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Dynamics of isolated-photon plus jet production
in pp collisions at

√

s = 7 TeV with the ATLAS detector

The ATLAS Collaboration

Abstract

The dynamics of isolated-photon plus jet production inpp collisions at a centre-of-mass energy
of 7 TeV has been studied with the ATLAS detector at the LHC using an integrated luminosity
of 37 pb−1. Measurements of isolated-photon plus jet bin-averaged cross sections are presented
as functions of photon transverse energy, jet transverse momentum and jet rapidity. In addition,
the bin-averaged cross sections as functions of the difference between the azimuthal angles of the
photon and the jet, the photon–jet invariant mass and the scattering angle in the photon–jet centre-
of-mass frame have been measured. Next-to-leading-order QCD calculations are compared to the
measurements and provide a good description of the data, except for the case of the azimuthal
opening angle.
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1. Introduction

The production of prompt photons in association with a jet inproton–proton collisions,pp →
γ+jet+X, provides a testing ground for perturbative QCD (pQCD) in acleaner environment than in
jet production, since the photon originates directly from the hard interaction. The measurements
of angular correlations between the photon and the jet can beused to probe the dynamics of
the hard-scattering process. Since the dominant production mechanism inpp collisions at the
LHC is through theqg → qγ process, measurements of prompt-photon plus jet production have
been used to constrain the gluon density in the proton [1, 2].Furthermore, precise measurements
of photon plus jet production are also useful for the tuning of the Monte Carlo (MC) models.
In addition, these events constitute the main reducible background in the identification of Higgs
bosons decaying to a photon pair.

The dynamics of the underlying processes in 2→ 2 hard collinear scattering can be inves-
tigated using the variableθ∗, where cosθ∗ ≡ tanh(∆y/2) and∆y is the difference between the
rapidities1 of the two final-state particles. The variableθ∗ coincides with the scattering angle in

1 The ATLAS reference system is a Cartesian right-handed coordinate system, with the nominal collision point
at the origin. The anticlockwise beam direction defines the positive z-axis, while the positivex-axis is defined as
pointing from the collision point to the centre of the LHC ring and the positivey-axis points upwards. The azimuthal
angleφ is measured around the beam axis, and the polar angleθ is measured with respect to thez-axis. Pseudorapidity
is defined asη = − ln tan(θ/2), rapidity is defined asy = 0.5 ln[(E + pz)/(E − pz)], whereE is the energy andpz is the
z-component of the momentum, and transverse energy is definedasET = E sinθ.
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the centre-of-mass frame, and its distribution is sensitive to the spin of the exchanged particle.
For processes dominated byt-channel gluon exchange, such as dijet production inpp collisions
shown in Fig. 1(a), the differential cross section behaves as (1− | cosθ∗|)−2 when| cosθ∗| → 1. In
contrast, processes dominated byt-channel quark exchange, such asW/Z + jet production shown
in Fig. 1(b), are expected to have an asymptotic (1− | cosθ∗|)−1 behaviour. This fundamental pre-
diction of QCD can be tested in photon plus jet production at the centre-of-mass energy of the
LHC.

At leading order (LO) in pQCD, the processpp → γ + jet + X proceeds via two produc-
tion mechanisms: direct photons (DP), which originate fromthe hard process, and fragmentation
photons (F), which arise from the fragmentation of a coloured high transverse momentum (pT)
parton [3, 4]. The direct-photon contribution, as shown in Fig. 1(c), is expected to exhibit a
(1− | cosθ∗|)−1 dependence when| cosθ∗| → 1, whereas that of fragmentation processes, as shown
in Fig. 1(d), is predicted to be the same as in dijet production, namely (1−| cosθ∗|)−2. For both pro-
cesses, there are alsos-channel contributions which are, however, non-singular when| cosθ∗| → 1.
As a result, a measurement of the cross section for prompt-photon plus jet production as a function
of | cosθ∗| provides a handle on the relative contributions of the direct-photon and fragmentation
components as well as the possibility to test the dominance of t-channel quark exchange, such as
that shown in Fig. 1(c).
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Figure 1: Examples of Feynman diagrams for (a) dijet production, (b)V + jet production withV = W or Z, (c) γ + jet
production through direct-photon processes and (d)γ + jet production through fragmentation processes.

Measurements of prompt-photon production in a final state with accompanying hadrons ne-
cessitates of an isolation requirement on the photon to avoid the large contribution from neutral-
hadron decays into photons. The production of inclusive isolated photons inpp collisions has
been studied previously by ATLAS [5, 6] and CMS [7, 8]. Recently, the differential cross sec-
tions for isolated photons in association with jets as functions of the photon transverse energy in
different regions of rapidity of the highest transverse-momentum (leading) jet were measured by
ATLAS [9]. The analysis presented in this paper is based on the same data sample and similar
selection criteria as in the previous publication, but extends the study by measuring also cross sec-
tions in terms of the leading-jet and photon-plus-jet properties. The goal of the analysis presented
here is to study the kinematics and dynamics of the isolated-photon plus jet system by measur-
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ing the bin-averaged cross sections as functions of the leading-photon transverse energy (EγT), the
leading-jet transverse momentum (pjet

T ) and rapidity (yjet), the difference between the azimuthal
angles of the photon and the jet (∆φγj), the photon–jet invariant mass (mγj) and cosθγj, where the
variableθ∗ is referred to asθγj here and henceforth. The photon was required to be isolated by
using the same isolation criterion as in previous measurements [5, 6, 9] based on the amount of
transverse energy inside the cone given by

√

(η − ηγ)2 + (φ − φγ)2 ≤ ∆R = 0.4, centred around the
photon direction (defined byηγ andφγ). The jets were defined using the anti-kt jet algorithm [10]
with distance parameterR = 0.6. The measurements were performed in the phase-space region of
EγT > 45 GeV,|ηγ| < 2.37 (excluding the region 1.37 < |ηγ| < 1.52), pjet

T > 40 GeV,|yjet| < 2.37
and∆R2

γj = (ηγ − ηjet)2 + (φγ − φjet)2 > 1. The measurements ofdσ/dmγj anddσ/d| cosθγj | were
performed for|ηγ + yjet| < 2.37, | cosθγj | < 0.83 andmγj > 161 GeV; these additional requirements
select a region where themγj and| cosθγj | distributions are not distorted by the restrictions on the
transverse momenta and rapidities of the photon and the jet.Next-to-leading-order (NLO) QCD
calculations were compared to the measurements. Photon plus jet events constitute an important
background in the identification of the Higgs decaying into diphotons; the| cosθ∗| distribution for
the diphoton events has been used [11] to study the spin of thenew “Higgs-like” particle observed
by ATLAS [12] and CMS [13]. To understand the photon plus jet background in terms of pQCD
and to aid in better constraining the contributions of direct-photon and fragmentation processes in
the MC models, a measurement of the bin-averaged cross section as a function of| cosθγj | was also
performed without the restrictions onmγj or on |ηγ + yjet|. Predictions from both leading-logarithm
parton-shower MC models and NLO QCD calculations were compared to this measurement.

2. The ATLAS detector

The ATLAS experiment [14] uses a multi-purpose particle detector with a forward-backward
symmetric cylindrical geometry and nearly 4π coverage in solid angle.

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

The electromagnetic calorimeter is a lead liquid-argon (LAr) sampling calorimeter. It is di-
vided into a barrel section, covering the pseudorapidity region |η| < 1.475, and two end-cap sec-
tions, covering the pseudorapidity regions 1.375 < |η| < 3.2. It consists of three shower-depth
layers in most of the pseudorapidity range. The first layer issegmented into narrow strips in
theη direction (width between 0.003 and 0.006 depending onη, with the exception of the regions
1.4 < |η| < 1.5 and|η| > 2.4). This high granularity provides discrimination betweensingle-photon
showers and two overlapping showers coming from, for example, aπ0 decay. The second layer of
the electromagnetic calorimeter, which collects most of the energy deposited in the calorimeter by
the photon shower, has a cell granularity of 0.025× 0.025 inη × φ. A third layer collects the tails
of the electromagnetic showers. An additional thin LAr presampler covers|η| < 1.8 to correct for
energy loss in material in front of the calorimeter. The electromagnetic energy scale is calibrated
usingZ → ee events with an uncertainty less than 1% [15].
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A hadronic sampling calorimeter is located outside the electromagnetic calorimeter. It is made
of scintillator tiles and steel in the barrel section (|η| < 1.7) and of two end-caps of copper and LAr
(1.5 < |η| < 3.2). The forward region (3.1 < |η| < 4.9) is instrumented with a copper/tungsten LAr
calorimeter for both electromagnetic and hadronic measurements. Outside the ATLAS calorime-
ters lies the muon spectrometer, which identifies and measures the deflection of muons up to
|η| = 2.7, in a magnetic field generated by superconducting air-coretoroidal magnet systems.

Events containing photon candidates were selected by a three-level trigger system. The first-
level trigger (level-1) is hardware-based and uses a trigger cell granularity of 0.1 × 0.1 in η × φ.
The algorithms of the second- and third-level triggers are implemented in software and exploit the
full granularity and precision of the calorimeter to refine the level-1 trigger selection, based on
improved energy resolution and detailed information on energy deposition in the calorimeter cells.

3. Data selection

The data used in this analysis were collected during the proton–proton collision running period
of 2010, when the LHC operated at a centre-of-mass energy of

√
s = 7 TeV. This data set was

chosen to study the dynamics of isolated-photon plus jet production down toEγT = 45 GeV.
Only events taken in stable beam conditions and passing detector and data-quality requirements

were considered. Events were recorded using a single-photon trigger, with a nominal transverse
energy threshold of 40 GeV; this trigger was used to collect events in which the photon trans-
verse energy, after reconstruction and calibration, was greater than 45 GeV. The total integrated
luminosity of the collected sample amounts to 37.1± 1.3 pb−1 [16].

The selection criteria applied by the trigger to shower-shape variables computed from the en-
ergy profiles of the showers in the calorimeters are looser than the photon identification criteria ap-
plied in the offline analysis; for isolated photons withEγT > 43 GeV and pseudorapidity|ηγ| < 2.37,
the trigger efficiency is close to 100%.

The sample of isolated-photon plus jet events was selected using offline criteria similar to those
reported in the previous publication [9] and described below.

Events were required to have a reconstructed primary vertex, with at least five associated
charged-particle tracks withpT > 150 MeV, consistent with the average beam-spot position. This
requirement reduced non-collision backgrounds. The effect of this requirement on the signal was
found to be negligible. The remaining fraction of non-collision backgrounds was estimated to be
less than 0.1% [5, 6].

During the 2010 data-taking period, there were on average 2–3 proton–proton interactions per
bunch crossing. The effects of the additionalpp 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 reconstruction of isolated electromagnetic
clusters in the calorimeter with transverse energies exceeding 2.5 GeV. Clusters were matched
to charged-particle tracks based on the distance in (η,φ) between the cluster centre and the track
impact point extrapolated to the second layer of the LAr calorimeter. Clusters matched to tracks
were classified as electron candidates, whereas those without matching tracks were classified as
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unconverted photon candidates. Clusters matched to pairs of tracks originating from reconstructed
conversion vertices in the inner detector or to single tracks with no hit in the innermost layer of
the pixel detector were classified as converted photon candidates [17]. The overall reconstruction
efficiency for unconverted (converted) photons with transverse energy above 20 GeV and pseu-
dorapidity in the range|ηγ| < 2.37, excluding the transition region 1.37 < |ηγ| < 1.52 between
calorimeter sections, was estimated to be 99.8 (94.3)% [17]. The final energy measurement, for
both converted and unconverted photons, was made using onlythe calorimeter, with a cluster size
depending on the photon classification. In the barrel, a cluster corresponding to 3× 5 (η × φ) cells
in the second layer was used for unconverted photons, while acluster of 3× 7 cells was used for
converted photon candidates to compensate for the opening angle between the conversion products
in theφ direction due to the magnetic field. In the end-cap, a clustersize of 5× 5 was used for all
candidates. A dedicated energy calibration [18] was then applied separately for converted and un-
converted photon candidates to account for upstream energyloss and both lateral and longitudinal
leakage. Photons reconstructed near regions of the calorimeter affected by readout or high-voltage
failures were rejected, eliminating around 5% of the selected candidates.

Events with at least one photon candidate with calibratedEγT > 45 GeV and|ηγ| < 2.37 were
selected. The candidate was excluded if 1.37< |ηγ| < 1.52. The same shower-shape and isolation
requirements as described in previous publications [5, 6, 9] were applied to the candidates; these
requirements are referred to as “tight” identification criteria. The selection criteria for the shower-
shape variables are independent of the photon-candidate transverse energy, but vary as a function
of the photon pseudorapidity, to take into account significant changes in the total thickness of the
upstream material and variations in the calorimeter geometry or granularity. They were optimised
independently for unconverted and converted photons to account for the different developments of
the showers in each case. The application of these selectioncriteria suppresses background from
jets misidentified as photons.

The photon candidate was required to be isolated by restricting the amount of transverse en-
ergy around its direction. The transverse energy depositedin the calorimeters inside a cone of
radius∆R = 0.4 centred around the photon direction is denoted byE iso

T,det. The contributions from
those cells (in any layer) in a window corresponding to 5× 7 cells of the second layer of the elec-
tromagnetic calorimeter around the photon-shower barycentre are not included in the sum. The
mean value of the small leakage of the photon energy outside this region, evaluated as a function
of the photon transverse energy, was subtracted from the measured value ofE iso

T,det. The typical
size of this correction is a few percent of the photon transverse energy. The measured value of
E iso

T,det was further corrected by subtracting the estimated contributions from the underlying event
and additional inelasticpp interactions. This correction was computed on an event-by-event basis
and amounted on average to 900 MeV [6]. After all these corrections, E iso

T,det was required to be
below 3 GeV for a photon to be considered isolated.

The relative contribution to the total cross section from fragmentation processes decreases after
the application of this requirement, though it remains non-negligible especially at low transverse
energies. The isolation requirement significantly reducesthe main background, which consists of
multi-jet events where one jet typically contains aπ0 or ηmeson that carries most of the jet energy
and is misidentified as an isolated photon because it decays into an almost collinear photon pair.

A small fraction of events contain more than one photon candidate passing the selection crite-
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ria. In such events, the highest-EγT (leading) photon was kept for further study.

3.2. Jet selection

Jets were reconstructed from three-dimensional topological clusters built from calorimeter
cells, using the anti-kt algorithm with distance parameterR = 0.6. The jet four-momenta were
computed from the sum of the topological cluster four-momenta, treating each as a four-vector
with zero mass. The jet four-momenta were then recalibratedusing a jet energy scale (JES) cor-
rection described in Ref. [19]. This calibration procedurecorrected the jets for calorimeter instru-
mental effects, such as inactive material and noncompensation, as well as for the additional energy
due to multiplepp interactions within the same bunch crossing. These jets arereferred to as
detector-level jets. The uncertainty on the JES correctionin the central (forward) region,|η| < 0.8
(2.1 < |η| < 2.8), is less than 4.6% (6.5%) for all jets with transverse momentumpT > 20 GeV
and less than 2.5% (3%) for jets with 60< pT < 800 GeV.

Jets reconstructed from calorimeter signals not originating from app collision were rejected
by applying jet-quality criteria [19]. These criteria suppressed fake jets from electronic noise in
the calorimeter, cosmic rays and beam-related backgrounds. Remaining jets were required to have
calibrated transverse momenta greater than 40 GeV. Jets overlapping with the candidate photon or
with an isolated electron were discarded; if the jet axis laywithin a cone of radius∆R = 1 (0.3)
around the leading-photon (isolated-electron) candidate, the jet was discarded. The removal of
electrons misidentified as jets suppresses contamination from W/Z plus jet events. In events with
multiple jets satisfying the above requirements, the jet with highestpjet

T (leading jet) was retained
for further study. The leading-jet rapidity was required tobe in the region|yjet| < 2.37.

3.3. Final photon plus jet sample

The above requirements select approximately 124 000 events. The fraction of events with
multiple photons fulfilling the above conditions is 3· 10−4. The average jet multiplicity in the data
is 1.19. The signal MC (see Section 4) predictions for the jet multiplicity are 1.21 in Pythia [20]
and 1.19 in Herwig [21].

For the measurements of the bin-averaged cross sections as functions ofmγj and| cosθγj |, addi-
tional requirements were imposed to remove the bias due to the rapidity and transverse-momentum
requirements on the photon and the jet. Specifically, to havea uniform coverage in both cosθγj

andmγj, the restrictions|ηγ + yjet| < 2.37, | cosθγj | < 0.83 andmγj > 161 GeV were applied. The
first two requirements restrict the phase space to the insideof the square delineated by the dashed
lines, as shown in Fig. 2(a); within this square, slices in cosθγj have the same length along the
ηγ + yjet axis. The third requirement avoids the bias induced by the minimal requirement onEγT, as
shown in Fig.2(b); the hatched area represents the largest region in which unbiased measurements
of both | cosθγj | andmγj distributions can be performed. These requirements do not remove the
small bias due to the exclusion of the 1.37< |ηγ| < 1.52 region. The number of events selected in
the data after these additional requirements is approximately 26 000.

The contamination from jets produced in pile-up events in the selected samples was estimated
to be negligible.
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Figure 2: The selected regions in the (a)ηγ-yjet and (b)mγj-| cosθγj | planes. In (a), the dashed lines correspond to:
ηγ+yjet = 2.37 (first quadrant),ηγ−yjet = 2.37 (second quadrant),ηγ+yjet = −2.37 (third quadrant) andηγ−yjet = −2.37
(fourth quadrant). In (b), the horizontal (vertical) dashed line corresponds tomγj = 161 GeV (| cosθγj | = 0.83) and the
solid line corresponds toEγT = 45 GeV.

4. Monte Carlo simulations

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

The MC programs Pythia 6.423 [20] and Herwig 6.510 [21] were used to generate the sim-
ulated signal events. In both generators, the partonic processes are simulated using leading-order
matrix elements, with the inclusion of initial- and final-state parton showers. Fragmentation into
hadrons was performed using the Lund string model [22] in thecase of Pythia and the clus-
ter model [23] in the case of Herwig. The modified leading-order MRST2007 [24, 25] parton
distribution functions (PDFs) were used to parameterise the proton structure. Both samples in-
clude a simulation of the underlying event, via the multiple-parton interaction model in the case
of Pythia and via the Jimmy package [26] in the case of Herwig. The event-generator parame-
ters, including those of the underlying-event modelling, were set according to the AMBT1 [27]
and AUET1 [28] tunes for Pythia and Herwig, respectively. All the samples of generated events
were passed through the Geant4-based [29] ATLAS detector simulation program [30]. They were
reconstructed and analysed by the same program chain as the data.

The Pythia simulation of the signal includes leading-order photon plus jet events from both
direct processes (the hard subprocessesqg → qγ andqq̄ → gγ) and photon bremsstrahlung in
QCD dijet events, which can be generated simultaneously. Onthe other hand, the Herwig signal
sample was obtained from the cross-section-weighted mixture of samples containing only direct-

7



photon plus jet or only bremsstrahlung-photon plus jet events, since these processes cannot be
generated simultaneously.

The multi-jet background was simulated by using all tree-level 2 → 2 QCD processes and
removing photon plus jet events from photon bremsstrahlung. The background from diphoton
events was estimated using Pythia 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 reconstructed using the anti-kt jet algorithm and
were built from stable particles, which are defined as those with a rest-frame lifetime longer than
10 ps. The particle-level isolation requirement on the photon was applied to the transverse energy
of all stable particles, except for muons and neutrinos, in acone of radius∆R = 0.4 around the
photon direction after the contribution from the underlying event was subtracted; in this case, the
same underlying-event subtraction procedure used on data was applied at the particle level. The
isolation transverse energy at particle level is denoted byE iso

T,part. The measured bin-averaged cross
sections refer to particle-level jets and photons that are isolated by requiringE iso

T,part < 4 GeV [5].
For the comparison to the measurements (see Section 9), samples of events were generated

at the particle level using the Sherpa 1.3.1 [31] program interfaced with the CTEQ6L1 [32] PDF
set. The samples were generated with LO matrix elements for photon plus jet final states with up
to three additional partons, supplemented with parton showers. Fragmentation 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 the selected sample, even after the ap-
plication of the tight identification and isolation requirements on the photon. This background
comes predominantly from multi-jet processes, in which a jet is misidentified as a photon. This jet
usually contains a light neutral meson, mostly aπ0 decaying into two collimated photons, which
carries most of the jet energy. The very small contributionsexpected from diphoton andW/Z plus
jet events [5, 9] are neglected.

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

• “isolated”, if E iso
T,det < 3 GeV;

• “non-isolated”, ifE iso
T,det > 5 GeV;

• “tight”, if it passed the tight photon identification criteria;

• “non-tight”, if it failed at least one of the tight requirements on the shower-shape variables
computed from the energy deposits in the first layer of the electromagnetic calorimeter, but
passed all the other tight identification criteria.
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In the two-dimensional plane formed byE iso
T,det and the photon identification variable, four regions

were defined:

• A: the “signal” region, containing tight and isolated photoncandidates;

• B: the “non-isolated” background control region, containing tight and non-isolated photon
candidates;

• C: the “non-identified” background control region, containing isolated and non-tight photon
candidates;

• D: the background control region containing non-isolated and non-tight photon candidates.

The signal yield in regionA, Nsig
A , was estimated by using the relation

Nsig
A = NA − Rbg · (NB − ǫBNsig

A ) ·
(NC − ǫCNsig

A )

(ND − ǫDNsig
A )
, (1)

whereNK , with K = A, B,C,D, is the number of events observed in regionK and

Rbg =
Nbg

A · N
bg
D

Nbg
B · N

bg
C

is the so-called background correlation and was taken asRbg = 1 for the nominal results;Nbg
K with

K = A, B,C,D is the number of background events in each region. Eq. (1) takes into account
the expected number of signal events in the three backgroundcontrol regions (Nsig

K ) via the signal
leakage fractions,ǫK = Nsig

K /N
sig
A with K = B,C,D, which were extracted from MC simulations of

the signal. Since the simulation does not accurately describe the electromagnetic shower profiles,
a correction factor for each simulated shape variable was applied to better match the data [5, 6].
Eq. (1) leads to a second-order polynomial equation inNsig

A that has only one physical (Nsig
A > 0)

solution.
This method was tested on a cross section-weighted combination of simulated signal and back-

ground samples and found to accurately determine the amountof signal in the mixture. The only
hypothesis underlying Eq. (1) is that the isolation and identification variables are uncorrelated in
background events, thusRbg = 1. This assumption was verified both in simulated background
samples and in data in the background-dominated region defined byE iso

T,det > 10 GeV. Deviations
from unity were taken as systematic uncertainties (see Section 7).

The signal purity, defined asNsig
A /NA, is typically above 0.9 and is similar whether Pythia or

Herwig is used to extract the signal leakage fractions. The signal purity increases asEγT, pjet
T and

mγj increase, is approximately constant as a function of|yjet| and∆φγj and decreases as| cosθγj |
increases.

The signal yield in data and the predictions of the signal MC simulations are compared in
Figs. 3–5. Both Pythia and Herwig give an adequate description of theEγT, |yjet| and mγj data
distributions. The measuredpjet

T distribution is described well forpjet
T . 100 GeV; for pjet

T &

100 GeV, the simulation of Pythia (Herwig) has a tendency to be somewhat above (below) the data.
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The simulation of Pythia provides an adequate description of the∆φγj data distribution, whereas
that of Herwig is somewhat poorer. The| cosθγj | data distribution, with or without additional
requirements onmγj or |ηγ + yjet|, is not well described by either Pythia or Herwig.

For most of these distributions, the shapes of the direct-photon and fragmentation components
in the signal MC simulations are somewhat different. Therefore, in each case, the shape of the
total MC distribution depends on the relative fraction of the two contributions. To obtain an im-
proved description of the data by the leading-order plus parton-shower MC samples, a fit to each
data distribution2 was performed with the weight of the direct-photon contribution,α, as the free
parameter; the weight of the fragmentation contribution was given by 1− α. In this context, the
default admixture used in the MC simulations would be represented byα = 0.5. The fitted values
of α were found to be different for each observable and in the range 0.26–0.84. It is emphasized
thatα does not represent a physical observable and it was used solely for the purpose of improving
the description of the data by the LO simulations. Nevertheless, an observable-dependentα may
approximate the effects of higher-order terms.3

After adjusting the fractions of the DP and F components separately for each distribution, a
good description of the data was obtained by both the Pythia and Herwig MC simulations for
all the observables (see Figs. 6–8), though the descriptions of ∆φγj and pjet

T by Herwig are still
somewhat poor. The MC simulations using the optimised admixture for each observable were
used as the baseline for the determination of the measured cross sections (see Section 6).

To be consistent, the optimisation of the admixture of the two components should be done
simultaneously with the background subtraction since the signal leakage fractionsǫK also depend
on the admixture. However, such a procedure would result in an estimated signal yield that would
depend on the fitted variable. To obtain a signal yield independent of the observable, except
for statistical fluctuations, the background subtraction was performed using the default admixture
of the two components and a systematic uncertainty on the background subtraction due to this
admixture was included (see Section 7).

5.2. Signal efficiency

The total selection efficiency, including trigger, reconstruction, particle identification and event
selection, was evaluated from the simulated signal samplesdescribed in Section 4. The integrated
efficiency was computed asε = Ndet,part/Npart, whereNdet,part is the number of MC events that
pass all the selection requirements at both the detector andparticle levels andNpart is the number
of MC events that pass the selection requirements at the particle level. The integrated efficiency
was found to be 68.5 (67.9)% from the Pythia (Herwig) samples. The bin-to-bin efficiency was
computed asεi = Ndet,part

i /Npart
i ,whereNdet,part

i is the number of MC events that pass all the selection
requirements at both the detector and particle levels and are generated and reconstructed in bini,

2 For the distribution ofyjet, the result of the fit to that ofpjet
T was used.

3 In Pythia and Herwig, the two components are simulated to LO. The NLO QCD radiative corrections are
expected to affect differently the two components and their entanglement, making any distinction impossible. In fact,
a variation was observed in the application of the same procedure at parton level: the optimal value ofα resulting from
a fit of the parton-level predictions of the two components ineither Pythia or Herwig to the NLO QCD calculations
(see Section 8) depended on the observable.
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Figure 3: The estimated signal yield in data (dots) using thesignal leakage fractions from (a,c,e) Pythia or (b,d,f)
Herwig as functions of (a,b)EγT, (c,d) pjet

T and (e,f)|yjet|. The error bars represent the statistical uncertainties that, for
most of the points, are smaller than the marker size and, thus, not visible. For comparison, the MC simulations of
the signal from Pythia and Herwig (shaded histograms) are also included in (a,c,e) and (b,d,f), respectively. The MC
distributions are normalised to the total number of data events. The direct-photon (DP, right-hatched histograms) and
fragmentation (F, left-hatched histograms) components ofthe MC simulations are also shown. The ratio of the MC
predictions to the data are shown in the bottom part of the figures.
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Figure 4: The estimated signal yield in data (dots) using thesignal leakage fractions from (a,c,e) Pythia or (b,d,f)
Herwig as functions of (a,b)∆φγj , (c,d)mγj and (e,f)| cosθγj |. The distributions as functions ofmγj (| cosθγj |) include
requirements on| cosθγj | (mγj) and|ηγ + yjet| (see text). Other details as in the caption to Fig. 3.
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Figure 5: The estimated signal yield in data (dots) using thesignal leakage fractions from (a) Pythia or (b) Herwig
as functions of| cosθγj |. These distributions do not include requirements onmγj or |ηγ + yjet|. Other details as in the
caption to Fig. 3.

andNpart
i is the number of MC events that pass the selection requirements at the particle level and

are located in bini. The bin-to-bin efficiencies are typically above 60%, except forpjet
T and∆φγj

(& 40%) due to the limited resolution in these steeply falling distributions, and are similar for
Pythia and Herwig.

The bin-to-bin reconstruction purity was computed asκi = Ndet,part
i /Ndet

i , whereNdet
i is the

number of MC events that pass the selection requirements at the detector level and are located
in bin i. The bin-to-bin reconstruction purities are typically above 70%, except forpjet

T and∆φγj

(& 45%) due to the limited resolution in these steeply falling distributions, and are similar for
Pythia and Herwig.

The efficiency of the jet-quality criteria (see Section 3.2) applied to the data was estimated
using a tag-and-probe method. The leading photon in each event was considered as the tag to
probe the leading jet. Additional selection criteria, suchas∆φγj > 2.6 (probe and tag required to
be back-to-back) and|pjet

T −EγT|/p
avg
T < 0.4, wherepavg

T = (pjet
T +EγT)/2 (to have well-balanced probe

and tag), were applied. The jet-quality criteria were then applied to the leading jet and the fraction
of jets accepted was measured as a function ofpjet

T and|yjet|. The jet-quality selection efficiency is
approximately 99%. No correction for this efficiency was applied, but an uncertainty was included
in the measurements (see Section 7).

6. Cross-section measurement procedure

Isolated-photon plus jet cross sections were measured for photons withEγT > 45 GeV,|ηγ| <
2.37 (excluding the region 1.37 < |ηγ| < 1.52) andE iso

T,part < 4 GeV. The jets were reconstructed
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Figure 6: The estimated signal yield in data (dots) using thesignal leakage fractions from (a,c,e) Pythia or (b,d,f)
Herwig as functions of (a,b)EγT, (c,d) pjet

T and (e,f)|yjet|. The direct-photon and fragmentation components of the MC
simulations have been mixed using the value ofα shown in each figure (see text). Other details as in the caption to
Fig. 3.
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Figure 7: The estimated signal yield in data (dots) using thesignal leakage fractions from (a,c,e) Pythia or (b,d,f)
Herwig as functions of (a,b)∆φγj , (c,d)mγj and (e,f)| cosθγj |. The distributions as functions ofmγj (| cosθγj |) include
requirements on| cosθγj | (mγj) and|ηγ + yjet| (see text). Other details as in the caption to Fig. 6.
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Figure 8: The estimated signal yield in data (dots) using thesignal leakage fractions from (a) Pythia or (b) Herwig
as functions of| cosθγj |. These distributions do not include requirements onmγj or |ηγ + yjet|. Other details as in the
caption to Fig. 6.

using the anti-kt jet algorithm withR = 0.6 and selected withpjet
T > 40 GeV, |yjet| < 2.37 and

∆Rγj > 1. Bin-averaged cross sections were measured as functions of EγT, pjet
T , |yjet| and∆φγj. Bin-

averaged cross sections as functions ofmγj and | cosθγj | were measured in the kinematic region
|ηγ + yjet| < 2.37, | cosθγj | < 0.83 andmγj > 161 GeV. In addition, the bin-averaged cross section
as a function of| cosθγj | was measured without the requirements onmγj or |ηγ + yjet|.

The data distributions, after background subtraction, were corrected to the particle level using
a bin-by-bin correction procedure. The bin-by-bin correction factors were determined using the
MC samples; these correction factors took into account the efficiency of the selection criteria, jet
and photon reconstruction as well as migration effects.

For this approach to be valid, the uncorrected distributions of the data must be adequately
described by the MC simulations at the detector level. This condition was satisfied by both the
Pythia and Herwig MC samples after adjusting the relative fractions of the LO direct-photon and
fragmentation components (see Section 5.1). The data distributions were corrected to the particle
level via the formula

dσ
dO (i) =

Nsig
A (i) CMC(i)

L ∆O(i)
,

wheredσ/dO is the bin-averaged cross section as a function of observable O = EγT, pjet
T , |yjet|,

∆φγj, mγj or | cosθγj |, Nsig
A (i) is the number of background-subtracted data events in bini, CMC(i) is

the correction factor in bini, L is the integrated luminosity and∆O(i) is the width of bini. The
bin-by-bin correction factors were computed as
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CMC(i) =
α NMC,DP

part (i) + (1−α) NMC,F
part (i)

α NMC,DP
det (i) + (1−α) NMC,F

det (i)
,

whereα corresponds to the optimised value obtained from the fit to the data for each observable,
as explained in Section 5.1. The final bin-averaged cross sections were obtained from the average
of the cross sections when usingCMC with MC = Pythia or Herwig. The uncertainties from the
parton-shower and hadronisation models used for the corrections were estimated as the deviations
from this average when using either Pythia or Herwig to correct the data (see Section 7). The
correction factors differ from unity by typically 20% and are similar for Pythia and Herwig.

7. Systematic uncertainties

The following sources of systematic uncertainty were considered; average values, expressed
in percent and shown in parentheses, quantify their effects on the cross section as a function of
| cosθγj | (with the requirements onmγj and|ηγ + yjet| applied):

• Simulation of the detector geometry. The systematic uncertainties originating from the lim-
ited knowledge of the material in the detector were evaluated by repeating the full analysis
using a different detector simulation with increased material in frontof the calorimeter [15].
This affects in particular the photon-conversion rate and the development of electromagnetic
showers (±5%).

• Photon simulation and model and fit dependence. The MC simulation of the signal was used
to estimate (i) the signal leakage fractions and (ii) the bin-by-bin correction factors:

– For step (i), both the Pythia and Herwig simulations were used with the admixture of
the direct-photon and fragmentation components as given byeach MC simulation to
yield two sets of background-subtracted data distributions. The signal leakage fractions
depend on the relative fraction of the two components. The uncertainty related to
the simulation of the isolated-photon components in the signal leakage fractions was
estimated (conservatively) by performing the background subtraction with only the
direct-photon or the fragmentation component (±3%).

– For step (ii), the effects of the parton-shower and hadronisation models in the bin-by-
bin correction factors were estimated as deviations from the nominal cross sections by
using either only Pythia or only Herwig to correct the data (±1%).

– The bin-by-bin correction factors also depend on the relative fractions of the two com-
ponents; the nominal admixture was taken from the fit to the background-subtracted
data distributions. A systematic uncertainty due to the fit was estimated (conserva-
tively) by using the default admixture of the components (±2%).

• Jet and photon energy scale and resolution uncertainties. These uncertainties were estimated
by varying both the electromagnetic and the jet energy scales and resolutions within their
uncertainties [15, 19] (photon energy resolution:±0.2%; photon energy scale:±1%; jet
energy resolution:±1%; jet energy scale:±5%).
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• Uncertainty on the background correlation in the two-dimensional sideband method. In the
background subtraction,Rbg = 1 was assumed (see Section 5.1); i.e. the photon isolation and
identification variables are uncorrelated for the background. This assumption was verified
using both the data and simulated background samples and wasfound to hold within a 10%
uncertainty in the kinematic region of the measurements presented here. The cross sections
were recomputed accounting for possible correlations in the background subtraction, and
the differences from the nominal results were taken as systematic uncertainties (±0.6%).

• Definition of the background control regions in the two-dimensional sideband method. The
estimation of the contamination in the signal region is affected by the choice of the back-
ground control regions. The uncertainty due to this choice was estimated by repeating the
analysis with different identification criteria and by changing the isolationboundary from
the nominal value of 5 GeV to 4 or 6 GeV (±2%).

• Data-driven correction to the photon efficiency. The shower shapes of simulated photons in
the calorimeter were corrected to improve the agreement with the data. The uncertainty on
the photon-identification efficiency due to the application of these corrections was estimated
using different simulated photon samples and a different detector simulation with increased
material in front of the calorimeter [15] (±2%).

• Uncertainty on the jet reconstruction efficiency. The MC simulation reproduces the jet re-
construction efficiencies in the data to better than 1% [34] (±1%).

• Jet-quality selection efficiency. The efficiency of the jet-quality criteria was determined to
be 99% (+1%).

• Uncertainty on the trigger efficiency (±0.7%).

• Uncertainty arising from the photon-isolation requirement. This uncertainty was evaluated
by increasing the value ofE iso

T,det in the MC simulations by the difference (+500 MeV) be-
tween the averages ofE iso

T,det for electrons in simulation and data control samples [6] (+4%).

• Uncertainty on the integrated luminosity. The measurementof the luminosity has a±3.4%
uncertainty [16] (±3.4%).

For dσ/dEγT, the dominant uncertainties arise from the detector material in the simulation,
the isolation requirement, the model dependence in the signal leakage fractions and the photon
energy scale, though in some bins the uncertainty from the luminosity measurement provides the
largest contribution. The dominant uncertainties for the other bin-averaged cross sections come
from the detector simulation, the model dependence in the signal leakage fractions, the isolation
requirement and the jet energy scale. All these systematic uncertainties were added in quadrature
together with the statistical uncertainty and are shown as error bars in the figures of the measured
cross sections (see Section 9).
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8. Next-to-leading-order QCD calculations

The NLO QCD calculations used in this analysis were computedusing the program Jet-
phox [35]. This program includes a full NLO QCD calculation of both the direct-photon and
fragmentation contributions to the cross section.

The number of flavours was set to five. The renormalisation (µR), factorisation (µF) and frag-
mentation (µ f ) scales were chosen to beµR = µF = µ f = EγT. The calculations were performed
using the CTEQ6.6 [36] parameterisations of the proton PDFsand the NLO photon BFG set II
photon fragmentation function [37]. The strong coupling constant was calculated at two-loop or-
der withαs(mZ) = 0.118. Predictions based on the CT10 [38] and MSTW2008nlo [39]proton
PDF sets were also computed.

The calculations were performed using a parton-level isolation cut, which required a total
transverse energy below 4 GeV from the partons inside a cone of radius∆R = 0.4 around the
photon direction. The anti-kt algorithm was applied to the partons in the events generatedby this
program to define jets of partons. The NLO QCD predictions were obtained 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 the contribution from the underlying
event included, whereas the NLO QCD calculations refer to jets of partons, the predictions were
corrected to the particle level using the MC models. The multiplicative correction factor,CNLO,
was defined as the ratio of the cross section for jets of hadrons to that for jets of partons and was
estimated by using the MC programs described in Section 4; a simulation of the underlying event
was only included for the sample of events at particle level.The correction factors from Pythia
and Herwig are similar and close to unity, except at highpjet

T ; for pjet
T > 200 GeV, the value ofCNLO

is 0.87 (0.82) for Pythia (Herwig). The means of the factors obtained from Pythia and Herwig
were applied to the NLO QCD calculations.

8.2. Theoretical uncertainties

The following sources of uncertainty in the theoretical predictions were considered; average
values, expressed in percent and shown in parentheses, quantify their effects on the cross section
as a function of| cosθγj | (with the requirements onmγj and|ηγ + yjet| applied):

• The uncertainty on the NLO QCD calculations due to terms beyond NLO was estimated by
repeating the calculations using values ofµR, µF andµ f scaled by the factors 0.5 and 2. The
three scales were either varied simultaneously, individually or by fixing one and varying the
other two. In all cases, the condition 0.5 ≤ µA/µB ≤ 2 was imposed, whereA, B = R, F, f
andA , B. The final uncertainty was taken as the largest deviation from the nominal value
among the 14 possible variations (±14%) and is dominated by theµR variations.

• The uncertainty on the NLO QCD calculations due to those on the proton PDFs was es-
timated by repeating the calculations using the 44 additional sets from the CTEQ6.6 error
analysis (±3.5%).
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• The uncertainty on the NLO QCD calculations due to that on thevalue ofαs(mZ) was es-
timated by repeating the calculations using two additionalsets of proton PDFs, for which
different values ofαs(mZ) were assumed in the fits, namelyαs(mZ) = 0.116 and 0.120,
following the prescription of Ref. [40] (±2.5%).

• The uncertainty on the NLO QCD calculations due to the modelling of the parton shower,
hadronisation and underlying event was estimated by takingthe difference of theCNLO fac-
tors based on Pythia and Herwig from their average (±0.5%).

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

9. Results

The measured bin-averaged cross sections are presented in Figs. 9–14 and Tables 1–6. The
measureddσ/dEγT and dσ/dpjet

T fall by three orders of magnitude in the measured range. The
measureddσ/d|yjet| anddσ/d∆φγj display a maximum at|yjet| ≈ 0 and∆φγj ≈ π, respectively. The
measureddσ/dmγj (dσ/d| cosθγj |) decreases (increases) asmγj (| cosθγj |) increases.

The predictions of the NLO QCD calculations from the Jetphox program described in Section 8
and corrected for hadronisation and underlying-event effects are compared to the data in Figs. 9–
14. The predictions give a good description of theEγT and pjet

T measured cross sections. The
shape and normalisation of the measured cross section as a function of |yjet| is described well
by the calculation in the whole range measured. For the maximum three-body final state of the
NLO QCD calculations, the photon and the leading jet cannot be in the same hemisphere in the
transverse plane, i.e.∆φγj is necessarily larger thanπ/2; as a result, it is not unexpected that they
fail to describe the measured∆φγj distribution. The leading-logarithm parton-shower predictions
of the Pythia, Herwig and Sherpa MC models are also shown in Fig. 12; Pythia and Sherpa give
a good description of the data in the whole range measured whereas Herwig fails to do so. The
measured cross sections as functions ofmγj and | cosθγj | are described well by the NLO QCD
calculations.

The NLO QCD calculations based on the CT10 and MSTW2008nlo proton PDF sets are within
the uncertainty band of the CTEQ6.6-based calculations. The shapes of the distributions from
the three calculations are similar. The predictions based on the CTEQ6.6 and CT10 PDF sets
are very similar in normalisation whereas those based on MSTW2008nlo are approximately 5%
higher. All of these comparisons validate the description of the dynamics of isolated-photon plus
jet production inpp collisions atO(αemα

2
s).

To gain further insight into the interpretation of the results, LO QCD predictions of the direct-
photon and fragmentation contributions to the cross section were calculated. Even though at NLO
the two components are no longer distinguishable, the LO calculations are useful to identify re-
gions of phase space dominated by the fragmentation contribution and to illustrate the basic dif-
ferences in the dynamics of the two processes. The ratio LO/NLO does (not) show a strong
dependence onpjet

T and| cosθγj | (EγT, |yjet| andmγj). The LO and NLO QCD calculations as func-
tions of | cosθγj | are compared in Fig. 15. The fragmentation contribution is observed to decrease
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as a function ofEγT, pjet
T andmγj and is approximately constant as a function of|yjet|. However, it

increases as a function of| cosθγj | from 2% up to 16%. Therefore, the regions at lowEγT, pjet
T and

mγj as well as large| cosθγj | are expected to be sensitive to the fragmentation contribution.
The shapes of the bin-averaged cross sections for the direct-photon and fragmentation contri-

butions at LO QCD were compared. The major difference is seen in the bin-averaged cross section
as a function of| cosθγj | (see Fig. 16), with the contribution from fragmentation showing a steeper
increase as| cosθγj | → 1 than that of direct-photon processes. This different behaviour is due to
the different spin of the exchanged particle dominating each of the processes: a quark in the case
of direct processes and a gluon in the case of fragmentation processes. Therefore, the distribution
in | cosθγj | is particularly useful to study the dynamics underlying thehard process and the relative
contributions of direct processes and fragmentation. The fact that the shape of the measured cross
sectiondσ/d| cosθγj | is much closer to that of the direct-photon processes than that of fragmen-
tation is consistent with the dominance of processes in which the exchanged particle is a quark.
Furthermore, the increase of the cross section as| cosθγj | → 1 observed in the data is milder than
that measured in dijet production inpp collisions [41], which is dominated by gluon exchange.

The measurement of the bin-averaged cross section as a function of | cosθγj | without the re-
quirements onmγj and |ηγ + yjet| is presented in Fig. 17 and Table 7. The decrease of the bin-
averaged cross section as| cosθγj | increases is due to the non-uniform coverage in| cosθγj | induced
by the requirements on the photon and jet rapidities and transverse momenta. The NLO QCD cal-
culations are compared to the data in the same figure; they give a good description of the measured
bin-averaged cross section. The comparison of the data to the predictions of Pythia, Herwig and
Sherpa is shown in Fig. 18; in this figure, the MC calculations are normalised to the integrated
measured cross section. The shapes of the predictions from Pythia and Herwig are very similar
and do not describe the measured cross section. In these predictions, the contributions of direct-
photon and fragmentation processes were added according tothe MC default cross sections. It is
possible to improve the description of the measured cross section by adjusting the relative contri-
bution of the subprocesses, as demonstrated in Fig. 8 for theestimated signal yield. In contrast,
the prediction of Sherpa gives a good description of the measured cross section, bothin shape and
magnitude; this may be attributable to the inclusion of higher-order contributions at tree-level in
the prediction. The studies summarised in Figs. 17 and 18 give insight into the characteristics of
one of the primary backgrounds in the study of the new particle discovered 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 association with a jet in 7 TeV proton–
proton collisions,pp → γ + jet + X, have been presented using an integrated luminosity of
37.1 pb−1. The jets were reconstructed using the anti-kt jet algorithm withR = 0.6. Isolated-
photon plus jet bin-averaged cross sections were measured as functions ofEγT, pjet

T , |yjet|, ∆φγj,
mγj and cosθγj. The bin-averaged cross sectionsdσ/dmγj anddσ/d| cosθγj | were measured with
additional selection criteria on|ηγ + yjet|, | cosθγj | andmγj.

Regions of phase space sensitive to the contributions from fragmentation have been identified.
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As a result, these measurements can be used to tune the relative contributions of direct and frag-
mentation processes in the description of isolated-photonproduction by the Monte Carlo models.

The NLO QCD calculations, based on various proton PDFs and corrected for hadronisation and
underlying-event effects using Pythia and Herwig, have been compared to the measurements. The
calculations give a reasonably good description of the measured cross sections both in shape and
normalisation, except for∆φγj; this distribution is adequately described by the leading-order plus
parton-shower prediction of Pythia or Sherpa. The measured dependence on| cosθγj | is consistent
with the dominance of processes in which a quark is being exchanged.

A measurement of the bin-averaged cross section as a function of | cosθγj | without the require-
ments onmγj and|ηγ+yjet|was also presented to understand the photon plus jet background relevant
for the studies of the spin of the new particle observed by ATLAS and CMS in the search for the
Higgs boson. The NLO QCD calculations give a good description of the data.
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Table 1: The measured bin-averaged cross-sectiondσ/dEγT for isolated-photon plus jet production. The statistical
(δstat) and systematic (δsyst) uncertainties are shown separately. The corrections for hadronisation and underlying-
event effects to be applied to the parton-level NLO QCD calculations (CNLO) are shown in the last column. All tables
with information on the measured cross sections, their uncertainties and correlations are available in HepData.

EγT dσ/dEγT δstat δsyst CNLO

[GeV] [pb/GeV] [pb/GeV] [pb/GeV]

45− 55 160.2 ±0.9 +20.6
−17.1 0.97

55− 70 81.1 ±0.5 +8.1
−6.7 0.95

70− 85 35.39 ±0.32 +3.00
−2.62 0.94

85− 100 16.75 ±0.21 +1.30
−1.11 0.92

100− 125 6.89 ±0.10 +0.52
−0.45 0.92

125− 150 2.58 ±0.06 +0.19
−0.16 0.92

150− 200 0.789 ±0.025 +0.054
−0.048 0.90

200− 400 0.081 ±0.004 +0.005
−0.005 0.91

Table 2: The measured bin-averaged cross-sectiondσ/dpjet
T for isolated-photon plus jet production. Other details as

in the caption to Table 1.

pjet
T dσ/dpjet

T δstat δsyst CNLO

[GeV] [pb/GeV] [pb/GeV] [pb/GeV]

40− 55 107.6 ±0.6 +12.3
−10.0 0.96

55− 70 70.1 ±0.5 +8.2
−6.7 0.98

70− 85 36.08 ±0.31 +4.34
−3.61 0.96

85− 100 18.99 ±0.22 +2.21
−1.98 0.94

100− 125 8.86 ±0.11 +1.11
−1.00 0.91

125− 150 3.74 ±0.07 +0.50
−0.44 0.89

150− 200 1.379 ±0.031 +0.194
−0.179 0.86

200− 400 0.167 ±0.005 +0.026
−0.022 0.85
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Table 3: The measured bin-averaged cross-sectiondσ/d|yjet| for isolated-photon plus jet production. Other details as
in the caption to Table 1.

|yjet| dσ/d|yjet| δstat δsyst CNLO

[pb] [pb] [pb]

0.000− 0.237 2158 ±20 +211
−148 0.96

0.237− 0.474 2113 ±20 +208
−161 0.96

0.474− 0.711 2043 ±20 +203
−159 0.96

0.711− 0.948 1968 ±20 +204
−160 0.96

0.948− 1.185 1806 ±19 +191
−153 0.96

1.185− 1.422 1687 ±18 +183
−153 0.96

1.422− 1.659 1452 ±17 +171
−147 0.96

1.659− 1.896 1256 ±16 +147
−130 0.96

1.896− 2.133 1108 ±15 +135
−123 0.96

2.133− 2.370 912 ±14 +117
−111 0.95

Table 4: The measured bin-averaged cross-sectiondσ/d∆φγj for isolated-photon plus jet production. Other details as
in the caption to Table 1.

∆φγj dσ/d∆φγj δstat δsyst CNLO

[rad] [pb] [pb] [pb]

0.00− 0.32 6.9 ±1.1 +1.7
−1.5 −

0.32− 0.64 9.7 ±1.1 +1.6
−1.6 −

0.64− 0.96 18.5 ±1.3 +3.2
−3.0 −

0.96− 1.28 41.0 ±2.2 +5.9
−6.1 −

1.28− 1.60 73.6 ±2.9 +9.7
−9.5 −

1.60− 1.92 156 ±4 +16
−16 0.91

1.92− 2.24 412 ±8 +41
−38 0.96

2.24− 2.56 1063 ±12 +113
−101 0.95

2.56− 2.88 2985 ±21 +328
−281 0.96

2.88− 3.20 7518 ±34 +868
−623 0.95
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Table 5: The measured bin-averaged cross-sectiondσ/dmγj with the requirements on| cosθγj | and |ηγ + yjet| for
isolated-photon plus jet production. Other details as in the caption to Table 1.

mγj dσ/dmγj δstat δsyst CNLO

[GeV] [pb/GeV] [pb/GeV] [pb/GeV]

161− 200 10.46 ±0.11 +1.03
−0.86 0.97

200− 300 3.069 ±0.034 +0.303
−0.255 0.95

300− 400 0.594 ±0.015 +0.058
−0.050 0.92

400− 600 0.114 ±0.005 +0.011
−0.010 0.91

600− 1000 0.0086 ±0.0009 +0.0009
−0.0008 0.91

Table 6: The measured bin-averaged cross-sectiondσ/d| cosθγj | with the requirements onmγj and |ηγ + yjet| for
isolated-photon plus jet production. Other details as in the caption to Table 1.

| cosθγj | dσ/d| cosθγj | δstat δsyst CNLO

[pb] [pb] [pb]

0.00− 0.10 536 ±14 +52
−43 0.94

0.10− 0.20 536 ±14 +52
−44 0.93

0.20− 0.30 574 ±15 +55
−48 0.94

0.30− 0.40 619 ±15 +61
−51 0.93

0.40− 0.50 718 ±17 +71
−60 0.94

0.50− 0.60 960 ±19 +94
−81 0.95

0.60− 0.70 1306 ±23 +137
−120 0.97

0.70− 0.83 2242 ±29 +239
−218 0.97
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Table 7: The measured bin-averaged cross-sectiondσ/d| cosθγj | without the requirements onmγj and |ηγ + yjet| for
isolated-photon plus jet production. Other details as in the caption to Table 1.

| cosθγj | dσ/d| cosθγj | δstat δsyst CNLO

[pb] [pb] [pb]

0.0− 0.1 5240 ±50 +520
−430 0.95

0.1− 0.2 5030 ±50 +520
−410 0.95

0.2− 0.3 4750 ±50 +490
−390 0.95

0.3− 0.4 4540 ±50 +480
−370 0.96

0.4− 0.5 4240 ±40 +470
−340 0.95

0.5− 0.6 4120 ±40 +450
−350 0.95

0.6− 0.7 3740 ±40 +410
−340 0.96

0.7− 0.8 3420 ±40 +370
−320 0.95

0.8− 0.9 2870 ±40 +300
−300 0.96

0.9− 1.0 1460 ±30 +160
−190 0.95
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R. Bartoldus144, A.E. Barton71, V. Bartsch150, A. Basye166, R.L. Bates53, L. Batkova145a,
J.R. Batley28, A. Battaglia17, M. Battistin30, F. Bauer137, H.S. Bawa144, f , S. Beale99, T. Beau79,
P.H. Beauchemin162, R. Beccherle50a, P. Bechtle21, H.P. Beck17, K. Becker176, S. Becker99,
M. Beckingham139, K.H. Becks176, A.J. Beddall19c, A. Beddall19c, S. Bedikian177,
V.A. Bednyakov64, C.P. Bee84, L.J. Beemster106, T.A. Beermann176, M. Begel25,
C. Belanger-Champagne86, P.J. Bell49, W.H. Bell49, G. Bella154, L. Bellagamba20a, A. Bellerive29,
M. Bellomo30, A. Belloni57, O.L. Beloborodova108,g, K. Belotskiy97, O. Beltramello30,
O. Benary154, D. Benchekroun136a, K. Bendtz147a,147b, N. Benekos166, Y. Benhammou154,
E. Benhar Noccioli49, J.A. Benitez Garcia160b, D.P. Benjamin45, J.R. Bensinger23,
K. Benslama131, S. Bentvelsen106, D. Berge30, E. Bergeaas Kuutmann16, N. Berger5,
F. Berghaus170, E. Berglund106, J. Beringer15, P. Bernat77, R. Bernhard48, C. Bernius78,
F.U. Bernlochner170, T. Berry76, C. Bertella84, F. Bertolucci123a,123b, M.I. Besana90a,90b,

34



G.J. Besjes105, N. Besson137, S. Bethke100, W. Bhimji46, R.M. Bianchi124, L. Bianchini23,
M. Bianco72a,72b, O. Biebel99, S.P. Bieniek77, K. Bierwagen54, J. Biesiada15, M. Biglietti135a,
H. Bilokon47, M. Bindi20a,20b, S. Binet116, A. Bingul19c, C. Bini133a,133b, B. Bittner100,
C.W. Black151, J.E. Black144, K.M. Black22, D. Blackburn139, R.E. Blair6, J.-B. Blanchard137,
T. Blazek145a, I. Bloch42, C. Blocker23, J. Blocki39, W. Blum82, U. Blumenschein54,
G.J. Bobbink106, V.S. Bobrovnikov108, S.S. Bocchetta80, A. Bocci45, C.R. Boddy119,
M. Boehler48, J. Boek176, T.T. Boek176, N. Boelaert36, J.A. Bogaerts30, A.G. Bogdanchikov108,
A. Bogouch91,∗, C. Bohm147a, J. Bohm126, V. Boisvert76, T. Bold38a, V. Boldea26a, N.M. Bolnet137,
M. Bomben79, M. Bona75, M. Boonekamp137, S. Bordoni79, C. Borer17, A. Borisov129,
G. Borissov71, M. Borri83, S. Borroni42, J. Bortfeldt99, V. Bortolotto135a,135b, K. Bos106,
D. Boscherini20a, M. Bosman12, H. Boterenbrood106, J. Bouchami94, J. Boudreau124,
E.V. Bouhova-Thacker71, D. Boumediene34, C. Bourdarios116, N. Bousson84, S. Boutouil136d,
A. Boveia31, J. Boyd30, I.R. Boyko64, I. Bozovic-Jelisavcic13b, J. Bracinik18, P. Branchini135a,
A. Brandt8, G. Brandt15, O. Brandt54, U. Bratzler157, B. Brau85, J.E. Brau115, H.M. Braun176,∗,
S.F. Brazzale165a,165c, B. Brelier159, J. Bremer30, K. Brendlinger121, R. Brenner167, S. Bressler173,
T.M. Bristow46, D. Britton53, F.M. Brochu28, I. Brock21, R. Brock89, F. Broggi90a, C. Bromberg89,
J. Bronner100, G. Brooijmans35, T. Brooks76, W.K. Brooks32b, E. Brost115, G. Brown83,
P.A. Bruckman de Renstrom39, D. Bruncko145b, R. Bruneliere48, S. Brunet60, A. Bruni20a,
G. Bruni20a, M. Bruschi20a, L. Bryngemark80, T. Buanes14, Q. Buat55, F. Bucci49, J. Buchanan119,
P. Buchholz142, R.M. Buckingham119, A.G. Buckley46, S.I. Buda26a, I.A. Budagov64,
B. Budick109, L. Bugge118, O. Bulekov97, A.C. Bundock73, M. Bunse43, T. Buran118,∗,
H. Burckhart30, S. Burdin73, T. Burgess14, S. Burke130, E. Busato34, V. Büscher82, P. Bussey53,
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A. Filipčič74, F. Filthaut105, M. Fincke-Keeler170, K.D. Finelli45, M.C.N. Fiolhais125a,h,
L. Fiorini168, A. Firan40, J. Fischer176, M.J. Fisher110, E.A. Fitzgerald23, M. Flechl48, I. Fleck142,
P. Fleischmann175, S. Fleischmann176, G.T. Fletcher140, G. Fletcher75, T. Flick176, A. Floderus80,
L.R. Flores Castillo174, A.C. Florez Bustos160b, M.J. Flowerdew100, T. Fonseca Martin17,
A. Formica137, A. Forti83, D. Fortin160a, D. Fournier116, H. Fox71, P. Francavilla12,
M. Franchini20a,20b, S. Franchino30, D. Francis30, M. Franklin57, S. Franz30, M. Fraternali120a,120b,
S. Fratina121, S.T. French28, C. Friedrich42, F. Friedrich44, D. Froidevaux30, J.A. Frost28,
C. Fukunaga157, E. Fullana Torregrosa128, B.G. Fulsom144, J. Fuster168, C. Gabaldon30,
O. Gabizon173, A. Gabrielli20a,20b, A. Gabrielli133a,133b, S. Gadatsch106, T. Gadfort25,
S. Gadomski49, G. Gagliardi50a,50b, P. Gagnon60, C. Galea99, B. Galhardo125a, E.J. Gallas119,
V. Gallo17, B.J. Gallop130, P. Gallus127, K.K. Gan110, R.P. Gandrajula62, Y.S. Gao144, f ,
A. Gaponenko15, F.M. Garay Walls46, F. Garberson177, C. Garcı́a168, J.E. Garcı́a Navarro168,
M. Garcia-Sciveres15, R.W. Gardner31, N. Garelli144, V. Garonne30, C. Gatti47, G. Gaudio120a,
B. Gaur142, L. Gauthier94, P. Gauzzi133a,133b, I.L. Gavrilenko95, C. Gay169, G. Gaycken21,
E.N. Gazis10, P. Ge33d,n, Z. Gecse169, C.N.P. Gee130, D.A.A. Geerts106, Ch. Geich-Gimbel21,
K. Gellerstedt147a,147b, C. Gemme50a, A. Gemmell53, M.H. Genest55, S. Gentile133a,133b,
M. George54, S. George76, D. Gerbaudo164, A. Gershon154, H. Ghazlane136b, N. Ghodbane34,
B. Giacobbe20a, S. Giagu133a,133b, V. Giangiobbe12, P. Giannetti123a,123b, F. Gianotti30,
B. Gibbard25, A. Gibson159, S.M. Gibson76, M. Gilchriese15, T.P.S. Gillam28, D. Gillberg30,
A.R. Gillman130, D.M. Gingrich3,e, N. Giokaris9, M.P. Giordani165c, R. Giordano103a,103b,
F.M. Giorgi16, P. Giovannini100, P.F. Giraud137, D. Giugni90a, C. Giuliani48, M. Giunta94,
B.K. Gjelsten118, I. Gkialas155,o, L.K. Gladilin98, C. Glasman81, J. Glatzer21, A. Glazov42,
G.L. Glonti64, M. Goblirsch-kolb100, J.R. Goddard75, J. Godfrey143, J. Godlewski30, M. Goebel42,
C. Goeringer82, S. Goldfarb88, T. Golling177, D. Golubkov129, A. Gomes125a,c,
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M. Miñano Moya168, I.A. Minashvili64, A.I. Mincer109, B. Mindur38a, M. Mineev64, Y. Ming174,
L.M. Mir 12, G. Mirabelli133a, J. Mitrevski138, V.A. Mitsou168, S. Mitsui65, P.S. Miyagawa140,
J.U. Mjörnmark80, T. Moa147a,147b, V. Moeller28, S. Mohapatra149, W. Mohr48, R. Moles-Valls168,

40



A. Molfetas30, K. Mönig42, C. Monini55, J. Monk36, E. Monnier84, J. Montejo Berlingen12,
F. Monticelli70, S. Monzani20a,20b, R.W. Moore3, C. Mora Herrera49, A. Moraes53, N. Morange62,
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D. Zerwas116, G. Zevi della Porta57, D. Zhang88, H. Zhang89, J. Zhang6, L. Zhang152, X. Zhang33d,
Z. Zhang116, Z. Zhao33b, A. Zhemchugov64, J. Zhong119, B. Zhou88, N. Zhou164, Y. Zhou152,
C.G. Zhu33d, H. Zhu42, J. Zhu88, Y. Zhu33b, X. Zhuang33a, A. Zibell99, D. Zieminska60,
N.I. Zimin64, C. Zimmermann82, R. Zimmermann21, S. Zimmermann21, S. Zimmermann48,
Z. Zinonos123a,123b, M. Ziolkowski142, R. Zitoun5, L. Živković35, V.V. Zmouchko129,∗,
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(Commissariat à l’Energie Atomique et aux Energies Alternatives), Gif-sur-Yvette, France
138 Santa Cruz Institute for Particle Physics, University of California Santa Cruz, Santa Cruz CA,
United States of America
139 Department of Physics, University of Washington, Seattle WA, United States of America
140 Department of Physics and Astronomy, University of Sheffield, Sheffield, United Kingdom
141 Department of Physics, Shinshu University, Nagano, Japan
142 Fachbereich Physik, Universität Siegen, Siegen, Germany
143 Department of Physics, Simon Fraser University, Burnaby BC, Canada
144 SLAC National Accelerator Laboratory, Stanford CA, UnitedStates of America
145 (a) Faculty of Mathematics, Physics & Informatics, Comenius University, Bratislava;(b)

Department of Subnuclear Physics, Institute of Experimental Physics of the Slovak Academy of
Sciences, Kosice, Slovak Republic
146 (a) Department of Physics, University of Cape Town, Cape Town;(b) Department of Physics,
University of Johannesburg, Johannesburg;(c) School of Physics, University of the
Witwatersrand, Johannesburg, South Africa
147 (a) Department of Physics, Stockholm University;(b) The Oskar Klein Centre, Stockholm,
Sweden
148 Physics Department, Royal Institute of Technology, Stockholm, Sweden
149 Departments of Physics & Astronomy and Chemistry, Stony Brook University, Stony Brook
NY, United States of America
150 Department of Physics and Astronomy, University of Sussex,Brighton, United Kingdom
151 School of Physics, University of Sydney, Sydney, Australia
152 Institute of Physics, Academia Sinica, Taipei, Taiwan
153 Department of Physics, Technion: Israel Institute of Technology, Haifa, Israel
154 Raymond and Beverly Sackler School of Physics and Astronomy, Tel Aviv University, Tel
Aviv, Israel
155 Department of Physics, Aristotle University of Thessaloniki, Thessaloniki, Greece
156 International Center for Elementary Particle Physics and Department of Physics, The
University of Tokyo, Tokyo, Japan
157 Graduate School of Science and Technology, Tokyo Metropolitan University, Tokyo, Japan
158 Department of Physics, Tokyo Institute of Technology, Tokyo, Japan
159 Department of Physics, University of Toronto, Toronto ON, Canada
160 (a) TRIUMF, Vancouver BC;(b) Department of Physics and Astronomy, York University,
Toronto ON, Canada
161 Faculty of Pure and Applied Sciences, University of Tsukuba, Tsukuba, Japan

50



162 Department of Physics and Astronomy, Tufts University, Medford MA, United States of
America
163 Centro de Investigaciones, Universidad Antonio Narino, Bogota, Colombia
164 Department of Physics and Astronomy, University of California Irvine, Irvine CA, United
States of America
165 (a) INFN Gruppo Collegato di Udine;(b) ICTP, Trieste;(c) Dipartimento di Chimica, Fisica e
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