = N, = 3, Ay = y — yy andg; | themomentaransferredn thet-channelwith g, = —py/ 1
andg,; = py ., andwherewe usethe shorthandor the magnitudesquared|p, | = p%. The quan-
tities in squarebracletsarethe LO impactfactorsfor jet production. The function f(q,., g1, Ay) IS
the Greens function associatedvith the gluon exchangedn the crossedchannel. It is processinde-
pendentandgivenin the LL approximationby the solutionof the BFKL equation. This equationis a

%The crossed-channejluon dominanceis alsousedasa diagnostictool for discriminatingbetweendifferentdynamical
modelsfor partonscattering.In the measuremeraf di-jet angulardistributions,modelswhich featuregluon exchangen the
crossecthanneljike QCD, predicta characteristigin = (6* /2) di-jet angulardistribution [453-455], while modelsfeaturing
contact-terminteractionswhich do not have gluon exchangein the crossecchannel predicta flatteningof the di-jet angular
distribution atlarge 5/|t| [456,457].



two-dimensionalntegral equationwhich describeghe evolution in trans\ersemomentumof the gluon
propagatoexchangedn thecrossedchannellf we transformto momentspacevia

dw
J@ar a1, Ay) = /2m’ AV (G, L) (77)
we canwrite the BFKL equationas
W ful@ar qp1) = 3 0°(qar — 1) + 7’C [folqar-q1)], (78)

with as = agN. /7, andwherethekernel £ is givenby

d2/€J_ qu
K [fw(QaJ_aQbL)] = /W |:fw(an_ + kLaQbL) - ki T (QaL + kJ_)Q fw(QaJ_aQbJ_):| . (79)

Thefirst termin the kernelaccountdor the emissionof a real gluon of transersemomentumk; and
thesecondermaccountdor thevirtual radiative correctionswhich reggeisethegluonexchangedn the
crossecthannel. The solutionto the BFKL equationis,

o0 2 w
dv e Ay <€%£> , (80)

f(Q(lJ_:QbJ_-,Ay) Z 67/”/¢ab/
N SR s

with ¢, theazimuthalanglebetweeny, | andg,, andw(v, n) theeigemvalueof the BFKL equation

w@m):—@[¢om;l >+¢CM+ —w>+m%, (81)

with 1) the digammafunction, vz = —(1) the Euler constantandwith maximumat w(0,0) = A =
4agIn 2. Thusthe solutionof the BFKL equationresumspowersof Ay. The resultinggluon-gluon
crosssectiongrovs with Ay as f(qa1, ¢, Ay) ~ exp(AAy) [305,306], in contrastto the leading-
order(O(ad)) crosssectionwhichis constanat large Ay.

In orderto detectevidenceof a BFKL-type behaiour in a scatteringprocesswe needto have
Ay aslarge aspossible. In di-jet productionit canbe doneby minimizing the jet trans\erseenenpy,
andmaximizings. Sinces = ¥ s in afixed-eneagy collider this is achieved by increasinghe parton
momentunfractionsz,, ;, andthenmeasurlnga g.thedi-jet productionratedo /dAy. However, asthe
x’s grow the partonluminosityfalls off, makingit difficult to disentangleéhe eventualBFKL-drivenrise
of the partoncrosssectionfrom the pdf's fall off [459,460]. Oneway to circument this problemis
to usea variable-enggy collider: the increasein § canthenbe achiered by fixing the x’s (and hence
the pdf's) andby letting the hadroncenterof-massenegy s grow. The advantageof this set-upis that
variationsin the pdf's areminimised,while variationsin the partondynamics,andthusin the eventual
underlyingBFKL behaiour, arestressed458,462]. The DO collaborationhave recentlyattemptedo
uncorer BFKL behaior in this way by comparingdi-jet crosssectionsmeasuredat /s = 630 GeV
and1.8 TeV [463]. In a contrikution to this Workshop[464], the possibility of testingfor BFKL-type
behaiour by comparingdi-jet crosssectionsat the Tevatron (2 TeV) andthe LHC (14 TeV) hasbeen
investigated.The difficulty hereis thatoneis comparingjets measuredn two very differentdetectors,
with resultingsystematicuncertaintiesn the relative crosssections. One could also, of course,con-
templaterunningthe LHC at a lower collision enegy. Notethata variable-enagy configurationcanbe
moreeasilyrealised:in forward-jetproductionin DIS, sinceafixed-enegy ep collider is nonethelesa
variable-enagy collider in the photon-protorframe [465-470]; in v*~* collisionsin double-tagevents,
ete” — eTe™+ hadronspy varyingtheenegy in the photon-photorframe[471,472].

As amorepracticalalternatve to varyingthe collider enegy, onecanstudylessinclusive observ-
ables.In particular thecorrelationbetweerthetaggingjets,whichatLO aresupposedo bebackto back,



is smearedy gluonradiationinducedby partonshaversandby hadronization However, if we look at

thecorrelationalsoasafunctionof Ay, we expectthe(BFKL) gluonradiationin therapidity interval be-

tweenthejetsto furtherblur theinformationon the mutualpositionin transersemomentunspaceand
thusthe decorrelatiorto growv with Ay. Accordingly the transyersemomentumimbalancg459,473],

andthe azimuthalangledecorrelatiof459,460,474-476] have beenproposedas BFKL obserables.
In particular it is straightforvard to derive from (80) the predictionfor the dependencef (cos ¢,;) on

Ay:*® (cos ¢p) ~ 0. Onefinds [459,460,474-476] that (cos ¢,;) decreasesapidly from 1 at small

Ay (back-to-backets),andapproachegeroas Ay — oo. Suchanazimuthalangledecorrelatiorhas
indeedbeenobseredatthe TevatronCollider [448]. However, theLL BFKL formalismpredictsamuch
strongerdecorrelatiorthanthat obsered in the data. On the otherhanda NLO partonicMonte Carlo

generato(JETRAD [222,477]), in which theexact2 — 2 and2 — 3 matrix elementsaretakeninto

accountpredictstoolittle decorrelationln factthedataarewell describedy theHERWIG MonteCarlo

generatof116,171,211], which‘dressesthebasic2 — 2 partonscatteringvith partonshaversandalso
includeshadronization.Thusthe preseniconclusionis thatat leastfor di-jets with trans\ersemomenta
> 20 GeV andwith rapidity intenals < 6 units, asanalysedoy the DO Collaborationat the Tevatron,
thereis no evidencefor LL BFKL-inducedgluonradiationin theazimuthalangledecorrelation.

A possibleexplanationof the failure of the LL BFKL predictionto describethe Tevatrondata
is that the sub-leadingcorrectionsare large. Thereare varioussourcesof suchcorrections: next-to-
leadingordercorrectiongo theBFKL kernelin (79), which have recentlybeencalculatedseeSect.7.3),
relatedrunning coupling effects’’, andfinally kinematiccorrectionsthat take into accountthe limited
phasespaceavailable for BFKL-type gluon emission. In the dervation leadingto the result(80), the
trans\ersemomentunof eachemittedgluonis unboundedandit is this unrestrictecemissionof gluons
with transersemomenta~ |p,. |, |py 1 | thatleadsto the strongdecorrelatiorin azimuthalangle.

In an attemptto go beyond the analytic LL BFKL results,a Monte Carlo approachhasbeen
adopted462,476,478]. By solvingthe BFKL equation(78) by iteration,which amountgo ‘unfolding’
thesummatiorovertheintermediateadiatedyluonsandmakingtheir contrikutionsexplicit, it is possible
to include the effects of both the running coupling and the overall kinematic constraints. It is also
straightforvard to implementthe resultingiteratedsolutionin aneventgeneratar

Thefirststepin thisprocedures to separatéhek integralin (78)into ‘resolved’ and‘unresohed’
contrilutions,accordingto whetherthey lie abose or belov a smalltranserseenepgy scaleu. Thescale
u is assumedo be smallcomparedo the otherrelevantscalesn the problem(the minimumtrans\erse
momentunp‘i1in for example).Thevirtual andunresoled contributionsarethencombinednto a single,
finite integral. The BFKL equationbecomes

1 as [ Ak
W filGar @) = =06*(ar — 1) + 78/ = Jo(ar + k1 qp1)

- —
2 k2 >z kY

as [ d*ky 9 9 @ foldar,qp1)
— | —— | fulqa ki, 0 —k5) — & . (82
7(/ w2 [f (Gar +k1,q1)0(p” —k71) B (qur + kL) (82)

The combinedunresoled/virtual integral can be simplified by noting that sincek? < ¢2,,q2, by
constructionthek; termin theargumentof f,, canbeneglected giving

1 o d?k
(W —wo) fu(Gar,qp1) = 3 6%(qar — ap1) + —S/ = foldar + ki), (83)
e k3_>“2 kl
where ) ) )
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“*In practiceoneintegratesthe di-jet trans\ersemomentaabove somethreshold g 1 |, |[pyr 1 | > pT™.
“"Notethatthe solutiongivenin (80) assumes fixedvaluefor as.



Thevirtual andunresoled contritutionsarenow containedn w, andwe areleft with anintegral over
resohedrealgluons.We cannow solve (83) iteratively, andperformingtheinversetransformwe have

F(Gar abr. Ay) = Y [ (qar, a1, Ay) - (85)
n=0
where
asAy
1
FOur, a1, Ay) = [qMT 5 (qarl — apL)
2 7asAy n n
1
F 0 (qor apr, Ay) = [:T { /d kiL dy; 2} 3 6*(Gar — GoL — Z ki1)
al =1 i=1
a (dar + Yy kia)?] ™"
Fi = o O} — 1) 0im1 — wi) s (86)
L (qar + > 5-1kj1)

Thusthe solutionto the BFKL equationis recastin termsof phasespaceintegralsfor resohed gluon
emissionswith form factorsrepresentingheneteffectof unresoledandvirtual emissionsUnlikein the
caseof DGLAP evolution, thereis no strongorderingof thetransersemomentak; | . Strictly speaking,
thederivationgivenabove only appliesfor fixed couplingbecausave have left ag outsidetheintegrals.
The modificationsnecessaryo accountfor arunningcouplingas (k% ) arestraightforvard [476].

The expressiorfor f in (85,86)above is amenabldo numericalintegration,andonecanfor ex-
amplereproducethe analyticresultgivenin (80). More importantly having madeexplicit the BFKL

gluon emissionphasespacewe canimposeoverall enegy and momentumconseration. In particular
the partonmomentunifractionsin the presencef BFKL gluonemissionbecome

eV
T = (|pa/¢| + Ipyale™ 4+ ) [kiLle?™ y”) ;

i

e _ it
™= 7 (\pb'ﬂ + [posle™ + ) JkiLle y“Ly”) : (87)
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Themomentunfractionsin thehigh-enegy limit givenin (74) arerecoreredby imposingstrongrapidity
ordering, eq. (72). Note that the requirementz,, z;, < 1 effectively imposesan upperlimit on the
transsersemomentum(k; | ) integrals. Thisin turn meanghatthe analyticresult(80) is not reproduced
in the presenceof sucha constraint,sincethey requirethe internal transerse momentaintegrals to
extendto infinity. Formally, the kinematicconstraintsz,, z;, < 1 inducean infinite sequencef sub-

leadinglogarithmsaZ Ay, aZAy™ 2, ... thatsuppresghe growth of the partonscatteringcross
sectionwith Ay.

Applying kinematicconstraintsand including the running coupling suppressethe emissionof
enegetic BFKL gluons,andthereforewealensthe azimuthaldecorrelatiorpredictedat LL level [476,
478]. As aresult,reasonablagreementvith the DO decorrelatiordatais recovered.lt is clear therefore,
thatoneneedsa higherenegy collider suchasthe LHC in orderto discriminatebetweerthe BFKL and
partonshaver (DGLAP) dynamics.

Figure 36 shavs the meanvalue of cos A¢ in di-jet productionin animproved BFKL MC ap-
proach[479] that includeskinematic constraintsand running couplings(uppercurves). The jets are
completelycorrelatedi.e. back-to-backn the azimuthalplane)at Ay = 0, andasAy increasesve see
the characteristi@FKL decorrelationfollowed by a flatteningout andthenanincreasen (cos A¢) as
the kinematiclimit is approachef®. Not surprisingly the kinematicconstraintshave a much stronger

“8For ary giventransersemomentunthresholdthereis someAy atwhich thejet pair (o', v’)alonesaturateshe kinematic
limit, andemissionof additional(real) gluonsis completelysuppressedndthe azimuthalcorrelationreturns.As we approach
thatlimiting valueof Ay we thereforeexpectto seeatransitionbacktowardscorrelatedets.
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Fig. 36: Theazimuthalangledecorrelatiorin di-jet productionat the Tevatron(y/s = 1.8 GeV)andLHC (/s = 14 TeV) as
afunctionof di-jet rapidity differenceAy [479]. The uppercurvesarecomputedusingtheimproved BFKL MC with running
as; they are: (i) Tevatron,pr > 20 GeV (dottedcunwe), (i) LHC, pr > 20 GeV (solid curwe), and(iii) LHC, pr > 50 GeV
(dashedcurwe). The lower curvesarefor di-jet productionin the processgq — qqH for pr > 20 GeV (solid curwe) and
pr > 50 GeV (dashedctune).

effectwhenthep" thresholds setat50 GeV (dashecturwve) thanat 20 GeV (solid curwe); in thelatter
casemore phasespaceis availableto radiategluons. We alsoshav for comparisorthe decorrelation
for di-jet productionat the Tevatronfor p; > 20 GeV. Therewe seethat the lower collision enegy

(1.8 TeV) limits the allowed rapidity differenceand substantiallysuppressethe decorrelatiorat large

Ay. Notethatthelargercenterof-massenegy comparedo transersemomentunthresholdatthe LHC

would seemto give it asignificantadwantageasfar asobservingBFKL effectsis concerned.

The lower setof curvesin Fig. 36 refer to Higgs productionvia the WW, ZZ fusion process
qq — qqH, andareincludedfor comparisorj479]. This processautomaticallyprovidesa ‘BFKL-lik e’
di-jet samplewith large rapidity separationalthoughevidently the jets aresignificantlylesscorrelated
in azimuthalangle.

In summarythe LHC offers animportanttestof BFKL dynamicsin the productionof relatively
low transersemomentumjet pairswith a large rapidity separation.In this sectionwe have given an
overview of therelevanttheory An importantnext stepis to includethe effects of the next-to-leading
ordercontrikutionsto the BFKL kernel,andto considerotherrelatedprocessewith gluonexchangen
the crossecchannél®. On the experimentalkside, it remainsa challengeto triggeron suchlow p jetsin
thefarforwardregionsof thedetector

7.2 Small-z Effectsin Final States®

To understandhe specialfeaturesof QCD dynamicsatsmallz, it will be essentiahot only to studythe
fully inclusive crosssectiondor small« processeattheLHC, suchastheDrell-Yanprocesstdilepton
mass-squared? much smallerthanthe c.m. enegy-squaredput alsoto investigatethe structureof
the associatedinal states.Oneimportantaspecif the final stateis the numberof mini-jets produced.
By mini-jets we meanjets with trans\ersemomentaabove someresolutionscaley, wherep2 < Q2.
Thusthe mini-jet multiplicity at smallz involvesnot only Inz > 1 but alsoanotherarge logarithm,
T = In(Q?/u?), which needsto be resummed.The resultspresentedelav includeall termsof the
form (ag Inz)"T™ wherel < m < n. Termswith m = n arecalleddouble-logarithmiqDL) while
thosewith 1 < m < n give single-logarithmiqSL) corrections.The DL contritutionsto the mini-jet
multiplicity have beenobtainedin [480], andthe SL termshave beenincludedin [481,482]. In these

“SExamplesncludeqg — Wqg, gg — bbg etc.
0Contributing authors:C. EwerzandB.R. Webber



calculationsthe BFKL formalism[302,306] hasbeenused,but the resultsare expectedto hold [483]
alsoin the CCFM formalism[390,391,484,485] basedon angularorderingof gluonemissions.

Westartbyconsid.eringhegIuonstructura‘unctionatthemomentumscaIeQ2, F(z,Q?). Itisthe
sumof contritutions F("1€ (z, @2, 1i2) in which differentnumbers- of final-statemini-jetsareresohed
with transersemomentungreaterthan g,

Lz

U@, QP ) = Plaid) 0 6@ T) = [ TFRE@G@/2T).  (@9)

T

To determinethe coeficient function G(") to leadinglogarithmicorderin z, it is corvenientto applya
Mellin transformation,

1
fw(...)—/o drz’f(z,...). (89)

In w-spacethe evolution of the structurefunctionis F,,(Q?) = exp[y. (as/w)T|F, (u2), wherey, isthe
Lipatov anomalouslimensionj.e. thesolutionobtainedromeq.(81) by settingn = 0 andy = 1/2+iv,

w=—as[P() + Y1 —7) + 27 =asx(y) - (90)

TheLipatov anomalouslimensioncanbe written asanexpansionn powersof ag/w,

N (@ Jw) = % +20(3) <%>4 +20(5) <%>6 Foo (91)

o

In [482] it hasbeenshavn thatthegeneratindgunctionG,, (u,T) = > .7, ur G (T") canbewrittenas

1,(u,0)

Gw(uaT) = Iw(u,T) ) (92)
where d
I,(u,T) = / _7677T+¢w(uﬁ)’ (93)
r 7
I' beinga contourparallelto theimaginaryaxison theleft of all singularitiesof theintegrand,and
U v w
utun) = 5 [ [ -] (94)
u—1 1 asu
Onecanobtainthe momentsof thejet multiplicity distribution from the generatingunctionasfollows:
_ 9°G,
r(r—1)...(r—s+1), = exp[—7(as/w)T] e (95)
u=1
Usingthe expressiong92)-(94)we thusfind for the meannumberof jets
1 /1 X 1, ,
Fp=—— | —+ 22— T——T
Y (% Tar " X) 2/ 59)

where x’ meansthe dervative of x(v) evaluatedat y = ~.. The correspondingxpressionfor the
variancein thenumberof jets,o? = r2,, — 72, is morecomplicated482]. Interestingly the varianceis
apolynomialof third degreein T'. Thisimpliesthatthedistribution in the numberof jetsremainsharrav

for largeT" in the sensehatits width grows slower thanits mean.

Consideredas functionsof w the coeficients of the powersof 7" in eq. (96) andin the corre-
spondingexpressionfor o2 [482] exhibit bad behaiour at large valuesof as/w. This is associated
with the singularity of the leading-ordeiLipatov anomalousdimensiony, atas/w = (41In2)~t. We



would expectthis behaiour to be modifiedstronglyby higherordercorrections.Althoughthe next-to-
leadingcorrectiongo ~, areknown [67,307,400] afull calculationof the correspondingorrectionso
theassociateget multiplicity hasnot beenperformedandwould appeawery difficult.

For practicalpurposest is necessaryo determinethe multiplicity momentsasfunctionsof .

This can be doneusing (90) and the perturbatire expansion(91) of the anomalousdimension. The
inverseMellin transformatiorcanthenbe appliedto this seriestermby termusing

1 de R, <@)" _ O [@s In(1/2)]"1 ‘ 97)

omi | w z  (n—1)

In this way oneeasilyfinds a seriesfor the inverseMellin transform7(x) of 7,,, for example. We note
thatthefactorialin thedenominatomakestheresultingseriesn x-spacecorverge veryrapidly. It is then
straightforvard to computethe mini-jet multiplicity associatedvith point-like scatteringon the gluonic
componentf the protonatsmallz using

F(z,Q%) ®7(x)
F(z, Q%)

Toillustratetheeffectsof BFKL resummationve computehenumberof associategetsin central
Higgs productionat the LHC. The dominantproductionprocesgor a SM Higgs bosonat the LHC is
expectedto be gluon-gluonfusion. The productioncrosssectionfor a Higgs bosonof massMpy and
rapidity y by gluon-gluonfusionin proton-protorcollisionsat centre-ofmassenepy /s takestheform

do
dy

(98)

n(z) =

— Flw, ME) F(rz, M) C(M)., (99)

wherefor centralproductionof the Higgs (y = 0) we have 1 = 29 = Mgy /\/s, andfor LHC /s =

14TeV. C representshe gg — H vertex, which is perturbatiely calculableas an intermediatetop-
quarkloop. A morecarefultreatmentvould involve replacingthe Higgs productionvertex C(M%) by

animpactfactor C(M%, k%, k3) andcorvoluting it with unintegratedgluon densitiestaken at the off-

shellgluonvirtualities k7 and k3, respectiely. Thedependencef theimpactfactorC(M%, k%, k3) on

thesevirtualitiesis expectedto be weak,andwe have ngglectedit to arrive ateq.(99). ThenC cancels
in themeannumberof mini-jetsandits dispersionandwe do not needto know its detailedform.

Sincethegluonemissionsn theregionsof positive andnegative rapidity areindependentye can
simply addthe numbersi; = n(z1) andns = n(xs) of mini-jetsproducedn theseregions. Themean
multiplicity N of associatednini-jetsbecome?

N(z) =ny +n2 = 2n(x), (100)
wheren(z) canbecalculatecasin (98) afterreplacing@? by M?%. Similarly, thevarianceis
oR(x) = an(21) + 05 (22) = 207 (x) . (101)

Thevariances? canbe obtainedn asimilar way asthe mean(for details,seeref. [482]).

We have calculatedhe dependencef N ando ontheHiggsmassM g usingtheleading-order
MRST gluondistribution [28]. Our numericalresultsareshawvn in fig. 37. The DL results,obtainedby
keepingonly thefirst termin eq.(91), give anexcellentapproximatiorandthe SL termsarelesssignif-
icant. We seethatthe mini-jet multiplicity andits dispersiorareratherinsensitve to the Higgs massat
the enegy of the LHC. The meannumberof associatednini-jetsis ratherlow, suchthatthe identifica-
tion of the Higgs bosonshouldnot be seriouslyaffectedby them. In view of the rapid corvergenceof
the perturbatre seriesin z-spacewe do not expectthe resultfor the mini-jet multiplicity to be strongly
modifiedby higherordercorrections.

1We do not countary jetsemeging from the protonremnants.
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Fig. 37: The meanvalue and dispersionof the numberof (mini-)jets in centralHiggs productionat LHC for two different
resolutionscalesur. Solidlinesshaw the SL resultsup to the 15thorderin perturbatiortheory dashedinescorrespondo the
DL approximation.

7.3 The next-to-leadingcorrections?

As hasalreadybeendiscussedin practically all experimentalcontets, the LL BFKL equationdails
to reproducethe data. It is likely that the problemis due to the presenceof significantsub-leading
corrections.

The next-to-leadinglogarithmic(NLL) correctiontermsag(ag In s)™ arethereforeof particular
interest. Suchtermscanarisefor examplefrom configurationscontaininga pair of particleswhich are
closein rapidity, or dueto the runningof the coupling. We write the kernelof the BFKL equation(78)
as

K [fu(gar, @r)] = Kol fu(qass ap)] + @s K1l fu(qar, ap)] + O (@) . (102)

whereKy is the LL kernel(79), and C; containsthe NLL corrections. A numberof differentpieces
contrituteto K1 : theemissionof two close-in-rapiditypartons(two gluons[401,486] or a g pair[398,
399,402,487,488]) from the gluonladder;the one-loopcorrectiond395-397,489,490] to theemission
of agluonfrom theladder;the NLL correctiongo areggeisedyluon[393,394,491,492]. Thevarious
pieceswvereputtogetherin [67,307,400].

The resultingcorrectionshave a numberof interestingfeatures suchasthe fact that they imply
theemittedtrans\ersemomentumasbeingtheappropriatescalefor ag, andcertainpartsof theresulting
kernel can be associatedvith physicalcontributions suchasthe finite-z part of the DGLAP splitting
functions. However from the point of view of their directusein phenomenologythe NLL corrections
presentproblems:applyingthe NLL kernelto the LL eigenfunctions(k? ), with v asin eq.(90), the
BFKL exponentbecomeg67,307]

A~ 41n2ag(1 — 6.2ag), (103)

andinsertingavalueof ag = 0.2 relevantfor mary BFKL studiedeadsto a negative power. A detailed
study of the resummatiorof the kernel revealsthe even worsepropertythatfor ag > 0.05 the NLL
correctiondeadto negative crosssectiong493].

7.31 BeyondNLL

At first sight one might thereforeconcludethatthe NLL correctionsremove all predictive power from
BFKL physics.Variousgroupshave however proposedatherdifferentapproachesor theinclusionand

S2Contrituting author:G.P Salam.



resummatiorof higherordertermswith a view to stabilisingthe perturbatie series.Threebasicstrate-
gieshave beensuggestedBLM resummatiortogetherwith an appropriateschemechange a rapidity
veto,andresummatiorof collinearlyenhancederms.

A standardapproachin situationswherethe perturbatie seriesconergesslowly is to apply a
scalechange. One suchprocedurels BLM scalesetting[494], whereit is aiguedthat for any given
obsenable, someof the NLL correctionscomefrom the natural scalebeing different from Q?, and
that the appropriatescalecan be deducedfrom the coeficient of the Ny-dependenpart of the NLL
correction.In [416] the procedurds appliedto the BFKL NLL corrections.The authorsfind thatin the
MS schemeBLM scalesettingmaleslittle differenceto the poor cornvergenceof the series.They then
shaw thatin certainotherschemesnotablythe MOM (basedon the symmetrictriple-gluonvertex) and
T (basedn Y — ggg decay)schemesthecoeficientof the N, dependencis significantlymodified—
the BLM resummatiorthenhasa muchlarger effect leadingto an estimatefor the exponent,\ ~ 0.15
fairly independentlyof Q2. The problemof negative crosssectionsstill persistshowever, albeitto a
lesserextent. Therearealsoquestionsegardingthe naturalnessf the particularschemechoiceshatare
requiredin orderto obtaina stableanswertherebeingagumentsothfor andagainst.

The rapidity veto approacthasbeenstudiedin detailin [417]. The backgroundf this approach
is thatthe BFKL kernelis formally valid only for branchingsseparatedy a large rapidity — but to
obtainthe high-enegy power-gronvth one then normally integratesover all possiblerapidity intenals
betweensuccessie branchingsjncluding smallrapidities. Onecanequallywell placea rapidity veto,
i.e. integrateonly over rapiditiesbeyond somecut, Ay, of orderl or 2. This correspondso introducing
a setof correctionsat NLL andbeyond, and one arguesthat part of the actualNLL correctionsmay
comefrom somethingakin to sucha rapidity veto. Onethen studiesthe effect of the rapidity veto at
all orders(while fixing the NLL corrections).This wasdonein [417] whereit wasfoundthatfor large
rapidity vetoeg(Ay > 2.2) theexponent) is quite stableagainstvariationsin Ay andthatthe problems
of negative crosssectiongdisappearBut for smallerrapidity vetoesthe usualproblemspersist.

The two above approachegonjecturesomenewn physical effect (naturalnon-Abelianscheme,
rapidity veto). Thethird approachs alittle differentin thatit takesthesmall« kernelandsupplementg
in suchaway asto renderit consistenwvith DGLAP evolution in the collinearandanti-collinearimits,
i.e. whereoneof theinteractingobjectshasamuchlargertrans\ersescalethantheother Themotivation
for doing this comesfrom the obsenration thatwhile the convergenceof the small« expansionis poor
for normalhigh-enegy scattering(both objectsof the sametranswersescale),for (anti)collinearhigh-
enegy scatteringhe expansionbecomegar worseandso mustbe resummedtechnicallyspeakingthe
LL characteristidunctior?® y,(v) divergesas1/~ in thecollinearlimit v — 0, while theNLL function,
x1(7), divergesas1/+3. Sincethestructureof thesedivergencess governedby collinearphysicsi,it can
be calculatedat all orders.It turnsout thattherearedoubleandsinglecollinearlogsandalonethey are
responsibldor mostof theNLL correctionevenoutsidethe collinearregion. They have beenresummed
respectiely in [308,495]and[309,420], leadingto a stableresultfor the exponent\, freeof theproblem
of nggative crosssections.The dependencef A\ on ag is shavn in figure 38, togethemwith theleading
andnext-to-leadingresults for comparison.Thereis relatively little dependencen change®f scheme
andscal€e/420] andontheadditionalintroductionof arapidity veto[418]. Thisapproachhereforeseems
to bethe mostlikely candidatdor practicalphenomenology

7.32 Spin-ofs fromthe NLL results:undestandingrunningcoupling

Oneof the spin-ofs of the NLL correctionswasthatthey identifiedthe correctscaleto be usedin the
kernel: as(q?), whereq is the emittedtransersemomentum. However to understandhe effects of
runningcouplingin high-enegy crosssectionst is necessaryo understandhe iteration of the kernel

*3In the notationof Sect. 7.1 and generalisingeq. (90), w(v,0) = @sxo(1/2 + iv) + @ax1(1/2 + iv) + .... Higher
azimuthalcomponentsv(v,n > 1) arenotincluded. However, they contribute only to azimuthalanglecorrelationssuchas
thosediscussedn Sect.7.1.
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Fig. 38: Thehigh-enegy exponentin variousapproaches) is the exponentrelevantto processesuchasMueller-Naveletjets,

includingtheNLL correctionsandcollinearimprovementsthe equivalentexponentrelevantto anomalouslimensionss .

with runningcoupling. The two contexts of interestarefor quantitiessuchasMueller-Naveletjets,and
for anomalouslimensions.

In the former, onehasa situationwherediffusion takes placeboth abore andbelow the scaleset
by thejets. The runningof the couplingcausesliffusionbelow thetypical scaleE? of thejetsto been-
hancedcomparedo thatabore — asaresult,astherapidity separationncreaseanddiffusionincreases,
evolution belov E? is increasinglyfavoured,andthe crosssectiongrows fasterthan ANEDY: anextra
term appearsn the exponent,proportionalto ag(EE)Y?’ [426,496]. This causeghe effective power
growth to increasegradually A secondrecentlyhypothesise@ffect calledtunneling[421], shouldata
certainpoint causea suddernincreasdn the obsered power growth, asthe contritution from very-low-
scaleevolution becomesargerthanthatfrom evolution at scalesof order E2. This happenstarapidity
of Y ~In QQ//\p, where\p is the exponentcharacteristiof low scaleslt remainsto be seenwhether
suchaneffectwill bephenomenologicallpbserable.

Anotherquantityfor which running couplingeffectsturn out to be very importantis anomalous
dimensionspr equivalently small« splitting functions. Very schematicallyanomalouglimensionsata
scaleQ? seemto involve small< branchingonly abore Q?: branchingoelow thatscalehasalreadybeen
factorizedout. Consequentlyhey samplea region wherethe runningcouplingis smallerthanag (Q?).
Thusthe obsened small« exponentof the anomalousiimension A, (Q?), is smallerthanthe exponent
A\(Q?) relevantin sayMueller-Naveletjetswith scaleE? = Q? [420,421,497]. An alternatve point of
view [415,419]is discussedn Sect.5.4.

8. DOUBLE PARTON SCATTERING 5% 55
8.1 Intr oduction

The large flux of partons,which becomesavailable for hard collisions at high enegies, justifies the
expectationatthe LHC, of sizeableeffectsdueto the unitarizationof the hardcomponenbf theinter
action. In factit is not difficult to foreseehardcollision processesvith a crosssectionlarger thanthe
total crosssectionitself [498,499]. Sucharesultis notinconsistentjf onekeepsinto accountthatthe
inclusive crosssectiondescribedy the singlescatteringexpressiornf the QCD-partormodel,includes
a multiplicity factorwhich keepsinto accountthe possibility of having several partonicinteractionsin
the samehadronicinelasticevent[500,501]. The possibility of hardprocessesvith multiple partonin-

®4Sectioncoordinator:D. Treleani.
5Contrituting authors:A.Del FabbroandD. Treleani.



Fig. 39: Doublepartonscattering. Fig. 40: Graphicalrepresentatioof Eq. 104.

teractionsnamelydifferentpair of partonsinteractingindependentlyvith alarge momentuntransferin
the samehadroniccollision, wason the otherhandforeseeriong agoby several authors[502-514]. In
amulti-partoninteractionthe differentpairsof interactingpartonsareseparatedh transersespaceby a
distanceof theorderof thehadrornradius.As aconsequencthetransersemomentehave to bebalanced
independentlyn thedifferentpartoniccollisions,giving in thisway awell definedcharacterizatioto the
process.Thesimplestevent of thatkind, the doublepartonscatteringhasbeenatopic of experimental
searchof all high enegy hadroncollider experimentssinceseveralyears[515-517]. While initially the
resultshave beensparseandnot very consistentyecentlyCDF hasreportedthe obsenration of a large
numberof eventswith doublepartonscattering$175,176].

8.2 Crosssectionfor double parton scattering

Theinclusive crosssectionof a doublepartonscatteringhasa simple probabilisticexpression.Interfer
enceeffectsbetweerthetwo partoniccollisionsarein factnegligible, sincethe partonicinteractionsare
localizedin a much smallerregion, with a size of the order of the inverseof the momentumtransfer
ascomparedo the distancein transersespacebetweenthe different partonicinteractions. The non-
perturbatre componentf the procesgetsfactorized asa consequencento a functionwhich depends
on the fractionalmomentaof the partonstaking partthe interactionandon their distancen trans\erse
spacewhich hasto bethe samefor boththetametandthe projectilepartonsjn orderto have thealign-
mentwhichis neededor theinteractionto occur Oneobtainsthereforefor the doublepartonscattering
crosssectionthe expressionseefig. 40)

op =3 /pm (1, 22;0)6 (x1, 216 (x0, 25T g(2], 2h; b)dry do dwodah,d®h (104)
wherethe non perturbatie input is the two-body partondistribution I'(z1, z2; b), whoseamgumentsare
the two fractionalmomenta,z; andz-, andthe distanceof the two partonsin transersespaceb. The
partoniccrosssections¢ (z, z’), areintegratedon themomentuntransfer atafixedvalueof thepartonic
centerof massenegy, andthe cutof p$% is introducedto regularizethe singularityat small p;- andat
smallz values.Thetwo-bodypartondistributionsI'(z1, zo; b) representhe new propertyof thehadron
structurewhich becomesccessibléhroughthe obseration of the doublepartoncollision processesit

is anon perturbatie quantitywhich is independenon the one-bodypartondistributions,namelyon the
non-perturbatie input to the large pr processesisually considered.The two-bodypartondistributions
arein factrelateddirectly to the two-bodypartoncorrelationsn the hadronstructure.

If the two pairs of partonsundegoing the hard interactionsare not correlatedin = andif the
dependenc®n b can be factorized,the two-body parton distributions are neverthelessexpressedas
[(x1,22;0) = f(x1)f(x2)F(b), where f(x) is the usualone-bodypartondistribution, appearingn



large pr inclusive processesand F'(b) is a function which describeghe distribution of the partonsin
transersespace With theseassumptionthe crosssectionfor adoublepartoncollisionleads,n thecase
of two indistinguishablgartoninteractionsto the simplestfactorizedexpression

cut)12
cu os\D
UD(th):i[ 2(07;7)] , (105)

whereog is the usualinclusive crosssectionof the perturbatre QCD, i.e. the corvolution of parton
distributions with the partoniccrosssection,p5** is the lower integrationthresholdando, ¢ ¢ is a scale
factor with dimensionof a crosssection. It is the resultof the integration on the trans\ersedistance
b, actuallyl/o.;; = [ d*bF?(b). All theinformationon the partoncorrelationin trans\ersespaceis

summarizedn o, [518]. Thegeometricabrigin of o, ; justifiesthe expectationthatits valueis both

aenegy andcutof independenguantity

The doublepartonscatteringprocesshasbeenmeasuredat Fermilabby CDF by looking at final
stateswith threemini-jetsandonephoton[175,176]. The measuredalueof thescalefactoris:

Oepr = 14.5 £ 1.775 T mb. (106)

In thelimited rangeof = experimentallyaccessibleg. sy doesnot shav evidenceof dependencenthe
fractionalmomentawhich indicateshatthe simplesthypothesesbore arenotin contradictiorwith the
experiment.

The qualitative featuresof the doublepartonscatteringprocessare easilyreadin the factorized
expressionin Eqg. (105). As a consequencef the proportionalityof op with ag, the double parton
scatteringcrosssectionis characterizedy a rapid decreasdor p; — oo andby a rapid growth for
pr — 0. As for the enegy behaior, op increasedasterwith s ascomparedo the single scattering
crosssection(it goesasaz). Multiple partoncollisionsarethereforeenhanceatthe LHC.

8.3 Four jet production

The mostohvious casewheremultiple partoncollisionsplay arole at high enegy is in the production
of jets, sincetheintegratedcrosssectioncaneasilyexceedthe unitarity limit atlarge enegiesandwith
afixedvalueof p5**. Onehasin factthat,for ary valueof p3*‘, whens is sufficiently large os > 0,1
The simplestcaseto consideris the productionof four large p; jets,whereonecancompareheleading
(2 — 4) processwith the power suppresse® — 2)? doublepartoncollision.

In fig. (41) we shaw the expectedratesof productionof four large pr jetsin the centralrapidity
region (|y| < 3) with thetwo differentproductionmechanismsasa function of the lowestvalueof the
transersemomentaof the producediets p7*. The continuouscure is the expectedcrosssectionas
from theleadingQCD productionmechanisni2 — 4) [122,519]. Thedashecturwe is thedoubleparton
collisions(2 — 2)? crosssection.Thecurwve representinghedoublepartoncollisionin fig. (41) hasto be
regardedasalower limit, ratherthanasthe expectedateof thedoublepartoncollision processsinceno
factor K, accountingor higherordercorrectiontermsin «.g, hasbeenincludedin theevaluation.Notice
thathigherordercorrectiondn ag will contritute with afactor K2 in the doublepartoncollision cross
section. The overall qualitative featureis that, at the LHC, the doublepartoncollision dominateswith
respecto theleadingQCD singlescatteringnteractionwhenoneof thejetshasatransersemomentum
which becomesslow as20 GeV.

8.4 [+ bb production

Although multi-partoncollisionshave beenmostly consideredo describethe multiplicity distributions
in high enegy hadronicinteractions(for a discussionof multi-partoninteractionsat LHCb, we refer
the readerto the Bottom ProductionChapterof this Report),the role of multi-partoncollisionsis not
limited to the caseof productionof large or relatively large p; jets. Onemayfind in factvariousother
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Fig. 41: Integratedcrosssectionfor productionof four jetswith |y| < 3 asafunction of the lowesttransyersemomentumof
thejets p#*". The continuouscurve is the expectedcrosssectionasfrom theleadingQCD productionmechanisn® — 4, the
dashedture is the expectedcrosssectiondueto the contritution of doublepartoncollisions(2 — 2)2.

processesf interestattheLHC wheremultiple partoncollisionsarerelevant[173,174]. While o, sy may
dependn principle on the differentspeciesf partonsinvolvedin theinteraction,o. sy shouldnot vary
muchin the differentprocesseandonewould expectthatit is, to a large extent, a processndependent
gquantity[178]. Wewill thereforeconsideiit, in thefollowing, asa universalquantityandwe will usefor
o.rs thevaluewhich hasbeenmeasuredn the CDF experiment. The crosssectionof a doubleparton
interactionresultingfrom thetwo distinguishablgartoncollisions A and B, is thereforeexpresseds

op = 2A%8 (107)
Oeff

As a meaningfulexample we have consideredhe productionof an isolatedlepton and of a bb pair
[520], which representgninterestingchannelto detectthe Higgs bosonproductionat the LHC in the
intermediateHiggs massrange,80GeV < Mgy < 150GeV. A backgroundo the procesp + p —
WH + X, with W — [y, andH — bb, is representetly the doublepartonscatteringnteractionwhere
theintermediaterectorbosoni?’ andthebb pairarecreatedn two independenpartoninteractionsf one
usess (W) x BR(W — ly;) ~ 40nb [10] ando(bb) ~ 5 x 10?ub, oneobtainsfor the doublecollision
crosssectionthevalueof 1.4 nh. TheHiggsproductioncrosssectionsp+p — WH + X, with W — [
andH — bb, hasbeenestimatedo beratherof orderof 1 pb[521,522]. Obviously the threeordersof
magnitudeof differencein theintegratedcrosssectionaremainly dueto the configurationsvherethe bb
pairis producedvith aninvariantmasscloseto thethresholdof bb production. Theexpectedbackground
to the Higgs productionsignal,causedy the doublepartoncollision processijs shavn in fig. (42) asa
functionof theinvariantmassof the bb pair.

In fig. (42) we have plottedthe expectedsignalin the bb invariantmassdueto the Higgs boson
productionfor threepossiblevaluesof the Higgs mass,80, 100 and 120 GeV. The dashedine is the
doublepartonscatteringoackgroundat the LO in perturbationtheory The continuoudine is the result
for the doublepartonscatteringoackgroundvhencomputingthe bb crosssectionat ordera?, [251].

In fig. (43)we compardhesignalandthebackgroundafterapplyingall thetypical cutsconsidered
to selectthe Higgssignalin this channe[521]:

- - for theleptonwe require:p}. > 20 GeV, |5'| < 2.5 andisolationfrom thed’s, AR, > .7
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Fig. 42: Doublepartonscatteringoackgroundo Higgs bo-
sonproductionin associatiorwith a W asafunctionof the
bb invariantmass. The expectedHiggs signalis for three
possiblevaluesof the Higgs mass,80, 100 and 120 GeV.
The dashedine is the backgroundat the LO in perturba-

Fig. 43: The backgroundso Higgs bosonproductionis
comparedvith thesignalafterthecuts(seemaintext). Dot-
tedline: singlescatteringcontritution to the Wbb channel.
Dashedine: doublepartonscatteringbackground Contin-
uousline: total estimatedackground.

tion theory Thecontinuoudine is theresultfor thedouble
partonscatteringoackgroundvhencomputingthe bb cross
sectionatordera [251].

- - for thetwo b partonsipf. > 15 GeV, 1’| < 2andAR, ; > .7

As in the previous figure the Higgs signalin the bb invariantmasscorrespondso threepossible
valuesfor themassof theHiggsboson 80, 100 and120 GeV. Thedottedline is the singlepartonscatter
ing backgroundwherethe W bb stateis createddirectly in asinglepartonicinteraction.Thedashedine
is the expectedbackgroundbriginatedby the doublepartonscatteringorocessgevaluatedby estimating
the bb productioncrosssectionat O(a). The continuoudine is the total expectedbackground.n the
calculationsof the backgroundandsignalwe used for the LO matrix elementsthe package®adGraph
[133] andHELAS [523]. Theintegrationwasperformedoy VEGAS [141] with the partondistributions
MRS99[10].

Also after usingthe morerealistic cutsjust describedthe doublepartonscatteringrocesse-
mainsa rathersubstantiacomponenbf the backgroundasonemay seeby comparingin fig. (43) the
total backgroundestimate(continuouscurve) with the more corventionalsingle scatteringbackground
estimatgdottedcurve).

8.5 Summarizing remarks

At theLHC onehasto expectlargeeffectsfrom multiple partoncollisionsin variousprocessesf interest.
To the purposeof illustration, we have presentlystudiedthe productionof a bb pair in associatiorwith
a W boson,followed by the decayW — [v, in the massrangeM,; ~ 100 GeV. The channelis of
interestfor theobserationof theHiggsbosonproductiorwhentheHiggsmasss belav thethresholdof
W+W~ production.We find that,if oneappliesthe standarctutsto thefinal stateusuallyconsideredo
isolatethe Higgs signalin this channel the backgroundiueto doublepartonscatteringgbb pair and W
bosonproducedn two differentpartonicinteractions)s comparable¢o the moretraditionalbackground,
wherethe bb pair andthe W bosonareproducedn asinglepartoncollision. A similar situationcanbe
expectedwith severalotherfinal states:



e 7bb,

W + jets, Wb + jets andWbb + jets,

tt — 11bb,

e th — bbly,

o bb + jets,

o final stateswith mary jetswhenp?¥™ ~ 20, 30 GeV.

The well definite characterizatiorof the statesproducedby the multiple parton scatteringprocesses
allows nevertheles®neto figure out moreefficient selectiorcriteriato getrid of this furtherbackground
sourcepr to measuret in aprecisewvay. Thepresentnalysishowever pointsoutthat,asaconsequence
of the enhancedole of multiple partoncollisionsat high enegy, a detailedandsystematicstudyof the
expectedratesandbackgroundsgdueto multiple partoncollision processess of greatimportanceatthe
LHC andit representsneof thetopicswhich have to beaddressederiouslyin the next future.

9. BACKGROUNDSTO NEUTRAL HIGGS BOSONSSEARCHES®® 57
9.1 Intr oduction

Themostimportantgoalof the physicsprogrammeof the LHC experimentsATLAS [1] andCMS [524]

is to performmeasurementshichleadto theunderstandingf the mechanisnof electraveaksymmetry
breaking. In the framevork of the SM, aswell asits extensions,e.g. supersymmetric(SUSY), it

translatesnto the major topic of Higgs bosonsearchesThe SM assume®nedoubletof scalarfields,
implying the existenceof one neutralscalarparticle. In SUSY models,the Higgs sectoris extended
to containat leasttwo doubletsof scalarfields leadingto the predictionof five Higgs particles,three
electricallyneutralandtwo chaged. Thefollowing discussiorfocuseson neutralbosons.

The Higgs bosonmassremainslargely unconstrainedn the SM. From perturbatre unitarity ar
gumentsan upperlimit of ~ 1 TeV canbederved. The requirement®f stability of electraveakvac-
uum, and of perturbatie validity of the SM seenas an effective theory allow to setupperand lower
boundsdependingon the cut-off value chosenfor the enegy scaleup to which the SM is assumedo
be valid [525-535]. If the cut-of is assumedo be aboutthe Planckmass,which meansthat no new
physicsappearaup to that scale,the Higgs bosonis predictedto be in the range130-190 GeV. This
boundbecomesvealerif nev physicsappearstalower massscale.A globalfit to all electraveakdata
in the SM framework seemdo favour aratherlight Higgsboson:my = 767452 GeV [536]. Moreover,
SUSY extensionof the SM genericallypredictthe existenceof oneratheright neutralHiggsboson(e.g.
roughlympyg < 130 GeVin theminimal SUSY extension).The LEP2 experimentsaresearchingdiggs
bosonswith massesipto about110GeV [537]. Assumingthatno Higgsbosonwill befoundatLEP, the
above indicationsraiseeven moreinterestin the Higgs bosonsearchesit LHC in theintermediatanass
rangefrom 95 GeVto 2m .

The Higgs bosonsearchescenariopreparedy the ATLAS [1] andCMS [524] Collaborations
cover a large spectrumof final statesignaturesn this massrange. Therare H — ~v decaymode
is expectedto be accessiblén inclusive Higgs productionin the massrange90 -140 GeV alreadyfor
anintegratedluminosity of 100 fb~!. This obserability canbe alsocomplementedy looking at an
additionaljet (productionin associatiorwith jets)or leptonin thefinal state(t¢tH, W H, Z H associated
production). The additionalisolatedleptonin the final statewill also allow to accesshe dominant
H — bb decaymode,andsuchobsenability hasbeenestablishedn the ATLAS searchescenariogor
thett H productionchannel Higgsdecayinto W Win inclusive or associategroductionleadto theclean
signatureof 2 or 3 leptonsin thefinal state.A signaturewith evenhigherleptonmultiplicity is provided
by the H — ZZ* channelin the inclusive and associategroduction. The possibleobserability of

63ectioncoordinatorsyJ.-P Guillet, E. Pilon andE. RichterWas.
57Contril:uting authors:T. Binoth, D. deFlorian,M. Grazzini,J.-P Guillet, J. Huston,V. llyin, Z. Kunszt,Ph.Ming, E. Pilon,
E. RichterWasandM. Werlen.



the latestoneis still underinvestigation,aspresentedelav. A rich spectrumof final statesignatures
was proposedrecently which explored WW and ZZ fusion mechanismgproducinga Higgs boson
in associatiorwith two forward/backvard jets. The obserability of the H — vy, H — 777~ and
H — WW* asestablishedofarin [538-541] atthe particlelevel seemssery promising.

Giventhevery large spectrunof final statesignaturesvhich have becomeof interestin theinter
mediatemassrange,this sectionwill befocusedon recentprogressn the evaluationof backgroundso
two-photonand multi-lepton signaturesandin the obserability of the latterin associategoroduction.
Recentresultsconcerningthe two-photonbackgroundn the massrange90 - 140 GeV, togetherwith
the NLO contritution to the signal of associategroductionH + jet, aregivenin Sect.9.2. A recent
investigationon W H associategroductionfor mg > 140 GeVis presentedn Sect.9.3.

9.2 Thetwo-photonchannelin the massrange 90 - 140GeV

In this range the mostpromisingchanneis H — ~v. Thebranchingatiois however smalP® , typically
B(H — ~v) ~ O(1073), andinitially the backgrounds eight ordersof magnitudelarger than the
signal. This backgrounds splittedinto two componentsgalledirr educibleandreducible

9.21 Irreduciblebadkground: promptphotonpairs.

This classof backgroundcomesfrom promptphotonpair production,where“prompt” meansthatthe
photonsdo not comefrom the decayof highpr 7 or 5, but from hard partonicinteractions.A large
amountof thisbackgroundwhichwe thereforecall irr educible passeshe photonisolationcuts. Further
kinematiccuts have to be usedto suppresst. Regardingthe efficiency of backgroundrejection,one
maydistinguishbetweerthe signalprocessesf inclusiveproduction,andof associategroduction(and
correspondingpackgrounds)Thefirst classyields higherratesthanthe secondone. On the otherhand,
kinematicalcuts are more efficient in the caseof associategroduction,and the backgroundmay be
theoreticallybettercontrolledthanin theinclusive case.Thesessuesarediscussedn thefollowing.

Medanismsf promptphotonpair production.
Schematicallythreemechanismproducepromptphotonpairswith a large invariantmass:the “direct”
mechanisnproducesoth photonsdirectly from the hardsubprocesghe “single-fragmentationtnech-
anism, instead,involves preciselyone photonresultingfrom the fragmentationof a hard parton; the
“double-fragmentatio’” mechanisnyieldsbothphotonsby fragmentationTopologically a photonfrom
fragmentations mostprobablyaccompanietdy ajet of hadronsthereforewill bemorestronglyrejected
by theisolationcriterion. Froma calculationalpoint of view, this schematiclassificatioremepgesfrom
the QCD factorizationproceduredescribedn Sect.1. (see[237] for moredetails).Althoughthis classi-
ficationis convenient,onehasto keepin mind thatthe splitting betweerthesedifferentcontrikutionsis
arbitrary: noneof thesecontritutionsis separatelyneasurablepnly their sumis. Dueto the high gluon
densityat LHC, “single-fragmentatin” dominategheinclusive productionof promptphotonpairs. Be-
yondNLO, anew procesof the“direct” typeappearstheso-calledbox gg — ~ contritution. Strictly
speakingjt is aNNLO contritution. However, the large gluonluminosity at LHC magnifiesit to a size
comparablavith theBorntermgg — ~+ in theinvariantmassanged0- 140GeV. Thereforat is usually
includedin LHC phenomenologicadtudieg§235-237,544-548].

Recenimprovements

Early calculations[544,545] of photon-pairproductionwere not suitableto estimatethe background
to Higgs bosonproduction. A first improvement[235,546,547] implementedheseresultsin a more
flexible way by combininganalyticalandMonte-CarlotechniquesFollowing a similar approachrecent
work goesfurtheralongtwo directions.

*8The crosssectionfor the productionof a SM Higgs bosonat the Tevatronin this rangeis ~ 1pb, not enoughto allow a
searchin this modegivenits smallbranchingratio. A searchfor anon SM Higgs Bosonin this modehasbeencarriedout by
both CDF andD ¢ with negative conclusiong542,543].



In [236,548], multiple soft gluonseffectsin the “direct” contritution are summedto next-to-
leading logarithmic accurag in the Collins-Soperframavork. This provides a predictionfor semi-
inclusive obserablessuchasthe transersemomentum(qgr) distribution of photonpairsthat extends
over thewhole spectrumthanksto a matchingbetweernthe resummedart (suitedfor thelow g peak)
anda fixed ordercalculationfor the high ¢ tail. Thesefeaturesareencodedn the computerprogram
RESB0$236,548]. In this calculation,the “single-fragmentatich contrikution is evaluatedat LO and
“double-fragmentatio” is neglected.

Another recentimprovementis the computationof the NLO correctionsto both fragmentation
contritutions(usingthe setof NLO fragmentatiorfunctionsof [433]), which providesa consistenNLO
approximationsuitablefor inclusive obserables. This calculation,also implementedin a computer
codeDIPHOX of Monte Carlotype, is describedn [237]. No soft gluon summationhasso far been
implementedn [237].

Effectsof isolation

Actually, the isolation requirementsjmposedexperimentallyto suppresshe reducible background,
severely reducethe fragmentationcomponentstoo (which, properly speaking,are thus not really ir-
reducibl&®). Theisolationcriterioncommonlyusedis schematicallghefollowing®. A photonis called
isolatedif, inside a coneaboutthe photon, definedin rapidity and azimuthalangleby ( — 777)2 +
(¢ — ¢4)? < RZ thedepositedransersehadronicenegy E2%? is lessthansomespecifiedvalue
Er e Severeisolationrequirementsas Fr .. = 5 GeV insidea coneof radiusR = 0.4, sup-
pressthe "single-fragmentationtomponenby a factor20 to 50, andkill the “double-fragmentatio’
contritution, sothatthe productionof isolatedphotonpairsis dominatedoy the “direct” mechanisrft.
Isolationimplieshowever thatoneis not really dealingwith inclusve quantitiesarymore. Althoughthe
factorizatiorpropertyof collinearsingularitiesstill holdsin this casg443,446], infrareddivergencesan
appeainsidethe physicalspectrurmfor somedistributionscalculatedat fixedorder e.g. NLO, accuragy,
dueto isolation. Theappearancandthe patternof thesesingularitiesdependstronglyon thekinematics
andon thetype of isolationcriterionused.Moreover, potentialinfraredinstabilitiesmay affect thereli-
ability of the predictionswhena very low valueof Er.,.., comparedo the pr of theisolatedphoton,
is used.A betterunderstandin@f theseproblemsis required( see[237] andSect.6. for amoredetailed
discussion).

Phenomenolgy

Our understandingf photonpair productionis alreadytestedat the Tevatron[553-555]. A compar

ison of the CDF di-photoncrosssectionto NLO and resummedpredictionsis shavn in Fig. 44 (for

a recentcomparisorwith D¢ datasee,e.g.,[237]). Measurednclusive obserables,suchasthe in-

variantmassdistribution, eachphotons p7 distrikution, the azimuthalangle(¢-,) distribution of pairs,

agreereasonablywell with NLO calculations[235,237,544-547]. However, the measuredi-photon
gr distribution is noticeablybroaderthanthe NLO prediction,but it is in agreementvith theresummed
predictionof [236,548]. This is expectedsincethe ¢ distribution is particularlysensitve to soft gluon

effect$? [196].

*This misleadingterminologysometimeg549,550] leadsto call irreducibleonly the “direct” componentandreducible
the 7%, n, etc plus the “fragmentation”components.Although it seemsintuitive at LO, this alternatie classificationis ill
definedbeyond LO, asthe splitting between‘fragmentation”’componentand higherordercorrectionsto the “direct” oneis
theoreticallyambiguous.

%Thisisolationcriterionfor singlepromptphotonproductionis discussedh thetheoreticaliteraturein Refs.[442,443551,
552] (e"e™ collisions)andin Refs.[229,230,439,440,446] (hadroniccollisions). An alternatve criterion hasbeenrecently
proposedn [232]. More discussioron theissueof isolationcanbefoundin Sects6.

51The situationis essentiallythe samefor a lesssevere cut as Ermaez = 10 GeV. Note however that sucha partonic
calculationignoresthe hadronictranswerseenegy splashedn by underlyingevents. Thevalueof E1 4. usedin this type of
calculationmaythenbe consideredsaneffective parametersmallerthanthe actualvalueusedexperimentally This issuehas
still to beclarified, especiallywhenthe experimentalalueis nearlysaturatedy underlyingeventsandpile-upeffects.

®2Infraredsensitie distributions,suchasthe ¢r distribution neargr — 0, andthe ¢.,, distribution nearé., — =, canbe
reliably estimatedonly with resummedtalculations.Note that, for the ¢, distribution near¢., — , notonly the “direct”
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componentlivergesorderby orderandrequiresa soft gluonsummationput alsobothfragmentatiorcontritutions. This much
morecomplicateccasehasnot beentreatedyet.



The resultsfrom Run 1 at the Tevatronwere obtainedwith lessthan 100 pb—! of data. During
Run 2, a datasampleapproximately20 times aslarge will be available, allowing both the di-photon
signalandits backgroundo be studiedin detail. In particular the di-photongr distribution will be
measuredo muchgreaterprecision,allowing a studyof the ¢ resummatiortechniquegor a gg initial
state necessaryor both Higgsanddi-photonproductionat the LHC [196].

Onthetheoreticakide,scaleambiguitiesaswell asthe uncertaintiesrom unknavn beyond NLO
correctionglaguethepredictions A studyof scaleuncertaintiehasbeenperformed237] for inclusive
obserablessuchasthe invariantmassdistribution of photonpairsat LHC in the range90 - 140 GeV,
(Fig. 45). In theisolatedcasewith Er,,.. = 5 GeVinsidea conewith R = 0.4, the scaleuncertain-
tiesaredominatedby the dependencesn the factorizationandrenormalizatiorscalesM andy; while
the fragmentationscale(1/¢) dependencés negligible dueto the strongsuppressiorof the fragmen-
tation contritution. The scaleuncertaintiesare rathersmall (lessthan 5%) whenthe factorizationand
renormalizatiorscalesaresetto be equalandarevariedbetweenn.,, /2 and2m... Ontheotherhand,
anti-correlatedvariationsof M andy in thesamerangeleadto still ratherlarge (upto 20%)uncertainties.
In summary the higherordercorrectionsn promptphotonpair productionarenot fully undercontrol
yet. The consistentalculationat full NNLO accurag would involve, in particular two-loop¢g — vy
amplitudesandthe NNLO evolution of the partondistributions. Despiterecentprogresg70,288-290]
in this directior?®, sucha NNLO descriptionis not yet available. Furthermore the box contritution
gg — v isthelowestordertermof anew subprocessReducingts scaledependenceouldinvolve the
calculationof N3LO correction&*. Meanwhile,preliminarynumericalcomparison$ave beeninitiated
betweerthesenew NLO (andresummedpartoniccalculationsandMonte Carloeventgenerator§l196].
They have to be pushedurther

9.22 Reduciblébadkground

Beforeary cutis applied,mostof the H — ~+ backgrounccomesfrom large; 7°, n or w, decaying
into photons. It canbe severely reducedby imposingcombinedgeometricand calorimetricisolation
criteria. A smallfraction of this hugebackgroundgonsistingin large isolatedr” or  maystill pass
suchcuts. Earlier estimationsof this backgroundrely on Monte Carlo event generatorsin which the
tails of fragmentatiordistributions nearthe end point are ratherpoorly known. An improvementcan
be provided by usingisolatedr” pairsand~7° Tevatrondata,comparedwvith Monte-Carlotype NLO

calculationssuchas[556], to improve NLO fragmentatiorfunctionsatlarge z.

Lik e continuumdi-photonproductionjts backgroundrom 7 andz’z° productionhasbeenex-
tensvely studiedatthe Tevatron[553-555]. This studycansene asausefulbenchmarkor thereducible
backgroundorediction,aswell asfor very usefultestsof QCD. Theinclusive 7%7% and~y#® crosssec-
tionsareordersof magnituddargerthanthe~~ crosssectionsmakinganextractionof thelatterdifficult,
unlessadditionalselectioncriteriaareapplied. As in essentiallyall collider photonmeasurementsn
isolationcut needsto be appliedto eachof the di-photoncandidate®. In the caseof CDF (in Run1B),
the isolationcut requiresthat ary additionalenegy in a coneof radiusR = 0.4 (R = /An? + A¢?)
aroundthe photondirectionbe lessthan1 GeV. This requiremenis basicallysaturatedy the enegy
depositedy thedi-photonunderlyingeventandary additionalminimumbiasinteractionghatmayhave
occurredduring the samecrossing. Sucha strict isolationrequirementejectsthe majority of the y7°
and7%7% backgroundsvhile retainingthetrue di-photoneventswith 80% efficiency®®.

The isolationcut suppressethe di-photonbackgroundgo the point wherethey are comparable

®3For moredetails,seealsoSect 4.

84Although incomplete the N3LO correctionsto sole gg initiated subprocessegspeciallythe first correctionto the box,
mightalreadyreducethe scaleuncertaintiesA completeN3LO calculationgoesbeyondthe scopeof availabletechniques.

%0thercutsareappliedaswell but the mainimpacton the backgrounds from theisolationcut.

®For thesale of compactnessinly 7° backgroundsrelisted,but otherbackgroundsfor example from, andw production,
arealsoconsidered.



to the di-photonsignal. One still needsa techniquethat allows for the separatiorof the di-photon
signalfrom the background,n a Monte Carlo independentnanner CDF usestwo suchtechniques:
a measuremendf the electro-magnetichaver width using a wire chamberplacedat the EM shaver
maximum position, and a measurementf the fraction of the photoncandidateshat have corverted
in the magnetcoil. Thetwo photonsfrom the 7° cannot be separatelyeconstructedjiven the tower
granularity but they do have a differentshaver width distribution anda differentconversionprobability
thansingle photons.Thesedifferencesallow the extractionof the di-photonsignal,not on an event-by-
eventbasis,but on a statisticalbasis,at eachkinematicpoint beingconsideredThe latterconsideration
is importantsincethe backgroundractiondoesvary with the kinematicsof the eventsbeingconsidered.

With the 1 GeVisolationcutfor eachphoton,thedi-photonsignalfractionvariesfrom about30%
atlow Ep to essentiallyl00%athigh £ (50 GeV). Thedominantsourceof backgroundvasdetermined
to be from 707 productior®’” Notethatif the leakageof the electro-magnetishaver enegy into the
isolationconeis correctlyaccountedor, thereis noreasorto have afractionalisolationscale(somefixed
fractionof thephotonenegy) ratherthanafixedamountof enegy allowedin theisolationcone.A fixed
enegy isolationcut providesa discriminationagainstet backgroundshatincreasesn effectvenessas
theenegy of thephotoncandidatencreasesAt highertranserseenepies,theisolationcutrequireshe
jet to fragmentinto a #¥ at larger valuesof the fragmentatiorvariable z, a processgreatly suppressed
by the steeplyfalling fragmentatiorfunction. Thelarge z ( z > 0.95) region is poorly known since
inclusive measurementsf jet fragmentatior{311] have few statisticsin this region. This statements
evenmoretruefor thecaseof gluonjets,which form thebulk of thebackgroundsourceatthe LHC. The
di-photontrigger at the Tevatronselectsthoserarejets that fragmentinto isolatedr®’s. Thus,it would
be usefulto try to normalizethe predictionsof the eventgeneratorsuchasPYTHIA [115], which are
usedfor backgroundstudiesat the LHC to the backgrounddataat the Tevatron. Sucha comparisons
now in progresg557].

9.23 Productionin associatiorwith jets

In orderto improve the signal/backgroundatio, it hasbeensuggesteds49,550] to studytheassociated
productionof H(— ~v)+ jet. For this processhoth signal S andbackgroundB arereducedbut still
remainat the level of ~ 100 signaleventsat low LHC luminosity The LO estimatehasshavn that
the S/ B ratio is improved critically with the samelevel of significanceS/v/B. Furthermore higher
ordercorrectionsto the backgrounchave beenshavn recently[558] to be underbettercontrol thanin
theinclusive case.

Badkground: associateds. inclusive

Indeed,the situationsin the inclusve andassociated¢hannelsarequite different. In theincluswve case,
themainreasorwhy the magnitudeof the NNLO box contritution is comparabléo the LO crosssection
is thatthelatteris initiated by ¢g, whereagheformerinvolvesgg. The gg luminosity muchlargerthan
the gg one,compensatesumericallythe extra o factorof the box. Thisis not the casein the channel
~~ + jet, sincethe LO crosssectionis dominatednsteadby a ¢g initiatedsubprocessThe gg luminosity
is sizablylarger thanthe ¢g one,which guaranteeghatthe correspondindNNLO contritution remains
small (lessthan20% for pr > 30 GeV) comparedo the LO result[558]. Thus, expectingthat the
subprocesgg — ~vg givesthe main NNLO correction,a quantitatve descriptionof the background
with anaccurag betterthan20% could be achieved alreadyat NLO in the vy+ jet channeffor a high-
pr jet. All the helicity amplitudesneededor the implementatiorof the (“direct” contritution to the)
backgroundo NLO accurag arenow available[269,559,560].

Signalvs. badground

The 3-bodykinematicsof the processallows morerefinedcutsto improve the S/B ratioupto 1/2 —
1/3 [549,550] (to be comparedwith S/B > 1/7 for theinclusive channel). Dueto helicity andtotal

®7A studyof the di-photonbackgroundsit ATLAS foundthey#® and7°#° backgroundso be of roughly equalsizein the
low massHiggssignalregion, with eachof the background$eingof the orderof 20% of the di-photoncontinuum[1].




angulai€momentunmconseration the s-wave statedoesnot contrilute to the dominantsignalsubprocess
gg — Hg. Onthe contrary all angularmomentumstatescontritute to the subprocessegqg — vyq
andqg — ~vg. Therefore,the signal hasa more suppressedhresholdbehaiour comparedto the
background. The S/B ratio canthus be improved by increasingthe partonicc.m.s. enegy /s far
beyondthreshold.Indeed,acut v > 300 GeV hasbeenfoundto give the bestS/B ratio for the LHC.
Theeffectcannotbefully explainedby thethresholdbehaior only, sincethatwould resultin a uniform
suppressiorfactor It wasshavn in [549,550] (seeFigs. 5 and 6 there)that the dependencesf the
backgroundandthe signal on the c.m.s. angularvariablesare quite different, therefore,the strong s
cut affectsthemwith differentsuppressioriactors(see[549,550] for moredetails). This effect canbe
exploitedto enhancehe significanceS/+/B atthe samelevel asS/B. If thecutcos(9*)(jy) < —0.87
on thejet-photonanglein the partonicc.m.s. is appliedfor v/ < 300 GeV andcombinedwith the cut
V'3 > 300 GeV, the changeon S/ B is rathersmall, while the significanceis improved by a factor ~
1.3. The sameeffect canbe obsered with the cut on thejet angled*(j) in the partonicc.m.s. (cf. the
Fig. 5 mentionedabore), but oneshouldnoticethatthetwo variables9* (i) and¥*(j), arecorrelated.
Thereforejt is desirableo performa multi-variableoptimizationof the eventselection.Notice thatthe
presendiscussioris basedn a LO analysisandconcernonly whatwasdefinedaborve asthe “direct”
componentf theirreduciblebackgroundOnenow hasto understandhow thisworksatNLO.

Other reducible,sourcesof backgroundare potentially dangerous.The above-defined*single-
fragmentation’componento the so-calledirreduciblebackgroundandthe reduciblebackgrounccom-
ing from misidentificationof jet eventsweretreatedon a similar footingin the LO analysisof [549,550]
asa defactoreduciblebackgroundseefootnote9.21). In [549,550], a roughanalysisfound that this
reduciblebackgrounds lessthan20% of theirreducibleoneafter cutsareimposed.The misidentifica-
tion rateis given mainly by the subprocesseg; — vgq, g9 — vqq andqq’ — vq(9)q¢'(g), whenthe
final statepartonproducesan enegetic isolatedphotonbut otherproductsof the hadronizatiorescape
thedetectionasajet. There,a~v(7") /jet rejectionfactorequalto 2500for ajet misidentifiedasa photon
and5000for awell separated (") productionby ajet wereused.No additionalr® rejectionalgorithms
wereapplied. Furthermorethis reduciblebackgrounds expectedto be suppressea@ven morestrongly
thantheirreduciblebackgroundf “direct” typewhenacuton v/3 is applied.

In summary the associatedhannel H(— ~v)+ jet with jet transerseenegy E; > 30 GeV
andrapidity || < 4.5 (thusinvolving forward hadroniccalorimetersppensa promisingpossibility for
discorering the Higgs bosonwith a massof 100-140GeV at LHC even at low luminosity However,
to performa quantitatve analysis,the NLO calculationsof the backgroundchave to be completedand
includedin amorerealisticfinal stateanalysis.

Signalat NLO

The exact calculationof the NLO correctionsto the signalis very compl, sincethe gluonsinteract
with the Higgsbosonvia virtual quarkloops. Fortunately the effective field theoryapproact561,562]
applicablen thelarge top masdimit with effective gluon-gluon-Higgdosoncouplinggivesanaccurate
approximatiorwith anerrorlessthan5%, providedm g < 2m;. Recentlyin thisapproximatiorandus-
ing thehelicity method thetransitionamplitudeselevantto the NLO correctionshave beenanalytically
calculatedor all contrituting subprocessg$oop correctiond563] andbremsstrahlungp64,565]). The
subtractiormethodof [161,227] hasbeenusedto cancelanalyticallythe softandcollinearsingularities
andto implementheamplitudesnto anumericalprogramof Monte-Carlaypewhichallowsto calculate
ary infrared-safeobserablefor the productionof a Higgsbosonwith onejet at NLO accurag [197].

One of the main resultsof the calculationis that the NLO correctionsare large and increase
considerablythe crosssection,with a K factor~ 1.5-1.6(K = oV'9/¢~9) andalmostconstantfor
a large kinematicalrangeof pp andrapidity of the Higgs boson. Furthermorethe NLO resultis less
dependenbn variationsof the factorizationand renormalizationscales. Fig. 46(a) displaysthe pp
distribution at both LO and NLO for a Higgs bosonwith my = 120 GeV. The curves correspondo
threedifferentrenormalizationéctaization scalechoicesQ = p (m?2, + p2.)'/2, with = 0.5, 1,2, and



shav that the scaledependencés reducedat NLO. The samefeaturescanbe obsered in more detail
in Fig. 46(b), wherethe LO andNLO crosssectionsintegratedfor pp largerthan30and70 GeV are
shavn asa function of the renormalizationdcorizaion scale. Both the LO andNLO crosssections
increasemonotonicallywith decreasing:, down to thelimiting valuewhereperturbatre QCD canstill
be applied,indicatingthatthe stability of the NLO resultis not completelysatisactory However, in the
usualrangeof variationof i from 0.5to 2, the LO scaleuncertaintyamountgo + 35%,whereaat NLO
it is reducedo + 20%.
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Fig. 46: Scaledependencef LO andNLO distributionsfor Higgsbosonproduction.(a) pr distributionsatdifferentscalesand
(b) the scaledependencef theintegratedcrosssectionsor pr > 30 and70 GeV. The MRST partondistributionsareused.

9.3 Multi-lepton channelsin the massrange my > 140 GeV.

Above 140GeV, themostpromisingchanneis H — ZZ®*) — 4 leptons.Thecorrespondingrreducible
backgrounccomesmainly from the nonresonantZ Z(*) production.Severeisolationcutsareneededo
suppresseducibletz andZbb backgroundor Higgsbosonmasseselav the Z Z threshold Thetopic of
weakbosonpairproductionis presenteih adedicatedsectionof theElectraveakPhysicsChapteof this
Report.In particular thelattergathergheeffectsof NLO contritutionsto distributionsof invariantmass,
or transersemomentunof weakbosonpairs,andcomparisonbetweenMonte Carlo eventgenerators
andrecentNLO partoniccalculations.

The H — WW — 2+ Fp channelsvasrecentlyfound [566,567] to be very promisingin
this massrangearound170 GeV, wherethe significanceof the H — ZZ* — 4l channelis relatvely
smalldueto the suppressionf Z Z* branchingatio asthe WWW modeopensup. In thismassrange the
leptonicbranchingationof the W' W modeis approximatelyl00timeslargerthanthe 7 Z* — 4/ mode.
Although the Higgs bosonmasspeakcannotbe directly reconstructedh this case the trans\ersemass
distribution canbe usedto signthe Higgsbosonandextractinformationon its mass.

The multileptonic channelsH — WW®) and H — ZZ®*) arealsoof greatinterestfor the
associated?V H production. Althoughthe crosssectionfor the associateghroductionis a factor50 to
100 lower thanfor the inclusive production,the S/B ratio is substantiallyimproved. They are also
interestingto determinethe Higgs bosoncouplings,sinceonly the couplingsto gaugebosonsappealin
theproductionanddecaychain. Theobsenrability of W H with H — WIWW* — 2l 2v hasbeenrecently
proposedn [568] andexperimentallystudiedin [1]. Theobsenrability of theassociateg@roductioniV H,
H — Z7* — 4l hasbeenrecentlyconsideredn [569] andis sketchedbelon. Dueto the smallnumber
of eventsexpectedfor Z H andttH productiononly the W H processasbeeninvestigated.



[ | nocut | isolationcut | Z masscut | all cuts ||

WH, Mg = 150GeV | 3.56 3.42 2.89 2.69
tt background 141. 3.10 26.1| 0.098
Zbb background 17.3 3.46 13.8 3.46
WH, My =200GeV | 5.92 5.55 3.95 3.76
WH, Mg = 300GeV 1.45 1.30 0.91 0.86
tt background 141. 3.10 0.098| 0.098
Zbb background 17.3 3.46 1.73 0

Table 6: Numberof eventsin the 5 leptonschannelfor L = 10°pb~!, pr cut= 10 GeV. No masswindow on 4 leptonsis
applied.

9.31 AssociatedV H production,fiveleptonchannel

Selectiorcriteria

All simulationsof Higgs bosonand backgroundeventshave beenmadewith the PYTHIA 5.702and
JETSET7.408Monte Carlo programsmplementedn the CMSIM/CMANA packagg570]. The pro-
cessesmplementedin PYTHIA were simulatedwith partonshavers, with the exceptionof internal
bremsstrahlunggeneratedy PHOTOS[571]. No K factorswereused,sothe final numbersof signal
eventsmay be underestimatedby abouta factor1.3 [572]. The experimentalresolutionof CMS for
leptonreconstructiorwassimulatedby a Gaussiarsmearing:

Apr/pr = 4.5%+/pr/1000  for muons,
(AE/E)? = (4%/vE)? + (0.230/E)? + (0.55%)?  for electrons,

wherep, and E areexpressedn GeV. Dedicatedporogramscalculatethe dependencenn andp of the

geometricabndkinematicalacceptancesheinvariantmasscutsto selectthe 7 or Z*, andtherejection
of nonisolatedleptonsin jetswith cutsselectingeptonswithoutchagedtracksabore p; > 2 GeVin a

coneR < 0.1 (R? = An? + A¢?). A few eventswerealsofully generatedindvisualizedin CMS by

CMSIM. ThereactionsV*H — p*v,ZZ%) — 5pty, andW*H — e*1,ZZ%) — 5e*u, harebeen
studiedin details.Althoughthe branchingratiosareidentical,somedifferencesetweerthesechannels
areexpecteddueto differencesn acceptanceandtrigger efficiencies.The generatedeptonsaresorted
in decreasing order from 1 to 5, thenthefollowing cutsareapplied.

For muonevents:

o | n|<21foru;anduy | n|< 2.5 for us to s

e pr > 20 GeVfor p pr > 10 GeVfor ps pr > 5or10 GeVfor us, pug andus
For electronevents:

o | n|<25fore; toes

e pr > 20 GeVfor ey pr > 15 GeVfor ey pr > 7,10 or 15 GeVfor e3, e4 andes

Leptonsl and2 aretheonesusedo triggerevents leptons3to 5 pr thresholdsanbesetatlowervalues.
Almost no differenceis obsered whenthetriggerthresholds setat a highervalue(30 and20 GeV), as
expectedsinceleptonsl and2 producedoy W andZ decaysarevery enegetic. The otherpossiblefinal
states:2e + 3u, 2u + 3e, 4e + 1u and4yu + le arealsogoodcandidates Sinceonly small numerical
differencesverefoundin the resultsbetweenthe pure electronicand muonicfinal statesthe 4 mixed
oneswerenot simulatedandthe total numberof expectedeventswasmultiplied by a factor8. As the
expectedcrosssectionis very low, the presensearchwould be meaningfulat high luminosityonly. The
pile-upathigh luminosityhasaminorimpactfor thedetectionof leptons.Neverthelesst hasto betaken
into accounwhenusingtheisolationcuts.



H— Z7*

Thischannekoncernghemassrangem < 2myz. Theirreduciblebackgrounddueto thenonresonant
W Z Z* productionjs notincludedin PYTHIA. In orderto getaroughorderof magnitudethe .S/ B ratio
wasthenassumedo be of the sameorderasthe oneof direct productionof H — ZZ*, comparedo
nonresonantZ Z*. Thisratio hasbeenestimatedn [573] to belowerthan10% for my = 150GeV. The
reduciblebackgrounccomesrom thet¢ and Zbb channelswith threeleptonscomingfrom semi-leptonic
decaysf B and D mesonsTheinitial crosssectionsof theseprocessearevery high and,without cut,
this backgrounds muchhigherthantheirreducibleone.

The selectionrequest®onepair of oppositesignmuonsor electronswith amassequalto my + 5
GeV, andonepair of oppositesignmuonsor electronswith amassbelov mz. Thisremavesonly 19 %
of thesignaleventswhich fall in thetails of the massdistributions. An additionaleffect of wideningthe
Z masswould comefrom thee* bremsstrahlunin thetracker material[574] andcontritute to decrease
the acceptanceTheleptonpair massspectraof the tf and Zbb backgroundsxhibit a peakat low mass.
A cutatmyz« > 10 GeV would furtherreducethesebackground$y 20 % without affecting the signal.
No detectorreconstructiorineficiency wasconsideredat this level. Theisolationcut is usedto reject
leptonsfrom b or ¢ quarkdecay in the reduciblebackgroundchannels. The eventsexhibiting tracks
with pp > 2 GeV containedin a cone R < 0.1 aroundary of the five leptonsarerejected(Fig. 47).
Actually abetterrejectionis expectedn the CMS detectowhenusingtheinformationfrom theb vertex
position[575].

Anotherreduciblebackgroundvasconsideredthe nonresonanproductionof 7 Z* whereoneof
the Z(*) decaysinto two leptonsandthe otherdecaysinto bb, the b quarksdecayingsemi-leptonically
The numberof eventsbeforeacceptancenassandisolationcut is about70 % of the signal,but aswe
expectthe leptonsfrom the b’'s to be very soft andnonisolated,thatthis backgroundcanbe considered
asnegligible.

H—ZZ

This channelis similar to the previous one exceptthatwe requestwo pairsof oppositesign muonsor
electronswith masse®qualto m; + 5 GeV. This cutremores32to 34 % of the signalevents.It is nov
muchmoreefficient againstthe tZ backgroundhanagainstthe Zbb, becauseghe Zbb channelinvolves
areal Z. The calculationsveremadefor Higgs bosonswith mg = 200 and300GeV (Fig. 47). The
acceptancesf the signalvary only slightly asa function of pp cut andotherselectioncuts. The four
leptonsmassspectrunfor thebackgrounds awide distribution centerecaround150GeV. A cutonthis
spectrumcan be usedto obtainan additionalrejectionfactor of the orderof 10 to 50, after the Higgs
bosonmasshasbeenpreviously measuredn a moresensitve channellike theinclusve H — 41 [575].

Results

The numberof expected5 muonsor 5 electronseventsfor one year of running at high luminosity
100£b~ " is low: 0.34for a Higgs bosonmassof 150 GeV, 0.47 for 200 GeV and0.11for 300 GeV/c.
Consideringall the possibleb leptonschannelsthesenumbersmustbe multiplied by a factor8. They
aresummarizedn table 1, togetherwith the correspondindackgroundgnot including the cut on the
four leptonsmassspectrumdescribedabore). The S/ B ratio is betterfor my = 200 GeV andis un-
acceptabldor my = 150 GeV. Thusthis channelcanbe consideredalmosthopelesdor the discorery
of the Higgs bosonbelow the 7 Z threshold.On the otherhand,if the Higgsbosonis in the massrange
200to 300GeV, the detectionof theserare5 leptoneventsabove alow backgroundvould beavaluable
informationfor the studyof the Higgsbosoncouplings.

However, beforedrawing ary definitive conclusionseveralissuesshouldbeimprovedconcerning
the backgroundsFirstly theirreducibleW Z Z* backgrounchasto be calculatede.g. usingan autom-
atizedcalculationlike [138] andincludedin the analysis. Moreover the reducible Zbb processshould
berevisitedwith anotheiMonte Carlogeneratgrastheimplementatiorin PYTHIA 5.7 for the Zbb pro-
cessis known to suffer from aninstability in the phasespacegeneratior(this implementatiorhasbeen
removed from theversionPYTHIA 6.1 for this reason) Finally, anothersourceof 5 leptonsevents,not
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Fig. 47: Numberof eventsat L = 10°pb~ ! for WH — 5u channeland backgroundor Mg = 150 GeV (top), 200 and
300GeV (bottom)afterkinematicalcuts(left), isolationandZZ masscutscombinedright). Pr cutrefersto thesoftestof the
five muons.Dottedline is anupperlimit (no Monte Carloeventsurvive thecuts).

evaluatedwith enoughstatisticssofar is the semi-leptoniadecayof bb or ¢z generatedy initial or final
gluonradiation.

An extensionof this studywould alsobetheinvestigationof the associategroductionof a higher
massHiggsbosonusingotherdecaymodeswith largerbranchingratioslike Z — jetjet.
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