
Utrecht University Repository

Title Measurement of the inclusive isolated-photon production cross section in pp
and Pb–Pb collisions at √sNN=5.02 TeV

Authors ALICE Collaboration

Published in European Physical Journal C

Publication Date 2025-05

Link https://dspace.library.uu.nl/handle/1874/478175

Citation ALICE Collaboration 2025, 'Measurement of the inclusive isolated-photon
production cross section in pp and Pb–Pb collisions at √sNN=5.02 TeV',
European Physical Journal C, vol. 85, no. 5, 553. https://doi.org/10.1140/epjc/
s10052-025-13971-y

Versions / License Publisher version

Rights https://www.uu.nl/en/university-library/license-and-reuse-conditions

https://dspace.library.uu.nl/handle/1874/478175
https://www.uu.nl/en/university-library/license-and-reuse-conditions


Eur. Phys. J. C          (2025) 85:553 
https://doi.org/10.1140/epjc/s10052-025-13971-y

Regular Article - Experimental Physics

Measurement of the inclusive isolated-photon production cross
section in pp and Pb–Pb collisions at

√
sNN = 5.02 TeV

ALICE Collaboration�

CERN, 1211 Geneva 23, Switzerland

Received: 3 October 2024 / Accepted: 21 February 2025
© CERN for the benefit of the ALICE Collaboration 2025

Abstract The ALICE Collaboration at the CERN LHC has
measured the inclusive production cross section of isolated
photons at midrapidity as a function of the photon transverse
momentum (pγ

T ), in Pb–Pb collisions in different centrality
intervals, and in pp collisions, at centre-of-momentum energy
per nucleon pair of

√
sNN = 5.02 TeV. The photon trans-

verse momentum range is between 10–14 and 40–140 GeV/c,
depending on the collision system and on the Pb–Pb cen-
trality class. The result extends to lower pγ

T than previously
published results by the ATLAS and CMS experiments at the
same collision energy. The covered pseudorapidity range is
|ηγ | < 0.67. The isolation selection is based on a charged
particle isolation momentum threshold piso, ch

T = 1.5 GeV/c
within a cone of radii R = 0.2 and 0.4. The nuclear modi-
fication factor is calculated and found to be consistent with
unity in all centrality classes, and also consistent with the
HG-PYTHIA model, which describes the event selection and
geometry biases that affect the centrality determination in
peripheral Pb–Pb collisions. The measurement is compared
to next-to-leading order perturbative QCD calculations and
to the measurements of isolated photons and Z0 bosons from
the CMS experiment, which are all found to be in agreement.

1 Introduction

Heavy-ion collisions (AA) at ultrarelativistic energies pro-
duce a quark-gluon plasma (QGP) [1–9], a state of deconfined
quarks and gluons. The properties of the QGP can be investi-
gated by measuring the different observables related to final-
state particles, such as transverse momentum (pT) or angu-
lar distributions, as a function of parameters like the plasma
volume, density, temperature, or lifetime. The range of such
parameters can be changed by varying the collision energy,
the size of the colliding nuclei, or the collision centrality. The
observables measured in heavy-ion collisions are compared
to the same observables measured in proton–proton (pp) or
proton–nucleus reference collision systems to obtain estima-
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tions of the QGP properties via the comparison to theoretical
models.

AA collisions occur with different values of the impact
parameter between the trajectories of the nuclei, ranging from
central collisions with small impact parameter, to peripheral
collisions. Experimentally, centrality classes are defined in
terms of percentiles of the hadronic cross section [10]: 0–
10%, for example, is the class of the most central collisions
in the analyses presented in this article.

The high-energy quarks and gluons produced by partonic
hard scatterings, which occur at the early stages of the colli-
sion, lose energy via collisional and radiational processes in
the presence of a QGP. As a consequence, the high-pT jet and
hadron production, scaled by the average number of nucleon–
nucleon binary collisions 〈Ncoll〉, is modified with respect to
their production in pp collisions: this effect is known as “jet
quenching” [11,12]. This modification can be quantified by
the nuclear modification factor

RAA = 1

〈Ncoll〉
σ INEL

NN

N evt
AA

d2 N particle, jet
AA /(d pT dη)

d2σ
particle, jet
pp /(d pT dη)

, (1)

where N evt
AA is the number of AA minimum bias (MB) colli-

sions, N particle, jet
AA is the number of particles or jets measured

in AA collisions, σ
particle, jet
pp is the jet or particle production

cross section in pp collisions, η is the pseudorapidity, and
σ INEL

NN is the nucleon–nucleon inelastic cross section. The
value of 〈Ncoll〉 is obtained from a Glauber model calcula-
tion [13,14].

The electroweak bosons – photons, Z0, and W±– do not
interact strongly with the QGP. Therefore, while the RAA

of jets and high-pT hadrons is expected to be smaller than
unity because of the energy loss of the parent parton in the
plasma, that of the electroweak bosons produced before the
QGP formation should be equal to unity when only the 〈Ncoll〉
scaling of their production in hard scatterings is considered.
However, deviations from unity can arise from cold nuclear
matter effects. These include modification of the parton dis-
tribution functions in the nuclei (nPDF) compared to the
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proton PDF, such as shadowing at small Bjorken-x values,
as well as isospin effects [15–18]. Small-x PDF modifica-
tions can be probed by low-pT jets, hadrons, and photons.
As expected, the LHC and RHIC experiments have reported
a strong suppression of the production of jets and hadrons for
pT � 5 GeV/c in central Pb–Pb and Au–Au collisions, which
has been attributed to jet quenching [19–28]. In contrast, it
has been shown that in AA collisions there is no modifica-
tion of either the W± and Z0 boson production at the LHC
[29–35] or of high-pT direct photons, i.e. photons which are
directly produced in elementary processes, and as such are
not products from hadronic decays [16,36–38].

Direct photons include thermal photons (QGP thermal
radiation), which are a significant contribution only for pT �
4 GeV/c, and prompt photons originating from hard scat-
terings. At the leading order (LO) in perturbative Quantum
Chromodynamics (pQCD), prompt photons are produced
via 2 → 2 processes: (i) quark–gluon Compton scattering
qg → qγ , and (ii) quark–antiquark annihilation qq → gγ

and, with a much smaller contribution, qq → γ γ . In addi-
tion, prompt photons are produced by higher order processes
like parton fragmentation or bremsstrahlung. The collinear
part of such processes has been shown to contribute effec-
tively also at LO [39]. A clean separation of the differ-
ent prompt photon sources is neither experimentally achiev-
able nor possible theoretically. However, requiring the pho-
tons to be “isolated” allows suppression of the contributions
from fragmentation and bremsstrahlung [40], which are com-
monly accompanied by other parton fragments. The isolation
criterion typically consists of requiring that the sum of the
transverse momenta of the produced particles (piso

T ) in a cone
with angular radius R around the photon direction is smaller
than a given threshold value. The advantage of this selec-
tion is that it can be implemented both in the experimental
measurements and in the theoretical calculations. A strong
additional motivation for applying an isolation selection is
to reduce the background due to photons originating from
hadron decays, as hadrons at reasonably high pT would, in
general, be produced in jet fragmentation and accompanied
by other fragments nearby.

Since isolated prompt photons do not interact strongly
and are produced before the QGP formation, they can be
used as a calibrated reference for the rate of hard pro-
cesses. Given that 〈Ncoll〉 is not measured directly, but rather
linked to the centrality by means of the Glauber model,
measurements of prompt photons via isolation as a function
of centrality, compared with pp measurements at the same
centre-of-momentum energy per nucleon pair (

√
sNN) and

high pγ
T with negligible cold nuclear matter effects, allow

the test of the 〈Ncoll〉 scaling. It has indeed been shown
that the Glauber model does not fully capture the experi-
mental biases on the centrality selection, which are signif-
icant for peripheral collisions [41]. These biases are due to

initial-state geometry effects and to correlations between the
hard processes producing jets and the soft particle yield,
which is used for estimating the centrality. These biases
can be understood and modelled, e.g. via simulations with
the HG-PYTHIA event generator [41], such that their effect
on the hadron RAA measurements can be disentangled from
the energy loss [42]. High-precision measurements of elec-
troweak bosons can allow to further pinpoint the bias and
provide an experimental baseline for the RAA calculations of
hadrons and jets. The Z0-boson measurement in Pb–Pb col-
lisions at

√
sNN = 5.02 TeV by the CMS experiment [35]

quantified the bias and observed that the cross section for Z0

bosons in the 70–90% centrality class is approximately 25%
lower than the unbiased cross section in the 0–90% central-
ity class, in agreement with the HG-PYTHIA calculations
[41,43].

The measurement of the isolated-photon production rate
can also be used to test pQCD theory calculations, in par-
ticular, the need to include higher orders than leading order
and next-to-leading order (NLO). A detailed discussion of
the dependence on the isolation-cone radius and of the dif-
ferent isolation-momentum definitions in pp collisions at the
LHC can be found in Ref. [44]. It is found that decreasing
the cone radius for a fixed isolation-momentum threshold
increases the cross section at higher orders than LO since part
of the QCD radiation out of the cone is not vetoed. Due to
the better description of the QCD radiation of the additional
higher-order external partons, such an increase can still be
of the order of 5% from NLO to NNLO (next-to-next-to-
leading order) for the isolation criteria used in this study.
The ATLAS Collaboration performed this measurement in
pp collisions at centre-of-momentum energy

√
s = 13 TeV

for pγ
T > 250 GeV/c, and found a good agreement with the

NNLO calculations [45]. Such studies of the dependence of
the measured isolated photon cross section on the isolation-
cone radius value can further constrain the treatment of the
QCD radiation isolation in the models. In particular, the effect
can be more significant at the lower pγ

T reached in the mea-
surement presented in this paper since the fraction of frag-
mentation photons is larger. Hence, this measurement tests
the model predictions in an unexplored momentum regime.

Isolated photons can also be used to constrain the (n)PDF
in the proton and in the nucleus, in particular via their
measurement at pγ

T < 20 GeV/c, where shadowing effects
are more significant [17]. The dominant contribution to the
prompt photon production at the LHC is the quark–gluon
Compton diagram, which is directly sensitive to the gluon
density. The high

√
s of collisions at the LHC allows access

to very small values of the longitudinal momentum fraction
x of the initial-state partons, which are essentially gluons.
The gluon PDF has a much larger uncertainty than the quark
PDFs [17,40,46–48]. Therefore, isolated-photon measure-
ments allow probing the low-x gluon content of one of the
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incoming protons or nuclei and thus constrain the PDF and
nPDF [49].

Measurements of differential pT spectra of isolated pho-
tons and direct photons have been performed at SPS [50],
Tevatron [51,52], and RHIC [36,53–56], and also at fixed
target experiments [57]. The measurements by the ATLAS
and CMS Collaborations at the LHC in pp and Pb–Pb colli-
sions at various energies can be found in Refs. [37,38,45,58–
66]. The ALICE Collaboration has measured the isolated-
photon yield in pp collisions at

√
s = 7 TeV [49] and 13 TeV

[67], as well as the direct-photon yield: via the excess of the
inclusive-photon yield versus decay-photon yields in pp col-
lisions at

√
s = 2.76 and 8 TeV [68], and in Pb–Pb collisions

at
√

sNN = 2.76 TeV [69]; and via dielectron measurements
in Pb–Pb collisions at

√
sNN = 5.02 TeV [70].

This paper presents the isolated-photon cross section in
Pb–Pb and pp collisions at

√
sNN = 5.02 TeV measured

by ALICE, using a data sample collected in the years 2015
and 2018 for Pb–Pb collisions, and a data sample collected
in the year 2017 for pp collisions. The results from Pb–Pb
collisions are provided in the centrality classes 0–10%, 10–
30%, 30–50%, 50–70%, and 70–90%. These analyses have
been performed with isolated photons measured at midra-
pidity (|ηγ | < 0.67) with a transverse momentum range
10 − 14 < pγ

T < 40 − 140 GeV/c (depending on the
collision system and centrality class), which corresponds to
(3.8 − 5.4) × 10−3 < xγ

T < (15.4 − 26.9) × 10−3, with xγ
T

= 2pγ
T /

√
s ≈ Bjorken-x at midrapidity. The measurement

follows closely the analysis strategy presented in the previ-
ous ALICE measurements in pp collisions at

√
s = 7 TeV

[49] and
√

s = 13 TeV [67]. The isolated-photon nuclear
modification factor is also calculated, together with the ratio
of cross sections in pp collisions with different

√
s. The lat-

ter was already measured in pp collisions by ALICE [67]
and ATLAS [71] at different collision energies. For the first
time with ALICE, and for the first time at the LHC for
pγ

T < 250 GeV/c, the ratio of the cross sections obtained
with different isolation-cone angular radii values R = 0.4
(used for the previous measurements) and R = 0.2 is pre-
sented. This paper is divided into the following sections: Sec-
tion 2 presents the detector setup and the data sample used
for the analysis; Section 3 describes the analysis procedure;
the systematic uncertainties are presented in Sect. 4; the final
results compared to model calculations and conclusions are
presented in Sect. 5 and 6, respectively.

2 Detector description and data selection

The ALICE experiment and its performance during the LHC
Run 2 (2015–2018) are described in Refs. [72,73]. Pho-
ton reconstruction was performed using the Electromagnetic
Calorimeter (EMCal) [74] while charged particles used in the

photon isolation were reconstructed with the combination of
the Inner Tracking System (ITS) [75] and the Time Projec-
tion Chamber (TPC) [76], which are the main components
the ALICE central tracking detectors.

The ITS is composed of six cylindrical layers of silicon
detectors with full azimuthal acceptance and surrounds the
interaction point. The different layers provide a pseudora-
pidity coverage of |η| < 2 (inner) to |η| < 0.9 (outer). The
two innermost layers have fine granularity and small radial
distances (3.9 and 7.6 cm) from the beam line providing high
spatial precision for tracking close to the primary vertex. The
high-precision points and the low material budget of the ITS
guarantee excellent resolution on the charged-particle track
parameters in the vicinity of the primary vertex and on the
reconstructed position of the primary vertex of the collision.

The TPC is a large (≈ 90 m3) cylindrical drift detector
filled with gas. It covers |η| < 0.9 over the full azimuth
angle, with a maximum of 159 reconstructed space points
along the track path. The TPC and ITS tracking points are
matched when possible, forming reconstructed charged parti-
cle tracks. Since the ITS and TPC are placed in a longitudinal
magnetic field, track momentum can be calculated from the
measured track curvature radius.

The EMCal is a lead-scintillator sampling electromag-
netic calorimeter used to measure photons and electrons via
the electromagnetic showers they create in the calorime-
ter. The scintillation light is collected by optical fibres cou-
pled to Avalanche Photo Diodes that amplify the signal.
The energy resolution is σE/E = (1.4 ± 0.1)% ⊕ (9.5 ±
0.2)%/

√
E⊕(2.9±0.9)%/E , with energy E in units of GeV.

The EMCal is installed at a radial distance of 4.28 m from
the ALICE interaction point. The basic unit of the EMCal is
called “cell”. There are 17664 cells installed in total. Cells
have a transverse size of 6 × 6 cm2, which corresponds to
�ϕ (rad) × �η � 0.0143 × 0.0143, approximately twice
the Molière radius. The calorimeter consists of twenty super-
modules (SM) with different number of cells: twelve of them
at 80◦ < ϕ < 187◦ form the EMCal top section; and the other
eight SMs at 260◦ < ϕ < 327◦ form the EMCal bottom
section, also called DCal (di-jet calorimeter). The pseudora-
pidity coverage is |η| < 0.7, although DCal does not cover
|η| < 0.22 for most of its ϕ coverage. Details on the SM
configuration can be found in Refs. [67,74].

The V0 detector consists of two arrays of 32 plastic scintil-
lators located at 2.8 < η < 5.1 (V0A) and −3.7 < η < −1.7
(V0C) [77]. Each of the V0 arrays consists of 32 channels
and is segmented in four rings in the radial direction, and
each ring is divided into eight sectors in the azimuthal direc-
tion. The V0 detector signals, which are proportional to the
charged-particle multiplicities, are used to divide the Pb–Pb
event sample into centrality classes. A Glauber Monte Carlo
model is fitted to the V0 amplitude distribution to compute
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the fraction of the hadronic cross section corresponding to
any given range of V0 amplitudes.

The data were taken with a minimum bias interaction
trigger and EMCal Level-1 photon-dedicated triggers (L1-
γ ). The MB trigger is defined as a coincidence between the
V0A and the V0C trigger signals. In the 2015 Pb–Pb sam-
ple, the MB triggered data were taken so that the central-
ity distribution was uniform, but for the 2018 data sample,
the 0–10% and 30–50% centrality classes were enhanced
with dedicated V0 triggers. Events above 90% centrality are
excluded, since there are substantial contributions from elec-
tromagnetic processes, and their low multiplicity results in
an inefficient trigger. The L1-γ triggers are based on energy
depositions in 4 × 4 calorimeter cells larger than 4 GeV in
pp collisions in the year 2017, and larger than 10 GeV in
Pb–Pb for the year 2015. For the 2018 Pb–Pb collisions, the
threshold has been set at 10 GeV for the 50% more central
collisions (L1-γ -high), and at 5 GeV otherwise (L1-γ -low).
A detailed description of the L1-γ triggers can be found in
Refs. [74,78].

An offline event selection based on the V0 timing informa-
tion is applied to remove beam-induced background events.
In addition, in Pb–Pb collisions further beam-background
reduction is obtained using the information from two zero-
degree calorimeters (ZDCs) positioned at 112.5 m on either
side of the nominal interaction point. In particular, a selec-
tion is applied on the correlation between the sum and the
difference of times measured in each of the ZDCs [73]. Fur-
thermore, in pp collisions only events with one reconstructed
primary vertex are accepted in the analysis to exclude pileup
events within the same bunch crossing. Out-of-bunch pileup
is removed with cuts on the V0 timing [73]. In Pb–Pb colli-
sions, the same event pileup is negligible and such rejection is
not applied. Finally, only events with a primary vertex along
the beam direction within ±10 cm from the centre of the
apparatus are considered in this analysis, to grant a uniform
pseudorapidity acceptance.

The measurements in Pb–Pb collisions presented here are
performed in five centrality classes: 0–10%, 10–30%, 30–
50%, 50–70%, and 70–90%. The corresponding 〈Ncoll〉 val-
ues are: 1572 ± 17, 783 ± 7, 265 ± 3, 65.9 ± 1.2, and
10.9 ± 0.2, respectively, obtained from [10]. The integrated
luminosity per each centrality class, collision system, and
trigger combination are discussed in Sect. 3.6.

Note that the TPC was not included in the data sample of
pp collisions at

√
s = 5.02 TeV triggered by the EMCal

taken in the year 2017. A lightweight readout approach with
only the EMCal and ITS detectors was used, which allowed
an enhanced sampled luminosity by reading out at a higher
rate. This data sample has been used in previous isolated-
photon measurements [79].

3 Isolated-photon reconstruction and corrections

The analysis procedure followed to measure isolated photons
consists of the following steps: (a) reconstruction of clusters
of cells in the calorimeter and of tracks with the ITS and the
TPC; (b) photon identification via charged particle vetoing
(CPV) using track–cluster matching and via the cell energy
spread (shower shape); and (c) selection of isolated-photon
candidates. A more detailed description and discussion of the
steps presented here can be found in Refs. [49,67,74,80].

In order to obtain correction factors to the raw isolated
photon spectra, the detector response is modelled by Monte
Carlo (MC) simulations reproducing the detector conditions
of the data-taking periods. The corrections discussed in the
next subsections are obtained using PYTHIA 8 (version
8.210 [81] using the Monash 2013 tune [82]) as a particle
generator, creating pp collisions in intervals of transverse
momentum of the hard scattering with two jets (jet–jet, back-
ground events) or with a prompt photon and a jet (γ –jet,
mainly Compton and annihilation processes, signal events)
in the final state. The transport of the generated particles in
the detector material is done using GEANT3 [83]. For the γ –
jet event generation, the event is accepted when the prompt
photon enters the EMCal acceptance. For the jet–jet event
generation, the event is accepted when at least one jet pro-
duces a high-pT photon, requested to originate from a hadron
decay, in the EMCal acceptance. This enables to enhance the
number of such photons, which are the main background in
this analysis. Two samples with different trigger thresholds
(pγ

T > 3.5 or 7 GeV/c) have been used in the jet–jet event
generation.

For the calculation of the correction factors for Pb–Pb
collisions, each simulated pp collision is embedded into a
real Pb–Pb minimum bias triggered event selected within
the different centrality classes considered in this analysis,
so that the effect of the underlying event (UE) low-energy
particles is properly taken into account. For the calorimeter,
the embedding is performed at the cell level by summing the
cell energy of the data and the simulation. For the charged
particles measured with the tracking systems, the embedding
is done at the track level, adding to the list of available tracks
from the simulation those coming from the data.

In the analysis procedure, the outputs of the γ –jet and jet–
jet simulations are combined to calculate the prompt-photon
purity (see Sect. 3.4). To take into account the suppression of
high-pT hadron production due to jet quenching in heavy-ion
collisions, the contribution of the particles of hadronic origin
in the jet–jet simulation is scaled by the nuclear modifica-
tion factor of charged particles, obtained by combining the
ALICE [22] and CMS [23] results, so as to cover the full pT

range of this measurement. Finally, we note that fragmen-
tation photons contained in jet–jet samples have not been
included in the aforementioned corrections to improve com-
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putational efficiency. Their impact on the calculated purities
and efficiencies is found to be marginal and well within the
reported uncertainties.

3.1 Cluster reconstruction and selection

Particles deposit their energy in several calorimeter cells,
forming a cluster. The different cluster reconstruction algo-
rithms used in the EMCal are described in detail in Ref.
[74] together with the calibration procedure and corrections.
Clusters are obtained by grouping all cells with common
sides whose energy is above an aggregation threshold, start-
ing from a seed cell. Clusterisation thresholds are given in
Table 1. Because of the large particle multiplicity of the UE,
contributions from several particles are likely to be merged
into the same cluster in central heavy-ion collisions. To avoid
this, an additional condition is applied with respect to previ-
ous ALICE measurements of isolated photons to restrict the
growth of the cluster: cells are added to the cluster only if
the energy of the cell to be added is lower than the already
added neighbouring cell in the direction of the seed cell [74].
Although this condition was targeted to Pb–Pb collisions, it
has also been applied to the pp measurements presented here
for consistency.

The cluster quality selection criteria applied in this mea-
surement are listed in Table 1. A more detailed description
can be found in Ref. [80]. As the charged particle veto needs
TPC tracks, this selection criterion was only applied in Pb–Pb
collisions. In addition, the two calorimeter sections located at
the highest ϕ are excluded and lead to the calorimeter accep-
tances also listed in Table 1. Clusters that pass these selection
criteria are called “inclusive clusters”.

3.2 Photon identification via cluster shower shape
measurement

Inclusive clusters can have a wider elongated shape if one
or several additional particles deposit their energy nearby
in the detector. The most frequent case in pp collisions is a
two-particle merged cluster when the distance between them
is larger than two cells and their electromagnetic showers
overlap partially.

In particular, the neutral-meson decays to two photons
generate elongated clusters when the opening angle between
the decay photons is larger than the angular size of an
EMCal cell (otherwise, both showers completely overlap),
but smaller than the electromagnetic shower size. These
limits translate into the ranges 8 < pT < 20 GeV/c and
40 < pT < 60 GeV/c for π0 and η mesons, respectively
[74].

Merged and single photon clusters can be discriminated by
the variable σ 2

long, called “shower shape”, which is the square
of the larger eigenvalue of the cluster cell spatial distribution

weighted by the cell energy in the η − ϕ plane [74], and can
be calculated as

σ 2
long = (σ 2

ϕϕ + σ 2
ηη)/2 +

√
(σ 2

ϕϕ − σ 2
ηη)2/4 + σ 4

ηϕ, (2)

where σ 2
xz = 〈

xz
〉 − 〈

x
〉〈
z
〉

and
〈
x
〉 = (1/wtot)

∑
wi xi (xi

are in cell units, and therefore σ 2
xz are dimensionless) are

weighted over all cells associated with the cluster in the ϕ or η

direction. The weights wi depend logarithmically on the ratio
of the energy Ei of the i-th cell to the cluster energy Ecluster

as wi = max(0, 4.5 + ln(Ei /Ecluster)), and wtot = ∑
wi

[84].
In the previous isolated-photon measurements in pp and

p–Pb collisions made by ALICE [49,67,79], the limitation on
the aggregation of the cells to the cluster (Sect. 3.1) was not
applied, which allowed the use of the shower-shape param-
eter to reject efficiently the clusters from π0 and η mesons
decaying into two photons for meson energies up to 20 and
60 GeV, respectively. The cell aggregation restriction applied
in the measurements presented in this article significantly
decreases this rejection power, since the two showers from
meson decays are reconstructed as two different clusters. To
increase the rejection of the decay photons contribution to
a similar level as in previous measurements while leaving
untouched the other cluster reconstruction performances in
Pb–Pb collisions, the selection of cells used for the σ 2

long cal-
culation is enlarged with respect to the set of cells used to
calculate the cluster energy and position – these latter param-
eters would otherwise be affected by the underlying event.
The cells used for the shower shape calculation are those with
an energy deposit above the aggregation threshold, which
share a common side, and are located in a window of 5 × 5
cells centred at the highest energy cell of the cluster [80].
The shower shape obtained this way is denoted σ 2

long, 5×5.

The inclusive-cluster σ 2
long, 5×5 distributions as a function

of pT are shown in Fig. 1 for data in pp and Pb–Pb collisions
in the 0–10% and 30–50% centrality classes (other central-
ity classes can be found in Ref. [80]). Most of the single
photons are reconstructed as clusters with σ 2

long, 5×5 ≈ 0.25.
The presence of the collision underlying event has a ten-
dency to enlarge the σ 2

long, 5×5 value at low pT. At higher

σ 2
long, 5×5, a clear pT-dependent band is observed between

8 and 20 GeV/c: This band is populated by two π0-decay
photons contributing to a single cluster. Due to the kine-
matic boost and resulting opening angle decrease, the value
of σ 2

long, 5×5 for this type of cluster decreases with increasing
energy, which leads to a progressive overlap with the single
photon band for 20 < pT < 40 GeV/c. Another fainter band,
due to the merged η meson decays, appears above 40 GeV/c.

In this analysis, “photon candidates” refer to clusters
with a narrow shape, i.e. a small value of σ 2

long, 5×5. In
pp collisions, they can be distinguished from the merged
meson decays by applying an upper limit σ 2

long, 5×5 < 0.3.
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Table 1 Cluster reconstruction
and selection criteria.
Description and discussion can
be found in Ref. [80]

Cluster seed threshold Eseed > 500 MeV

Cluster aggregation threshold Eagg > 100 MeV

Number of cells Ncell > 1

N cells from highest E cell to SM border Nborder > 1

Cluster time-bunch crossing time |�tcluster| < 20 ns

Abnormal signal removal F+ = 1 −
∑

cell Eadjacent to highest E
Ehighest E cell

< 0.95

Charged particle veto (Pb–Pb only):

when Ecluster/ptrack < 1.7

Track–cluster η residual �ηresidual > 0.010 + (ptrack
T + 4.07)−2.5

Track–cluster ϕ residual �ϕresidual > 0.015 + (ptrack
T + 3.65)−2 rad

Acceptance:

Top section 81.2◦ < ϕ < 185.8◦ |η| < 0.67

Bottom section 261.2◦ < ϕ < 318.8◦ 0.25 < |η| < 0.67

Fig. 1 Inclusive-cluster σ 2
long, 5×5 distribution as a function of pT in

data for pp (bottom left frame) and Pb–Pb collisions for two different
centrality classes 0–10% central (top left frame) and 30–50% semi-
central (top right frame). The dotted line corresponds to the tight value

of the upper selection limit for single photon candidate clusters (nar-
row clusters) and the dashed line corresponds to a looser photon upper
selection used in Pb–Pb collisions below 18 GeV/c. The dotted-dashed
line corresponds to the narrow cluster’s lower limit
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In Pb–Pb collisions, this limit is also used, but only for
pT > 18 GeV/c: below, a looser pT dependent upper limit
σ 2

max(pT) = 0.6 − 0.016 × pT is applied, so that single pho-
ton clusters with a significant UE contribution can still be
selected, without increasing the number of accepted merged
decay-photon clusters. A lower limit at σ 2

long, 5×5 = 0.1 is
used in addition to cleaning the cluster sample from anoma-
lous high-energy depositions [74,80].

Figure 2 shows a projection of the inclusive-cluster
σ 2

long, 5×5 distribution shown for data in Fig. 1, and from
simulation (γ –jet plus jet–jet PYTHIA 8 cross-section dis-
tributions) for a low- and a high-pT interval and for central
Pb–Pb collisions and pp collisions: a reasonable description
is achieved in simulation after including a modelling, at the
cell energy level, of the electronics cross talk. The model
consists of the addition of a small fraction of energy (at the
per cent level) from a given cell into the surrounding cells,
depending on the reference cell energy and location in the
calorimeter. This modelling is the same one used in previous
ALICE measurements [49,67,74], but an updated parame-
terisation of the model has been used for this analysis to bet-
ter describe the calorimeter performance in Pb–Pb collisions
[80]. This same parameterisation is used in the pp collisions
measurement for consistency, improving the performance as
well. The results do not change significantly compared to the
previous parameterisation for pp collisions.

Figure 2 also shows the contributions from the simu-
lations for different particles creating the clusters. At low
pT, the dominant contributions to the narrow shower shape
region are from single π0-decay photons, while the merged
photon clusters from π0-decay photons contribute more at
high pT. Prompt photons show a peaked distribution at 0.25,
which has in central Pb–Pb collisions a significant tail at high
σ 2

long, 5×5 due to the UE contribution. Decay-photon clusters
without contribution from a second decay photon in the clus-
ter show a similar distribution to prompt photons, but the
tail is more significant due to nearby particles originating
from the same jet and overlapping with the cluster. Merged
clusters from π0 (resp. η) meson decays have two maxima
in the σ 2

long, 5×5 distribution for 12 < pT < 14 GeV/c
(resp. 40 < pT < 60 GeV/c): the maximum in the range
σ 2

long, 5×5 = 0.6−0.9 is due to the merging of rather symmet-

ric energy photon decays; the maximum at σ 2
long, 5×5 = 0.25

is due to clusters for which most of the energy comes from
one of the decay photons, while the contribution of the sec-
ond one does not affect the shower shape parameter. For
pT > 20 GeV/c, the merged clusters from π0 meson decays
have only one maximum at σ 2

long, 5×5 = 0.25 with a signifi-

cant tail at high σ 2
long, 5×5.

3.3 Isolated-photon selection

Direct prompt photons are mostly isolated, i.e. have no
hadronic activity in their vicinity except for the underlying
event of the collision, in contrast to other photon sources
like photons from parton fragmentation or from decays of
hadrons, which have a high probability to be accompanied by
other fragments [40]. An isolation criterion is applied to the
photon candidate to suppress the contribution by fragmen-
tation and decay photon production. An equivalent isolation
criterion is commonly included in theoretical calculations to
account for the suppression of the fragmentation contribution
to the total prompt photon cross section [40,44]. The isola-
tion criterion is based on the so-called “isolation momentum”
piso

T , i.e. the transverse momentum sum of all particles mea-
sured inside a cone of radius R around the photon candidate,
located at coordinates ηγ and ϕγ in the angular space. A
particle of coordinates η and ϕ is inside the cone when
√

(η − ηγ )2 + (ϕ − ϕγ )2 < R. (3)

The cone radius value R = 0.4 is commonly used for pp
and p–Pb collisions as it contains the dominant fraction of the
jet energy [86]. However, in Pb–Pb collisions the number of
UE particles entering the cone is considerable, so a smaller
cone radius can be considered to give better control over the
UE contribution. In this article, both R = 0.4 and 0.2 are
used.

Accepted tracks in the cone are required to satisfy
|ηtrack| < 0.9 and ptrack

T > 0.15 GeV/c, the track definition
is given in Refs. [67,80]. Note that in the pp collision data
sample triggered by the EMCal, the TPC was not included
in the readout, and therefore ITS-only tracks are used for
the isolation, like in Ref. [79]. The same η acceptance as in
Pb–Pb collisions is used, along with a transverse momen-
tum selection 0.15 < pITS track

T < 15 GeV/c to reduce the
fake-track rate at high pT. The isolation momentum is calcu-
lated as the sum of the transverse momenta of all the charged
tracks (ch) that fall into the cone, from which an estimate of
the transverse momentum due to the UE inside the cone is
subtracted

piso, ch
T =

∑
ptrack

T − π × R2 × ρUE, (4)

where ρUE is the estimation of the UE track pT density. The
density ρUE is estimated event by event by summing the track
pT in a rectangular area called “η-band” centred around the
azimuth ϕγ of the candidate cluster. The width �ϕ of the
rectangular area along the azimuth depends on the analysis
parameters, while the width �η along the pseudorapidity
covers the full track acceptance: |η| < 0.9. The area covered
by this band is shown schematically in Fig. 3. This band
is chosen because this area should be affected by the same
elliptic flow [87] as the isolation cone area in Pb–Pb collisions
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Fig. 2 Inclusive-cluster σ 2
long, 5×5 distribution in data (black bullets)

and PYTHIA 8 simulation (jet–jet+γ –jet processes, blue squares). The
four panels display these distributions for two selected cluster pT ranges,
12 < pT < 14 GeV/c on the left and 40 < pT < 60 GeV/c on the right,
and two collision systems: pp (top) and Pb–Pb 0–10% central (bot-
tom). The simulation is decomposed in its different particle origins:

prompt γ (γ prompt, green line), not merged decay γ (γ decay, blue area),
merged decay photon clusters (γ γ ) from π0 (red area) or η (brown
area). The threshold value σ 2

long, 5×5 = 0.3 or 0.392 (corresponding

to σ 2
max(13 GeV/c)) is shown on all plots as a dotted or dashed vertical

line, respectively

since the ϕ region is the same in the isolation cone and the
band. Other bands, depicted schematically also in Fig. 3,
which cover other ϕ values, have been tested and used in the
estimation of the systematic uncertainty (see Sect. 4), with
similar final results [80].

The isolation cone is excluded from this η-band, but
when the photon cluster is the result of jet fragmentation,
jet hadronic remnants can still be found outside the selected
isolation-cone radius R. They can thus contribute to the track-
pT measured in the band used for the UE estimation, biasing it
to a higher value. To get rid of this possible bias, an additional
parameter is introduced: a gap �RUE gap such that the region
excluded from the band is a cone of radius R + �RUE gap as
shown in Fig. 3. The width of the η-band along the azimuth
is chosen to be �ϕ = 2 × (R + �RUE gap), and the UE den-
sity is then ρUE = (
ptrack in η band)/(�ϕ × �η − π(R +
�RUE gap)2). In this measurement, �RUE gap = 0.1 is used
as default, but the values �RUE gap = 0, as well as 0.3 for

R = 0.2, are also considered for a systematic uncertainty
evaluation. The default gap value for R = 0.2 is chosen the
same as for R = 0.4 so that the inspected area for the ρUE

estimation is larger than for the R = 0.4 case: it reduces the
UE fluctuations while still excluding the jet core.

As expected, the UE track density, shown in Fig. 4 for
events with high-pT inclusive clusters at the centre of the
isolation cone, strongly depends on the centrality. For a given
centrality percentile, its distribution has a large width due to
the UE event-by-event fluctuations. The density is beyond
100 GeV/(c rad) in central (0–10%) Pb–Pb collisions, still
reaches several tens of GeV/(c rad) in semi-central (30–50%)
collisions, but its value is only a few GeV/(c rad) for the most
peripheral Pb–Pb collisions, and less than 1 GeV/(c rad) in
pp collisions.

When the cluster candidate for isolation has a pseudora-
pidity 0.5 < |η| < 0.67, a small fraction of the isolation
cone of radius R = 0.4 is out of the tracking acceptance
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Fig. 3 Schematic view of the UE estimation areas considered in the analysis and for the estimation of the associated systematic uncertainty. The
radius gap �RUE gap (see text) is also illustrated

Fig. 4 ρUE distributions normalised by the number of events in each
centrality class in data calculated in the η-band with �RUE gap = 0.1 out
of an isolation cone centred at inclusive clusters with pT > 10 GeV/c.

Left: for Pb–Pb collisions and the cone radius R = 0.2 as a function
of centrality. Right: for pp and Pb–Pb collisions for different centrality
classes for the cone radius R = 0.4

|ηtrack| < 0.9. To maximise the photon acceptance, such
candidate clusters are kept in the analysis, but the measured
isolation momentum is scaled up to account for the cone area
that is out of the tracking acceptance [67,79].

Figure 5 shows the piso, ch
T distribution for both R values,

for clusters with a shower shape between 0.1 < σ 2
long, 5×5 <

0.3 and pT > 16 GeV/c, in data as well as in PYTHIA 8
simulations of prompt photons (γ –jet process), either native
pp collisions, or embedded into real Pb–Pb collision data in
two extreme centrality classes (other centrality classes are

reported in Ref. [80]). Even though the UE energy to be sub-
tracted is large, the distributions are centred around zero, even
for the most central events. In the prompt-photon simulation,
the distribution is symmetric since there is no jet contribution.
On the contrary, the data contain a jet contribution when the
cluster does not originate from a prompt photon. This contri-
bution induces a widening of the distribution tail at positive
values of piso, ch

T . The width of the distribution is larger for
R = 0.4 than for R = 0.2, due to the larger UE fluctua-
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Fig. 5 piso, ch
T distribution for narrow clusters with 0.1 < σ 2

long, 5×5 <

0.3 for pT > 16 GeV/c, in pp (bottom left frame) and Pb–Pb collisions
in two centrality classes, 0–10% central (top left frame) and 70–90%
peripheral (top right frame), with R = 0.2 (black bullets) and R = 0.4

(blue squares), in data (full markers) and simulated PYTHIA 8 γ –jet
(open markers), embedded into data in the considered centrality class
for the Pb–Pb collision case

tions in the isolation cone. For the same reason, the width
decreases when moving to more peripheral collisions.

The candidate photon is declared isolated if piso, ch
T

< 1.5 GeV/c, following previous ALICE measurements [67,
79]. For the most central Pb–Pb collisions, the chosen thresh-
old value for the isolation momentum is smaller than the
width of the piso, ch

T distribution, which has an r.m.s. of about
5 (12) GeV/c for R = 0.2 (0.4) in the 0–10% centrality class
[80]. This may suggest increasing the threshold value for
central collisions in order to preserve more signal. However,
the use of the same value for all the considered centrality
classes is preferred to ease the comparison with other colli-
sion systems, collision energies, or models.

3.4 Purity of the isolated-photon candidate sample

The isolated-photon candidate sample still contains a size-
able contribution from background clusters, mainly from
neutral-meson decay photons. To estimate the background

contamination, the same procedure as in Refs. [49,67,80] is
followed, also known as the ABCD method.

Different classes of measured clusters are used: (1) classes
based on the shower shape σ 2

long, 5×5, i.e. narrow (photon-
like) or wide (most often elongated, i.e. non-circular), and
(2) classes defined by the isolation momentum piso, ch

T , i.e.
isolated (iso) and anti-isolated (iso). The different classes
are denoted by sub- and superscripts, e.g. narrow isolated
clusters are denoted X iso

n , and wide anti-isolated clusters as

X iso
w . The yield of isolated-photon candidates in this nomen-

clature is N iso
n . It consists of signal (S) and background (B)

contributions: N iso
n = Siso

n + Biso
n . The contamination of the

candidate sample is then C = Biso
n /N iso

n , and the purity P is
P ≡ 1 − C .

The σ 2
long, 5×5-parameter values for narrow and wide clus-

ters correspond to the signal and background clusters intro-
duced in Sect. 3.2: the wide clusters (mostly background)
correspond to clusters with 0.4 < σ 2

long, 5×5 < 2 in pp
collisions, and in Pb–Pb collisions when pT > 18 GeV/c.
When pT < 18 GeV/c in Pb–Pb collisions, clusters are
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considered wide when 0.1 + σ 2
max(pT) < σ 2

long, 5×5 < 2.
The narrow clusters (containing most of the signal) are
defined in Sect. 3.2. The anti-isolation criterion is set to
4 < piso, ch

T < 25 GeV/c for all collision systems: the
lower limit is placed far from the signal isolation momentum
threshold at piso, ch

T < 1.5 GeV/c, to have a gap available
for systematic studies. The same isolation and anti-isolation
regions are used for both cone radii used in this measurement.

Considering the partial assumption that the ratios of iso-
lated over anti-isolated background are the same in the nar-
row cluster range and in the wide cluster range and that the
signal contribution to the background classes is negligible,
the purity is calculated in a semi-data-driven way as

P = 1 −
(

N iso
n /N iso

n

N iso
w /N iso

w

)

data
×

(
Biso

n /N iso
n

N iso
w /N iso

w

)

MC
. (5)

The MC factor corrects the correlation between isolation
momentum and shower shape. It is calculated via the addition
of jet–jet (background) and γ –jet (signal) counts scaled to
their respective cross sections. This difference between the
degree of the correlation between isolation momentum and
shower shape distribution in data and simulation is a poten-
tial source of bias and is discussed in Ref. [80]. A similar
approach as in previous ALICE isolated-photon measure-
ments is followed to estimate this difference [49,67].

Figure 6 shows the purity calculated using Eq. (5). The
boxes indicate the systematic uncertainty, whose estimation
is explained in Sect. 4. The purity found at low pγ

T is small,
due to a large contamination from π0: at pγ

T = 10−12 GeV/c
the contamination reaches 70–80% for Pb–Pb collisions and
approximately 90% for pp collisions. For higher pγ

T , the con-
tamination decreases and stabilises around pγ

T � 18 GeV/c at
40–50% in Pb–Pb collisions and 60% in pp collisions. It then
decreases again above 40 GeV/c, reaching about 20% above
80 GeV/c for central Pb–Pb collisions. The purity for pp col-
lisions calculated for R = 0.4 is consistent with the previous
ALICE isolated photon–hadron correlation measurements
[79] since the differences in the analysis procedure, such as
shower shape and cluster definition, larger acceptance, and
different energy density calculation methods, do not lead to
changes within the uncertainties. In Pb–Pb collisions, the
purity decreases when moving from central to peripheral
collisions, due to the fact that the pT of the main contam-
ination background – photons from neutral-meson decays –
is shifted down due to the jet quenching in the more cen-
tral collisions. Still, the purity for most peripheral (70–90%)
collisions remains larger than that measured in pp collisions
(about 50% in the range 20 < pγ

T < 40 GeV/c instead of
40%), in part because of the lack of TPC information in pp
collisions that impedes doing cluster–track association.

In 0–10% Pb–Pb collisions, the purity is larger by a factor
of 1.1 for R = 0.2 with respect to R = 0.4. The values get

closer for less central collisions, and become almost identical
for peripheral Pb–Pb collisions. In pp collisions, the situation
is reversed: the purity is larger for R = 0.4 than for R = 0.2
by a factor of about 1.2. This ordering in pp collisions is
due to the fact that the larger the cone radius, the more jet
fragments can enter when one triggers on decay photons,
and thus the larger is piso, ch

T as seen in Fig. 5. The change
in ordering in the more central Pb–Pb collisions is due to the
larger UE fluctuations in piso, ch

T for R = 0.4, also seen in
Fig. 5, that allow more background clusters produced by jet
particles to be considered isolated.

The pγ
T dependence of the purity is caused by an interplay

of physics and detector effects. Most of the contamination
is due to π0-decay photons. On the one hand, the pT spec-
tra of prompt photons are harder than those of neutral pions,
mainly because the latter undergo fragmentation, as is also
found in pQCD calculations [47,85]. For this reason, the
Nγ prompt /Nγ decay(π0) yield ratio rises with pγ

T , and therefore,
the photon purity increases with pγ

T . Also, the probability of
tagging a photon as isolated varies with pγ

T . At higher decay-
photon pγ

T , isolation is less probable for a fixed isolation
momentum. On the other hand, the rejection of clusters from
π0 and η decays at high pT becomes less effective due to the
decreasing decay-photon opening angle when increasing the
meson pT. Below 18 GeV/c, the contamination is dominated
by single (i.e. unmerged) decay photons from π0 mesons, as
shown by Fig. 2-left, the remaining contributors being mainly
photons from η meson decays. Above 18 GeV/c, a large frac-
tion of the π0 → γ γ decays produces two photons with
narrow opening angle and gives rise to merged clusters in
the EMCal with a narrow shower shape that satisfies the con-
dition for the single photon signal, as can be appreciated in
Figs. 1 and 2-right. The clusters produced by merged photons
from η-meson decays contribute to the narrow shower shape
region for pT > 60 GeV/c but they remain subdominant
compared to merged π0-decay clusters. Instead, in the range
40 < pT < 60 GeV/c, most of the merged η-decay clusters
have wide shower shapes, which is in part the reason for the
increase of purity in this pγ

T region since the contribution of
single photon clusters from η decays to the narrow clusters
decreases. The combined effect of these mechanisms leads
to the rise of the purity at low pγ

T , followed by a plateau for
18 < pγ

T < 40 GeV/c, then by a rise above pγ
T = 40 GeV/c.

Above 80 GeV/c, another plateau is expected, as observed in
the ALICE measurement in pp collisions at

√
s = 13 TeV

[67].
To reduce the point-to-point statistical fluctuations in the

purity used to correct the isolated-photon raw yield, the distri-
bution is fitted by one or two sigmoid functions to reproduce
the trend of the purity with pγ

T

fi, fit−sigm(pγ
T ) = ai

1 + exp(−bi × (pγ
T − ci ))

, (6)
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Fig. 6 Purity of the isolated-photon sample as a function of pγ
T calcu-

lated using Eq. (5) and with the statistical and systematic uncertainty
discussed in Sect. 4 for R = 0.2 and 0.4. The curves (plain for low pγ

T ,

dashed for high pγ
T ) are the two sigmoid functions as defined in Eq. (6),

obtained by fitting the points as explained in the text

where i indicates the different fitting ranges, which depend on
the collision system. The first fit is done from pγ

T = 10–14 to
40–60 GeV/c. In most of the Pb–Pb centrality classes between
0 and 50%, enough points are available beyond 60 GeV/c to
reliably describe the tendency by a second fit function from
pγ

T = 20 GeV/c to pγ
T = 80–140 GeV/c. Although these

fits start at 20 GeV/c, they are used for the purity correction
only above 60 GeV/c. In pp collisions, although purity values
are obtained up to 80 GeV/c, the uncertainties are too large
to obtain a reliable fit at high pγ

T . The fit is therefore done
up to pγ

T = 40 GeV/c, and extrapolated up to 80 GeV/c. In
the extrapolation interval, a slow rise with pγ

T is observed
in simulation as well as in pp collisions at

√
s = 13 TeV,

but the estimated size of the rise is covered by the assigned
uncertainties. The fit results are shown in Fig. 6 and the fit
parameters are provided in Ref. [80]. The systematic uncer-
tainties on the purity are used during the fitting as discussed
in Sect. 4.

3.5 Isolated-photon efficiency

The photon reconstruction, identification and isolation effi-
ciencies have been computed using PYTHIA 8 simulations
of γ –jet processes in which, for each event, a prompt photon
from a 2 → 2 Compton or annihilation process is emitted
in the EMCal acceptance. Only those falling in the fiducial
acceptance defined in Table 1 are considered in the efficiency
calculation.

Different efficiencies can be considered depending on
the selection criteria: reconstruction εrec (inclusive cluster
selection), photon identification εid (shower shape selec-
tion), and isolation εiso. They are calculated as the ratio of
pγ

T spectra, where the denominator is the number of gener-
ated photons dN gen

γ /d pgen
T , and the factors in the numerator

are the reconstructed spectra after different selection criteria,
dN rec

cut /d prec
T . Figure 7 presents the different contributions as

a function of pγ
T for pp collisions and Pb–Pb collisions in the

centrality classes 0–10% and 70–90%:

(i) The reconstruction efficiency of photons is εrec ≈
70−80%; the efficiency loss is mainly due to excluded
regions in the calorimeter and exclusion of clusters
close to the border of the EMCal supermodules. This
efficiency is higher for more central collisions due to
the shift of the spectrum to higher pγ

T induced by the
additional UE energy.

(ii) The photon identification by shower shape selection
induces a strong decrease of the efficiency εrec × εid in
0–10% central collisions, by about 40% below pγ

T =
40 GeV/c, because the UE enlarges the photon cluster
shape. In peripheral Pb–Pb and in pp collisions, the
efficiency is only reduced by 10–20%.

(iii) Applying the isolation criterion on top of the previous
selections further decreases the overall efficiency, as
the isolation cone radius is large. The efficiency is then
εrec ×εid ×εiso ≈ 20−40% for the most central Pb–Pb
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collisions, and 50–60% in the most peripheral Pb–Pb
and in pp collisions.

In addition, the generator-level isolation fraction κ iso =
dNgen

γ, iso/d pgen
T

dNgen
γ /d pgen

T
, where N gen

γ is the number of generated prompt

photons and N gen
γ, iso is the number of generated photons which

pass the same isolation selection criteria as at the detector
level, has to be considered. It varies from low to high pγ

T
at 95.5–93.5% for R = 0.4, and 99–98.5% for R = 0.2,
identically for all the collision systems considered.

The total efficiency corresponds to the ratio of the recon-
struction, identification, and isolation efficiency to the iso-
lated generated photon fraction and is calculated as follows

εiso
γ = dN rec

n, iso

d prec
T

/dN gen
γ, iso

d pgen
T

≡ εrec × εid × εiso

κ iso , (7)

where N rec
n, iso is the number of clusters which are recon-

structed and identified as isolated photons and which are pro-
duced by a prompt photon. Figure 8 shows the εiso

γ with the
corresponding systematic uncertainties discussed in Sect. 4.
The kink observed at pγ

T = 20 GeV/c is due to the kink
which separates the two shower shape selection criteria used
(Fig. 1). In all Pb–Pb collision centralities, the efficiency for
R = 0.4 is lower by a factor of about 0.85–0.9 than that for
R = 0.2. This is a consequence of using the same piso, ch

T
isolation threshold value for both cone radii, which makes
isolation less efficient when larger cones are used. In pp col-
lisions, the efficiency for R = 0.2 is much closer to the one
for R = 0.4 due to the small contribution from the UE in
such collisions.

3.6 Trigger efficiency, rejection factor and luminosity

The isolated-photon yield correction needs to take into
account the performance of the calorimeter trigger, in par-
ticular when calculating the event normalisation and lumi-
nosity. The EMCal L1-γ -low and -high trigger efficiency
εtrig is the probability that the trigger selects events in which
a high-energy cluster is reconstructed in the EMCal accep-
tance above a given trigger energy threshold. The thresh-
old values are listed in Sect. 2. This trigger efficiency does
not reach 100% above the trigger threshold because of the
reduced geometric coverage of the trigger compared to the
EMCal acceptance: some trigger cell tiles (2 × 2 cells) and
even full TRU cards (Trigger Region Unit, 24×16 cells along
ϕ × η) were inactive or masked during the data taking. Fur-
thermore, a pT dependence of the trigger is observed since
higher energy clusters cover more cells (owing to nearby jet
particles in the event and meson decay merging). These are
less affected by small masked regions.

The trigger efficiency is calculated from simulation, com-
bining the jet–jet and γ –jet PYTHIA 8 simulations, by apply-

ing the same trigger logic as in the data, and it is shown in
Fig. 9-left. In pp collisions, the trigger efficiency for inclu-
sive clusters εclus

trig varies from nearly 90% at pT = 7 GeV/c to
close to 97% at 80 GeV/c. In Pb–Pb collisions, a dependence
on the trigger threshold is observed, but not on the central-
ity. For the lower threshold (5 GeV), below pT = 12 GeV/c,
the efficiency is indeed found to be close to the efficiency in
pp collisions, which had a similar trigger threshold. For the
higher threshold in Pb–Pb collisions (10 GeV), the efficiency
for inclusive clusters rises from about 85% at pT = 12 GeV/c
to about 93% at pT = 140 GeV/c. The trigger efficiency for
isolated and narrow clusters εiso

trig is lower than εclus
trig by 1–3%

for all trigger thresholds, since narrow clusters are less likely
to trigger near masked regions due to their smaller size. For
peripheral collisions, both L1-γ -low and -high triggers are
combined for pT > 12 GeV/c. Figure 9-left also shows the
trigger efficiencies for the combined sample: the points are
overall 2% higher than for the high threshold alone.

The EMCal trigger rejection factor RF trig
εtrig quantifies the

enhancement fraction of calorimeter triggers with respect to
MB triggers. It is calculated via the ratio of the inclusive-
cluster pT spectra measured in data corrected by the
inclusive-cluster trigger efficiency obtained from simulation
and discussed above

RF trig
εtrig = 1

εclus
trig

1/NL1-γ
evt × dNL1-γ /d pT

1/NMB
evt × dNMB/d pT

, (8)

where N trig
evt is the number of events and N trig is the number

of inclusive clusters, each for a given trigger.
Figure 9-right shows the trigger rejection factors calcu-

lated with Eq. (8) for the different trigger configurations in
the analysed samples, and Table 2 lists the results of the fit in
the plateau region, with an uncertainty explained in the next
Section. Note that for the calculation in pp collisions, the
MB sample contained 8.41 × 108 events and it was collected
not at the same time but some days before since it included
the TPC. Although this sample is used for calculating the
rejection factor, it is not included in the isolated photon anal-
ysis since these events are negligible compared to the EMCal
L1-γ triggered sample.

The rejection factor depends on the trigger threshold and
on the centrality: it is more likely to find a high-energy and
large-size cluster in central compared to peripheral Pb–Pb
collisions due to the larger number of nucleon–nucleon
binary collisions. The rejection factor ranges from about 45
for the 0–10% Pb–Pb collisions to about 300 (L1-γ -low)
and 1000 (L1-γ -high, not shown in Fig. 9-right) for 70–90%
Pb–Pb collisions, and close to 1000 for pp collisions. Com-
bining the two trigger thresholds in peripheral Pb–Pb colli-
sions, a factor around 100 (400) is obtained for the 50–70%
(70–90%) centrality class.
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Fig. 7 Contributions from reconstruction, identification, and isolation
to the total efficiency calculated using Eq. (7), as a function of the recon-
structed photon pγ

T for pp (bottom left frame) collisions and Pb–Pb
collisions for two centrality classes: 0–10% (upper left frame) and 70–
90% (upper right frame). Green markers: reconstruction efficiency εrec.
Red or brown markers: efficiency additionally due to the photon iden-

tification by shower shape selection εrec × εid or the isolation criterion
εrec × εiso. Blue markers: efficiency due to the isolation criterion and
shower shape selection εrec × εid × εiso. Black markers: fraction κ iso of
generated photons which are isolated. The efficiency is obtained from
PYTHIA 8 simulations of pp collisions γ –jet processes, embedded into
data in the considered centrality class for the Pb–Pb collision case

The integrated luminosity collected with each trigger
(L trig

int ) has been determined using the expression

L trig
int = N trig

evt RF trig
εtrig

σ
col. system
NN

× 〈Ncoll〉 = L trig
NN × 〈Ncoll〉 (9)

where σ
col. system
NN is the measured nucleon–nucleon cross sec-

tion, that corresponds to σ
pp
MB = 50.9 ± 1.1 mb for pp colli-

sions [88] and to σ INEL
NN = 67.6±0.6 mb for Pb–Pb collisions

[10], and L trig
NN is the cross-section normalisation factor used

in Eq. 10 of Sect. 5. The final production cross section is
measured as a function of pγ

T , thus, the different triggers
are combined depending on the trigger threshold, except in
pp collisions, where only the L1-γ triggered data are used.
In Pb–Pb collisions, the L1-γ -high trigger threshold is at
E = 10 GeV but a satisfactory efficiency is reached only
above slightly larger energies. The spectrum was therefore
measured in the following way:

– below pγ
T = 12 GeV/c, using only the MB trigger for

the centrality classes within 0–50%, and a combination
of MB plus L1-γ -low trigger for the peripheral centrality
classes;

– above 12 GeV/c, using the combination of the MB and
L1-γ -high trigger for the centrality classes within 0–
50%, and a combination of the three triggers for the
peripheral centrality classes.

The corresponding values of the integrated luminosity per
trigger combination are presented in Table 2.

4 Systematic uncertainties

Figure 10 displays the estimated relative systematic uncer-
tainties for all the considered sources for the purity calcu-
lation for R = 0.2 in pp collisions and Pb–Pb collisions in
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Fig. 8 Total isolated-photon efficiency as a function of pγ
T calculated

using Eq. (7) with the systematic uncertainty discussed in Sect. 4 for
R = 0.2 and 0.4, for pp collisions and Pb–Pb collisions for five cen-

trality classes. The efficiency is obtained from PYTHIA 8 simulations
of pp collisions γ –jet processes, embedded into data in the considered
centrality class for the Pb–Pb collision case

Table 2 Trigger RF trig
εtrig (Eq. (8)) fits to a constant in Fig. 9-right, L trig

NN ,

and L trig
int (Eq. (9)), for pp and Pb–Pb collisions per centrality class and

per trigger inclusive cluster pT range. The L trig
NN uncertainty contains

both the σ
col. system
NN and rejection factor uncertainties. The integrated

luminosity uncertainty includes in addition the 〈Ncoll〉 uncertainty

Trigger System pT (GeV/c) RF trig
εtrig L trig

NN (nb−1) L trig
int (nb−1)

L1-γ pp pT > 11 997 ± 10 265 ± 7 265 ± 7

Pb–Pb:

MB 0–10% pT < 12 1.189 ± 0.011 1869 ± 26

MB 10–30% pT < 12 0.522 ± 0.005 409 ± 5

MB 30–50% pT < 12 1.163 ± 0.010 308 ± 5

MB+L1-γ -high 0–10% pT > 12 45.0 ± 0.2 2.50 ± 0.02 3936 ± 55

MB+L1-γ -high 10–30% pT > 12 79.2 ± 0.4 4.90 ± 0.05 3834 ± 51

MB+L1-γ -high 30–50% pT > 12 179.3 ± 1.5 5.01 ± 0.05 1325 ± 21

MB+L1-γ -low 50–70% pT < 12 72.2 ± 1.2 3.5 ± 0.5 230 ± 5

MB+L1-γ -low 70–90% pT < 12 315 ± 13 3.62 ± 0.11 39.5 ± 1.3

MB+L1-γ -high+low 50–70% pT > 12 98.2 ± 1.2 4.88 ± 0.07 322 ± 7

MB+L1-γ -high+low 70–90% pT > 12 410 ± 20 5.1 ± 0.2 55 ± 2

two centrality classes. Equivalently, Fig. 11 collects all the
estimated relative systematic uncertainty sources considered
for the cross section measurement. The uncertainty contri-
butions from all the sources are added in quadrature, and
the individual contributions and their sum are shown in the
figures. All sources are considered uncorrelated. The contri-
butions to the cross section include the total uncertainty for
the purity. Summary tables and figures for all the centrality
classes and both cone radii can be found in Ref. [80].

The uncertainty contributions assigned to the purity cor-
rection using the ABCD method described in Sect. 3.4 are
estimated from variations of the anti-isolation momentum
(labelled bkg. piso, ch

T in Fig. 10) and the shower shape for
wide-cluster (bkg. σ 2

long, 5×5) ranges, their correlation effect
on the MC correction (isolation probability), the amount of
signal in the simulation with respect the background (MC
signal amount), and from the errors of the fit to the purity
including the statistical uncertainty.
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Fig. 9 Left: L1-γ trigger efficiency for inclusive clusters and isolated-
narrow clusters with R = 0.2 (similar for R = 0.4) obtained with
PYTHIA 8 simulations combining γ –jet and jet–jet processes, embed-
ded in data in the considered centrality class for Pb–Pb collisions and
considering the corresponding trigger thresholds (Etrig) in each system.
Right: L1-γ trigger rejection factor calculated by applying the trigger
efficiency for pp collisions and for each of the Pb–Pb centrality classes

considered. Solid lines over points result from a constant fit, values
given in Table 2, dashed lines indicate the fit uncertainty obtained with
the procedure explained in Sect. 4. For clusters above 12 GeV/c and
peripheral Pb–Pb collisions, the rejection factor and trigger efficiency
are calculated for the sum of the two triggered samples with thresholds
at 5 and 10 GeV

The uncertainty due to the choice of the background wide-
cluster σ 2

long, 5×5 range is investigated by comparing the

results obtained for various σ 2
long, 5×5 selections. The lower

limit is moved between 0.35 and 0.6, and the upper limit is
chosen below or equal to 2 such that the interval width is at
least 0.5. The largest value for the upper limit is chosen to
coincide with the end of the shower shape distribution, and
the values for the lower limit are chosen in such a way that a
wide range of contamination by single prompt photons was
covered (see Fig. 2), while maintaining a small gap with the
upper limit of the signal σ 2

long, 5×5 range. The anti-isolation

piso, ch
T background range is also varied: the lower piso, ch

T
limit is chosen between 2 and 6 GeV/c and the upper limit is
chosen below or equal to 70 GeV/c such that the range size is
at least 10 GeV/c. Again, the largest value for the upper limit
was chosen to coincide with the end of the distribution. The
smallest value for the lower limit was set slightly above the
upper limit of the signal piso, ch

T range, and its largest value

was set to the width that the piso, ch
T distribution for R = 0.2

has in the worst case, which is for the most central colli-
sions. See the Gaussian fit width values for each centrality
class and R value in Ref. [80]. For both the wide-cluster and
anti-isolation range variation, the average of the differences
due to these variations is used to estimate each uncertainty.

The systematic uncertainty related to the correlation
effects between piso, ch

T and σ 2
long, 5×5 mentioned in Sect. 3.4,

labelled as “isolation probability”, is obtained by the differ-
ence between the variations of the MC factors in Eq. (5)
according to the procedure explained in Refs. [67,80]. These
variations test how sensitive the MC correction is to the

assumption of having a constant or a linear dependence of
the ratio of the shower shape distributions for isolated and
non-isolated candidates, in the wide cluster region.

The signal-to-background ratio in the simulation influ-
ences the aforementioned leakage of signal into the back-
ground regions used to estimate the purity. This uncertainty
is labelled as “MC signal amount” in the figures and is quan-
tified by varying by ±20% in the simulation the amount of
signal events (γ –jet) with respect to the background events
(jet–jet). This variation is chosen considering about a 5%
uncertainty in the measured nuclear modification factor of
charged particles [22,23] used to scale the jet–jet simula-
tions, and the expected approximate 15% contribution from
fragmentation photons after isolation from NLO pQCD cal-
culations [40,46].

The purity total uncertainty is calculated by adding all the
systematic-uncertainty sources together with the statistical
uncertainty in quadrature to obtain an uncertainty σP. The
purity points are then shifted up and down by 1σP and fit-
ted again by the sigmoid functions. In each pγ

T interval, the
total purity uncertainty is calculated as the average of the dif-
ference between the middle purity fit value and each of both
shifted fit values. This procedure allows to also naturally take
into account possible biases due to the fitting.

The statistical uncertainty in the purity determination
dominates over the whole pγ

T range in pp and peripheral
Pb–Pb collisions and at high pγ

T in central and semi-central
Pb–Pb collisions. Among the systematic uncertainty sources,
the “isolation probability” by far dominates the others in pp
and peripheral Pb–Pb collisions, and it is also the dominant
uncertainty at low pγ

T in the 0–10% and 10–30% centrality
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Fig. 10 Contributions to the systematic uncertainty of the isolated-
photon purity and their quadratic sum as a function of pγ

T for R = 0.2,
in pp collisions (bottom left frame) and two Pb–Pb collision centrality
classes: 0–10% (top left frame) and 30–50% (top right frame). The sta-

tistical uncertainty is also shown and may appear larger than the total
uncertainty as a result of the smoothing done by the fit over the purity
(see text)

classes in Pb–Pb collisions. In the latter collisions though, the
“MC signal amount” uncertainty source dominates at inter-
mediate to high pγ

T , especially for R = 0.4. Overall, the
uncertainties for both radii are comparable, although slightly
smaller for R = 0.2 compared to R = 0.4 at intermediate to
high pγ

T .
For the systematic uncertainty on the cross section, differ-

ent sources of uncertainty are evaluated on top of the uncer-
tainty due to the purity. The uncertainties due to the choice of
the neutral cluster selection criteria are evaluated via varia-
tions with respect to the default selections reported in Table 1:
the track–cluster matching (CPV), distance to masked chan-
nels dmask, cluster time �tcluster, and the abnormal signal
removal parameter F+. For each variation of those parame-
ters and other parameters discussed later, the efficiency and
purity are reevaluated and applied to the spectrum. In all those
cluster quality selection variations, nearly no dependence on
R is observed.

The uncertainty due to the charged particle veto is esti-
mated by varying the parameters of the track pT-dependent
selection criteria to looser ones: �ηresidual > 0.025 and
�ϕresidual > 0.03 radians. The variation corresponds to close
to two calorimeter cell sizes instead of the nominal value that
tends to cover one cell size or less at high pT. The resulting
uncertainty on the cross section for central Pb–Pb events is
at 2% with a small decrease with pγ

T , and decreases to 0.5%
for peripheral Pb–Pb events.

Unlike in previous ALICE isolated-photon measurements
[49,67], there is no requirement on the distance to a masked
bad or dead channel from the highest energy cell in the clus-
ter since it has a large impact on cluster acceptance, but it is
considered as a systematic uncertainty. The yields consider-
ing dmask > 2 cells or no such requirement give a constant
uncertainty of 2% for all colliding systems.

The cluster time selection window is varied between
�tcluster = 10 and 40 ns to study the effect of pileup and
cells with anomalous depositions that pass the F+ selection.
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Fig. 11 Contributions to the systematic uncertainty of the isolated-photon cross section and their quadratic sum as a function of pγ
T for R = 0.2

in pp collisions (bottom left frame) and two Pb–Pb collision centrality classes: 0–10% (top left frame) and 30–50% (top right frame). Statistical
uncertainty is also shown

The minimum value of 10 ns remains above the time reso-
lution of the detector, and the choice of a 40 ns upper value
allows the inclusion of one pileup bunch, as they have a 25 ns
time shift with respect to the considered collision. Details
about the timing and bunches can be found in Ref. [74]. The
uncertainty is found to be about 2–3% in central Pb–Pb col-
lisions and decreases below 1% for peripheral Pb–Pb and pp
collisions.

The F+ selection value is varied from 95 to 93%. In Ref.
[74], the F+ distribution has a minimum at 0.95 between
signal and background clusters for central Pb–Pb collisions.
But since the minimum is rather wide, the variation is moved
down to 0.93 to avoid even more the background region with-
out removing signal significantly. An uncertainty of about 4%
is observed for central Pb–Pb collisions, that decreases to 1%
in peripheral collisions, with almost no pγ

T dependence. In pp
collisions, approximately 1% uncertainty is estimated above
pγ

T = 12 GeV/c, while at lower pγ
T it increases to 4–6%.

Two sources of systematic uncertainties are considered for
the efficiency in Fig. 8. First, the description of the shower
shape in simulations is considered via an uncertainty esti-

mated from the difference between standard simulations and
those including modelling of the cross talk observed in the
EMCal readout cards and is labelled as “No MC tuning”.
Second, depending on the shape of the PYTHIA 8 gener-
ated prompt photon pγ

T distribution in the simulation, the
efficiency can change due to pγ

T bin-to-bin migrations and is
labelled as “Spectral shape”. This uncertainty is calculated
by applying a pγ

T -dependent weight to the generated signal so
as to reproduce the spectra from the JETPHOX NLO calcu-
lation presented in the next Section, which includes prompt
and fragmentation photons.

The choice of the σ 2
long, 5×5 range for narrow photon-like

showers (signal) is important for the efficiency and purity of
the measurement. The uncertainty is estimated by varying
the upper limit of the signal range by − 0.03 and + 0.05, and
is found to lie at 1–3% with no pγ

T dependence. Only in pp
collisions below pγ

T = 12 GeV/c a large uncertainty is found:
of 7% or 15% depending on the R value.

The estimation of the UE density is checked in different
areas shown schematically in Fig. 3: a ϕ-band that covers
the same �η than the isolation cone but covers �ϕ = π ,
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limited to avoid the jet emitted in the opposite direction to a
high-energy particle; perpendicular bands that cover the same
area as the ϕ-band but centred at ϕ = ±π/2 from the photon;
cones perpendicular to the isolated-photon candidate direc-
tion; and the FASTJET jet area/median package [89]. The
piso, ch

T distributions obtained with the different estimators
can be found in Ref. [80]. The results obtained with the dif-
ferent methods are consistent with each other and the average
of the difference between the default and the alternative areas
is used as uncertainty, excluding the perpendicular cones and
bands for Pb–Pb collisions since their particle density is dif-
ferent due to the anisotropic transverse flow [87].

Another uncertainty assigned to the UE density determina-
tion is due to the choice of the gap between the η-band and the
cone. For R = 0.4 and R = 0.2, the UE density is estimated
with and without the gap of �RUE gap = 0.1 used as default.
For R = 0.2, an additional gap of �RUE gap = 0.3 (with the
same η-band area as for R = 0.4 and �RUE gap = 0.1) is
used, the average of the variations with respect the default
case is used as uncertainty.

The uncertainty on the energy scale of the EMCal is esti-
mated to be 0.5% [74]. The effect of this uncertainty on the
measured cross section amounts to 2.1%. A material bud-
get uncertainty accounting for the material of the different
detectors traversed by photons before they reach the EMCal
has been previously determined in Ref. [68] and amounts to
2.1%.

Due to the different hardware and electronics perfor-
mances of the calorimeter supermodules, the result can
potentially change depending on the SM where the cluster
is measured. The dispersion of the inclusive cluster yields is
calculated via double ratios of data over simulation yields in
single SM over full SM and is found to be 3.5%, labelled as
the “SM dependence” uncertainty.

The uncertainty on the trigger normalisation has two
sources: the use of the trigger efficiency to estimate the trigger
rejection factor and correct the yields, and the fitting used to
calculate the trigger rejection factor. For the first source, the
comparison of the yields calculated with or without the trig-
ger efficiency is considered, and half of the difference is taken
as the uncertainty. The trigger rejection factor is calculated
by fitting with a constant above the trigger threshold when it
is fully efficient: above pγ

T = 12 GeV/c for Pb–Pb collisions,
with the higher L1-γ threshold, and above pγ

T = 6 GeV/c
pp and Pb–Pb collisions with the lower L1-γ threshold. The
fitting range is varied, the calculated standard deviation of
all the variations gives less than 0.2–0.6% uncertainty for
central and semi-central Pb–Pb collisions (lower the lower
the centrality). For peripheral collisions, it increases to above
1% in centrality 50–70% to 3–4% in the 70–90% centrality
class: the uncertainty is higher in peripheral events due to
the lower number of MB-triggered events. In pp collisions,
the uncertainty is found to be 1.6%. This uncertainty is con-

sidered as a normalisation uncertainty and not added to the
pγ

T -differential yield systematic uncertainty. The other nor-
malisation uncertainties are those associated with σMB and
〈Ncoll〉. These uncertainties are relatively small, of the order
of 1.5% for central and semi-central Pb–Pb collisions and
of 2% for 50–70% Pb–Pb and pp collisions, and between
3% and 5% for 70–90% collisions. The total normalisation
uncertainties can be found in Table 2.

Figure 11 includes points labelled as “other systematic”
that correspond to the sum in quadrature of the uncertainty
sources with small or no dependence on pγ

T and values lower
than 2.5%: material budget, cluster time, trigger efficiency,
energy scale, CPV, and distance to masked channels.

The total systematic uncertainty on the cross section is
obtained by adding the contributions of the different sources
described above in quadrature, as well as the purity uncer-
tainty. The resulting uncertainties range between 10% and
30%. In pp and Pb–Pb peripheral collisions, as well as in
central and semi-central Pb–Pb collisions at low pγ

T , the dom-
inant uncertainty is the one on the purity. At intermediate pγ

T
and central Pb–Pb collisions, the dominant uncertainty is the
“No MC tuning” uncertainty, and at pγ

T > 80 GeV/c the
statistical uncertainty.

The systematic uncertainties on the RAA (Eq. (1)) and
the ratio of cross sections with different R are calculated
from the effect of the previously described variations on those
ratios. For both, the statistical uncertainty dominates above
pγ

T = 40 GeV/c for Pb–Pb central and semi-central colli-
sions and above pγ

T = 20 GeV/c for the other collision sys-
tems. The statistical uncertainty dominates in all the reported
pγ

T ranges for 70–90% Pb–Pb collisions in the ratio of cross
sections with different radii. For the RAA, the systematic-
uncertainty sources that are fully correlated between Pb–Pb
and pp collisions – the energy scale, distance to masked chan-
nels, material budget, and SM-dependence – cancel out in the
ratio. The other sources partially cancel, except CPV since
there is no such selection in pp collisions. The “isolation
probability” source dominates on all centrality classes at low
pγ

T , and at intermediate pγ
T for semi-central collisions and

R = 0.4. In central collisions at intermediate pγ
T , the “No

MC tuning” uncertainty dominates for R = 0.2, in a similar
proportion as the isolation probability for R = 0.4.

For the ratio of spectra with R = 0.4 over R = 0.2, the
cross-section normalisation uncertainties cancel. The same
systematic uncertainty sources which cancel completely for
the RAA cancel also in these ratios. In addition, also the “clus-
ter time” uncertainty source, being correlated between the
results with different radii, cancels out in the ratio. For the
rest of the systematic-uncertainty sources, there is a stronger
partial cancellation than for the RAA. The overall main contri-
butions to the total systematic uncertainty are the “UE area”
and the anti-isolation “piso, ch

T background range” for all the
collision systems and in addition the “MC signal amount”
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source in central Pb–Pb collisions. In the lower pγ
T intervals,

the “isolation probability” in central Pb–Pb and pp collisions
dominates or contributes significantly. The total systematic
uncertainty stays at the level of 3–5% for all pγ

T , except in
pp collisions where it rises below 20 GeV/c, reaching up to
15% in the 11–12 GeV/c pγ

T interval.

5 Results

This section presents the main results of the isolated-
photon measurement at midrapidity (|ηγ | < 0.67), with a
charged particle isolation momentum threshold of piso, ch

T =
1.5 GeV/c, for two cone radii (R = 0.2 and 0.4) around
the photon candidates, which were selected by requiring a
narrow shape in the calorimeter: 0.1 < σ 2

long, 5×5 < 0.3
for pp collisions and for Pb–Pb collisions above 18 GeV/c,
and 0.1 < σ 2

long, 5×5 < 1.6−0.06× pγ
T for Pb–Pb collisions

below 18 GeV/c. The isolated-photon differential production
cross section can be obtained from the following equation for
a given triggered data sample

d2σ γ iso

d pγ
T dη

= 1

L trig
NN

× d2 N iso
n

d pγ
T dη

× P

εiso
trig × εiso

γ × Acc
(10)

where all the terms were described in the previous Sections
and Acc = �η × �ϕ/2π is the acceptance area obtained
from the values in Table 1. The luminosities per collision
system and centrality class are listed in Table 2 with the cor-
responding normalisation uncertainties discussed in Sect. 4.
The triggered data samples are combined depending on the
pγ

T range and centrality class as discussed in Sect. 3.6.
Figures 12-left and 13-left show for R = 0.2 and R = 0.4,

respectively, the measured isolated-photon cross section as a
function of pγ

T for each of the colliding systems. The mea-
surement is compared to next-to-leading order pQCD cal-
culations using the JETPHOX 1.3.1 Monte Carlo program
[90,91]. The fragmentation function (FF) used is BFG II
[92]. The PDF and nPDF parameterisations for protons and
Pb nuclei are NNPDF4.0 [93] and nNNPDF3.0 [94], respec-
tively.

The JETPHOX+nPDF theoretical calculations were per-
formed using the nPDF for 0–100% centrality and without
including hot-medium modifications. To compare to Pb–Pb
data, the JETPHOX+nPDF theoretical calculations are scaled
by the number of binary collisions 〈Ncoll〉, calculated using
the Glauber model [10,14], listed in Sect. 2. The central val-
ues of the predictions were obtained by choosing factorisa-
tion, normalisation, and fragmentation scales equal to the
photon transverse momentum (μ f = μR = μF = pγ

T ).
Scale uncertainties were determined varying all scales simul-
taneously to 0.5 and 2 times their nominal values. Uncertain-
ties related to the (n)PDFs are given at 90% confidence level

and were obtained by performing the calculations with each
of the 101 eigenvector sets of NNPDF4.0 and 201 eigen-
vector sets of nNNPDF3.0. The isolation criterion in pQCD
calculations corresponds to a restriction of the phase space
available to final-state radiation in a cone of R < 0.2 or 0.4
[90]. The isolation threshold used is piso

T < 2 GeV/c, where
both charged and neutral particles momenta are used in piso

T .

This criterion is equivalent to the piso, ch
T < 1.5 GeV/c cri-

terion used in data with only charged particles, it was deter-
mined using the neutral energy fraction in the isolation cone
observed in PYTHIA 8 simulations. Theoretical predictions
are computed in the same pγ

T intervals as the data.
Figures 12-right and 13-right display the data-over-theory

ratio as a function of pγ
T for R = 0.2 and R = 0.4, respec-

tively. These ratios show that the measured isolated-photon
cross section and the one obtained with the 0–100% JET-
PHOX+nPDF calculation scaled by 〈Ncoll〉 are in agreement
for the full transverse momentum range measured in pp and
in each of the Pb–Pb centrality classes, for both cone radii.
The additional normalisation uncertainty, coming from the
measured minimum bias cross section and from the EMCal
trigger rejection factors, is not added to the systematic uncer-
tainties on the data points, but rather shown as a separate
grey box on each panel with the theory-to-data ratio. The
L trig

int = L trig
NN × 〈Ncoll〉 (Eq. (9)) uncertainty, provided in

Table 2, enters into this normalisation uncertainty box.
The ratio of the pγ

T -differential cross-sections measured
with R = 0.2 and R = 0.4, was reported above 250 GeV/c by
the ATLAS Collaboration in pp collisions at

√
s = 13 TeV

[45] where an agreement between data and theory was
observed. Figure 14 shows ratio fR( 0.4

0.2 ) of the pγ
T -differential

cross-sections measured with R = 0.4 and R = 0.2 for the
first time in pp collisions between 11 and 80 GeV/c, and for
the first time in Pb–Pb collisions between 10–14 and 40–
140 GeV/c (depending the centrality class). This ratio will
further constrain the non-perturbative part of the FF, since
it is sensitive to the fraction of fragmentation photons pass-
ing the isolation criterion [44,45]. The ratio in data ranges
between 0.8 and 1, with no clear trend depending on pγ

T , and
the ratio in NLO pQCD calculations is around 0.9, with a
small increase for increasing pγ

T . The NLO pQCD calcula-
tions scale uncertainty cancel out in the ratio. Due to partial
uncertainty cancellations, the PDF uncertainty on the ratio
is significantly smaller than that on the spectra, and ranges
from 1.5% to 0.5% from low to high pγ

T in pp collisions, and
from 3% to 1.7% in Pb–Pb collisions. The measured ratios
of cross sections with different R are described by the JET-
PHOX NLO pQCD calculations in all collision systems. The
dependence on isolation-cone size is well captured by NLO
pQCD calculations incorporating an isolation criterion. Also,
the ratios measured in pp and Pb–Pb collisions for different
centrality classes agree with each other: no modification of

123



Eur. Phys. J. C           (2025) 85:553 Page 21 of 35   553 

Fig. 12 Left: isolated-photon differential cross section measured in pp
and Pb–Pb collisions at

√
sNN = 5.02 TeV for five Pb–Pb centrality

classes for R = 0.2. Error bars and boxes are the statistical and system-
atic uncertainties, respectively. The bands correspond to NLO pQCD
calculations with JETPHOX, for Pb–Pb collisions calculated for the
0–100% centrality class and scaled by 〈Ncoll〉. Right: ratio of data over

JETPHOX NLO pQCD calculations. The bands centred at unity corre-
spond to the JETPHOX pQCD calculations, their width represents the
scale (blue) uncertainty and PDF (orange) uncertainty. The normalisa-
tion uncertainties are not included in the left panel but they are shown
in the right panel as a grey box on the right of each of the frames around
unity

the ratio is observed in central Pb–Pb collisions compared to
peripheral Pb–Pb and pp collisions.

Figure 15 shows the ratios of the isolated-photon cross sec-
tion measured by ALICE in pp collisions at

√
s = 13 TeV

(from Ref. [67], right panel) and at
√

s = 7 TeV (from
Ref. [49], left panel) over the one at

√
s = 5.02 TeV. The

measured ratios are compared to JETPHOX NLO calcula-
tions. All these measurements and calculations were done
for a cone radius R = 0.4. To account for the fact that the
UE was not subtracted from the isolation cone in the mea-
surements at

√
s = 7 TeV, the same procedure described

in Ref. [67] was used: the published
√

s = 7 TeV measure-
ment data was scaled down by κ iso, the proportion of prompt
photons which are isolated at the generator level, calculated
from PYTHIA γ –jet events (Eq. (7)). The

√
s = 13 TeV

published measurement is already corrected by this factor.
The uncertainties on the ratios partially cancel, as discussed
in Ref. [80]. For the ratio of the cross sections at

√
s = 7 TeV

and
√

s = 5.02 TeV, the data show a value at the level of 1.5
with a possible slight rise with pγ

T . The magnitude of the ratio
is in agreement with the NLO pQCD predictions. The small

√
s difference and the large experimental uncertainties do not

allow to draw a firm conclusion on the rise with pγ
T predicted

by the NLO pQCD calculations: from 1.35 at 11–12 GeV/c,
up to about 1.5 at 40–60 GeV/c. For the

√
s = 13 TeV over√

s = 5.02 TeV ratio, the data agree with NLO pQCD calcu-
lations and follow a clear rise with increasing pγ

T from about
2.2 at 11 GeV/c to close to 3.5 at 80 GeV/c. The agreement of
the cross-section ratio in data and NLO pQCD calculations
shown here and in Ref. [67] for the ratio

√
s = 13 TeV over√

s = 7 TeV indicates that the underlying mechanisms in
the theoretical approach are valid.

The pγ
T -differential cross sections can be modified in

Pb–Pb collisions compared to pp collisions by initial state
modification or cold or hot nuclear matter effects. To quan-
tify these, the nuclear modification factor RAA is calculated
as the ratio of the cross sections in Pb–Pb and pp collisions
normalised by 〈Ncoll〉

Rγ iso
AA = 1

〈Ncoll〉
d2σ

γ iso
Pb−Pb/(d pT dη)

d2σ
γ iso
pp /(d pT dη)

. (11)
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Fig. 13 Left: isolated-photon differential cross section measured in pp
and Pb–Pb collisions at

√
sNN = 5.02 TeV for five Pb–Pb centrality

classes for R = 0.4. Error bars and boxes are the statistical and system-
atic uncertainties, respectively. The bands correspond to NLO pQCD
calculations with JETPHOX, for Pb–Pb collisions calculated for the
0–100% centrality class and scaled by 〈Ncoll〉. Right: ratio of data over

JETPHOX NLO pQCD calculations. The bands centred at unity corre-
spond to the JETPHOX pQCD calculations, their width represents the
scale (blue) uncertainty and PDF (orange) uncertainty. The normalisa-
tion uncertainties are not included in the left panel but they are shown
in the right panel as a grey box on the right of each of the frames around
unity

This is equivalent to Eq. (1), but the isolated photon pγ
T

distribution in Pb–Pb is already the pγ
T -differential cross sec-

tion calculated using Eq. 10.
Figure 16 shows the isolated-photon RAA for the five

Pb–Pb centrality classes measured for the cone radii R = 0.2
and 0.4. In sharp contrast with the charged-particle [22] and
charged-pion [24] RAA also shown in the figure, the isolated-
photon RAA are generally compatible with unity. However,
for the most peripheral class, a tendency to be below unity
will be discussed later. The strong suppression observed for
high-pT hadrons in central Pb–Pb collisions with respect to
pp collisions, which is due to the jet quenching in the QGP,
is therefore not observed for isolated photons, as expected
since they do not interact with the QGP.

In peripheral 70–90% Pb–Pb collisions, due to the lower
energy density and smaller size of the QGP, the hadron RAA is
closer to unity than in more central collisions, but its value of
RAA ≈ 0.7 for 10 < pT < 20 GeV/c is lower than the value
expected due to in-medium jet quenching. This behaviour
was also observed at RHIC energies by the PHENIX Col-
laboration in Au–Au and d–Au [6,20,21,95] collisions at

√
sNN = 200 GeV. Figure 16 shows that the isolated-photon

RAA in the same centrality class tends to be below unity.
Such a behaviour can be explained by biases in the central-
ity selection and collision geometry that the Glauber model
cannot account for, as discussed in Ref. [41]. In the 70–90%
centrality class, the expected RAA bias calculated with the
HG-PYTHIA model [41] is indeed 0.82, i.e. significantly
below unity and in agreement within 1σ with the measured
isolated-photon RAA, as Fig. 16 shows.

The Z0-boson yield in Pb–Pb collisions at
√

sNN = 5.02
TeV was measured by ATLAS [34] and CMS [35] Collab-
orations, and like the isolated photons, Z0 bosons are not
affected by the QGP. Figure 16 also displays one point for
each centrality class with the CMS Z0-boson yield integrated
in pT divided by the one in the 0–90% centrality class (the
systematic uncertainty is taken from the numerator), which
is not biased [41]. The Z0-boson points are placed along the
pT axis at the boson mass. The Z0-boson ratios from CMS
are in agreement with unity for centrality classes from 0%
to 70%, but also show a deviation below unity in the most
peripheral centrality class 70–90%. The trends of the isolated
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Fig. 14 Ratio of isolated-photon cross section measured with R = 0.4
over R = 0.2 for Pb–Pb and pp collisions at

√
sNN = 5.02 TeV. Each

panel for each Pb–Pb collisions centrality class, bottom right panel for
pp collisions. Error bars and boxes are the statistical and systematic

uncertainties, respectively. The violet band corresponds to pQCD cal-
culations with JETPHOX, the width represents the PDF uncertainty,
and the blue vertical bars indicate the statistical uncertainty from the
Monte Carlo approach

Fig. 15 Isolated-photon cross section ratio of pp collisions at√
s = 7 TeV from [49] (left) and

√
s = 13 TeV from [67] (right)

over
√

s = 5.02 TeV in data and NLO calculation from JETPHOX

for R = 0.4. Error bars and empty boxes are the data statistical and
systematic uncertainties, respectively. Filled boxes represent the theory
scale (orange) and PDF (pink) uncertainties

photon and CMS Z0-boson ratios are compatible. This devi-
ation agrees with the HG-PYTHIA model [35]. The ATLAS
Z0-bosons RAA measurement [34] (not shown in the figure
because of overlapping centrality class ranges) agrees with
unity up to 60% centrality. Above 60%, the points are signif-
icantly above unity, contrary to CMS and ALICE Collabo-
ration observations. A possible explanation for this different
behaviour is given in Refs. [43,96]. A different visualisation

of the Z0-boson results from ATLAS and CMS Collabora-
tions and this isolated-photon RAA can be found in Ref. [80].

Finally, the RAA from the JETPHOX NLO calculations
for 0–100% centrality is also shown in Fig. 16 for R = 0.2.
For R = 0.4, it is almost identical and is not shown for clar-
ity. The scale uncertainty cancels partially, but the PDF and
nPDF uncertainties do not cancel and are fully propagated
in the ratio uncertainty, which decreases from 6% at low pγ

T
to 4% at high pγ

T for both R values. Like the data, the NLO
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Fig. 16 Nuclear modification factor RAA for isolated photons at√
sNN = 5.02 TeV for isolation-cone radii R = 0.2 (black) and

R = 0.4 (blue). Error bars and boxes are the statistical and system-
atic uncertainties, respectively. The isolated-photon RAA is compared
to that of charged particles [22] and charged pions [24] from ALICE,
and to the ratio of the Z0-boson yield in each centrality class to the
0–90% class measured by CMS [35]. The bands correspond to pQCD

calculations with JETPHOX for Pb–Pb collisions (nPDF) for 0–100%
centrality over pp collisions (PDF). The width of each band corresponds
to the scale and PDF uncertainties. The normalisation uncertainties are
represented as a red box centred at unity. The solid line in the most
peripheral centrality class 70–90% at RAA = 0.82 corresponds to the
HG-PYTHIA model expectation [41]

pQCD RAA is close to unity for pγ
T > 50 GeV/c. In contrast,

a suppression is expected at lower pγ
T (RAA ≈ 0.8 at pγ

T =
10 GeV/c for 0–100% centrality), which can be attributed
to differences in the proton and nucleus PDFs. The particu-
larly good agreement of the Pb–Pb collisions data with NLO
pQCD + nPDF in Figs. 12 and 13 suggests that the data sup-
port the RAA calculated with this framework.

Figure 17 shows a comparison of the isolated-photon RAA

with the corresponding measurement performed by the CMS
Collaboration [38] that starts at pγ

T = 25 GeV/c. Since the
CMS most peripheral class covers the 50–90% range, the
same class is reported for ALICE. The cross section, the data-
to-theory ratio, and the ratio of spectra with different R can be
found in Ref. [80] for this 50–90% centrality class, for which
the HG-PYTHIA model finds a centrality bias RAA value
of 0.91. The CMS and ALICE measurements are consistent
in all the centrality classes, and they agree with the HG-
PYTHIA model in peripheral events. The RAA presented here
for the 50–90% class is unexpectedly close to the one reported
for 70–90%. This can be attributed to a small overestimation
of the purity in the statistically limited 70–90% sample. For
the 50–90% centrality class, the uncertainties are smaller,
and in the range 18 < pγ

T < 30 GeV/c, the deviation of the
RAA from unity is about 2σ .

It is interesting to note that in both experiments the RAA

central value is larger than unity between 30 and 60 GeV/c
in the 0–10% centrality class, while still being compatible
with unity. More precise measurements would be needed to
confirm and understand this trend.

Reference [80] also contains ratios of the isolated-photon
production cross section in different centrality classes over
semi-central (30–50%) or semi-peripheral (50–70%) classes.
These ratios also agree with unity, as expected, with smaller
uncertainties than the RAA.

6 Conclusions

The isolated-photon pγ
T -differential cross section in pp and

Pb–Pb collisions at
√

sNN = 5.02 TeV was measured by the
ALICE experiment at |ηγ | < 0.67, for different centrality
classes in Pb–Pb collisions and in the transverse momen-
tum range from 10–14 to 40–140 GeV/c. This measurement
extends the lower limit of pγ

T to a smaller value compared
to previous measurements by other LHC experiments, which
start at pγ

T = 20–25 GeV/c.
The measured cross sections are compared to NLO pQCD

calculations and they agree within uncertainties. This agree-
ment with the theory shows that the (n)PDFs used are sup-
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Fig. 17 Nuclear modification factor RAA for isolated photons mea-
sured by ALICE for isolation-cone radii R = 0.2 and R = 0.4 and
CMS [38] for isolation-cone radius R = 0.4 at

√
sNN = 5.02 TeV and

for four centrality classes. Error bars and boxes are the statistical and
systematic uncertainties, respectively. The solid line in the peripheral

centrality class 50–90% at RAA = 0.91, is the result of the HG-PYTHIA
model [41]. The ALICE normalisation uncertainties are represented as
a red box centred at unity. For CMS, the normalisation uncertainties are
displayed as a violet box for the integrated luminosity and a green box
for the nuclear overlap function 〈TAA〉 = 〈Ncoll〉/σ INEL

NN

ported by the data, which was also observed in previous
ALICE isolated-photon measurements in pp collisions. This
is further supported by the agreement with the theory of the
production yield ratios in pp collisions at various

√
s. Further-

more, good agreement is observed in all centrality classes for
Pb–Pb collisions, showcasing the validity of 〈Ncoll〉 scaling
for this observable.

The ratio of the pγ
T -differential cross sections obtained

with different isolation radii is shown for the first time in
Pb–Pb collisions, and is also shown for pp collisions at√

s = 5.02 TeV and at much lower pγ
T than previous

measurements in pp collisions at the LHC: the measurement
made by the ATLAS Collaboration at

√
s = 13 TeV begins

at pγ
T = 250 GeV/c. In this ratio, an agreement with the NLO

pQCD theoretical calculations is found for all the systems.
The isolated-photon nuclear modification factors compare

Pb–Pb and pp cross-section measurements and are consis-
tent with unity as well as with the theoretical predictions
from low to high pγ

T . This indicates first, that isolated pho-

tons are not affected by the quark–gluon plasma, and second,
data agree with predictions incorporating initial state nuclear
effects. The measured RAA in the most peripheral classes
70–90% and 50–90% tends to be below unity, close to 0.9,
in agreement with the HG-PYTHIA model for the centrality
selection bias in the experiment, and with the observation
of Z0-boson apparent suppression in peripheral collisions by
CMS. The isolated-photon RAA is in good agreement with
the isolated-photon RAA measured by CMS at high pγ

T (larger
than 25 GeV/c).

Future ALICE measurements with the LHC Run 3 and 4
campaigns, where a significantly larger accumulated number
of collisions is expected, in particular for the Pb–Pb periph-
eral centrality class, will further improve the measurements
and help to further constrain theoretical predictions.

Acknowledgements The ALICE Collaboration would like to thank
all its engineers and technicians for their invaluable contributions to
the construction of the experiment and the CERN accelerator teams
for the outstanding performance of the LHC complex. The ALICE

123



  553 Page 26 of 35 Eur. Phys. J. C           (2025) 85:553 

Collaboration gratefully acknowledges the resources and support pro-
vided by all Grid centres and the Worldwide LHC Computing Grid
(WLCG) collaboration. The ALICE Collaboration acknowledges the
following funding agencies for their support in building and running
the ALICE detector: A. I. Alikhanyan National Science Laboratory
(Yerevan Physics Institute) Foundation (ANSL), State Committee of
Science and World Federation of Scientists (WFS), Armenia; Aus-
trian Academy of Sciences, Austrian Science Fund (FWF): [M 2467-
N36] and Nationalstiftung für Forschung, Technologie und Entwick-
lung, Austria; Ministry of Communications and High Technologies,
National Nuclear Research Center, Azerbaijan; Conselho Nacional de
Desenvolvimento Científico e Tecnológico (CNPq), Financiadora de
Estudos e Projetos (Finep), Fundação de Amparo à Pesquisa do Estado
de São Paulo (FAPESP) and Universidade Federal do Rio Grande do
Sul (UFRGS), Brazil; Bulgarian Ministry of Education and Science,
within the National Roadmap for Research Infrastructures 2020-2027
(object CERN), Bulgaria; Ministry of Education of China (MOEC)
, Ministry of Science & Technology of China (MSTC) and National
Natural Science Foundation of China (NSFC), China; Ministry of Sci-
ence and Education and Croatian Science Foundation, Croatia; Cen-
tro de Aplicaciones Tecnológicas y Desarrollo Nuclear (CEADEN),
Cubaenergía, Cuba; Ministry of Education, Youth and Sports of the
Czech Republic, Czech Republic; The Danish Council for Indepen-
dent Research | Natural Sciences, the VILLUM FONDEN and Danish
National Research Foundation (DNRF), Denmark; Helsinki Institute of
Physics (HIP), Finland; Commissariat à l’Energie Atomique (CEA) and
Institut National de Physique Nucléaire et de Physique des Particules
(IN2P3) and Centre National de la Recherche Scientifique (CNRS),
France; Bundesministerium für Bildung und Forschung (BMBF) and
GSI Helmholtzzentrum für Schwerionenforschung GmbH, Germany;
General Secretariat for Research and Technology, Ministry of Educa-
tion, Research and Religions, Greece; National Research, Development
and Innovation Office, Hungary; Department of Atomic Energy Gov-
ernment of India (DAE), Department of Science and Technology, Gov-
ernment of India (DST), University Grants Commission, Government of
India (UGC) and Council of Scientific and Industrial Research (CSIR),
India; National Research and Innovation Agency-BRIN, Indonesia; Isti-
tuto Nazionale di Fisica Nucleare (INFN), Italy; Japanese Ministry of
Education, Culture, Sports, Science and Technology (MEXT) and Japan
Society for the Promotion of Science (JSPS) KAKENHI, Japan; Con-
sejo Nacional de Ciencia (CONACYT) y Tecnología, through Fondo
de Cooperación Internacional en Ciencia y Tecnología (FONCICYT)
and Dirección General de Asuntos del Personal Academico (DGAPA),
Mexico; Nederlandse Organisatie voor Wetenschappelijk Onderzoek
(NWO), Netherlands; The Research Council of Norway, Norway; Pon-
tificia Universidad Católica del Perú, Peru; Ministry of Science and
Higher Education, National Science Centre and WUT ID-UB, Poland;
Korea Institute of Science and Technology Information and National
Research Foundation of Korea (NRF), Republic of Korea; Ministry of
Education and Scientific Research, Institute of Atomic Physics, Min-
istry of Research and Innovation and Institute of Atomic Physics and
Universitatea Nationala de Stiinta si Tehnologie Politehnica Bucuresti,
Romania; Ministry of Education, Science, Research and Sport of the
Slovak Republic, Slovakia; National Research Foundation of South
Africa, South Africa; Swedish Research Council (VR) and Knut &
Alice Wallenberg Foundation (KAW), Sweden; European Organization
for Nuclear Research, Switzerland; Suranaree University of Technol-
ogy (SUT), National Science and Technology Development Agency
(NSTDA) and National Science, Research and Innovation Fund (NSRF
via PMU-B B05F650021), Thailand; Turkish Energy, Nuclear and Min-
eral Research Agency (TENMAK), Turkey; National Academy of Sci-
ences of Ukraine, Ukraine; Science and Technology Facilities Council
(STFC), United Kingdom; National Science Foundation of the United
States of America (NSF) and United States Department of Energy,
Office of Nuclear Physics (DOE NP), United States of America. In addi-
tion, individual groups or members have received support from: Czech

Science Foundation (Grant no. 23-07499S), Czech Republic; FORTE
project, reg. no. CZ.02.01.01/00/22_008/0004632, Czech Republic, co-
funded by the European Union, Czech Republic; European Research
Council (Grant no. 950692), European Union; ICSC-Centro Nazionale
di Ricerca in High Performance Computing, Big Data and Quantum
Computing, European Union-NextGenerationEU; Academy of Finland
(Center of Excellence in Quark Matter) (Grant nos. 346327, 346328),
Finland.

Data Availability Statement This manuscript has associated data.
[Author’s comment: This manuscript has associated data in a HEPData
repository at: https://www.hepdata.net/record/ins2831272.]

Code Availability Statement This manuscript has associated code/
software in a data repository. [Author’s comment: The code/software
used for the analysis is publicly available on the github repository,
at the links https://github.com/alisw/AliRoot and https://github.com/
alisw/AliPhysics/.]

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adaptation,
distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indi-
cated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permit-
ted use, you will need to obtain permission directly from the copy-
right holder. To view a copy of this licence, visit http://creativecomm
ons.org/licenses/by/4.0/.
Funded by SCOAP3.

References

1. ALICE Collaboration, S. Acharia, The ALICE experiment—a jour-
ney through QCD. Eur. Phys. J. C84, 813, (2024).https://doi.org/
10.1140/epjc/s10052-024-12935-y. arXiv:2211.04384 [nucl-ex]

2. B.V. Jacak, B. Muller, The exploration of hot nuclear matter.
Science 337, 310–314 (2012). https://doi.org/10.1126/science.
1215901

3. B. Müller, J. Schukraft, B. Wysłouch, First results from Pb + Pb
collisions at the LHC. Annu. Rev. Nucl. Part. Sci. 62, 361–386
(2012). https://doi.org/10.1146/annurev-nucl-102711-094910

4. P. Braun-Munzinger, V. Koch, T. Schäfer, J. Stachel, Properties of
hot and dense matter from relativistic heavy ion collisions. Phys.
Rep. 621, 76–126 (2016). https://doi.org/10.1016/j.physrep.2015.
12.003. arXiv:1510.00442

5. W. Busza, K. Rajagopal, W. van der Schee, Heavy ion col-
lisions: the big picture, and the big questions. Annu. Rev.
Nucl. Part. Sci. 68, 339–376 (2018). https://doi.org/10.1146/
annurev-nucl-101917-020852. arXiv:1802.04801 [hep-ph]

6. PHENIX Collaboration, K. Adcox et al., Formation of dense par-
tonic matter in relativistic nucleus–nucleus collisions at RHIC:
experimental evaluation by the PHENIX Collaboration. Nucl.
Phys. A 757, 184–183 (2005). https://doi.org/10.1016/j.nuclphysa.
2005.03.086. arXiv:nucl-ex/0410003

7. STAR Collaboration, J. Adams et al., Experimental and theoretical
challenges in the search for the quark-gluon plasma: the STAR Col-
laboration’s critical assessment of the evidence from RHIC colli-
sions. Nucl. Phys. A 757, 102–183 (2005) https://doi.org/10.1016/
j.nuclphysa.2005.03.085. arXiv:nucl-ex/0501009

123

https://www.hepdata.net/record/ins2831272
https://github.com/alisw/AliRoot
https://github.com/alisw/AliPhysics/
https://github.com/alisw/AliPhysics/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1140/epjc/s10052-024-12935-y
https://doi.org/10.1140/epjc/s10052-024-12935-y
http://arxiv.org/abs/2211.04384
https://doi.org/10.1126/science.1215901
https://doi.org/10.1126/science.1215901
https://doi.org/10.1146/annurev-nucl-102711-094910
https://doi.org/10.1016/j.physrep.2015.12.003
https://doi.org/10.1016/j.physrep.2015.12.003
http://arxiv.org/abs/1510.00442
https://doi.org/10.1146/annurev-nucl-101917-020852
https://doi.org/10.1146/annurev-nucl-101917-020852
http://arxiv.org/abs/1802.04801
https://doi.org/10.1016/j.nuclphysa.2005.03.086
https://doi.org/10.1016/j.nuclphysa.2005.03.086
http://arxiv.org/abs/nucl-ex/0410003
https://doi.org/10.1016/j.nuclphysa.2005.03.085
https://doi.org/10.1016/j.nuclphysa.2005.03.085
http://arxiv.org/abs/nucl-ex/0501009


Eur. Phys. J. C           (2025) 85:553 Page 27 of 35   553 

8. PHOBOS Collaboration, B. Back et al., The PHOBOS perspective
on discoveries at RHIC. Nucl. Phys. A 757, 28–101 (2005). https://
doi.org/10.1016/j.nuclphysa.2005.03.084. arXiv:nucl-ex/0410022

9. BRAHMS Collaboration, I. Arsene et al., Quark–gluon plasma
and color glass condensate at RHIC? The perspective from the
BRAHMS experiment. Nucl. Phys. A 757, 1–27 (2005). https://
doi.org/10.1016/j.nuclphysa.2005.02.130. arXiv:nucl-ex/0410020

10. ALICE Collaboration, S. Acharya et al., Centrality determination
in heavy-ion collisions. ALICE-PUBLIC-2018-011. 2018. https://
cds.cern.ch/record/2636623. Accessed 30 Aug 2018

11. J.D. Bjorken, Energy loss of energetic partons in quark-
gluon plasma: possible extinction of high pT jets in hadron-
hadron collisions”, Fermilab report FERMILAB-PUB-82-059-
T, Fermilab report (1982). https://lss.fnal.gov/archive/1982/pub/
Pub-82-059-T.pdf. Accessed Aug 1982

12. D. d’Enterria, Jet quenching, in Relativistic Heavy Ion Physics,
vol. 23, ed. by R. Stock (Springer, Berlin Heidelberg, 2010), p. 99.
https://doi.org/10.1007/978-3-642-01539-7_16. arXiv:0902.2011
[nucl-ex]

13. ALICE Collaboration, B. Abelev et al., Centrality determination of
Pb–Pb collisions at

√
sNN = 2.76 TeV with ALICE. Phys. Rev. C

88, 044909 (2013). https://doi.org/10.1103/PhysRevC.88.044909.
arXiv:1301.4361 [nucl-ex]

14. C. Loizides, J. Kamin, D. d’Enterria, Improved Monte
Carlo Glauber predictions at present and future nuclear
colliders. Phys. Rev. C 97, 054910 (2018). https://doi.
org/10.1103/PhysRevC.97.054910. arXiv:1710.07098 [hep-ph].
[10.1103/PhysRevC.99.019901 Erratum: [Phys. Rev. C 99 (2019)
019901]

15. F. Arleo, Quenching of photon and pion spectra at intermedi-
ate RHIC energy. JHEP 07, 032 (2007). https://doi.org/10.1088/
1126-6708/2007/07/032. arXiv:0706.1848 [hep-ph]

16. ATLAS Collaboration, G. Aad et al., Centrality, rapidity and trans-
verse momentum dependence of isolated prompt photon produc-
tion in lead-lead collisions at

√
sNN = 2.76 TeV measured with

the ATLAS detector. Phys. Rev. C 93, 034914 (2016). https://doi.
org/10.1103/PhysRevC.93.034914. arXiv:1506.08552 [hep-ex]

17. F. Arleo, K.J. Eskola, H. Paukkunen, C.A. Salgado, Inclusive
prompt photon production in nuclear collisions at RHIC and LHC.
JHEP 04, 055 (2011). https://doi.org/10.1007/JHEP04(2011)055.
arXiv:1103.1471 [hep-ph]

18. B.-W. Zhang, I. Vitev, Direct photon production in d + A
and A + A collisions at RHIC. Mod. Phys. Lett. A 24,
2649–2658 (2009). https://doi.org/10.1142/s0217732309031971.
arXiv:0810.3194 [nucl-th]

19. S. Collaboration, J. Adams et al., Transverse-momentum and
collision-energy dependence of high-pT hadron suppression in
Au + Au collisions at ultrarelativistic energies. Phys. Rev.
Lett. 91, 172302 (2003). https://doi.org/10.1103/physrevlett.91.
172302. arXiv:nucl-ex/0305015

20. PHENIX Collaboration, A. Adare et al., Suppression pattern of
neutral pions at high transverse momentum in Au + Au collisions
at

√
sN N = 200GeV and constraints on medium transport coef-

ficients. Phys. Rev. Lett. 101, 232301 (2008). https://doi.org/10.
1103/PhysRevLett.101.232301. arXiv:0801.4020 [nucl-ex]

21. PHENIX Collaboration, A. Adare et al., Neutral pion production
with respect to centrality and reaction plane in Au+Au collisions
at

√
sNN = 200 GeV. Phys. Rev. C 87, 034911 (2013). https://doi.

org/10.1103/PhysRevC.87.034911. arXiv:1208.2254 [nucl-ex]
22. ALICE Collaboration, S. Acharya et al., Transverse momen-

tum spectra and nuclear modification factors of charged
particles in pp, p–Pb and Pb–Pb collisions at the LHC.
JHEP 11, 013 (2018). https://doi.org/10.1007/JHEP11(2018)013.
arXiv:1802.09145 [nucl-ex]

23. CMS Collaboration, V. Khachatryan et al., Charged-particle
nuclear modification factors in PbPb and pPb collisions at

√
sN N = 5.02 TeV. JHEP 04, 039 (2017). https://doi.org/10.1007/

jhep04(2017)039. arXiv:1611.01664 [nucl-ex]
24. ALICE Collaboration, S. Acharya et al., Production of charged

pions, kaons, and (anti-)protons in Pb–Pb and inelastic pp collisions
at

√
sNN = 5.02 TeV. Phys. Rev. C 101, 044907 (2020). https://doi.

org/10.1103/PhysRevC.101.044907. arXiv:1910.07678 [nucl-ex]
25. ALICE Collaboration, J. Adam et al., Measurement of jet suppres-

sion in central Pb–Pb collisions at
√

sNN = 2.76 TeV. Phys. Lett. B
746, 1–14 (2015). https://doi.org/10.1016/j.physletb.2015.04.039.
arXiv:1502.01689 [nucl-ex]

26. ALICE Collaboration, S. Acharya et al., Measurements of inclu-
sive jet spectra in pp and central Pb–Pb collisions at

√
sNN = 5.02

TeV. Phys. Rev. C 101, 034911 (2020). https://doi.org/10.1103/
PhysRevC.101.034911. arXiv:1909.09718 [nucl-ex]

27. ATLAS Collaboration, M. Aaboud et al., xMeasurement of the
nuclear modification factor for inclusive jets in Pb+Pb collisions
at

√
sNN = 5.02 TeV with the ATLAS detector. Phys. Lett. B

790, 108–128 (2019). https://doi.org/10.1016/j.physletb.2018.10.
076. arXiv:1805.05635 [nucl-ex]

28. CMS Collaboration, V. Khachatryan et al., Measurement of inclu-
sive jet cross sections in pp and PbPb collisions at

√
sNN = 2.76

TeV. Phys. Rev. C 96, 015202 (2017). https://doi.org/10.1103/
PhysRevC.96.015202. arXiv:1609.05383 [nucl-ex]

29. ATLAS Collaboration, G. Aad et al., Measurement of W± boson
production in Pb+Pb collisions at

√
sNN = 5.02 TeV with the

ATLAS detector. Eur. Phys. J. C 79, 935 (2019). https://doi.org/
10.1140/epjc/s10052-019-7439-3. arXiv:1907.10414 [nucl-ex]

30. CMS Collaboration, S. Chatrchyan et al., Study of W boson pro-
duction in PbPb and pp collisions at

√
sNN = 2.76 TeV. Phys. Lett.

B 715, 66 (2012). https://doi.org/10.1016/j.physletb.2012.07.025.
arXiv:1205.6334 [nucl-ex]

31. ALICE Collaboration, S. Acharya et al., W±-boson production in
p−Pb collisions at

√
sNN = 8.16 TeV and Pb−Pb collisions at√

sNN = 5.02 TeV. JHEP05, 036 (2023). https://doi.org/10.1007/
JHEP05(2023)036. arXiv:2204.10640 [nucl-ex]

32. ATLAS Collaboration, G. Aad et al., Measurement of Z boson
production in Pb+Pb collisions at

√
sNN = 2.76 TeV with the

ATLAS detector. Phys. Rev. Lett. 110, 022301 (2013). https://doi.
org/10.1103/PhysRevLett.110.022301. arXiv:1210.6486 [hep-ex]

33. CMS Collaboration, A.M. Sirunyan et al., Study of Z production
in PbPb and pp collisions at

√
sNN = 2.76 TeV in the dimuon and

dielectron decay channels. JHEP 03, 022 (2015). https://doi.org/
10.1007/JHEP03(2015)022. arXiv:1410.4825 [nucl-ex]

34. ATLAS Collaboration, G. Aad et al., Z boson production in Pb
+ Pb collisions at

√
sNN = 5.02 TeV measured by the ATLAS

experiment. Phys. Lett. B 802, 135262 (2020). https://doi.org/10.
1016/j.physletb.2020.135262. arXiv:1910.13396 [nucl-ex]

35. CMS Collaboration, A.M. Sirunyan et al., Constraints on the initial
state of Pb–Pb collisions via measurements of Z -boson yields and
azimuthal anisotropy at

√
sNN = 5.02TeV. Phys. Rev. Lett. 127,

102002 (2021). https://doi.org/10.1103/PhysRevLett.127.102002.
arXiv:2103.14089 [hep-ex]

36. PHENIX Collaboration, S. Afanasiev et al., Measurement of direct
photons in Au + Au collisions at

√
sNN = 200 GeV. Phys. Rev.

Lett. 109, 152302 (2012). https://doi.org/10.1103/PhysRevLett.
109.152302. arXiv:1205.5759 [nucl-ex]

37. CMS Collaboration, S. Chatrchyan et al., Measurement of isolated
photon production in pp and PbPb collisions at

√
sNN = 2.76

TeV. Phys. Lett. B 710, 256–277 (2012). https://doi.org/10.1016/
j.physletb.2012.02.077. arXiv:1201.3093 [nucl-ex]

38. CMS Collaboration, A.M. Sirunyan et al., The production of iso-
lated photons in PbPb and pp collisions at

√
sNN = 5.02 TeV.

JHEP 07, 116 (2020). https://doi.org/10.1007/jhep07(2020)116.
arXiv:2003.12797 [hep-ex]

123

https://doi.org/10.1016/j.nuclphysa.2005.03.084
https://doi.org/10.1016/j.nuclphysa.2005.03.084
http://arxiv.org/abs/nucl-ex/0410022
https://doi.org/10.1016/j.nuclphysa.2005.02.130
https://doi.org/10.1016/j.nuclphysa.2005.02.130
http://arxiv.org/abs/nucl-ex/0410020
https://cds.cern.ch/record/2636623
https://cds.cern.ch/record/2636623
https://lss.fnal.gov/archive/1982/pub/Pub-82-059-T.pdf
https://lss.fnal.gov/archive/1982/pub/Pub-82-059-T.pdf
https://doi.org/10.1007/978-3-642-01539-7_16
http://arxiv.org/abs/0902.2011
https://doi.org/10.1103/PhysRevC.88.044909
http://arxiv.org/abs/1301.4361
https://doi.org/10.1103/PhysRevC.97.054910
https://doi.org/10.1103/PhysRevC.97.054910
http://arxiv.org/abs/1710.07098
https://doi.org/10.1088/1126-6708/2007/07/032
https://doi.org/10.1088/1126-6708/2007/07/032
http://arxiv.org/abs/0706.1848
https://doi.org/10.1103/PhysRevC.93.034914
https://doi.org/10.1103/PhysRevC.93.034914
http://arxiv.org/abs/1506.08552
https://doi.org/10.1007/JHEP04(2011)055
http://arxiv.org/abs/1103.1471
https://doi.org/10.1142/s0217732309031971
http://arxiv.org/abs/0810.3194
https://doi.org/10.1103/physrevlett.91.172302
https://doi.org/10.1103/physrevlett.91.172302
http://arxiv.org/abs/nucl-ex/0305015
https://doi.org/10.1103/PhysRevLett.101.232301
https://doi.org/10.1103/PhysRevLett.101.232301
http://arxiv.org/abs/0801.4020
https://doi.org/10.1103/PhysRevC.87.034911
https://doi.org/10.1103/PhysRevC.87.034911
http://arxiv.org/abs/1208.2254
https://doi.org/10.1007/JHEP11(2018)013
http://arxiv.org/abs/1802.09145
https://doi.org/10.1007/jhep04(2017)039
https://doi.org/10.1007/jhep04(2017)039
http://arxiv.org/abs/1611.01664
https://doi.org/10.1103/PhysRevC.101.044907
https://doi.org/10.1103/PhysRevC.101.044907
http://arxiv.org/abs/1910.07678
https://doi.org/10.1016/j.physletb.2015.04.039
http://arxiv.org/abs/1502.01689
https://doi.org/10.1103/PhysRevC.101.034911
https://doi.org/10.1103/PhysRevC.101.034911
http://arxiv.org/abs/1909.09718
https://doi.org/10.1016/j.physletb.2018.10.076
https://doi.org/10.1016/j.physletb.2018.10.076
http://arxiv.org/abs/1805.05635
https://doi.org/10.1103/PhysRevC.96.015202
https://doi.org/10.1103/PhysRevC.96.015202
http://arxiv.org/abs/1609.05383
https://doi.org/10.1140/epjc/s10052-019-7439-3
https://doi.org/10.1140/epjc/s10052-019-7439-3
http://arxiv.org/abs/1907.10414
https://doi.org/10.1016/j.physletb.2012.07.025
http://arxiv.org/abs/1205.6334
https://doi.org/10.1007/JHEP05(2023)036
https://doi.org/10.1007/JHEP05(2023)036
http://arxiv.org/abs/2204.10640
https://doi.org/10.1103/PhysRevLett.110.022301
https://doi.org/10.1103/PhysRevLett.110.022301
http://arxiv.org/abs/1210.6486
https://doi.org/10.1007/JHEP03(2015)022
https://doi.org/10.1007/JHEP03(2015)022
http://arxiv.org/abs/1410.4825
https://doi.org/10.1016/j.physletb.2020.135262
https://doi.org/10.1016/j.physletb.2020.135262
http://arxiv.org/abs/1910.13396
https://doi.org/10.1103/PhysRevLett.127.102002
http://arxiv.org/abs/2103.14089
https://doi.org/10.1103/PhysRevLett.109.152302
https://doi.org/10.1103/PhysRevLett.109.152302
http://arxiv.org/abs/1205.5759
https://doi.org/10.1016/j.physletb.2012.02.077
https://doi.org/10.1016/j.physletb.2012.02.077
http://arxiv.org/abs/1201.3093
https://doi.org/10.1007/jhep07(2020)116
http://arxiv.org/abs/2003.12797


  553 Page 28 of 35 Eur. Phys. J. C           (2025) 85:553 

39. P. Aurenche et al., Next to leading order bremsstrahlung contri-
bution to prompt-photon production. Nucl. Phys. B 399, 34–62
(1993). https://doi.org/10.1016/0550-3213(93)90615-V

40. R. Ichou, D. d’Enterria, Sensitivity of isolated photon production at
TeV hadron colliders to the gluon distribution in the proton. Phys.
Rev. D 82, 014015 (2010). https://doi.org/10.1103/PhysRevD.82.
014015. arXiv:1005.4529 [hep-ph]

41. C. Loizides, A. Morsch, Absence of jet quenching in
peripheral nucleus-nucleus collisions. Phys. Lett. B 773,
408–411 (2017). https://doi.org/10.1016/j.physletb.2017.09.002.
arXiv:1705.08856 [nucl-ex]

42. ALICE Collaboration, S. Acharya et al., Analysis of the apparent
nuclear modification in peripheral Pb–Pb collisions at 5.02 TeV.
Phys. Lett. B 793, 420 (2019). https://doi.org/10.1016/j.physletb.
2019.04.047. arXiv:1805.05212 [nucl-ex]

43. F. Jonas, C. Loizides, Centrality dependence of electroweak boson
production in PbPb collisions at the CERN Large Hadron Col-
lider. Phys. Rev. C 104, 044905 (2021). https://doi.org/10.1103/
PhysRevC.104.044905. arXiv:2104.14903 [nucl-ex]

44. X. Chen, T. Gehrmann, N. Glover, M. Höfer, A. Huss, Isolated
photon and photon + jet production at NNLO QCD accuracy.
JHEP 04, 166 (2020). https://doi.org/10.1007/jhep04(2020)166.
arXiv:1904.01044 [hep-ph]

45. ATLAS Collaboration, G. Aad et al., Inclusive-photon production
and its dependence on photon isolation in pp collisions at

√
s = 13

TeV using 139 fb−1 of ATLAS data. JHEP 07, 86 (2023). https://
doi.org/10.1007/jhep07(2023)086. arXiv:2302.00510 [hep-ex]

46. D. d’Enterria, J. Rojo, Quantitative constraints on the gluon distri-
bution function in the proton from collider isolated-photon data.
Nucl. Phys. B 860, 311–338 (2012). https://doi.org/10.1016/j.
nuclphysb.2012.03.003. arXiv:1202.1762 [hep-ph]

47. F. Arleo et al., Photon physics in heavy ion collisions at the LHC.
arXiv:hep-ph/0311131

48. E. Perez, E. Rizvi, The quark and gluon structure of the pro-
ton. Rep. Prog. Phys. 76, 046201 (2013). https://doi.org/10.1088/
0034-4885/76/4/046201. arXiv:1208.1178 [hep-ex]

49. ALICE Collaboration, S. Acharya et al., Measurement of the inclu-
sive isolated photon production cross section in pp collisions at√

s = 7 TeV. Eur. Phys. J. C 79, 896 (2019). https://doi.org/10.
1140/epjc/s10052-019-7389-9. arXiv:1906.01371 [nucl-ex]

50. UA2 Collaboration, J.A. Appel et al., Direct photon production at
the CERN p̄ p collider. Phys. Lett. B 176, 239 (1986). https://doi.
org/10.1016/0370-2693(86)90957-3

51. D0 Collaboration, V.M. Abazov et al., Measurement of the isolated
photon cross section in p p̄ collisions at

√
s = 1.96 TeV. Phys. Lett.

B 639, 151–158 (2006). https://doi.org/10.1016/j.physletb.2006.
04.048. arXiv:hep-ex/0511054 [hep-ex]. [https://doi.org/10.1016/
j.physletb.2007.06.047 Erratum: Phys. Lett. B658, 285 (2008)]

52. CDF Collaboration, T. Aaltonen et al., Measurement of the
inclusive isolated prompt photon cross section in p p̄ collisions
at

√
s = 1.96 TeV using the CDF detector. Phys. Rev. D

80, 111106 (2009). https://doi.org/10.1103/PhysRevD.80.111106.
arXiv:0910.3623 [hep-ex]

53. PHENIX Collaboration, S.S. Adler et al., Measurement of direct
photon production in p+ p collisions at

√
s = 200GeV. Phys. Rev.

Lett. 98, 012002 (2007). https://doi.org/10.1103/PhysRevLett.98.
012002. arXiv:hep-ex/0609031

54. PHENIX Collaboration, S.S. Adler et al., Centrality dependence
of direct photon production in

√
sNN = 200GeV Au + Au colli-

sions. Phys. Rev. Lett. 94, 232301 (2005). https://doi.org/10.1103/
PhysRevLett.94.232301,. arXiv:nucl-ex/0503003

55. PHENIX Collaboration, A. Adare et al., Centrality dependence of
low-momentum direct-photon production in Au+Au collisions at√

sNN = 200 GeV. Phys. Rev. C 91, 064904 (2015). https://doi.
org/10.1103/PhysRevC.91.064904. arXiv:1405.3940 [nucl-ex]

56. PHENIX Collaboration, N.J. Abdulameer et al., Nonprompt direct-
photon production in Au+Au collisions at

√
sNN = 200 GeV. Phys.

Rev. C 109, 044912 (2024). https://doi.org/10.1103/PhysRevC.
109.044912. arXiv:2203.17187 [nucl-ex]

57. T. Ferbel, W.R. Molzon, Direct photon production in high-energy
collisions. Rev. Mod. Phys. 56, 181–221 (1984). https://doi.org/
10.1103/RevModPhys.56.181

58. C. Collaboration, V. Khachatryan et al., Measurement of the iso-
lated prompt photon production cross section in pp collisions at√

s = 7 TeV. Phys. Rev. Lett. 106, 082001 (2011). https://doi.org/
10.1103/PhysRevLett.106.082001. arXiv:1012.0799 [hep-ex]

59. C. Collaboration, S. Chatrchyan et al., Measurement of the differ-
ential cross section for isolated prompt photon production in pp
collisions at 7 TeV. Phys. Rev. D 84, 052011 (2011). https://doi.
org/10.1103/PhysRevD.84.052011. arXiv:1108.2044 [hep-ex]

60. C. Collaboration, A.M. Sirunyan et al., Measurement of differential
cross sections for inclusive isolated-photon and photon + jets pro-
duction in proton-proton collisions at

√
s = 13 TeV. Eur. Phys. J.

C 79, 20 (2019). https://doi.org/10.1140/epjc/s10052-018-6482-9.
arXiv:1807.00782 [hep-ex]

61. ATLAS Collaboration, G. Aad et al., Measurement of the
inclusive isolated prompt photon cross section in pp colli-
sions at

√
s = 7 TeV with the ATLAS detector. Phys.

Rev. D83, 052005 (2011). https://doi.org/10.1103/PhysRevD.83.
052005. arXiv:1012.4389 [hep-ex]

62. ATLAS Collaboration, G. Aad et al., Measurement of the inclu-
sive isolated prompt photon cross-section in pp collisions at√

s = 7 TeV using 35 pb−1 of ATLAS data. Phys. Lett. B 706,
150–167 (2011). https://doi.org/10.1016/j.physletb.2011.11.010.
arXiv:1108.0253 [hep-ex]

63. ATLAS Collaboration, G. Aad et al., Measurement of the inclusive
isolated prompt photon cross section in pp collisions at

√
s = 7

TeV with the ATLAS detector using 4.6 fb−1. Phys. Rev. D
89, 052004 (2014). https://doi.org/10.1103/PhysRevD.89.052004.
arXiv:1311.1440 [hep-ex]

64. ATLAS Collaboration, G. Aad et al., Measurement of the inclusive
isolated prompt photon cross section in pp collisions at

√
s = 8

TeV with the ATLAS detector. JHEP 08, 005 (2016). https://doi.
org/10.1007/JHEP08(2016)005. arXiv:1605.03495 [hep-ex]

65. ATLAS Collaboration, M. Aaboud et al., Measurement of the
cross section for inclusive isolated-photon production in pp col-
lisions at

√
s = 13 TeV using the ATLAS detector. Phys. Lett. B

770, 473–493 (2017). https://doi.org/10.1016/j.physletb.2017.04.
072. arXiv:1701.06882 [hep-ex]

66. ATLAS Collaboration, G. Aad et al., Measurement of the inclusive
isolated-photon cross section in pp collisions at

√
s = 13 TeV using

36 fb−1 of ATLAS data. JHEP 10, 203 (2019). https://doi.org/10.
1007/jhep10(2019)203. arXiv:1908.02746 [hep-ex]

67. ALICE Collaboration, S. Acharya et al., Measurement of the inclu-
sive isolated-photon production cross section in pp collisions at

√
s

= 13 TeV. Eur. Phys. J. C 85, 98 (2025). https://doi.org/10.1140/
epjc/s10052-024-13506-x. arXiv:2407.01165 [hep-ex]

68. ALICE Collaboration, S. Acharya et al., Direct photon production
at low transverse momentum in proton-proton collisions at

√
s =

2.76 and 8 TeV. Phys. Rev. C 99, 024912 (2019). https://doi.org/
10.1103/PhysRevC.99.024912. arXiv:1803.09857 [nucl-ex]

69. ALICE Collaboration, J. Adam et al., Direct photon production
in Pb–Pb collisions at

√
sNN = 2.76 TeV. Phys. Lett. B 754,

235–248 (2016). https://doi.org/10.1016/j.physletb.2016.01.020.
arXiv:1509.07324 [nucl-ex]

70. ALICE Collaboration, S. Acharya et al., Dielectron production in
central Pb–Pb collisions at

√
sNN = 5.02 TeV. arXiv:2308.16704

[nucl-ex]
71. ATLAS Collaboration, M. Aaboud et al., Measurement of the ratio

of cross sections for inclusive isolated-photon production in pp
collisions at

√
s = 13 and 8 TeV with the ATLAS detector.

123

https://doi.org/10.1016/0550-3213(93)90615-V
https://doi.org/10.1103/PhysRevD.82.014015
https://doi.org/10.1103/PhysRevD.82.014015
http://arxiv.org/abs/1005.4529
https://doi.org/10.1016/j.physletb.2017.09.002
http://arxiv.org/abs/1705.08856
https://doi.org/10.1016/j.physletb.2019.04.047
https://doi.org/10.1016/j.physletb.2019.04.047
http://arxiv.org/abs/1805.05212
https://doi.org/10.1103/PhysRevC.104.044905
https://doi.org/10.1103/PhysRevC.104.044905
http://arxiv.org/abs/2104.14903
https://doi.org/10.1007/jhep04(2020)166
http://arxiv.org/abs/1904.01044
https://doi.org/10.1007/jhep07(2023)086
https://doi.org/10.1007/jhep07(2023)086
http://arxiv.org/abs/2302.00510
https://doi.org/10.1016/j.nuclphysb.2012.03.003
https://doi.org/10.1016/j.nuclphysb.2012.03.003
http://arxiv.org/abs/1202.1762
http://arxiv.org/abs/hep-ph/0311131
https://doi.org/10.1088/0034-4885/76/4/046201
https://doi.org/10.1088/0034-4885/76/4/046201
http://arxiv.org/abs/1208.1178
https://doi.org/10.1140/epjc/s10052-019-7389-9
https://doi.org/10.1140/epjc/s10052-019-7389-9
http://arxiv.org/abs/1906.01371
https://doi.org/10.1016/0370-2693(86)90957-3
https://doi.org/10.1016/0370-2693(86)90957-3
https://doi.org/10.1016/j.physletb.2006.04.048
https://doi.org/10.1016/j.physletb.2006.04.048
http://arxiv.org/abs/hep-ex/0511054
https://doi.org/10.1016/j.physletb.2007.06.047
https://doi.org/10.1016/j.physletb.2007.06.047
https://doi.org/10.1103/PhysRevD.80.111106
http://arxiv.org/abs/0910.3623
https://doi.org/10.1103/PhysRevLett.98.012002
https://doi.org/10.1103/PhysRevLett.98.012002
http://arxiv.org/abs/hep-ex/0609031
https://doi.org/10.1103/PhysRevLett.94.232301
https://doi.org/10.1103/PhysRevLett.94.232301
http://arxiv.org/abs/nucl-ex/0503003
https://doi.org/10.1103/PhysRevC.91.064904
https://doi.org/10.1103/PhysRevC.91.064904
http://arxiv.org/abs/1405.3940
https://doi.org/10.1103/PhysRevC.109.044912
https://doi.org/10.1103/PhysRevC.109.044912
http://arxiv.org/abs/2203.17187
https://doi.org/10.1103/RevModPhys.56.181
https://doi.org/10.1103/RevModPhys.56.181
https://doi.org/10.1103/PhysRevLett.106.082001
https://doi.org/10.1103/PhysRevLett.106.082001
http://arxiv.org/abs/1012.0799
https://doi.org/10.1103/PhysRevD.84.052011
https://doi.org/10.1103/PhysRevD.84.052011
http://arxiv.org/abs/1108.2044
https://doi.org/10.1140/epjc/s10052-018-6482-9
http://arxiv.org/abs/1807.00782
https://doi.org/10.1103/PhysRevD.83.052005
https://doi.org/10.1103/PhysRevD.83.052005
http://arxiv.org/abs/1012.4389
https://doi.org/10.1016/j.physletb.2011.11.010
http://arxiv.org/abs/1108.0253
https://doi.org/10.1103/PhysRevD.89.052004
http://arxiv.org/abs/1311.1440
https://doi.org/10.1007/JHEP08(2016)005
https://doi.org/10.1007/JHEP08(2016)005
http://arxiv.org/abs/1605.03495
https://doi.org/10.1016/j.physletb.2017.04.072
https://doi.org/10.1016/j.physletb.2017.04.072
http://arxiv.org/abs/1701.06882
https://doi.org/10.1007/jhep10(2019)203
https://doi.org/10.1007/jhep10(2019)203
http://arxiv.org/abs/1908.02746
https://doi.org/10.1140/epjc/s10052-024-13506-x
https://doi.org/10.1140/epjc/s10052-024-13506-x
http://arxiv.org/abs/2407.01165
https://doi.org/10.1103/PhysRevC.99.024912
https://doi.org/10.1103/PhysRevC.99.024912
http://arxiv.org/abs/1803.09857
https://doi.org/10.1016/j.physletb.2016.01.020
http://arxiv.org/abs/1509.07324
http://arxiv.org/abs/2308.16704


Eur. Phys. J. C           (2025) 85:553 Page 29 of 35   553 

JHEP 04, 093 (2019). https://doi.org/10.1007/JHEP04(2019)093.
arXiv:1901.10075 [hep-ex]

72. ALICE Collaboration, K. Aamodt et al., The ALICE experiment at
the CERN LHC. JINST 3, S08002 (2008). https://doi.org/10.1088/
1748-0221/3/08/S08002

73. ALICE Collaboration, B.B. Abelev et al., Performance of the
ALICE Experiment at the CERN LHC. Int. J. Mod. Phys. A 29,
1430044 (2014). https://doi.org/10.1142/S0217751X14300440.
arXiv:1402.4476 [nucl-ex]

74. ALICE Collaboration, S. Acharya et al., Performance of the ALICE
electromagnetic calorimeter. JINST 18, P08007 (2023). https://
doi.org/10.1088/1748-0221/18/08/P08007. arXiv:2209.04216
[physics.ins-det]

75. ALICE Collaboration, K. Aamodt et al., Alignment of the
ALICE Inner Tracking System with cosmic-ray tracks. JINST5,
P03003 (2010). https://doi.org/10.1088/1748-0221/5/03/P03003.
arXiv:1001.0502 [physics.ins-det]

76. J. Alme et al., The ALICE TPC, a large 3-dimensional tracking
device with fast readout for ultra-high multiplicity events. Nucl.
Instrum. Methods A 622, 316–367 (2010). https://doi.org/10.1016/
j.nima.2010.04.042. arXiv:1001.1950 [physics.ins-det]

77. ALICE Collaboration, E. Abbas et al., Performance of the ALICE
VZERO system. JINST 8, P10016 (2013). https://doi.org/10.1088/
1748-0221/8/10/P10016. arXiv:1306.3130 [nucl-ex]

78. O. Bourrion, N. Arbor, G. Conesa-Balbastre, C. Furget,
R. Guernane, G. Marcotte, The ALICE EMCal L1 trig-
ger first year of operation experience. JINST 8, C01013–
C01013 (2013). https://doi.org/10.1088/1748-0221/8/01/c01013.
arXiv:1210.8078 [physics.ins-det]

79. ALICE Collaboration, S. Acharya et al., Measurement of isolated
photon-hadron correlations in

√
sNN = 5.02 TeV pp and p–Pb col-

lisions. Phys. Rev. C 102, 044908 (2020). https://doi.org/10.1103/
PhysRevC.102.044908. arXiv:2005.14637 [nucl-ex]

80. ALICE Collaboration, Supplemental figures: Measurement of the
inclusive isolated-photon production cross section in pp and Pb–Pb
collisions at

√
sNN = 5.02 TeV. ALICE-PUBLIC-2024-003 (2024).

https://cds.cern.ch/record/2910556. Accessed 18 Sept 2024
81. T. Sjöstrand et al., An introduction to PYTHIA 8.2. Comput.

Phys. Commun. 191, 159–177 (2015). https://doi.org/10.1016/j.
cpc.2015.01.024. arXiv:1410.3012 [hep-ph]

82. P. Skands, S. Carrazza, J. Rojo, Tuning PYTHIA 8.1: the Monash,
tune. Eur. Phys. J. C 74(2014), 3024 (2013). https://doi.org/10.
1140/epjc/s10052-014-3024-y. arXiv:1404.5630 [hep-ph]

83. R. Brun, F. Carminati, S. Giani, GEANT detector description and
simulation tool. W5013, W-5013, CERN-W5013, CERN-W-5013.
(1994). https://cds.cern.ch/record/1082634. Accessed Oct 1994

84. T.C. Awes, F.E. Obenshain, F. Plasil, S. Saini, S.P. Sorensen, G.R.
Young, A Simple method of shower localization and identification
in laterally segmented calorimeters. Nucl. Instrum. Methods A 311,
130–138 (1992). https://doi.org/10.1016/0168-9002(92)90858-2

85. ALICE EMCal Collaboration, U. Abeysekara et al., ALICE EMCal
physics performance report. arXiv:1008.0413 [physics.ins-det]

86. CDF Collaboration, D. Acosta et al., Study of jet shapes in inclusive
jet production in p p̄ collisions at

√
s = 1.96 TeV. Phys. Rev. D

71, 112002 (2005). https://doi.org/10.1103/PhysRevD.71.112002.
arXiv:hep-ex/0505013

87. ALICE Collaboration, J. Adam et al., Anisotropic flow of charged
particles in Pb-Pb collisions at

√
sNN = 5.02 TeV. Phys. Rev.

Lett. 116, 132302 (2016). https://doi.org/10.1103/PhysRevLett.
116.132302. arXiv:1602.01119 [nucl-ex]

88. ALICE Collaboration, S. Acharya et al., ALICE 2017 luminosity
determination for pp collisions at

√
s = 5 TeV. ALICE-PUBLIC-

2018-014. 2018. https://cds.cern.ch/record/2648933. Accessed 26
Nov 2018

89. M. Cacciari, G.P. Salam, S. Sapeta, On the characterisation of
the underlying event. JHEP 04, 65 (2010). https://doi.org/10.1007/
jhep04(2010)065. arXiv:0912.4926 [hep-ph]

90. S. Catani, M. Fontannaz, J. Guillet, E. Pilon, Cross-section
of isolated prompt photons in hadron hadron collisions. JHEP
05, 028 (2002). https://doi.org/10.1088/1126-6708/2002/05/028.
arXiv:hep-ph/0204023

91. P. Aurenche, M. Fontannaz, J.-P. Guillet, E. Pilon, M. Werlen,
A new critical study of photon production in hadronic colli-
sions. Phys. Rev. D 73, 094007 (2006). https://doi.org/10.1103/
PhysRevD.73.094007. arXiv:hep-ph/0602133

92. L. Bourhis, M. Fontannaz, J. Guillet, Quarks and gluon fragmen-
tation functions into photons. Eur. Phys. J. C 2, 529–537 (1998).
https://doi.org/10.1007/s100520050158. arXiv:hep-ph/9704447

93. R.D. Ball et al., The path to proton structure at 1% accuracy.
Eur. Phys. J. C 82, 428 (2022). https://doi.org/10.1140/epjc/
s10052-022-10328-7. arXiv:2109.02653 [hep-ph]

94. R.A. Khalek, R. Gauld, T. Giani, E.R. Nocera, T.R. Rabemananjara,
J. Rojo, nNNPDF3.0: evidence for a modified partonic structure in
heavy nuclei. Eur. Phys. J. C 82, 507 (2022). https://doi.org/10.
1140/epjc/s10052-022-10417-7. arXiv:2201.12363 [hep-ph]

95. PHENIX Collaboration, N.J. Abdulameer et al., Disentangling
centrality bias and final-state effects in the production of high-
pT π0 using direct γ in d+Au collisions at

√
sNN = 200 GeV.

arXiv:2303.12899 [nucl-ex]
96. K.J. Eskola, I. Helenius, M. Kuha, H. Paukkunen, Shadowing

in inelastic nucleon–nucleon cross section? Phys. Rev. Lett. 125,
212301 (2020). https://doi.org/10.1103/PhysRevLett.125.212301.
arXiv:2003.11856 [hep-ph]

123

https://doi.org/10.1007/JHEP04(2019)093
http://arxiv.org/abs/1901.10075
https://doi.org/10.1088/1748-0221/3/08/S08002
https://doi.org/10.1088/1748-0221/3/08/S08002
https://doi.org/10.1142/S0217751X14300440
http://arxiv.org/abs/1402.4476
https://doi.org/10.1088/1748-0221/18/08/P08007
https://doi.org/10.1088/1748-0221/18/08/P08007
http://arxiv.org/abs/2209.04216
https://doi.org/10.1088/1748-0221/5/03/P03003
http://arxiv.org/abs/1001.0502
https://doi.org/10.1016/j.nima.2010.04.042
https://doi.org/10.1016/j.nima.2010.04.042
http://arxiv.org/abs/1001.1950
https://doi.org/10.1088/1748-0221/8/10/P10016
https://doi.org/10.1088/1748-0221/8/10/P10016
http://arxiv.org/abs/1306.3130
https://doi.org/10.1088/1748-0221/8/01/c01013
http://arxiv.org/abs/1210.8078
https://doi.org/10.1103/PhysRevC.102.044908
https://doi.org/10.1103/PhysRevC.102.044908
http://arxiv.org/abs/2005.14637
https://cds.cern.ch/record/2910556
https://doi.org/10.1016/j.cpc.2015.01.024
https://doi.org/10.1016/j.cpc.2015.01.024
http://arxiv.org/abs/1410.3012
https://doi.org/10.1140/epjc/s10052-014-3024-y
https://doi.org/10.1140/epjc/s10052-014-3024-y
http://arxiv.org/abs/1404.5630
https://cds.cern.ch/record/1082634
https://doi.org/10.1016/0168-9002(92)90858-2
http://arxiv.org/abs/1008.0413
https://doi.org/10.1103/PhysRevD.71.112002
http://arxiv.org/abs/hep-ex/0505013
https://doi.org/10.1103/PhysRevLett.116.132302
https://doi.org/10.1103/PhysRevLett.116.132302
http://arxiv.org/abs/1602.01119
https://cds.cern.ch/record/2648933
https://doi.org/10.1007/jhep04(2010)065
https://doi.org/10.1007/jhep04(2010)065
http://arxiv.org/abs/0912.4926
https://doi.org/10.1088/1126-6708/2002/05/028
http://arxiv.org/abs/hep-ph/0204023
https://doi.org/10.1103/PhysRevD.73.094007
https://doi.org/10.1103/PhysRevD.73.094007
http://arxiv.org/abs/hep-ph/0602133
https://doi.org/10.1007/s100520050158
http://arxiv.org/abs/hep-ph/9704447
https://doi.org/10.1140/epjc/s10052-022-10328-7
https://doi.org/10.1140/epjc/s10052-022-10328-7
http://arxiv.org/abs/2109.02653
https://doi.org/10.1140/epjc/s10052-022-10417-7
https://doi.org/10.1140/epjc/s10052-022-10417-7
http://arxiv.org/abs/2201.12363
http://arxiv.org/abs/2303.12899
https://doi.org/10.1103/PhysRevLett.125.212301
http://arxiv.org/abs/2003.11856


  553 Page 30 of 35 Eur. Phys. J. C           (2025) 85:553 

ALICE Collaboration�

S. Acharya126 , A. Agarwal134, G. Aglieri Rinella32 , L. Aglietta24 , M. Agnello29 , N. Agrawal25 ,
Z. Ahammed134 , S. Ahmad15 , S. U. Ahn71 , I. Ahuja37 , A. Akindinov140 , V. Akishina38, M. Al-Turany96 ,
D. Aleksandrov140 , B. Alessandro56 , H. M. Alfanda6 , R. Alfaro Molina67 , B. Ali15 , A. Alici25 ,
N. Alizadehvandchali115 , A. Alkin103 , J. Alme20 , G. Alocco24,52 , T. Alt64 , A. R. Altamura50 , I. Altsybeev94 ,
J. R. Alvarado44 , C. O. R. Alvarez44, M. N. Anaam6 , C. Andrei45 , N. Andreou114 , A. Andronic125 ,
E. Andronov140 , V. Anguelov93 , F. Antinori54 , P. Antonioli51 , N. Apadula73 , L. Aphecetche102 ,
H. Appelshäuser64 , C. Arata72 , S. Arcelli25 , R. Arnaldi56 , J. G. M. C. A. Arneiro109 , I. C. Arsene19 ,
M. Arslandok137 , A. Augustinus32 , R. Averbeck96 , D. Averyanov140 , M. D. Azmi15 , H. Baba123,
A. Badalà53 , J. Bae103 , Y. Bae103, Y. W. Baek40 , X. Bai119 , R. Bailhache64 , Y. Bailung48 , R. Bala90 ,
A. Balbino29 , A. Baldisseri129 , B. Balis2 , Z. Banoo90 , V. Barbasova37, F. Barile31 , L. Barioglio56 ,
M. Barlou77, B. Barman41, G. G. Barnaföldi46 , L. S. Barnby114 , E. Barreau102 , V. Barret126 , L. Barreto109 ,
C. Bartels118 , K. Barth32 , E. Bartsch64 , N. Bastid126 , S. Basu74 , G. Batigne102 , D. Battistini94 ,
B. Batyunya141 , D. Bauri47, J. L. Bazo Alba100 , I. G. Bearden82 , C. Beattie137 , P. Becht96 , D. Behera48 ,
I. Belikov128 , A. D. C. Bell Hechavarria125 , F. Bellini25 , R. Bellwied115 , S. Belokurova140 , L. G. E. Beltran108 ,
Y. A. V. Beltran44 , G. Bencedi46 , A. Bensaoula115, S. Beole24 , Y. Berdnikov140 , A. Berdnikova93 ,
L. Bergmann93 , M. G. Besoiu63 , L. Betev32 , P. P. Bhaduri134 , A. Bhasin90 , B. Bhattacharjee41 ,
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