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A measurement of the production of three isolated photons in proton–proton collisions at a centre-of-
mass energy 

√
s = 8 TeV is reported. The results are based on an integrated luminosity of 20.2 fb−1

collected with the ATLAS detector at the LHC. The differential cross sections are measured as functions of 
the transverse energy of each photon, the difference in azimuthal angle and in pseudorapidity between 
pairs of photons, the invariant mass of pairs of photons, and the invariant mass of the triphoton system. 
A measurement of the inclusive fiducial cross section is also reported. Next-to-leading-order perturbative 
QCD predictions are compared to the cross-section measurements. The predictions underestimate the 
measurement of the inclusive fiducial cross section and the differential measurements at low photon 
transverse energies and invariant masses. They provide adequate descriptions of the measurements at 
high values of the photon transverse energies, invariant mass of pairs of photons, and invariant mass of 
the triphoton system.

© 2018 The Author. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
1. Introduction

The production of three prompt photons in proton–proton (pp) 
collisions, pp → γ γ γ + X , provides a testing ground for perturba-
tive quantum chromodynamics (pQCD). This process is rare in the 
Standard Model (SM) since the leading-order (LO) contribution to 
triphoton production is of order α3

EM. The measurement of tripho-
ton production can be performed in a broader range of kinematic 
regions than in 2 → 2 reactions such as inclusive-photon [1–4] and 
diphoton [5–7] production. This provides a complementary test of 
pQCD in processes with photons in the final state.

Precise measurements of triphoton production can be used 
to improve the description of this process in Monte Carlo (MC) 
models. In addition, SM triphoton production provides one of 
the main irreducible backgrounds for some beyond-the-SM (BSM) 
searches. Potential BSM processes include the associated produc-
tion of a photon and an exotic neutral particle decaying into a 
photon pair (qq → X0γ ), where X0 can be a Kaluza–Klein gravi-
ton (GKK) [8–10] or a pseudoscalar (a) [11]. Moreover, triphoton 
production is also the main background to the predicted decay 
of the Z boson into three photons. The current upper limit at 
95% confidence level on the branching fraction for Z → 3γ is 
2.2 × 10−6 [12].

Three photons can be produced via two main mechanisms: 
direct and fragmentation production. In the case of the direct 
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production process, three photons are produced in the hard in-
teraction via the annihilation of an initial-state quark–antiquark 
pair (qq → γ γ γ ). In the fragmentation process, at least one of 
the photons arises from the fragmentation of a high-transverse-
momentum (high-pT) parton (qg → γ γ q[γ ]). Direct photons are 
typically isolated, while those originating from the fragmentation 
process are usually accompanied by nearby partons. Measurements 
of final-state photons include an isolation requirement to reduce 
background contributions from neutral-hadron decays into pho-
tons. As a consequence, signal processes with one or more frag-
mentation photons are also suppressed.

This Letter presents measurements of three-photon produc-
tion. The analysis is performed using 20.2 ± 0.4 fb−1 of ATLAS 
data at a centre-of-mass energy of 

√
s = 8 TeV [13]. The mea-

surements study the topology and kinematics of the individual 
photons, pairs of photons, and the three-photon system. Differ-
ential cross sections are measured as functions of the transverse 
energy1 of the leading photon (Eγ1

T ), the second-highest-ET pho-
ton (Eγ2

T ) and the third-highest-ET photon (Eγ3
T ); the difference 

1 ATLAS uses a right-handed coordinate system with its origin at the nominal in-
teraction 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 measured in radians. The pseudorapidity is de-
fined in terms of the polar angle θ as η = − ln tan(θ/2). The transverse energy is 
defined as ET = E sin θ , where E is the energy.
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in azimuthal angle and in pseudorapidity between pairs of pho-
tons (�φγ1γ2 , �φγ1γ3 , �φγ2γ3 , |�ηγ1γ2 |, |�ηγ1γ3 |, |�ηγ2γ3 |); the 
invariant mass of pairs of photons (mγ1γ2 , mγ1γ3 and mγ2γ3 ); and 
the invariant mass of the triphoton system (mγ γ γ ). A measure-
ment of the inclusive fiducial cross section is also reported. Pho-
tons are required to be isolated based on the amount of transverse 
energy, excluding the photon contribution, inside a cone of size 
�R ≡ √

(η − ηγ )2 + (φ − φγ )2 = 0.4 centred around each photon 
direction (defined by the photon pseudorapidity ηγ and azimuthal 
angle φγ ). Finally, the measurements are compared to next-to-
leading-order (NLO) QCD calculations.

2. ATLAS detector

The ATLAS detector [14] is a multi-purpose detector with a 
forward–backward symmetric cylindrical geometry. The most rel-
evant systems for the present measurement are the inner detector, 
immersed in a 2 T magnetic field produced by a thin supercon-
ducting solenoid, and the calorimeters. At small radii, the inner de-
tector is made up of fine-granularity pixel and microstrip detectors. 
These silicon-based detectors cover the pseudorapidity range |η| <
2.5. A gas-filled straw-tube transition radiation tracker comple-
ments the silicon tracker at larger radii in the range |η| < 2.0 and 
also provides electron identification capabilities based on transition 
radiation. The electromagnetic calorimeter is a lead/liquid-argon 
sampling calorimeter with accordion geometry. The calorimeter is 
divided into a barrel section covering |η| < 1.475 and two end-
cap 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. 
A thin presampler layer, covering |η| < 1.8, is used to correct 
for fluctuations in upstream energy losses. The hadronic calorime-
ter in the region |η| < 1.7 uses steel absorbers with scintillator 
tiles as the active medium. Liquid-argon with copper absorbers is 
used in the hadronic end-cap calorimeters, which cover the region 
1.5 < |η| < 3.2. Events are selected using a first-level trigger im-
plemented in custom electronics, which reduces the event rate to 
a value of 75 kHz using a subset of detector information. Soft-
ware algorithms with access to the full detector information are 
then used in the high-level trigger to yield a recorded event rate 
of about 400 Hz [15].

3. Monte Carlo simulations and theoretical predictions

3.1. Monte Carlo simulations

The MC samples were generated to study the characteristics 
of the signal and background events. The MC program MadGraph 
5.1.4.4 [16] interfaced with Pythia 8.186 [17] was used to simulate 
signal events. The partonic subprocess was simulated by MadGraph 
to include the leading-order matrix element (qq → γ γ γ ), whereas
Pythia was added to include the initial- and final-state parton 
showers and the fragmentation of partons into hadrons. The LO 
CTEQ6L1 parton distribution functions (PDFs) [18] are used to pa-
rameterise the parton momentum distributions in the proton. To 
study the effect of the contribution of photon fragmentation, a
Pythia MC sample supplemented by QED final-state radiation was 
generated with LO CTEQ6L1 PDFs. This sample includes the LO 
diphoton, photon+jet and dijet processes with initial-state and 
final-state radiation modelled by the parton shower (PS).

The MC program Sherpa 1.4.1 [19] was used to estimate the 
background arising from electrons misreconstructed as photons. 
Three processes were simulated with at least one high-pT elec-
tron and photon in the final state: e+e−γ , e+e−γ γ , and e±νeγ γ . 
The matrix elements were calculated with up to three final-state 
partons at LO in pQCD and used the CT10 PDFs at NLO [20]. The 

matrix elements were merged with the Sherpa parton-shower al-
gorithm [21] following the ME+PS@LO prescription [22].

The generated signal and background event samples were 
passed through the Geant4-based [23] ATLAS detector and trig-
ger simulation programs [24]. The signal and background sam-
ples include a simulation of the underlying event (UE) where
Pythia event-generator parameters were set according to the “AU2” 
tune [25]. The generation of the simulated event samples includes 
the effect of multiple pp interactions per bunch crossing, as well 
as the effect of the detector response to interactions from bunch 
crossings before or after the one containing the hard interaction. 
These MC events were weighted to reproduce the distribution of 
the average number of interactions per bunch crossing observed in 
the data. The generated MC events are reconstructed and analysed 
with the same program chain as the data.

3.2. Next-to-leading-order pQCD predictions

The NLO pQCD predictions presented in this Letter are com-
puted using the programs MCFM [26,27] and MadGraph5_
aMC@NLO 2.3.3 [28]. The strong coupling constant is calculated 
at two loops with αS(mZ ) = 0.118 and the electromagnetic cou-
pling constant is set to αEM = 1/137. In addition, the number of 
massless quark flavours is set to five and the CT10 parameterisa-
tions of the proton PDFs at NLO are used.

The MCFM program includes NLO pQCD calculations of the di-
rect contribution, whereas the production of a photon via parton 
fragmentation is estimated from the LO QCD matrix element multi-
plied by the BFG II parton-to-photon fragmentation functions [29]. 
The renormalisation scale μR, factorisation scale μF and fragmen-
tation scale μf are chosen to be μR = μF = μf = mγ γ γ . In ad-
dition, the MCFM calculations are performed using an isolation 
criterion which requires the total transverse energy from the par-
tons inside a cone of size �R = 0.4 around the photon direction 
to satisfy E iso

T < 10 GeV. The MCFM NLO pQCD predictions re-
fer to the parton level while the measurements are performed at 
the particle level. Since the E iso

T requirement at the particle level 
is applied after the subtraction of the UE transverse energy, it 
is expected that parton-to-hadron corrections to the NLO pQCD 
predictions are small. This is confirmed by computing the ratio 
of the particle-level cross section for a MadGraph sample inter-
faced with Pythia with UE effects to the computed cross section 
without hadronisation and UE effects. The ratio is consistent with 
unity over the measured range of the variables under study. There-
fore, no correction is applied to the MCFM NLO pQCD calculations. 
Deviations from unity of O (1%) on the parton-to-hadron correc-
tion factors are found when the hadronisation and UE effects are 
included using Herwig++ 7.0.1 [30]. Predictions based on other pro-
ton PDF sets, namely MSTW2008 [31] and NNPDF2.1 [32], are also 
computed. Differences of +5% and +6% in the calculation of the 
inclusive fiducial cross section are found using the MSTW2008 and 
NNPDF2.1 PDF sets, respectively, whereas the dependence of the 
shape of the differential cross sections on the PDF sets is found to 
be small.

MadGraph5_aMC@NLO calculations include the NLO pQCD con-
tribution of direct processes and apply a smoothly varying isola-
tion cone to the photons [33]. This isolation requirement regu-
larises the photon collinear divergences which appear in the cal-
culation of the matrix element and removes the contribution of 
photons resulting from the fragmentation of a parton: E iso

T (�R) <
Eγ

T (1 − cos�R)/(1 − cos R0), where R0 = 0.4 and E iso
T (�R) is the 

sum of the transverse energies of the particles around the pho-
ton up to �R . The MadGraph5_aMC@NLO calculations are inter-
faced with Pythia 8.212 [34] in the NLO+PS prescription to in-
clude the initial- and final-state parton showers and the hadroni-
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sation [35]. The renormalisation and factorisation scales are chosen 
to be equal to the transverse mass of the clustered jets from the fi-
nal state partons and photons defined in the matrix element. This 
choice follows the recommendations in Ref. [28] when interfacing 
the MadGraph5_aMC@NLO calculations to Pythia. After the gener-
ation, the isolation value of the photon is computed by summing 
the transverse energy of all final-state particles (excluding muons 
and neutrinos) inside a cone of size �R = 0.4 around the photon 
candidate. Events with E iso

T > 10 GeV for any of the photons are 
excluded.

4. Event selection

The data considered in this analysis were taken in stable 
beam conditions and satisfy detector and data-quality require-
ments. Events are recorded using a diphoton trigger with a trans-
verse energy threshold of 20 GeV. The trigger efficiency for pairs 
of isolated photons with Eγ

T > 22 GeV and |ηγ | < 2.37 is higher 
than 99%. Events are required to have a reconstructed primary 
vertex with at least two associated tracks with pT > 500 MeV 
and |η| < 2.5, consistent with originating from the same three-
dimensional spot within the luminous region of the colliding pro-
ton beams. If multiple primary vertices are reconstructed, the one 
with the highest sum of the p2

T of the associated tracks is selected 
as the primary vertex.

Photon and electron candidates are reconstructed from clusters 
of energy deposited in the electromagnetic calorimeter. Candidates 
without a matching track or reconstructed conversion vertex in the 
inner detector are classified as unconverted photons [36]. Those 
with a matching reconstructed conversion vertex or a match-
ing track consistent with originating from a photon conversion 
are classified as converted photons. Photons reconstructed within 
|ηγ | < 2.37 are retained. Those in the transition region between 
the barrel and end-caps (1.37 < |ηγ | < 1.56) or regions of the 
calorimeter affected by read-out or high-voltage failures are not 
considered in the event reconstruction.

Photon candidates passing loose identification requirements, 
based on the energy leaking into the hadronic calorimeter and 
the lateral shower shape in the second layer of the electromag-
netic calorimeter, are retained [1,2]. The photon cluster energies 
are corrected using an in situ calibration based on the Z → e+e−
reconstructed mass peak [37]. Once these corrections are applied, 
the three reconstructed photons with the highest transverse ener-
gies Eγ1

T , Eγ2
T and Eγ3

T in each event are retained. Events with Eγ1
T , 

Eγ2
T and Eγ3

T greater than 27 GeV, 22 GeV and 15 GeV, respectively, 
and with a �R distance in the η–φ plane above 0.45 between 
pairs of photons, are selected. Additionally, the invariant mass of 
the triphoton system mγ γ γ is required to be above 50 GeV. This 
requirement corresponds to the minimum value of mγ γ γ predicted 
at particle level by the signal MC sample described in Section 3.

Two further criteria are used to define the signal region and the 
background-enriched regions used to estimate the jet-to-photon 
misidentification background. A tight photon-identification selec-
tion [36] is applied to reject hadronic jet background, by im-
posing requirements on nine discriminating variables (referred to 
as “shower shapes”) computed from the energy leaking into the 
hadronic calorimeter and the lateral and longitudinal shower de-
velopment in the electromagnetic calorimeter. The efficiency of 
this selection for one photon is ≈67% (>90%) for Eγ

T ≈ 15 GeV 
(>100 GeV). For the MC simulations, the shower-shape variables 
are shifted to correct for small differences in the average values be-
tween data and the simulation. In addition, Eγ

T - and ηγ -dependent 
factors are applied to correct for the residual mismatch between 
the photon identification efficiencies in the simulation and the 
data. The isolation of the photon E iso

T is based on the amount 

of transverse energy inside a cone of size �R = 0.4 in the η–φ

plane around the photon candidates, excluding an area of size 
�η × �φ = 0.125 × 0.175 centred on the photon energy cluster. 
The isolation transverse energy is computed from the topological 
clusters of calorimeter cells [38]. The measured E iso

T is corrected 
for the leakage of the photon’s energy into the isolation cone 
and the estimated contributions from the UE and pile-up. These 
latter two corrections are computed simultaneously on an event-
by-event basis and the combined correction is typically between 
1.5 and 2.0 GeV [3]. The E iso

T value for isolated photons is required 
to be lower than E iso

T = 0.025 · Eγ
T + 2.7 [GeV]. The efficiency of 

the isolation requirement is typically above 80% and increases as a 
function of Eγ

T . The number of data events selected in the signal 
region is 1085. For background studies, two alternative categories 
of photons are defined. First, non-tight photon candidates are de-
fined as those passing the loose selection but not satisfying the 
tight identification criteria for at least one of the shower-shape 
variables computed from the energy deposits in cells of the first 
layer of the EM calorimeter. Second, non-isolated photon candi-
dates are defined to have E iso

T > 0.025 · Eγ
T + 4.7 [GeV].

5. Background estimation and signal extraction

The background contributions to the signal come from high-pT
jets and electrons that are misidentified as isolated photons (re-
ferred to as jet and electron backgrounds). The estimation of these 
backgrounds is explained in the following.

5.1. e–γ misidentification

The number of background events due to e–γ misidentifica-
tion is estimated using the MC samples listed in Section 3.1. The
Sherpa MC events were weighted to correct the e–γ misidenti-
fication rates to match those found in data (referred to as e–γ
scale factors in the following). These weights were estimated from 
Z → e+e− events where at least either the electron or the positron 
was reconstructed as a photon. The expected number of electron 
background events in the signal region is 71 ± 2 (stat), which 
corresponds to (6.5 ±0.2)% of the selected events. A systematic un-
certainty is computed by propagating the uncertainty in the e–γ
scale factors to the estimation of the yield (see Section 7).

The normalisation of the MC samples is tested by fitting the sig-
nal, e–γ and jet–γ misidentification contributions to the data as a 
function of mγ γ γ in the region 50 < mγ γ γ < 125 GeV. Since 86% 
of electron background events come from processes where a pho-
ton is emitted by an electron or positron originating from the de-
cay of a Z boson (pp → Z → e+e−γ ), a peak around mγ γ γ ≈ mZ

is expected. To enhance the relative contribution of electrons that 
are misidentified as photons, only events with at least one con-
verted photon are considered. Signal and electron background MC 
events are used to describe the shape of the mγ γ γ distribution, 
whereas data events with at least one non-tight identified photon 
are used to describe the jet background contribution. The fit gives 
an electron background yield that is consistent with the MC es-
timation, since it predicts a correction factor equal to 1.0 ± 0.4 
(stat). Moreover, the result of the fit is found to be independent of 
the definition of non-tight identified photons and a change of <2% 
is found when the isolation requirement is loosened by 1 GeV.

5.2. Jet–γ misidentification

A large background from jet–γ misidentification remains in the 
selected sample, even after imposing the tight identification and 
isolation requirements on the photons. The jet background origi-
nates from multi-jet ( j j j), photon + jets (γ j j), and diphoton +
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jets (γ γ j) processes in which at least one jet is misidentified 
as a photon. The two-dimensional-sideband method exploited in 
Refs. [2,3,5,39–41] to measure the inclusive photon and diphoton 
differential cross sections is used to perform an in situ statisti-
cal subtraction of the background. The method uses the photon 
isolation energy and photon identification criteria to discriminate 
prompt photons from jets. It relies on the fact that the correla-
tions between the isolation and identification variables in jet back-
ground events are small, and that the signal contamination in the 
non-tight or non-isolated control region is low.

The two-dimensional-sideband method counts all combinations 
of photons meeting or failing to meet the tight identification or 
isolation criteria. Four categories are defined for each photon, re-
sulting in 64 categories of events where 63 of these categories 
correspond to j j j, γ j j, and γ γ j background-enriched regions. The 
inputs of the method are the number of events in each category, 
the correlation between the isolation and identification variables 
in jet background events (Rbg), the signal leakage fractions in non-
tight and non-isolated regions, and the expected number of elec-
tron background events in each category. The correlation between 
the isolation and identification variables is taken to be negligible 
(Rbg = 1.0) based on studies in simulated background samples and 
on data in a background-dominated region [3]. The signal leakage 
fractions and electron-background events are estimated using the 
MC samples described in Section 3.1.

The method allows the extraction of the number of true three-
photon signal events (Nγ γ γ ), the number of events where at least 
one, two and three candidates are true jets and the tight and isola-
tion efficiencies for fake photon candidates from jets (“fake rates”). 
The number of events in each category is expressed as a function 
of the following parameters: signal, electron- and jet-background 
yields, signal leakage fractions, fake rates, and Rbg. Then, the sys-
tem of 64 independent equations is grouped into 21 dependent 
linear equations which are solved iteratively using a χ2 minimi-
sation procedure. The size of each bin of the observables under 
study is chosen to have a sufficiently large number of events to ap-
ply this method bin-by-bin. The statistical uncertainty of the signal 
and jet background-enriched regions is propagated to the estima-
tion of the three-photon signal yield via pseudo-experiments.

The signal purity, defined as Nγ γ γ /NSR, where NSR is the 
number of selected events in the signal region, is found to be 
(55 ± 5)% (stat), with a value of ≈45% (≈60%) at low (high) Eγ

T . 
The fractions of γ γ j, γ j j and j j j events are (33 ± 2)% (stat), 
(5 ± 2)% (stat) and (0.2 ± 0.2)% (stat) respectively. Systematic un-
certainties are assigned to the modelling of the non-tight and 
non-isolated signal leakage fractions and to the value of Rbg (see 
Section 7).

6. Unfolding to particle level

The production cross section for three isolated photons is mea-
sured as functions of Eγ1

T , Eγ2
T , Eγ3

T , �φγ1γ2 , �φγ1γ3 , �φγ2γ3 , 
|�ηγ1γ2 |, |�ηγ1γ3 |, |�ηγ2γ3 |, mγ1γ2 , mγ1γ3 , mγ2γ3 and mγ γ γ . The 
fiducial phase-space region is listed in Table 1. The predictions of 
the MC generators at particle level are defined using those parti-
cles with a lifetime τ longer than 30 ps; these particles are re-
ferred to as “stable”. The particles associated with the overlaid pp
collisions are not considered. The particle-level isolation require-
ment on the photons is built by summing the transverse energy 
of all stable particles, except for muons and neutrinos, in a cone 
of size �R = 0.4 around the photon direction. The contribution 
from the UE is subtracted using the same procedure as applied to 
the data at the reconstruction level [3]. The data distributions af-
ter background subtraction are unfolded to the particle level using 

Table 1
Fiducial phase-space region defined at particle level.

Requirements on Phase-space region

Eγ
T Eγ1

T > 27 GeV, Eγ2
T > 22 GeV, Eγ3

T > 15 GeV

mγ γ γ mγ γ γ > 50 GeV
�Rγ γ �Rγ γ > 0.45
|ηγ | |ηγ | < 2.37 (excluding 1.37 < |ηγ | < 1.56)
Isolation E iso

T < 10 GeV

bin-by-bin correction factors determined using the signal MC sam-
ple. The correction factors take into account the efficiency of the 
event and photon selection criteria and the small migration effects. 
Of the signal events reconstructed in a given bin, the fraction that 
are generated in the same bin is typically found to be >93%. The 
data distributions are unfolded to the particle level via the formula

dσ

dA
(i) = Nsig(i)C(i)

�A(i) L
,

where for a given bin i, (dσ/dA) is the differential cross section 
as a function of observable A, Nsig is the number of background-
subtracted data events, C is the correction factor, L is the in-
tegrated luminosity and �A is the width of the bin. The cor-
rection factors are computed using the MC sample of events as 
C(i) = NMC

part(i)/NMC
reco(i), where NMC

part(i) is the number of events 
which satisfy the kinematic constraints of the phase-space region 
at the particle level, and NMC

reco(i) is the number of events which 
fulfil all the selection criteria at the reconstruction level. The cor-
rection factors vary between 1.5 and 3.3 as functions of photon 
transverse energy, invariant mass of pairs of photons, and the in-
variant mass of the triphoton system, whereas they have a con-
stant value close to 2.5 as functions of the difference in azimuthal 
angle and in pseudorapidity between pairs of photons.

7. Experimental and theoretical uncertainties

7.1. Experimental uncertainties

The sources of experimental systematic uncertainty that af-
fect the measurements are the photon energy scale and resolu-
tion, photon identification, jet and electron background subtrac-
tion, modelling of the photon isolation, the photon fragmentation 
contribution, the unfolding procedure and the luminosity.

• Photon energy scale and resolution. The uncertainty due to 
the photon energy scale is estimated by varying the photon 
energies in the MC simulation [37]. This uncertainty mostly af-
fects the C(i) correction factor. The effect of this variation on 
the estimation of the cross section is typically <2%. In addi-
tion, the uncertainty in the energy resolution is estimated by 
smearing photon energies in the MC simulation as described 
in Ref. [37]. The resulting uncertainty in the cross section is 
typically < 0.1%.

• Photon identification efficiency. The uncertainty in the pho-
ton identification efficiency is estimated from the effect of dif-
ferences between shower-shape variable distributions in data 
and simulation [36]. This uncertainty affects the estimation of 
the non-tight signal leakage fractions and the C(i) correction 
factor and is fully correlated between photons. The correla-
tion between tight and non-tight identification variables is also 
considered in the propagation of the uncertainty. The result-
ing uncertainty in the cross section is ≈10% (≈4%) at low 
(high) Eγ

T .
• Photon identification and isolation correlation in the back-

ground. The photon isolation and identification variables used 
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to define the two-dimensional background sidebands are as-
sumed to be independent in jet background events (Rbg = 1.0). 
Any correlation between these variables affects the estima-
tion of signal purity and leads to systematic uncertainties in 
the background-subtraction procedure. The value of Rbg is es-
timated using background MC samples and is found to be 
consistent with unity within ±10% [3,41]. This value of Rbg

is verified using background-enriched regions in data. The as-
sumption of Rbg = 1.0 is found to hold within ±10% in the 
kinematic region of the measurements presented here. The re-
sulting uncertainty in the cross section is ≈8% (≈4%) at low 
(high) Eγ

T .
• Photon isolation modelling. Differences between data and sig-

nal MC events in the modelling of the isolation distribution 
can lead to systematic uncertainties in the estimation of the 
non-isolated signal leakage fractions and the C(i) correction 
factor. Two subsamples are selected from data by applying 
either the tight or non-tight identification criteria to each 
photon; the subsample selected with non-tight identification 
criteria is expected to be enriched in background candidates. 
The E iso

T value for the non-tight candidates is scaled so that 
the integral for E iso

T > 10 GeV, where the contribution from 
the signal is expected to be negligible, matches that of the 
tight candidates. The rescaled background distribution is sub-
tracted from that of the tight photon candidates to extract the 
isolation profile of signal-like candidates. These distributions 
are used to derive Smirnov transformations [36]. The Smirnov 
transformation shifts the photon isolation values event-by-
event in MC simulation to match the isolation distribution 
found in data. This Smirnov-transformed MC sample is used to 
estimate new differential cross sections. Differences from the 
nominal results are taken as systematic uncertainties. The re-
sulting uncertainty in the cross section is ≈7% (≈4%) at low 
(high) Eγ

T .
• Photon fragmentation contribution. The admixture of direct 

and fragmentation photons affects the estimation of the sig-
nal leakage fractions which are used in the jet background 
subtraction procedure and the C(i) correction factor. A pho-
ton originating from the fragmentation of a parton can be 
modelled in the MC simulation by allowing the radiation of a 
photon by a parton. A sample of fragmentation photons is se-
lected by applying the event selection to a diphoton MC sam-
ple (see Section 3.1). This selects three-photon events where at 
least one of the final-state photons results from fragmentation. 
The diphoton MC sample predicts that for more than 98% of 
the events the sub-sub-leading photon originates from parton 
bremsstrahlung. Differences in the isolation distributions be-
tween direct and fragmentation photons are expected. There-
fore, a template fit to the sub-sub-leading photon isolation 
distribution is performed to determine the optimal admixture 
of the nominal and diphoton MC samples. The direct and frag-
mentation isolation templates are given by the nominal and 
diphoton MC samples respectively, whereas the jet background 
template is taken from a data control region where the sub-
sub-leading photon candidate satisfies the non-tight selection. 
The fit estimates that about 40% of the sub-sub-leading pho-
tons originate from fragmentation, as modelled by the dipho-
ton MC sample. This value is used to merge the nominal and 
diphoton MC samples. The new MC sample is used to estimate 
the signal leakage fractions and the C(i) correction factors. 
The deviation of the differential cross section from the value 
obtained using the Smirnov-transformed MC sample is taken 
as the systematic uncertainty. This avoids double counting the 
effect of the photon isolation modelling. The resulting uncer-
tainty in the cross section is ≈ 4%.

Table 2
Breakdown of the relative systematic uncertainties in the measurement of the in-
clusive fiducial cross section.

Source Relative systematic 
uncertainty

Photon identification efficiency 7.9%
Identification and isolation correlation in the background 7.7%
Photon isolation modelling 5.8%
Photon fragmentation contribution 3.9%
Photon energy scale and resolution 1.6%
Unfolding 0.6%
e–γ misidentification 0.1%
Measurement of the integrated luminosity 1.9%

Total 13%

• e–γ misidentification. The uncertainty in the electron back-
ground contamination is estimated by propagating the uncer-
tainty in the e–γ scale factors (see Section 5.1), which affects 
the prediction of the e–γ misidentification rates, to the esti-
mation of the cross section. The resulting uncertainty is ≈0.1%.

• Unfolding procedure. The effect of unfolding is investigated by 
using smooth functions to re-weight the signal MC simulation 
to match the data distributions after background subtraction. 
The data are unfolded using this reweighted MC sample and 
the resulting cross sections are compared to the nominal mea-
surements. The differential cross sections are found to differ 
by <1%.

• Other sources. The effect of different amounts of pile-up is es-
timated by comparing the ratio of data to MC simulated signal 
for high and low pile-up samples. No dependence of this ra-
tio on pile-up conditions is found. In addition, the effect of 
the trigger efficiency on the estimation of the cross section is 
found to be <0.3%. The uncertainty in the integrated luminos-
ity is 1.9% [13].

The total systematic uncertainty is computed by adding in 
quadrature the uncertainties from the sources listed above and 
is found to be ≈ 13%. It decreases as a function of Eγ

T from 
≈15% to ≈10%. For regions with Eγ1

T � 50 GeV, Eγ2
T � 50 GeV and 

Eγ3
T � 30 GeV, the uncertainty of the measurements is dominated 

by the statistical uncertainty of the data. Table 2 shows the break-
down of the systematic uncertainties in the measurement of the 
inclusive fiducial cross section. The statistical uncertainty in the 
measured inclusive fiducial cross section is ≈9%.

7.2. Theoretical uncertainties

The following sources of uncertainty in the theoretical predic-
tions are considered for the MCFM and MadGraph5_aMC@NLO cal-
culations.

• The uncertainty in the NLO QCD calculations due to terms 
beyond NLO is estimated by repeating the calculations using 
values of μR, μF and μf scaled by factors 0.5 and 2. For the
MadGraph5_aMC@NLO calculations, only the μR and μF scales 
are varied. In addition, the scales are either varied simultane-
ously, individually or by fixing one and varying the other two. 
The final uncertainty is taken as the largest deviation of the 
possible variations with respect to the nominal value.

• The uncertainty in the NLO QCD calculations due to uncertain-
ties in the proton PDFs is estimated by repeating the calcula-
tions using the 52 additional sets from the CT10 error analy-
sis [20].

• The uncertainty in the NLO QCD calculations due to the value 
of αS(mZ ) = 0.118 is estimated by repeating the calculations 
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Fig. 1. Measured differential cross sections for the production of three isolated photons (dots) as functions of (a) Eγ1
T , (b) Eγ2

T and (c) Eγ3
T . The NLO QCD calculations from

MCFM and MadGraph5_aMC@NLO are also shown. The thickness of each theoretical prediction corresponds to the theoretical uncertainty. The bottom part of each figure 
shows the ratios of predicted and measured differential cross sections. The red inner (black outer) error bars represent the systematic uncertainties (the statistical and 
systematic uncertainties added in quadrature). For most of the data points, the inner error bars are smaller than the marker size and thus not visible. (For interpretation of 
the colours in the figure(s), the reader is referred to the web version of this article.)
using two additional sets of proton PDFs [20] employing dif-
ferent values of αS(mZ ), namely αS(mZ ) = 0.116 and 0.120.

The dominant theoretical uncertainty in the predicted cross sec-
tion arises from the missing terms beyond NLO and amounts to 
10–12%. The uncertainty arising from the PDF variations amounts 
to 2–3% and the uncertainty arising from the value of αS(mZ ) is 
below 2%. The total theoretical uncertainty is obtained by adding in 
quadrature the individual uncertainties listed above and amounts 
to 10–13%.

8. Results

The measured inclusive fiducial cross section for the produc-
tion of three isolated photons in the phase-space region given in 
Table 1 is

σmeas = 72.6 ± 6.5 (stat.) ± 9.2 (syst.) fb,

where “stat.” and “syst.” denote the statistical and systematic un-
certainties. The fiducial cross sections predicted at NLO by MCFM

and MadGraph5_aMC@NLO are

σNLO = 31.5+3.2
−2.5 fb (MCFM),

σNLO+PS = 46.6 +5.7
−3.6 fb (MadGraph5_aMC@NLO).

The NLO QCD calculations underestimate the measured inclu-
sive fiducial cross section by factors of 2.3 and 1.6 for MCFM 
and MadGraph5_aMC@NLO, respectively. The addition of the par-
ton shower to the MadGraph5_aMC@NLO prediction improves the 
agreement with the measured value. The NLO electroweak correc-
tions are small and cannot account for the observed differences 
between NLO QCD and the measurements [42]. Similar discrep-
ancies between the NLO calculations and the measurements are 
found for the prediction of the inclusive fiducial cross section for 
γ γ , W γ γ and Zγ γ production [5,43,44]. The NNLO calculations, 
which are available for the computation of γ γ but not for γ γ γ
production, significantly improve the description of the diphoton 
fiducial cross section [6,45].

Fig. 1 shows the three-isolated-photons differential cross sec-
tions as functions of Eγ1

T , Eγ2
T and Eγ3

T . The measurements are 
compared to NLO QCD predictions from MCFM and MadGraph5_
aMC@NLO. The NLO QCD calculations fail to describe the regions 
of low Eγ1

T , Eγ2
T and Eγ3

T . Differences of up to 60% are observed 
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Fig. 2. Measured differential cross sections for the production of three isolated photons (dots) as functions of (a) mγ1γ2 , (b) mγ1γ3 , (c) mγ2γ3 and (d) mγ γ γ . The NLO QCD 
calculations from MCFM and MadGraph5_aMC@NLO are also shown. The thickness of each theoretical prediction corresponds to the theoretical uncertainty. The bottom 
part of each figure shows the ratios of predicted and measured differential cross sections. The red inner (black outer) error bars represent the systematic uncertainties (the 
statistical and systematic uncertainties added in quadrature). For most of the data points, the inner error bars are smaller than the marker size and thus not visible.
between data and the predictions. The description of the mea-
surements by the theory is improved at high Eγ

T . In particular,
MadGraph5_aMC@NLO calculations describe the measured cross 
sections for Eγ2

T � 50 GeV and Eγ3
T � 30 GeV within the statisti-

cal and systematic uncertainties, whereas MCFM describes the data 
only at the highest values of Eγ1

T , Eγ2
T and Eγ3

T .
A comparison of the NLO calculations to the measurements as 

functions of mγ1γ2 , mγ1γ3 , mγ2γ3 and mγ γ γ is shown in Fig. 2. 
The MCFM calculations underestimate the measurements by 50% 
in the low invariant mass regions, whereas the differences are 
30–40% for mγ1γ2 � 150 GeV, mγ1γ3 � 75 GeV, mγ2γ3 � 75 GeV and 
mγ γ γ � 150 GeV. The MadGraph5_aMC@NLO calculations also un-
derestimate the data by 30–50% in the low invariant mass regions. 
However, they tend to give a better description of the measure-
ments for mγ1γ2 � 150 GeV, mγ1γ3 � 75 GeV, mγ2γ3 � 75 GeV 
and mγ γ γ � 150 GeV. For such regions, MadGraph5_aMC@NLO 
predictions are 25–30% higher than the MCFM estimates.

Fig. 3 shows the three-isolated-photons differential cross sec-
tions as functions of �φγ1γ2 , �φγ1γ3 , �φγ2γ3 , |�ηγ1γ2 |, |�ηγ1γ3 |
and |�ηγ2γ3 |. The theoretical calculations underestimate the nor-
malisation of the measurements. This is due to the fact that these 
distributions are mainly populated by low-Eγ

T photons. Both NLO 

QCD calculations give an adequate description of the shape of 
the differential cross sections as functions of |�ηγ1γ2 |, |�ηγ1γ3 |
and |�ηγ2γ3 |. A quantitative comparison of the NLO QCD predic-
tions to the measurements as functions of �φγ1γ2 , �φγ1γ3 and 
�φγ2γ3 is performed with a χ2 fit to the cross-section normali-
sation including both statistical and systematic uncertainties. This 
tests the description of the shape of the differential cross sections. 
The total systematic uncertainty is considered to be fully corre-
lated across bins and is included in the χ2 definition using nui-
sance parameters. After the χ2 minimisation, scale factors equal 
to ≈ 1.6 (MadGraph5_aMC@NLO) and ≈ 2.3 (MCFM) are found 
for each angular distribution independently. Both theoretical pre-
dictions give an adequate description of the shape of dσ/d�φγ2γ3

(χ2/ndof = 6/5 and 7/5 for MadGraph5_aMC@NLO and MCFM, re-
spectively, where ndof is the number of degree of freedom). In ad-
dition, MadGraph5_aMC@NLO calculations describe adequately the 
shape of dσ/d�φγ1γ2 and dσ/d�φγ1γ3 (χ2/ndof = 6/5 and 7/5, 
respectively) but not MCFM (χ2/ndof = 13/5 and 14/5, respec-
tively). This shows the importance of the addition of the parton 
shower to improve the description of the shape of dσ/d�φγ1γ2

and dσ/d�φγ1γ3 .
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Fig. 3. Measured differential cross sections for the production of three isolated photons (dots) as functions of (a) �φγ1γ2 , (b) �φγ1γ3 , (c) �φγ2γ3 , (d) |�ηγ1γ2 |, (e) |�ηγ1γ3 | and 
(f) |�ηγ2γ3 |. The NLO QCD calculations from MCFM and MadGraph5_aMC@NLO are also shown. The thickness of each theoretical prediction corresponds to the theoretical 
uncertainty. The bottom part of each figure shows the ratios of predicted and measured differential cross sections. The red inner (black outer) error bars represent the 
systematic uncertainties (the statistical and systematic uncertainties added in quadrature). For some of the data points, the inner error bars are smaller than the marker size 
and thus not visible.
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9. Summary

A measurement of the production cross section of three isolated 
photons in pp collisions at 

√
s = 8 TeV with the ATLAS detector 

at the LHC is presented using a data set with an integrated lu-
minosity of 20.2 fb−1. Differential cross sections as functions of 
Eγ1

T , Eγ2
T , Eγ3

T , mγ1γ2 , mγ1γ3 , mγ2γ3 , mγ γ γ , �φγ1γ2 , �φγ1γ3 , �φγ2γ3 , 
|�ηγ1γ2 |, |�ηγ1γ3 |, and |�ηγ2γ3 | are measured for photons with 
Eγ1

T > 27 GeV, Eγ2
T > 22 GeV, Eγ3

T > 15 GeV, mγ γ γ > 50 GeV, 
and |ηγ | < 2.37, excluding the region 1.37 < |ηγ | < 1.56. The dis-
tance between pairs of photons in the η–φ plane is required to be 
�R > 0.45. The selection of isolated photons is ensured by requir-
ing that the transverse energy in a cone of size �R = 0.4 around 
the photon is smaller than 10 GeV.

The inclusive fiducial cross section is measured to be σmeas =
72.6 ± 6.5 (stat.) ± 9.2 (syst.) fb. The NLO QCD calculations under-
estimate the measured inclusive fiducial cross section by a factor 
2.3 for MCFM and 1.6 for MadGraph5_aMC@NLO. Both NLO QCD 
predictions underestimate the measurements in the low transverse 
energy and invariant mass regions. The MadGraph5_aMC@NLO 
predictions give an adequate description of the measured cross-
section distributions for Eγ2

T � 50 GeV and Eγ3
T � 30 GeV and for 

mγ1γ2 � 150 GeV, mγ1γ3 � 75 GeV, mγ2γ3 � 75 GeV and mγ γ γ �
150 GeV. Both NLO calculations give an adequate description of 
the shape of the measured cross section as functions of |�ηγ1γ2 |, 
|�ηγ1γ3 | and |�ηγ2γ3 |, whereas they underestimate the normal-
isation of the measurements. In addition, both theoretical predic-
tions inadequately describe the normalisation of the measurements 
as functions of �φγ1γ2 , �φγ1γ3 and �φγ2γ3 . MCFM predictions 
give an adequate description of the shape of dσ/d�φγ2γ3 and fail 
to describe the shape of dσ/d�φγ1γ2 and dσ/d�φγ1γ3 , whereas
MadGraph5_aMC@NLO predictions give an adequate description of 
the shape of the measured cross sections as functions of all three 
angular variables. The measurements provide a test of pQCD for 
the description of the dynamics of triphoton production and in-
dicate the need for improved modelling of this process in MC 
models.

Acknowledgements

We thank CERN for the very successful operation of the LHC, 
as well as the support staff from our institutions without whom 
ATLAS could not be operated efficiently.

We acknowledge the support of ANPCyT, Argentina; YerPhI, Ar-
menia; ARC, Australia; BMWFW and FWF, Austria; ANAS, Azer-
baijan; SSTC, Belarus; CNPq and FAPESP, Brazil; NSERC, NRC and 
CFI, Canada; CERN; CONICYT, Chile; CAS, MOST and NSFC, China; 
COLCIENCIAS, Colombia; MSMT CR, MPO CR and VSC CR, Czech 
Republic; DNRF and DNSRC, Denmark; IN2P3-CNRS, CEA-DRF/IRFU, 
France; SRNSFG, Georgia; BMBF, HGF, and MPG, Germany; GSRT, 
Greece; RGC, Hong Kong SAR, China; ISF, I-CORE and Benoziyo Cen-
ter, Israel; INFN, Italy; MEXT and JSPS, Japan; CNRST, Morocco; 
NWO, Netherlands; RCN, Norway; MNiSW and NCN, Poland; FCT, 
Portugal; MNE/IFA, Romania; MES of Russia and NRC KI, Russian 
Federation; JINR; MESTD, Serbia; MSSR, Slovakia; ARRS and MIZŠ, 
Slovenia; DST/NRF, South Africa; MINECO, Spain; SRC and Wallen-
berg Foundation, Sweden; SERI, SNSF and Cantons of Bern and 
Geneva, Switzerland; MOST, Taiwan; TAEK, Turkey; STFC, United 
Kingdom; DOE and NSF, United States of America. In addition, in-
dividual groups and members have received support from BCKDF, 
the Canada Council, Canarie, CRC, Compute Canada, FQRNT, and the 
Ontario Innovation Trust, Canada; EPLANET, ERC, ERDF, FP7, Hori-
zon 2020 and Marie Skłodowska-Curie Actions, European Union; 
Investissements d’Avenir Labex and Idex, ANR, Région Auvergne 
and Fondation Partager le Savoir, France; DFG and AvH Foundation, 

Germany; Herakleitos, Thales and Aristeia programmes co-financed 
by EU-ESF and the Greek NSRF; BSF, GIF and Minerva, Israel; BRF, 
Norway; CERCA Programme Generalitat de Catalunya, Generalitat 
Valenciana, Spain; the Royal Society and Leverhulme Trust, United 
Kingdom.

The crucial computing support from all WLCG partners is ac-
knowledged gratefully, in particular from CERN, the ATLAS Tier-1 
facilities at TRIUMF (Canada), NDGF (Denmark, Norway, Swe-
den), CC-IN2P3 (France), KIT/GridKA (Germany), INFN-CNAF (Italy), 
NL-T1 (Netherlands), PIC (Spain), ASGC (Taiwan), RAL (UK) and BNL 
(USA), the Tier-2 facilities worldwide and large non-WLCG resource 
providers. Major contributors of computing resources are listed in 
Ref. [46].

References

[1] ATLAS Collaboration, Measurement of the inclusive isolated prompt photon 
cross-section in pp collisions at √s = 7 TeV using 35 pb−1 of ATLAS data, 
Phys. Lett. B 706 (2011) 150, arXiv:1108 .0253 [hep -ex].

[2] ATLAS Collaboration, Measurement of the inclusive isolated prompt photons 
cross section in pp collisions at √s = 7 TeV with the ATLAS detector using 
4.6 fb−1, Phys. Rev. D 89 (2014) 052004, arXiv:1311.1440 [hep -ex].

[3] ATLAS Collaboration, Measurement of the inclusive isolated prompt photon 
cross section in pp collisions at √s = 8 TeV with the ATLAS detector, J. High 
Energy Phys. 08 (2016) 005, arXiv:1605 .03495 [hep -ex].

[4] CMS Collaboration, Measurement of the isolated prompt photon production 
cross section in pp collisions at √s = 7 TeV, Phys. Rev. Lett. 106 (2011) 082001, 
arXiv:1012 .0799 [hep -ex].

[5] ATLAS Collaboration, Measurement of isolated-photon pair production in pp
collisions at √

s = 7 TeV with the ATLAS detector, J. High Energy Phys. 01 
(2013) 086, arXiv:1211.1913 [hep -ex].

[6] ATLAS Collaboration, Measurements of integrated and differential cross sec-
tions for isolated photon pair production in pp collisions at √s = 8 TeV with 
the ATLAS detector, Phys. Rev. D 95 (2017) 112005, arXiv:1704 .03839 [hep -ex].

[7] CMS Collaboration, Measurement of differential cross sections for the produc-
tion of a pair of isolated photons in pp collisions at √s = 7 TeV, Eur. Phys. J. C 
74 (2014) 3129, arXiv:1405 .7225 [hep -ex].

[8] N. Arkani-Hamed, S. Dimopoulos, G.R. Dvali, The hierarchy problem and new 
dimensions at a millimeter, Phys. Lett. B 429 (1998) 263, arXiv:hep -ph /
9803315.

[9] L. Randall, R. Sundrum, A large mass hierarchy from a small extra dimension, 
Phys. Rev. Lett. 83 (1999) 3370, arXiv:hep -ph /9905221.

[10] G. Das, P. Mathews, Neutral triple vector boson production in Randall–Sundrum 
Model at the LHC, Phys. Rev. D 92 (2015) 094034, arXiv:1507.08857 [hep -ph].

[11] N. Toro, I. Yavin, Multiphotons and photon jets from new heavy vector bosons, 
Phys. Rev. D 86 (2012) 055005, arXiv:1202 .6377 [hep -ph].

[12] ATLAS Collaboration, Search for new phenomena in events with at least three 
photons collected in pp collisions at √s = 8 TeV with the ATLAS detector, Eur. 
Phys. J. C 76 (2016) 210, arXiv:1509 .05051 [hep -ex].

[13] ATLAS Collaboration, Luminosity determination in pp collisions at √s = 8 TeV 
using the ATLAS detector at the LHC, Eur. Phys. J. C 76 (2016) 653, arXiv:1608 .
03953 [hep -ex].

[14] ATLAS Collaboration, The ATLAS experiment at the CERN large hadron collider, 
J. Instrum. 3 (2008) S08003.

[15] ATLAS Collaboration, Performance of the ATLAS trigger system in 2010, Eur. 
Phys. J. C 72 (2012) 1849, arXiv:1110 .1530 [hep -ex].

[16] J. Alwall, M. Herquet, F. Maltoni, O. Mattelaer, T. Stelzer, MadGraph 5: going 
beyond, J. High Energy Phys. 06 (2011) 128, arXiv:1106 .0522 [hep -ph].

[17] T. Sjöstrand, S. Mrenna, P. Skands, A brief introduction to PYTHIA 8.1, Comput. 
Phys. Commun. 178 (2008) 852, arXiv:0710 .3820 [hep -ph].

[18] J. Pumplin, et al., New generation of parton distributions with uncertainties 
from global QCD analysis, J. High Energy Phys. 07 (2002) 012, arXiv:hep -ph /
0201195.

[19] T. Gleisberg, et al., Event generation with SHERPA 1.1, J. High Energy Phys. 02 
(2009) 007, arXiv:0811.4622 [hep -ph].

[20] H.L. Lai, et al., New parton distributions for collider physics, Phys. Rev. D 82 
(2010) 074024, arXiv:1007.2241 [hep -ph].

[21] S. Schummann, F. Krauss, A parton shower algorithm based on Catani–Seymour 
dipole factorisation, J. High Energy Phys. 03 (2008) 038, arXiv:0709 .1027 [hep -
ph].

[22] S. Höche, F. Krauss, S. Schummann, F. Siegert, QCD matrix elements and trun-
cated showers, J. High Energy Phys. 05 (2009) 053, arXiv:0903 .1219 [hep -ph].

[23] S. Agostinelli, et al., GEANT4 – a simulation toolkit, Nucl. Instrum. Methods A 
506 (2003) 250.

[24] ATLAS Collaboration, The ATLAS simulation infrastructure, Eur. Phys. J. C 70 
(2010) 823, arXiv:1005 .4568 [physics .ins -det].

http://refhub.elsevier.com/S0370-2693(18)30253-3/bib31s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib31s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib31s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib32s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib32s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib32s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib33s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib33s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib33s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib34s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib34s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib34s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib35s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib35s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib35s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib36s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib36s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib36s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib37s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib37s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib37s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib38s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib38s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib38s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib39s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib39s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3130s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3130s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3131s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3131s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3132s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3132s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3132s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3133s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3133s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3133s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3134s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3134s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3135s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3135s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3136s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3136s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3137s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3137s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3138s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3138s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3138s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3139s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3139s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3230s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3230s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3231s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3231s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3231s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3232s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3232s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3233s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3233s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3234s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3234s1


64 The ATLAS Collaboration / Physics Letters B 781 (2018) 55–76

[25] ATLAS Collaboration, Summary of ATLAS Pythia 8 tunes, ATL-PHYS-PUB-
2012-003, https://cds .cern .ch /record /1474107, 2012.

[26] J.M. Campbell, R.K. Ellis, C. Williams, MCFM v7.0: A Monte Carlo for FeMtobarn 
Processes at Hadron Colliders, Users Guide, 2015, https://mcfm .fnal .gov /mcfm .
pdf.

[27] J.M. Campbell, C. Williams, Triphoton production at hadron colliders, Phys. Rev. 
D 89 (2014) 113001, arXiv:1403 .2641 [hep -ph].

[28] J. Alwall, et al., The automated computation of tree-level and next-to-leading 
order differential cross sections, and their matching to parton shower simula-
tions, J. High Energy Phys. 07 (2014) 079, arXiv:1405 .0301 [hep -ph].

[29] L. Bourhis, M. Fontannaz, J.Ph. Guillet, Quarks and gluon fragmentation func-
tions into photons, Eur. Phys. J. C 2 (1998) 529, arXiv:hep -ph /9704447.

[30] M. Bähr, et al., Herwig++ physics and manual, Eur. Phys. J. C 58 (2008) 639, 
arXiv:0803 .0883 [hep -ph].

[31] A.D. Martin, W.J. Stirling, R.S. Thorne, G. Watt, Parton distributions for the LHC, 
Eur. Phys. J. C 63 (2009) 189, arXiv:0901.0002 [hep -ph].

[32] R.D. Ball, et al., Impact of heavy quark masses on parton distributions and LHC 
phenomenology, Nucl. Phys. B 849 (2011) 296, arXiv:1101.1300 [hep -ph].

[33] S. Frixione, Isolated photons in perturbative QCD, Phys. Lett. B 429 (1998) 369, 
arXiv:hep -ph /9801442.

[34] T. Sjöstrand, et al., An introduction to PYTHIA 8.2, Comput. Phys. Commun. 191 
(2015) 159, arXiv:1410 .3012 [hep -ph].

[35] S. Frixione, B.R. Webber, Matching NLO QCD computations and parton shower 
simulations, J. High Energy Phys. 06 (2002) 029, arXiv:hep -ph /0204244.

[36] ATLAS Collaboration, Measurement of the photon identification efficiencies 
with the ATLAS detector using LHC Run-1 data, Eur. Phys. J. C 76 (2016) 666, 
arXiv:1606 .01813 [hep -ex].

[37] ATLAS Collaboration, Electron and photon energy calibration with the ATLAS 
detector using LHC Run 1 data, Eur. Phys. J. C 74 (2014) 3071, arXiv:1407.5063
[hep -ex].

[38] ATLAS Collaboration, Topological cell clustering in the ATLAS calorimeters and 
its performance in LHC Run 1, Eur. Phys. J. C 77 (2017) 490, arXiv:1603 .02934
[hep -ex].

[39] ATLAS Collaboration, Measurement of the inclusive isolated prompt photon 
cross section in pp collisions at √s = 7 TeV with the ATLAS detector, Phys. 
Rev. D 83 (2011) 052005, arXiv:1012 .4389 [hep -ex].

[40] ATLAS Collaboration, Measurement of the isolated diphoton cross section in 
pp collisions at √s = 7 TeV with the ATLAS detector, Phys. Rev. D 85 (2012) 
012003, arXiv:1107.0581 [hep -ex].

[41] ATLAS Collaboration, Dynamics of isolated-photon plus jet production in pp
collisions at √s = 7 TeV with the ATLAS detector, Nucl. Phys. B 875 (2013) 
483, arXiv:1307.6795 [hep -ex].

[42] N. Greiner, M. Schönherr, NLO QCD+EW corrections to diphoton production in 
association with a vector boson, J. High Energy Phys. 01 (2018) 079, arXiv:
1710 .11514 [hep -ex].

[43] ATLAS Collaboration, Evidence of W γ γ production in pp collisions at √s = 8
TeV and limits on anomalous quartic gauge couplings with the ATLAS detector, 
Phys. Rev. Lett. 115 (2015) 031802, arXiv:1503 .03243 [hep -ex].

[44] ATLAS Collaboration, Measurements of Zγ and Zγ γ production in pp colli-
sions at √s = 8 TeV with the ATLAS detector, Phys. Rev. D 93 (2016) 112002, 
arXiv:1604 .05232 [hep -ex].

[45] J.M. Campbell, R.K. Ellis, Y. Li, C. Williams, Predictions for diphoton production 
at the LHC through NNLO in QCD, J. High Energy Phys. 07 (2016) 148, arXiv:
1603 .02663 [hep -ph].

[46] ATLAS Collaboration, ATLAS Computing Acknowledgements 2016–2017, ATL-
GEN-PUB-2016-002, https://cds .cern .ch /record /2202407.

The ATLAS Collaboration

M. Aaboud 137d, G. Aad 88, B. Abbott 115, O. Abdinov 12,∗, B. Abeloos 119, S.H. Abidi 161, O.S. AbouZeid 139, 
N.L. Abraham 151, H. Abramowicz 155, H. Abreu 154, Y. Abulaiti 148a,148b, B.S. Acharya 167a,167b,a, 
S. Adachi 157, L. Adamczyk 41a, J. Adelman 110, M. Adersberger 102, T. Adye 133, A.A. Affolder 139, Y. Afik 154, 
C. Agheorghiesei 28c, J.A. Aguilar-Saavedra 128a,128f, S.P. Ahlen 24, F. Ahmadov 68,b, G. Aielli 135a,135b, 
S. Akatsuka 71, T.P.A. Åkesson 84, E. Akilli 52, A.V. Akimov 98, G.L. Alberghi 22a,22b, J. Albert 172, 
P. Albicocco 50, M.J. Alconada Verzini 74, S. Alderweireldt 108, M. Aleksa 32, I.N. Aleksandrov 68, 
C. Alexa 28b, G. Alexander 155, T. Alexopoulos 10, M. Alhroob 115, B. Ali 130, M. Aliev 76a,76b, G. Alimonti 94a, 
J. Alison 33, S.P. Alkire 38, C. Allaire 119, B.M.M. Allbrooke 151, B.W. Allen 118, P.P. Allport 19, 
A. Aloisio 106a,106b, A. Alonso 39, F. Alonso 74, C. Alpigiani 140, A.A. Alshehri 56, M.I. Alstaty 88, 
B. Alvarez Gonzalez 32, D. Álvarez Piqueras 170, M.G. Alviggi 106a,106b, B.T. Amadio 16, 
Y. Amaral Coutinho 26a, C. Amelung 25, D. Amidei 92, S.P. Amor Dos Santos 128a,128c, S. Amoroso 32, 
C. Anastopoulos 141, L.S. Ancu 52, N. Andari 19, T. Andeen 11, C.F. Anders 60b, J.K. Anders 18, 
K.J. Anderson 33, A. Andreazza 94a,94b, V. Andrei 60a, S. Angelidakis 37, I. Angelozzi 109, A. Angerami 38, 
A.V. Anisenkov 111,c, A. Annovi 126a, C. Antel 60a, M. Antonelli 50, A. Antonov 100,∗, D.J. Antrim 166, 
F. Anulli 134a, M. Aoki 69, L. Aperio Bella 32, G. Arabidze 93, Y. Arai 69, J.P. Araque 128a, V. Araujo Ferraz 26a, 
A.T.H. Arce 48, R.E. Ardell 80, F.A. Arduh 74, J-F. Arguin 97, S. Argyropoulos 66, A.J. Armbruster 32, 
L.J. Armitage 79, O. Arnaez 161, H. Arnold 51, M. Arratia 30, O. Arslan 23, A. Artamonov 99,∗, G. Artoni 122, 
S. Artz 86, S. Asai 157, N. Asbah 45, A. Ashkenazi 155, L. Asquith 151, K. Assamagan 27, R. Astalos 146a, 
R.J. Atkin 147a, M. Atkinson 169, N.B. Atlay 143, K. Augsten 130, G. Avolio 32, B. Axen 16, M.K. Ayoub 35a, 
G. Azuelos 97,d, A.E. Baas 60a, M.J. Baca 19, H. Bachacou 138, K. Bachas 76a,76b, M. Backes 122, 
P. Bagnaia 134a,134b, M. Bahmani 42, H. Bahrasemani 144, J.T. Baines 133, M. Bajic 39, O.K. Baker 179, 
P.J. Bakker 109, D. Bakshi Gupta 82, E.M. Baldin 111,c, P. Balek 175, F. Balli 138, W.K. Balunas 124, E. Banas 42, 
A. Bandyopadhyay 23, Sw. Banerjee 176,e, A.A.E. Bannoura 177, L. Barak 155, E.L. Barberio 91, 
D. Barberis 53a,53b, M. Barbero 88, T. Barillari 103, M-S Barisits 65, J.T. Barkeloo 118, T. Barklow 145, 
N. Barlow 30, S.L. Barnes 36b, B.M. Barnett 133, R.M. Barnett 16, Z. Barnovska-Blenessy 36c, A. Baroncelli 136a, 
G. Barone 25, A.J. Barr 122, L. Barranco Navarro 170, F. Barreiro 85, J. Barreiro Guimarães da Costa 35a, 
R. Bartoldus 145, A.E. Barton 75, P. Bartos 146a, A. Basalaev 125, A. Bassalat 119,f , R.L. Bates 56, S.J. Batista 161, 
J.R. Batley 30, M. Battaglia 139, M. Bauce 134a,134b, F. Bauer 138, K.T. Bauer 166, H.S. Bawa 145,g , 
J.B. Beacham 113, M.D. Beattie 75, T. Beau 83, P.H. Beauchemin 165, P. Bechtle 23, H.P. Beck 18,h, H.C. Beck 58, 
K. Becker 122, M. Becker 86, C. Becot 112, A.J. Beddall 20e, A. Beddall 20b, V.A. Bednyakov 68, 

https://cds.cern.ch/record/1474107
https://mcfm.fnal.gov/mcfm.pdf
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3237s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3237s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3238s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3238s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3238s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3239s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3239s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3330s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3330s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3331s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3331s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3332s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3332s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3333s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3333s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3334s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3334s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3335s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3335s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3336s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3336s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3336s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3337s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3337s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3337s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3338s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3338s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3338s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3339s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3339s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3339s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3430s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3430s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3430s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3431s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3431s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3431s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3433s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3433s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3433s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3434s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3434s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3434s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3435s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3435s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3435s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3437s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3437s1
http://refhub.elsevier.com/S0370-2693(18)30253-3/bib3437s1
https://cds.cern.ch/record/2202407
https://mcfm.fnal.gov/mcfm.pdf


The ATLAS Collaboration / Physics Letters B 781 (2018) 55–76 65

M. Bedognetti 109, C.P. Bee 150, T.A. Beermann 32, M. Begalli 26a, M. Begel 27, J.K. Behr 45, A.S. Bell 81, 
G. Bella 155, L. Bellagamba 22a, A. Bellerive 31, M. Bellomo 154, K. Belotskiy 100, N.L. Belyaev 100, 
O. Benary 155,∗, D. Benchekroun 137a, M. Bender 102, N. Benekos 10, Y. Benhammou 155, 
E. Benhar Noccioli 179, J. Benitez 66, D.P. Benjamin 48, M. Benoit 52, J.R. Bensinger 25, S. Bentvelsen 109, 
L. Beresford 122, M. Beretta 50, D. Berge 45, E. Bergeaas Kuutmann 168, N. Berger 5, L.J. Bergsten 25, 
J. Beringer 16, S. Berlendis 57, N.R. Bernard 89, G. Bernardi 83, C. Bernius 145, F.U. Bernlochner 23, T. Berry 80, 
P. Berta 86, C. Bertella 35a, G. Bertoli 148a,148b, I.A. Bertram 75, C. Bertsche 45, G.J. Besjes 39, 
O. Bessidskaia Bylund 148a,148b, M. Bessner 45, N. Besson 138, A. Bethani 87, S. Bethke 103, A. Betti 23, 
A.J. Bevan 79, J. Beyer 103, R.M. Bianchi 127, O. Biebel 102, D. Biedermann 17, R. Bielski 87, K. Bierwagen 86, 
N.V. Biesuz 126a,126b, M. Biglietti 136a, T.R.V. Billoud 97, M. Bindi 58, A. Bingul 20b, C. Bini 134a,134b, 
S. Biondi 22a,22b, T. Bisanz 58, C. Bittrich 47, D.M. Bjergaard 48, J.E. Black 145, K.M. Black 24, R.E. Blair 6, 
T. Blazek 146a, I. Bloch 45, C. Blocker 25, A. Blue 56, U. Blumenschein 79, Dr. Blunier 34a, G.J. Bobbink 109, 
V.S. Bobrovnikov 111,c, S.S. Bocchetta 84, A. Bocci 48, C. Bock 102, D. Boerner 177, D. Bogavac 102, 
A.G. Bogdanchikov 111, C. Bohm 148a, V. Boisvert 80, P. Bokan 168,i, T. Bold 41a, A.S. Boldyrev 101, 
A.E. Bolz 60b, M. Bomben 83, M. Bona 79, J.S. Bonilla 118, M. Boonekamp 138, A. Borisov 132, G. Borissov 75, 
J. Bortfeldt 32, D. Bortoletto 122, V. Bortolotto 62a, D. Boscherini 22a, M. Bosman 13, J.D. Bossio Sola 29, 
J. Boudreau 127, E.V. Bouhova-Thacker 75, D. Boumediene 37, C. Bourdarios 119, S.K. Boutle 56, A. Boveia 113, 
J. Boyd 32, I.R. Boyko 68, A.J. Bozson 80, J. Bracinik 19, A. Brandt 8, G. Brandt 177, O. Brandt 60a, F. Braren 45, 
U. Bratzler 158, B. Brau 89, J.E. Brau 118, W.D. Breaden Madden 56, K. Brendlinger 45, A.J. Brennan 91, 
L. Brenner 109, R. Brenner 168, S. Bressler 175, D.L. Briglin 19, T.M. Bristow 49, D. Britton 56, D. Britzger 60b, 
I. Brock 23, R. Brock 93, G. Brooijmans 38, T. Brooks 80, W.K. Brooks 34b, E. Brost 110, J.H Broughton 19, 
P.A. Bruckman de Renstrom 42, D. Bruncko 146b, A. Bruni 22a, G. Bruni 22a, L.S. Bruni 109, S. Bruno 135a,135b, 
BH Brunt 30, M. Bruschi 22a, N. Bruscino 127, P. Bryant 33, L. Bryngemark 45, T. Buanes 15, Q. Buat 144, 
P. Buchholz 143, A.G. Buckley 56, I.A. Budagov 68, F. Buehrer 51, M.K. Bugge 121, O. Bulekov 100, D. Bullock 8, 
T.J. Burch 110, S. Burdin 77, C.D. Burgard 109, A.M. Burger 5, B. Burghgrave 110, K. Burka 42, S. Burke 133, 
I. Burmeister 46, J.T.P. Burr 122, D. Büscher 51, V. Büscher 86, E. Buschmann 58, P. Bussey 56, J.M. Butler 24, 
C.M. Buttar 56, J.M. Butterworth 81, P. Butti 32, W. Buttinger 27, A. Buzatu 153, A.R. Buzykaev 111,c, 
S. Cabrera Urbán 170, D. Caforio 130, H. Cai 169, V.M.M. Cairo 2, O. Cakir 4a, N. Calace 52, P. Calafiura 16, 
A. Calandri 88, G. Calderini 83, P. Calfayan 64, G. Callea 40a,40b, L.P. Caloba 26a, S. Calvente Lopez 85, 
D. Calvet 37, S. Calvet 37, T.P. Calvet 88, R. Camacho Toro 33, S. Camarda 32, P. Camarri 135a,135b, 
D. Cameron 121, R. Caminal Armadans 89, C. Camincher 57, S. Campana 32, M. Campanelli 81, 
A. Camplani 94a,94b, A. Campoverde 143, V. Canale 106a,106b, M. Cano Bret 36b, J. Cantero 116, T. Cao 155, 
M.D.M. Capeans Garrido 32, I. Caprini 28b, M. Caprini 28b, M. Capua 40a,40b, R.M. Carbone 38, 
R. Cardarelli 135a, F. Cardillo 51, I. Carli 131, T. Carli 32, G. Carlino 106a, B.T. Carlson 127, L. Carminati 94a,94b, 
R.M.D. Carney 148a,148b, S. Caron 108, E. Carquin 34b, S. Carrá 94a,94b, G.D. Carrillo-Montoya 32, D. Casadei 19, 
M.P. Casado 13,j, A.F. Casha 161, M. Casolino 13, D.W. Casper 166, R. Castelijn 109, V. Castillo Gimenez 170, 
N.F. Castro 128a,k, A. Catinaccio 32, J.R. Catmore 121, A. Cattai 32, J. Caudron 23, V. Cavaliere 27, 
E. Cavallaro 13, D. Cavalli 94a, M. Cavalli-Sforza 13, V. Cavasinni 126a,126b, E. Celebi 20d, F. Ceradini 136a,136b, 
L. Cerda Alberich 170, A.S. Cerqueira 26b, A. Cerri 151, L. Cerrito 135a,135b, F. Cerutti 16, A. Cervelli 22a,22b, 
S.A. Cetin 20d, A. Chafaq 137a, D. Chakraborty 110, S.K. Chan 59, W.S. Chan 109, Y.L. Chan 62a, P. Chang 169, 
J.D. Chapman 30, D.G. Charlton 19, C.C. Chau 31, C.A. Chavez Barajas 151, S. Che 113, A. Chegwidden 93, 
S. Chekanov 6, S.V. Chekulaev 163a, G.A. Chelkov 68,l, M.A. Chelstowska 32, C. Chen 36c, C. Chen 67, 
H. Chen 27, J. Chen 36c, J. Chen 38, S. Chen 35b, S. Chen 157, X. Chen 35c,m, Y. Chen 70, H.C. Cheng 92, 
H.J. Cheng 35a,35d, A. Cheplakov 68, E. Cheremushkina 132, R. Cherkaoui El Moursli 137e, E. Cheu 7, 
K. Cheung 63, L. Chevalier 138, V. Chiarella 50, G. Chiarelli 126a, G. Chiodini 76a, A.S. Chisholm 32, 
A. Chitan 28b, Y.H. Chiu 172, M.V. Chizhov 68, K. Choi 64, A.R. Chomont 37, S. Chouridou 156, Y.S. Chow 109, 
V. Christodoulou 81, M.C. Chu 62a, J. Chudoba 129, A.J. Chuinard 90, J.J. Chwastowski 42, L. Chytka 117, 
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L. Živković 14, G. Zobernig 176, A. Zoccoli 22a,22b, R. Zou 33, M. zur Nedden 17, L. Zwalinski 32

1 Department of Physics, University of Adelaide, Adelaide, Australia
2 Physics Department, SUNY Albany, Albany NY, United States
3 Department of Physics, University of Alberta, Edmonton AB, Canada
4 (a) Department of Physics, Ankara University, Ankara; (b) Istanbul Aydin University, Istanbul; (c) Division of Physics, TOBB University of Economics and Technology, Ankara, Turkey
5 LAPP, CNRS/IN2P3 and Université Savoie Mont Blanc, Annecy-le-Vieux, France
6 High Energy Physics Division, Argonne National Laboratory, Argonne IL, United States
7 Department of Physics, University of Arizona, Tucson AZ, United States
8 Department of Physics, The University of Texas at Arlington, Arlington TX, United States
9 Physics Department, National and Kapodistrian University of Athens, Athens, Greece
10 Physics Department, National Technical University of Athens, Zografou, Greece
11 Department of Physics, The University of Texas at Austin, Austin TX, United States
12 Institute of Physics, Azerbaijan Academy of Sciences, Baku, Azerbaijan
13 Institut de Física d’Altes Energies (IFAE), The Barcelona Institute of Science and Technology, Barcelona, Spain
14 Institute of Physics, University of Belgrade, Belgrade, Serbia
15 Department for Physics and Technology, University of Bergen, Bergen, Norway
16 Physics Division, Lawrence Berkeley National Laboratory and University of California, Berkeley CA, United States
17 Department of Physics, Humboldt University, Berlin, Germany
18 Albert Einstein Center for Fundamental Physics and Laboratory for High Energy Physics, University of Bern, Bern, Switzerland
19 School of Physics and Astronomy, University of Birmingham, Birmingham, United Kingdom
20 (a) Department of Physics, Bogazici University, Istanbul; (b) Department of Physics Engineering, Gaziantep University, Gaziantep; (d) Istanbul Bilgi University, Faculty of Engineering and 
Natural Sciences, Istanbul; (e) Bahcesehir University, Faculty of Engineering and Natural Sciences, Istanbul, Turkey
21 Centro de Investigaciones, Universidad Antonio Narino, Bogota, Colombia
22 (a) INFN Sezione di Bologna; (b) Dipartimento di Fisica e Astronomia, Università di Bologna, Bologna, Italy
23 Physikalisches Institut, University of Bonn, Bonn, Germany
24 Department of Physics, Boston University, Boston MA, United States
25 Department of Physics, Brandeis University, Waltham MA, United States
26 (a) Universidade Federal do Rio De Janeiro COPPE/EE/IF, Rio de Janeiro; (b) Electrical Circuits Department, Federal University of Juiz de Fora (UFJF), Juiz de Fora; (c) Federal University of 
Sao Joao del Rei (UFSJ), Sao Joao del Rei; (d) Instituto de Fisica, Universidade de Sao Paulo, Sao Paulo, Brazil
27 Physics Department, Brookhaven National Laboratory, Upton NY, United States
28 (a) Transilvania University of Brasov, Brasov; (b) Horia Hulubei National Institute of Physics and Nuclear Engineering, Bucharest; (c) Department of Physics, Alexandru Ioan Cuza 
University of Iasi, Iasi; (d) National Institute for Research and Development of Isotopic and Molecular Technologies, Physics Department, Cluj Napoca; (e) University Politehnica Bucharest, 
Bucharest; (f ) West University in Timisoara, Timisoara, Romania
29 Departamento de Física, Universidad de Buenos Aires, Buenos Aires, Argentina
30 Cavendish Laboratory, University of Cambridge, Cambridge, United Kingdom
31 Department of Physics, Carleton University, Ottawa ON, Canada
32 CERN, Geneva, Switzerland
33 Enrico Fermi Institute, University of Chicago, Chicago IL, United States
34 (a) Departamento de Física, Pontificia Universidad Católica de Chile, Santiago; (b) Departamento de Física, Universidad Técnica Federico Santa María, Valparaíso, Chile
35 (a) Institute of High Energy Physics, Chinese Academy of Sciences, Beijing; (b) Department of Physics, Nanjing University, Jiangsu; (c) Physics Department, Tsinghua University, Beijing 
100084; (d) University of Chinese Academy of Science (UCAS), Beijing, China
36 (a) School of Physics, Shandong University, Shandong; (b) School of Physics and Astronomy, Key Laboratory for Particle Physics, Astrophysics and Cosmology, Ministry of Education; 
Shanghai Key Laboratory for Particle Physics and Cosmology, Tsung-Dao Lee Institute, Shanghai Jiao Tong University, China; (c) Department of Modern Physics and State Key Laboratory of 
Particle Detection and Electronics, University of Science and Technology of China, Anhui, China
37 Université Clermont Auvergne, CNRS/IN2P3, LPC, Clermont-Ferrand, France
38 Nevis Laboratory, Columbia University, Irvington NY, United States
39 Niels Bohr Institute, University of Copenhagen, Kobenhavn, Denmark
40 (a) INFN Gruppo Collegato di Cosenza, Laboratori Nazionali di Frascati; (b) Dipartimento di Fisica, Università della Calabria, Rende, Italy
41 (a) AGH University of Science and Technology, Faculty of Physics and Applied Computer Science, Krakow; (b) Marian Smoluchowski Institute of Physics, Jagiellonian University, Krakow, 
Poland
42 Institute of Nuclear Physics Polish Academy of Sciences, Krakow, Poland
43 Physics Department, Southern Methodist University, Dallas TX, United States
44 Physics Department, University of Texas at Dallas, Richardson TX, United States
45 DESY, Hamburg and Zeuthen, Germany
46 Lehrstuhl für Experimentelle Physik IV, Technische Universität Dortmund, Dortmund, Germany
47 Institut für Kern- und Teilchenphysik, Technische Universität Dresden, Dresden, Germany
48 Department of Physics, Duke University, Durham NC, United States
49 SUPA – School of Physics and Astronomy, University of Edinburgh, Edinburgh, United Kingdom
50 INFN e Laboratori Nazionali di Frascati, Frascati, Italy
51 Fakultät für Mathematik und Physik, Albert-Ludwigs-Universität, Freiburg, Germany
52 Departement de Physique Nucleaire et Corpusculaire, Université de Genève, Geneva, Switzerland
53 (a) INFN Sezione di Genova; (b) Dipartimento di Fisica, Università di Genova, Genova, Italy
54 (a) E. Andronikashvili Institute of Physics, Iv. Javakhishvili Tbilisi State University, Tbilisi; (b) High Energy Physics Institute, Tbilisi State University, Tbilisi, Georgia
55 II Physikalisches Institut, Justus-Liebig-Universität Giessen, Giessen, Germany
56 SUPA – School of Physics and Astronomy, University of Glasgow, Glasgow, United Kingdom
57 Laboratoire de Physique Subatomique et de Cosmologie, Université Grenoble-Alpes, CNRS/IN2P3, Grenoble, France
58 II Physikalisches Institut, Georg-August-Universität, Göttingen, Germany
59 Laboratory for Particle Physics and Cosmology, Harvard University, Cambridge MA, United States
60 (a) Kirchhoff-Institut für Physik, Ruprecht-Karls-Universität Heidelberg, Heidelberg; (b) Physikalisches Institut, Ruprecht-Karls-Universität Heidelberg, Heidelberg, Germany
61 Faculty of Applied Information Science, Hiroshima Institute of Technology, Hiroshima, Japan
62 (a) Department of Physics, The Chinese University of Hong Kong, Shatin, N.T., Hong Kong; (b) Department of Physics, The University of Hong Kong, Hong Kong; (c) Department of Physics 
and Institute for Advanced Study, The Hong Kong University of Science and Technology, Clear Water Bay, Kowloon, Hong Kong, China
63 Department of Physics, National Tsing Hua University, Hsinchu, Taiwan
64 Department of Physics, Indiana University, Bloomington IN, United States
65 Institut für Astro- und Teilchenphysik, Leopold-Franzens-Universität, Innsbruck, Austria
66 University of Iowa, Iowa City IA, United States



74 The ATLAS Collaboration / Physics Letters B 781 (2018) 55–76

67 Department of Physics and Astronomy, Iowa State University, Ames IA, United States
68 Joint Institute for Nuclear Research, JINR Dubna, Dubna, Russia
69 KEK, High Energy Accelerator Research Organization, Tsukuba, Japan
70 Graduate School of Science, Kobe University, Kobe, Japan
71 Faculty of Science, Kyoto University, Kyoto, Japan
72 Kyoto University of Education, Kyoto, Japan
73 Research Center for Advanced Particle Physics and Department of Physics, Kyushu University, Fukuoka, Japan
74 Instituto de Física La Plata, Universidad Nacional de La Plata and CONICET, La Plata, Argentina
75 Physics Department, Lancaster University, Lancaster, United Kingdom
76 (a) INFN Sezione di Lecce; (b) Dipartimento di Matematica e Fisica, Università del Salento, Lecce, Italy
77 Oliver Lodge Laboratory, University of Liverpool, Liverpool, United Kingdom
78 Department of Experimental Particle Physics, Jožef Stefan Institute and Department of Physics, University of Ljubljana, Ljubljana, Slovenia
79 School of Physics and Astronomy, Queen Mary University of London, London, United Kingdom
80 Department of Physics, Royal Holloway University of London, Surrey, United Kingdom
81 Department of Physics and Astronomy, University College London, London, United Kingdom
82 Louisiana Tech University, Ruston LA, United States
83 Laboratoire de Physique Nucléaire et de Hautes Energies, UPMC and Université Paris-Diderot and CNRS/IN2P3, Paris, France
84 Fysiska institutionen, Lunds universitet, Lund, Sweden
85 Departamento de Fisica Teorica C-15, Universidad Autonoma de Madrid, Madrid, Spain
86 Institut für Physik, Universität Mainz, Mainz, Germany
87 School of Physics and Astronomy, University of Manchester, Manchester, United Kingdom
88 CPPM, Aix-Marseille Université and CNRS/IN2P3, Marseille, France
89 Department of Physics, University of Massachusetts, Amherst MA, United States
90 Department of Physics, McGill University, Montreal QC, Canada
91 School of Physics, University of Melbourne, Victoria, Australia
92 Department of Physics, The University of Michigan, Ann Arbor MI, United States
93 Department of Physics and Astronomy, Michigan State University, East Lansing MI, United States
94 (a) INFN Sezione di Milano; (b) Dipartimento di Fisica, Università di Milano, Milano, Italy
95 B.I. Stepanov Institute of Physics, National Academy of Sciences of Belarus, Minsk, Belarus
96 Research Institute for Nuclear Problems of Byelorussian State University, Minsk, Belarus
97 Group of Particle Physics, University of Montreal, Montreal QC, Canada
98 P.N. Lebedev Physical Institute of the Russian Academy of Sciences, Moscow, Russia
99 Institute for Theoretical and Experimental Physics (ITEP), Moscow, Russia
100 National Research Nuclear University MEPhI, Moscow, Russia
101 D.V. Skobeltsyn Institute of Nuclear Physics, M.V. Lomonosov Moscow State University, Moscow, Russia
102 Fakultät für Physik, Ludwig-Maximilians-Universität München, München, Germany
103 Max-Planck-Institut für Physik (Werner-Heisenberg-Institut), München, Germany
104 Nagasaki Institute of Applied Science, Nagasaki, Japan
105 Graduate School of Science and Kobayashi–Maskawa Institute, Nagoya University, Nagoya, Japan
106 (a) INFN Sezione di Napoli; (b) Dipartimento di Fisica, Università di Napoli, Napoli, Italy
107 Department of Physics and Astronomy, University of New Mexico, Albuquerque NM, United States
108 Institute for Mathematics, Astrophysics and Particle Physics, Radboud University Nijmegen/Nikhef, Nijmegen, Netherlands
109 Nikhef National Institute for Subatomic Physics and University of Amsterdam, Amsterdam, Netherlands
110 Department of Physics, Northern Illinois University, DeKalb IL, United States
111 Budker Institute of Nuclear Physics, SB RAS, Novosibirsk, Russia
112 Department of Physics, New York University, New York NY, United States
113 Ohio State University, Columbus OH, United States
114 Faculty of Science, Okayama University, Okayama, Japan
115 Homer L. Dodge Department of Physics and Astronomy, University of Oklahoma, Norman OK, United States
116 Department of Physics, Oklahoma State University, Stillwater OK, United States
117 Palacký University, RCPTM, Olomouc, Czech Republic
118 Center for High Energy Physics, University of Oregon, Eugene OR, United States
119 LAL, Univ. Paris-Sud, CNRS/IN2P3, Université Paris-Saclay, Orsay, France
120 Graduate School of Science, Osaka University, Osaka, Japan
121 Department of Physics, University of Oslo, Oslo, Norway
122 Department of Physics, Oxford University, Oxford, United Kingdom
123 (a) INFN Sezione di Pavia; (b) Dipartimento di Fisica, Università di Pavia, Pavia, Italy
124 Department of Physics, University of Pennsylvania, Philadelphia PA, United States
125 National Research Centre “Kurchatov Institute” B.P. Konstantinov Petersburg Nuclear Physics Institute, St. Petersburg, Russia
126 (a) INFN Sezione di Pisa; (b) Dipartimento di Fisica E. Fermi, Università di Pisa, Pisa, Italy
127 Department of Physics and Astronomy, University of Pittsburgh, Pittsburgh PA, United States
128 (a) Laboratório de Instrumentação e Física Experimental de Partículas - LIP, Lisboa; (b) Faculdade de Ciências, Universidade de Lisboa, Lisboa; (c) Department of Physics, University of 
Coimbra, Coimbra; (d) Centro de Física Nuclear da Universidade de Lisboa, Lisboa; (e) Departamento de Fisica, Universidade do Minho, Braga; (f ) Departamento de Fisica Teorica y del 
Cosmos, Universidad de Granada, Granada; (g) Dep Fisica and CEFITEC of Faculdade de Ciencias e Tecnologia, Universidade Nova de Lisboa, Caparica, Portugal
129 Institute of Physics, Academy of Sciences of the Czech Republic, Praha, Czech Republic
130 Czech Technical University in Prague, Praha, Czech Republic
131 Charles University, Faculty of Mathematics and Physics, Prague, Czech Republic
132 State Research Center Institute for High Energy Physics (Protvino), NRC KI, Russia
133 Particle Physics Department, Rutherford Appleton Laboratory, Didcot, United Kingdom
134 (a) INFN Sezione di Roma; (b) Dipartimento di Fisica, Sapienza Università di Roma, Roma, Italy
135 (a) INFN Sezione di Roma Tor Vergata; (b) Dipartimento di Fisica, Università di Roma Tor Vergata, Roma, Italy
136 (a) INFN Sezione di Roma Tre; (b) Dipartimento di Matematica e Fisica, Università Roma Tre, Roma, Italy
137 (a) Faculté des Sciences Ain Chock, Réseau Universitaire de Physique des Hautes Energies - Université Hassan II, Casablanca; (b) Centre National de l’Energie des Sciences Techniques 
Nucleaires, Rabat; (c) Faculté des Sciences Semlalia, Université Cadi Ayyad, LPHEA-Marrakech; (d) Faculté des Sciences, Université Mohamed Premier and LPTPM, Oujda; (e) Faculté des 
sciences, Université Mohammed V, Rabat, Morocco
138 DSM/IRFU (Institut de Recherches sur les Lois Fondamentales de l’Univers), CEA Saclay (Commissariat à l’Energie Atomique et aux Energies Alternatives), Gif-sur-Yvette, France
139 Santa Cruz Institute for Particle Physics, University of California Santa Cruz, Santa Cruz CA, United States
140 Department of Physics, University of Washington, Seattle WA, United States
141 Department of Physics and Astronomy, University of Sheffield, Sheffield, United Kingdom



The ATLAS Collaboration / Physics Letters B 781 (2018) 55–76 75

142 Department of Physics, Shinshu University, Nagano, Japan
143 Department Physik, Universität Siegen, Siegen, Germany
144 Department of Physics, Simon Fraser University, Burnaby BC, Canada
145 SLAC National Accelerator Laboratory, Stanford CA, United States
146 (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
147 (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
148 (a) Department of Physics, Stockholm University; (b) The Oskar Klein Centre, Stockholm, Sweden
149 Physics Department, Royal Institute of Technology, Stockholm, Sweden
150 Departments of Physics & Astronomy and Chemistry, Stony Brook University, Stony Brook NY, United States
151 Department of Physics and Astronomy, University of Sussex, Brighton, United Kingdom
152 School of Physics, University of Sydney, Sydney, Australia
153 Institute of Physics, Academia Sinica, Taipei, Taiwan
154 Department of Physics, Technion: Israel Institute of Technology, Haifa, Israel
155 Raymond and Beverly Sackler School of Physics and Astronomy, Tel Aviv University, Tel Aviv, Israel
156 Department of Physics, Aristotle University of Thessaloniki, Thessaloniki, Greece
157 International Center for Elementary Particle Physics and Department of Physics, The University of Tokyo, Tokyo, Japan
158 Graduate School of Science and Technology, Tokyo Metropolitan University, Tokyo, Japan
159 Department of Physics, Tokyo Institute of Technology, Tokyo, Japan
160 Tomsk State University, Tomsk, Russia
161 Department of Physics, University of Toronto, Toronto ON, Canada
162 (a) INFN-TIFPA; (b) University of Trento, Trento, Italy
163 (a) TRIUMF, Vancouver BC; (b) Department of Physics and Astronomy, York University, Toronto ON, Canada
164 Faculty of Pure and Applied Sciences, and Center for Integrated Research in Fundamental Science and Engineering, University of Tsukuba, Tsukuba, Japan
165 Department of Physics and Astronomy, Tufts University, Medford MA, United States
166 Department of Physics and Astronomy, University of California Irvine, Irvine CA, United States
167 (a) INFN Gruppo Collegato di Udine, Sezione di Trieste, Udine; (b) ICTP, Trieste; (c) Dipartimento di Chimica, Fisica e Ambiente, Università di Udine, Udine, Italy
168 Department of Physics and Astronomy, University of Uppsala, Uppsala, Sweden
169 Department of Physics, University of Illinois, Urbana IL, United States
170 Instituto de Fisica Corpuscular (IFIC), Centro Mixto Universidad de Valencia – CSIC, Spain
171 Department of Physics, University of British Columbia, Vancouver BC, Canada
172 Department of Physics and Astronomy, University of Victoria, Victoria BC, Canada
173 Department of Physics, University of Warwick, Coventry, United Kingdom
174 Waseda University, Tokyo, Japan
175 Department of Particle Physics, The Weizmann Institute of Science, Rehovot, Israel
176 Department of Physics, University of Wisconsin, Madison WI, United States
177 Fakultät für Mathematik und Naturwissenschaften, Fachgruppe Physik, Bergische Universität Wuppertal, Wuppertal, Germany
178 Fakultät für Physik und Astronomie, Julius-Maximilians-Universität, Würzburg, Germany
179 Department of Physics, Yale University, New Haven CT, United States
180 Yerevan Physics Institute, Yerevan, Armenia
181 Centre de Calcul de l’Institut National de Physique Nucléaire et de Physique des Particules (IN2P3), Villeurbanne, France
182 Academia Sinica Grid Computing, Institute of Physics, Academia Sinica, Taipei, Taiwan

a Also at Department of Physics, King’s College London, London, United Kingdom.
b Also at Institute of Physics, Azerbaijan Academy of Sciences, Baku, Azerbaijan.
c Also at Novosibirsk State University, Novosibirsk, Russia.
d Also at TRIUMF, Vancouver BC, Canada.
e Also at Department of Physics & Astronomy, University of Louisville, Louisville, KY, United States.
f Also at Physics Department, An-Najah National University, Nablus, Palestine.
g Also at Department of Physics, California State University, Fresno CA, United States.
h Also at Department of Physics, University of Fribourg, Fribourg, Switzerland.
i Also at II Physikalisches Institut, Georg-August-Universität, Göttingen, Germany.
j Also at Departament de Fisica de la Universitat Autonoma de Barcelona, Barcelona, Spain.
k Also at Departamento de Fisica e Astronomia, Faculdade de Ciencias, Universidade do Porto, Portugal.
l Also at Tomsk State University, Tomsk, and Moscow Institute of Physics and Technology State University, Dolgoprudny, Russia.

m Also at The Collaborative Innovation Center of Quantum Matter (CICQM), Beijing, China.
n Also at Universita di Napoli Parthenope, Napoli, Italy.
o Also at Institute of Particle Physics (IPP), Canada.
p Also at Horia Hulubei National Institute of Physics and Nuclear Engineering, Bucharest, Romania.
q Also at CPPM, Aix-Marseille Université and CNRS/IN2P3, Marseille, France.
r Also at Department of Physics, St. Petersburg State Polytechnical University, St. Petersburg, Russia.
s Also at Borough of Manhattan Community College, City University of New York, New York City, United States.
t Also at Department of Financial and Management Engineering, University of the Aegean, Chios, Greece.
u Also at Centre for High Performance Computing, CSIR Campus, Rosebank, Cape Town, South Africa.
v Also at Louisiana Tech University, Ruston LA, United States.

w Also at Institucio Catalana de Recerca i Estudis Avancats, ICREA, Barcelona, Spain.
x Also at Department of Physics, The University of Michigan, Ann Arbor MI, United States.
y Also at LAL, Univ. Paris-Sud, CNRS/IN2P3, Université Paris-Saclay, Orsay, France.
z Also at Graduate School of Science, Osaka University, Osaka, Japan.

aa Also at Fakultät für Mathematik und Physik, Albert-Ludwigs-Universität, Freiburg, Germany.
ab Also at Institute for Mathematics, Astrophysics and Particle Physics, Radboud University Nijmegen/Nikhef, Nijmegen, Netherlands.
ac Also at Institute of Theoretical Physics, Ilia State University, Tbilisi, Georgia.
ad Also at CERN, Geneva, Switzerland.
ae Also at Georgian Technical University (GTU), Tbilisi, Georgia.
af Also at Ochadai Academic Production, Ochanomizu University, Tokyo, Japan.
ag Also at Manhattan College, New York NY, United States.



76 The ATLAS Collaboration / Physics Letters B 781 (2018) 55–76

ah Also at Hellenic Open University, Patras, Greece.
ai Also at The City College of New York, New York NY, United States.
aj Also at Departamento de Fisica Teorica y del Cosmos, Universidad de Granada, Granada, Portugal.
ak Also at Department of Physics, California State University, Sacramento CA, United States.
al Also at Moscow Institute of Physics and Technology State University, Dolgoprudny, Russia.

am Also at Departement de Physique Nucleaire et Corpusculaire, Université de Genève, Geneva, Switzerland.
an Also at Department of Physics, The University of Texas at Austin, Austin TX, United States.
ao Also at Institut de Física d’Altes Energies (IFAE), The Barcelona Institute of Science and Technology, Barcelona, Spain.
ap Also at School of Physics, Sun Yat-sen University, Guangzhou, China.
aq Also at Institute for Nuclear Research and Nuclear Energy (INRNE) of the Bulgarian Academy of Sciences, Sofia, Bulgaria.
ar Also at Faculty of Physics, M.V.Lomonosov Moscow State University, Moscow, Russia.
as Also at National Research Nuclear University MEPhI, Moscow, Russia.
at Also at Department of Physics, Stanford University, Stanford CA, United States.
au Also at Institute for Particle and Nuclear Physics, Wigner Research Centre for Physics, Budapest, Hungary.
av Also at Giresun University, Faculty of Engineering, Turkey.

aw Also at Department of Physics, Nanjing University, Jiangsu, China.
ax Also at Institute of Physics, Academia Sinica, Taipei, Taiwan.
ay Also at University of Malaya, Department of Physics, Kuala Lumpur, Malaysia.
∗ Deceased.


	Measurement of the production cross section of three isolated photons in pp collisions at √s = 8 TeV using the ATLAS detector
	1 Introduction
	2 ATLAS detector
	3 Monte Carlo simulations and theoretical predictions
	3.1 Monte Carlo simulations
	3.2 Next-to-leading-order pQCD predictions

	4 Event selection
	5 Background estimation and signal extraction
	5.1 e-γ misidentiﬁcation
	5.2 Jet-γ misidentiﬁcation

	6 Unfolding to particle level
	7 Experimental and theoretical uncertainties
	7.1 Experimental uncertainties
	7.2 Theoretical uncertainties

	8 Results
	9 Summary
	Acknowledgements
	References
	The ATLAS Collaboration


