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Dynamics of isolated-photon plus jet production
in pp collisions at vs = 7 TeV with the ATLAS detector

The ATLAS Collaboration

Abstract

The dynamics of isolated-photon plus jet productiopjocollisions at a centre-of-mass energy
of 7 TeV has been studied with the ATLAS detector at the LHG\gigin integrated luminosity
of 37 pbl. Measurements of isolated-photon plus jet bin-averagesiscsections are presented
as functions of photon transverse energy, jet transverseantum and jet rapidity. In addition,
the bin-averaged cross sections as functions of tlierdnce between the azimuthal angles of the
photon and the jet, the photon—jet invariant mass and tttesicey angle in the photon—jet centre-
of-mass frame have been measured. Next-to-leading-or@ér €alculations are compared to the
measurements and provide a good description of the datapekar the case of the azimuthal
opening angle.
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1. Introduction

The production of prompt photons in association with a jgroton—proton collisiongp —
v+jet+X, provides atesting ground for perturbative QCD (pQCD) abemner environment than in
jet production, since the photon originates directly fréma hard interaction. The measurements
of angular correlations between the photon and the jet canskbd to probe the dynamics of
the hard-scattering process. Since the dominant proguatiechanism irpp collisions at the
LHC is through thegqg — qy process, measurements of prompt-photon plus jet produbage
been used to constrain the gluon density in the proton [1F@jthermore, precise measurements
of photon plus jet production are also useful for the tunihghe Monte Carlo (MC) models.
In addition, these events constitute the main reducibl&dracind in the identification of Higgs
bosons decaying to a photon pair.

The dynamics of the underlying processes ir22 hard collinear scattering can be inves-
tigated using the variablé’, where cog* = tanh(\y/2) andAy is the diference between the
rapiditieE] of the two final-state particles. The variatsfecoincides with the scattering angle in

1 The ATLAS reference system is a Cartesian right-handeddioate system, with the nominal collision point
at the origin. The anticlockwise beam direction defines tbsitiye z-axis, while the positivec-axis is defined as
pointing from the collision point to the centre of the LHCgiand the positivg-axis points upwards. The azimuthal
angleg is measured around the beam axis, and the polar anglmeasured with respect to thaxis. Pseudorapidity
is defined ag = — Intan@/2), rapidity is defined ag = 0.5 In[(E + p,)/(E — p,)], whereE is the energy ang, is the
z-component of the momentum, and transverse energy is defstegd= E siné.
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the centre-of-mass frame, and its distribution is seresitivthe spin of the exchanged particle.
For processes dominated bghannel gluon exchange, such as dijet productiopprecollisions
shown in Fig[l(a), the dierential cross section behaves as-(toss*)~2 when| cosg*| — 1. In
contrast, processes dominatedtighannel quark exchange, suchVi& + jet production shown
in Fig.[d(b), are expected to have an asymptotie (tos#*|)~* behaviour. This fundamental pre-
diction of QCD can be tested in photon plus jet productiorhat dentre-of-mass energy of the
LHC.

At leading order (LO) in pQCD, the procegm — vy + jet + X proceeds via two produc-
tion mechanisms: direct photons (DP), which originate ftbehard process, and fragmentation
photons (F), which arise from the fragmentation of a coldungh transverse momenturp+
parton [3,/4]. The direct-photon contribution, as shown ig. Bl(c), is expected to exhibit a
(1-|cos#*|)~* dependence whemross*| — 1, whereas that of fragmentation processes, as shown
in Fig.[d(d), is predicted to be the same as in dijet produgtiamely (3| cos#*|)~2. For both pro-
cesses, there are alsehannel contributions which are, however, non-singulaenycoso’| — 1.

As a result, a measurement of the cross section for promgbpliplus jet production as a function
of | cost*| provides a handle on the relative contributions of the dipdmton and fragmentation
components as well as the possibility to test the dominahte&leannel quark exchange, such as
that shown in Fig.11(c).

(b) (d)

Figure 1: Examples of Feynman diagrams for (a) dijet pradu¢tb)V + jet production withv = Wor Z, (c) y + jet
production through direct-photon processes ang (d)et production through fragmentation processes.

Measurements of prompt-photon production in a final state mccompanying hadrons ne-
cessitates of an isolation requirement on the photon tadaba large contribution from neutral-
hadron decays into photons. The production of inclusivéatsd photons irpp collisions has
been studied previously by ATLASI[5] 6] and CMS [7, 8]. Retgrthe differential cross sec-
tions for isolated photons in association with jets as fismst of the photon transverse energy in
different regions of rapidity of the highest transverse-monomar{teading) jet were measured by
ATLAS [9]. The analysis presented in this paper is based enstime data sample and similar
selection criteria as in the previous publication, but eatethe study by measuring also cross sec-
tions in terms of the leading-jet and photon-plus-jet praps. The goal of the analysis presented
here is to study the kinematics and dynamics of the isolptexton plus jet system by measur-
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ing the bin-averaged cross sections as functions of théniggzhoton transverse enerdg}(), the
leading-jet transverse momenturpifb and rapidity ¢*!), the diference between the azimuthal
angles of the photon and the jetg"), the photon—jet invariant massi{) and co$”, where the
variableg” is referred to ag” here and henceforth. The photon was required to be isolated b
using the same isolation criterion as in previous measun&srgé, 6, 9] based on the amount of
transverse energy inside the cone givenilyy — 77)2 + (¢ — ¢7)2 < AR = 0.4, centred around the
photon direction (defined by’ and¢”). The jets were defined using the aktjet algorithm [10]
with distance paramet& = 0.6. The measurements were performed in the phase-spaca odgio
El > 45 GeV,|ip"| < 2.37 (excluding the region.37 < |i’| < 1.52), pf' > 40 GeV,|ly®| < 2.37
andAR, = (177 — 7*)? + (¢” — ¢*)? > 1. The measurements dé-/dm" anddo/d| coss”| were
performed fornp” + y®| < 2.37,| cos®”| < 0.83 andn? > 161 GeV, these additional requirements
select a region where the” and| cos#”| distributions are not distorted by the restrictions on the
transverse momenta and rapidities of the photon and thégtt-to-leading-order (NLO) QCD
calculations were compared to the measurements. Photengblavents constitute an important
background in the identification of the Higgs decaying infathdtons; the cosg*| distribution for
the diphoton events has been used [11] to study the spin oktiveéHiggs-like” particle observed
by ATLAS [12] and CMS[[13]. To understand the photon plus jetkground in terms of pQCD
and to aid in better constraining the contributions of digtoton and fragmentation processes in
the MC models, a measurement of the bin-averaged crossisastia function ofcoss”’| was also
performed without the restrictions @nt! or on|s” + y©!|. Predictions from both leading-logarithm
parton-shower MC models and NLO QCD calculations were coatpto this measurement.

2. The ATLAS detector

The ATLAS experiment [14] uses a multi-purpose particleedtir with a forward-backward
symmetric cylindrical geometry and nearly doverage in solid angle.

The inner detector covers the pseudorapidity range: 2.5 and consists of a silicon pixel
detector, a silicon microstrip detector and, fgr < 2, a transition radiation tracker. The inner
detector is surrounded by a thin superconducting solenadgling a 2 T magnetic field and is
used to measure the momentum of charged-particle tracks.

The electromagnetic calorimeter is a lead liquid-argonrjL#ampling calorimeter. It is di-
vided into a barrel section, covering the pseudorapidigyore|n| < 1.475, and two end-cap sec-
tions, covering the pseudorapidity region875 < || < 3.2. It consists of three shower-depth
layers in most of the pseudorapidity range. The first layeseigmented into narrow strips in
then direction (width between.003 and 0006 depending on, with the exception of the regions
1.4 < |n| < 1L.5andjp| > 2.4). This high granularity provides discrimination betweargle-photon
showers and two overlapping showers coming from, for exanept® decay. The second layer of
the electromagnetic calorimeter, which collects most efdhergy deposited in the calorimeter by
the photon shower, has a cell granularity @b x 0.025 inn x ¢. A third layer collects the tails
of the electromagnetic showers. An additional thin LAr prapler cover$;| < 1.8 to correct for
energy loss in material in front of the calorimeter. The gwmagnetic energy scale is calibrated
usingZ — ee events with an uncertainty less than 1%l [15].
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A hadronic sampling calorimeter is located outside thetedetagnetic calorimeter. Itis made
of scintillator tiles and steel in the barrel secti¢y) & 1.7) and of two end-caps of copper and LAr
(1.5 < |nl < 3.2). The forward region (3 < || < 4.9) is instrumented with a copparngsten LAr
calorimeter for both electromagnetic and hadronic measenés. Outside the ATLAS calorime-
ters lies the muon spectrometer, which identifies and measine deflection of muons up to
Inl = 2.7, in a magnetic field generated by superconducting airdowoédal magnet systems.

Events containing photon candidates were selected by e-tevel trigger system. The first-
level trigger (level-1) is hardware-based and uses a triggk granularity of 01 x 0.1 in 5 X ¢.
The algorithms of the second- and third-level triggers amglemented in software and exploit the
full granularity and precision of the calorimeter to refite tevel-1 trigger selection, based on
improved energy resolution and detailed information orrgydeposition in the calorimeter cells.

3. Data selection

The data used in this analysis were collected during thepfgtroton collision running period
of 2010, when the LHC operated at a centre-of-mass energysof 7 TeV. This data set was
chosen to study the dynamics of isolated-photon plus jetymtion down toEY = 45 GeV.

Only events taken in stable beam conditions and passingtdetand data-quality requirements
were considered. Events were recorded using a single-phogmer, with a nominal transverse
energy threshold of 40 GeV; this trigger was used to colleents in which the photon trans-
verse energy, after reconstruction and calibration, waatgr than 45 GeV. The total integrated
luminosity of the collected sample amounts to13¥ 1.3 pb! [16].

The selection criteria applied by the trigger to showempgheaariables computed from the en-
ergy profiles of the showers in the calorimeters are looser the photon identification criteria ap-
plied in the dfline analysis; for isolated photons wify > 43 GeV and pseudorapidipy’| < 2.37,
the trigger diciency is close to 100%.

The sample of isolated-photon plus jet events was selesiad ailine criteria similar to those
reported in the previous publicatidn [9] and described welo

Events were required to have a reconstructed primary vewék at least five associated
charged-particle tracks witpr > 150 MeV, consistent with the average beam-spot positiors Th
requirement reduced non-collision backgrounds. Tifeceof this requirement on the signal was
found to be negligible. The remaining fraction of non-cbtin backgrounds was estimated to be
less than A% [5,[6].

During the 2010 data-taking period, there were on averageston—proton interactions per
bunch crossing. Theflects of the additiongbp interactions (pile-up) on the photon isolation and
jet reconstruction are described below.

3.1. Photon selection

The selection of photon candidates is based on the recatistiof isolated electromagnetic
clusters in the calorimeter with transverse energies ekoge25 GeV. Clusters were matched
to charged-particle tracks based on the distance,i#) between the cluster centre and the track
impact point extrapolated to the second layer of the LAr galeter. Clusters matched to tracks
were classified as electron candidates, whereas thoseuwittatching tracks were classified as
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unconverted photon candidates. Clusters matched to garescs originating from reconstructed
conversion vertices in the inner detector or to single sagkh no hit in the innermost layer of
the pixel detector were classified as converted photon datel[[17]. The overall reconstruction
efficiency for unconverted (converted) photons with transversergy above 20 GeV and pseu-
dorapidity in the rangé;’| < 2.37, excluding the transition region3l’ < |p’| < 1.52 between
calorimeter sections, was estimated to be8994.3)% [17]. The final energy measurement, for
both converted and unconverted photons, was made usinghenbalorimeter, with a cluster size
depending on the photon classification. In the barrel, aefu®rresponding to 8 5 (7 x ¢) cells

in the second layer was used for unconverted photons, wiallestéer of 3x 7 cells was used for
converted photon candidates to compensate for the opengig between the conversion products
in the ¢ direction due to the magnetic field. In the end-cap, a clus#erof 5x 5 was used for all
candidates. A dedicated energy calibration [18] was th@fieghseparately for converted and un-
converted photon candidates to account for upstream et@sgyand both lateral and longitudinal
leakage. Photons reconstructed near regions of the catarrdfected by readout or high-voltage
failures were rejected, eliminating around 5% of the selgécandidates.

Events with at least one photon candidate with calibréted- 45 GeV andy’| < 2.37 were
selected. The candidate was excluded 371 |”| < 1.52. The same shower-shape and isolation
requirements as described in previous publicatiohs![5] e®e applied to the candidates; these
requirements are referred to as “tight” identificationemigt. The selection criteria for the shower-
shape variables are independent of the photon-candideisvierse energy, but vary as a function
of the photon pseudorapidity, to take into account signiticiianges in the total thickness of the
upstream material and variations in the calorimeter gegnoetgranularity. They were optimised
independently for unconverted and converted photons toustdor the diferent developments of
the showers in each case. The application of these selemttena suppresses background from
jets misidentified as photons.

The photon candidate was required to be isolated by raagithe amount of transverse en-
ergy around its direction. The transverse energy deposittide calorimeters inside a cone of
radiusAR = 0.4 centred around the photon direction is denote$},. The contributions from
those cells (in any layer) in a window corresponding to B cells of the second layer of the elec-
tromagnetic calorimeter around the photon-shower batyeee not included in the sum. The
mean value of the small leakage of the photon energy outsidedgion, evaluated as a function
of the photon transverse energy, was subtracted from theurezhvalue oE;S‘c’j ~ The typical
size of this correction is a few percent of the photon trarsvenergy. The measured value of
E'TS‘(’je was further corrected by subtracting the estimated cauttdbs from the underlying event
and additional inelastipp interactions. This correction was computed on an evergugnit basis
and amounted on average to 900 MeV [6]. After all these ctimes, EX9,, was required to be
below 3 GeV for a photon to be considered isolated.

The relative contribution to the total cross section froagfnentation processes decreases after
the application of this requirement, though it remains negligible especially at low transverse
energies. The isolation requirement significantly reddkhesnain background, which consists of
multi-jet events where one jet typically contains®or  meson that carries most of the jet energy
and is misidentified as an isolated photon because it denttyam almost collinear photon pair.

A small fraction of events contain more than one photon aiatdipassing the selection crite-
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ria. In such events, the highels}-(leading) photon was kept for further study.

3.2. Jet selection

Jets were reconstructed from three-dimensional topadbgiisters built from calorimeter
cells, using the antk algorithm with distance parametBr = 0.6. The jet four-momenta were
computed from the sum of the topological cluster four-motagtreating each as a four-vector
with zero mass. The jet four-momenta were then recalibraséng a jet energy scale (JES) cor-
rection described in Ref. [19]. This calibration procedcwerected the jets for calorimeter instru-
mental éfects, such as inactive material and noncompensation, &asvel the additional energy
due to multiplepp interactions within the same bunch crossing. These jetsedegred to as
detector-level jets. The uncertainty on the JES corregtidghe central (forward) regiony| < 0.8
(21 < |nl < 2.8), is less than £% (65%) for all jets with transverse momentuoa > 20 GeV
and less than.8% (3%) for jets with 60< pr < 800 GeV.

Jets reconstructed from calorimeter signals not origngadiom app collision were rejected
by applying jet-quality criteria [19]. These criteria suppsed fake jets from electronic noise in
the calorimeter, cosmic rays and beam-related backgrolRetsaining jets were required to have
calibrated transverse momenta greater than 40 GeV. Jatsppimg with the candidate photon or
with an isolated electron were discarded; if the jet axisviétphin a cone of radiug&R = 1 (0.3)
around the leading-photon (isolated-electron) candjdate jet was discarded. The removal of
electrons misidentified as jets suppresses contaminatom\/Z plus jet events. In events with
multiple jets satisfying the above requirements, the jeleln\lvighestp'Tet (leading jet) was retained
for further study. The leading-jet rapidity was required#in the regiony®| < 2.37.

3.3. Final photon plus jet sample

The above requirements select approximately 124 000 eveltie fraction of events with
multiple photons fulfilling the above conditions is B0, The average jet multiplicity in the data
is 1.19. The signal MC (see Sectibh 4) predictions for the jet iplidity are 121 in Prraia [20]
and 119 in Herwic [21].

For the measurements of the bin-averaged cross sections@mhs ofm” and| cos”|, addi-
tional requirements were imposed to remove the bias duet@hdity and transverse-momentum
requirements on the photon and the jet. Specifically, to faaumaiform coverage in both cé¥
andm”, the restrictiong;” + y*| < 2.37,|cost”| < 0.83 andm” > 161 GeV were applied. The
first two requirements restrict the phase space to the ingithee square delineated by the dashed
lines, as shown in Fid.l 2(a); within this square, slices in@bhave the same length along the
n” + y® axis. The third requirement avoids the bias induced by themal requirement oi’, as
shown in Fid.2(b); the hatched area represents the larggistrin which unbiased measurements
of both | cosg”| andm” distributions can be performed. These requirements doembve the
small bias due to the exclusion of th81 < || < 1.52 region. The number of events selected in
the data after these additional requirements is approrignaé 000.

The contamination from jets produced in pile-up events endblected samples was estimated
to be negligible.
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4. Monte Carlo simulations

Samples of simulated events were generated to study thaatbastics of signal and back-
ground. These MC samples were also used to determine thensspf the detector to jets of
hadrons and the correction factors necessary to obtainattielp-level cross sections. In addi-
tion, they were used to estimate hadronisation correctiotise NLO QCD calculations.

The MC programs Pruia 6.423 [20] and Hrwic 6.510 [21] were used to generate the sim-
ulated signal events. In both generators, the partonicggs®s are simulated using leading-order
matrix elements, with the inclusion of initial- and finakst parton showers. Fragmentation into
hadrons was performed using the Lund string model [22] indhse of Rtaia and the clus-
ter model [23] in the case of ddwic. The modified leading-order MRST2007 [24,] 25] parton
distribution functions (PDFs) were used to parameterisepttoton structure. Both samples in-
clude a simulation of the underlying event, via the multiplton interaction model in the case
of Pytuia and via the dimy packagel[26] in the case ofeklvic. The event-generator parame-
ters, including those of the underlying-event modellingrevset according to the AMBTL [27]
and AUET1 [28] tunes for Pruia and Hrwig, respectively. All the samples of generated events
were passed through the:Gir4-based([29] ATLAS detector simulation program![30]. Thesrev
reconstructed and analysed by the same program chain aatthe d

The Rrraia simulation of the signal includes leading-order photorsgkt events from both
direct processes (the hard subprocesges> qy andgq — gy) and photon bremsstrahlung in
QCD dijet events, which can be generated simultaneouslyh®wother hand, the gdwic signal
sample was obtained from the cross-section-weighted meixdtisamples containing only direct-
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photon plus jet or only bremsstrahlung-photon plus jet &esince these processes cannot be
generated simultaneously.

The multi-jet background was simulated by using all treel€ — 2 QCD processes and
removing photon plus jet events from photon bremsstrahlufge background from diphoton
events was estimated usingtaia MC samples by computing the ratio of diphoton to isolated-
photon plus jet events and was found to be negligible [9].

Particle-level jets in the MC simulation were reconstrdaising the antlk jet algorithm and
were built from stable particles, which are defined as thale awest-frame lifetime longer than
10 ps. The patrticle-level isolation requirement on the phatas applied to the transverse energy
of all stable particles, except for muons and neutrinos, torge of radiusAR = 0.4 around the
photon direction after the contribution from the undertygvent was subtracted; in this case, the
same underlying-event subtraction procedure used on detaapplied at the particle level. The
isolation transverse energy at particle level is denoteE‘{%\ért. The measured bin-averaged cross

sections refer to particle-level jets and photons thatsokaied by requirin@‘?j@mrt <4 GeV [5].

For the comparison to the measurements (see Sddtion 9))esanfpevents were generated
at the particle level using theafrpa 1.3.1 [31] program interfaced with the CTEQ6L.1 [32] PDF
set. The samples were generated with LO matrix elementsdiatop plus jet final states with up
to three additional partons, supplemented with parton sh@wFragmentation into hadrons was

performed using a modified version of the cluster model [33].

5. Signal extraction

5.1. Background subtraction and signal-yield estimation

A non-negligible background contribution remains in thkeseed sample, even after the ap-
plication of the tight identification and isolation requitents on the photon. This background
comes predominantly from multi-jet processes, in which ssjenisidentified as a photon. This jet
usually contains a light neutral meson, mostly’adecaying into two collimated photons, which
carries most of the jet energy. The very small contributiexpgected from diphoton and¥/Z plus
jet events([5, O] are neglected.

The background subtraction does not rely on MC backgroumgpkes but uses instead a data-
driven method based on signal-depleted control regiong Btkground contamination in the
selected sample was estimated using the same two-dimahsideband technique as in the pre-
vious analyses [5,/6, 9] and then subtracted bin-by-bin fteenobserved yield. In this method,
the photon was classified as:

e “isolated”, if EX9, < 3 GeV,

e “non-isolated”, ifE‘TSfc’,et >5GeV:

e “tight”, if it passed the tight photon identification critar

e “non-tight”, if it failed at least one of the tight requiremts on the shower-shape variables
computed from the energy deposits in the first layer of thetedenagnetic calorimeter, but
passed all the other tight identification criteria.
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In the two-dimensional plane formed Ei{?jet and the photon identification variable, four regions
were defined:

e A: the “signal” region, containing tight and isolated phot@mdidates;

e B: the “non-isolated” background control region, contagniight and non-isolated photon
candidates;

¢ C: the “non-identified” background control region, contamisolated and non-tight photon
candidates;

e D: the background control region containing non-isolatedi mon-tight photon candidates.
The signal yield in regio, N,iig, was estimated by using the relation
(Nc — e N/iig)

(No - oN39)’
whereNg, with K = A, B, C, D, is the number of events observed in regioand

N39 = Na — R9- (Ng — esN39) - (1)

b b
RPY — M
b b

NBg . NCg

is the so-called background correlation and was takd®¥%s 1 for the nominal resultsNEg with

K = A B,C,D is the number of background events in each region. [Eq. (Bstako account
the expected number of signal events in the three backgroomtrol regions K;°) via the signal
leakage fractionssc = N °/N,° with K = B, C, D, which were extracted from MC simulations of
the signal. Since the simulation does not accurately desthie electromagnetic shower profiles,
a correction factor for each simulated shape variable wpBeapto better match the datal [5, 6].
Eqg. (@) leads to a second-order polynomial equatioNjjfi that has only one physicaNg® > 0)
solution.

This method was tested on a cross section-weighted condmiraftsimulated signal and back-
ground samples and found to accurately determine the anebgignal in the mixture. The only
hypothesis underlying Ed.1(1) is that the isolation and iifieation variables are uncorrelated in
background events, thui®9 = 1. This assumption was verified both in simulated background
samples and in data in the background-dominated region&d}bﬁyE‘Tﬁget > 10 GeV. Deviations
from unity were taken as systematic uncertainties (seadBeg}.

The signal purity, defined a¥,°/Na, is typically above ® and is similar whether\Rmia or
Herwic is used to extract the signal leakage fractions. The sigmdtiypincreases ag”, ft and
m increase, is approximately constant as a functiofy®f and A¢” and decreases &s0sd"|
increases.

The signal yield in data and the predictions of the signal Nt@ugations are compared in
Figs.[3£5. Both Praia and Hrwic give an adequate description of tE, lye| and m”! data
distributions. The measuregl" distribution is described well fopt' < 100 GeV; forp!f' >
100 GeV, the simulation of¥BHia (HErwiG) has a tendency to be somewhat above (below) the data.
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The simulation of Pruia provides an adequate description of thg! data distribution, whereas
that of Herwic is somewhat poorer. Thigosg”| data distribution, with or without additional
requirements om? or |77 + Yy, is not well described by either®uia or Herwia.

For most of these distributions, the shapes of the direotgghand fragmentation components
in the signal MC simulations are somewhattelient. Therefore, in each case, the shape of the
total MC distribution depends on the relative fraction o tiwo contributions. To obtain an im-
proved description of the data by the leading-order plutopashower MC samples, a fit to each
data distributio was performed with the weight of the direct-photon conttitiy, @, as the free
parameter; the weight of the fragmentation contributios @@en by 1- a. In this context, the
default admixture used in the MC simulations would be regmésd by = 0.5. The fitted values
of @ were found to be dierent for each observable and in the rang0084. It is emphasized
thata does not represent a physical observable and it was usdyg folthe purpose of improving
the description of the data by the LO simulations. Neveeb®lan observable-dependenhay
approximate theféects of higher-order ternfs.

After adjusting the fractions of the DP and F components rsdply for each distribution, a
good description of the data was obtained by both themR and Hirwic MC simulations for
all the observables (see Fig3[B-8), though the descriptbng” and pr' by Herwic are still
somewhat poor. The MC simulations using the optimised atimexfor each observable were
used as the baseline for the determination of the measuwed sections (see Sectidn 6).

To be consistent, the optimisation of the admixture of the t@mponents should be done
simultaneously with the background subtraction since ittyeas leakage fractiongc also depend
on the admixture. However, such a procedure would result imséimated signal yield that would
depend on the fitted variable. To obtain a signal yield indepat of the observable, except
for statistical fluctuations, the background subtracti@s werformed using the default admixture
of the two components and a systematic uncertainty on thkgbaignd subtraction due to this
admixture was included (see Sectidn 7).

5.2. Sgnal efficiency

The total selectionféiciency, including trigger, reconstruction, particle itiBoation and event
selection, was evaluated from the simulated signal santiglesribed in Sectidd 4. The integrated
efficiency was computed as = N9tPat/NPat \where N9tPat js the number of MC events that
pass all the selection requirements at both the detectopantitle levels andNP is the number
of MC events that pass the selection requirements at thileddvel. The integratedficiency
was found to be 68 (67.9)% from the RtHia (HErwic) samples. The bin-to-binfigciency was
computed as; = N**P*"/NP*" whereN“**"*"is the number of MC events that pass all the selection
requirements at both the detector and particle levels amdemerated and reconstructed in bin

2 For the distribution 0§/, the result of the fit to that of}' was used.

3 In Pytaia and Hrwig, the two components are simulated to LO. The NLO QCD radiatigrrections are
expected to fiect diferently the two components and their entanglement, makigglestinction impossible. In fact,
a variation was observed in the application of the same pliweaat parton level: the optimal value@fesulting from
a fit of the parton-level predictions of the two componentsither Rrraia or Herwic to the NLO QCD calculations
(see Sectionl8) depended on the observable.

10



10T T 10T T

%) E T E| %) E T E|
g E ATLAS (Vs =7TeV,37pb ) s E ATLAS (Vs =7TeV,37pb )
> F i > F i
w N ® Data 7 w N ® Data 7
NN COPYTHIADP+F | COHERWIG: DP +F |
10* K S0 PYTHIA: DP a 10" RRX SSIHERWIG:DP |
.:.:.::::::: £Z3 PYTHIA: F E 23 HERWIG: F E
0.0.0.0.0&\ ] ]
2030202030 A\
CRXRX I B B
SRR
P00 se oo e 20%Y 7 7
0.0.0.0.0.0.0.0
Y 02050305030503050 | 3 _
10” [0S E 10 d
0.0.0.0.0.0.0.0. 3 =
0.0.0.0.0.0 .| |
HRRRARS . Y
SRRHHARRNS 3
SRRRRRX \ \
0. 0.0.0.0.0
RHRHRKS
0.0.0.0.0.0.0. .
© F 3 © F 3
© 14F - © 14F |
Q E 3 Q E 3
Q 1‘25 L] El Q 1‘25 (3 L] . El
= 1t D e PR = b P PR
0.8 E = 0.8 E =
06F ) E 06F ) E
50 60 70 80 100 200 300 400 50 60 70 80 100 200 300 400
Y Y
(a) ET [Ge\/] (b) ET [Ge\/]
o W0 : . 5 o W0 : : 5
‘g F ATLAS (s =7Tev,37pb™) 3 ‘g E ATLAS (s =7TeV,37pb™) 3
> B > B
w N ® Data 7 w N ® Data 7
COPYTHIAIDP +F | COHERWIG:DP +F |
104N S0 PYTHIA: DP _ 10N SSIHERWIG:DP |
773 PYTHIA: F E B 73 HERWIG: F E
0 1 . 1
L] 4 L] 4
10° LI 10° ¢
7 4
ol E ] ol E ]
g 14 - g 14 -
E . ¢« E E
D 12 E . . 3 D 12 £ |
= 1 B - = 1 e o e-e--g - o -
08F E 08F . E
E | E L] |
0.6 — 0.6 |
50 60 7080 100 200 . t300 400 50 60 7080 100 200 . t300 400
jel jel
p, [GeV] p, [GeV]
(c) (d)
22000 0 22000
€ C - N € C - N
§ 200001 ATLAS (s =7TeV,37pb™) J § 200000~ ATLAS (s =7TeV,37pb™) J
i} 18000:7 ® Data = o 18000:7 ® Data =
E COPYTHIA:DP+F ] E COHERWIG: DP +F J
16000 <) PYTHIA: DP - 16000 SSHERWIG:DP
E . ] e (] . 3
14000~ CZ3 PYTHIA: F B 14000 CZ2 HERWIG: F 3
12000F 3 12000 =
10000 - 10000 -
8000 3 8000 3
6000 — 6000 =
4000 .| 4000 .
2000 2000
Jul O E| Jul °F E|
T 14 = T 14 =
Q E 3 Q E 3
o El o 2 o El
= 1o O 8 gy R O g g = 1o e e g @O ...-® 4
08fF El 08f El
06F ) ) ) E 06F ) ) ) E
0 0.5 1 15 0 0.5 1 15

jet

5

ly

(€) 0) ’
Figure 3: The estimated signal yield in data (dots) usingsijeal leakage fractions from (a,c,ey1iRia or (b,d,f)
Herwic as functions of (a,bEy, (c,d) p'Tet and (e,f)y®!|. The error bars represent the statistical uncertaintis tbr
most of the points, are smaller than the marker size and, thatsvisible. For comparison, the MC simulations of
the signal from Rtaia and Hirwic (Sshaded histograms) are also included in (a,c,e) and (xespectively. The MC
distributions are normalised to the total number of datants/eThe direct-photon (DP, right-hatched histograms) and
fragmentation (F, left-hatched histograms) componenth®MC simulations are also shown. The ratio of the MC
predictions to the data are shown in the bottom part of thedigu
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Figure 4: The estimated signal yield in data (dots) usingsigeal leakage fractions from (a,c,eytiria or (b,d,f)
Herwic as functions of (a,bd¢”, (c,d)m” and (e,f) cosg”|. The distributions as functions af! (| cosg”|) include
requirements ohcosg”| (m") and|;” + y©Y (see text). Other details as in the caption to Eig. 3.
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caption to Fig[B.

and Nipart is the number of MC events that pass the selection requirena¢the particle level and
are located in bin. The bin-to-bin #iciencies are typically above 60%, except hiff andAg”
(= 40%) due to the limited resolution in these steeply fallingtributions, and are similar for
Pythia and Herwia.

The bin-to-bin reconstruction purity was computedkas= N**'P2"/Ndt where NY®! is the
number of MC events that pass the selection requirementsealdtector level and are located
in bin i. The bin-to-bin reconstruction purities are typically ab@0%, except fop’Tet andAg¢”

(= 45%) due to the limited resolution in these steeply fallingtributions, and are similar for
Pythia and Hrwia.

The dficiency of the jet-quality criteria (see Section]3.2) applie the data was estimated
using a tag-and-probe method. The leading photon in eaafit @wees considered as the tag to
probe the leading jet. Additional selection criteria, sasih¢” > 2.6 (probe and tag required to
be back-to-back) angh' - EZ|/p*® < 0.4, wherep3”® = (pf'+EZ)/2 (to have well-balanced probe
and tag), were applied. The jet-quality criteria were thgpliad to the leading jet and the fraction
of jets accepted was measured as a functiopifbhndnﬁ'e‘l. The jet-quality selectionfBciency is
approximately 99%. No correction for thifieiency was applied, but an uncertainty was included
in the measurements (see Secfibn 7).

6. Cross-section measurement procedure

Isolated-photon plus jet cross sections were measuredhfatops withEy > 45 GeV, || <

2.37 (excluding the region.27 < |?| < 1.52) andEiTs";art < 4 GeV. The jets were reconstructed
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Figure 6: The estimated signal yield in data (dots) usingsigeal leakage fractions from (a,c,eyia or (b,d,f)
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requirements ohcoss”| (m") and|n” + Y| (see text). Other details as in the caption to Fig. 6.
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Figure 8: The estimated signal yield in data (dots) usingstgeal leakage fractions from (a)Rua or (b) Herwic
as functions of cos#”!|. These distributions do not include requirementsihor [ + y*Y|. Other details as in the
caption to Figlh.

using the antk jet algorithm withR = 0.6 and selected witpt" > 40 GeV,|y®| < 2.37 and
AR, > 1. Bin-averaged cross sections were measured as funcfids p&', [y* andA¢”. Bin-
averaged cross sections as functionsmgfand| cos¢”l| were measured in the kinematic region
In” +y*© < 2.37,|cost”| < 0.83 andm? > 161 GeV. In addition, the bin-averaged cross section
as a function of cos¢”'| was measured without the requirementswhor |7 + y*©.

The data distributions, after background subtractiongveerrected to the particle level using
a bin-by-bin correction procedure. The bin-by-bin con@ttfactors were determined using the
MC samples; these correction factors took into account fiigency of the selection criteria, jet
and photon reconstruction as well as migratifiees.

For this approach to be valid, the uncorrected distribwtiohthe data must be adequately
described by the MC simulations at the detector level. Thrsddion was satisfied by both the
Pytaia and Herwic MC samples after adjusting the relative fractions of the li@a-photon and
fragmentation components (see Seclion 5.1). The databdistms were corrected to the particle
level via the formula

do o _ Na°(i) CV°(i)

do'’  L£AoG)
wheredo/dO is the bin-averaged cross section as a function of obserabt EZ, ft, ey,
A, ¥ or | cosg|, N; (i) is the number of background-subtracted data events in BMC (i) is

the correction factor in bin, £ is the integrated luminosity artlO(i) is the width of bini. The
bin-by-bin correction factors were computed as
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ey = Noa 27 (i) + (1—) NpaF (i)

a NYSPP() + (1-a) NYCF ()’
wherea corresponds to the optimised value obtained from the fiteadthta for each observable,
as explained in Sectidn 5.1. The final bin-averaged crogmssavere obtained from the average
of the cross sections when usi@© with MC = Pytuia or Herwic. The uncertainties from the
parton-shower and hadronisation models used for the dmnsovere estimated as the deviations
from this average when using eithertgia or Herwic to correct the data (see Sectidn 7). The

correction factors dier from unity by typically 20% and are similar fox#iia and Hirwic.

7. Systematic uncertainties

The following sources of systematic uncertainty were adergd; average values, expressed
in percent and shown in parentheses, quantify th&ces on the cross section as a function of
| cosg”| (with the requirements om?! and|” + y®| applied):

e Simulation of the detector geometry. The systematic uag#res originating from the lim-
ited knowledge of the material in the detector were evatlibierepeating the full analysis
using a diferent detector simulation with increased material in fifrthe calorimeter [15].
This dtects in particular the photon-conversion rate and the deweént of electromagnetic
showers £5%).

e Photon simulation and model and fit dependence. The MC stranlaf the signal was used
to estimate (i) the signal leakage fractions and (ii) theliyrbin correction factors:

— For step (i), both the BHia and Hirwic simulations were used with the admixture of
the direct-photon and fragmentation components as givesabin MC simulation to
yield two sets of background-subtracted data distribgtidine signal leakage fractions
depend on the relative fraction of the two components. Theedainty related to
the simulation of the isolated-photon components in theaitpakage fractions was
estimated (conservatively) by performing the backgroumotraction with only the
direct-photon or the fragmentation compones3%o).

— For step (ii), the fects of the parton-shower and hadronisation models in tidypi
bin correction factors were estimated as deviations fraemttminal cross sections by
using either only Pruia or only Herwic to correct the data{(1%).

— The bin-by-bin correction factors also depend on the neddtactions of the two com-
ponents; the nominal admixture was taken from the fit to trek@maund-subtracted
data distributions. A systematic uncertainty due to the &swestimated (conserva-
tively) by using the default admixture of the componenrt2%).

¢ Jet and photon energy scale and resolution uncertaintiesseluncertainties were estimated
by varying both the electromagnetic and the jet energy scahel resolutions within their
uncertainties[[15, 19] (photon energy resolutiar0.2%; photon energy scalez1%; jet
energy resolutionx1%; jet energy scalet5%).
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Uncertainty on the background correlation in the two-disienal sideband method. In the
background subtractioR® = 1 was assumed (see Secfion 5.1); i.e. the photon isolatibn an
identification variables are uncorrelated for the backgtbuThis assumption was verified
using both the data and simulated background samples anfburas to hold within a 10%
uncertainty in the kinematic region of the measurementsgmted here. The cross sections
were recomputed accounting for possible correlations éenbtiickground subtraction, and
the diferences from the nominal results were taken as systematétamties £0.6%).

Definition of the background control regions in the two-dimenal sideband method. The
estimation of the contamination in the signal regionfteeted by the choice of the back-
ground control regions. The uncertainty due to this choies @estimated by repeating the
analysis with diferent identification criteria and by changing the isolatimundary from
the nominal value of 5 GeV to 4 or 6 Ge\¥2%).

Data-driven correction to the photoffieiency. The shower shapes of simulated photons in
the calorimeter were corrected to improve the agreemehttvé data. The uncertainty on
the photon-identificationf&ciency due to the application of these corrections was estich
using diferent simulated photon samples andféetlent detector simulation with increased
material in front of the calorimeter [15}%).

Uncertainty on the jet reconstructioffieiency. The MC simulation reproduces the jet re-
construction #iciencies in the data to better than 1%![34]L00).

Jet-quality selectionficiency. The ficiency of the jet-quality criteria was determined to
be 99% ¢1%).

Uncertainty on the triggerfigciency 0.7%).

Uncertainty arising from the photon-isolation requiremérhis uncertainty was evaluated
by increasing the value cEiTs’get in the MC simulations by the fference {500 MeV) be-

tween the averages &, for electrons in simulation and data control samgles {&(%).

Uncertainty on the integrated luminosity. The measureroéttie luminosity has a3.4%
uncertainty[[16] £3.4%).

For do-/dEZ, the dominant uncertainties arise from the detector nadterithe simulation,

the isolation requirement, the model dependence in theaklgakage fractions and the photon
energy scale, though in some bins the uncertainty from timénlasity measurement provides the
largest contribution. The dominant uncertainties for theeo bin-averaged cross sections come
from the detector simulation, the model dependence in theasieakage fractions, the isolation
requirement and the jet energy scale. All these systematiertainties were added in quadrature
together with the statistical uncertainty and are showrrias bars in the figures of the measured
cross sections (see Sectidn 9).
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8. Next-to-leading-order QCD calculations

The NLO QCD calculations used in this analysis were compuitgidg the programgd-
paox [35]. This program includes a full NLO QCD calculation of haihe direct-photon and
fragmentation contributions to the cross section.

The number of flavours was set to five. The renormalisati@i factorisation ) and frag-
mentation f) scales were chosen to pg = ur = ut = Ey. The calculations were performed
using the CTEQ6.6 [36] parameterisations of the proton P&ttsthe NLO photon BFG set |l
photon fragmentation function [37]. The strong couplingstant was calculated at two-loop or-
der withag(mz) = 0.118. Predictions based on the CTL10![38] and MSTW2008nlo p8éjon
PDF sets were also computed.

The calculations were performed using a parton-level igwolacut, which required a total
transverse energy below 4 GeV from the partons inside a conedais AR = 0.4 around the
photon direction. The ant algorithm was applied to the partons in the events genelatehis
program to define jets of partons. The NLO QCD predictionsvedatained using the photon and
these jets of partons in each event.

8.1. Hadronisation and underlying-event corrections to the NLO QCD calculations

Since the measurements refer to jets of hadrons with theibonon from the underlying
event included, whereas the NLO QCD calculations refert®gé partons, the predictions were
corrected to the particle level using the MC models. The iplidative correction factorCy o,
was defined as the ratio of the cross section for jets of hadiwthat for jets of partons and was
estimated by using the MC programs described in Settion umalation of the underlying event
was only included for the sample of events at particle leféle correction factors fromyRuia
and Hirwic are similar and close to unity, except at higfi; for pf* > 200 GeV, the value dBy.o
is 0.87 (0.82) for Prtaia (Herwic). The means of the factors obtained fromrita and Hirwic
were applied to the NLO QCD calculations.

8.2. Theoretical uncertainties

The following sources of uncertainty in the theoreticaldicéons were considered; average
values, expressed in percent and shown in parenthesedifgtiagir effects on the cross section
as a function of cos#”| (with the requirements om” and|” + y*!| applied):

e The uncertainty on the NLO QCD calculations due to terms bdydLO was estimated by
repeating the calculations using valuegefur andus scaled by the factors®and 2. The
three scales were either varied simultaneously, indivigaa by fixing one and varying the
other two. In all cases, the conditiorb0< ua/ug < 2 was imposed, wherd, B = R F, f
andA # B. The final uncertainty was taken as the largest deviatiom tfee nominal value
among the 14 possible variationsl4%) and is dominated by thg variations.

e The uncertainty on the NLO QCD calculations due to those enptioton PDFs was es-
timated by repeating the calculations using the 44 additisats from the CTEQ6.6 error
analysis £3.5%).
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e The uncertainty on the NLO QCD calculations due to that onvidiae ofa¢(m;) was es-
timated by repeating the calculations using two additiaed$ of proton PDFs, for which
different values ofrg(m;) were assumed in the fits, namely(m;) = 0.116 and (120,
following the prescription of Ref| [40]2.5%).

e The uncertainty on the NLO QCD calculations due to the maugbf the parton shower,
hadronisation and underlying event was estimated by takiaglifference of th&y, o fac-
tors based onHia and Hirwic from their average£0.5%).

For all observables, the dominant theoretical uncertamtypat arising from the terms be-
yond NLO. The total theoretical uncertainty was obtainecdbging in quadrature the individual
uncertainties listed above.

9. Results

The measured bin-averaged cross sections are presentéggsi@#1L4 and Tablds I-6. The
measuredio/dEy and d(r/dp‘Tet fall by three orders of magnitude in the measured range. The
measuredio/dly®| anddo/dA¢” display a maximum &y ~ 0 andA¢” ~ «, respectively. The
measuredio-/dn? (do-/d| cost”)|) decreases (increases)ra% (| cosd|) increases.

The predictions of the NLO QCD calculations from thkeriox program described in Sectibh 8
and corrected for hadronisation and underlying-evéiecés are compared to the data in Fids. 9-
[I4. The predictions give a good description of &g and p‘Tet measured cross sections. The
shape and normalisation of the measured cross section asctiofu of |y is described well
by the calculation in the whole range measured. For the maxirthree-body final state of the
NLO QCD calculations, the photon and the leading jet caneanlthe same hemisphere in the
transverse plane, i.&\¢” is necessarily larger thary2; as a result, it is not unexpected that they
fail to describe the measured” distribution. The leading-logarithm parton-shower potidns
of the Rrrria, Herwic and Sierea MC models are also shown in Fig.]12y1i1a and Sierea give
a good description of the data in the whole range measuredeatétrwic fails to do so. The
measured cross sections as functionsmdfand | coss”!| are described well by the NLO QCD
calculations.

The NLO QCD calculations based on the CT10 and MSTW2008mtwprPDF sets are within
the uncertainty band of the CTEQG6.6-based calculationse shapes of the distributions from
the three calculations are similar. The predictions basethe CTEQ6.6 and CT10 PDF sets
are very similar in normalisation whereas those based on\M&J08nlo are approximately 5%
higher. All of these comparisons validate the descriptibthe dynamics of isolated-photon plus
jet production inpp collisions atO(aema?).

To gain further insight into the interpretation of the resuLO QCD predictions of the direct-
photon and fragmentation contributions to the cross seetigre calculated. Even though at NLO
the two components are no longer distinguishable, the LCutations are useful to identify re-
gions of phase space dominated by the fragmentation catibtband to illustrate the basic dif-
ferences in the dynamics of the two processes. The ratidtNLO does (not) show a strong
dependence opf" and| cos#| (EZ, ly*| andn). The LO and NLO QCD calculations as func-
tions of| cosg”| are compared in Fig.15. The fragmentation contributiorbisenved to decrease
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as a function oE7, p’Tet andnm? and is approximately constant as a functionysf.. However, it
increases as a function [fosg”| from 2% up to 16%. Therefore, the regions at I&% p!* and
m as well as largécos”)| are expected to be sensitive to the fragmentation conimibut

The shapes of the bin-averaged cross sections for the giheton and fragmentation contri-
butions at LO QCD were compared. The majdfetience is seen in the bin-averaged cross section
as a function of cos¢”| (see Fig[1B), with the contribution from fragmentationwshny a steeper
increase agcosy”’| — 1 than that of direct-photon processes. Thi$edent behaviour is due to
the diferent spin of the exchanged particle dominating each of thegsses: a quark in the case
of direct processes and a gluon in the case of fragmentatamepses. Therefore, the distribution
in | cosg”| is particularly useful to study the dynamics underlyinghiaed process and the relative
contributions of direct processes and fragmentation. @hethat the shape of the measured cross
sectiondo/d| cost”| is much closer to that of the direct-photon processes thainofhfragmen-
tation is consistent with the dominance of processes inlwthie exchanged particle is a quark.
Furthermore, the increase of the cross sectioicass”l| — 1 observed in the data is milder than
that measured in dijet production pp collisions [41], which is dominated by gluon exchange.

The measurement of the bin-averaged cross section as aofueét coss”/| without the re-
quirements om? and |y’ + y*© is presented in Fig._17 and Talile 7. The decrease of the bin-
averaged cross section|@®ss”| increases is due to the non-uniform coveragenss”!| induced
by the requirements on the photon and jet rapidities andwense momenta. The NLO QCD cal-
culations are compared to the data in the same figure; theyagiood description of the measured
bin-averaged cross section. The comparison of the datatprédictions of Pruia, Herwic and
Suerea is shown in Fig[1B; in this figure, the MC calculations aremalised to the integrated
measured cross section. The shapes of the predictions frammRand Hirwic are very similar
and do not describe the measured cross section. In thesetpmes, the contributions of direct-
photon and fragmentation processes were added accordihg MC default cross sections. It is
possible to improve the description of the measured cragoseby adjusting the relative contri-
bution of the subprocesses, as demonstrated if_Fig. 8 faxdtmmated signal yield. In contrast,
the prediction of 8erpa gives a good description of the measured cross sectionjioettape and
magnitude; this may be attributable to the inclusion of Bigbrder contributions at tree-level in
the prediction. The studies summarised in Higs. 17[and 18igsight into the characteristics of
one of the primary backgrounds in the study of the new partickcovered by ATLAS [12] and
CMS [13] in the search for the Higgs boson.

10. Summary and conclusions

Bin-averaged cross sections for isolated photons in associwith a jet in 7 TeV proton—
proton collisions,pp — vy + jet + X, have been presented using an integrated luminosity of
37.1 pbt. The jets were reconstructed using the &njiet algorithm withR = 0.6. Isolated-
photon plus jet bin-averaged cross sections were meassréhations ofE, Tet, V€Y, Ag™,

m” and co$”. The bin-averaged cross sectiahs/dm” anddo/d| cost”’| were measured with
additional selection criteria dn” + y©, | cos8”l| andm.

Regions of phase space sensitive to the contributions fragmfentation have been identified.

24



—, 3000

doldicos 8" [pb

1500

1000

—
ATLAS Simulation ( s =7 TeV)

Low iy

2500

2000

Jetphox:

®NLO

M LO (scaled to NLO)
X9 LO: Direct photon

ZZ) LO: Fragmentation

RN RN R

i
7 N

2O

i . - = ] e
osf 3
oF E
o
= o
.0'8 ° ° ° ° ° . ° 3
0 0.2 0.4 0.6 0.8
|cos 6"

Figure 15: The NLO QCD predicted bin-averaged cross seftinisolated-photon plus jet production as a function

of | cosg| including the requirements an! and|” + y© (dots). The LO QCD calculation (squares) scaled to the
NLO integrated cross section and the contributions of thectliphoton (right-hatched histogram) and fragmentation
(left-hatched histogram) components are also shown. Thdlmpart of the figure shows the ratio of the scaled LO
to the NLO QCD calculations (squares); the bottom part ofithee shows the ratio of the fragmentation component

to the full LO calculation (dots).

do/d|cos 8" [pb]

15000 LI R I R

e Data
LO QCD (Jetphox) [ NP:
— Direct photon (x1.7)
--- Fragmentation (x80)

10000[—

5000—

Figure 16: The measured bin-averaged cross section fatézbphoton plus jet production (dots) as a function of
| cost”| including the requirements an” and|” + y©|. The direct-photon (solid lines) and fragmentation (ddshe

lines) components of the LO QCD prediction are also includBge calculations were normalised to the measured
cross section fofcoss”| < 0.1; the factors used are shown in parentheses.

25



10000
9000
8000
7000
6000F-_ _ e

5000 T

4000 -_¥-=-?-z_¥_‘;f‘za§a._ )

3000 py' > 40 Gev ‘%ﬂﬁé

2000

1000

——
ATLAS (s =7 TeV, 37 pb?) 7

® Data

NLO QCD (Jetphox) O NP:

—— PDF: CTEQ6.6

- = = PDF: MSTW2008nlo

----- PDF: CT10

TTTT[ITTT[TITT[TTT
[TTTTrrerereeY

do/dlcos 6] [pb]

.

TTTT
hlHhHlhlH“H“HHhH“HH

E! > 45 GeV

[ARNRARRNRRRRNRRRR!

Hl“’fl

14
12

theoretical uncertainty

Al

0.8
0.6

NLO QCD/Data
ol

08 _
|cos 6"

o
o
N
N
B
o
o

Figure 17: The measured bin-averaged cross section fatésbphoton plus jet production (dots) as a function of
| cos#” | without the requirements an?! and|p” + Y. Other details as in the caption to Fig. 9.

10000

<) T
S, | °bas ATLAS (Vs =7TeV,37pb™) |
— — PYTHIA (x0.93)
It [ —— HERWIG (x1.13 1
D gpl:++++ PYTHIA (Direct photon) (1.13) _|
----- HERWIG (Direct ph
2 -« PYTHIA (Fragmentation) G (Direct photon) |
+ s HERWIG (i tation) |
o - - SHERPA (x1.00) (Fragmentation)
= r |
© 6000 _
-c C -

4000~ TEE O = __i_ -
L pMsa0cev L ___*_ 1

2000 E¥ > 45 GeV s =

Figure 18: The measured bin-averaged cross section fatéubphoton plus jet production (dots) as a function
of | cos#| without the requirements om” and|” + Y. The Rrua (dark lines) and Erwic (light lines) MC
calculations for the direct-photon (dashed lines), fragtagon (dotted lines) components and their sum (solicsline
are also shown. The prediction fromuegra (long dashed lines) is also included. The full MC calculasiare
normalised to the integrated measured cross section. @étaits as in the caption to Fig. 9.
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As a result, these measurements can be used to tune theeeatitributions of direct and frag-
mentation processes in the description of isolated-phptoduction by the Monte Carlo models.

The NLO QCD calculations, based on various proton PDFs andced for hadronisation and
underlying-event#fects using Praia and Hirwic, have been compared to the measurements. The
calculations give a reasonably good description of the oredscross sections both in shape and
normalisation, except fok¢”; this distribution is adequately described by the leadinger plus
parton-shower prediction ofPria or Sierra. The measured dependence oasd”| is consistent
with the dominance of processes in which a quark is beingamnmgéd.

A measurement of the bin-averaged cross section as a farafticosg” | without the require-
ments om and|;” +y*®| was also presented to understand the photon plus jet baokgjrelevant
for the studies of the spin of the new particle observed by ASland CMS in the search for the
Higgs boson. The NLO QCD calculations give a good descripbicthe data.
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Table 1: The measured bin-averaged cross-sedigiilE} for isolated-photon plus jet production. The statistical
(dsta) @and systematicogys) uncertainties are shown separately. The correctionsddrdnisation and underlying-
event éfects to be applied to the parton-level NLO QCD calculati@g §) are shown in the last column. All tables
with information on the measured cross sections, their tiaiceies and correlations are available in HepData.

E—T— do/d E—T— Ostat Osyst Cnio
[GeV] [pb/GeV] | [pb/GeV] | [pb/GeV]
45-55 1602 +0.9 +200 0.97
55— 70 811 +0.5 +81 0.95
70-85 3539 +0.32 j:gg 0.94
85-100 16.75 +0.21 130 0.92
100- 125 6.89 +0.10 ﬁ8:§§ 0.92
125- 150 2.58 +0.06 ﬁgjg 0.92
150- 200 0.789 +0.025 o 0.90
200- 400 0.081 +0.004 tgggg 0.91

Table 2: The measured bin-averaged cross—sedtircmlp'}Et for isolated-photon plus jet production. Other details as

in the caption to Tablel 1.
?t do/d pJTet Ostat 5syst CnLo
[GeV] [pb/GeV] | [pb/GeV] | [pb/GeV]

40-55 1076 +0.6 tiég 0.96
55-70 70.1 +05 ig% 0.98
70— 85 36.08 +0.31 Jjgig‘l‘ 0.96
85-100 1899 +0.22 J_“%Sé 0.94
100- 125 8.86 +0.11 j:(l)é 0.91
125- 150 3.74 +0.07 fg;ig 0.89
150- 200 1.379 +0.031 tgii% 0.86
200- 400 0.167 +0.005 Jjgzggg 0.85
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Table 3: The measured bin-averaged cross-sedtigily® for isolated-photon plus jet production. Other details as
in the caption to Tablel 1.

|yjet| dO—/dl)ﬁeq Ostat 5syst Cnio
[pb] | [pb] | [pb]
0.000-0.237 2158 +20 | *211 [ 0.96

—-148
0.237-0.474|| 2113 | 20| *2% | 096
0.474-0.711|| 2043 | 20| *2% | 096
0.711-0.948|| 1968 | +20| *2% | 0.96
0948-1185|| 1806 |+19| *¥1 | 096
1185-1422| 1687 |=+18| 18 | 096

1.422-1.659 1452 | 17| 11 0.96

-147

1.659-1.896| 1256 |+16| ‘147 | 0.96

1.896-2.133| 1108 |=+15| 1% | 096
2133-2370| 912 |+14| 7| 095

Table 4: The measured bin-averaged cross-sedtigdA¢” for isolated-photon plus jet production. Other details as
in the caption to Tablel 1.

AgY do/dA¢” | Ostat 5syst Cnio

[rad] [pb] [pb] | [pb]
0.00-0.32 6.9 +1.1 jg -
0.32-0.64 9.7 +1.1 jg -
0.64- 0.96 185 +1.3 ig% —
0.96-1.28 410 +2.2 ig? —
1.28-1.60 73.6 +29 igg —
1.60-1.92 156 +4 jg 0.91
1.92-224 412 +8 igé 0.96
2.24—- 256 1063 +12 j(l)i 0.95
2.56- 2.88 2985 +21 igg? 0.96
2.88-3.20 7518 +34 iggg 0.95
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Table 5: The measured bin-averaged cross-sediofdn? with the requirements ohcosd”| and | + yi¢| for
isolated-photon plus jet production. Other details as énddption to TablEg]1.

m’ do-/dnm! Ostat 5syst Cnio
[GeV] [pb/GeV] | [pb/GeV] | [pb/GeV]
161-200 | 1046 | =011 | =08 [ 097
200-300 | 3069 | +0034 | *93%8 | 095
300-400 | 0594 | 0015 | *988 | g9
400-600 | 0114 | +0005 | 991 | 091
600-1000| 0.0086 | +0.0009 | *09%9 | 091

Table 6: The measured bin-averaged cross-sediiofd| cosg” | with the requirements om” and | + yi¢| for
isolated-photon plus jet production. Other details as éndéption to Tablel1.

| cose”| do/d[cost”| | Ostat Osyst Cuio
[pb] [pb] | [pb]

0.00-0.10 536 +14 :51% 0.94
0.10-0.20 536 +14 :551 0.93
0.20-0.30 574 +15 J_rig 0.94
0.30-0.40 619 +15 J_rgi 0.93
0.40-0.50 718 +17 J_'gé 0.94
0.50-0.60 960 +19 J_'g‘ll 0.95
0.60-0.70 1306 +23 j% 0.97
0.70-0.83 2242 +29 tgfg 0.97
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Table 7: The measured bin-averaged cross-sedkigiu| cosg| without the requirements om” and|n” + yi€Y| for
isolated-photon plus jet production. Other details as éndéption to Tablel1.

|cose”| || do/d|cos”| | Ostar Osyst Cuio
[pb] [pb] | [pb]
00-01 5240 +50 :51%8 0.95
01-02 5030 +50 J_r?ég 0.95
0.2-0.3 4750 +50 tggg 0.95
03-04 4540 +50 tg?g 0.96
04-05 4240 +40 tgzg 0.95
05-06 4120 +40 tggg 0.95
06-0.7 3740 +40 J_rg}lg 0.96
0.7-0.8 3420 +40 tg;g 0.95
0.8-0.9 2870 +40 J_rggg 0.96
09-10 1460 +30 tigg 0.95
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