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Abstract

The production of isolated prompt photons at hadron colliders provides stringent tests of perturbative QCD and can
be used to evaluate probability distribution functions of partons in the proton. At the LHC, the ATLAS Collaboration
has performed precise measurements of the inclusive production of isolated-prompt photons in proton-proton colli-
sions at a centre-of-mass energy of 13 TeV. The ratio of the cross sections for inclusive isolated-photon production at
centre-of-mass energies of 13 and 8 TeV has been measured as a function of the photon transverse energy in different
regions of the photon pseudorapidity. The measurements are compared with state-of-the art theory predictions at next-
to-leading as well as next-to-next-to-leading order in perturbative QCD in the case of the measurement of inclusive

production of isolated-prompt photons.
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1. Introduction

The production of prompt-photons with large trans-
verse momenta constitutes a hard colourless probe of
the hard interactions and its production in proton-proton
collisions, pp — 7y + X, provides a testing ground
for perturbative QCD (pQCD). Prompt photons are de-
fined as those that are not secondaries from hadron de-
cays. Since the dominant production mechanism in
proton-proton collisions at the LHC proceeds via the
qg — qy process, measurements of prompt-photon
production are sensitive to the gluon density in the pro-
ton. These measurements can also be used to tune
Monte Carlo (MC) models to improve our understand-
ing of prompt-photon production and aid those analyses
for which events containing photons are an important
background.

At leading order (LO) in pQCD, prompt-photon pro-
duction is understood to proceed via two processes:
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the direct-photon process, in which the photon orig-
inates directly from the hard interaction, and the
fragmentation-photon process, in which the photon is
emitted in the fragmentation of a high transverse mo-
mentum (pr) parton.

Photons are reconstructed from clusters of energy de-
posited in the electromagnetic (EM) calorimeter and
classified as unconverted (clusters without a matching
track or without a matching reconstructed conversion
vertex in the inner detector) or converted (clusters with a
matching reconstructed conversion vertex or a matching
track consistent with originating from a photon conver-
sion). After reconstruction, the photon energy is cal-
ibrated. The calibration accounts for upstream energy
loss as well as lateral and longitudinal leakages.

The main background in the prompt-photon produc-
tion measurement comes from an energetic 7° or 77 me-
son which is misidentified as a photon because it decays
into an almost collinear photon pair. Such energetic 7°
or 1 mesons are produced copiously inside jets. This
background is reduced by the photon identification cri-
teria and by requiring the photon candidate to be iso-
lated. Photon candidates are identified by using vari-
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ables to characterise the lateral and longitudinal elec-
tromagnetic shower development in the EM calorime-
ter and the energy fraction leaking into the hadronic
calorimeter. Tight requirements are imposed on the
shower shapes in the second layer and in the finely seg-
mented first layer of the EM calorimeter as well as on
the energy deposited in the hadronic calorimeter.

In proton-proton collisions, due to the abundance of
photons from hadron decays and the contribution from
the fragmentation process, prompt-photon production is
studied by requiring the photons to be isolated. The
photon isolation requirement is based on the amount of
transverse energy (EiTSO) inside a cone of size AR = 0.4
in the 7 — ¢ plane around the photon candidate, exclud-
ing an area of size Ap X A¢ = 0.125 x 0.175 centred
on the barycentre of the photon cluster. The measured
value of EiTSO is computed from topological clusters of
calorimeter cells and is corrected for the expected leak-
age of the photon energy into the isolation cone as well
as for the contributions from the underlying event (UE)
and pile-up. After the corrections, E‘T“0 is required to be
less than Ei{"cut = 42 x 107 x EY + 4.8 GeV, where
E% is the transverse energy of the photon. The same
value of ET?  is used in the two analyses presented.

The measurements of inclusive isolated-photon cross
sections performed by ATLAS [1] at 13 TeV [2] and
8 TeV [3] were compared with the predictions of pQCD
at next-to-leading order (NLO). At both centre-of-mass
energies (/s ), the uncertainties affecting the predic-
tions are dominated by terms beyond NLO and are
larger than those of experimental nature, preventing a
more precise test of the theory. An avenue to reach
a more stringent test of the theory is to perform the
measurement of the ratio of cross sections for inclusive
isolated-photon production at 13 and 8 TeV (R’l'3 s3) and
compare it with the prediction. The impact of the ex-
perimental systematic and theoretical uncertainties on
the ratio of the cross sections is reduced by account-
ing for the correlations between the two +/s, allowing
a more precise comparison between data and theory. A
further reduction of the experimental uncertainty can be
achieved by measuring a double ratio of RTS 13 to the ra-
tio of the fiducial cross section for Z boson production
at13and 8 TeV (Rf ; = o§'(13TeV)/0(8TeV)) pre-
sented in [4], since the uncertainties from the luminosity
measurement cancel out, and Dﬁfs has only a slightly
larger theoretical uncertainty than RE /8

The NLO pQCD predictions of JETPHOX based on
several parameterisations of the parton distribution
functions (PDFs) are compared with the measurements
performed in both analyses [5, 6]. For the inclusive

isolated-photon measurement, the prediction of SHERPA
is compared with the measurement as well as the re-
cent next-to-next-to-leading order (NNLO) pQCD pre-
diction of NNLOJET [7], which has significantly reduced
uncertainties due to the inclusion of NNLO higher-order
terms.

2. Ratio of inclusive-photon cross sections at 13 and
8 TeV

The measurement of do-/dE% at Vs = 8 TeV
(13 TeV) used in the measurement of RL /8 is based
on an integrated luminosity of 202 + 0.4fb~!

(3.16 = 0.07 fb!). The measurement of Rﬁ 1 covers the

range EX > 125 GeV, and is performed separately in
four regions of the photon pseudorapidity (77”), namely
77l < 0.6,0.6 < || < 1.37,1.56 < |g7] < 1.81
and 1.81 < |p7| < 2.37.

2.1. Experimental uncertainties

The systematic uncertainties associated with the pho-
ton energy scale (yES) and resolution represent the
dominant experimental uncertainties of the differential
cross sections for inclusive isolated-photon production
at both +/s. The uncertainty arising from the yES in
RTS 8 is estimated by decomposing it into uncorrelated
sources for both the 8 and 13 TeV measurements. All
the uncertainties are taken as fully correlated except for
those taking into account the differences in the configu-
ration of the ATLAS detector between 2012 and 2015.
The relative uncertainty due to the correlated compo-
nents of the yES in RE /8 is shown in Figure 1 as a func-
tion of E% for the first || region. The result of estimat-
ing that part of the systematic uncertainty assuming no
correlation is also shown. The results obtained using the
full correlation model exhibit a large reduction in com-
parison to those in which the correlations are ignored,
demonstrating that a proper treatment of the inter — v/s
correlations in the systematic uncertainties associated
with the yES is important. The relative uncertainty due
to the uncorrelated components of the yES and the com-
ponents specific to 2015 is also shown in Figure 1. The
relative uncertainty in R¥3 8 due to the yES is no longer
the dominant uncertainty, except for E% > 300 GeV in
the regions 0.6 < || < 1.37and 1.56 < 77| < 1.81.

The other sources of uncertainty are treated conser-
vatively as uncorrelated due to the differences in the
estimation methods, the re-optimisation of the photon
identification requirements, the running conditions and
the generator versions used for their estimation. The to-

tal relative systematic uncertainty in R]/3 /8 is below 5%
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Figure 1: Relative systematic uncertainty in R¥3 /g a8 2 function of E%
in the first |57”| region due to the yES correlated components (dashed
lines). The results of considering the components as uncorrelated
(dotted lines) and the uncertainty due to the uncorrelated components
of the yES and those specific to 2015 (solid lines) are also shown [5].

for most of the phase-space considered, and is shown in

Figure 2 as a function of E% for the first |”| region.

Y/Z
D13/8

tained adding in quadrature the uncertainty in RE /8 (not
including the contribution of the luminosity) to the sta-
tistical (0.1%) and systematic (0.7%) uncertainties in
Ré 43+ A comparison between the total relative system-

. .. . y y/Z . . . .
atic uncertainties in Ry; ¢ and D13 /g 18 provided in Fig-

ure 2. The cancellation of the luminosity uncertainty in
D’l'éfg h.as.a signiﬁcaqt impact except at high EZ, where
the statistical uncertainty dominates.

The total experimental uncertainty in is ob-

2.2. Theoretical predictions

The theoretical prediction for R]/3 8 is based on the

NLO pQCD calculation computed using the program
JETPHOX 1.3.1.2. This program provides NLO QCD
calculations of direct and fragmentation contributions
to the prompt-photon cross section. The renormali-
sation (ug), factorisation (ug) and fragmentation (uy)
scales are chosen tobe up = up = uf = E% A
fixed-cone isolation with AR = 0.4 is applied at par-
ton level. Predictions are based on several PDF sets,
namely MMHT2014, CT14, ABMP16, HERAPDF2.0
and NNPDF3.0.

Correction factors for the non-perturbative (NP) ef-
fects of hadronisation and the UE are estimated with
PYTHIA and applied to the ratio prediction of JETPHOX.
The uncertainties due to the scale variations, the proton
PDFs, as, the impact of the beam energy uncertainty
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(dashed lines) as functions of E% in the first |”| region [5].

Figure 2: Relative total systematic uncertainties in R

p Y/Z
and Dij 8

¢ (solid lines)

and NP effects are evaluated. The dominant theoretical
uncertainty arises from the variation of the scales.

To estimate the theoretical uncertainty in RE /8
crucial to consider the correlation between the two +/s.
The uncertainties due to the PDFs, a5, beam energy
and NP effects are fully correlated between the two +/s.
However, for the scale uncertainties the correlation is a
priori unknown. In the standard approach, varying the
scales coherently or incoherently at both +/s leads to
very different theoretical uncertainties. In the coherent
case, there are large cancellations in the uncertainties
of the prediction of R’l'3 /8 The envelope of the scale
variations is below 2% across most of the range in E,
whereas in incoherent case, it is O(14%) in all regions of
phase space. A second approach free from ambiguity in
the correlation is investigated computing the uncertainty
as the difference between the LO and NLO predictions
for R¥3 /8 The differences found are up to 3.5%, similar
to the estimate based on the standard approach with a
coherent variation of the scales and, thus, supporting its
choice. The total relative uncertainty is below 2% (4%)
at low (high) E% in all regions of |i”|.

The theoretical prediction for Dﬁ% is based on

NNLO pQCD calculations for the prediction of Rﬁ 8
using DYTURBO, and NLO pQCD calculations for the
prediction of RE 8 using JETPHOX with the procedure
described in the first paragraph of Section 2.2. The
calculations using DYTURBO are based on several sets
of PDFs, extracted using NNLO QCD fits, namely
MMHT2014nnlo, CT14nnlo, HERAPDF2.0nnlo and

NNPDF3.0nnlo. The uncertainties in the prediction of

it is
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Ré 8 due to the scale variations, the PDFs and «; are

0929%, *02% and ~)93% respectively. For the Dgfg, the
uncertainties are estimated considering the scale varia-
tions (PDF and a5) as uncorrelated (fully correlated) be-
tween Z boson production and isolated-photon produc-
tion. The total relative uncertainty is below 3% (4.5%)

at low (high) EJ. in all regions of [”].

2.3. Results

The measured R, 8 (Dﬁ%) as a function of EJ in

the first region of |57”| is shown in Figure 3 (4). The
measured R}, o (DTgS) increases with EJ. from approxi-
mately 2 (1.4) at E% = 125 GeV to approximately 8-29
(5-19) at the high end of the spectrum. In the forward
regions, the increase of Rf; 4 (ngg) with EZ is larger
than in the central regions. At a fixed value of E’, the

measured R}, /8 (DT;?S) increases with |i?/.

The significant reduction of the theoretical and ex-
perimental uncertainties obtained in R¥3 8 with respect
to that obtained for the individual cross sections al-
lows a more stringent test of NLO pQCD. The level
of agreement between the data and NLO pQCD pre-
dictions based on several PDF sets within reduced un-
certainties validates the description of the evolution of

isolated-photon production in pp collisions with +/s.

3. Measurement of inclusive-photon production at
13 TeV with 36 fb!

The differential cross section for isolated-photon pro-
duction in pp collisions is measured at /s = 13 TeV
with the ATLAS detector at the LHC using an integrated
luminosity of 36.1 fb~! [6]. The differential cross sec-
tion as a function of E¥ is measured for photons with
EZ > 125 GeV in the same regions of |n”| defined in
the first paragraph of Section 2.

3.1. Systematic uncertainties

Several sources of systematic uncertainties that affect
the measurement are studied. The dominant system-
atic uncertainties arise from: the yES, with uncertainties
in the measured cross section in the range 1% — 16%;
the photon identification efficiency, with uncertainties
in the measured cross section below 2% except for
EY > 500 GeV in the regions 0.6 < |’| < 1.37
and 1.56 < |7| < 1.81, where it increases to 3% and
the integrated luminosity, which is 2.1%. The total sys-
tematic uncertainty is in the range 3% —17%, depending
on EZ and the |”| region.
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Figure 3: The measured RL ¢ as a function of E% in the first |5?|
region. The NLO pQCD predictions of JETPHOX based on different
PDF sets are also shown [5].

3.2. Theoretical predictions

The NLO pQCD predictions are computed using two
programs, namely JETPHOX 1.3.1_2 and SHERPA 2.2.2.
The JETPHOX program provides NLO pQCD calcula-
tions using the same procedure described in the first
paragraph of Section 2.2. The SHERPA program consis-
tently combines parton-level calculations of ¥y + (1,2)—
jet events at NLO in pQCD and y + (3,4) — jet
events at LO, supplemented with a parton shower.
Dynamic factorisation and renormalisation scales are
adopted (E}), as well as a dynamical merging scale with
Q.r = 20 GeV. The NNLO NNPDF3.0 PDF set is
used. Photon isolation is applied at matrix-element by
using Frixione’s isolation and a fixed-cone at AR = 0.4
at particle level. The prescription employed is referred
to as ‘hybrid-cone isolation’.

The NNLO pQCD prediction is calculated in the
NNLOJET framework. Only direct-photon processes are
included; fragmentation processes are circumvented by
the application of the Frixione’s criterion at small AR.
The choice of the scales is ug = up = E% The
NNPDF3.1 PDF set at NNLO is used. Photon isola-
tion is implemented following the ‘hybrid-cone isola-
tion’ prescription.
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Figure 4: The measured D?ZS as a function of E% in the first |5?|

region. The pQCD predictions based on different PDF sets are also
shown [5].

For the JETPHOX and SHERPA predictions at NLO in
QCD, the uncertainties due to the scale variations, the
proton PDFs and «; are evaluated. Since the NLO pre-
diction of JETPHOX is at the parton level, NP corrections
are needed, as explained in Section 2.2. The corrections
evaluated with PYTHIA are consistent with unity within
+1%. Thus, no correction is applied and an uncertainty
of 1% is assigned. The dominant theoretical uncertainty
for the prediction using JETPHOX (SHERPA) is that aris-
ing from the variation of the scales, which is in the range
10% — 15% (20% — 30%).

The uncertainties in the NNLO pQCD prediction
arising from the scale variations are in the range 0.6% —
5% and are smaller than those in the NLO pQCD pre-
diction by a factor in the range 2 — 20, depending on E%
and |7|. The uncertainties due to the PDFs and a; are
not available for the NNLO pQCD prediction, and as an
approximation, those estimated with JETPHOX at NLO
are taken for the calculation of the total uncertainty.

3.3. Results

The measured differential cross section and the NLO
pQCD predictions of JETPHOX and SHERPA are com-
pared in Figure 5 as functions of E% in different regions
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Figure 5: The measured differential cross section for isolated-photon
production as a function of E% in different |;”| regions. NLO pQCD
predictions from JETPHOX and SHERPA and the NNLO pQCD pre-
dictions of NNLOJET are also shown [6].

of [n”].

The ratios of the predictions of JETPHOX using dif-
ferent PDF sets to the measured cross section as a
function of E% are shown in Figure 6. The prediction
based on the MMHT2014 PDF set is closest to the data
for [77| < 1.37 for most of the range in E% For
1.56 < |p”| < 2.37, the prediction based on HER-
APDF2.0 PDF set is closest to the data. The prediction
based on the ABMP16 PDF set is further away from
the data than that based on the MMHT2014 PDF set for
E% < 1 TeV in the region |7”| < 1.37. The ratio of
the prediction of SHERPA to the measured cross section
is shown in Figure 7.

The inclusion of NNLO QCD corrections increases
the normalisation of the prediction and reduces signifi-
cantly the uncertainties due to the scale variations. This
improvement is shown Figure 8 with the comparison of
the NNLO and NLO pQCD predictions of NNLOJET.

4. Summary and conclusions

The ratio of cross sections for inclusive isolated-
photon production at /s = 13 and 8 TeV (R“ly3 /8)
and the inclusive isolated-photon cross section at
v/s = 13 TeV using an integrated luminosity of 36.1
fb~! are measured in pp collisions using data collected
by the ATLAS detector at the LHC.

The measurement of the ratios R, , and Dgfg con-
stitutes a successful stringent test of the Standard Model
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Figure 6: The ratio of the NLO pQCD predictions of JETPHOX us-
ing different PDF sets to the data as functions of E% in different |n”|
regions [6].
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Figure 7: The ratio of the NLO pQCD predictions of JETPHOX with
two different choices of the scales and SHERPA to the data as functions
of EY in different |57”| regions [6].

prediction thanks to the significant reduction of the ex-
perimental and theoretical uncertainties, dominated by
the reduction of the yES systematic uncertainty and the
uncertainty due to the terms beyond NLO respectively.
The level of agreement between the NLO pQCD predi-
tion of JETPHOX based on different PDF sets and the data
validates the description of the evolution of isolated-
photon production in pp collisions from +/s = 8

to 13 TeV. The measurement of Dﬁ% leads to a more
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Figure 8: The ratio of the NLO and NNLO pQCD predictions of
NNLOIJET to the data as functions of E% in different |”| regions [6].

precise determination of the evolution of the inclusive-
photon cross section with +/s normalised to the evolu-
tion of the Z boson cross section.

The measurement of the inclusive isolated-photon
represents an improvement in terms of statistical and
systematic uncertainties relative to that published ear-
lier thanks to the ten-fold increase in the integrated lu-
minosity. The range 125 < E% < 2500 GeV is cov-
ered, extending the reach in E¥ The range in which the
measurement is limited by the systematic uncertainties
is extended upwards to 1 TeV for [p¥| < 1.37. NLO
pQCD predictions using several PDF sets are compared
with the measurement and found to provide an adequate
description of the data within the experimental and the-
oretical uncertainties. The comparison of the recently
calculated NNLO pQCD prediction with the measured
cross section represents a precise test of the theory at
O(agma?). The measurement has the potential to fur-
ther constrain the PDFs, particularly the gluon density
in the proton, within a global NNLO QCD fit.
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