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The impact of parton energy loss and nuclear parton distribution functions (nPDFs) on J/ψ production 
in proton-nucleus collisions are investigated by means of the E866, LHC and RHIC experimental data. 
By the recent EPPS21 nPDFs, a leading order phenomenological analysis of J/ψ production cross-section 
ratios is performed for E866 experimental data with considering the parton energy loss effect following 
Landau-Pomeranchuk-Migdal (LPM) regime. The gluon transport coefficient q̂g extracted from the E866 
data in 0.20 < xF < 0.65 region is q̂g = 0.35 ± 0.01 GeV2/fm with χ2/ndf = 1.01, which indicates 
that the significantly better-constrained gluon distributions provided by EPPS21 contribute to accurately 
determining the gluon energy loss. It is founded that for E866 data in 0.20 < xF < 0.65 the depletion 
induced by cc̄ energy loss is the largest, gluon energy loss is the second, and quark energy loss is the 
smallest. In addition, it can be seen that for LHC and RHIC experiment the role of nPDFs and gluon energy 
loss on J/ψ production are both significant, which indicates that operating more precise measurements 
at LHC and RHIC in the future can facilitate significantly better-constrained gluon energy loss and nPDFs.

© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
1. Introduction

In the process of J/ψ production from proton-nucleus colli-
sions, the cold nuclear matter effects such as nuclear parton dis-
tribution functions (nPDFs) [1–4], parton energy loss induced by 
the multiple scattering with propagating in QCD medium [5,6]
or fully coherent energy loss (FCEL) [7], are responsible for J/ψ
suppression in p-A collisions with respect to p-p collisions. The 
suppression of high-p⊥ particles and heavy-quarkonium, which are 
observed in heavy-ion collisions at RHIC and LHC and proposed 
as a potential signal of Quark-Gluon Plasma (QGP) formation, are 
even induced by some of those nuclear matter effects. Hence, a 
solid understanding of the nuclear modification of J/ψ production 
in cold nuclear matter is required for quantifying the properties of 
the QGP created in heavy-ion collisions at LHC and RHIC.

So far, no consensus on the modification of cold nuclear mat-
ter effects responsible for J/ψ suppression has been achieved, and 
various mechanisms have been proposed for explaining J/ψ sup-
pression, for example the nuclear modification due to the effective 
absorption cross section of the cc̄ pair [8], the nuclear modifica-
tion based on the reduction of the overlap with the J/ψ wave 
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function induced by the increase of the cc̄ pair invariant mass be-
cause of the multiple soft rescattering through the nucleus [9], and 
the nuclear modification according to parton radiative energy loss 
induced by multiple scattering of fast partons passing through the 
nucleus [10,11].

Generally speaking, the cold nuclear matter effects in the initial 
state of the J/ψ production process should include the incident 
parton energy loss induced by gluon radiation due to multiple 
scattering of fast partons when passing through the nucleus, as 
well as the correction of parton distribution functions due to the 
effects such as nuclear shadowing, anti-shadowing, EMC effect and 
Fermi motion effect in different regions of parton momentum frac-
tion. It is now clear that a charm quark pair is produced first 
through the interaction of a projectile on a target parton, which 
contributes to J/ψ production. Hence, the finial state nuclear ef-
fects mainly include the energy loss of cc̄ pair when traveling
through the nucleus, and in the case of J/ψ produced in the tar-
get nucleus, the so-called nuclear absorption effect induced by the 
strong interactions between the pre-meson charm quark pair with 
the nuclear matter also reduces the probability of forming a high-
energy J/ψ . In the present study and together with our previous 
works [12–14], the dominant role is played by the parton en-
ergy loss effect which follows Landau-Pomeranchuk-Migdal (LPM) 
regime [15,16]. Simultaneously, the correction of parton distribu-
tion functions of the target nucleus also leads to a corresponding 
 under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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depletion of J/ψ production especially obvious for gluon shad-
owing of the gluon nPDF at small x2 < 10−2 with RHIC and LHC 
energies [17]. Therefore, the quantitative role of parton energy loss 
effect depends on the nuclear parton distribution functions of the 
target nucleus.

Recently, a global QCD analysis of nPDFs (EPPS21) is presented. 
Compared with other nPDF sets, EPPS21 nPDFs include more data 
from proton-lead collisions at LHC and LHCb for 5 TeV and 8 TeV, 
which leads to significantly better-constrained gluon distributions 
at small and intermediate values of the momentum fraction x [1]. 
By means of EPPS21 [1], the present study aims at quantitatively 
describing the respective role of incident quark and gluon energy 
loss, as well as color octet cc̄ pair energy loss on J/ψ production 
for E866, LHC and RHIC experiments. The outline of this article is 
as follows. A brief formalism for J/ψ production in p-A collisions 
and the basics of parton energy loss model for J/ψ suppression 
are presented in section 2. In section 3, the calculations of the J/ψ
production cross-section ratios with EPPS21 and parton energy loss 
effect are given. Finally, we draw conclusions and summaries in 
section 4.

2. Formalism for J/ψ production and basics for parton energy 
loss effect

In the process of J/ψ formation from p-A collisions, cc̄ pair 
is produced first by the interaction of a projectile on a target par-
ton, and the next is the non-perturbative formation of the colorless 
asymptotic state. Based on the color evaporation model (CEM) [18], 
the differential cross section of J/ψ production can be expressed 
as:

dσ

dxF
= ρ J/ψ

2mD∫
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dm
2m√
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[
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Here, f p
i ( f A

i ) represents the parton distribution function in the 
proton (nucleus) with the proton (nucleus) parton momentum 
fractions x1 (x2), xF = x1 − x2, m2 = x1x2s (

√
s denotes the center 

of mass energy of the hadronic collision), the charm-quark mass 
is mC = 1.3 GeV, D meson mass is mD = 1.87 GeV, and ρ J/ψ

means the probability of cc̄ pair producing the J/ψ particle. In 
addition, as the influence of next-to-leading order (NLO) processes 
in J/ψ production is not obvious and the form of the differen-
tial cross section ratio given by the data actually diminishes the 
QCD next-to-leading order correction [7,12], in this work we use 
the LO cc̄ partonic production cross section from the gluon fusion 
(quark-antiquark annihilation). Here, σgg(σqq̄) represents the LO cc̄
partonic production cross section from the gluon fusion (quark-
antiquark annihilation).

At initial state for J/ψ formation in p-A collisions, the incident 
quark and gluon undergo multiple soft collisions accompanied by 
gluon emission when passing through cold nuclear matter, which 
induces some energy ε carried away by these radiated gluons 
with the probability distribution D(ε). In this case, due to the in-
duced radiation of gluons with the formation time smaller than the 
medium length, the initial state energy loss follows LPM regime 
with 〈ε〉L P M ∝ q̂L2 [15,16]. Here, q̂ denotes the transport coeffi-
cient and L means the passing length in the target. Baier, Dok-
shitzer, Mueller, Peigné and Schiff (BDMPS) have proposed the for-
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alism suitable for describing the LPM energy loss [19,20], which 
n be expressed as [21,22]:

(ε) =
∞∑

n=0

1

n!
[ n∏

i=1

∫
dωi

dI(ωi)

dω

]
δ

(
ε −

n∑
i=1

ωi

)

× exp

[
−

+∞∫
0

dω
dI(ω)

dω

] (2)

ere, with gluons being emitted independently, D(ε) is the nor-
alized sum of the emission probabilities for an arbitrary number 
 n gluons carrying away the total energy ε, and dI(ω)/dω is the 
edium-induced gluon spectrum. According to BDMPS framework, 
Arleo has derived an analytic parametrization of the probability 
stribution for the initial-state LPM energy loss [23]:

(ε) = 1√
2πσ(ε/ωc)

exp

[
− (log(ε/ωc) − 2μ)2

2σ 2

]
(3)

here ωc = 1
2 q̂L2, μ = −2.55 and σ = 0.57 and the transport co-

cient q̂ is the free parameter adjusted to the experimental data.
At finial state for J/ψ production, the color octet cc̄ pair also 

perience the medium-induced energy loss. In the light of BDMPS 
mework, the Salgado-Wiedemann (SW) quenching weights fit-
g for finial-state heavy quark energy loss are available as a 
RTRAN routine [22]. If the formation time of the gluons in the 

duced radiation is larger than the medium length, the color octet 
pair may undergo the fully coherent energy loss (FCEL) with 

〉F C E L ∝
√

q̂L
M · E (M and E respectively denote the mass and en-

gy of the parton) [24].
In view of the medium-induced energy loss leading to the 

scaling of the parton momentum fraction, the observed J/ψ
ith the momentum fraction xF actually comes from the color 
tet cc̄ pair originally produced at the higher value x′

F = xF +
xF with 
xF = εcc̄/E p (E p means the beam energy in the rest 
me of the target nucleus). Similarly, the energy loss of incident 
ark (gluon) brings about the rescaling of its momentum frac-
n from x1q(g) to x′

1q(g) with x′
1q(g) = x′

1 + εq(g)/E p and x′
1 =[√

(x′
F )2(1 − m2/s)2 + 4m2/s + x′

F (1 − m2/s)
]
. Then, in consid-

ation of parton energy loss effect the charmonium production 
oss-section dσp−A/dxF can be modified as:
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ere, the upper limit on the energy loss is εmax = min(E p − E, E).
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Fig. 1. The J/ψ production cross-section ratios R F e(W )/Be(xF ) calculated with EPPS16 [24] (the solid lines), EPPS21 [1] (the dashed lines), nCTEQ15 [4] (the dotted lines) and 
the left slash bands (gray bands and black right slash bands) represent the estimated uncertainty band from the EPPS16 (EPPS21 and nCTEQ15) results. The experimental 
points are taken from E866 data [26,27].
3. The results with nPDFs and parton energy loss

Separately utilizing the EPPS21 [1], EPPS16 [25] and nCTEQ15 
[4] nPDFs, we first investigate the quantitative role of nPDFs effect 
on J/ψ production for E866 [26,27], LHC [28,29] and RHIC [30]
experiment. As shown in Fig. 1 and Fig. 2, the solid lines denote 
the results with the EPPS16, the dashed lines represent the results 
with the EPPS21 and the dotted lines are the calculations with the 
nCTEQ15. From Fig. 1 and Fig. 2, it can be seen that the modifica-
tion originating from the nuclear effects of nPDFs has an obvious 
impact on the differential J/ψ production cross sections for E866 
data, and has a huge impact for LHC and RHIC data due to the 
shadowing effect of gluon distributions at small values of the mo-
mentum fraction x2. The deviation between the results obtained 
by the EPPS16 and EPPS21 is less than 0.02 for E866 data, and in-
creases to about 0.1 for LHC data at y = 3.5 as well as RHIC data 
at y = 2.5. For LHC and RHIC data at larger y region, there is obvi-
ous deviation between the calculations with EPPS16 and EPPS21, as 
the EPPS21 nPDFs include more data from proton-lead collisions at 
LHC and LHCb for 5 TeV and 8 TeV than the EPPS16, especially for 
including D-meson production data [1,25,31]. In addition, for E866 
and RHIC data, the trend of the curves obtained by the nCTEQ15, 
the EPPS21 or EPPS16 is roughly the same. However, for LHC data 
at large y, there is large deviation between the results with the 
nCTEQ15 and those with the EPPS21 (EPPS16), which may indicate 
that the difference methodologies between EPPS and nCTEQ groups 
[31–33]. The above comparison showed in Fig. 1 and Fig. 2 in-
dicates that the EPPS21 may provide the better-constrained gluon 
distributions at small and intermediate x2 than EPPS16 or nCTEQ15 
due to including more data from LHC and LHCb, in spite of includ-
ing data for D-meson production which may leads to overestimate 
the nPDFs effects for LHC data at larger y region. Furthermore, 
as the quantitative role of parton energy loss effect depends on 
nPDFs, when considering parton energy loss effect the deviation 
between the results severally obtained with EPPS21, EPPS16 and 
nCTEQ15 nPDFs should be approximately identical with the devia-
tion between them showed in Fig. 1 and Fig. 2 (Such checks have 
3

been done). Hence, we choose EPPS21 nPDFs in the following cal-
culation with including parton energy loss effect.

Based on the calculation scheme of parton energy loss at ini-
tial and finial state described in Section 2, by means of the latest 
EPPS21 [1] we investigate the quantitative role of each energy 
loss effect at initial and final state on J/ψ suppression for E866 
[26,27], LHC [28,29] and RHIC [30] data. With q̂q = 0.26 ± 0.04
GeV2/fm [12] (obtained by the quenching weights showed as the 
Eq. (3) in section 2) and q̂cc̄ = 0.29 ± 0.07 GeV2/fm [34] (obtained 
by the SW quenching weights for heavy quarks), a leading order 
phenomenological analysis of J/ψ production cross-section ratios 
is performed for E866 experimental data and the transport coeffi-
cient q̂g is the only free parameter adjusted to the data. Making 
use of the CERN subroutine MINUIT [35], we extract the transport 
coefficient q̂g by fitting the E866 data in 0.20 < xF < 0.65 (18 data 
points), 0.30 < xF < 0.95 (26 data points), 0.20 < xF < 0.95 (44 
data points) and 0.00 < xF < 0.95 (27 data points), respectively. 
The obtained results are summarized in Table 1. From Table 1, it 
can be seen that our calculations agree well with the E866 data for 
0.20 < xF < 0.65, but do not give a good agreement with the data 
in 0.30 < xF < 0.95, 0.20 < xF < 0.95 or 0.00 < xF < 0.95 range, as 
other cold nuclear effects (such as gluon saturation, FCEL and nu-
clear absorption effects) may exist at small or large xF . In view of 
the E866 experimental data in intermediate xF (0.20 < xF < 0.65) 
giving a relatively clean probe for the energy loss effect follow-
ing LPM regime, we determine the extracted transport coefficient 
of gluon energy loss is q̂g = 0.35 ± 0.01 GeV2/fm (χ2/ndf = 1.01). 
This value is in accordance with the well-known statement that 
the transport coefficient of gluon is larger than that of quark ow-
ing to the ratio of the Casimir factors C A/C F = 9/4 in the lead-
ing logarithmic approximation [36]. It is worth emphasizing that 
the significantly better-constrained gluon distributions provided by 
EPPS21 contribute to better constraining the precise value of trans-
port coefficient of gluon.

In order to directly display the quantitative role of incoming 
gluon, quark and outgoing cc̄ energy loss effects on J/ψ pro-
duction, by means of EPPS21 [1], the dashed, dotted, dash-dotted 
and solid lines in Fig. 3 and Fig. 4 separately show the results 
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Fig. 2. The J/ψ production cross-section ratios R Pb/p(y)(R Au/d(y)). The filled circles (solid triangles) in left figure are attributed to ALICE collaboration (LHCb collaboration) 
at LHC [28,29], and the experimental points in right figure are taken from RHIC data [30]. Other notations are the same as those in Fig. 1.

Fig. 3. The J/ψ production cross-section ratios R F e(W )/Be(xF ) in 0.20 < xF < 0.65 obtained with EPPS21 and considering gluon energy loss (the dashed lines), quark energy 
loss (the dotted lines), cc̄ energy loss (the dash-dotted lines) and together all above energy loss (the solid lines).

Fig. 4. The J/ψ production cross-section ratios R Pb/p(y)(R Au/d(y)) obtained with EPPS21 and considering parton energy loss effect. Other notations are the same as those 
in Fig. 3.
Table 1
The values of q̂g and χ2/ndf extracted from E866 data [26,27] with q̂q = 0.26 ±
0.04 GeV2/fm, q̂cc̄ = 0.29 ± 0.07 GeV2/fm and EPPS21 nPDFs.

Momentum fraction Target Data points q̂g (GeV2/fm) χ2/ndf

0.20 < xF < 0.65 W,Fe 18 0.35 ± 0.01 1.01
0.30 < xF < 0.95 W,Fe 26 0.30 ± 0.02 7.54
0.20 < xF < 0.95 W,Fe 44 0.27 ± 0.02 4.76
0.00 < xF < 0.95 W 27 0.50 ± 0.02 16.85

with considering gluon energy loss (q̂g = 0.35 ± 0.01 GeV2/fm), 
quark energy loss (q̂q = 0.26 ± 0.04 GeV2/fm), cc̄ energy loss 
(q̂cc̄ = 0.29 ± 0.07 GeV2/fm) and together all above energy loss. 
From Fig. 3, we can directly see that the role of cc̄ energy loss ef-
fect on J/ψ suppression for E866 experiment is most significant 
and increases with the increase of xF and the mass of the target. 
The J/ψ suppression induced by gluon energy loss is also obvious 
with xF from 0.20 to 0.65, which facilitates better constraining the 
4

transport coefficient of gluon energy loss in cold nuclear matter. In 
addition, the depletion due to quark energy loss becomes gradu-
ally evident with the increase of xF from 0.20 to 0.65, and the 
solid lines considering gluon, quark and cc̄ energy loss effects have 
a good agreement with the E866 data in 0.20 < xF < 0.65.

By comparing Fig. 2 with Fig. 4, for LHC experiment, we can di-
rectly see that the corrections due to EPPS21 (the dashed lines in 
Fig. 2 left) are most significant, and the depletion of J/ψ produc-
tion induced by gluon energy loss (the dashed lines in Fig. 4 left) 
is also significant in −4.5 < y < 0 region and gradually decreases 
with the increase of y. However, the role of the quark energy loss 
(the dotted lines in Fig. 4 left) or the cc̄ energy loss (the dash-
dotted lines in Fig. 4 left) on J/ψ production in LHC experiment 
are not obvious. It is worth noting that in the common practice 
of nPDF fits, the EPPS21 nPDFs already include data for D-meson 
production at the LHC, and assume all modifications due to the 
nuclear effects from nPDFs without considering parton energy loss 
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effects. Furthermore, the D-meson data cover quite unique kine-
matic region (in low x or large y range), which may lead to the 
nPDFs can not be well constrained by other data for this kine-
matic region. These may induce that the role of the parton energy 
loss effect on J/ψ production in LHC experiment are not obvi-
ous, especially for large y region. In addition, by comparing Fig. 2
with Fig. 4, for RHIC experiment besides the important impact of 
EPPS21 (the dashed lines in Fig. 2 right), it is founded that the role 
of gluon energy loss effect on J/ψ suppression (the dashed lines 
in Fig. 4 right) is most significant especially for small y region, 
and gradually diminishes in 1.5 < y < 2.5 range. Nevertheless, the 
modification owing to the quark energy loss (the dotted lines in 
Fig. 4 right) or the cc̄ energy loss (the dash-dotted lines in Fig. 4
right) is minimal, and the rescaling of the parton momentum frac-
tion induced by the cc̄ energy loss leads to a slight elevation in 
−2.0 < y < −1.5. Hence, it would be convincing that operating 
more precise measurements at LHC or RHIC in the future can fa-
cilitate significantly better-constrained nPDFs together with gluon 
energy loss in cold nuclear matter.

4. Summary

By means of EPPS21 and based on LPM regime, the respective 
role of incident quark and gluon energy loss, as well as outgo-
ing color octet cc̄ pair energy loss on J/ψ production at E866, 
LHC and RHIC experiments are investigated. A leading order phe-
nomenological analysis of J/ψ production cross-section ratios is 
performed for E866 experimental data, and the transport coeffi-
cient q̂g of gluon extracted from the E866 data in 0.20 < xF < 0.65
region is q̂g = 0.35 ±0.01 GeV2/fm with χ2/ndf = 1.01. This value 
is in accordance with the well-known statement that the transport 
coefficient of gluon is larger than that of quark owing to the ra-
tio of the Casimir factors C A/C F = 9/4 in the leading logarithmic 
approximation [36]. It is worth emphasizing that the significantly 
better-constrained gluon distributions provided by EPPS21 con-
tribute to determining the precise value of transport coefficient of 
gluon. By comparing with the E866 experiment data, it is founded 
that the role of cc̄ energy loss effect on J/ψ suppression is most 
significant and increases with the increase of xF and the mass of 
the target, the gluon energy loss effect is always obvious with xF

from 0.20 to 0.65, the quark energy loss becomes gradually ob-
vious with the increase of xF from 0.20 to 0.65, and the results 
by considering all above energy loss have a good agreement with 
the E866 data in 0.20 < xF < 0.65. In addition, by comparing with 
LHC and RHIC data, it can be seen that the depletion of J/ψ pro-
duction induced by gluon energy loss and the corrections of nPDFs 
are both significant. It is sensible that operating more precise mea-
surements at LHC or RHIC in the future can facilitate significantly 
better-constrained nPDFs as well as gluon energy loss in cold nu-
clear matter.
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