
PHYSICAL REVIEW C 103, 034911 (2021)

γ-hadron spectra in p + Pb collisions at
√

sNN = 5.02 TeV

Man Xie ,1,* Xin-Nian Wang ,1,2,* and Han-Zhong Zhang1,*

1Key Laboratory of Quark and Lepton Physics (MOE) and Institute of Particle Physics,
Central China Normal University, Wuhan 430079, China

2Nuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA

(Received 5 March 2020; revised 6 November 2020; accepted 17 March 2021; published 29 March 2021)

Under the assumption that a quark-gluon plasma (QGP) droplet is produced and its evolution can be described
by hydrodynamics in p + A collisions, γ -triggered hadron spectra are studied within a next-to-leading-order
perturbative QCD parton model with the medium-modified parton fragmentation functions. The initial conditions
and space-time evolution of the small QGP droplet are provided by the superSONIC hydrodynamic model
simulations and parton energy loss in such a medium is described by the high-twist (HT) approach. The range
of scaled jet transport coefficient q̂0/T 3

0 in this HT approach is extracted from single hadron suppression in
A + A collisions with similar initial medium temperature as in p + A collisions. Numerical results for this
scenario show that γ -hadron spectra at pγ

T = 12–40 GeV/c are suppressed by 5–15% in the most central 0–10%
p+ Pb collisions at

√
sNN = 5.02 TeV. The suppression becomes weaker at higher transverse momentum of the

γ trigger. As a comparison, γ -hadron suppression in Pb+Pb collisions at
√

sNN = 2.76 and 5.02 TeV is also
predicted.

DOI: 10.1103/PhysRevC.103.034911

I. INTRODUCTION

Jet quenching [1–3] as reflected in the suppression and
azimuthal anisotropy of high-pT hadron spectra [4–8] are
two key evidences for the formation of hot and dense quark-
gluon plasma (QGP) in heavy-ion collisions. Recently some
phenomena observed in p + Pb collisions seem also to in-
dicate the existence of such small systems of hot and dense
medium. For example, the azimuthal anisotropies vn from
two-particle and four-particle correlation measurements in p
+ Pb collisions at 5.02 TeV [9–12] show a similar behavior
of the collective flow as in Pb+Pb collisions. Enhancement
of strangeness productions in p + Pb collisions also exhibits
similarities to what is observed in Pb+Pb collisions [13,14].
However, single charged hadron [15–19] and single jet spec-
tra [20,21] practically do not indicate strong jet quenching
phenomena in p + Pb collisions as one would expect if a small
droplet of QGP is formed. Similar behavior is also observed
for heavy flavor mesons spectra in p + Pb collisions [22].

In the experimental study of single hadron and jet suppres-
sion, one needs to determine the number of binary collisions
for a given class of centrality to calculate the suppression
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factor relative to the spectra in p + p collisions. This is prob-
lematic for p + A collisions due to relatively large dynamical
fluctuations of hadron production and leads to large uncer-
tainties [16]. One can circumvent this problem by measuring
the hadron and jet spectra in coincidence with another particle
or jet such as the spectra of dihadron, dijet, hadron jet, or γ

jet. Since one measures the hadron or jet yields per trigger,
there is no need to determine the number of binary collisions
for normalization. Experimental data [23] on dijet spectra
in p+ Pb collisions at

√
sNN = 5.02 TeV, however, show no

significant effect of jet quenching within the experimental
errors in the nuclear modification of the dijet asymmetry in
transverse momentum. Since trigger biases in dihadron and di-
jet measurements prefer surface and tangential configurations
for coincident production of hadrons or jets [24], the effect of
jet quenching should be smaller than in γ -hadron production
where the direct photon does not have strong interaction with
the hot medium before being detected. This will be the focus
of our study in this paper.

It is generally believed that γ -jet production is a golden
probe for studying parton energy loss since the color-neutral
photon does not interact strongly with the hot and dense
medium [25,26] and can be used to best approximate the
transverse momentum of the accompanying jet, which is
produced together with the photon in the hard processes of
the Compton (qg → qγ ) or annihilation (qq̄ → gγ ) scatter-
ing [27,28]. Since the produced direct photon does not interact
with the hot and dense medium, using it as the coincidence
trigger does not lead to biases in the geometrical configuration
of the initial production as in the dihadron, hadron-jet, or
dijet production. Medium modification of γ -hadron spectra
in Au+Au collisions at the Relativistic Heavy-ion Collider

2469-9985/2021/103(3)/034911(15) 034911-1 Published by the American Physical Society

https://orcid.org/0000-0002-6736-4496
https://orcid.org/0000-0002-9734-9967
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevC.103.034911&domain=pdf&date_stamp=2021-03-29
https://doi.org/10.1103/PhysRevC.103.034911
https://creativecommons.org/licenses/by/4.0/


XIE, WANG, AND ZHANG PHYSICAL REVIEW C 103, 034911 (2021)

(RHIC) [29–32] and γ -jet spectra in Pb+Pb collisions at the
Large Hadron Collider (LHC) [33–36] have been observed
that are consistent with the picture of jet quenching in the
suppression of single hadron and jet spectra. The average
fraction of quark jets versus gluon jets in γ -jet production
is larger than that of single and dijet at the same transverse
momentum and colliding energy. Quarks lose about half (4/9)
less energy than gluons in the QGP medium. However, phe-
nomenological analyses of experimental data on single jet and
γ -jet suppression show a stronger average jet energy loss for
γ -jets than single inclusive jets [37] due to trigger biases.
There is less surface and tangential trigger bias in γ -hadron
(jet) production than in single hadron (jet) and dihadron (dijet)
production. Therefore, if small droplets of QGP are formed in
p + A collisions and energetic partons also experience parton
energy loss as in A + A collisions, one should expect to ob-
serve more sizable medium modification of γ -hadron spectra
than single hadron and dihadron spectra in p + A collisions.

To calculate the medium modification of γ -hadron spectra
in p + A collisions, we assume that partons will lose their
energy mostly via medium-induced gluon radiation when
traversing the medium created in p + A collisions. The radia-
tive jet energy loss is controlled by jet transport coefficient
q̂, which is also defined as the transverse momentum squared
per unit length exchanged between the propagating hard par-
ton and the medium [38–43]. We will use the range of the
scaled jet transport coefficient q̂0/T 3

0 as extracted from the
suppression of single hadron spectra in A + A collisions with
similar initial medium temperature as in p + A collisions.
We will use the initial condition and hydrodynamic evolution
of the QGP medium in p + A collisions as provided by the
superSONIC hydrodynamic model [44,45]. As comparisons,
we also predict the nuclear modification of γ -hadron spectra
in Pb+Pb collisions at the LHC energies.

The remainder of this paper is organized as follows. In
Sec. II, we briefly introduce our framework for the study of
the invariant cross section of direct-γ and γ -hadron spectra
with large transverse momenta pγ

T in proton-proton (p + p),
proton-nucleus (p + A), and nucleus-nucleus (A + A) colli-
sions. In Sec. III, we numerically calculate the photon spectra
in Au+Au collisions at

√
sNN = 0.2 TeV, Pb+Pb collisions

at
√

sNN = 2.76 TeV and 5.02 TeV, and the corresponding
photon spectra in p + p collisions as compared with experi-
mental data. In addition, we will also show the prediction for
photon spectra in p + Pb collisions at

√
sNN = 5.02 TeV. In

Sec. IV, we focus on cold nuclear matter (CNM) effects on
direct photon and γ -hadron productions without hot medium
modification from final-state interaction. In Sec. V, we extract
the values of jet transport coefficient with different centrali-
ties in A + A collisions at both RHIC and LHC energies to
estimate uncertainties due to temperature dependence of the
scaled jet transport coefficient. In Sec. VI, we calculate the γ -
triggered fragmentation function Dγ h

pp (zT) in p + p collisions
and the γ -hadron suppression factors Iγ h

AA in central Au+Au
collisions at 0.2 TeV, and compare them with experimental
data to illustrate the applicability of our model. We also
present our predictions for γ -hadron suppression factors Iγ h

AA
in Pb+Pb collisions at

√
sNN = 2.76 and 5.02 TeV in this

section. In Sec. VII, γ -hadron suppression factors Iγ h
pA for

5.02 TeV p + Pb collisions are shown. A brief summary and
discussions are given in Sec. VIII.

II. pQCD PARTON MODEL

A. Direct photon production

The photon spectrum is the elementary part of the hard
processes in high-energy heavy-ion collisions. Photon pro-
duction is mainly from three processes: (i) quark-gluon
Compton scattering qg → qγ , (ii) quark-antiquark annihila-
tion qq̄ → gγ , and (iii) photon production from collinear
fragmentation of final-state partons. Photons from the first
two sources are called direct photons and those from the last
source are called fragmentation photons. The combination
of these three sources are called prompt photons [46,47] to
differentiate them from photons from hadron decays. The
fragmentation photons will be suppressed if an isolation cut is
applied since they are always accompanied by nearly collinear
hadrons [48,49]. For example, such isolation cuts can reduce
the fraction of fragmentation photons to less than 10% for
photons with pT smaller than 20 GeV/c in Au+Au colli-
sions at

√
sNN = 0.2 TeV [24]. With such isolation cuts it

is therefore safe for us to focus mainly on the direct photon
production and neglect photons via induced bremsstrahlung.
In addition, we also neglect photons that are produced via
jet-photon conversion [50]. Thermal productions [51,52] in
high-energy heavy-ion collisions are negligible at large trans-
verse momentum as compared to prompt photons.

The differential cross section of direct photon production in
p + p collisions [53,54] in perturbative QCD (pQCD) parton
model can be expressed as,

dσ
γ
pp

dyγ d2 pγ

T

=
∑
abd

∫ 1

xamin

dxa fa/p(xa, μ
2) fb/p(xb, μ

2)

× 2

π

xaxb

2xa − xTey

dσab→γ d

dt̂
+ O

(
αeα

2
s

)
, (1)

where xT = 2pT/
√

s, xb = xaxTe−y/(2xa − xTey), xamin =
xTey/(2 − xTe−y), fa(xa, μ

2) is parton distribution functions
(PDF’s), which we take from CT14 parametrization [55] and
dσab→γ d/dt̂ are the tree-level 2 → 2 partonic scattering cross
sections. The NLO correction at O(αeα

2
s ) order included in

our calculation contains 2 → 2 virtual diagrams and 2 → 3
tree diagrams.

Taking into account of the initial-state cold nuclear matter
(CNM) effect, one can write down the invariant cross section
of direct photon productions in p + A as [54],

dσ
γ
pA

dyγ d2 pγ

T

=
∑
abd

∫
d2b

∫ 1

xamin

dxatA(�b) fa/A(xa, μ
2, �b)

× fb/p(xb, μ
2)

2

π

xaxb

2xa−xTey

dσab→γ d

dt̂
+O

(
αeα

2
s

)
,

(2)

where tA(�b) is the nuclear thickness function at an impact-
parameter �b given by the Woods-Saxon distribution [56].
Since one of the incoming partons comes from a nucleus, the
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PDF in the nuclear target should be the nuclear modified PDF
fa/A(xa, μ

2, �b) [57,58]:

fa/A(xa, μ
2, �b) = Sa/A(xa, μ

2, �b)

[
Z

A
fa/p(xa, μ

2)

+
(

1 − Z

A

)
fa/n(xa, μ

2)

]
,

(3)

where Z and A are the charge and mass number of the nucleus,
respectively. The nuclear modification factor Sa/A(xa, μ

2, �b)
of the PDFs will be given by the EPPS16 [59] parametrization.

In A + A collisions, the invariant cross section of direct
photon production at high transverse momentum may be ob-
tained as [54],

dσ
γ
AB

dyγ d2 pγ

T

=
∑
abd

∫
d2b

∫
d2r

∫ 1

xamin

dxatA(�r)tB(�r + �b)

× fa/A(xa, μ
2, �r) fb/B(xa, μ

2, �r + �b)

× 2

π

xaxb

2xa − xTey

dσab→γ d

dt̂
+ O

(
αeα

2
s

)
, (4)

where the range of the integration over the impact parameter
b is specified by the range of centralities in A + A collisions.

Using the spectrum in p + p collisions as a baseline, the
nuclear modification factor of direct photon productions in
p + A collisions can be defined as [2,60,61],

Rγ

pA = dσ
γ

pA

/
dyγ d2 pγ

T〈
N pA

binary

〉
dσ

γ
pp/dyγ d2 pγ

T

, (5)

where 〈N pA
binary〉 = ∫

d2btA(�b) for p + A collisions. In A + A
collisions, the nuclear modification factor for direct photon
production is similarly defined as [2,60,61],

Rγ
AB = dσ

γ

AB

/
dyγ d2 pγ

T〈
NAB

binary

〉
dσ

γ
pp/dyγ d2 pγ

T

, (6)

where 〈NAB
binary〉=

∫
d2bTAB(�b) and TAB(�b)= ∫

d2rtA(�r)tB(�r + �b)
is the overlap function of two colliding nuclei. Since direct
photons do not have final-state interaction, we only need to
take into account CNM effect on the initial parton distribu-
tions.

In the calculation of direct photon and photon-hadron
spectra in both p + A and A + A collisions, the range of
the integration over the impact parameter is specified by the
range of event centralities of the collisions. The centralities in
our calculations are classified according to the percentile of
impact-parameter distribution of the total cross section, which
are matched to the centralities in experimental data defined
by the percentile event distribution in charged hadron rapidity
density dNch/dy. We will use event-by-event hydrodynamic
simulations of the space-time evolution of the bulk medium
for the calculation of parton energy loss and the modified jet
fragmentation functions. For each centrality bin, the hydro we
used is averaged over 200 events.

B. γ-hadron spectra

If the contributions from fragmentation photons are ne-
glected, the invariant cross section of γ -hadron production
only involves the fragmentation function of one parton to a
hadron. In p + p collisions, the cross section of γ hadron can
be expressed as [53],

dσ
γ h
pp

dyγ d2 pγ

Tdyhd2 ph
T

=
∑
abd

∫
dzd fa/p(xa, μ

2) fb/p(xb, μ
2)

× xaxb

πz2
d

dσab→γ d

dt̂
Dh/d (zd , μ

2)

× δ2

(
�pγ

T + �ph
T

zd

)
+ O

(
αeα

2
s

)
, (7)

where zd = pTh/pTd . We use the Kniehl-Kramer-Potter
parametrization [62] for the vacuum fragmentation function
Dh/d (zd , μ

2).
Similarly, the invariant cross section of γ -hadron produc-

tions in p + A collisions can be written as,

dσ
γ h
pA

dyγ d2 pγ

Tdyhd2 ph
T

=
∑
abd

∫
d2b

dφb

2π
dzdtA(�b) fb/p(xb, μ

2)

× fa/A(xa, μ
2, �b)

xaxb

πz2
d

dσab→γ d

dt̂

× D̃h/d (zd , μ
2,�Ed )

× δ2

(
�pγ

T + �ph
T

zd

)
+ O

(
αeα

2
s

)
, (8)

while the cross section of γ -hadron productions in A + A
collisions can be expressed as,

dσ
γ h
AB

dyγ d2 pγ

Tdyhd2 ph
T

=
∑
abd

∫
d2bd2r

∫
dφb

2π
dzdtA(�r)

× tB(�r + �b) fa/A(xa, μ
2, �r)

× fb/B(xb, μ
2, �r + �b)

xaxb

πz2
d

dσab→γ d

dt̂

× D̃h/d (zd , μ
2,�Ed )

× δ2

(
�pγ

T + �ph
T

zd

)
+ O

(
αeα

2
s

)
, (9)

where φb is the azimuthal angle between the parton’s
propagating direction �n and the impact parameter �b. The
medium-modified fragmentation function D̃h/d (zd , μ

2,�Ed )
can be calculated as [24,61,63],

D̃h/d (zd , μ
2,�Ed )

= (
1 − e−〈Nd

g 〉)[ z′
d

zd
Dh/d (z′

d , μ
2) + 〈

Nd
g

〉 zg
′

zd
Dh/g(zg

′, μ2)

]

+ e−〈Nd
g 〉Dh/d (zd , μ

2), (10)

where zd
′ = pT/(pTd − �Ed ) is the momentum fraction of

a hadron with transverse momentum pT from a parton with
initial transverse momentum pTd that has lost energy �Ed
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while propagating through the hot medium, zd = pT/pTd is
the hadron’s momentum fraction when the parton fragments
in the vacuum. 〈Nd

g 〉 is the averaged number of radiated glu-
ons and zg

′ = 〈Nd
g 〉pT/�Ed is the momentum fraction of a

hadron from a radiated gluon who carries an average energy
�Ed/〈Nd

g 〉. The factor e−〈Nd
g 〉 is the probability for a parton to

propagate through the medium without suffering any inelastic
scattering. Correspondingly, (1 − e−〈Nd

g 〉) is the probability for
a parton to suffer at least one inelastic scattering.

Within the high-twist formalism [42,64–66], the radiative
energy loss for a parton d with initial energy E can be calcu-
lated as an integral over the propagation path,

�Ed

E
= 2CAαs

π

∫
dτ

∫
dl2

T

l4
T

∫
dz[1 + (1 − z)2]

× q̂d (τ, �r + (τ − τ0)�n) sin2

[
l2
T(τ − τ0)

4z(1 − z)E

]
, (11)

starting at an initial time τ0, where CA = 3, and αs is the
strong coupling constant, lT is the transverse momentum of
radiated gluon, and z is its longitudinal momentum fraction.
Note that the jet transport coefficient for a gluon and a quark is
related by a constant color factor q̂A/q̂F = CA/CF . Therefore
the energy loss of a gluon is simply CA/CF times that of a
quark [64]. The average number of radiated gluons from the
propagating hard parton d is [67],

〈
Nd

g

〉 = 2CAαs

π

∫
dτ

∫
dl2

T

l4
T

∫
dz

z
[1 + (1 − z)2]

× q̂d (τ, �r + (τ − τ0)�n) sin2

(
l2
T(τ − τ0)

4z(1 − z)E

)
. (12)

We also assume the jet transport parameter has the fol-
lowing temperature scaling and dependence on the fluid
velocity [39,68],

q̂d = q̂d0
T 3

T 3
0

pμ · uμ

p0
, (13)

where pμ = (p0, �p) is the four-momentum of the parton, uμ

is the local four flow velocity of the fluid, T is the local
temperature of the medium and T0 is a reference temperature,
which is usually taken as the highest temperature at the center
of the medium at the initial time τ0 for each collision centrality
in proton-nucleus or nucleus-nucleus collisions. In our study
here we will vary τ0 to explore the sensitivity of parton energy
loss on the initial time in p + Pb collisions.

We assume that QGP is also formed in high-energy p + A
collisions and its evolution and final bulk hadron production
can be governed by the same hydrodynamics as in A + A
collisions. We also assume the same scaled jet transport co-
efficient q̂0/T 3

0 in p + Pb collisions at 5.02 TeV as extracted
from single inclusive hadron spectra in Au+Au collisions
at 0.2 TeV and in peripheral Pb+Pb collisions at 2.76 and
5.02 TeV in the range of the initial temperature at the center
of the QGP droplet as given by the hydrodynamic model.

From γ -hadron spectra at high transverse momentum in
p + p collisions, we define the γ -triggered fragmentation

function (FF) Dγ h
pp (zT) as [69],

Dγ h
pp (zT) = pγ

T

dσ
γ h
pp

/
dyγ d pγ

Tdyhd ph
T

dσ
γ
pp

/
dyγ d pγ

T

. (14)

In p + A collisions, Dγ h
pA(zT) is defined as [69],

Dγ h
pA(zT) = pγ

T

dσ
γ h
pA

/
dyγ d pγ

Tdyhd ph
T

dσ
γ

pA

/
dyγ d pγ

T

, (15)

where the numerator is γ -hadron cross section and the de-
nominator is the cross section of photon production. Similarly
in A + A collisions, γ -triggered fragmentation function is de-
fined as,

Dγ h
AB(zT) = pγ

T

dσ
γ h
AB

/
dyγ d pγ

Tdyhd ph
T

dσ
γ

AB

/
dyγ d pγ

T

. (16)

In the numerical calculations to be compared to experimental
data, one has to integrate the kinematics over the experimental
coverage including the opening angle between the hadron
and photon. The nuclear modification factor of the triggered
fragmentation function Iγ h

pA as a function of zT = ph
T/pγ

T can
be defined as [63],

Iγ h
pA (zT) = Dγ h

pA(zT)

Dγ h
pp (zT)

, (17)

which can be similarly defined for A + A collisions.
Furthermore, Iγ h

pA (zT) can be rewritten in the following
form:

Iγ h
pA (zT) = Jγ h

pA (zT)

Rγ

pA(pT)
, (18)

where Jγ h
pA is the ratio of γ -hadron yield in p + A collisions

over that in p + p collisions,

Jγ h
pA (zT) =

dσ
γ h
pA

dyγ d pγ

Tdyhd ph
Tdφ〈

N pA
binary

〉 dσ
γ h
pp

dyγ d pγ

Tdyhd ph
Tdφ

, (19)

without normalization by the production cross section of
the trigger photon. Equation (18) is just a different form of
Eq. (17), which is expressed in terms of two modification
factors. This way we can isolate the cold nuclear modification
factor of the trigger photons from the double differential cross
section for the trigger photon and hadron and see its effect
in Iγ h

pA . In the absence of any CNM effect on direct photon

spectra, i.e., Rγ
pA(pT) = 1, then Iγ h

pA (zT) = Jγ h
pA (zT).

Correspondingly, in A + A collisions the ratio of γ -hadron
yield over that in p + p collisions can be written as,

Jγ h
AB (zT) =

dσ
γ h
AB

dyγ d pγ

Tdyhd ph
Tdφ〈

NAB
binary

〉 dσ
γ h
pp

dyγ d pγ

Tdyhd ph
Tdφ

. (20)

III. DIRECT PHOTON PRODUCTION CROSS SECTION

The numerical results for the photon invariant cross section
in central Au+Au collisions (scaled by 〈NAA

binary〉) and p + p
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FIG. 1. Direct photon (solid) and prompt photon (dashed) spectra
as a function of pγ

T for 0–5% Au+Au collisions (scaled by 〈NAA
binary〉)

and p + p collisions at
√

sNN = 0.2 TeV, scaled by the factors for
easier viewing, as compared with PHENIX data [25,26]. The ratio
of contributions of direct photon to prompt photon productions for
0–5% Au+Au collisions and p + p collisions are shown in bottom
panel.

collisions at
√

sNN = 0.2 TeV are compared with PHENIX
data [25,26] in Fig. 1. The cross sections of direct photon and
prompt photon are both shown in this figure and their ratios
are shown in the bottom panel. For fragmentation functions
of prompt photons, we use the BFG II FFs [72] there. The
pQCD parton model can describe the experiment data well.
With isolation cuts (Rcone < 0.5, Ehad < 0.1Eγ ) contributions
of the fragmentation photons are about 10% both in p + p and
0–5% Au+Au collisions at 0.2 TeV.

We also show the direct photon spectra in 0–10%, 10–30%,
30–100%, 0–100% Pb+Pb collisions (scaled by 〈NAA

binary〉) and
p + p collisions at

√
sNN = 2.76 TeV as compared with ex-

perimental data from CMS and ATLAS [47,70] in Fig. 2. The
pQCD parton model results are in good agreement with the
experimental data. In the bottom panel of Fig. 2, the ratios of
direct photons to prompt photons with isolation cuts (Rcone <

0.4, Ehad < 5.0 GeV) for p + p collisions and 0–10% Pb+Pb
collisions are shown to vary from about 80%–90%. The con-
tributions of fragmentation photons become smaller at larger
pγ

T and it is less than 10% for pγ

T > 50 GeV/c.
Finally in Fig. 3, the direct photon spectra from pQCD

model as a function of pγ

T in 0–10% Pb+Pb collisions
(scaled by 〈NAA

binary〉) and p + p collisions at
√

sNN = 5.02 TeV
are compared with CMS data [71]. The prediction for di-
rect photon spectrum (scaled by 〈N pA

binary〉) for 0–10% p +
Pb collisions at 5.02 TeV are also shown. With isolation
cuts (Rcone < 0.4, Ehad < 1.0 GeV) the contributions of di-
rect photons to prompt photons for p + p collisions, 0–10%
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FIG. 2. Direct photon spectra as a function of pγ

T for 0–10%,
10–30%, 30–100%, 0–100% Pb+Pb collisions (dot-dashed) (scaled
by 〈NAA

binary〉) and p + p collisions (solid) at
√

sNN = 2.76 TeV, scaled
by the factors for easier viewing, as compared with experimental
data [47,70]. The ratio of contributions of direct photon to prompt
photon productions for 0–10% Pb+Pb collisions and p + p colli-
sions are shown in bottom panel.
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sions (solid) at

√
sNN = 5.02 TeV as compared with CMS data [71],

and the prediction for direct photon spectrum for 0–10% p + Pb
collisions (dashed) (scaled by 〈N pA

binary〉) at
√

sNN = 5.02 TeV, scaled
by different factors for easier viewing. The ratio of contributions of
direct photon to prompt photon productions for these three collisions
are shown in bottom panel.
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FIG. 4. The modification factor due to cold nuclear matter
(CNM) effect on γ dir-hadron spectra with (8 < pγ

T < 16 GeV/c, 3 <

ph
T < 16 GeV/c) in 0–10% Au+Au collisions and on direct photon

productions in 0–5% Au+Au collisions as compared with PHENIX
data [26] at

√
sNN = 0.2 TeV. The γ dir-hadron suppression factor

Jγ h
AA (zT) without normalization by the number of trigger photons is

shown in the top panel while the direct photon suppression factor
Rγ

AA(pγ

T ) is shown in the bottom panel.

Pb+Pb collisions, and 0–10% p + Pb collisions are also
shown in the bottom panel. Compared to Fig. 2, the contri-
butions of fragmentation photons are greatly reduced as the
selection (isolation cuts) conditions become more strict, and
it becomes negligible for pγ

T > 20 GeV/c. One can, therefore,
neglect the contributions of fragmentation photons in numeri-
cal calculations with such isolation cuts in the following.

IV. γ-HADRON SPECTRA AND CNM EFFECTS

To study the net suppressions of γ -hadron spectra caused
by jet quenching, we need to examine the cold nuclear matter
(CNM) effect on γ -hadron spectra first. We study in this
section, the CNM effects on both γ spectra and γ -hadron
spectra in A + A and p + A collisions without the effect of the
hot QGP medium. To turn off the effect of hot QGP medium
in γ -hadron spectra, we simply replace the medium modified
fragmentation function D̃h/d (zd , μ

2,�Ed ) with the vacuum
one Dh/d (zd , μ

2) in p + A [Eq. (8)] and A + A [Eq. (9)]
collisions.

In the top panel of Fig. 4, we show our calculations of
γ dir-hadron cold nuclear modification factor Jγ h

AA (without nor-
malization by the number of trigger photons) as a function
of zT = ph

T/pγ

T (with 8 < pγ

T < 16 GeV/c) in 0–10% Au+Au
collisions at

√
sNN = 0.2 TeV. In the bottom panel is direct

photon modification factor Rγ

AA by cold nuclear matter for

0–5% Au+Au collisions at 0.2 TeV, which agrees with the
experimental data [26] well. One can see that when photon
pT is less than 10 GeV/c, there is not significant cold nu-
clear matter effect. However, for pγ

T > 10 GeV/c or zT > 0.7,
both the photon and γ -hadron spectra are suppressed due
to the EMC effect in the nuclear parton distribution func-
tions [59,73]. Taking the results in these two panels together,
we find the CNM effect on γ -hadron spectra suppression Iγ h

AA ,
which is normalized by the number of trigger photons, will
have a slight enhancement according to the A + A counterpart
of Eq. (18).

Similarly, γ dir-hadron and direct photon spectra in 0–10%
Pb+Pb collisions at

√
sNN = 2.76 TeV and in 0–10% p + Pb

collisions at
√

sNN = 5.02 TeV are shown in the left and right
panels, respectively, of Fig. 5. We have also calculated the
nuclear modification of γ -hadron spectra due to CNM effect
in Pb+Pb collisions at 5.02 TeV. The result is very similar
to that in Pb+Pb collisions at

√
sNN = 2.76 TeV as shown in

Fig. 5. The γ dir-hadron cold nuclear modification factors Jγ h
PbPb

and Jγ h
pPb with 12 < pγ

T < 40 GeV/c (without normalization
by the trigger photon yields) as a function of zT are approx-
imately equal to one as shown in the top panels of Fig. 5.
The direct photon modification factor Rγ due to cold nuclear
effect is smaller than one for pγ

T < 35 GeV/c both in Pb+Pb
and p + Pb collisions, where the Bjorken x of the initial-state
parton falls in the region of nuclear shadowing [59,73]. At an
average value of photon trigger transverse momentum pγ

T =
26 GeV/c, the direct photon spectrum has a suppression of
about 10%, which causes the γ -hadron modification factor Iγ h

to become a little larger than one. As supplements to Figs. 4
and 5, we show the corresponding Iγ h

AA and Iγ h
pPb with only CNM

effect in Appendix A. One can conclude that the medium
modification factors Iγ h

PbPb and Iγ h
pPb for the hadron spectra per

trigger photon will be slightly enhanced at small pγ

T by the
CNM effects. At very high pγ

T, the CNM effect has no notable
influence on γ -hadron spectra in midrapidity [74,75] in both
A + A and p + A collisions.

From the above numerical calculations, the effect of cold
nuclear matter only leads to a slight enhancement of the
γ -hadron spectra at intermediate pγ

T < 35 GeV/c. The sup-
pressions of γ -triggered hadron spectra should be mainly
caused by parton energy loss if it is observed in A + A or in
p + A collisions.

V. JET TRANSPORT COEFFICIENT FROM SUPPRESSION
OF SINGLE INCLUSIVE HADRON SPECTRA

In order to describe jet quenching in high-energy heavy-
ion collisions in the pQCD model, one needs to have the
space-time evolution of the jet transport coefficient in Eq. (13)
along the parton propagation. The dynamical evolution of
the QGP medium that governs the space-time evolution of
the local temperature and flow velocity in our study of jet
quenching in A + A collisions is obtained using the (2 + 1)-
dimensional [(2 + 1)D] viscous hydrodynamic model VISH
(2 + 1) with Monte Carlo-Glauber (MC-Glauber) initial con-
ditions [82–85].
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FIG. 5. Left: The modification factor due to CNM effect on γ dir-hadron spectra with (12 < pγ

T < 40 GeV/c, 0.5 < ph
T < 15 GeV/c)

and on direct photon productions as compared with experimental data [47,70] in 0–10% Pb+Pb collisions at
√

sNN = 2.76 TeV. Right: The
CNM modification factor on γ dir-hadron productions with (12 < pγ

T < 40 GeV/c, 0.5 < ph
T < 15 GeV/c) and on direct photon productions

in 0–10% p + Pb collisions at
√

sNN = 5.02 TeV. The γ dir-hadron suppression factors Jγ h
AA (zT) without normalization by the number of trigger

photons is shown in the top panels while the direct photon suppression factors Rγ

AA(pγ

T ) is shown in the bottom panels.

The scaled jet transport coefficient q̂/T 3 in the comoving
frame in principle should also depend on the local temper-
ature. The best way to extract such temperature-dependent
q̂/T 3 is to do a global fit using advanced inference technique
such as Bayesian method with model emulations [86]. Before
such a comprehensive and expensive (in computing time)
analysis, it is a common practice to assume a constant value
of q̂/T 3 for each centrality and colliding energy since most
of the jet quenching comes from the early stage of the bulk
evolution when the local temperature is the highest. However,
the extracted value of q̂/T 3 can still depend on centrality
and colliding energy due to its intrinsic temperature depen-
dence. Indeed, the initial scaled jet transport coefficient q̂0/T 3

0
extracted in a previous work [87] from single and dihadron
suppression in central Au+Au collisions at

√
sNN = 0.2 TeV,

Pb+Pb collisions at
√

sNN = 2.76 and 5.02 TeV, and Xe + Xe
collisions at

√
sNN = 5.44 TeV is found to decrease slightly

with the initial temperature T0. This indicates a systematic
error for the value of q̂0/T 3

0 if one assumes it a constant
along the jet propagation path for a given centrality in A + A
collisions at a given colliding energy.

To take into account these uncertainties, we extend the
extractions of q̂0/T 3

0 from single hadron suppression to four
different centralities, 0–5%, 20–30%, 40–50%, and 60–70%
in Au+Au collisions at

√
sNN = 0.2 TeV, Pb+Pb collisions at√

sNN = 2.76 and 5.02 TeV. As three examples of such extrac-
tions, we show in Figs. 6 and 7 the χ2 fits to the suppression of
single inclusive hadron spectra in 0–10% central Au+Au col-
lisions at 0.2 TeV, 0–5% central Pb+Pb collisions at 2.76 TeV

and 5.02 TeV, respectively. The extracted values of the jet
transport coefficient are q̂0 = 1.5 GeV2/fm or q̂0/T 3

0 = 5.5
at T0 = 380 MeV, q̂0 = 1.8 GeV2/fm or q̂0/T 3

0 = 3.1 at T0 =
486 MeV and q̂0 = 2.0 GeV2/fm or q̂0/T 3

0 = 2.9 at T0 = 515
MeV, respectively. We can see that the initial value of the
scaled jet transport coefficient q̂0/T 3

0 in the center of the most
central A + A collisions decreases with the initial temperature
achieved at increasing colliding energy. The value of q̂0 in
central Pb+Pb collisions at 5.02 TeV is only slightly larger
than at 2.76 TeV, even though the charged hadron rapidity
density is about 20% higher at 5.02 TeV [81].

We should note that our numerical calculations and extrac-
tion of the jet transport coefficient here are somewhat different
from a previous work in Ref. [87]. Different parametrization
of FFs are used there that cause non-negligible effect on
the extracted values of q̂0. We have also made an improve-
ment to the parton energy loss formula in Eq. (11) in which
we subtract τ0 from the total propagation time so that their
difference enters the variable in sin2 [l2

T(τ − τ0)/4z(1 − z)E ]
due to LPM interference. As a result, the extracted values of
q̂0/T 3

0 are a little larger than those in the previous work [87].
However, both values are consistent with that from the JET
collaboration [88] within the uncertainty range.

The temperature dependence of the scaled jet transport
coefficient q̂0/T 3

0 from these extractions are summarized in
Fig. 8. We observe a clear but small temperature dependence
for the temperature range achieved in heavy-ion collisions at
the LHC energies. The scaled jet transport coefficient q̂0/T 3

0
decreases slightly with increasing T0 as also indicated by
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FIG. 6. The single hadron suppression factor (left panel) in 0–10% Au+Au collisions at
√

sNN = 0.2 TeV compared with PHENIX [76,77]
data and the corresponding χ 2/d.o. f of the fit as a function of the initial jet transport coefficient q̂0 (right panel).

the values extracted by the JET Collaboration [88]. Such a
weak temperature dependence is also observed in more recent
study [89].

The temperature dependence of the q̂0/T 3
0 extracted from

suppression of single inclusive hadron spectra in A + A col-
lisions with different centralities as shown in Fig. 8 will

provide us improved estimates of the systematic uncertainties
associated with the assumption of a constant q̂0/T 3

0 through
the jet propagation path in A + A collisions with a given cen-
trality and at a given colliding energy. These uncertainties for
A + A collisions at both RHIC and LHC energies are indicated
by dashed boxes in Fig. 8.
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FIG. 7. The single hadron suppression factors (top panels) in central 0–5% Pb+Pb collisions at
√

sNN = 2.76 TeV (left panel) and
√

sNN =
5.02 TeV (right panel) compared with CMS [78,79] and ALICE [80,81] data and the corresponding χ 2/d.o. f of the fits as a function of the
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FIG. 8. The scaled jet transport parameter q̂0/T 3
0 as a function of

the initial highest temperature in the center of the collision systems
extracted from single hadron suppression in Au+Au at

√
sNN =

0.2 TeV, Pb+Pb collisions at
√

sNN = 2.76 and 5.02 TeV in dif-
ferent (0–5%, 20–30%, 40–50%, 60–70%) centralities. The results
for Au+Au at

√
sNN = 0.2 TeV are denoted by black symbols; for

Pb+Pb at
√

sNN = 2.76 TeV by red symbols; for Pb+Pb collisions
at

√
sNN = 5.02 TeV by blue symbols. Symbols with same color

from right to left represent the results from central to peripheral
collisions. The two orange star points are the results from JET col-
laboration [88]. The rectangles indicate the range of q̂0/T 3

0 for each
collision system at a given colliding energy.

VI. γ-HADRON SPECTRA AND JET QUENCHING
IN A + A COLLISIONS

In this section we will focus on the medium modification of
γ -triggered hadron spectra in A + A collisions due to parton
energy loss in hot QGP within the pQCD parton model via the
medium-modified parton fragmentation functions. Shown in
Fig. 9 are the calculated γ dir (solid lines) and γ prompt-triggered
(dashed lines) fragmentation functions in p + p collisions at√

sNN = 0.2 TeV as a baseline which agrees well with the
PHENIX data [29]. These results are an updated version of the
Fig. 1 in Ref. [24]. The differences between them are negligi-
ble and come from the different choices of factorization scale
and parton distribution functions. We use the factorization
scale μ = 1.2pγ

T in this study instead of 0.5pγ

T in the previous
study. We also use the updated parton distribution functions
in a nucleon as given by the CT14 [55] parametrizations
instead of CTEQ6M parametrizations [90]. We note that the
fragmentation functions triggered by γ prompt are similar to that
triggered by γ dir with the isolation cuts. Therefore, we only
focus on γ dir-hadron spectra in the following discussions.

We first show the medium modification factor Iγ h
AuAu for

γ -triggered hadron spectra in 0–10% Au+Au collisions at
0.2 TeV with 8 < pγ

T < 16 GeV/c, 3 < ph
T < 16 GeV/c

(solid line) and 12 < pγ

T < 20 GeV/c, 1.2 GeV/c < ph
T <

pγ

T (dot-dashed line) as compared with STAR experimental
data [31,32] in Fig. 10. In the pQCD model calculations the
scaled initial jet transport coefficient q̂0/T 3

0 = 5.5 is used.
One can see that γ -triggered hadron spectra are sup-

pressed by nearly 80% due to jet quenching in central Au+Au
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FIG. 9. γ dir (γ prompt)-triggered FFs with six different pγ

T ranges
in p + p collisions at

√
sNN = 0.2 TeV scaled by factors for better

visualization and compared with PHENIX data [29]. The ratio of
contribution of direct photon triggered FFs to prompt photon trig-
gered FFs with 9 < pγ

T < 12 GeV/c as an example is shown in
bottom panel.

collisions at
√

sNN = 0.2 TeV. Our results are consistent with
the experimental data except the last data point at small
zT = 0.15 where contributions from hadronization of radiated
gluons and jet-induced medium recoil partons [91] become
important.

We note that the modification factor Iγ h
AuAu as a function of

zT increases slightly with pγ

T especially at intermediate and
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FIG. 10. γ dir-hadron suppression factors with q̂0/T 3
0 = 5.5 in

0–10% Au+Au collisions at
√

sNN = 0.2 TeV with 8 < pγ

T <

16 GeV/c, 3 < ph
T < 16 GeV/c (solid) and 12 < pγ

T < 20 GeV/c,
1.2 GeV/c < ph

T < pγ

T (dot-dashed) as compared with STAR
data [31,32].
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FIG. 11. γ dir-hadron suppression factors as a function of zT in 0–5%, 20–30%, 40–50%, and 60–70% Pb+Pb collisions, with 12 < pγ

T <

40 GeV/c, 0.5 < ph
T < 15 GeV/c (top panels) and 40 < pγ

T < 60 GeV/c, 0.5 < ph
T < 45 GeV/c (bottom panels). The bands represent the

range of q̂0/T 3
0 = 3.1–6.6 (top figure) at

√
sNN = 2.76 TeV and q̂0/T 3

0 = 2.9 − 5.5 (bottom figure) at
√

sNN = 5.02 TeV.

small zT. This is because the parton energy loss has an energy
dependence that is weaker than a linear dependence [92], so
the fractional energy loss �E/E actually decreases with jet
energy. The fraction of punch-through jets that come out and
fragment into hadrons without energy loss also increases with
pγ

T and leads to increase of Iγ h
AuAu.

Using the ranges of the scaled initial jet transport co-
efficient q̂0/T 3

0 as extracted from single inclusive hadron
spectra in the previous section, q̂0/T 3

0 = 3.1 − 6.6 at
√

sNN =
2.76 TeV and q̂0/T 3

0 = 2.9 − 5.5 at
√

sNN = 5.02 TeV, we can
also predict the medium modification factors for γ -triggered
hadron spectra in Pb+Pb collisions at both colliding energies
for different (0–5%, 20–30%, 40–50%, 60–70%) centralities

as shown in Fig. 11. Two different ranges of pγ

T and ph
T are

used: 12 < pγ

T < 40 GeV/c, 0.5 < ph
T < 15 GeV/c for the

results in the top panels and 40 < pγ

T < 60 GeV/c, 0.5 <

ph
T < 45 GeV/c in the bottom panels.

From the first plot of the top figure in Fig. 11 we see that
Iγ h
PbPb is about 0.2 ≈ 0.4 in 0–5% central Pb+Pb collisions at

2.76 TeV and it increases with centrality. In 60–70% periph-
eral collisions, there is almost no suppression of γ -triggered
hadron spectra. Similarly as at the RHIC energy, the suppres-
sion of γ -triggered hadron spectra becomes weaker at larger
pγ

T. The results of γ -triggered hadron suppression at 5.02 TeV
are almost the same as at 2.76 TeV, similar to the situation for
single charged hadron suppression [79,81].
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VII. γ-TRIGGERED HADRON SPECTRA
IN p + Pb COLLISIONS

In order to predict γ -triggered hadron spectra in p + Pb
collisions in our pQCD model under the assumption that a
small droplet of QGP is formed, one also needs to provide the
space-time evolution of the QGP droplet and the value of the
scaled initial jet transport coefficient q̂0/T 3

0 .
We will use superSONIC (2 + 1)D hydrodynamic

model [44,45,93,94] to describe the space-time evolution
of the QGP droplet in p + Pb collisions. This model gives
similar results as the VISH (2 + 1)D model on the transverse
dynamics of the bulk medium in A + A collisions with the
same initial conditions. For example, with superSONIC
(2 + 1)D hydrodynamic model the extracted jet transport
parameter q̂0 in 0–10% Au+Au collisions at 0.2 TeV, shown
in Fig. 15 of Appendix B, is about the same within the
uncertainty (purple box in Fig. 8) as that extracted with
the VISH hydro as shown in Fig. 6. The challenge for a
hydrodynamic model in p + A collisions is the modeling
of the fluctuating initial conditions. The model for initial
conditions in superSONIC is tuned to describe p + A
collisions and other small system as in d + Au and He +
Au collisions [95]. In principle, one should use a (3 + 1)D
hydrodynamic model for p + A collisions since there is no
longer the Bjorken scaling in the longitudinal direction. Since
we restrict our study to jet quenching in the central rapidity
region within a small rapidity window, the effect of the
longitudinal dynamics due to the breaking of Bjorken scaling
should be small on jet quenching observables averaged in a
rapidity window centered at y = 0, especially if the (2 + 1)D
hydro and the initial conditions are tuned to fit the bulk hadron
spectra and anisotropic flows. Nevertheless, we should note
that to minimize systematic uncertainties from (2 + 1)D
hydro models for a small asymmetric system, one should use
a more realistic (3 + 1)D hydro [96,97] for p + A collisions
in the future studies.

From the superSONIC hydrodynamic model, the initial
highest temperature at the center of p + Pb collisions at√

sNN = 5.02 TeV fluctuates from event to event in the range
of 300–385 MeV. According to the temperature dependence
of q̂0/T 3

0 extracted from single hadron suppression in A + A
collisions, we will consider a constant q̂0/T 3

0 in the range of
4.0–7.0 in p + Pb collisions as indicated by the purple solid
box in Fig. 8. This range of temperature happens to overlap
with that in central Au+Au collisions at

√
sNN = 0.2 TeV,

which, however, have a much larger system size and longer
lifetime. Shown in Fig. 12, are the average radiative parton
energy loss of a light quark originating from the center of the
hot medium as a function of its initial transverse momentum
with q̂0/T 3

0 = 5.5 in both central 0–10% Au+Au collisions
at 0.2 TeV (dot-dashed) and p + Pb collisions at 5.02 TeV
(solid). The quark energy loss in central Au+Au collisions is
more than a factor of 4 larger than that in p + Pb collisions
with similar initial temperature due to the larger system size
and longer lifetime of the QGP medium in central Au+Au
collisions. The energy loss of a gluon is simply 9/4 that of a
light quark. Based on this, one expects that the suppression of
γ -triggered hadron spectra in p + Pb collisions is significantly
smaller than that in A + A collisions.
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∧

FIG. 12. The energy loss of a light quark produced at (x = y = 0)
as a function of pT in 0–10% p + Pb collisions at 5.02 TeV with
initial time τ0 = 0.5 (solid line) and 1.0 fm/c (dashed line) com-
pared with the quark energy loss in 0–10% Au+Au collisions at
0.2 TeV with initial time τ0 = 0.6 fm/c (dot-dashed line), both with
q̂0/T 3

0 = 5.5.

Additionally, to study the sensitivity of the radiative par-
ton energy loss on the initial time τ0, we also vary τ0 in
the calculation when a parton starts interacting with the hot
medium and losing energy. With q̂0/T 3

0 = 5.5, we set the
default (solid line) initial time τ0 = 0.5 fm/c in p + Pb col-
lisions as provided by the superSONIC hydrodynamic model.
If we set τ0 = 1.0 fm/c and therefore let the quark to start
losing energy a little later, the average energy loss for the
quark (dashed) is about 30% smaller. We will consider such
a variation of the initial time as a part of the systematic errors
in the prediction of the γ -hadron spectra in p + Pb collisions.

To test the expectation of γ -hadron suppression due to jet
quenching in a small droplet of QGP in p + A collisions, we
show in Fig. 13 the predictions of the suppression factor for
γ -triggered hadron spectra in 5.02 TeV p + Pb collisions,
with two values of q̂0/T 3

0 representing the uncertainties on
jet transport coefficient in the range of initial temperatures
according to the hydrodynamic model as shown in Fig. 8.
The predictions are provided for four different centralities
and for two different ranges of the transverse momentum
of the trigger photon and associated hadron. For 12 < pγ

T <

40 GeV/c, 0.5 < ph
T < 15 GeV/c in the top panel, the γ -

triggered hadron spectrum in the most 0–10% central p +
Pb collisions is suppressed by about 10–15% with q̂0/T 3

0 =
7.0 shown by the red shaded band and by about 5% with
q̂0/T 3

0 = 4.0 shown by the blue shaded band. The suppression
becomes smaller in more peripheral collisions and disappears
in the most 60–80% peripheral collisions. The shaded bands in
these results indicate variations of the results when one varies
the initial time for parton energy loss between τ0 = 0.5 and
1.0 fm/c, which show a 5% difference for the suppression of
the γ -triggered hadron.

For a large transverse momentum of the triggered photon,
40 < pγ

T < 60 GeV/c, 0.5 < ph
T < 45 GeV/c (the bottom

panels), the γ -triggered hadron spectrum is suppressed by 5%

034911-11



XIE, WANG, AND ZHANG PHYSICAL REVIEW C 103, 034911 (2021)

FIG. 13. γ dir-hadron suppression factors as a function of zT in 0–10%, 20–30%, 40–50%, and 60–80% p + Pb collisions at
√

sNN = 5.02
TeV with 12 < pγ

T < 40 GeV/c, 0.5 < ph
T < 15 GeV/c (top panels) and 40 < pγ

T < 60 GeV/c, 0.5 < ph
T < 45 GeV/c (bottom panels) with

q̂0/T 3
0 = 4.0 (blue bands) and 7.0 (red bands). The lower and upper limit of bands indicate variations of the initial time between τ0 = 0.5

(lower) and 1.0 fm/c (upper).

at most in the most central p + Pb collisions. The effect of
varying initial time from τ0 = 0.5 to 1.0 fm/c on the suppres-
sion factor is almost indistinguishable for this large pγ

T.
As we have expected, the suppression of γ -triggered

hadron spectra in p + Pb collisions at
√

sNN = 5.02 TeV is
much smaller than that in A + A collisions even when similar
highest initial temperature is reached in the center of the QGP
medium in both systems. We predict a suppression of about
5–15% for γ -hadron spectra with 12 < pγ

T < 40 GeV/c in
0–10% central p + Pb collisions due to jet quenching if we
assume a QGP droplet is formed and can be described by
hydrodynamic evolution. The suppression becomes weaker
with increasing pγ

T and in more peripheral collisions.

VIII. SUMMARY AND DISCUSSIONS

In this paper, we study the suppression of γ -triggered
hadron spectra in p + Pb collisions at

√
sNN = 5.02 TeV

within NLO perturbative QCD parton model with medium
modified fragmentation function due to parton energy loss
under the assumption that a QGP droplet is produced and its
evolution can be described by hydrodynamics. The evolution
of the QGP medium and its temperature profile in p + Pb col-
lisions is simulated event-by-event by using the superSONIC
model, while the parton energy loss is calculated within the
high-twist formalism.

We have taken into account and illustrated the CNM ef-
fect on γ -hadron spectra (hadron yield per trigger), which
is negligible and the net suppression of γ -hadron spectra,
if any, should be caused mainly by parton energy loss. We
predict that γ -triggered hadron spectra are suppressed due
to jet quenching by about 5–15% for 12 < pγ

T < 40 GeV/c
in the most 0–10% central p + Pb collisions at 5.02 TeV,

with the initial jet transport coefficient q̂0/T 3
0 extracted from

the experimental data on the suppression of single inclusive
hadron spectra in A + A collisions. The suppression is shown
to decrease with increasing pγ

T and in more peripheral colli-
sions. We also provided predictions of γ -hadron suppression
in Pb+Pb collisions at

√
sNN = 2.76 and 5.02 TeV, which are

similar because of similar values of q̂0/T 3
0 as extracted from

the suppression of single inclusive hadron spectra in Pb +
Pb collisions at these two energies. The experimental mea-
surements of such suppression could provide much stringent
constraints on the formation and dynamic evolution of QGP
droplets in p + A collisions.

Most of the systematic uncertainties of our predictions
within the parton energy loss model come from the assump-
tion of a constant scaled jet transport coefficient q̂/T 3, which
is shown to have a weak but non-negligible temperature de-
pendence. Such uncertainties can be reduced in the future
by assuming a generic temperature dependence of q̂/T 3 in
the calculation and constrained global fits using advanced
inference technique such as Bayesian method.
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FIG. 14. The modification factors Iγ h
AA or Iγ h

pPb due to CNM effect on γ dir-hadron spectra in Au+Au collisions at
√

sNN = 0.2 TeV (left plot),
in Pb + Pb collisions at

√
sNN = 2.76 TeV (middle plot) and p + Pb collisions at

√
sNN = 5.02 TeV (right plot) all within 0–10% centrality

are shown there in correspondence with Figs. 4 and 5.
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APPENDIX A

The cold nuclear modification factors for γ dir hadron Iγ h
AA

and Iγ h
pPb normalized by the number of trigger photons as a

function of zT in Au+Au collisions at
√

sNN = 0.2 TeV (left
plot), Pb + Pb collisions at

√
sNN = 2.76 TeV (middle plot),

and p + Pb collisions at
√

sNN = 5.02 TeV (right plot) all
within 0–10% centrality are shown in Fig. 14 in correspon-
dence with Figs. 4 and 5. In 0–10% Au+Au collisions at
0.2 TeV, at an average value of photon trigger transverse
momentum pT = 12 GeV/c, the direct photon spectrum has
a suppression of about 10% as shown in Fig. 4. While in
0–10% Pb + Pb at 2.76 TeV and p + Pb collisions at 5.02
TeV, at an average value of photon trigger transverse momen-
tum pT = 26 GeV/c, the direct photon spectra both have a

suppression of about 10% as shown in Fig. 5. All of them lead
to an enhancement of about 10% to the γ -hadron modification
factor Iγ h as shown in Fig. 14.

APPENDIX B

To show similarity of our numerical results with VISH
(2 + 1)D and superSONIC (2 + 1)D hydrodynamic model for
the bulk medium evolution, we extract the jet transport pa-
rameter q̂0 with superSONIC (2 + 1)D hydrodynamic model
in 0–10% Au+Au collisions at

√
sNN = 0.2 TeV shown in

Fig. 15, as a comparison to Fig. 6, which is obtained with
VHIS (2 + 1)D hydrodynamic model. As we can see the best
fit of q̂0 we get with superSONIC hydro in 0–10% Au+Au
collisions at 0.2 TeV is 1.7 GeV2/fm (q̂0/T 3

0 ≈ 6.7) while it
is 1.5 GeV2/fm (q̂0/T 3

0 ≈ 5.9) with VISH hydro. These two
values of q̂0/T 3

0 are in the extracted range of q̂0/T 3
0 ≈ 4.0–7.0

as shown in the purple solid box in Fig. 8, which is the jet
transport coefficient range we used for p + Pb collisions in
Fig. 13.
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