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Abstract The ALICE Collaboration has measured the
azimuthal correlation between trigger isolated-prompt pho-
tons and associated charged hadrons in Pb—Pb collisions at
the CERN LHC, at a centre-of-mass energy per nucleon
pair of \/sn\w = 5.02 TeV. The trigger isolated-prompt
photons are measured in the transverse-momentum range
18 < p% < 40 GeV/c and pseudorapidity range |n? | < 0.67.
The isolation selection is based on a charged particle isola-
tion momentum threshold p1” h — 1.5 GeV/c within a cone
of radius R = 0.2. The associated charged particles are mea-
sured in the transverse-momentum ranges p% > 1.8 GeV/c
and pseudorapidity [n"| < 0.9. The yield D(z1) of associ-
ated hadrons per trigger, with zt = p!}/ p%, is measured
in three Pb—Pb collision centrality classes: central (0-30%),
semicentral (30-50%), and peripheral (50-90%). The D(zT)
measurement in pp collisions with the same p% interval was
too limited statistically, but at a lower p% interval, show-
ing agreement with theoretical predictions. Therefore, an
approximation to the standard Iaa is computed from the
D(zT) conditional yields, using NLO pQCD predictions as
pp reference, the Ipgcp. A strong suppression of this ratio
is observed in central collisions compared to peripheral col-
lisions. The result extends to a lower p% relative to those
reported in previously published Pb—Pb collisions measure-
ments at \/s\N = 5.02 TeV. The I,ocp measurement is
compared to Iz calculations with an NLO pQCD model
that includes energy loss, and to the CoLBT-hydro model.
The I,qcp results from central collisions are also compared
with Iaa measurements of jets correlated with isolated-
prompt photons and of hadrons correlated with Z° bosons,
both reported by the CMS Collaboration at the LHC, as
well as with direct photon—hadron correlation /44 measure-
ments reported by the PHENIX and STAR Collaborations at
RHIC.
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1 Introduction

Heavy-ion collisions (AA) at ultrarelativistic energies pro-
duce a quark—gluon plasma (QGP) [1-9], a state of decon-
fined quarks and gluons. The high-energy quarks and gluons
produced by partonic hard scatterings, which occur at the
early stages of the collision, lose energy via collisional and
radiative processes in the presence of a QGP [10,11]. As
a consequence, the high transverse-momentum (pr) jet and
hadron production, as well as the jet-fragmentation pattern,
are modified with respect to their characteristics in proton—
proton (pp) collisions: this effect is known as “jet quench-
ing” [12—14]. The RHIC and LHC experiments have indeed
reported a strong suppression of the production of jets and
hadrons for pt 2 5 GeV/c in central Pb—Pb and Au-Au col-
lisions, which has been attributed to jet quenching [15-24].

The jet-radiation pattern can be explored via measure-
ments of the fragmentation functions, which are the distri-
butions of the number of constituents within a jet accord-
ing to their relative contribution to the overall jet transverse
momentum. The ratio of the fragmentation functions in AA
over pp collisions, /a4, is used to study the jet modifica-
tions induced by the QGP, for example, in jet or di-hadron
azimuthal correlation measurements [25-29].

Electroweak bosons — direct-prompt photons (y), Z°, and
WE_ are produced in the first instants of the collision, do
not interact strongly with the QGP, therefore, their produc-
tion, aside from cold nuclear effects, is unmodified [30—
33], as reported at RHIC [34,35] and the LHC [35-46].
At leading order (LO) in perturbative quantum chromody-
namics (pQCD), they are produced in association with a
parton emitted back-to-back in azimuthal angle and with
similar pT, which, in contrast to the boson, interacts with
the QGP. Therefore, electroweak bosons can be used as a
reference for the energy scale of the hard scattering pro-
cess — as such, they are called “triggers”. The distribution
of hadrons from the hadronisation of the parton recoiling

from the trigger can be expressed with the following proxy
1_dN"

for the parton fragmentation function: D(zt) = NUE dor
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with zr = ph/ ptT“g, where N is the number of trig-

ger particles, p% and ptTng are the charged particle and trig-
ger transverse momenta, respectively, and N is the number
of charged particles with momentum fraction zt associated
to the trigger. Azimuthal-correlation measurements between
electroweak bosons and hadrons provide an effective way
to probe the nuclear modification of the parton fragmenta-
tion function, avoiding biases in jet-energy reconstruction
present in reduced-jet areas, which can be modified by jet
quenching. Direct y—hadron correlations were measured at
RHIC by the STAR [47] and PHENIX [48] Collaborations
in Au—Au collisions at ,/snn = 200 GeV, and direct y—jet
[49,50] and Z%-hadron [51,52] correlations were measured
at the LHC by the CMS and ATLAS Collaborations in Pb—
Pb collisions at ,/sxv = 5.02 TeV. In those measurements,
a strong modification of the jet pattern with respect to pp
collisions has been observed. The ALICE Collaboration also
measured isolated-prompt y—hadron correlations in pp and
p-Pb collisions at \/sn\y = 5.02 TeV [53], where no mod-
ification of the fragmentation pattern was observed, a result
expected since QGP formation, and therefore, jet quenching
is not likely in such collisions.

The kinematic range probed for Pb—Pb collisions in the
measurement presented in this article, using direct-prompt
photons as triggers, measured via the isolation technique
described below, offers access to lower Q2 relative to other
LHC experiments, where the largest nuclear effects can be
expected, and to a similar p)T/ range as RHIC measurements.
The relative energy loss and the steepness of the partonic
spectra can enhance the observable suppression, and the
interplay between parton virtuality and medium scales may
become more relevant.

At LO in pQCD, direct-prompt photons are produced via
2 — 2 processes: (i) quark—gluon Compton scattering qg —
qy, and (ii) quark—antiquark annihilation qq — gy, with a
small contribution from qq — yy. In addition, non-direct
prompt photons are produced by higher-order processes, like
parton fragmentation or Bremsstrahlung. Requiring the pho-
tons to be “isolated” allows suppression of the contributions
not only from fragmentation and Bremsstrahlung photons
[54] but also from photons originating from hadron decays,
as these photon sources are commonly accompanied by other
parton fragments. The isolation criterion requires that the
sum of the transverse momenta of the produced particles
( piTSO) in a cone with angular radius R around the photon
direction is smaller than a given threshold value. The advan-
tage of this selection is that it can be applied in both experi-
mental measurements and theoretical calculations.

This paper presents the isolated-prompt y—hadron corre-
lations measured in Pb—Pb collisions at /sy = 5.02 TeV
by the ALICE Collaboration, using data samples collected in
the years 2015 and 2018. The trigger particles are isolated-
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photon candidates in a pseudorapidity () range |n”| < 0.67
and a pr range of 18 < p% < 40 GeV/c, that were selected
with an isolation cone radius R = 0.2 and isolation momen-
tum threshold p3” " — 1.5 GeV/c using only charged par-
ticles in the cone. The associated charged particles are mea-
sured with p% > 1.8 GeV/c and |n"| < 0.9. The isolated-
photon identification and event selections are the same as in
the isolated-prompt photon pt-differential spectra measure-
ment presented in Ref. [45].

The correlation procedure followed is close to the one
presented for the measurement in pp and p—Pb collisions
at /sN' = 5.02 TeV in Ref. [53]. In this article, the
D(zT) distribution obtained for hadrons emitted opposite to
the photon, at azimuthal angle with respect to the photon
of 3/51 < |Ag| = ¢” — ¢" < 7 rad, is presented. To
observe the modification of hadron fragmentation due to jet
quenching, a baseline free of nuclear effects is needed. In
this measurement, theoretical next-to-leading-order (NLO)
pQCD calculations without jet quenching are used. Addi-
tionally, the data are confronted with theoretical models that
include energy loss. The ratios of the D(z) distribution to the
NLO pQCD calculation without energy loss are compared to
the ratios of the D(zT) in AA over pp collisions, both calcu-
lated with theory models including energy loss or measured
in different RHIC and LHC experiments.

This paper is divided into the following sections: Sect. 2
briefly presents the detector setup and the data sample used
for the analysis; Sect.3 describes the photon selection pro-
cedure; Sect.4 presents the azimuthal correlation and D(zT)
measurements and corrections. The systematic uncertainties
are presented in Sect. 5, and the final results and conclusions
are presented in Sects. 6 and 7, respectively. Additional fig-
ures giving more details on this analysis are available in Ref.
[55].

2 Detector and event selection

The ALICE experiment and its performance during the LHC
Run 2 (2015-2018) are described in Refs. [56,57]. Pho-
ton reconstruction was performed using the Electromagnetic
Calorimeter (EMCal) [58], which covers A¢p < 173° and
[n| < 0.7, while charged particles used in the photon isola-
tion and azimuthal correlation were reconstructed with the
combination of the Inner Tracking System (ITS) [59] and
the Time Projection Chamber (TPC) [60], with a combined
coverage of 1| < 0.9 and full azimuthal angle. The forward
scintillator arrays (VO) [61] and zero degree calorimeters
(ZDC) [57] were used for online triggering, and for event
selection and characterisation. For a brief description of the
detector’s setup, see Ref. [45].

The data were taken with a minimum bias (MB) inter-
action trigger and EMCal Level-1 photon-dedicated triggers
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(L1-y). The MB trigger is defined as a coincidence between
the VOA and the VOC (forward and backwards VO detec-
tors) trigger signals. In the 2015 Pb—Pb sample, the MB trig-
gered data were taken so that the centrality distribution was
uniform, but for the 2018 data sample, the 0-10% and 30—
50% centrality classes were enhanced with dedicated VO trig-
gers. Events above 90% centrality are excluded, since there
are substantial contributions from electromagnetic processes,
and their low multiplicity results in an inefficient trigger.
The L1-y triggers are based on energy depositions in 4 x 4
calorimeter cells 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, and at
5 GeV for the other centrality classes. A detailed description
of the L1-y triggers can be found in Ref. [58].

An offline event selection based on the VO timing informa-
tion is applied to remove beam-induced background events
[62]. In addition, further beam-background reduction is
obtained in Pb—Pb collisions using the information from two
ZDCs positioned at 112.5 m on either side of the nominal
interaction point. In particular, a selection is applied to the
correlation between the sum and the difference of times mea-
sured in each of the ZDCs [57]. 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 acceptance in 7.

The measurement presented here is performed in three
Pb—Pb collision centrality classes: 0-30%, 30-50%, and 50—
90%. The integrated luminosity used for each centrality class
are 7767 £ 75 nb~!, 1325 £ 21 nb~! and 378 + 8 nb~!,
respectively, the same as in Refs. [45,46].

3 Isolated-photon reconstruction and selection

Isolated-prompt photons are reconstructed via the following
steps: (a) reconstruction of clusters of cells in the calorimeter
and of tracks with the ITS and the TPC; (b) photon identifica-
tion via charged-particle vetoing using track—cluster match-
ing and via the cell-energy spread (shower shape); and (c)
selection of isolated-photon candidates. This section briefly
describes the selection procedure, however, all details can
be found in Refs. [45,46], where the same data samples are
used, and the same selections are applied.

In the EMCal, made of independent readout channels
called “cells”, particles deposit their energy in several adja-
cent cells. Each such fragmented energy deposit is grouped
into a cluster by a clusterisation algorithm. Various ver-
sions of these algorithms, together with the detector cali-
bration procedure and corrections, are described in detail in
Ref. [58]. While single photons create almost round clus-
ters, other clusters can have a wider, elongated shape; for
example, when several particles deposit their energy nearby

in the detector, or when electrons hit the EMCal at a pro-
nounced angle. The most frequent cases are neutral-meson
decays into two photons, which are reconstructed as a sin-
gle cluster when the angular distance between both photons
is such that their electromagnetic showers overlap partially.
Merged and single-photon clusters can be discriminated by
the “shower shape” variable Ul%)ng, 5450 which is derived from
the largest eigenvalue of the cluster cell spatial distribution
in the n — ¢ plane [58] restricted to 5x5 cells centred in the
cluster highest-energy cell [45,46]. In this article, “photon
candidates” refer to clusters with a “narrow” circular shape,
i.e., a small shower shape value (0.1 < o*l%mg’ 5y5 < 0.3),

while “7¥ candidates”, which are used to estimate the back-
ground in the signal region, refer to clusters with a “wide”
elliptic shape (0.4 < al%)ng, 5.5 < 1). For more details and
discussion, see Refs. [45,46].

An isolation criterion is applied to the photon candidate
to suppress the contribution by fragmentation and neutral-
meson decay photon production. In this measurement, this
is based on the so-called “isolation momentum”, py® ch _
3 pr}ll — 7 x R? x PUE, 1.e. the sum of the transverse
momenta of all charged particles ( p}%), inside a cone of radius
R < /(" — n7)2 + (¢ — ¢7)? around the photon candi-
date, located at coordinates n? and ¢ in the angular space,
and where 7" and ¢! are the coordinates of the measured
charged particles. The isolation momentum is corrected by
the contribution of the underlying-event (UE) momentum
density (pyg), estimated in a rectangular band around and
excluding the isolation cone covering |An"| < 0.9 and
AP = 2(R+0.1) rad (details can be found in Refs. [45,46]).
Typically, a value of R < 0.4 is used in pp and p—Pb colli-
sions [53,63-65], but the smaller value R = (0.2 was chosen
for this measurement to reach purity and efficiency values
as large as possible in central Pb—Pb collisions, given the
large underlying-event contribution in the cone [45,46]. The
purity is indeed higher in central collisions for R = 0.2 than
for R = 0.4 since the underlying-event fluctuations are sig-
nificantly smaller and thus less background is accepted as
isolated. Accepted tracks in the cone are required to satisfy
In"] < 0.9 and pi > 0.15 GeV/c. The track definition is
given in Refs. [46,64], and is the same as that used for the
hadron correlation in the next section. The candidate photon
is declared isolated if pp™ h - 1.5GeV/e.

Although selections were applied, the isolated-photon
candidate sample still contains a sizeable contribution from
background clusters, mainly from neutral-meson decay pho-
tons. The sample purity is estimated by a procedure known
as the “ABCD method” [45,63-70], which uses double ratios
between four different classes of measured clusters (wide and
narrow, isolated and non-isolated) and a Monte Carlo-based
factor to correct the correlation between the four classes. The
obtained purity ranges from 0.5 in the least central class to
0.65 in the most central class [45,55].
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4 Azimuthal correlation

The azimuthal correlation distribution is constructed using
isolated-photon candidate triggers with a momentum in the
range 18 < ptTng < 40 GeV/c, and a pseudorapidity |n"€| <
0.67. They are associated with charged particles, i.e. tracks
measured by the TPC and ITS, that are selected with a trans-

verse momentum p}{- > 1.8 GeV/c and |n"| < 0.9. The

choice of the lower ptTr1 & and p¥ limits are driven by the large
collision underlying event, preventing a clear signal obser-
vation in the lowest z1 intervals.

The raw conditional yield of hadrons with respect to
1L EN"(An.|Ag)
Ntig  dAnd|Ae|

where An = n"&—n" |Ag| = @€ — @ (the absolute value
indicates that the distribution is mirrored for A¢> 7 rad and
A< 0 rad to reduce the statistical uncertainties), N™¢ is
the number of trigger particles, and N" is the number of
associated hadrons.

The analysis strategy consists of four main steps to
obtain the isolated-prompt photon D(z1) distribution using
azimuthal correlations to associated tracks triggered by high-
pr isolated-narrow (prompt-y signal + 70 background) and
isolated-wide (%) clusters:

the trigger is written as S(An, |[Ag|) =

1. estimation and subtraction of the underlying-event con-
tribution from S(An, |A¢]) in the collision;

2. estimation and subtraction of the background contribution
in the trigger sample, primarily due to 70 decays;

3. for each zT interval, integration of the resulting azimuthal
distribution in the |Ag| range opposite to the trigger-
particle direction;

4. correction for the track-reconstruction efficiency.

The particles originating from the collision’s underlying
event are uncorrelated to the hard process which produces
the trigger particles considered in this measurement. The
underlying-event contribution to the azimuthal correlation
conditional yield is therefore estimated by correlating trig-
ger clusters with tracks from other collisions with similar
characteristics. A pool of such collisions, called the “mixed-
event sample”, is filled for different intervals of: central-
ity, in steps of 10% between 0 and 90%; reaction plane
angle [71], in steps of m/4 between O and m rad; and z-
vertex position, within intervals of 2cm between +10 cm
and —10 cm. The resulting distributions, M (An, |A¢]),
which are obtained similarly to S(An, |Ag|) but normalised
by the total number of mixed events per candidate trigger
used, are then subtracted from the same-event distributions,
C(An, |Apl) = S(An, [Ag|) — M(An, |[Ag]).

Figure 1 shows the raw azimuthal yield of hadrons asso-
ciated with isolated-narrow cluster triggers, for semicentral
Pb-Pb collisions in a given p)T/ and zT interval. Distributions
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for the same ptTrlg interval but for different centrality and zT
intervals, can be found in Ref. [55]. The mixed- and same-
event distributions are similar to each other in the angular
region perpendicular to the trigger direction (|Ag| ~ 7/2),
which indeed is expected to be dominated by the underlying
event. The hard-process contribution is visible as a peak due
to the recoiling jet, located on the side opposite to the trigger
(JAg@| = m rad), but the background contamination in the
photon candidate sample also generates a peak on the trigger
side (|Ag| = 0 rad).

Photons from 7° decays represent the largest fraction
of the contamination in the Cparow distribution, the rest
comes mainly from 7 meson decays. 1 and 7* triggers at
the pr range covered by this measurement, significantly
larger than their masses, present C distributions that agree
in PYTHIA 8 simulations. The Cyjge is almost entirely
triggered by 7° decays. Therefore, assuming that photon
clusters from neutral meson decays with narrow or wide
shapes have the same azimuthal correlation distribution, the
isolated-prompt y-hadron azimuthal correlation is calcu-
lated by C,iso (A7, |A@]) = 5 X Cuarrow (A1), |Ag]) =15 x
Cywide (An, |Agp|), where P is the purity presented in the pre-
vious section that ranges from 0.5 to 0.65 from the least to
the most central class [55]. At the p? € interval of this mea-
surement, background clusters, narrow and wide, are mostly
those containing two photons from the meson decay. The
results of this procedure are shown in Fig. 2 for semicen-
tral Pb—Pb collisions. Figures for the same ptTrlg interval but
for different centrality and zT intervals can be found in Ref.
[55]. The values of the correlation functions for narrow and
wide trigger clusters are very close, resulting in a significant
statistical uncertainty in the measurement.

The D(zT) distribution is obtained by integrating the
points above 31/5, and correcting for geometrical accep-
tance, detector inefficiencies and resolution, inactive detector
areas, and underlying-event subtraction effects. In order to
obtain the correction factor, the detector response is mod-
elled by Monte Carlo simulations reproducing the detector
conditions during the data-taking periods. The corrections
are obtained using PYTHIA 8 (version 8.210 [72] with the
Monash 2013 tune [73]) as a particle generator, creating pp
collisions in intervals of transverse momentum of the hard
scattering with a prompt photon and a jet (y—jet) calculated at
LO in the final state. The transport of the generated particles
in the detector material is performed using GEANT3 [74].
Each simulated pp collision is embedded into a real Pb—Pb
minimum-bias triggered event selected within the different
centrality classes considered, so that the effect of the low-
energy particles from the underlying event is properly taken
into account. For the calorimeter clusters, the embedding is
performed at the cell level by summing the cell energy of
the data and of the simulation. For the charged particles,
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Fig. 1 Azimuthal correlation distributions in the 30-50% centrality
class of Pb—Pb collisions at ./s\v' = 5.02 TeV and for the inter-
val 0.20 < zr < 0.30, for isolated-narrow clusters triggered in the

range 20 < p}lfig < 25 GeV/c, with charged-particle tracks in the

ALICE Pb-Pb, M =5.02 TeV, 30-50%
Trigger: 20 < ptTrig <25 GeV/c, 1™ < 0.67

0.1< 02, 55<03; pP*"<15GeVic, R=0.2
Associated: 0.20 < z; < 0.30, Il < 0.9

—e— Same event
—— Mixed event
—e— Same event - Mixed event

same collision (‘“Same event”, black-open circles) or in a different col-
lision (“Mixed event”, red without marker). The result of subtracting
the mixed-event distribution is shown in blue-full circles. The vertical
bars indicate the statistical uncertainties

'% ALICE Pb-Pb, ﬁ =5.02 TeV, 30-50%
= Trigger: 20 <ptTrig <25 GeVie, In™ < 0.67
S
< iso, ch —
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Fig. 2 Azimuthal correlation distributions in the 30-50% centrality
class of Pb—Pb collisions at ./sn\v = 5.02 TeV for the intervals

0.20 < zr < 0.30 and 20 < p‘Trig < 25 GeV/c. Each marker corre-

sponds to a different trigger: isolated-narrow clusters (blue-full circles),
also shown in Fig. 1;isolated-wide clusters (violet-open squares), scaled

the embedding is done at the track level, adding the tracks
coming from the data to the list of available tracks from the
simulation. The D(zT) function from the y—jet simulation is
obtained in the same way as in data. The correction factor
is calculated as the ratio of the D(zT) values for generated
tracks and reconstructed tracks, which is almost constant for
all centralities for zt > 0.2 and is approximately 1.2. For
smaller zT, the correction factor decreases below unity for
semicentral and peripheral collisions, but increases for the
most central collisions up to a value of almost three (more
details in Ref. [55]). This article reports in Sect. 6 the correla-
tion for central collisions in the centrality class 0-30%, which
was obtained by adding the corrected conditional yields of
the centrality classes 0-10% and 10-30%, weighted by the
number of triggers in each class.

by 1 — P, where P is the purity; isolated-photon triggers (orange-empty
crosses), calculated using the equation in the text. The vertical bars indi-
cate the statistical uncertainties. The dashed-green line at |Agp| = 3 /57
indicates the lower limit of the integration used in the D(zt) calculation

5 Systematic uncertainties

The considered sources of systematic uncertainty are the
isolated-photon purity, the shower-shape selection for wide
clusters, the tracking efficiency, the centrality intervals
chosen to fill the mixed-event pool, and the mixed-event
underlying-event estimation. The values of the systematic
uncertainties for the different sources and the total systematic
uncertainty are summarised in Table 1 for two zT intervals.

The total uncertainty assigned to the purity correction, op,
reported in Ref. [45,46] is used to vary the purity value +op,
resulting in an uncertainty with a zt dependence, from low to
high zt: from 6 to 20% in central collisions, from 3 to 11%
in semicentral collisions, and from 5 to 16% in peripheral
collisions. Semicentral collisions have a lower uncertainty
than peripheral collisions due to the higher purity and lower
systematic uncertainty.

@ Springer
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Table 1 Summary of uncorrelated relative systematic uncertainties in per cent for two selected high- and low-zt intervals: 0.10 < zr < 0.15 and

0.40 < zr < 0.60

0-30% 30-50% 50-90%

Low zT High zt Low zT High zT Low zT High zt
Photon purity 6.4% 20.3% 2.7% 11.6% 5.5% 16.6%
Ul%mg, 55 7.9% 7.9% 5.8% 5.8% 5.6% 5.6%
Underlying event 8.8% 5.9% 7.2% 4.5% 8% 5.9%
Mixed-event pool 6.1% 6.1% 4.7% 4.7% 3.9% 3.9%
Tracking efficiency 5.3% 1.7% 4.1% 1.8% 4.4% 1.6%
Total 15.7% 23.5% 11.5% 14.6% 12.7% 18.9%

The uncertainty due to the choice of the background
wide-cluster crling, 5.5 range is investigated by compar-
ing the results obtained for various Uling’ 5«5 selections:
035 < 01, 5us < 10,05 <o 5.5 < 1.0, and
04 < a]%mg, 5«5 < 0.8. The resulting uncertainty is zp-
independent and changes from 6% in central collisions to
4% in peripheral collisions.

To estimate the effect of the tracking efficiency on the mea-
surement, a fraction of randomly chosen tracks is removed.
This fraction is defined by the tracking efficiency uncertainty
due to the matching of the ITS-TPC tracks, which varies with
track pr: for central collisions, it is about 3.6% at low pr
(below 1 GeV/c), decreasing to about 2% for larger momenta;
for semicentral and peripheral collisions, it has a similar mag-
nitude and track-pt dependence, but is lower by less than
0.5%.

The effect of the centrality ranges used in the mixed-
event pool is checked by selecting intervals two times smaller
for the centrality (5% instead of 10%): the uncertainty, zT-
independent, is 6% in central and 4% in peripheral collisions.
For the z-vertex and reaction-plane angle, the effect of using
finer intervals was found to be negligible.

Finally, an uncertainty is assigned to the hypothesis that
the mixed-event method could not fully capture the under-
lying event. Assuming that the C,iso and Cyjide distributions
must be flat and sit at zero in the region 1 < Ag < /2, the
relative systematic uncertainty is calculated as %, where
I = [ N"(Ap)dAg is the integral of the 37/5 < Ap < 7
signal region, and B = f CgdAg is the integral of the con-
stant fit value Ciin 1 < Ag < m/2 of the Cyige distribution
(C,iso has large statistical fluctuations and it is not expected
to be different). This uncertainty decreases from lowest- to
highest-zT interval from 8.8 to 6% in central collisions, from
7.3 to 4.5% in semicentral collisions, and from 8 to 6% in
peripheral collisions.

The total systematic uncertainty is obtained by adding in
quadrature the contributions from all the sources. It ranges
from 15.7 to 23.5% (from low to high zT) for central colli-
sions, 9.6 to 14.6% (minimum at mid zT and maximum at
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high zT) for semicentral collisions, and 12.7 to 18.9% (from
low to high z1) for peripheral collisions. Among the system-
atic uncertainty sources, the mixed-event subtraction source
dominates in the first zT intervals, where the other sources
contribute at the level of 3 to 6%; only starting from zt larger
than 0.35, the purity uncertainty source dominates. The sta-
tistical uncertainty dominates the systematic one over the
whole zT range in all the Pb—Pb collision centrality classes.
It ranges between 20 and 40% for most of the points.

For the ratio of the measurement in central or semicen-
tral to peripheral collisions, the uncertainty due to the track-
ing efficiency and the effect of the centrality ranges in the
mixed-event pool fully cancels out, and the others partially,
except the uncertainty on the mixed-event underlying-event
removal, which is fully propagated and dominates. The total
systematic uncertainty ranges from 14 to 16% in central over
peripheral collisions, and from 13 to 14% in semicentral over
peripheral collisions.

6 Results

This section presents the main results of the isolated-prompt
photon-hadron correlation measurement. The isolated-photon
trigger is measured in a transverse-momentum range of
18 < p% < 40 GeV/c at midrapidity (|n¥| < 0.67),
with a charged-particle isolation-momentum threshold of
pr b _— 1.5 GeV/c in a cone of radius R = 0.2 around
the photon candidate. The associated charged particles are
measured with p > 1.8 GeV/c and |n"| < 0.9. The D(zT)
distribution is extracted after subtracting the underlying-
event and decay-photon contribution, by integrating the
azimuthal angle region |A¢| > 37/5. Figure3 shows the
measured D(zT) distributions in three Pb—Pb collision cen-
trality classes: 0-30%, 30-50%, and 50-90%.

The results are compared with NLO pQCD calcula-
tions including energy loss in the QGP [75,76] (“NLO
pPQCD+AEjwss”). They include jet energy loss controlled
by the in-medium energy-loss density ¢ and medium tem-
perature 7, and calculated by the Higher-Twist formalism
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[77] with energy loss given by §/T?3, extracted from single
hadron pt spectrum, di-hadron, and direct y—hadron correla-
tion data at different ,/sNn energies (0.2,2.76, and 5.02 TeV)
by the IF-Bayesian analysis [78—80]. The model obtains the
parton—parton hard scattering cross sections by perturbation
calculation and convolves them with the CT18A parton den-
sity functions [81] and Kniehl-Kramer—Potter fragmentation
functions [82]. The NLO pQCD calculations include frag-
mentation photons, which are reduced by applying the same
isolation method. The calculated uncertainty is based on the
extrapolated § /T energy loss at the 95% confidence level.

The results in central and semicentral collisions are also
compared with the “Coupled Linear Boltzmann Transport
and hydrodynamics” model [83] (“CoLBT-hydro”). The
CoLBT-hydro model is developed for event-by-event simu-
lations of jet transport and jet-induced medium excitation in
high-energy heavy-ion collisions by a (3+1)D hydrodynam-
ics that has a source term from energy-momentum deposition
by propagating jet shower partons [83]. In the CoLBT-hydro
model, the interactions are again driven by g, but its value is
extracted mainly from a single jet and isolated y—jet correla-
tion measurements in Pb—Pb collisions at ,/sxy = 5.02 TeV.
The calculation uncertainty is derived from the § estimation
uncertainty.

Both models use the same centrality classes and kinemat-
ical selection criteria for the trigger and associated charged
particles as those used in the data. An agreement is observed
between the data and both theoretical predictions. The dis-
crimination between the two models is not yet possible due
to current uncertainties. Figure 3 also displays the D(zt) dis-
tribution obtained from NLO pQCD simulations of pp colli-
sions, without energy loss. The uncertainty in the calculations
is estimated by varying the factorisation scale u of the frag-
mentation functions: 0.7p}, 1.2p¥ (centre value), and 2 p¥.
The measured D(zT) distributions are suppressed compared
to the NLO pQCD calculations for pp collisions for cen-
tral and semicentral Pb—Pb collisions, reflecting the high- pt
hadron suppression in the presence of the QGP.

To better illustrate the modification, the ratio of the D(zT)
distributions in AA to pp collisions, the Iaa = %,
is calculated in per-trigger yield measurements. The D(;pT)
distribution for isolated y—hadron correlations has been mea-
sured by the ALICE Collaboration in pp collisions at /s =
5.02 TeV [53], but with a different p% range (12 < p% <
40 GeV/c). Due to the large amount of underlying events
present in the Pb—Pb collisions, it is not possible to go as
low in p% as in the pp collisions measurement. On the other
hand, a reanalysis of the pp collisions data using a higher p%
threshold is not accessible due to the statistical limitations
on that sample. For these reasons, the NLO pQCD calcu-
lations (no energy loss, no cold nuclear matter effects) are
used as a pp collisions reference, which have been shown to

describe the pp collisions data well. In Ref. [55], a com-
parison between the published pp results and this pQCD
calculation, performed over a different p% interval, is pre-
sented. The results are found to be consistent with the cal-
culation, taking into account the expected 5-10% deviation
in PYTHIA 8 arising from the difference in the p% interval.
Therefore, the NLO pQCD calculations are used in this mea-
surement as a proxy of the /oo denominator, by using the
DAL which is shown in Fig. 4.

T)pQCD pp

Excluding the first zT interval, a clear difference can be
seen in central collision data with respect to the NLO pQCD
calculation for pp collisions: the ratio is around 0.5, and
moves closer to unity when more peripheral collisions are
analysed, as expected for a quenching in the QGP. The Iaa
calculations from the presented theoretical models, which
include energy loss, agree with the measurements in all three
centrality classes. In the lowest-zt interval, the Ipgcp ratio
tends to be higher than at larger zT, for all three centrality
classes, which is expected for central collisions. The I,ocp
is also compared to an NLO pQCD Iaa prediction that only
includes cold nuclear matter effects (CNM) and no energy
loss by using EPPS21 nuclear parton distribution functions
(nPDFs) [84]. Uncertainties related to the nPDFs are given at
90% confidence level and were obtained by performing the
calculations for each of the 107 eigenvector sets of EPPS21,
resulting in uncertainties of the order of 20%. The uncer-
tainty relative to the factorisation scale p is also shown, and
it largely cancels out in the ratio with values around 1.5%.
This Iaa prediction is provided without centrality depen-
dence. The calculation is close to unity and cannot reproduce
the observed magnitude of the suppression observed in cen-
tral Pb—Pb collisions, unlike the other models that include
energy loss.

Another interesting ratio is the Icp defined as the ratio
between the D(z) distributions in central or semicentral col-
lisions over the peripheral ones, Icp = W
Figure5 shows the measured Icp as a function of zt for
central and semicentral centralities. Statistical uncertainties
also dominate the results, but the expected dependence of
the suppression on centrality is well visible. The distribu-
tions are rather flat and, on average, of the order of 0.5 and
0.75, respectively. The results are compared to the equivalent
theory ratio calculated using the NLO pQCD+A E}ss model,
showing agreement.

In Figs. 6 and 7, these Ipqcp results are compared with
other equivalent /p o measurements: respectively isolated y—
jet [49] and 7% hadron [52] correlations in Pb—Pb collisions
at \/ssn = 5.02 TeV at the LHC by the CMS Collabora-
tion; and direct y—hadron correlations obtained by the STAR
[47] and PHENIX [48] Collaborations in Au—Au collisions
at ./snn = 200 GeV at RHIC.

ratio Iyocp =

@ Springer
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Fig. 3 D(zt) distributions for isolated—prompt photon—hadron corre-
lations measured in Pb—Pb collisions at ,/sx\y = 5.02 TeV for three
centrality classes: 0-30% (left), 30-50% (middle), and 50-90% (right).
The boxes and vertical lines represent the systematic and statistical
uncertainties, respectively. Different theory predictions are shown: an

NLO pQCD calculation including energy loss [75,76] (pink line and
uncertainty band), and from CoLBT-hydro [83] (cyan-dashed line and
uncertainty band). Also, an NLO pQCD prediction for pp collisions at
/s = 5.02 TeV is shown (green line and uncertainty band)
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Fig. 4 Ratio of the measured D(zT) distributions in Pb—Pb collisions
at \/sn\N = 5.02 TeV to the NLO pQCD predictions for pp collisions
at /s = 5.02 TeV, Ipqep, all distributions in the denominator and
numerator are shown in Fig. 3. Each panel shows a different centrality
class: 0-30% (left), 30-50% (middle), and 50-90% (right). The grey-
filled boxes and vertical-black lines represent the data systematic and
statistical uncertainties, respectively. The green-open boxes represent
the u scale uncertainty for the denominator NLO pQCD calculation for
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pp collisions. Different theory predictions for the /aa, which include
energy loss, are shown: an NLO pQCD calculation [75,76] (pink line
and uncertainty band), and from a CoLBT-hydro calculation [83] (cyan-
dashed line and uncertainty band, not for peripheral collisions). Also, an
NLO pQCD prediction, which includes CNM effects only (no energy
loss, no centrality dependence), is reported (light orange line and uncer-
tainty bands)
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Fig. 5 Icp ratio of the D(zt) distributions for Pb—Pb collisions at
JSNN = 5.02 TeV in Fig. 3 for data: 0-30% over 50-90% (red
squares), and 30-50% over 50-90% (violet bullets). The boxes rep-
resent the systematic uncertainties, while the vertical bars indicate the
statistical uncertainties. Also, the equivalent ratios from the NLO pQCD
calculation for Pb—Pb collisions, including energy loss, are shown as a
band indicating the theory uncertainty

Since the pt and rapidity ranges of the trigger and associ-
ated hadrons, and the centrality ranges used by ALICE and
the other experiments are not the same (see Figs. 6 and 7 for
details), and ALICE uses a theoretical pp reference, they can
only be compared qualitatively. The ALICE Collaboration
has lower p}T' than the CMS Collaboration measurements (18

to 40 GeV/c compared to p% above 60 GeV/c or p%o above
30 GeV/c). The three distributions are compatible in the com-
mon zt ranges. At low zt (below 0.15), the CMS isolated y—
jet and Z°—hadron correlations can probe the enhancement of
the low- pt hadrons. Overall, the comparison hints at a better
agreement between the ALICE and CMS Z%-hadron corre-
lation since they have the same centrality range and closer
trigger pr.

The STAR experiment also reports a similar /oo mea-
surement, although in a lower p% region (12 to 20 GeV/c)
and in more central collisions than ALICE. Their results
are compatible and overlap in the common zT range, but
the PHENIX Ix 4 differs significantly below zt = 0.45. The
higher zt yield reported by the PHENIX Collaboration can
be explained by the lower p%: the lower energy-associated
partons lose more energy relatively. Also, the measurement
could be more sensitive to the enhancement of soft hadrons:
the lowest p% at zt = 0.1 is 0.5 GeV/c for PHENIX, while
it is 1.2 and 1.8 GeV/c for STAR and ALICE, respectively.
Also, the higher zT yield reported by the PHENIX Collabo-
ration can reflect the higher relative energy loss of the lower
energy of the associated partons. Despite the differences in
the various measurements, the trends and magnitudes of the
Iaa and the Ipocp ratios in the common zt ranges measured
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Fig. 6 Iyocp for central Pb—Pb collisions at /snxn = 5.02 TeV
measured in ALICE forisolated-prompt y—hadron correlations, and /aa
measured in CMS for isolated-prompt y—jet correlations [49] and Z0—
hadron correlations [52] also in central collisions. The boxes and vertical
lines represent the systematic and statistical uncertainties, respectively.
For ALICE, the blue-open boxes represent the i scale uncertainty for
the denominator NLO pQCD calculation for pp collisions
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Fig. 7 Isolated-prompt y—hadron correlations Ipqcp for central Pb—Pb
collisions at \/sxn = 5.02 TeV measured by the ALICE Collaboration,
and Ia for central Au—Au collisions at ,/syn = 200 GeV measured by
the PHENIX [48] and STAR [47] Collaborations at RHIC, also in central
collisions. The boxes represent the systematic uncertainties, while the
vertical bars indicate the statistical uncertainties. For ALICE, the blue-
open boxes represent the 1 scale uncertainty for the denominator NLO
pQCD calculation for pp collisions

at LHC and RHIC are similar, except for PHENIX due to the
low trigger momentum.

7 Conclusions
The isolated-prompt photon—hadron correlation in Pb—Pb
collisions at \/sN\y = 5.02 TeV was measured by the ALICE

experiment for different centrality classes, in the transverse-
momentum and pseudorapidity ranges 18 < p% < 40GeV/c

@ Springer
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and |n”| < 0.67 for the photon triggers, and p% > 1.8GeV/c
and [n"| < 0.9 for the associated charged particles. The
measured D(zT) conditional yields show an agreement with
NLO pQCD+A Ejoss and ColBT-hydro calculations that both
include energy-loss mechanisms. The I,qcp ratio, approxi-
mately equivalent to the /aa, replacing the reference mea-
sured in pp collisions data with an NLO pQCD calculation
without energy loss (in agreement with D(zT) measurements
in pp collisions at lower p%), shows a strong suppression in
central collisions and less suppression in semicentral colli-
sions. The uncertainties do not allow declaring that a sup-
pression is also visible in peripheral collisions. In all three
centrality intervals, the models including jet quenching agree
with the data. At the same time, NLO pQCD calculations,
which include only cold-nuclear-matter effects, fail to repro-
duce the measured I,qcp ratio for central Pb—Pb collisions.
The Icp ratio shows a decrease in D(zt) when going from
peripheral to more central collisions, and also agrees with
NLO pQCD+A Ejess calculations.

The Iqcp results for central Pb—Pb collisions have been
compared with /oo measurements from CMS and STAR Col-
laborations. Although they use different selection criteria,
/5NN, and different pp collisions reference, the trends in
the same zt intervals agree and are consistent with a large
suppression of high- pt hadrons at high zT in the most cen-
tral Pb—Pb collisions. The current measurement extends the
lower limit of p¥ to alower value compared to previous mea-
surements by other LHC experiments. The results have also
been compared with PHENIX Collaboration results, which
use a lower trigger and hadron pt than STAR and ALICE,
finding a significantly enhanced soft hadron distribution at
low zT, likely due to the larger relative energy loss of the
back-to-back lower-energy partons.

This measurement serves as a benchmark for Run 3 and
upcoming Run 4 isolated-prompt photon—hadron correlation
analyses in ALICE. With new datasets offering increasingly
robust statistical samples, particularly the pp collisions sam-
ple at the same centre-of-mass energy, more accurate cor-
relation measurements will be possible, allowing for a more
precise investigation of different centrality classes and access
to lower and higher p% values and smaller zt intervals. The
increased statistics will enable differential studies, such as
examining correlations in different event-plane angle regions
in the Pb—Pb collisions 30-50% centrality class.
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