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1. Introduction

Prompt photons in association with jets are copiously produced at the Large Hadron Collider
(LHC), through either Compton scattering of a quark and a gluon or through quark-antiquark an-
nihilation, as shown in Figure 1. The quark-gluon diagrams account for most of γ + jet production
since those are favoured over the quark-antiquark diagrams due to the parton distribution functions
(PDFs). γ + jet events can also be produced at the LHC through gluon annihilation, but this is an
NNLO process (Figure 2 shows the lowest order Feynman diagram).

DRAFT

2.2 Backgrounds176

2.2.1 Irreducible background177

Tree-level γ + jet events may be produced through either Compton scattering of a quark and a gluon178

or through quark-antiquark annihilation, as shown in Fig. 4. In the LHC’s proton-proton collisions, the179

quark-gluon diagrams account for most of γ + jet production at all center-of-mass energies. There is180

no tree-level gluon annihilation process (Fig. 5 shows the leading order Feynman diagram). Production181

through these diagrams, with the photon participating in the hard scatter and back-to-back with the leading182

jet, is called “prompt” production.183

Events with a real high-pT photon and one or more jets can also arise from multi-jet production. This184

category, called “fragmentation” production, consists of dijet or higher-order events with secondary185

photons produced during fragmentation of the hard-scatter quarks and gluons, or photons radiating off186

a quark. While such photons tend to appear near or inside jets and thus fail isolation criteria, the much187

larger multi-jet cross sections (e.g. the ratio of dijet to γ + jet cross sections is order αs/α) mean that188

such fragmentation production can be a non-negligible contribution to isolated γ + jet signatures. On the189

other hand the contribution from fragmentation photons is rapidly decreasing with EγT, reaching the few190

% level already above 200 GeV ( see for example Ref. [25] ).191

At next-to-leading order, JETPHOX provides the state-of-the-art calculation of γ + jet differential cross192

sections and a simple “partonic” event generator for the 2 → 2 and 2 → 3 diagrams. It includes both the193

direct and the fragmentation processes, as well as the gg box processes, but it does not shower partons nor194

does it simulate the underlying event. JETPHOX rate predictions for inclusive isolated photon production195

and isolated photon production in associationwith a jet have been tested against LHC run 1 data and against196

data from other colliders up to 1 TeV in photon pT, where they agree with the data within the uncertainties197

[26–30]. Taking advantage of high statistical sample in a wide range of Mγ j . the JETPHOX sample is to198

validate the background modeling with a functional-form.199

Besides JETPHOX sample, QCD γ + jet samples are generated with Sherpa [31] at a Leading-Order200

(LO) approximation, full-event generator for the direct photon production. In this case the contribution201

of the real emission of up to three partons is included. Also the Sherpa predictions have been compared202

with data showing a good description of the shape of the main kinematic quantities [29, 32].203
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Figure 4: Standard Model γ + jet production at tree level.
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Figure 1: Standard Model diagrams contributing to γ + jet production at tree level.
DRAFT

�
Figure 5: Lowest order gg → γ + jet process in the Standard Model.

2.2.2 Reducible background204

Events without a photon and a jet at parton level can also pass the event selection, and are called fakes. By205

far, the dominant process is from dijet events, in which one of the jets fakes the photon selection. The fake206

background is greatly reduced by using stringent quality cuts on the shapes of Electromagnetic showers,207

as known as a tight photon ID, and isolation selection with energy recorded around core energy deposits208

by a particle.209

3 Datasets and Monte Carlo samples210

3.1 Data sample211

In this analysis the dataset collected in the 2015 and 2016 physics runs is used. The prompt single212

photon trigger, HLT_g140_loose, is used for the data-taking, and the total integrated luminosity amounts213

to 36.7 fb−1.214

3.2 Monte Carlo samples215

Excited quarks samples at different invariantmasses have been generatedwith Pythia 8.186 [33]. NNPDF216

2.3 [34] parton distribution functions and the A14 tune [35] of the underlying event have been used. The217

generated events are passed through ATLAS detailed detector simulation based on GEANT4 [36] and218

reconstructed with the same software used for data. Details on the excited quarks samples, cross sections219

times branching ratios and total number of simulated events can be found in table 6.220

Samples of QBH decaying into a photon and a parton are generated with the QBH 2.02 generator and221

Pythia 8.186 for hadronisation and underlying event. CTQ6L1 PDF set has been used together with the222

standard A14 tuning of the underlying evens. As for the excited quarks samples, events are passed through223

the detailed ATLAS detector simulation. The same reconstruction as in data is used. Details on the QBH224

samples, cross sections times branching ratios and total number of simulated events can be found in Tab.225

7 and 8 for the ADD and RS models, respectively.226

To study the background properties, a large number QCD photon + jet events have been generated using227

Sherpa 2.1.1 [31] with CT10 PDF set [37]. For these samples up to three real parton emissions are228

included. The samples have been binned in EγT to cover the full spectrum relevant for this analysis. In229

each slice three samples are generated depending on the flavor of the jet : b-jet, c-jet and light jet. The230

events have been passed through full detector simulation. More details on the slices, cross sections, filter231

efficiency and number of generated events can be found in Tab. 9.232
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Figure 2: Lowest order gg→ γ + jet diagram in the Standard Model.

The γ + jet(s) final state provides also a sensitive probe for a class of phenomena beyond the
Standard Model (SM) that could manifest themselves in the high end of the invariant mass spectrum
of the γ + jet system (mγ j). The search is performed by looking for localised excesses of events in
the mγ j distribution with respect to the SM prediction. Two classes of benchmark signal models
are considered. The first class consists of specific beyond the SM (BSM) models and the second
one is based on generic Gaussian-shaped mass distributions.

The BSM signals are implemented in Monte Carlo (MC) simulation and appear as broad peaks
in the mγ j spectrum. In this search, two scenarios are considered: quarks as composite particles and
extra spatial dimensions. In the first case, if quarks are composed of more fundamental constituents
bound together by some unknown interaction, new effects should appear depending on the value of
the compositeness scale Λ. A quark substructure could explain the origin of the three generations
of quarks as well as their various masses and behaviours under weak interactions. In particular, if
Λ is sufficiently smaller than the centre-of-mass energy, excited quark (q∗) states may be produced
in high-energy pp collisions at the LHC [1–3]. The q∗ production at the LHC could result in a
resonant peak at the mass of the q∗ (mq∗) in the mγ j distribution if the q∗ can decay into a photon
and a quark. The present search considers excited up (u∗) and down (d∗) quarks, and only the SM
gauge interactions for q∗ production.

In the second scenario, the existence of extra spatial dimensions (EDs) is assumed to provide
a solution to the hierarchy problem [4–6]. Certain types of ED models predict the fundamental
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Planck scale M∗ in the 4+n dimensions (n being the number of extra spatial dimensions) to be at
the TeV scale, and thus accessible in pp collisions at

√
s = 13 TeV at the LHC. In such a TeV-scale

M∗ scenario of the extra dimensions, quantum black holes (QBHs) may be produced at the LHC
as a continuum above the threshold mass (Mth) and then decay into a small number of final-state
particles including photon-quark/gluon pairs before they are able to thermalise [7–10]. In this case
a broad resonance-like structure could be observed just above Mth on top of the SM mγ j distribution.
The Mth value for QBH production is taken to be equal to M∗ while the maximum allowed QBH
mass is set to either 3M∗ or the LHC pp centre-of-mass energy of 13 TeV, whichever is smaller. The
upper bound on the mass ensures that the QBH production is far from the “thermal” regime, where
the classical description of the black hole and its decay into high-multiplicity final states should be
used. In this analysis, the extra-dimensions model proposed by Arkani-Hamed, Dimopoulous and
Dvali (ADD) [11] with n = 6 flat EDs, and the one by Randall and Sundrum (RS1) [12] with n = 1
warped ED are considered. Figure 3 shows the expected cross-section times branching ratio to a
photon and a jet in pp collisions at

√
s = 13 TeV for all the BSM signals considered in this search.
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Figure 3: Production cross-section times γ + jet branching ratio for a excited quark q∗ and two
different non-thermal quantum black hole models (RS1, ADD) as a function of the q∗ mass or
the mass threshold for black hole production Mth, in pp collisions at

√
s = 13 TeV. The q∗ cross-

section is computed at leading order in αs with the PYTHIA 8.186 event generator [13]. The excited
quark model assumes that the compositeness scale is equal to the excited quark mass mq∗ , and that
gauge interactions of excited quarks are like those in the SM, with the SU(3), SU(2), and U(1)
coupling multipliers fixed to fs = f = f ′ = 1. The quantum black hole cross-sections are obtained
with the QBH 2.02 event generator [14]. In the RS1 and ADD quantum black hole models the
number of extra spatial dimensions is n = 1 and n = 6, respectively. The maximum mass for the
black hole production is set to the pp centre-of-mass energy or to 3Mth if Mth <

√
s/3. The cross-

sections are calculated in 0.5 TeV mass steps (dots) and interpolated with a continuous function
(solid lines) [15].

The second class of benchmark models, based on a generic Gaussian-shaped mass distribution
with different values of its mean and standard deviation, provides a generic interpretation for the
presence of signals with different Gaussian widths, ranging from a resonance with a width similar

2
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to the reconstructed mγ j resolution of ∼ 2% to wide resonances with a width up to 15%. This
approach is considered since new physics is not only limited to particular models but may appear
in unexpected places with an unexpected form. Hence, the search presented here is ultimately
model independent and is sensitive to any localised excess which may be caused by any BSM
process with a γ + jet final state.

The ATLAS [16] and CMS [17] experiments at the LHC have performed searches for excited
quarks in the γ + jet final state using pp collision data recorded at

√
s = 7 TeV [18], 8 TeV [19,

20] and 13 TeV [15]. In the ATLAS searches, limits for generic Gaussian-shaped resonances were
obtained at 7, 8 and 13 TeV while a limit for QBHs in the ADD model (n = 6) was first obtained
at 8 TeV. The ATLAS search at 13 TeV with data taken in 2015 was further extended to constrain
QBHs in the RS1 model (n = 1). The dijet resonance searches at ATLAS [21, 22] and CMS [23]
using pp collisions at

√
s= 13 TeV also set limits on the production cross-sections of excited quarks

and QBHs.
A search based on the full 2015 and 2016 dataset recorded with the ATLAS detector, corre-

sponding to 36.7fb−1 of pp collisions at
√

s= 13 TeV is performed [24]. The search presented here
complements the dijet results and provides an independent check for the presence of BSM signals
in different decay channels.

2. ATLAS detector

The ATLAS detector at the LHC is a multi-purpose, forward-backward symmetric detector1

with almost full solid angle coverage, and is described in detail elsewhere [20, 21]. Most relevant
for this analysis are the inner detector (ID) and the calorimeter system composed of electromagnetic
(EM) and hadronic calorimeters. The ID consists of a silicon pixel detector, a silicon microstrip
tracker and a transition radiation tracker, all immersed in a 2 T axial magnetic field, and provides
charged-particle tracking in the range |η |< 2.5. The electromagnetic calorimeter is a lead/liquid-
argon (LAr) sampling calorimeter with accordion geometry. The calorimeter is divided into a
barrel section covering |η | < 1.475 and two endcap sections covering 1.375 < |η | < 3.2. For
|η | < 2.5 it is divided into three layers in depth, which are finely segmented in η and φ . In
the region |η | < 1.8, an additional thin LAr presampler layer is used to correct for fluctuations
in the energy losses in the material upstream of the calorimeters. The hadronic calorimeter is a
sampling calorimeter composed of steel/scintillator tiles in the central region (|η | < 1.7), while
copper/LAr modules are used in the endcap (1.5 < |η |< 3.2) regions. The forward region (3.1 <

|η | < 4.9) is instrumented with copper/LAr and tungsten/LAr calorimeter modules optimised for
electromagnetic and hadronic measurements, respectively. Surrounding the calorimeters is a muon
spectrometer that includes three air-core superconducting toroidal magnets and multiple types of
tracking chambers, providing precision tracking for muons within |η |< 2.7 and trigger capability
within |η | < 2.4. A dedicated two-level trigger system is used for the online event selection [25].

1ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of
the detector and the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the
y-axis points upwards. Cylindrical coordinates (r,φ ) are used in the transverse plane, φ being the azimuthal angle around
the z-axis. The pseudorapidity is defined in terms of the polar angle θ as η = ln tan(θ/2). Angular distance is measured

in units of ∆R≡
√

(∆η)2 +(∆φ)2.
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Events are selected using a first-level trigger implemented in custom electronics, which reduces the
event rate to a design value of 100 kHz using a subset of the detector information. This is followed
by a software-based trigger that reduces the accepted event rate to 1 kHz on average by refining the
first-level trigger selection.

3. Background processes

Events with a real high-pT photon and one or more jets can also be produced if a parton shower
quark radiates off a photon, or when a hadron in a multijet event decays producing a photon.
While such photons tend to appear near or inside jets and thus fail isolation criteria, the much
larger multijet cross-sections imply that such fragmentation production can be a non-negligible
contribution to isolated γ + jet signatures.

Events without a photon at parton level can also pass the event selection, and are called “fakes”.
This is a smaller component of background photon candidates and is due to hadrons producing in
the detector energy deposits that have characteristics similar to those of real photons. By far, the
dominant process is from dijet events, in which one of the jets pass the photon selection.

4. Event selection

Photons are reconstructed from clusters of energy deposits in the EM calorimeter as described
in [26]. A photon candidate is classified depending on whether the EM cluster is associated with
a conversion track candidate reconstructed in the ID. If no ID track is matched, the candidate is
considered as an unconverted photon. If the EM cluster is matched to either a conversion vertex
formed from two tracks constrained to originate from a massless particle or a single track with its
first hit after the innermost layer of the pixel detector, the candidate is considered to be a converted
photon. Both the converted and unconverted photon candidates are used in the analysis. Photon
candidates are required to have Eγ

T > 25 GeV and |ηγ |< 2.37 and satisfy the “tight” identification
criteria, designed to lower significantly the contribution from background, defined in [26]. Photons
are identified based on the width of the energy deposits in the first two layers of the EM calorimeter
and the energy leakage into the hadronic calorimeter. To further reduce the contamination from
π0→ γγ or other neutral hadrons decaying into photons, the photon candidates are required to
be isolated from other energy deposits in an event. The calorimeter isolation variable ET, iso is
defined as the sum of the ET of all positive-energy topological clusters reconstructed within a
cone of ∆R = 0.4 around the photon direction excluding the energy deposits in an area of size
∆η ×∆φ = 0.125× 0.175 centred on the photon cluster. The photon energy expected outside the
excluded area is subtracted from the isolation energy while the contributions from pile-up and the
underlying event are subtracted event by event [27]. The photon candidates are required to have
Eγ

T, iso = ET, iso−0.022×Eγ

T less than 2.45 GeV [24]. The efficiency for the signal photon selection
varies from (90±1)% to (83±1)% for signal events with masses from 1 to 6 TeV. The dependency
on the signal mass is mainly from the efficiency of the tight identification requirement while the
isolation selection efficiency is approximately (99±1)% over the full mass range.

Jets are reconstructed from topological clusters calibrated at the EM scale using the anti-kt

algorithm with a radius parameter R = 0.4. The jets are calibrated to the hadronic energy scale

4
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by applying corrections derived from MC simulation and in situ measurements of relative jet re-
sponse obtained from Z+jets, γ+jets and multijet events at

√
s = 13 TeV [28]. Jets from pile-up

interactions are suppressed by applying the jet vertex tagger [29], using information about tracks
associated with the hard-scatter and pile-up vertices, to jets with pjet

T < 60 GeV and |η jet|< 2.4. In
order to remove jets due to calorimeter noise or non-collision backgrounds, events containing at
least one jet failing to satisfy the “loose” quality criteria defined in [30] are discarded. Jets passing
all the requirements and with pjet

T > 20 GeV and |η jet|< 4.5 are considered in the rest of the analy-
sis. Since a photon can be mistaken as a jet, jet candidates in a cone of ∆R = 0.4 around a photon
are not considered.

This analysis selects events based on an unprescaled single-photon trigger requiring at least
one photon candidate with Eγ

T > 140 GeV which satisfies loose identification conditions [26] based
on the shower width in the second sampling layer of the EM calorimeter and the energy leakage into
the hadronic calorimeter. Selected events are required to contain at least one primary vertex with
two or more tracks with pT > 400 MeV, to further reject events due to non-collision backgrounds.
Photon candidates are required to satisfy the “tight” identification and isolation conditions dis-
cussed above. The kinematic requirements for the highest-ET photon in the events are tightened
to Eγ

T > 150 GeV and |ηγ | < 1.37. The Eγ

T requirement is used to select events with nearly 100%
trigger efficiency, while the ηγ requirement is imposed to enhance the signal-to-background ratio.

Moreover, an event is rejected if there is any jet with pjet
T > 30 GeV within ∆R < 0.8 around the

photon to further avoid possible contamination from nearby jets to the photon isolation cone, which
might lead to a bias in the calibration of the photon. The number of signal and background events
with additional tight and isolated photons with Eγ

T > 150 GeV is negligible, and therefore these
events are accepted. The γ + jet system is formed from the highest-ET photon and the highest-pT

jet in the event. Finally, the highest-pT jet in the event is required to have pjet
T > 60 GeV and the

pseudorapidity difference between the photon and the jet (∆ηγ j ≡ |ηγ−η jet|) must be less than 1.6
to enhance signals over the γ + jet background.

5. Signal modelling

The signal model is built starting from the probability density function (pdf) of the mγ j distri-
bution fsig(mγ j) at the reconstruction level. For a Gaussian-shaped resonance with mass mG, the
mγ j pdf is modelled by a normalised Gaussian distribution with the mean located at mγ j = mG.
The standard deviation of the Gaussian distribution is chosen to be 2%, 7% or 15% of mG, where
2% approximately corresponds to the effect of the detector resolution on the reconstruction of
the photon–jet invariant mass. For the q∗ and QBH signals, the mγ j pdfs are created from the
normalised reconstructed mγ j distributions after applying the selection requirements described in
Section 4 using simulated MC events, and a kernel density estimation technique [31] is applied to
smooth the distributions. The signal pdfs for intermediate mass points at which signal events were
not generated are obtained from the simulated samples by using a moment-morphing method [32].
Figure 4 shows the mγ j distributions from the MC sample for the q∗ and RS1 QBH models for
different signal masses.

The signal template for the q∗ and QBH signals is then constructed as fsig(mγ j)× (σS ·B ·A ·
ε)×Lint, where fsig is scaled by the product of the cross-section and the branching ratio to a photon

5



P
o
S
(
C
O
R
F
U
2
0
1
8
)
0
5
1

γ+jet search with 13 TeV ATLAS data Jonathan D. Bossio Sola, on behalf of the ATLAS Collaboration

and a quark or gluon (σS ·B), acceptance (A), selection efficiency (ε) and the integrated luminosity
(Lint) for the data sample. The product of the acceptance and the efficiency (A · ε) is found to be
about 50% for all q∗ and QBH models, varying only by a few percent with mq∗ or Mth.

Experimental uncertainties in the signal yield arise from uncertainties in the luminosity (±3.2%),
photon identification efficiency (±2%), trigger efficiency (±1% as measured in [33] ) and pile-up
dependence (±1%). The impact of the uncertainties in the photon isolation efficiency, photon and
jet energy scales is negligible. A 1% uncertainty in the signal yield is included to account for the
statistical error in the acceptance and selection efficiency estimates due to the limited size of the
MC signal samples. The impact of the PDF uncertainties on the signal acceptance is found to be
negligible compared to the other uncertainties. The photon and jet energy resolution uncertainties
(±2% of the mass) are accounted for as a variation of the width for the Gaussian-shaped signals.
The impact of the resolution uncertainty on intrinsically large width signals is found to be negligible
and thus not included in the signal models for q∗ and QBH.
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Figure 4: The mγ j distributions from the MC sample for (a) q* and (b) RS1 QBH models for
different signal masses (mq∗ and Mth). For each distribution, the model used in the statistical in-
terpretation of the data is also shown. The bottom panels for each figure show the accuracy of
the model in describing the invariant mass distributions for the different signals and for different
masses [34].

6. Background modelling

The mγ j distribution of the background is modelled using a functional form from the following
family of functions:

fbg(x) = N(1− x)px∑
k
i=0 ai(logx)i

, (6.1)

where x is defined as mγ j/
√

s, p and ai are free parameters, and N is a normalisation factor.
The goodness of a given functional form in describing the background is quantified based on

the potential bias introduced in the fitted number of signal events. To quantify this bias the func-
tional form under test is used to perform a signal + background fit to a large sample of background
events obtained with the next-to-leading-order JETPHOX v1.3.1_2 [35] program. The parton-level
JETPHOX calculations do not account for effects from hadronisation, the underlying event and the
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detector resolution. Therefore, the nominal JETPHOX prediction is corrected by calculating the
ratio of reconstructed jet pT to parton pT in a γ + jet sample produced with the SHERPA 2.1.1 [36]
event generator and applying the parametrised ratio to the JETPHOX parton pT. In addition, an mγ j-
dependent correction is applied to the JETPHOX prediction to account for the contribution from
multijet events where one of the jets is misidentified as a photon. This correction is estimated from
data as the inverse of the purity, defined as the fraction of real γ + jet events in the selected sample.
The purity is measured by exploiting the difference between the shapes of the Eγ

T, iso distributions
of real photons and jets faking photons. The purity is estimated by performing a two-component
template fit to the Eγ

T, iso distribution in bins of mγ j. The templates of real- and fake-photon iso-
lation distributions are obtained from MC (SHERPA) simulation and from data control samples,
respectively. The Eγ

T, iso variable for real photons from SHERPA simulation is corrected to account
for the observed mismodelling in the description of isolation profiles between data and MC events
in a separate control sample. The template for fake photons is derived in a data sample where the
photon candidate fails to satisfy the tight identification criteria but fulfills a looser set of identifica-
tion criteria. Figure 5 shows the Eγ

T, iso distribution of events within the range 1.0 < mγ j < 1.1 TeV,
superimposed on the best-fit result. This procedure is repeated in every bin of the mγ j distribution
and the resulting estimate of the purity is shown as a function of mγ j in Figure 6. The uncertainty in
the measured purity includes both statistical and systematic components. The latter are estimated
by recomputing the purity using different data control samples for the fake-photon template or al-
ternative templates for real photons obtained from PYTHIA simulation or removing the data-to-MC
corrections applied to Eγ

T, iso in the SHERPA sample and by symmetrising the variations. The mea-
sured purity is approximately constant at 93% over the mγ j range above 500 GeV, indicating that
the fake-photon contribution does not depend significantly on mγ j.
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Figure 5: Distribution of Eγ

T, iso = ET, iso− 0.022× Eγ

T for the photon candidates in events with
1.0 < mγ j < 1.1 TeV, and the comparison with the result of the template fit. Real- and fake-photon
components determined by the fit are shown by the green dashed and red dot-dashed histograms,
respectively, and the sum of the two components is shown as the solid blue histogram. The shaded
band shows the systematic uncertainties in the real- plus fake-photon template. The last bin of
the distribution includes overflow events. The vertical dashed line corresponds to the isolation
requirement cut used in the analysis [24].

The mγ j distribution in data compared to the corrected JETPHOX γ + jet prediction normalised
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to data in the mγ j > 500 GeV region is shown in Figure 6. Theoretical uncertainties in the JET-
PHOX prediction are computed by considering the variations induced by ±1σ of the NNPDF 2.3
PDF uncertainties, by switching between the nominal NNPDF 2.3 and CT10 or MSTW2008 PDF
sets, by the variation of the value of the strong coupling constant by ±0.002 around the nominal
value of 0.118 and by the variations of the renormalisation, factorisation and fragmentation scales
between half and twice the photon transverse momentum. The differences between data and the
corrected JETPHOX prediction shown in Figure 6 are well within the uncertainties associated with
the perturbative quantum chromodynamics prediction.

 [1
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Figure 6: Distribution of the invariant mass of the γ + jet system as measured in the γ + jet data
(dots), compared with the JETPHOX (green histogram) γ + jet predictions. The JETPHOX distribu-
tion is obtained after correcting the parton-level spectrum for showering, hadronisation and detector
resolution effects as described in the text. The JETPHOX spectrum is normalised to the data in the
mγ j range above 500 GeV. The ratio of the data to JETPHOX prediction as a function of mγ j is
shown in the middle panel (green histogram): the theoretical uncertainty is shown as a shaded
band. The statistical uncertainty from the data sample and the sum of the statistical uncertainty
plus the systematic uncertainty from the background subtraction are shown as inner and outer bars
respectively. The measured γ + jet purity as a function of mγ j is presented in the bottom panel: the
statistical uncertainty of the purity measurement is reported as the inner error bar while the total
uncertainty is shown as the outer error bar [24].
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The number of signal events extracted by the signal + background fit to the pure background
model described above is called the “spurious signal” and it is used to select the optimal functional
form and the mγ j range of the fit. In order to account for the assumption that the corrected JET-
PHOX prediction itself is a good representation of the data, the fit is repeated on modified samples
obtained by changing the nominal shape to account for several effects: firstly, the nominal distribu-
tion is corrected to follow the envelope of the changes introduced above (related to the PDF choice,
the strong coupling constant and, the renormalisation, factorisation and fragmentation scales); sec-
ondly the corrections for the hadronisation, underlying event and detector effects are removed; and
finally the corrections for the photon purity are changed within their estimated uncertainties. The
largest absolute fitted signal from all variations of the nominal background sample discussed above
is taken to be the spurious signal.

The spurious signal is evaluated at a number of hypothetical masses over a large search range.
It is required to be less than 40% of the background statistical uncertainty, as quantified by the
statistical uncertainty of the fitted spurious signal, anywhere in the investigated search range. Func-
tional forms that cannot meet this requirement are rejected. For different signal models, the func-
tional form and fit range are determined separately. To further consolidate the choice of nominal
background functional form, an F-test [37] is performed to determine if the change in the χ2 value
obtained by fitting the JETPHOX sample with an additional parameter is significant.

Given the fit range determined by the spurious signal test, the search is performed for the
q∗ (RS1 and ADD QBH) signal within the mγ j range above 1.5 (2.0 and 3.0) TeV, to account for
the width of the expected signal. The estimated spurious signal for the selected functional form
is converted into a spurious-signal cross-section (σspur), shown in Figure 7 for all signal models,
which is included as the uncertainty due to background modelling in the statistical analysis.
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Figure 7: Spurious signal cross-section as a function of mγ j for all signal models under test. The
bottom panel reports the ratios of the spurious signal cross-section over the expected signal cross-
section for q∗ and QBH signals [34].

A similar test is performed to determine the functional form and fit ranges for the Gaussian-
shaped signal with a 15% width. The test indicates that the same functional form and fit range as
those used for the q∗ signal are optimal for a wide-width Gaussian signal. The same functional
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form and mass range is used for all the Gaussian signals.

7. Results

The photon–jet invariant mass distributions obtained from the selected data are shown for
the q∗ model in Figure 8, together with the background-only fits and an example of the expected
distribution from the background plus signal model under test. No significant deviation from the
background-only prediction is observed in any of the distributions. The most significant excess is
observed at 1.8 TeV for the assumption of a 2%-width Gaussian model for a local significance of
2.1 standard deviations.
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Figure 8: Distributions of the invariant mass of the γ + jet system of the observed events (dots)
in 36.7fb−1 of data at

√
s = 13 TeV and fits to the data (solid lines) under the background-only

hypothesis for a search in the excited quark model. The ±1σ uncertainty in the background pre-
diction originating from the uncertainties in the fit function parameter values is shown as a shaded
band around the fit. The predicted signal distribution (dashed line) for the q∗ model with mq∗ =
5.5 TeV is shown on top of the background predictions. The bottom panels show the bin-by-bin
significances of the data–fit differences, considering only statistical uncertainties [24].

Limits are placed at 95% CL on the visible cross-section in the case of generic Gaussian-
shaped resonances and on the production cross-section times branching ratio to a photon and a
quark or gluon for the q∗ and QBH signals. The results are shown in Figure 9. The Gaussian
signals are excluded for visible cross-sections above 0.25–1.1 fb (0.08–0.2 fb), depending on the
width, at a mass mG of 3 TeV (5 TeV). In the case of the benchmark signal models considered in
this analysis, the presence of a signal with a mass below 5.3, 4.4 and 7.1 TeV for the excited quarks,
RS1 and ADD QBHs, respectively, can be excluded at 95% CL. The limits improve on those in [15]
by about 0.9, 0.6 and 0.9 TeV, respectively for the q∗, RS1 and ADD QBHs.

8. Conclusions

A search is performed for new phenomena in events having a photon with high transverse
momentum and a jet collected in 36.7fb−1 of pp collision data at a centre-of-mass energy of

√
s =
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Figure 9: Observed (solid lines with dots) and expected (dotted lines) 95% CL upper limits in
36.7 fb−1 of data at

√
s = 13 TeV on the production cross-section times branching ratio to a photon

and a quark or gluon for the (a) q∗, (b) QBH (RS1) with one extra dimension and (c) QBH (ADD)
with six extra dimensions models; and on the visible cross-sections σS ·B ·A ·ε as a function of the
mass mG of the Gaussian resonances with three different Gaussian widths between 2% and 15%.
The limits are placed as a function of mq∗ for the q∗ and Mth for the QBH signals. The dashed
lines correspond to the limits expected if a signal is absent. For BSM signals, these are shown
together with the ±1σ and ±2σ intervals represented by the green and yellow bands, respectively.
The theoretical predictions of σS ·B for the respective BSM signals are shown by the red solid
lines [24].

13 TeV recorded with the ATLAS detector at the LHC. The invariant mass distribution of the γ + jet
system above 1.1 TeV is used in the search for localised excesses of events. No significant deviation
is found. Limits are set on the visible cross-section for generic Gaussian-shaped resonances and on
the production cross-section times branching ratio for signals predicted in models of excited quarks
or quantum black holes. The data exclude, at 95% CL, the mass range below 5.3 TeV for the q∗

and 7.1 (4.4) TeV for the QBH with six (one) extra dimensions in the Arkani-Hamed–Dimopoulos–
Dvali (Randall–Sundrum) model. These limits supersede the previous ATLAS exclusion limits for
excited quarks and quantum black holes in the γ + jet final state.
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