High-ET isolated-photon plus jets production in pp collisions
at s=8 TeV with the ATLAS detector
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Abstract

Thedynamicsof isolated-photoplus one-,two- andthree-jetproductionin pp collisionsata centre-of-
massenergyof 8 TeV arestudiedwith the ATLAS detectorat the LHC usinga datasetwith anintegrated
luminosity of 20.2 fb°1. Measurementsf isolated-photorplus jets crosssectionsare presentedas func-
tions of the photonand jet transversenomenta.The crosssectionsas functionsof the azimuthalangle
betweenthe photonandthe jets, the azimuthalanglebetweenthe jets, the photon—jetinvariantmassand
the scatteringanglein the photon—jetcentre-of-massystemare presentedThe patternof QCD radiation
aroundthe photonandtheleadingjet is investigatedy measuringet productionin anannulamregioncen-
tred on eachobject; enhancementare observedaroundthe leadingjet with respectto the photonin the
directionstowardsthebeamsTheexperimentaimeasuremen@recomparedo severabifferenttheoretical
calculationsandoveralla gooddescriptionof the datais found.

2017TheAuthor(s).Publishedby ElsevierB.V. Thisis anopenaccessarticleunderthe CCBY license
(http://creativecommons.org/licenses/by/.Blundedby SCOAP.

1. Introduction

The production of prompt photonsin associationwith jets in proton—protoncollisions,
pp + jets+ X, providesatestinggroundfor perturbativeQCD (pQCD)with a hardcolour-
lessprobelessaffectedby hadronisatioreffectsthanjet production.The measurementsf the
angularcorrelationshetweenthe photonandthe jets canbe usedto probethe dynamicsof the
hard-scatteringrocessSincethe dominantproductionmechanisnin pp collisionsatthe Large
HadronCollider (LHC) proceedsviatheqg q processmeasurementsf prompt-photon
plusjet productionareusefulin constrainingthe gluon densityin the proton[1,2]. Thesemea-
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surementsanalsobe usedto tunethe Monte Carlo (MC) modelsandto testt-channelquark
exchangé3].

At leadingorder(LO) in pQCD,thereactionpp + jet+ X isunderstoodo proceedvia
two separat@roductionmechanismsdirectphotongD), which originatefrom the hardprocess,
andfragmentatiorphotongF), which arisefrom thefragmentatiorof a coloured hightransverse
momentum(pt) parton[4,5]. The directandfragmentatiorcontributionsareonly well de ned
at LO; at higherorderssuchdistinctionis no longerpossible Measurementsf prompt-photon
productionin a nal statewith accompanyindadronsrequireisolationof photonsto avoidthe
largecontributionfrom neutral-hadromecaydnto photonsThe productionof inclusive isolated
photonsin pp collisionswasstudiedby the ATLAS [6-9] andCMS[10,11] collaborationsThe
crosssectionfor isolatedphotonsin associatiorwith jetsasa function of the photontransverse
energy (E¢) in differentregionsof rapidity of thehighestpr jet wasmeasuredby ATLAS [12].
Theproductionof isolatedphotonsin associatiomwith jetswasalsomeasuredy CMS[13-15]

Thedynamicsof theunderlyingprocesses 2 2 hardscatteringcanbeinvestigatedising
thevariable ,wherecos tani(y/2) andy isthedifferencebetweertherapiditiesof the
two nal-stateparticles.Thevariable coincideswith thescatteringanglein thecentre-of-mass
framefor collinearscatteringof masslesgarticles,andits distributionis sensitiveto the spin of
the exchangedarticle. For processeslominatedby t-channelgluon exchangesuchas dijet
productionin pp collisions,thecrosssectionbehavess(1S| cos [)5%2 when|cos | 1.In
contrastprocessedominatecby t- channekquarkexchangesuchasW/Z + jet productionare
expectedo havean asymptotic(1S | cos |)Sl behaviour.This predictionfrom QCD canbe
testedin photonplusjet productionin high-energyhadron—hadrowollisions.The direct-photon
contribution,asshownin Fig. 1(a),is expectedo exhibita (1S | cos |)Sl dependencevhen
|[cos | 1, whereaghat of fragmentatlorprocessesas shownin Fig. 1(b),is predictedto
be the sameasin dijet production,namely(1S | cos |)82 For both processesherearealso
s-channelcontributionswhich are,however,non-singulawhen|cos | 1.At higherorders,
directprocessesuch azyq qg aredominatedby t-channelgluon exchange and contribute
to the distributionin |cos | with a componentsimilar to that of fragmentationHowever,a
measuremerdf thecrosssectionfor prompt-photorplusjet productionasafunctionof | cos |
is still sensitiveto the relative contributionsof the direct and fragmentationcomponentsand
allowsatestof the dominanceof thet-channelquarkexchangesuchasthatshownin Fig. 1(a).

Colour connectiorbetweenthe partonsin theinitial and nal statesmodi es the patternof
QCDradiationaroundthe nal-state partonsColourcoherenceffectswerestudiedatthe Teva-
tron[16,17]usingdijet eventdby comparinghe measurementsith predictionswith andwithout
sucheffects.Photonplus two-jet eventsare optimal for investigatingjet productionaroundthe
photonandthe highestpT jet: the partonsarecolour-connectevhile the photonis colourless.

Theresultspresentedh this papetincludemeasuremensf crosssectiondor isolated-photon
plus one-,two- andthree-jet nal statesasfunctionsof E; andthe transversenomentumof

the leadingjet (jet1, p/®%), the second-highespr jet (jet2, %) andthe third-highestpr jet
(jet3, p'9t3) [5,18-20] The analysisis performedusinga datasetith anintegrateduminosity

1 ATLAS usesaright-handedoordinatesystemwith its origin atthenominalinteractionpoint (IP) in the centreof the
detectorandthe z-axis alongthe beampipe. The x-axis pointsfrom the IP to the centreof the LHC ring, andthey-axis
pointsupwards Cylindrical coordinategr, ) areusedin thetransverselane, beingthe azimuthalanglearoundthe
z-axis. Thepseudorapiditys de ned in termsof thepolarangle as =S Intan( /2 ). Angulardistances measuredn
unitsof R () 2+ () 2. Therapidityisde nedasy = 0.5In[(E + p2)/(E S pz)], whereE is theenergyand
pz is thez-componenbf themomentumandtransversenergyis de nedasEt = E sin .
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(b)

Fig. 1. Examplesof diagramsfor (a) + jet productionthroughdirect-photonprocessesnd (b) + jet production
throughfragmentatiorprocesses.

of 20.2 fb°1 of pp collisionsat s= 8 TeV.The dynamicsof the photonplus one-jetsystem
are studiedby measuringthe photon—jetinvariantmass(m ) andcos [5]. In addition,
the azimuthalanglesbetweenthe photonand eachjet ( Siet2, Sietd) and betweenthe
jets( jetldet2  jetl-jet3  jet2jetd gremeasuredor photonplus two- andthree-jetevents
[19,20] The productionof jet2 aroundthe photonandjetl is measuredeparatelyo investigate
the differencesbetweenthe two con gurations. The scaleevolution of the photonplus one-jet
systemis studiedby measuringhe crosssectionsasfunctionsof cos in differentregionsof

m Sietl Forphotonplustwo- andthree-jeteventsthescaleevolutionis investigatedy measur-
ing theangularcorrelationsn differentregionsof E.

Thepredictionsfrom the eventgenerators PTHIA [21] and SHERPA[22] arecomparedvith
the measurementdhe next-to-leading-orde(NLO) QCD predictionsfrom JETPHOX [23,24]
arecomparedvith the photonplus one-jetmeasurementsyhereaghosefrom BLACKHAT [25,
26] arecomparedvith the photonplustwo-jet andphotonplusthree-jetmeasurements.

2. The ATLAS detector

TheATLAS detecto27] atthe LHC coversnearlythe entiresolid anglearoundthecollision
point. It consistsof aninner tracking detectorsurroundecy a thin superconductingolenoid,
electromagneti@and hadroniccalorimetersanda muon spectrometemcorporatingthreelarge
superconductingproidalmagnets.

Theinnerdetectorsystem(ID) isimmersedn a2 T axialmagneticeld andprovidescharged-
particle tracking in the range| | < 2.5. A high-granularitysilicon pixel detectorcoversthe
interactionregionandtypically providesthreemeasuremenisertrack.lt is followed by asilicon
microstriptracker,which provideseight two-dimensionameasuremenpointsper track. These
silicon detectorsaarecomplementedby a transitionradiationtracker,which enablegadially ex-
tendedrackreconstructiompto| | = 2.0.Thetransitionradiationtrackeralsoprovideselectron
identi cation informationbasedon the fraction of the typically 30 total hits which areabovea
higherenegy-deposithresholdcorrespondindo transitionradiation.

Thecalorimetesystencoversthepseudorapidityange] | < 4.9.Within theregion| | < 3.2,
electromagneticalorimetryis providedby barrelandendcaghigh-granularitylead/liquid-argon
(LAr) electromagneticalorimeterswith anadditionalthin LAr presamplecovering| | < 1.8to
correctfor energylossin materialupstreanof thecalorimetersfor | | < 2.5 theLAr calorimeter
is dividedinto threelayersin depthwhichare nely segmenteth and .Hadroniccalorimetry
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is providedby a steel/scintillator-tilecalorimetersegmentednto threebarrel structureswithin
| | < 1.7,andtwo copper/LArhadronicendcapcalorimeterswhich cover1.5< | | < 3.2.The
solid anglecoveragdas completedwith forward copper/LArandtungsten/LArcalorimetermod-
ulesoptimisedfor electromagnetiandhadronicmeasurementsespectiely.

The muonspectromete(MS) comprisesseparatdrigger and high-precisiontrackingcham-
bersmeasuringhede ection of muonsn amagneticeld generatedby superconductingir-core
toroids.Thetrackingchambesystemcoverstheregion| | < 2.7 with threelayersof monitored
drift tubes,complementedyy cathode-stripchambersn the forward region. The muontrigger
systemcoverstherange| | < 2.4 withresistive-platehambersn the barrelandthin-gapcham-
bersin theendcapregions.

A three-level trigger systemis usedto selectinterestingevents[28]. The level-1 trigger is
implementedn hardwareandusesa subsetof detectorinformationto reducethe eventrateto
atmost75 kHz. Thisis followed by two software-basettiggerlevelswhich togethereducethe
eventrateto about400 Hz.

3. Data selection

The datausedin this analysiswere collectedduring the proton—protorcollision running pe-
riod of 2012,whenthe LHC operatedat a centre-of-masgnergyof s= 8 TeV. Only events
takenin stablebeamconditionsand passingdetectorand data-qualityrequirementsare con-
sidered.Eventswererecordedusinga single-photortrigger, with a nominaltransverse=nergy
thresholdof 120 GeV;thistriggeris usedof ine to selecteventsin which the photontransverse
energy,afterreconstructiorandcalibration,is greaterthan 130 GeV. For isolatedphotonswith
E; > 130 GeV andpseudorapidity | < 2.37 thetriggeref ciency is higherthan99.8%.The
integrateduminosity of the collectedsampleis 20.2+ 0.4 fb>! [29].

Thesampleof isolated-photoplusjetseventss selectedisingof ine criteriasimilarto those
reportedn previouspublications 3,9]. Eventsarerequiredto haveareconstructegrimaryver-
tex consistentvith the averagebeam-spoposition,with atleasttwo associate@¢harged-particle
trackswith pt > 400 MeV.If morethanonesuchvertexis presentn theeventthe onewith the
highestsumof the p2 of the associatedracksis selectedasthe primaryvertex.

During the 2012 data-takingperiodtherewereon averagel9 proton—protorinteractionsper
bunchcrossing The methodsusedto mitigatethe effectsof the additionalpp interactionqpile-
up) onthe photonisolationandjet reconstructioraredescribedelow.

3.1. Photonselection

The selectionof photoncandidateds basedon energyclustersreconstructedn the elec-
tromagneticcalorimeterwith transverseenergiesexceeding2.5 GeV.The clustersmatchedto
charged-particléracks,basedon the distancein ( , ) betweenthe clusterbarycentreandthe
trackimpactpoint extrapolatedo the secondayerof the LAr calorimeterareclassi edaselec-
tron candidatesThoseclusterswithout matchingtracksare classi ed as unconvertedgohoton
candidatesand clustersmatchedto pairs of tracksoriginating from reconstructeadtonversion
verticesin theinnerdetectoror to singletrackswith no hit in theinnermostayerof the pixel de-
tectorareclassi ed ascorvertedphotoncandidate$30]. FromMC simulations 96% of prompt
photonswith E; > 25 GeV areexpectedo be reconstructeds photoncandidateswhile the
remaining4% areincorrectly reconstructeds electronsbut not as photons.The ef ciency to
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reconstrucphotonconversionsiecreaseat high E; (>150 GeV), whereit becomesnoredif-
cult to separatehetwo tracksfrom the conversionsSuchconversionsvith very nearbytracks
areoften not recoveredas single-trackconversiondecausef the tighter selectionsappliedto
single-trackconversiorcandidatesThe overall photonreconstructioref ciency is thusreduced
to about90% forE; 1 TeV[30].

The enegy measuremernis performedusing calorimeterandtrackinginformation. A dedi-
catedenergycalibration[31] is appliedseparatelfor convertedandunconverteghotoncandi-
datesto accounffor upstreanenergylossandbothlateralandlongitudinalleakage.

The direction of the photonis determinedirom the barycentreof the enegy clusterin the
electromagneticalorimeterandthe positionof the primaryvertex.Eventswith atleastonepho-
ton candidatewith calibratedE; > 130 GeV and | < 2.37 areselectedcandidatesn the
region1.37< | |< 1.56,which includesthe transitionregionbetweenthe barrelandendcap
calorimetersarenotconsideredThesameshower-shapandisolationrequirementsisdescribed
in previouspublications[6,7,9,12,30]are appliedto the candidatestheserequirementsarere-
ferredto as“tight” identi cation criteria. The photonidenti cation ef ciency for E > 130 GeV
variesin the range(94-100% dependingpn  andwhetherthe candidates classi ed asan
unconvertear convertecohoton[30].

The photoncandidatds requiredto be isolatedbasedon the amountof trans\erseenergyin
aconeof size R = 0.4 aroundthe photon.The isolationtransversesnergyis computedrom
three-dimensionabpologicalclustersof calorimetercells (seeSection3.3) [32] andis denoted
by ET%er Themeasuredalueof EFG, is correctedor leakageof the photon’senergyinto the
isolationconeandthe estimatedcontributionsfrom the underlyingeventandpile-up. The latter
correctionis performedusingthejet-areamethod[33] to estimatehe ambienttransversenergy
density on an event-by-evehésis; thisestimate isised to subtract the joint contributiar the
underlyingeventandpile-upto E'Tf%et andamountgo 1.5-2 GeV inthe2012data-takingoeriod.

Afterthesecorrections;EiTS"t’jet is requiredto belowerthan4.8 GeV+ 4.2- 1053 -E; [GeV] [9];

the requiremenis E|-dependensothatin simulationthe fraction of identi ed photonswhich
areisolatedstayshighasE increasesTheisolationrequiremensigni cantly reduceghemain
backgroundyhich consistsof multi-jet eventswhereonejet typically containsa % or meson
thatcarriesmostof thejet energyandis misidenti ed asa promptphoton.

A smallfractionof theeventscontainmorethanonephotoncandidatesatisfyingthe selection
criteria.In sucheventsthe higheste, photonis consideredor furtherstudy.

3.2. Jetselection

Jetsarereconstructedising the antik; algorithm[34] with radiusparameteR = 0.6. The
inputsto the jet reconstructiorare three-dimensionatopologicalclustersof calorimetercells.
This method rst clusterstopologicallyconnectectalorimetercells andclassi estheseclusters
aseitherelectromagnetior hadronic.The classi cation usesa local clusterweighting (LCW)
calibration schemebasedon cell-energydensity and longitudinal depth within the calorime-
ter[35]. Basednthisclassi cation,enegy correctionglerivedfrom single-pionMC simulations
areapplied.Dedicatedcorrectionsarederived for the effectsf the non-compensating response
of the calorimeter,signallossesdue to noise-suppressiotihresholdeffects,and energylost in
non-instrumentedegions.The jet four-momentaare computedfrom the sum of the topologi-
cal clusterfour-momentatreatingeachasa four-vectorwith zeromass.Thesejets arereferred
to as detector-levejets. The direction of the jet is then correctedsuchthat the jet originates
from theselectegprimaryvertexof the event.Priorto the nal calibration,the contributionfrom
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the underlyingeventand pile-up is subtractedn a jet-by-jet basisusing the jet-areamethod.
An additionaljet-energycalibrationis derivedfrom MC simulationsasa correctionrelatingthe

calorimeterresponsdo the true jet energy.To determinethesecorrectionsthe jet reconstruc-
tion procedureappliedto thetopologicalclusterss alsoappliedto thegeneratedtableparticles,
which are de ned asthosewith a lifetime longerthan 10 ps, including muonsand neutri-

nos;thesdetsarereferredto asparticle-leveljets.In addition,sequentiajet correctionsderived
from MC simulatedeventsand using global propertiesof the jet suchastrackinginformation,

calorimeterenegy depositsand muon spectrometeinformation, are applied[36]. Finally, the

detector-levejets arefurther calibratedwith additionalcorrectionfactorsderivedin situ from a

combinationof + jet,Z + jet anddijet balancemethodg35,37]

Jetsreconstructedrom calorimetersignalsnotoriginatingfrom app collisionarerejectedby
applyingjet-qualitycriteria[35,38]. Thesecriteriasuppresspuriougetsfrom electronicnoisein
the calorimetercosmicraysandbeam-relatethackgroundsRemainingetsarerequiredto have
calibratedtransversemomentagreaterthan 50 GeV andrapidity |y€!| < 4.4. Jetsoverlapping
with the candidatgphotonarenot consideredf the jet axislies within aconeof size R = 1.0
aroundthe photoncandidatethis requiremenpreventsany overlapbetweerthe photonisolation
cone( R = 0.4)andthejetcone(R = 0.6).

3.3. Eventcategorisation

To investigateheproductionof jetsin associationwith aphoton,six samplesareselectedthe
requirementsrelistedin Table 1:

€ “Photon plus one-jetsample”(P1J):it is usedto studythe major featuresof aninclusive
sampleof eventswith a photonandat leastonejet. In this sample jetl is requiredto have
p'TEtl > 100 GeV,;asymmetricrequirementsn E; and p’Tetl areappliedto reducethein-
fraredsensitivityof theNLO QCD calculationg39].

€ “Photonplusone-jetm Sjeuyandcos sample”(P1JM):for the measurementsf thecross
sectionsas functionsof m “€1 and|cos | additionalconstraintsare neededto remove
biaseglueto therapidity andtransversenomentunrequirementsnthe photonandjetl|[3].
To performunbiasedneasurementshe requirementy  + yletl] < 2.37,|cos | < 0.83
andm Sietl > 467 GeV areapplied? These selectionde ne a kinematic regionvhere the
acceptances independentf the variablesbeingstudied.

€ “Photonplustwo-jetsample’(P2J):it is usedto studythemajorfeatureof aninclusivesam-
ple of eventswith a photonandat leasttwo jetsandthe azimuthalcorrelationsbetweerthe
photonandjet2 aswell asbetweerjetl andjet2. Dueto theresolutionin pT thehighest- and
next-to-highespt particle-leveletscanendup beingreconstructedsjet2 andjet1, respec-

tively. To suppressuchmigrations,asymmetricrequirements;;lreapplied:pjTetl > 100 GeV

andpjTet2 > 65 GeV.
€ “Photonplusthree-jetsample”(P3J):it is usedto investigatehe major characteristicef an
inclusivesampleof eventswith a photonandatleastthregjets;in addition,measurementsf

theazimuthalcorrelationdbetweerthe photonandjet3, jetl andjet3, aswell asbetweerjet2

2 The maximal (minimal) value of [cos | (m Si€t) for which the measurements unbiasedcorrespondsto
tanh(2.37/2) (2-E4/sin ) with E; = 130 GeV anctos = 0.83.
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andjet3 areperformed Asymmetricrequirementsreappliedto suppresshe migrationsin

pT betweerthethreehighestpt jets:p%f’tl > 100 GeV,pJT‘-et2 > 65 GeV anti)jTet3 > 50 GeV.

To comparethe patternof QCD radiationaroundthe photonandjetl, two additionalsamples
of photonplus two-jet eventsare selectedThe phase-spaceegionsarede ned to avoid biases
dueto differentpt and requirement®n the nal-state objectsaswell asto haveno overlap
betweerthetwo samplesThefollowing requirementgarecommonto thetwo samples:

€ The jets must satisfy p!'* > 130 GeV,| | < 2.37 andp®™® > 50 GeV.The rst two
requirementsreimposedto be the sameasfor the photonso asto compareadditionaljet
productionin similar regionsof phasespace Thethird requiremenis chosento selectjets
with the lowestpt thresholdwhile suppressing the contributidrom the underlying event
andpile-up. 3 5

€ Theangulardistancebetweerthe photonandjetl, R S€% s restrictedto R €l > 3
to avoidany overlapbetweerthe two samplesandany biaswithin the regionsthatareused
to studyadditionaljet production.

Therequirementspeci ¢ to eachof thetwo samplesarelisted below:

€ “Photonplustwo-jet  selection”(P2JBP):it is usedto measurethe productionof jet2
aroundthe photon.Thecrosssectionis measuredsafunctionof theobservable [16,17],
whichis de ned as’

=t S1 |jetzg |
sign( ) -( 2SS )’

@)

Thephasespacds restrictedo 1< R SI€2 < 1 5: thelower requiremenavoidsthe over-
lap with the photonisolation conewhile the upperrequirements the largestvalue which
makesgthis sampleandthe nextonenon-overlappingln addition,p’Ter2 <E ; isimposedfor
comparisorwith the othersample.

€ “Photonplus two-jet 1€t selection”(P2JBJ)iit is usedto measurehe productionof jet2
aroundjetl usingthe observable €1, de ned as

| jet2§ jetll

sign( jetl) ( jet2§ jetl)'

jetl — t S1 (2)
To compareon equalfooting with the measurementf the previoussample the restriction
1< R €USe2 < 1 5isapplied.

Schematiadiagramsfor the de nitions of and 1€ areshownin Fig. 2. The variable

( ¥y isde nedin suchawaythat = 0Oor ( 1= 0or )correspond$o aplanein space
containingjet2, thebeamaxisandthe photon(jetl); = 0 ( ) alwayspointsto thebeamwhich
is closerto (fartherfrom) the photonor jetlin the — plane.

3 In the de nitions of and et the arctangenfunction with two argumentss usedto keeptrack of the proper
quadrant.
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Fig. 2. Schematic diagrams that show the de nitions of (a)and (b) jetl,

The numberof selectedeventsin datafor eachof the six samplesis includedin Table 1.
The overlapbetweerthe differentsampless asfollows: (a) P3Jis containedwithin P2J,which
in turn is a subsetof P1J;(b) P1IMis containedwithin P1J;(c) P2JBPand P2JBJhave no

overlap.
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Table 1
Characteristicof the six samplesof  + jet(s) eventskinematicrequirementsnumberof selectedeventsin dataand
normalisatiorfactorsappliedto the MC predictions.

Sample
P1J P1IM P2J P2JBP P2JBJ P3J
Common requirements E1 > 130 GeVand | < 2.37,excludingl.37< | |< 1.56
ly'®|< 44andR Siet> 1
pjTe tl [GeV] >100 >100 >100 >130 >130 >100
Pl Gev] - - >65 >50 >50 >65
pF[Gev] - - - - - >50
|+ ylety - <237 - - - -
[cos | - <0.83 - - - -
m Siet [Gev] - > 467 - - - -
R Sietl _ _ — >3 >3 -
R Sjetz _ _ _ 1< R §jet2 <15 — _
R jetiSjet2 _ _ _ _ 1< R jetiSje2< 15 _
jetly _ - - <2.37 <2.37 -
jet2 jet2
pr - Er - - - pr <Eg - -
Number of events 2451236 344572 567796 40537 37429 164062
Normalisation 10(1.1) 10(1.2) 11(1.2) 1.0(1.2 1.0(1.2) 11(1.1

factor SHHERPA
(PYTHIA)

4. Monte Carlo simulations

Samplesof MC eventsweregeneratedo studythe characteristicef signalevents.The MC
sampleswere also usedto determinethe responseof the detectorand the correctionfactors
necessaryo obtain the particle-levelcrosssections.In addition, thesesampleswere usedto
estimatehadronisatiorcorrectiongo the NLO QCD calculations.

The MC programsPYTHIA 8.165[21] and SHERPA 1.4.0[22] were usedto generatehe
simulatedevents(seeTable 2).In both generatorsthe partonicprocessesvere simulatedusing
LO matrix elementswith theinclusionof initial- and nal-state partonshowersFragmentation
into hadronswas performedusing the Lund string model [40] in the caseof PYTHIA, anda
modi ed versionof the clustermodel [41] in the caseof SHERPA, for which it is the default
treatmentThe LO CTEQG6L1[42] (NLO CT10[43]) partondistributionfunctions(PDF) were
usedto parameteris¢he protonstructurein PYTHIA (SHERPA). Both sampledncludeda simu-
lation of the underlyingevent.The eventgeneratoparametersvere setaccordingto the “AU2
CTEQ6L1" [44] tunefor PYTHIA andthe“CT10” tunefor SHERPA. All samplesof generated
eventswere passedhroughthe GEANT4-based45] ATLAS detector- andrigger-simulation
programg46]. Theywerereconstructe@ndanalysedy the sameprogramchainasthe data.

The PrTHIA simulationof the signalincludedLO photonplus jet eventsfrom both direct
processe¢the hardsubprocessesg q andgq g , called“hard component”)andpho-
ton bremsstrahlungn QCD dijet eventy(called“brem component”)The SHERPA Samplesvere
generatedvith LO matrixelementgor photonplusjet nal stateswith upto threeadditionalpar-
tons,supplementedith partonshowersWhile thebremcomponentvasmodelledn PYTHIA by

nal-state QEDradiationarisingfrom calculationofall2 2 QCDprocessest wasaccounted
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Table 2

Thegeneratorsisedfor correctingthe dataarelisted,togethemwith their matrix elementsthe PDFandthetunes.
Name Matrix elements PDF Tune

PYTHIA 8.165 2 2 LO CTEQ6L1 AU2 CTEQ6L1
SHERPA1.4.0 2 nn=2..,5 NLO CT10 CT10

for in SHERPAthroughthe matrixelementof 2 n processewith n  3; in the evaluationof
the matrix elementghe photonwasrequiredto befartherthan R = 0.3 fromanyparton.

All sampleswere simulatedtaking into accountthe effects of the pile-up appropriatefor
2012data.The additionalinteractionswvere modelledby overlayingsimulatedhits from events
with exactly one high momentum-transfefsignal) collision per bunchcrossingwith hits from
minimum-biaseventsthatwere producedwith the PrTHIA 8.160program[21] usingthe A2M
tune[44] andthe MSTW2008LO [47] PDFset.

Dedicated RTHIA and SHERPA samplef eventsweregeneratect particleandpartonlev-
els, switching off the mechanismghat accountfor the underlyingeventto correctthe NLO
calculationdor hadronisatiorandunderlying-eveneffects.

The particle-level isolationvariableon the photonwasbuilt from the transversenergyof all
stableparticles,exceptfor muonsandneutrinos,n aconeof size R = 0.4 aroundthe photon
direction afterthe contributionfrom the underlying event wasubtractedin this casethe same
underlying-evensubtractionprocedureusedon datawas appliedat the particlelevel. The iso-

lation transversenergyat particlelevel is denotedby EiTs"%an. The particle-levelrequiremenbn

EiTS’%anWasdeterminedjsingthe PrTHIA and SHERPAMC samplesby comparinghecalorime-
ter isolationtransversenergywith the particle-levelisolation on an event-by-evenbasis.The
effect of the experimentalsolationrequiremenusedin the datais closeto a particle-levelre-

quirementof EiTS%art< 10 GeV overthemeasuredE range.The measuredrosssectiongefer

to particle-levelietsandphotonsthatareisolatedby requiring E‘Tf%art< 10 GeV.

TheMC predictionsat particlelevel arenormalisedo the measuredhtegratedcrosssections.
The normalisationfactorsare appliedglobally for eachsamplede ned in Section3.3 andare
listedin Table 1.

5. Signal extraction
5.1. Backgrounds

A non-negligiblebackgroundontributionfrom jetsremainsn the selectedsample evenafter
the applicationof the tight identi cation andisolation requirementn the photon. The back-
groundsubtractionusesa data-drivenmethodbasedon signal-suppressecbntrol regions.The
backgroundcontaminationin the selectedsampleis estimatedisingthe sametwo-dimensional
sidebandechniqueasin the previousanalyses3,6,7,9,12]Jandthensubtractedin-by-binfrom
theobservedsield. In thetwo-dimensionaplaneformedby E'ﬁ%et andthe photonidenti cation
variable four regionsarede ned:

€ A:the*“signal” region, containingtight isolatedphotoncandidates.
€ B: the“non-isolated”backgrounctontrolregion, containingtight non-isolatecdohotoncan-
didates.A candidatephotonis consideredo be non-isolatedf E¥%., > (4.8+ 2) GeV+



The ATLAS Collaboration / Nuclear Physics B 918 (2017) 257-316 267

4.2-103 . E; [GeV]; thethresholdis 2 GeV higherthantheisolationrequirementor the
signalregion.

€ C: the “non-tight” backgroundcontrol region, containingisolatednon-tight photoncandi-
dates A candidatephotonis labelledas“non-tight” if it fails at leastoneamongfour of the
tight requirement®n the shower-shapgariablescomputedrom the energydepositsn the
rst layerof the electromagneticalorimeterput satis esthetight requiremenbn thetotal
lateralshaverwidth [30] in the rst layerandall theothertightidenti cation criteriain other
layers.

€ D: thebackgroundtontrolregion containingnon-isolatechon-tightphotoncandidates.

Thesignalyield in region A, Nf\'g, is estimatedrom the numbersof eventsin regionsA, B,
C andD andtakesinto accountthe expectechumberof signaleventsin the threebackground
control regionsvia signal leakagefractions,which are extractedfrom MC simulationsof the
signal. The only hypothesids thatthe isolationandidenti cation variablesare uncorrelatedn
backgrounceventsthusRP9= (NP9 N29y/(N 29 Ngg) = 1,whereN 2 with K = A, B,C,D
is the numberof backgroundeventsin eachregion.This assumptions veri ed [9] bothin simu-
latedbackgroundsamplesandin datain a background-dominateakgion.Deviationsfrom unity
are taken as systematicuncertaintiegsee Section7). In addition, a systematicuncertaintyis
assignedo the modelling of the signalleakagefractions.Sincethe simulationdoesnot accu-
rately describehe electromagnetishover pro les, a correctionfactorfor eachsimulatedshape
variableis appliedto bettermatchthedata[6,7].

Thereis anadditionalbackgroundrom electronsmisidenti ed asphotonsmainly produced
inZ e'e>andW e processesSuchmisidenti ed electronsare largely suppressetby
the photonselectionTheremainingelectronbackgrounds estimatedisingMC simulationsand
foundto benegligiblein the phase-spaceegionof the analysispresentedhere.

5.2. Signalyield

The signalpurity, de ned asN9/N 4, is typically above0.9 andis similar whether FrTHIA
or SHERPAIs usedto extractthesignalleakageractions.Thesignalpurity increasesisE, p$t1
andm S increaseanddecreaseas|cos | increases.

For most of the distributions studied,the shapesof the hard and brem componentsn the
signalMC simulatedby PyTHIA aresomewhadtifferent. Therefore,n eachcase the shapeof
the total MC distributiondependsn the relative fraction of the two contributions.To improve
the descriptionof the databy the PrTHIA MC samplesa t [3] to eachdatadistributionis
performedwith the weight of the hardcontribution, , asthe free parameterthe weight of the
brem contributionis givenby 1S . The tted valuesof arein the range0.26-086. After
thesets, agooddescriptionof the datais obtainedrom the PyTHIA MC simulationsfor all the
observablessxceptfor thedistributionsin theazimuthalanglebetweerthejets. Thesimulations
of SHERPA give agooddescriptionof the data,exceptfor thetail of thedistributionsin E.

Theintegratedef ciency, includingtheeffectsof trigger,reconstructionparticleidenti cation
andeventselectionj|s evaluatedrom the simulatedsignalsamplesiescribedn Section4. The
integratedef ciency is computedas = Nd9etParyN part \yhere N detpart js the numberof MC
eventshatpassall theselectiorrequirementsit boththe detectorandparticlelevelsandN P2'tis
thenumberof MC eventghatpassheselectiorrequirementsittheparticlelevel. Theintegrated
ef ciency using SHERPA (PYTHIA) is foundto be 81.3% (81.5%)or the photonplus one-jet,
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74.6% (75.3%)for the photonplus two-jet and 70.2% (70.6%)for the photon plus three-jet
sample.

The bin-to-bin ef ciency is computedas ; = , whereN; is the number
of MC eventsthatpassall theselectlorrequwementat boththedetectorandpartlclelevelsand
are generatedand reconstructedn bin i, andeE’lr is the numberof MC eventsthat passthe
selectlorrequ|rementatthepartcheIeveI_andaregenerateah bini. Thebin-to-binef ciencies
aretypically above50%, exceptfor the p’Ter observableg 40%)dueto theresolutionin these
steeplyfalling distributions,andaresimilarfor SHERPAand PrTHIA.

The bin-to-bin reconstructiorpurity is computedas ; = N 2N et whereN 9t is the
numberof MC eventsthat passthe selectionrequirementst the detectorlevel andarerecon-
structedin bin i. The bin-to-bin reconstructionpurities are typically above 55%, exceptfor

’et ( 40%) for the samereasonasthe bin-to-bin ef ciency, andare similar for SHERPA and
PYTHIA.

N det,part/N part detpart .

6. Cross-sectiormeasurementprocedure

The crosssections after backgroundsubtractionare correctedto the particle level usinga
bin-by-bincorrectionprocedureThebin-by-bincorrectionfactorsaredeterminedisingthe MC
samplesthesecorrectionfactorstakeinto accounthe ef ciency of the selectiorcriteriaandthe
jet and photonreconstructionaswell as migration effects. The SHERPA samplesare usedto
computethe nominalcorrectionfactorsto thecrosssectionsandthe PrTHIA samplesreusedto
estimatesystematiauncertaintieslue to the modelling of the partonshower,hadronisatiorand
signal(seeSection?).

The crosssectionsarecorrectedo the particlelevel via the formula

NA%G) CMC(i)
L A()
where(d / dA)(i) is thecrosssectionasa functionof observablej, NAg(I) is thesignalyield

in bini, CMC(j) is thecorrectionfactorin bini, L is theintegrateduminosityand A(i) is the
width of bini. The correctionfactorsarecomputedas

)= . @3)

Noait i)
MC;
C (I) Sherpa (I) (4)
det
\é\{hgreN(,S;e;g?t)(l) is thenumberof eventsin the SHERPA samplesat detector(particle)level in
in

For the systematiauncertaintiesestimatedvith the PyTHIA samplesthe acceptanceorrec-
tion factorsarecomputedas
PYTHIAH ; & Pythia ,B:
CMC(i) — N part (I) + (18 )N payrt “ (l)

. . 5)
hia H,: - hia B,y ' (

where is the value obtainedfrom the t to the datadistribution of eachobservableand
Ng’gtt?'grt (i) is the numberof eventsin the PrTHIA samplesat detector(particle)levelin binii.

The|nd|cesH andB correspondo the hardandbrem PrTHIA componentstespectivelyThe
correctionfactorsfrom PYTHIA and S1ERPA arevery similar anddiffer from unity by typically

20%. The averagecorrectionfactor for eachdistributionis listed in Table 3.The resultsof
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Table 3
Overviewof the averagecorrectionfactor CMC for eachdistributionusingthe SHERPAand PrTHIA samples.
Sample DistributionCMC using S1ERPA (PYTHIA)
P1J Eq:1.18(1.17) piTF“‘l: 1.20 (1.17)
P1IM m Sietl: 1 21 (1.18) |cos |:1.16 (1.14)
P2J Eq:1.17 (1.15) plet2: 1,22 (1.15) Sjet2. jetljet2
_ 1.13(1.11) 1.13(1.11)
P3J E;: 115 (1.13) ple 119 (1.18) Sjets. jet1—jet3 jet2—jet3
1.11 (1.09) 1.11 (1.09) 1.12 (1.10)
Table 4
Overviewof therelativesystematiaincertaintiesn the crosssections.
Sourceof Variable
uncertainty Photon plus one-jet Photon plus two-jet Photon plus three-jet
jetl jet2 jet3
Er pr lcos | pf p T
Photonenergy (1-9% (0-35)% (1-14)% (0-25)% (0-24)% (0-19)% (0-17)%
scaleand
resolution

Jet energy scale (0-17% (2.4-15)% (1.8-23)% (3.6-10)% (1.8-9%  (5.5-14)% (4.5-11)%
Jet energy resolution (0-0.3)% (0.1-10)% (0.1-04)% (0.1-15% (0.2-20)% (1.1-40)% (0.1-25%
Partonshowerand ~ (0-08)% (1.1-9%  (0.6-13)% (1-13)%  (0.8-46)% (2.3-56)% (2.1-7%
hadronisation

models
Photon identi cation (0-04)% (0-0.4)% (0-0.49)% (0-0.4)% (0-0.4)% (0-0.49)% (0-0.9)%
Background (0-)% 0-11)% (0-0.6)% (0-12)% (0-0.5% (0-19)% (0-1)%
control
regions
Signal modelling (0-01)% (0-014)% (0-04)% (0-0.6)% (0-0.7)% (0-0.5% (0-12)%
Correlationin (0-0.8)% (0-0.7)% (0-0.9)% (0-0.6)% (0-0.6)% (0-0.6)% (0-0.5)%
background

the bin-by-binunfolding procedureare checkedwith a Bayesianunfoldingmethod[48], giving
consistentesults.

7. Systematicuncertainties

Severalsourcef systematiaincertaintyareinvestigatedThesesourcesncludethe photon
energyscaleandresolution the jet energyscaleandresolution the parton-showeandhadroni-
sationmodeldependencehe photonidenti cation ef ciency, the choiceof backgroundtontrol
regions,the signalmodellingandthe identi cation andisolationcorrelationin the background.
Eachsources discussedbelov. An overviewof thesystematiaincertaintiesn thecrosssections
is givenin Table 4.

7.1. Photonenergyscaleandresolution
Differencesbetweenthe photon energy scale and resolutionin data and the simulations

leadto systematicuncertaintiesA total of 20 individual componentg31] in uencing the en-
ergy measurementf the photonareidenti ed and varied within their uncertaintieso assess
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the overall uncertaintyin the energymeasuremeniTheseuncertaintiesare propagatedhrough
the analysisseparatelyto maintainthe full information aboutthe correlations.The total rela-
tive photonenergy-scal@ncertaintyis in therange(0.3-0.9%6 for| | < 1.37,(1.3-24)% for
1.56< | |< 1.81 and(0.3-Q07)% for 1.81< | |< 2.37 dependin®n the photontransverse
energyandwhetherthe candidatds classi ed asanunconvertedr convertedohoton.

Similarly to the enepgy scaleuncertaintythe energyresolutionis alsoin uenced by different
contributions(seven components)hich arealsopropagatedhrough the analysiseparately to
maintainthefull informationaboutthe correlations.

Thesystematiaincertaintiesn themeasuredrosssectionglueto theeffectsmentionedabove
areestimatedy varying eachindividual sourceof uncertaintyseparatelyn the MC simulations
andthenaddedin quadratureThe largestcontributionarisesfrom the uncertaintyin the gain
of the secondayer of the electromagneticalorimeter.The photonenegy scalecontributesan
uncertaintyin the crosssectionmeasuredas a function of E; of + 1% (+4%) at low (high)
E-, andtypically lessthan+ 2% whenmeasuredvith the jet observablesThe photonenergy
resolutioncontributesan uncertaintyin the measurecdrosssectionsof lessthan+ 1% for all
observables.

7.2. Jetenergyscaleandresolution

The jet energyscale(JES) uncertaintycontainsa full treatmentof bin-to-bin correlations
for systematicuncertaintiesA total of 67 individual componentg37] in uencing the energy
measurementf the jetsareidenti ed andvariedwithin their uncertaintiego assesshe overall
uncertaintyin thejet energymeasuremeni.heseparameterarepropagatedhroughtheanalysis
separatelyto maintainthe full informationaboutthe correlationsThe total relative jet energy-
scaleuncertaintyis +3% in the phase-spaceegionof the measurements.

The jet enegy resolution(JER) uncertaintyaccountsfor the differencesbetweendataand
simulatedevents.Theimpactof the JERuncertaintyis estimatedy smearinghe MC simulated
distributionsandcomparinghe smearedndnon-smearedesults.

Thesystematiaincertaintiesn themeasuredrosssectionslueto theeffectsmentionecabove
areestimatedy varying eachindividual sourceof uncertaintyseparatelyn the MC simulations
andthenaddedn quadratureThemajorcontributionsarisefrom uncertaintiesn (a)theelectron
andphotonenergyscale which affectthein situ correctionsobtainedfrom + jetandZ + jet
events,(b) the modellingof the ambienttransversenergyusedin the subtractionof the under-
lying eventand pile-up, and(c) the modelling of the quarkand gluon compositionof the jets.
Theresultinguncertaintydueto the JESis the dominanteffect on the measuredrosssections,

exceptfor thoseasfunctionsof E;. As anexample the effecton the measuredarosssectionas

afunctionof pjTth is below+ 6% for pjT‘atl < 600 GeV andyrowsto + 15% forpjT‘Etl 1 TeV.

The JER contributesan uncertaintyin the measurearosssectionswhich is smallerthan+ 1%
for the photonplus one-jetobservablesfor the photonplus two-jet and photonplus three-jet
observableg is below+ 4%.

7.3. Parton-showerand hadronisatiormodeldependence

The differencebetweenthe signal purities and the correctionfactorsestimatedn SHERPA
and PrTHIA is takenasan estimateof the systematiaincertaintydueto the parton-showeand
hadronisatiormodels.The resultinguncertaintyin the measuredrosssectionsis below £ 3%

for thephotonplusone-jetmeasurementgxceptor pjT‘Etl (for whichtheuncertaintyincreaseso
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+9% for pjTEtl 1 TeV), below= 6% for the photonplustwo-jet measurementgxceptfor p'ftz
(for whichtheuncertaintyincreaseso + 13% forp‘T‘3t2 1 TeV),andbelowz* 7% forthephoton

plusthree-jetmeasurements.
7.4. Photonidenti cation ef ciency

Scalefactorsare appliedto the MC eventsto matchthe “tight” identi cation ef ciency be-
tweendataand simulation[30]. The uncertaintyin the photonidenti cation is estimatedby
propagatinghe uncertaintyin thesescalefactorsthroughthe analysis. Theseeffectsresultin an
uncertaintyin the measuredarosssectionswhichis smallerthan+ 0.4%for all observables.

7.5. Choiceof backgrounccontrol regions

Theestimationof the backgrounctontaminatiorin the signalregionis affectedby thechoice
of backgroundcontrol regions.The latter arede ned by the lower limit on E'Tﬁ%et in regionsB
andD andthechoiceof invertedphotonidenti cation variablesusedin the selectiorof non-tight
photonsTo studythedependencenthespeci ¢ choiceshesede nitions arevariedoverawide
range.The lower limit on E'Tﬁ%et in regionsB and D is variedby £1 GeV, which is larger
thananydifferencebetweerdataandsimulationsandstill providesenougheventsto performthe
data-driversubtractionLikewise,the choiceof invertedphotonidenti cation variableds varied.
Theanalysids repeatedisingdifferentsetsof variablestighter(looser)identi cation criteriaare
de ned by applyingtight requirementso anextended(restricted)setof shower-shapegariables
in the rst calorimeterayer[9]. The effectsof thesevariationson the measuredatrosssections
aretypically smallerthan+ 1% for all observables.

7.6. Signalmodelling

The simulationof the signalfrom the PrTHIA MC sampless usedto estimatethe system-
atic uncertaintiearisingfrom themodellingof the hardandbremsstrahlungomponentswhich
affectthe signalleakagefractionsin the two-dimensionakidebandnethodfor backgroundsub-
tractionandthebin-by-bincorrectionfactors.

To estimatethe effect of the signal modelling on the signalleakagefractions,the PrTHIA
componentsare rst mixed accordingto the default value given by the MC crosssectionto
determinghe signalyield. The uncertaintyrelatedto the simulationof the hardandbremcom-
ponentsin the signalleakagefractionsis estimatedby performingthe backgroundsubtraction
usingtheadmixturederivedfromthe t. For thisestimationthebin-by-bincorrectionfactorsare
computedusingEg. (5).

To estimatetheeffect of the signalmodellingonthebin-by-bincorrectionfactors,the compo-
nentsin PYTHIA aremixedaccordingto Eq. (5) butusing =+ , where istheerrorfrom
the t (seeSection5.2).

Theseeffectsresultin anuncertaintyin themeasuredrosssectionsvhichis typically smaller
than+ 1% forall observables.

7.7. ldenti cation andisolationcorrelationin the background

The isolation and identi cation photon variablesusedto de ne the plane in the two-
dimensionalsidebandmethodto subtractthe background(see Section5.1) are assumedo
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be uncorrelatedfor backgroundevents(RP9 = 1). Any correlation betweenthesevariables
would affect the estimationof the purity of the signalandleadto systematicuncertaintiesn
the background-subtractioprocedurelt was shownthat R is consistentwith unity within
+10% [9]. Therefore + 10% istakenasthe uncertaintyin RP9 relatedto theidenti cation and
isolation correlationin the backgroundTheseeffectsresultin an uncertaintyin the measured
crosssectionswhichis typically smallerthan+ 1% for all observables.

7.8. Total systematiaincertainty

The total systematiauncertaintyis computedby addingin quadraturehe sourcesof uncer-
tainty listed in the previoussectionsand the statisticaluncertaintyof the MC samples.The
uncertaintyin the integratediuminosity is = 1.9% [29]; this uncertaintyis fully correlatedin
all binsof all themeasuredrosssectionsandis addedn quadraturdo the otheruncertainties.

8. Fixed-order QCD calculations

The measurementare comparedo the highest xed-order pQCD predictionavailablefor
each nal stateThedetailsof thecalculationsaregivenbelow.

8.1. Calculationsfor photonplusone-jet nal state

The LO andNLO QCD calculationsusedin the photonplus one-jetanalysispresentedere
are performedusing the program &TPHOX 1.3.2[23,24] This programincludesa full NLO
calculationof boththe directandfragmentatiorQCD contributionsto the crosssectionfor the
pp + jet+ X reaction.

Thecalculationassumess e masslesguark avours. Therenormalisatiorf r), factorisation
(uF) and fragmentation(pt) scalesare chosento be ur = pr = Pt = E¢. The calculations
are performedusing the CT10 parameterisationsf the proton PDF andthe NLO BFG setll
photonfragmentatiorfunction[49]. Thestrongcouplingconstanis calculatecat two loopswith

s(mz) = 0.118.

Thecalculationsareperformedusingaparton-leel isolationcriterionwhich requireghetotal
transversenergyfrom thepartonsnsideaconeof R = 0.4 aroundhephotondirection,called
coneisolationhenceforthto bebelow10 GeV.Theantik; algorithmwith radiusparameteR =
0.6 isappliedto the partonsn theeventgyeneratedby this programto computethecross-section
predictions.

8.2. Calculationsfor photonplustwo-jetand photonplusthree-jet nal states

NLO QCD calculationsare performedseparatelyfor photon plus two-jet and photonplus
three-jet nal statesusingthe program B ACKHAT + SHERPA [25,26] This programincludes
afull NLO QCD calculationof only the direct contributionto the crosssectionfor the pp

+ 2jets+ X andpp + 3jets+ X reactionsThereforethe highest-ordecalculationused
in this papercorrespondso that of photonplus three-jetproductionandit is upto O( em é).
Thepr andur scalesarechoserto be g = U = E¢. Thesettingsfor the numberof avours,

s(mz) andprotonPDF arethe sameasfor JETPHOX. The calculationsare performedusinga
parton-levelsolationon the photonbasedn the Frixionemethod50], calledFrixioneisolation
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henceforthAs with JETPHOX, the antik; algorithmwith radiusparameteR = 0.6 isappliedto
the nal-state partons.

8.3. Hadronisationand underlying-eventorrectionsto the NLO QCD calculations

Sincethe measurementsefer to jets of hadronsandinclude underlying-even{UE) effects,
whereagsheNLO QCD calculationgeferto jetsof partonswithout sucheffects thecross-section
predictionsarecorrectedo includeUE effectsat particlelevel usingtheMC models.Thecorrec-
tion factor,CnLo, is de ned astheratio of thecrosssectionfor jetsof hadronswith UE to thatfor
jetsof partons.Thecorrectionfactorsfor the photonplusone-jetpredictionsareestimatedising
the PrTHIA samplegusingconeisolation)andthosefor thephotonplustwo/three-jepredictions
areestimatedisingthe SHERPAsamplesin thelattercasethecone(Frixione)isolationis usedat
the particle(parton)levelto matchthe measurementgredictions) The MC samplef PYTHIA
(SHERPA) aresuitedfor estimatingthe correctionfactorsfor JETPHOX (BLACKHAT) sincethese
NLO QCD calculationsinclude (do not include) the fragmentationcontribution. Thesefactors
arecloseto unity for thephotonplusone-jetobservablesxceptor pJTe % 500 GeV wherethey
candiffer by up to 30% fromunity dueto the dominanceof the bremsstrahlungomponenin
thatregion.For photonplustwo-jet (three-jet)observableshe averagecorrectionfactoris 1.10
(1.14).

8.4. Theoreticaluncertainties
Thefollowing sourcef uncertaintyin thetheoreticalpredictionsareconsidered:

€ Theuncertaintydueto the scaless estimatedoy repeatinghe calculationsusingvaluesof
MR andp g scaledby factors0.5 and2. Thetwo scalesarevariedindividually. In the caseof
photonplusone-jetcalculationsthe it scaleis alsovaried.

€ Theuncertaintydueto the protonPDFis estimatedy repeatingthe calculationsusingthe
52 additional setsfrom the CT10 error analysisand taking the sumin quadratureof all
the uncertaintycomponentsThe scalingfactor of 1/1.645 is appliedto convertthe 90%
con dence-level(CL) intervalasprovidedin Ref.[43] to a68%CL interval.

€ Theuncertaintydueto thevalue of (mz) is estimatedy repeatinghe calculationsusing
two additionalsetsof proton PDFs,for which differentvaluesof ¢(mz) areassumedn
the ts, namely ¢(mz) = 0.116 and).120.In addition,the samescalingfactor mentioned
aboveis alsoappliedto obtainthe uncertaintyfor the 68% CL interval.

€ The uncertaintyon the hadronisatiorand underlying-@ent correctionsis negligible com-
paredto the otheruncertaintie®on thetheoreticapredictiong 3].

The dominanttheoreticaluncertaintyis thatarisingfrom the scalevariations.The total theo-
reticaluncertaintyis obtainedby addingin quadratureheindividual uncertaintiedistedabove.

9. Results
9.1. Fiducial regionsandintegratedcrosssections

The measurementpresentechererefer to isolatedprompt photonswith EiTS’%art< 10 GeV

(seeSection4) andjets of hadrongseeSection3.2). The detailsof the phase-spaceegionsare
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Table 5

Measuredandpredictedntegratedcrosssections.

Final state Measurectross ~ NLO QCD prediction PYTHIA prediction  SHERPAprediction
section[pb] JETPHOX/BLACKHAT [pb] [pb] [pb]

Photon plus one-jet 134z 4 12831 (3) 120 132

Photon plus two-jet  30.4+ 1.8 29.2%%? (B) 26.4 27.4

Photon plus three-jet 8.7+ 0.8 9.5593 (B) 8.2 7.9

givenin Table 1.The integratedcrosssectionsfor the photonplus one-jet,photonplus two-jet
andphotonplusthree-jetnal statesareshownin Table 5.Themeasure@ndpredictedntegrated
crosssectionsareconsistenwithin the experimentabndtheoreticaluncertainties.

9.2. Crosssectiondor isolated-photomplusone-jetproduction

The measureatross-sectiom / dE, shownin Fig. 3(a),decreaseby ve ordersof magni-
tudeasE; increasesverthe measuredange.Valuesof E; upto 1.1 TeV aremeasuredThe
experimentalincertaintyis below5% forE; 650 GeV,dominatedyy the photonenergyscale
uncertaintyandgrowsto 15% atE 1 TeV,dominatedby thestatisticaluncertaintyin this re-
gion. The NLO QCD predictionfrom JETPHOX is comparedvith the measuremernih Fig. 3(a).
TheNLO QCD predictiongivesa gooddescriptionof the datawithin the experimentahndtheo-
reticaluncertaintiesThetheoreticauncertaintyvariesfrom 7% forE; 130 GeVto 10%
forE;y 1 TeV;it is dominatedy thecontributionarisingfrom scaleuncertaintiesin particular
from the variationof pur (7% (5%) atlow (high) E;), althoughfor E; 750 GeV theuncer-
tainty from thePDFgrowsto beof thesameorderanddominatedor higherE; values( 8% for
E; 1TeV).Thepredictionsfrom SHERPAand PrTHIA arecomparedvith themeasurements
in Fig. 4(a).Both predictionsgive an adequatealescriptionof the shapeof the datadistribution
within theexperimentaandtheoreticalincertaintiesthetheoreticaincertaintiemrenecessarily
atleastaslargeasfor the NLO QCD calculations.

The measuredtross-sectiord / dpjTEtl, shownin Fig. 3(b),decreaseby ve ordersof mag-

nitude from p%?tl 120 GeV tothe highesttransversernomenturnavailable,pjTetl 1.2 TeV,

for pjTetl < 120 GeV thecrosssectiondecreaseslue to the kinematicanalysisrequirements.

The total experimentalncertaintyis below 6% for pjTetl < 500 GeV andgrowsto  25% for

pjTeu 1.1 TeV.lIt is dominatedby the uncertaintyin the jet energyscale.The NLO QCD pre-

diction givesa gooddescriptionof the dataexceptfor p$t1 < 120 GeV,wherein the calculation
of A- em s+ B em § [23,24]the Born termis zero,i.e. A = 0. Thetheoreticaluncertainty
growsfrom <5% at p" 135 GeV to 25% forp’™" 1.1 TeV andis dominatedby the
variationof pr in the whole measuredange.The predictionsfrom SHERPA and PrTHIA give
anadequatelescriptionof thedata(seeFig. 4(b)).

Fig. 3(c)shavs d / dm Sietl: the measuredtrosssectiondecreaseby four ordersof mag-
nitudeasm € increasedrom about0.5 TeV tothe highestmeasuredralue, 2.45 TeV.
The experimentalincertaintyrangesirom 3% to  22% andis dominatedby the jet energy
scaleuncertaintyin mostof themeasuredangefor m >€tl > 1.5 TeV thestatisticaluncertainty
dominatesTheNLO QCD calculationgivesagooddescriptiorof the dataandno signi cant de-
viation from thepredictionfrom pQCDis observedThetheoreticauincertaintyis  10%(15%)
atm Slel 490 (2450) GeV; it is dominatedby the contributionarising from scaleuncer-
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Fig. 3.VMeasuredcrosssectionsfor isolated-photorplus one-jetproduction(dots) as functionsof (a) E¢, (b) p1
(c)m Sjetl and(d)|cos |. TheNLO QCD predictionsfrom JETPHOX correctedor hadronisatiomndunderlying-event
effectsand usingthe CT10 PDF set(solid lines) are also shown. Thesepredictionsinclude direct and fragmentation
contributions(D+F). The bottompart of each gure showstheratio of the NLO QCD predictionto the measuredross
section.The inner (outer) error barsrepresenthe statisticaluncertaintiegthe statisticaland systematicuncertainties
addedn quadratureandtheshadedandrepresentthetheoreticalincertaintyFormostof thepoints,theinnererrorbars
aresmallerthanthe markersizeand,thus,not visible. The crosssectionsn (c) and(d) includeadditionalrequirements
on| + vyt |cos |andm Sietl (seeTable ).

tainties,in particularfrom the variationof ur ( 10%), althoughfor m Sjetl 2.15 TeV the
uncertaintyfrom the PDFgrowsto beof thesameorderanddominategor higherm i€t values.
The predictionsfrom PyTHIA and SHERPA give a gooddescriptionof the data(seeFig. 4(c)),
exceptfor m S€t1 > 1 8 TeV whereneverthelesshe differencesarecoveredby thetheoretical
uncertainties.
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Fig. 4.VMeasuredcrosssectionsfor isolated-photorplus one-jetproduction(dots) as functionsof (a) E¢, (b) p1
(c)m Sjetl and(d) |cos |, presentedh Fig. 3.Forcomparisonthepredictiondrom SHERPA(solidlines)and PrTHIA
(dashedines) normalisedo the integratedmeasuredrosssectiongusingthe factorsindicatedin parenthesesgjrealso
shown.The bottompartof each gure showstheratiosof the MC predictionsto the measuredrosssection.The inner
(outer)error barsrepresenthe statisticaluncertaintiegthe statisticalandsystematiaincertaintieaddedin quadrature).
For mostof the points,theinner error barsare smallerthanthe markersizeand,thus,not visible. The crosssectionsn
(c) and(d) includeadditionalrequirementsn|  + y€%|, |cos | andm Si€t (seeTable ).

Themeasuredross-section / d|cos |, shownin Fig. 3(d),increasess|cos | increases.
The experimentalincertaintyis  3%; the only signi cant contributionsarisefrom the photon
andjet energyscaleuncertaintieandthe modeldependencelhe NLO QCD predictiongivesa
gooddescriptiorof thedata.Thetheoreticalincertaintyis  10%,dominatedyy thecontribution
arising from scaleuncertaintiesjn particularfrom the variation of pur. The predictionsfrom
PyTHIA and SHERPA give agooddescriptionof thedata(seeFig. 4(d)).
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Fig. 5. Measuredcrosssectionsfor isolated-photorplus one-jetproduction(dots) asfunctionsof |cos | in different
regionsof m S€1, TheNLO QCD predictionsfrom JETPHOX correctedfor hadronisatiorandunderlying-eveneffects
andusingthe CT10PDFset(solidlines)arealsoshown.Thesepredictiongncludedirectandfragmentatiorcontributions
(D+F). Theinner(outer)errorbarsrepresenthestatisticauncertaintiegthestatisticalandsystematiancertaintiesdded
in quadraturepndthe shadedandrepresentshe theoreticaluncertaintyFor mostof the points,theinnererrorbarsare
smallerthanthe markersizeand,thus,notvisible. For visibility, themeasure@ndpredictedcrosssectionsarescalecby
thefactorsindicatedin parentheses.

To gainfurtherinsightinto thedynamicsf thephoton—jesystemcrosssectionsaremeasured
asfunctionsof | cos | in differentregionsof m :Sjetl. Fig. 5showsthe measured@rosssections
andNLO QCD predictionsin nineregionsof m S, The NLO QCD predictionsdescribewell
the scaleevolutionof the measuredtrosssectionsThe LO QCD predictionsof the directand
fragmentatiorcontributionsto the crosssectionare comparedwith the measurements Fig. 6.
Eventhoughat NLO thetwo componentg&reno longerdistinguishablethe LO calculationsare
usefulin illustratingthe basicdifferencesn the dynamicsof thetwo processesl he contribution
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Fig. 6. Measuredcrosssectionsfor isolated-photorplus one-jetproduction(dots) asfunctionsof |cos | in different
regionsof m St presentedn Fig. 5.For visibility, the measuredtrosssectionsarescaledby the factorsindicatedin
parentheseg:or comparisonthe LO QCD predictionsfrom JETPHOX correctedor hadronisatiorandunderlying-event
effectsandusingthe CT10 PDF setfor direct (solid lines) andfragmentation(dashedines) processesre shownsepa-
rately. In eachregionof m SI€tL the predictionsarenormalisedo theintegratedmeasuredtrosssectionby the factors
shownin parenthesesyhichincludethevisibility factor. Theinner(outer)errorbarsrepresenthestatisticaluncertainties
(the statisticalandsystematiaincertaintiesaddedn quadrature)For mostof the points,theinnererrorbarsaresmaller
thanthemarkersizeand,thus,notvisible.

from fragmentationshowsa steepelincreaseas|cos | 1 thanthatfrom direct processes.
This differentbehaviours dueto the different spin of the exchangedgarticledominatingeach
of the processesa quarkin the caseof directprocesseandagluonin the caseof fragmentation
processesThe shapeof the measuredtross-sectior / d[cos | is muchcloserto that of the
direct-photorprocessethanthatof fragmentatiorin all m ¢! regions Thisis consistentvith
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Fig. 7. Measuredcrosssectionsfor isolated-photorplus one-jetproduction(dots) asfunctionsof |cos | in different
regionsof m SIetl presentedh Fig. 5.Forcomparisonthe predictionsrom SHERPA (solid lines)and PrTHIA (dashed
lines)arealsoshown;the predictionsarenormalisedo the databy a globalfactor,whichis shownasthesecondactorin
parentheses$n addition,for visibility, themeasure@ndpredictedcrosssectionsarescaledby the rst factorindicatedin
parenthese§heinner(outer)errorbarsrepresenthe statisticaluncertaintiegthe statisticalandsystematiaincertainties
addedn quadrature)For mostof the points,theinnererrorbarsaresmallerthanthe markersizeand,thus,notvisible.

the dominanceof processein which the exchangedgarticleis a quark. The predictions from
PYTHIA and S1ERPAarecomparedvith thedatain Fig. 7andalsogive anadequatelescription
of themeasurements.

4 TheMC predictiongfor everyregionin m Si€tl arenormalisecusingthe samefactorsasfor d / dm Sietl,
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