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Abstract Nuclear modification factors of single hadrons and dihadrons at large transverse momentum (pT) in high-energy heavy-
ion collisions are studied in a next-to-leading-order (NLO) perturbative QCD parton model. Parton fragmentation functions (FFs) in
A+A collisions are modified due to jet energy loss which is proportional to the jet transport coefficient q̂ characterizing the interaction
between the parton jet and the produced medium. By confronting 6 current sets of NLO parton FFs for large pT hadron productions,
we extract q̂ quantitatively via a global fit to data for both single hadron and dihadron suppressions and obtain q̂/T 3 � 4.74 − 6.72
at T � 370 MeV in central Au + Au collisions at

√
sNN � 200 GeV, and q̂/T 3 � 3.07 − 3.98 at T � 480 MeV in central Pb + Pb

collisions at
√
sNN � 2.76 TeV. The numerical results show that the uncertainties for q̂ extraction are brought by the different

contributions of gluon-to-hadron in the six sets of FFs due to gluon energy loss being 9/4 times of quark energy loss.

1 Introduction

The hot and dense quark-gluon plasma (QGP) could be produced in high-energy heavy-ion collisions performed at the Relativistic
Heavy Ion Collider (RHIC) [1–3] and the Large Hadron Collider (LHC) [4–8]. When hard partons generated in the initial stage of
heavy-ion collisions traverse such a nuclear medium before fragmenting into hadrons, they will lose most of their energy due to
multiple scatterings with the strongly interacting medium. As a consequence, the final state hadrons at large transverse momentum
pT are suppressed. This phenomenon is known as jet quenching [9–11], which as a hard probe plays an essential role in the
studies of QGP properties. The nuclear modification factor, RAA(pT) for single hadrons or IAA(pT) for dihadrons, is a widely used
and appropriate observable to reflect the suppression effect quantitatively, and is defined as the ratio of the hadron spectrum in
nucleus–nucleus (A + A) collisions to that in proton–proton (p + p) collisions normalized by the number of binary nucleon–nucleon
collisions [12].

In recent years, quantitative researches have become the mainstream of a large number of theoretical and experimental studies
on jet quenching. One of the important parts is to extract the jet transport coefficient q̂ associated with energy loss by comparing the
theoretical results with the experimental data. The parameter q̂ characterizes the average transverse momentum broadening squared
per unit length for a jet propagating inside the medium [13],

q̂ � ρ

∫
dq2

T
dσ

dq2
T

q2
T, (1)

where ρ is the medium gluon number density. A great amount of abundant experimental data [1–8] make it possible to accurately
extract jet quenching parameter. One notable work on the extraction of jet transport coefficient q̂ was performed by the JET
Collaboration [14], which compared several different energy loss models and extracted the q̂ values from single hadron suppressions
at RHIC and the LHC energies. Besides, phenomenological investigations have been carried out to extract the initial jet transport
coefficient and the mean free path at the initial time simultaneously [15] and consider bulk matter evolution [16, 17] for large pT

single hadron suppression and other jet quenching observables, such as dihadron and γ -hadron suppressions [12, 18–20]. More
recently, the jet transport coefficient extractions are continuing via the improving theoretical approaches with opacity-resummed
medium-induced radiation [21], the quasi-particle collection for QGP based on the linear Boltzmann transport model [22], as well
as the advanced analytical technique within JETSCAPE framework [23]. It is important and necessary for a comprehensive and
thorough understanding of the QGP properties to evaluate the systematic uncertainty of jet transport coefficient, which is given by
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different theoretical methods [14, 21, 22], observables [12, 17–19], even hydro evolution information [15, 16, 20], the initial parton
distribution functions and the final fragmentation functions, etc.

A recent investigation for the inclusive charged-particle spectra with a NLO pQCD parton model using seven recent sets of
parton-to-hadron fragmentation functions (FFs) indicates that the gluon fragmentation is obviously different in current parton FFs
and the hadron production is predominantly sensitive to the gluon-to-hadron FFs in p + p collisions [24]. Since gluon energy loss
is 9/4 times quark energy loss [25], the use of different fragmentation functions should bring an uncertainty for the jet transport
coefficient extracted in high-energy heavy-ion collisions. Besides, considering that single and dihadron productions have the same
jet energy loss mechanism but slightly different production points for the initial jets [12], the study for the two observables can
further help us understand the medium properties. In this paper, we will check the characters of six sets of the current NLO parton
FFs [26–32] and use a NLO pQCD parton model with jet quenching modified FFs to study high pT hadron productions in heavy-ion
collisions [25, 33–37]. Confronting 6 current NLO parton FFs, we will extract the jet transport coefficient q̂ quantitatively via a
global fit to data for both single hadron and dihadron suppressions and check the extraction uncertainty.

The paper is organized as follows. In Sect. 2, we introduce briefly the NLO pQCD parton model and give the spectrum expressions
of single hadron and dihadon productions. In Sect. 3, we give comparisons of the 6 current sets of NLO parton FFs variously. In
Sect. 4, we extract the jet transport coefficient with 6 current sets of FFs by fitting to the experimental data for single hadron and
dihadron suppressions at RHIC and the LHC energies. A brief summary and discussions are given in Sect. 5. The above analyses
use the same scales in the parton model for different FFs. In the Appendix, we add the results and analyses of the q̂ extracted from
the hadron suppressions with the different scales in the model for different FFs.

2 The NLO pQCD parton model with modified fragmentation functions

2.1 Cross sections of single hadron and dihadron productions

According to a NLO pQCD parton model, the differential cross section of single hadron productions in proton–proton (p + p)
collisions can be obtained as follows [38, 39]:

dσpp→h+X

dyd2 pT
�

∑
abcd

∫
dxadxb fa/p(xa, μ

2) fb/p(xb, μ
2)

× 1

π

dσab→cd

dt̂

Dh
c (zc, μ2)

zc
+ O(α3

s ), (2)

where fa/p(xa, μ2) is the parton distribution function (PDFs) for a parton a with momentum fraction xa from a free nucleon, and
we will take CT14 parameterizations [40] in the following numerical calculations. Dh

c (zc, μ2) is the parton FFs in a vacuum, for
which we will consider six sets of fragmentation function parameterizations in this work. zc � pT/pTc is the transverse momentum
fraction carried by the final hadrons from the parent parton c. Here, we will focus on hadron productions in the middle-rapidity region.
dσab→cd/dt̂ is the differential cross section for parton–parton hard scattering process at leading order α2

s . For NLO corrections in
O(α3

s ), we consider both 2 → 3 real tree diagram contributions and 2 → 2 one-loop virtual diagram contributions. In our numerical
calculations, we use two cutoffs to handle the collinear singularities and soft singularities. The ultraviolet divergences can be solved
by renormalization. For more detailed discussions on the NLO calculations, one can find in the references [41, 42].

Similarly, the differential cross section of dihadron productions in p + p collisions can be obtained as [38]

dσpp→h1+h2+X

dPS
�

∑
abcd

∫
dzc
z2
c

dzd
z2
d

fa/p(xa, μ
2) fa/p(xb, μ

2)

× xaxb
π

dσab→cd

dt̂
Dh1
c (zc, μ

2)Dh2
d (zd , μ

2)

× δ2(
−→p h1

T

zc
+

−→p h2
T

zd
) + O(α3

s ), (3)

where dPS � dyh1d2 ph1
T dyh2d2 ph2

T in the phase space.
In high-energy nucleus–nucleus (A + A) collisions, the single hadron spectra can be written as [12, 15, 16, 18]

dNAB→h+X

dyd2 pT
�

∑
abcd

∫
dxadxbd

2�r tA(�r )tB (�r + �b)

× fa/A(xa, μ
2, �r ) fb/B(xb, μ

2, �r + �b)

× 1

π

dσab→cd

dt̂

D̃h
c (zc, μ2,�Ec)

zc
+ O(α3

s ). (4)
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Similarly, the dihadron spectra in A + A collisions can be expressed as [18]

dNAB→h1+h2+X

dPS
�

∑
abcd

∫
dzc
z2
c

dzd
z2
d

d2�r tA(�r )tB (�r + �b)

× fa/A(xa, μ
2, �r ) fb/B(xb, μ

2, �r + �b)
xaxb
π

× dσab→cd

dt̂
D̃h1
c (zc, μ

2,�Ec)D̃
h2
d (zd , μ

2,�Ed )

× δ2(
−→p h1

T

zc
+

−→p h2
T

zd
) + O(α3

s ). (5)

In Eqs. (4) and (5), tA(�r ) is the nuclear thickness function given by the Woods-Saxon distribution [43] for nucleons in a nucleus
and is normalized as

∫
d2�r tA(�r ) � A. �b is the impact parameter in A + A collisions. fa/A(xa, μ2, �r ) is the nucleus-modified parton

distribution functions, which can be factorized into the parton distribution functions inside a free nucleon fa/N (xa, μ2) and the
nuclear shadowing factor Sa/A(xa, μ2, �r ) [44, 45],

fa/A(xa, μ
2, �r ) � Sa/A(xa, μ

2, �r )

[
Z

A
fa/p(xa, μ

2)

+

(
1 − Z

A

)
fa/n(xa, μ

2)

]
, (6)

where Z is the proton number of the nucleus and A is the nucleus mass number. The nuclear shadowing factor Sa/A(xa, μ2, �r ) can
be obtained using the following form [46, 47]:

Sa/A(xa, μ
2, �r ) � 1 + [Sa/A(xa, μ

2) − 1]
AtA(�r )∫

d2�r [tA(�r )]2
, (7)

where Sa/A(xa, μ2) is given by the EPPS16 parameterizations [48]. We note that the updated EPPS21 nPDFs [49] is published based
on the CT18 PDFs [50]. We will apply them to our future studies. Since the parton–parton scattering cross sections are computed
up to NLO, EPPS16, CT14 and FFs parameterizations are all used at NLO.

D̃h
c (zc, μ2,�Ec) is the medium-modified fragmentation functions and can be calculated as follows [12, 18, 33–35]:

D̃h
c (zc, μ

2,�Ec) � (1 − e−〈Ng〉)
[
z′c
zc

Dh
c (z′c, μ2)

+ 〈Ng〉 zg
′

zc
Dh
g (zg

′, μ2)

]
+ e−〈Ng〉Dh

c (zc, μ
2), (8)

where zc ′ � pT/(pTc − �Ec) is the rescaled transverse momentum fraction of the hadron from the quenched parton. The parton
has the initial transverse momentum pTc to traverse the medium. After losing energy �Ec, the quenched parton is fragmented
into a hadron with momentum pT. zg ′ � pT/(�Ec/〈Ng〉) is the rescaled transverse momentum fraction of the hadron from the
fragmentation of the radiated gluon with the initial energy �Ec/〈Ng〉. 〈Ng〉 is the averaged radiation gluon number and obeys the
Poisson distribution. The factor e−〈Ng〉 is the probability for partons escaping the medium without suffering any inelastic scattering,
while the factor (1 − e−〈Ng〉) is the probability for partons encountering at least one inelastic scattering.

�Ec is the total parton energy loss and can be calculated by the high-twist approach [25, 36, 37]. For a light quark c with the
initial energy E, the radiative energy loss �Ec can be calculated as

�Ec

E
� 2CAαs

π

∫
dτ

∫
dl2T
l4T

∫
dz

× [
1 + (1 − z)2]q̂ sin2

(
l2T(τ − τ0)

4z(1 − z)E

)
, (9)

where CA � 3 and l2T is the squared transverse momentum of the radiated gluon. Since the color factor of gluon–gluon vertex is 9/4
times that of quark-gluon vertex, the energy loss of a gluon jet is 9/4 times that of a quark jet [25]. The average number of gluons
emitted off a hard parton is calculated as [51]

〈Ng〉 � 2CAαs

π

∫
dτ

∫
dl2T
l4T

∫
dz

z

× [
1 + (1 − z)2]q̂ sin2

(
l2T(τ − τ0)

4z(1 − z)E

)
. (10)
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2.2 The jet transport coefficient

The total parton energy loss and the number of radiated gluons are both controlled by jet transport coefficient q̂ [13]. According to
Eq. (1) for the definition of jet transport coefficient, one can assume the q̂ is proportional to the local gluon density in a QGP phase
or the hadron density in a hadronic gas. Therefore, the transport coefficient in an evolving dynamical medium can be expressed as
[16, 17]

q̂(τ, �r ) �
[
q̂0

ρQGP (τ, �r + (τ − τ0)�n)

ρQGP (τ0, 0)
(1 − f )

+ q̂had(τ, �r + (τ − τ0)�n) f
]

· pμuμ

p0
, (11)

where �n is the unit length vector in the parton jet moving direction. The first part in the above equation represents the contribution
in the QGP phase, while the second part denotes that in the hadronic phase. We also consider the effective flow dependence of jet
transport coefficient. pμ is the four-momentum of the jet, and uμ is the four flow velocity of the medium. f (τ, �r ) is the hadronic
phase fraction at a given time-space point, which can distinguish the contribution of jet energy loss in the QGP and the hadronic
phase,

f (τ, �r ) �
⎧⎨
⎩

0 T > Tc
0 ∼ 1 T � Tc
1 T < Tc.

(12)

Here, T is the local temperature of the medium. In our studies, the hydrodynamical time-space evolution information of medium
temperature T and flow velocity u is obtained by the (3+1)-dimensional ideal hydrodynamic model [52, 53], in which there is a mixed
phase platform of the first order phase transition between the QGP and hadron phases at the critical temperature Tc � 170 MeV.
We note that currently, there has strong evidence that the hydrodynamic phase transition is a smooth cross-over at small chemical
potential [54, 55]. However, on the condition that the initial conditions of hydrodynamic models have been tuned to describe the
experimental data of the final state hadrons [56–62], the impact of different hydro profiles on the q̂ extraction is small [14, 63]. Here,
for the approximate calculations, we choose one given hydrodynamic profile [52, 53] to focus on the influence of different sets of
FFs on the q̂ extractions.

For the QGP phase in Eq. (11), q̂0 denotes the jet transport coefficient at the center of the bulk medium in the initial time τ0.
ρQGP is the parton density at a given time and space, which is proportional to the temperature cubed [16, 17, 52, 53]. Thereby in
numerical calculations, we assume that q̂ for the QGP phase has the following form [15, 19]:

q̂ � q̂0
T 3

T 3
0

pμuμ

p0
(1 − f ), (13)

where T0 is a reference temperature taken as the highest temperature in the center of the medium at the initial time τ0.
For the hadronic phase in Eq. (11), q̂had is the jet transport coefficient in the hadronic phase and can be written as [16]

q̂had � q̂N
ρN

[
2

3

∑
M

ρM (T ) +
∑
B

ρB (T )

]
, (14)

where q̂N is the extracted jet transport coefficient at the center of a large nucleus and given by q̂N ≈ 0.02 GeV2/fm, and ρN ≈ 0.17
fm−3 is the nucleon density at the center of the large nucleus [16]. ρM and ρB are the meson and baryon density in the hadronic
resonance gas at a given temperature, respectively. The factor 2/3 denotes the ratio of constituent quark numbers in mesons and
baryons. The hadron density at a temperature T and zero chemical potential is expressed as [16]

∑
h

ρh(T ) � T 3

2π2

∑
h

(mh

T

)2 ∞∑
n�1

ηn+1
h

n
K2

(
n
mh

T

)
, (15)

where ηh � ±1 for meson (M)/baryon (B). In this paper, we will consider hadron resonances, and the mass is below 1 GeV, including
all 17 kinds of mesons: π+, π−, π0, K +, K−, K 0, K 0, η, η

′
, ρ+, ρ−, ρ0, K ∗+, K ∗−, K ∗0, K ∗0, ω; and 2 kinds of baryons: p, n.

2.3 Nuclear modification factors

Confronting the 6 current sets of parton fragmentation functions, we will extract the parameter q̂0 of light quarks using the χ2 fitting
method of comparing the NLO pQCD numerical results of single hadron and dihadron suppressions with the experimental data.
The q̂0 values of gluons are simply 9/4 times of quarks due to the color factor CA/CF . To demonstrate the suppression of the single
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hadron spectrum in A + A collisions relative to that in p + p collisions, one can define the nuclear modification factor RAA(pT) as
[35]

RAA(pT) � 1

TAA(�b)

dNAA→h+X/dyd2 pT

dσpp→h+X/dyd2 pT
, (16)

where TAA(�b) � ∫
d2�r tA(�r )tA(�r + �b) is the overlap function of two colliding nuclei for a given impact parameter.

In the following numerical studies for dihadrons, for a given triggered hadron, we will focus on the away-side associated hadrons.
The nuclear modification factor IAA for dihadron productions can be defined as a function of zT � passoc

T /ptrig
T or a function of

passoc
T ,

IAA(zT) � DAA(zT)

Dpp(zT)
, (17)

or

IAA(passoc
T ) � DAA(passoc

T )

Dpp(passoc
T )

, (18)

where DAA(zT) � ptrig
T DAA(passoc

T ) is called hadron-triggered fragmentation function and can be calculated by [64]

DAA(zT) � ph1
T
dNAA→h1+h2+X/dyh1dph1

T dyh2dph2
T

dNAA→h1+X/dyh1dph1
T

. (19)

We calculate the RAA for single hadrons and IAA for dihadrons with the six sets of FFs at RHIC and LHC energies and compare
the numerical results with the experimental data by utilizing χ2/d.o. f fitting method. The χ2/d.o. f is defined as follows:

χ2/d.o. f �
N∑
i�1

[
(Vth − Vexp)2

σ 2
sys + σ 2

stat

]

i

/N (20)

where Vth represents the theoretical value, Vexp denotes the experimental data, σsys and σstat are the systematic and statistical errors
for the experimental data, and N is the number of data points which are used. The above equation is used to extract the best-fitting
values of q̂0 from hadron suppressions with one specified FFs, and the theory uncertainties are not taken into accounts, such as the
factorization, renormalization, and fragmentation scales [12, 14–16, 18–20, 65]. In fact, the uncertainties from PDFs and nPDFs
also have effects on the q̂ extraction. In this work, we choose the fixed PDFs and nPDFs and focus on the uncertainty brought by
FFs. We define the variation of the best-fitting values of q̂0 extracted with each FF as the uncertainty of it.

3 Comparisons of parton fragmentation functions

In this work, we employ the six sets of commonly used parameterizations of NLO parton-to-hadron fragmentation functions:
Kretzer (KRE) [26], KKP [27], BFGW [28], HKNS [29], AKK08 [30], and DSS [31, 32]. Here, we focus on the uncertainty of
the jet quenching parameter brought by the divergences between different FFs. Nowadays, there are many improvements for the
determination of FFs, such as utilizing precise data from higher colliding energies to give more stringent constraints [66–68], pushing
the accuracy of FFs to NNLO [69–71], as well as using advanced neural network methodology to perform the uncertainty analysis
[72, 73]. These developments make the updated FFs more accurate. In the future, we will check and use the latest version FFs in
our study.

The information of the above six sets of FFs is listed in Table 1. From the species column, we can see that the charged hadrons
(h±) are constructed as a sum of the individual FFs for pions (π±), kaons (K±), and (anti)protons(p, p) in most of the parton
FFs sets except the BFGW FFs. π0 hadron is given by the average of pions (π+ and π−). In this section, we will briefly show the
differences of parton-to-π0 or parton-to-h± between these six sets of fragmentation function parameterizations.

Table 1 Characteristics of the six
sets of current fragmentation
function parameterizations with
hadron species, fitted data,
minimum value of z, and the scale
range of μ2

FFs set Species Fitted data zmin μ2(GeV2)

KRE [26] π+, π−, K+, K−, h+, h− e+e− 0.01 0.8 − 106

KKP [27] π+ + π−, K+ + K−, p + p, h+ + h− e+e− 0.1 2.0 − 4.0 · 104

BFGW [28] h+ + h− e+e− 0.001 2.0 − 1.2 · 104

HKNS [29] π+, π−, K+, K−, p, p, h+, h− e+e− 0.01 1.0 − 108

AKK08 [30] π+, π−, K+, K−, p, p, h+, h−
e+e−, pp 0.05 1.0 − 106

DSS [31, 32] π+, π−, K+, K−, p, p, h+, h−
e+e−, pp, ep 0.05 1.0 − 105
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Fig. 1 The invariant cross sections
of single π0 for the same scale
μ � 1.2pT with different FFs in
p + p collisions at

√
sNN � 200

GeV (upper panel), and ratios of
data over the theoretical results
(lower panel). The data are from
Ref. [1]

Fig. 2 Comparisons of
parton-to-π0 fragmentation
functions between five sets of FFs,
KRE[26], KKP [27], HKNS [29],
AKK08 [30], and DSS [31, 32].
Left panels are for quark FFs, and
right panels for gluon FFs. Upper
panels are for hadrons with
pT � 10 GeV, and lower panels
with pT � 50 GeV. The scale is
set as μ � 1.2pT

3.1 Characteristics of parton FFs for π0 hadrons

In the NLO pQCD parton model for hadron productions, there are three independent scales: the factorization scale μfac, the
renormalization scale μren, and the fragmentation scale μfra. In the following numerical calculations, we choose the equal scales
μfac � μren � μfra, and let them proportional to the physics observables, such as hadron transverse momentum pT or dihadron
invariant mass M.

As shown in the upper panel of Fig. 1, we firstly give the NLO pQCD results of differential cross sections for π0 productions
at large transverse momentum pT with the five sets of FFs in p + p collisions at

√
sNN � 200 GeV, and compare them with the

experimental data [1]. Here we choose the scale as μ � 1.2pT. The numerical results can describe the experimental data. There are
certain differences in the specific results from the different fragmentation function parameterizations, as shown in the lower panel
of Fig. 1 for the ratios of the experimental data to theoretical calculations.

Note that such differences mainly result from the discrepancies of gluon-to-π0 FFs [24]. Figure 2 shows the comparisons of the
quark (including u, d, and s) and gluon FFs for π0 hadrons at pT � 10 GeV and 50 GeV, respectively. The FFs of quark-to-π0

give similar contributions, while the gluon-to-π0 FFs provide significantly different contributions during the whole range of z.
For examples, since KRE and HKNS parameterizations have less gluon contributions relative to other sets, the model with KRE
or HKNS FFs underestimates π0 productions in p + p collisions at 200 GeV as shown in Fig. 1. Of course, in the NLO pQCD
parton model using KRE and HKNS fragmentation function parameterizations, one can add a K factor (K > 1.0) to account for
higher-order contributions or choose a smaller scale μ to fit data better for the pT spectra in p + p collisions.

To make clear the relative contributions of quarks and gluons to final state hadrons in these sets of FFs, we show in Fig. 3
the contribution fractions of quarks (solid lines) or gluons (dashed lines) to the inclusive charged-hadron cross sections in p + p

123
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Fig. 3 The contribution fractions
of quark (solid lines) and gluon
(dashed lines) fragmentations to
the inclusive π0 cross sections for
different FFs in p + p collisions at√
sNN � 200 GeV

Fig. 4 The invariant cross sections
of single charged hadrons for the
same scale μ � 1.5pT with
different FFs in p + p collisions at√
sNN � 2.76 TeV (upper panel),

and ratios of data over the
theoretical results (lower panel).
The data are from Refs. [4, 5]

collisions. One can see that with the same scale μ � 1.2pT, the relative contributions of quarks and gluons to π0 productions are
both distinctly different for all the sets of FFs due to the apparent differences in gluon fragmentation functions.

3.2 Characteristics of parton FFs for charged hadrons

Similar to the study at RHIC energy, we also calculate the cross sections of charged hadrons in p + p collisions at
√
sNN � 2.76

TeV and give ratios of the experimental data to theoretical results, as shown in Fig. 4. We choose μ � 1.5pT as the default scale for
charged hadron productions. The numerical results for charged hadrons with different FFs can also describe the experimental data,
but the model with the most of the FFs overestimates slightly the charged hadron productions with μ � 1.5pT.

Figure 5 shows the comparisons for the quark and gluon FFs of charged hadrons at pT � 10 GeV (upper panels) and 50 GeV (lower
panels) from the six sets of FFs, respectively. Likewise to pion productions, the FFs of quark-to-h± give similar contributions, but
the gluon-to-h± FFs show significantly different contributions during the whole range of z. Compared to KRE gluon fragmentation,
the too-hard gluon contributions of the other sets of FFs lead to the overestimation in Fig. 4 for the charged hadron productions in
p + p collisions at

√
sNN � 2.76 TeV.

For a more intuitive view, the relative contributions from the quark and gluon fragmentations are shown in Fig. 6 for the single
charged hadrons in p+ p collisions at

√
sNN � 2.76 TeV. Similar to Fig. 3, there exist different fractions of gluon (quark) contributions

to hadrons among the six sets of FFs.

123
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Fig. 5 Similar to Fig. 2 but six
sets of FFs for charged hadrons.
The scale is set as μ � 1.5pT

Fig. 6 The contribution fractions
of quark (solid lines) and gluon
(dashed lines) fragmentations to
the inclusive charged-hadron cross
sections for different FFs in p + p
collisions at

√
sNN � 2.76 TeV

4 Jet transport coefficient extractions

Because gluon energy loss is 9/4 times of quark energy loss, the different fractions of gluon (quark) contributions to hadrons in
the model with different sets of FFs will give different strength of jet quenching for high pT hadron productions in high-energy
nucleus–nucleus collisions. In this section, confronting the difference in the six sets of FFs, let’s check the jet quenching parameter
q̂0 of light quarks extracted from both the single hadron and dihadron suppressions by fitting data at RHIC and the LHC.

4.1 Extracting q̂0 in central Au + Au collisions at
√
sNN � 200 GeV

We choose b � 2.0 (3.2) fm in Eq. (16) for RAA(pT) and Eq. (17) for IAA(zT) in 0-5% (0-10%) Au+Au collisions. Figure 7 shows
the nuclear modification factors RAA(pT) for single hadrons (left panels) in 0 − 5% Au + Au collisions, and IAA(zT) for dihadrons
(right panels) in 0 − 10% Au + Au collisions at

√
sNN � 200 GeV. KRE[26], KKP [27], HKNS [29], AKK08 [30], and DSS [31,

32] FFs are used with the same scale μ � 1.2pT for single hadrons and μ � 1.2M for dihadrons, respectively. Theoretical results
fit data well with several appropriate values of jet transport coefficient q̂0. The solid curves are given by the best fitting from the
next χ2-fitting calculations.

Figure 8 shows the χ2/d.o. f fits to nuclear modification factors in central Au + Au collisions at
√
sNN � 200 GeV, (a) the fits

to only single hadron RAA(pT), (b) the fits to only dihadron IAA(zT), and (c) the global fits to RAA(pT) + IAA(zT). The five sets
of fragmentation function parameterizations are used, respectively. pT > 5 GeV for single hadrons RAA(pT) and zT > 0.25 for
π0-triggered away-side charged hadrons IAA(zT) are chosen to fit data.

The same mechanism of jet quenching leads to both suppressions of large pT single hadrons and π0-triggered away-side charged
hadrons in heavy-ion collisions, so the best-fitting values of q̂0 for single hadrons in panel (a) of Fig. 8 are similar to those for
dihadrons in panel (b) for most sets of FFs used in the theoretical model. From a global χ2 fits to both the single hadron and dihadron
suppressions in panel (c) of Fig. 8, the best-fitting values of q̂0 for each set of FFs are obtained as: q̂0 � 1.7 GeV2/fm with KRE
FFs, q̂0 � 1.4 GeV2/fm with KKP FFs, q̂0 � 1.7 GeV2/fm with HKNS FFs, q̂0 � 1.3 GeV2/fm with AKK08 FFs, and q̂0 � 1.2
GeV2/fm with DSS FFs.
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Fig. 7 The nuclear modification factor RAA for single hadron productions as a function of pT (left panels) in 0–5% Au+ Au collisions, and IAA for dihadron
productions as a function of zT (right panels) in 0–10% Au + Au collisions at

√
sNN � 200 GeV. The experimental data are from Refs. [1, 2, 74]

The large differences in the values q̂0 � 1.2 − 1.7 GeV2/fm are obtained by using different sets of FFs. Considering parton-
to-hadron contributions in Fig. 2 and 3, one can see that such differences for q̂0 extraction are mainly from and sensitive to the
differences of gluon-to-hadron in FFs. For example, as shown in Fig. 3 with the different sets of FFs, one can get the least fraction of
gluon-to-hadron contribution with KRE parameterization, while the largest fraction with DSS parameterization. Since gluon energy
loss is 9/4 times of quark energy loss, model calculations with KRE FFs give q̂0 � 1.7 GeV2/fm larger than q̂0 � 1.2 GeV2/fm
with DSS FFs for the almost same total energy loss for RAA(pT) to fit data well in central A + A collisions.
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Fig. 8 The χ2/d.o. f results from fitting to nuclear modification factors in central Au + Au collisions at
√
sNN � 200 GeV, a the fits to only single hadron

RAA(pT), b the fits to only dihadron IAA(zT), and (c) the global fits to RAA(pT) + IAA(zT). Five sets of fragmentation function parameterizations are used,
respectively

Fig. 9 The nuclear modification factor RAA for single hadron as a function of pT compared to the experimental data from ALICE [4] and CMS [5] in 0–5%
Pb + Pb collisions at

√
sNN � 2.76 TeV

4.2 Extracting q̂0 in central Pb + Pb collisions at
√
sNN � 2.76 TeV

Similar to RHIC energy, we perform the same analyses for single hadron RAA(pT) and dihadron IAA(passoc
T ) [corresponding to Eq.

(18)] in central Pb + Pb collisions at
√
sNN � 2.76 TeV. BFGW fragmentation function parameterizations [28] are also applied for

charged hadrons besides the other five sets of FFs. Figure 9 shows the nuclear modification factor RAA(pT) for single hadrons in
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Fig. 10 The nuclear modification factor IAA as a function of passoc
T for dihadrons compared to the experimental data from ALICE [75] in 0–10% Pb + Pb

collisions at
√
sNN � 2.76 TeV

0-5% Pb + Pb collisions with the same scale μ � 1.5pT for the six sets of FFs. In the meanwhile, the nuclear modification factor
IAA(passoc

T ) for dihadrons with the same scale μ � 1.5M is presented in Figs. 10 and 11, which contain the results for different ptrig
T

ranges of the triggered hadrons, respectively. As shown in Fig. 10, the trigger transverse momentum is chosen with a relatively small
range (8 < ptrig

T < 16 GeV), and the theoretical results for IAA(passoc
T ) are compared with the ALICE experimental data [75]. The

solid curve denotes the numerical result with the best fitting q̂0 obtained by the χ2 fitting to the experimental data. In Fig. 11, each
panel with each set of FFs contains four sub-panels in which theoretical results are compared with the CMS data [76] for IAA(passoc

T )

with four different large ptrig
T ranges. The theoretical results fit data well with several appropriate values of q̂0 at the LHC energy.

Shown in Fig. 12 are the χ2/d.o. f fits to nuclear modification factors in central Pb+Pb collisions at
√
sNN � 2.76 TeV, (a) the fits

to only single hadron RAA(pT), (b) the fits to only dihadron IAA(passoc
T ), and (c) the global fits to RAA(pT) + IAA(passoc

T ). The fitted
data include ALICE [4, 75] and CMS [5, 76] data. The six sets of fragmentation function parameterizations are used, respectively.
pT > 5 GeV for single hadrons RAA(pT) and passoc

T > 3.5 GeV for h±-triggered away-side charged hadrons IAA(passoc
T ) are chosen

to fit data. From the global-fit results of Fig. 12c, we can read the best-fitting values of q̂0 for each set of FFs as: q̂0 � 2.2 GeV2/fm
with KRE FFs, q̂0 � 2.1 GeV2/fm with KKP FFs, q̂0 � 1.8 GeV2/fm with BFGW FFs, q̂0 � 1.7 GeV2/fm with HKNS FFs,
q̂0 � 1.9 GeV2/fm with AKK08 FFs, q̂0 � 1.8 GeV2/fm with DSS FFs. The difference in the extracted values of q̂0 � 1.7 − 2.2
GeV2/fm from different sets of FFs is caused by the different contributions of gluon-to-hadron FFs, as shown in Figs. 5 and 6,
similarly to the case of RHIC energy.

Note that in panels (a) and (b) of Fig. 12, with the same set of FFs, the q̂0 value from dihadron suppressions is larger than that
from single hadron suppressions, which is mainly due to the different production positions of the initial parton jets for single hadrons
and dihadrons. On the one hand, the single hadrons are mainly contributed from the surface emissions of single jets perpendicular
to the surface of the hot medium, which means that a large number of single jets produced at the center of the medium are melted
by the medium [12]. In contrast, the dihadrons are contributed from a combination of tangential dijets generated at the medium
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Fig. 11 The nuclear modification factor IAA as a function of passoc
T for dihadrons with different ptrig

T ranges compared to the experimental data from CMS
[76] in 0–10% Pb + Pb collisions at

√
sNN � 2.76TeV

Fig. 12 The χ2/d.o. f results from fitting to nuclear modification factors in central Pb + Pb collisions at
√
sNN � 2.76 TeV, a the fits to only single hadron

RAA(pT) [4, 5], b the fits to only dihadron IAA(passoc
T ) [75, 76] data, and c the global fits to RAA(pT) + IAA(passoc

T ). The six sets of fragmentation function
parameterizations are used, respectively
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Fig. 13 Comparisons between the best-fitting values for the scaled q̂0/T 3
0 of light quarks extracted with different sets of FFs in the theoretical model at

RHIC and the LHC, left panel for the case of the same scales in the model with different sets of FFs, and right panel for the different scales. These results
are also compared to those from JET collaboration [14] and a previous theoretical study [20] including the VISH (2+1)-dimension hydrodynamics [80, 81]

surface and punching-through dijets created at the matter center with limited energy loss [12]. Thus, in an A + A event the average
jet energy loss for dihadrons is smaller than single hadrons. If one wants to obtain similar hadron suppressions shown as the
experimental measurements, larger average energy loss is needed for dihadrons than single hadrons. On the other hand, the fraction
of the punching-through jets becomes larger with the increasing ptrig

T [77]. That means as the ptrig
T increases, the suppression of

dihadrons should become less, which is not manifested obviously by the experimental data with relatively considerable uncertainty
[76]. With the larger ptrig

T , one need to adjust q̂0 to be larger for IAA to fit the experimental measurements. Therefore, in the global fit

for IAA with all ptrig
T ranges, the values of q̂0 extracted from dihadrons will be enlarged. Such a significant difference of q̂0 between

single hadrons and dihadrons can be attenuated by the abundant and accurate single hadron data, as shown in panel (c) of Fig. 12.
We note that there are some other discussions about the initial production positions of single jets and dijets. For example, Ref. [78]

indicates that there is little difference in the production positions of single jets and dijets with the same initial pT cuts, both of which
tend to generate at the medium center. So there should not have a significant difference in the energy loss between single jets and
dijets. Moreover, Ref. [79] points out that the “surface bias” [12, 77] caused by selecting the jets with their final hadron pT can
be attenuated by selecting the jets with their initial pT, leading to the recovery of the true path-length distribution. If the initial
production positions of single jets and dijets are similar, then the extracted q̂ values will be more consistent.

4.3 The uncertainty for q̂0 extraction due to FFs

With the same scale in the NLO pQCD parton model including different sets of FFs for large pT hadron productions in central A+ A
collisions at RHIC and the LHC, we calculate both the nuclear modification factors for single hadron and dihadron suppressions due
to jet quenching and make a global fit to data to extract the jet energy loss parameter q̂0, as shown in Fig. 8c and 12c. To illustrate
clearly the uncertainties from different FFs, we summarize all the extracted values for q̂0 to show in the left panel of Fig. 13. The
blue squares are for the scaled jet transport coefficient of q̂0/T 3

0 in central Au + Au collisions at
√
sNN � 200 GeV, and the center

temperature of the medium in the initial time is chosen as T0 � 370 MeV. The pink circles denote the results for central Pb + Pb
collisions at

√
sNN � 2.76 TeV and T0 � 480 MeV. The dotted-curve boxes indicate the uncertainties for q̂0/T 3

0 from the different
sets of FFs, and we can read that with the same scales in the model, q̂/T 3 � 4.74 − 6.72 at T � 370 MeV and q̂/T 3 � 3.07 − 3.98
at T � 480 MeV.

In contrast to the case of the same scale μ in the theoretical model for different sets of FFs, we also accomplish the q̂0 extraction
with different scales in the model for different sets of FFs, as shown in the right panel of Fig. 13. The suitable scale is included in
the model for each set of FFs to make numerical hadron spectra fit data well in p + p collisions. The best fitting values of q̂0/T 3

0
with different scales are summarized as q̂/T 3 � 4.74 − 5.53 at T � 370 MeV in central Au + Au collisions at

√
sNN � 200 GeV

and q̂/T 3 � 3.98 − 4.52 at T � 480 MeV in central Pb + Pb collisions at
√
sNN � 2.76 TeV, respectively.

The q̂0/T 3
0 uncertainty from different sets of FFs is reduced significantly when the hadron-spectrum baseline of p + p collisions

is well adjusted with different scales. For a given set of FFs used in the NLO pQCD parton model for large pT hadron spectra in
p + p collisions, the ratio of gluon over quark contributions to hadrons decreases with the increasing of the chosen scale, as shown
in Figs. 3 and 6, or Figs. 20 and 21 of Appendix B. The extracted q̂0 in central A + A collisions increases with an increase in the
chosen scale due to gluon energy loss being 9/4 times of quark energy loss, so the q̂0/T 3

0 uncertainty from different sets of FFs is
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balanced to some extent relative to the case of the same scale for different sets of FFs. The more detailed discussions are included
in the Appendix.

Finally, we also compare our results with those from JET collaboration [14] (black triangles) and a previous theoretical study
[20] (green stars) including the VISH (2+1)-dimension hydrodynamics [80, 81]. All the results are consistent, although different
theoretical models or hydrodynamics cause some systematic uncertainty for the accurate extraction of jet transport coefficient.

5 Summary

Based on the next-to-leading-order perturbative QCD parton model incorporating modified fragmentation functions, we have studied
single hadron and dihadron productions in high-energy heavy-ion collisions at both RHIC and the LHC energies. The fragmentation
functions are modified due to jet quenching in central A + A collisions, the strength of which is characterized by the jet transport
coefficient q̂ . The six current sets of NLO fragmentation function parameterizations are used in actual calculations for the nuclear
modification factors RAA for single hadrons and IAA for dihadrons. We perform a global χ2 fitting to both RAA and IAA data to
extract the jet transport coefficient in the initial time at the center of the created QGP medium and obtain q̂/T 3 � 4.74 − 6.72 at
T � 370 MeV in central Au + Au collisions at

√
sNN � 200 GeV and q̂/T 3 � 3.07 − 3.98 at T � 480 MeV in central Pb + Pb

collisions at
√
sNN � 2.76 TeV.

The numerical results show that the significant uncertainties for q̂/T 3 extraction are mainly brought by the different contributions
of gluon-to-hadron in the different sets of fragmentation function parameterizations due to gluon energy loss being 9/4 times of quark
energy loss. The uncertainties are reduced, if the suitable scale μ is chosen in the NLO pQCD parton model with each set of current
fragmentation function parameterizations to fit data well for large pT hadron spectra in p + p collisions. However, the accurate
parameterizations from a forthcoming global fit of parton-to-hadron fragmentation functions [24, 66–73] will help to constrain the
uncertainties for jet quenching parameter extractions.
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Appendix

A: The q̂0 extractions with different scales for different sets of FFs

To check the nuclear or medium effects in A + A collisions, phenomenologically, one need a suitable baseline of p + p collisions by
adjusting the scale μ to fit data well in p + p collisions. Shown in the upper panel of Fig. 14 are the numerical results for π0 hadron

Fig. 14 π0 spectra given by the
NLO pQCD parton model with
the befitted scale μ for each set of
FFs in p + p collisions at√
sNN � 200 GeV (upper panel),

and spectrum ratios of data over
the theoretical results (lower
panel). The data are from Ref. [1]
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Fig. 15 Charged hadron spectra
given by the NLO pQCD parton
model with the befitted scale μ in
p + p collisions at

√
sNN � 2.76

TeV (upper panel), and spectrum
ratios of data over the theoretical
results (lower panel). The data are
from Refs. [4, 5]

Fig. 16 The χ2/d.o. f results from fitting to nuclear modification factors in central Au + Au collisions at
√
sNN � 200 GeV, a the fits to only single hadron

RAA(pT), b the fits to only dihadron IAA(zT), and c the global fits to RAA(pT) + IAA(zT). Five sets of fragmentation function parameterizations are used
in the model with different scales, respectively

Fig. 17 The χ2/d.o. f results from fitting to nuclear modification factors in central Pb + Pb collisions at
√
sNN � 2.76 TeV, a the fits to only single

hadron RAA(pT) [4, 5], b the fits to only dihadron IAA(passoc
T ) [75, 76], and c the global fits to RAA(pT) + IAA(passoc

T ). Six sets of fragmentation function
parameterizations are used in the model with different scales, respectively

spectra at large transverse momentum pT with the five sets of FFs in p + p collisions at
√
sNN � 200 GeV. Here, the suitable scale

μ is chosen in the theoretical model with each set of FFs for fitting to the experimental data [1], respectively. The lower panel of
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Fig. 14 is for the ratios of the experimental data over theoretical calculations. One can see that with the appropriate scales μ in the
model with different sets of FFs, the numerical results fit the data better relative to those in Fig. 1.

Similarly, in p + p collisions at
√
sNN � 2.76 TeV the charged hadron spectra are also calculated with different scales in the

NLO pQCD parton model for the six sets of FFs, as shown in the upper panel of Fig. 15. The ratios of the experimental data over
theoretical calculations are shown in the lower panel. With the appropriate scales, the theoretical results fit data very well.

Using the above hadron spectra in p + p collisions as baselines, we extract the jet quenching parameter from single hadron and
dihadron suppressions with suitable scale in each set of FFs. Figure 16 shows the χ2/d.o. f fits to nuclear modification factors in
central Au + Au collisions at

√
sNN � 200 GeV: panel (a) the fits to only single hadron RAA(pT), panel (b) the fits to only dihadron

IAA(zT), and panel (c) the global fits to RAA(pT) + IAA(zT). From the panel (c), we can read the best-fitting values of jet transport
coefficient: q̂0 � 1.4 GeV2/fm with KRE FFs at μ � 0.6pT, q̂0 � 1.4 GeV2/fm with KKP FFs at μ � 1.2pT, q̂0 � 1.4 GeV2/fm
with HKNS FFs at μ � 0.6pT, q̂0 � 1.2 GeV2/fm with AKK08 FFs at μ � 1.0pT, and q̂0 � 1.2 GeV2/fm with DSS FFs at
μ � 1.2pT. The difference between q̂0 � 1.2 ∼ 1.4 GeV2/fm is narrow relative to the same scale case.

Figure 17 shows the χ2/d.o. f fits to nuclear modification factors in central Pb + Pb collisions at
√
sNN � 2.76 TeV: (a) the fits

to only single hadron RAA(pT), (b) the fits to only dihadron IAA(passoc
T ), and (c) the global fits to RAA(pT) + IAA(passoc

T ). We use
six sets of fragmentation function parameterizations with different scales in our calculations, respectively. We get the best fitting
values of the jet transport parameter as: q̂0 � 2.2 GeV2/fm with KRE FFs at μ � 1.5pT, q̂0 � 2.4 GeV2/fm with KKP FFs at
μ � 3.5pT, q̂0 � 2.3 GeV2/fm with BFGW FFs at μ � 5.0pT, q̂0 � 2.4 GeV2/fm with HKNS FFs at μ � 6.5pT, q̂0 � 2.5
GeV2/fm with AKK08 FFs at μ � 7.5pT, q̂0 � 2.4 GeV2/fm with DSS FFs at μ � 5.5pT. The difference between q̂0 drops to
2.2 ∼ 2.5 GeV2/fm.

The above transport coefficients q̂/T 3 extracted in the model with different scales in different sets of FFs from hadron suppressions
at RHIC and the LHC are summarized in the right panel of Fig. 13.

B: Characteristics of fragmentation function contributions for parton to hadron with different scales for different sets of FFs

Figure 18 shows the quark and gluon FFs of π0 hadrons at pT � 10 GeV and 50 GeV for all the available FFs with different scales,
respectively. Figure 19 shows the similar plot for charged-hadron FFs of quark and gluon with different scales in each FF. The
difference between gluon FFs is a bit reduced with befitted scales compared with the same scale case.

Taking the AKK08 FFs as examples, we show the relative contributions of quark and gluon to hadrons with the changed scales
in p + p collisions at RHIC and the LHC energies, as shown in Figs. 20 and 21. One can see that both at RHIC and the LHC, with μ

increasing, the gluon contribution to final state hadrons will decrease; thus, we need a larger jet quenching parameter to compensate
for the total jet energy loss.

For a given set of FFs in a NLO pQCD parton model, the different scales lead to the different fractions of gluon (quark)
contributions to hadrons in p + p collisions. Although the scale change can also affect the parton distribution functions and the
hard cross sections, the fraction change is mainly contributed by parton fragmentation functions, as shown in Figs. 20 and 21. In
detail, when the scale μ decreases from 1.2pT to 1.0pT at

√
sNN � 200 GeV, the contribution of gluon-to-hadron becomes larger,

as illustrated in Fig. 20, so a relatively smaller q̂0 is needed for the case of μ � 1.0pT shown in Fig. 13. Meanwhile, with the μ

increasing from 1.5pT to 7.5pT at
√
sNN � 2.76 TeV, the contribution of gluon-to-hadron reduces, as presented in Fig. 21; thus,

a relatively larger q̂0 is needed for the case of μ � 7.5pT shown in Fig. 13. In a word, the different fraction of gluon (quark)
contribution to hadrons will give different energy loss parameters due to gluon energy loss being 9/4 times of quark energy loss.

Fig. 18 Comparisons of
parton-to-π0 fragmentation
functions between five sets of FFs:
left panels are for quark FFs and
right panels for gluon FFs. Upper
panels are for the hadrons with
pT � 10 GeV, and lower panels
with pT � 50 GeV. The scale μ is
different for each FF
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Fig. 19 Comparisons of
parton-to-h± FFs between six sets
of FFs: left panels are for quark
FFs and right panels for gluon FFs.
Upper panels are for the hadrons
with pT � 10 GeV, and lower
panels with pT � 50 GeV. The
scale μ is different for each FF

Fig. 20 The contribution fractions
of quark (solid lines) and gluon
(dashed lines) fragmentations to
the inclusive π0 cross sections
given by the model with only
AKK08 FFs with μ � 1.0pT and
μ � 1.2pT at

√
sNN � 200 GeV,

respectively

Fig. 21 The contribution fractions
of quark (solid lines) and gluon
(dashed lines) fragmentations to
the inclusive charged-hadron cross
sections given by the model with
only AKK08 FFs with μ � 1.5pT
and μ � 7.5pT at

√
sNN � 2.76

TeV, respectively
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