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Abstract: The energy loss effects of the incident quark, gluon, and the color octet ¢¢ on J/v suppression in p-A
collisions are studied by means of the experimental data at E866, RHIC, and LHC energy. We extracted the transport
coefficient for gluon energy loss from the E866 experimental data in the middle xr region (0.20 < zr < 0.65) based
on the Salgado-Wiedemann (SW) quenching weights and the recent EPPS16 nuclear parton distribution functions
together with nCTEQ15. It was determined that the difference between the values of the transport coefficient for
light quark, gluon, and heavy quark in cold nuclear matter is very small. The theoretical results modified by the
parton energy loss effects are consistent with the experimental data for E866 and RHIC energy, and the gluon energy
loss plays a remarkable role on .J/v suppression in a broad variable range. Because the corrections of the nuclear
parton distribution functions in the J/1 channel are significant at LHC energy level, the nuclear modification due
to the parton energy loss is minimal. It is worth noting that we use the color evaporation model (CEM) at leading

order to compute the p-p baseline, and the conclusion in this paper is CEM model dependent.
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1 Introduction

In the past thirty years, the study of the origin of J/v
suppression in p-A collisions has become important for
the understanding of the Quark-Gluon Plasma (QGP),
the state of matter where quarks and gluons are decon-
fined. Due to the Debye color screening of the charm-
quark potential, the high quark density in the QGP for-
mation could suppress the yield of J/1) mesons in high-
energy heavy-ion collisions relative to that in p-p colli-
sions [1]. The generic features of hard quantum chromo-
dynamics (QCD) processes in the nuclear environment
can be quantified based on experimental data of J/v
production in p-A collisions. This can assist in the pro-
cess of reliable baseline predictions of the properties of
the QGP formed in heavy-ion collisions.

In J/4 production from p-A collisions, the charmo-
nium production can be modified by cold nuclear matter
effects, such as parton energy loss [2], nuclear absorp-
tion, and modification of the parton distribution func-
tions due to the nuclear environment [3]. Tt is neces-
sary to constrain the so-called cold nuclear matter ef-
fects for quarkonium production to unambiguously in-
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terpret these results in heavy-ion collisions. The wealth
of available data on p-A collisions from a wide collision
energy range ( e.g., NA3 [4], E772 [5], E866 [6, 7], NA50
[8], HEAR-B [9], LHC [10, 11}, and RHIC [12]) results
in insightful probes on the origin of J/¢ suppression.
However, the conventional nuclear suppression mecha-
nism of J/ is still an open question, owing to the pres-
ence of various competing effects, depending on the pre-
cise kinematics and collision energy. Currently, a few
phenomenological approaches are being proposed on the
basis of hadron nuclear absorption or the shadowing of
gluon distribution for the target nucleus expected in the
small z, range (x5 <1072). In addition, another funda-
mental phenomenological model assumes that the parton
energy loss induced by parton multiple scattering in the
nuclear environment plays a decisive role in J/1) suppres-
sion [13].

Because the intensity of each cold nuclear matter ef-
fect is usually unknown, a priori, it is a viable strategy
to investigate each of these effects separately by compar-
ing all available data systematically and quantitatively,
while maintaining the minimum number of assumptions
and free parameters. We find it interesting that the mod-
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ified parton distribution functions and parton energy loss
effect can describe the J/v suppression measured in p-A
collisions when a high-energy J/v is formed long after
the nucleus . Consequently, following our previous work
on the parton energy loss effect in cold nuclear matter
[14-16], we present a phenomenological approach based
on the assumption that the observed J/1 suppression is
mainly induced by nuclear PDF effects and the energy
loss effects of incoming quarks, gluons, and the color
octets c¢. By utilizing the Salgado-Wiedemann (SW)
quenching weights [17], we will separately investigate the
incident quark energy loss, the incident gluon energy loss,
and the color octet c¢ energy loss by comparing the E866
[6, 7], LHC [10, 11], and RHIC [12] experimental data.
As the strength of each parton energy loss depends on
a single free parameter (called the transport coefficient),
which characterizes the medium-induced transverse mo-
mentum squared transferred to the projectile per unit
path length, this research may contribute to the under-
standing of the microscopic dynamics of medium-induced
parton energy loss, corresponding to the color charge of
the parton.

The remainder of this article is arranged as follows.
The theoretical framework of our study is introduced in
Section II, and the results for the nuclear modification of
J/1¢ production on the basis of the nuclear PDF effects
and parton energy loss effect are given in Sections III.
We then summarize our main conclusions in Section I'V.

2 J/4 production modified due to en-
ergy loss effect

In J/4 production from p-A collisions, a hard par-
ton traveling through a nuclear target undergoes multi-
ple soft collisions which induce gluon emission. Medium-
induced gluon radiation modifies the correspondence be-
tween the initial parton and the final hadron momenta.
Based on the assumption that these radiated gluons take
away energy ¢ from the leading particle, this modifica-
tion is determined by the probability distribution D(e)
associated with the energy loss. If gluons are emitted in-
dependently, D(e) is the normalized sum of the emission
probabilities for an arbitrary number of n gluons that
carry away the total energy e [17]:

-4 11 o5

X exp [—/OJroodw%Ezj)} . (1)

Here, dI(w)/dw is the medium-induced gluon spectrum.
According to Ref. [18], the probability distribution D(e)
has a discrete and a continuous part:

D(g)=pod(e)+p(e). (2)

Its normalization is unity. In this paper, the probability
distribution D(e) that is used is calculated in the multi-
ple soft and single hard scattering approximations, and
the results termed as SW quenching weights are available
as a FORTRAN routine [19]. The SW quenching weight
is a scaling function of the variables ¢/ E and ¢/w,, where
FE represents the parton energy after radiating the energy
¢ and w, = %QLZ. Here, ¢ denotes the transport coeffi-
cient and L is the path length covered by the parton in
the nuclear medium. In general, the cross-section in the
medium can be modified as:

o,medium:D(g)®o_vacuum' (3)

Then, the charmonium production
do,_a/dzr can be expressed as:

(2x) = /0 Emaxdsp(s)dgp*p(a,m, (4)

TR

cross-section

dO'p,A

de?F

where the upper limit on the energy loss is en.. =
min(E, — E,E) where E, denotes the beam energy in
the rest frame of the target nucleus.

This medium-induced energy loss leads to the rescal-
ing of the parton momentum fraction. In view of the
energy loss effect of the color octet c¢ pair, the observed
J/¢ at a given zp actually comes from a ¢¢ pair origi-
nally produced at the higher value z, =xr+Azp where
Axp =e./E,. The energy loss of the incoming gluon
(quark) also results in a change in its momentum frac-
tion prior to the collision: Azy,=¢,/E, (Axi,=¢,/E,).
In order to incorporate the features of the process for
J/¢ production, two acceptable formalisms have been
presented; the non-relativistic QCD (NRQCD) [20] and
the color evaporation model (CEM) [21]. These mod-
els have been proven to be successful in accounting for
charmonium phenomenology. In this work, we chose the
CEM as it has fewer free parameters [22-26]. Based on
the CEM [21] and considering the aforementioned rescal-
ing, the cross-section do,_,/dzr ( a convolution of the
qq cross-section (0,4) and gg cross-section (o,,) with the
parton distribution functions f; in the incident proton
and f7 in the target proton) can be expressed as:

2
do,_p, mp 2m

T Eom = dmi
dzp ( Fy cug»q) Pajv o \/m

X[y (2h:m?) £ (2 m?) 049 (m?)

+ > {fa(@h,m?) f2 (@, m?)

q=u,d,s
+ fa(@)m?) f} (2, m?) Yogq(m?)], (5)
where x’lg(q):x’l—l—A:z:lg(q),
1
o= VGV (= s dm? 4l (1=t )

m? = x,2,5 in the rest frame of the target nuclei, and
py/w denotes the fraction of the c¢ pair evolving into the
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J/1 state. It is indicated that the following calculation
is based on the leading order in CEM, especially on the

charmonium production cross section as a function of
the rapidity y (with @) = Ze*¥ and E=E,eVm//s)

NG
solutions of the momentum fractions. can be modified as:
Analogously, owing to the energy loss effects, thel
do,_ Zmp 2m
ﬁ(y) = pJ/w/2 dm?X[fg(‘rllg7m2)f;4(‘T;g7m2)agg(m2)
+ Y {o@mP) S (@ )+ S (@ mP) £ () Y0 g (m?)]. (6)
q=wu,d,s
Here, x;g(q)=%69/+A:Elg(q) and y’:y—l—ln(%) . |cjg is larger than that of the quark owing to the ratio

3 Results and discussion

The amount of medium-induced gluon radiation and
the strength of the J/4 suppression in p-A collisions are
controlled by the transport coefficient ¢ in the target nu-
cleus. Based on the preceding parton energy loss model
expressed in Section 2, we can extract the transport co-
efficient ¢, for the gluon energy loss from the E866 ex-
perimental data [6, 7] using the SW quenching weights
for gluons [17]. It is worth noting that according to Ref.
[27] the c¢ remains colored on its entire path for the E866
energy (y/s=38.7 GeV ) in the range 0.20 < xp < 0.65.
The extracted results of the transport coefficient g, are
summarized in Table 1, using the CERN subroutine MI-
NUIT [28] and the recent EPPS16 nuclear parton distri-
butions [29] together with nCTEQ15 parton density in
the proton bound in a nucleus [30]. In this calculation,
we employed the values of the path L obtained from the
Glauber model calculation using realistic nuclear densi-
ties [31], ¢,=0.32+0.04 GeV?/fm extracted from the nu-
clear Drell-Yan experimental data using the SW quench-
ing weights, for light quarks [15], and §..=0.29 £+ 0.07
GeV?/fm obtained using the SW quenching weights for
heavy quarks [32].

From Table 1, it can be observed that the theoretical
results are in good agreement with the E866 experimen-
tal data in the 0.20 < zr < 0.65 range (x*/ndf =1.10).
The experimental data including the small and large xg
regions deviate from the calculated results (x?/ndf =
23.19), which illustrates that the influence of other nu-
clear effects (such as gluon saturation at small zr region
and nuclear absorption at big zy region) on the modifica-
tion of the charmonium production cross-section cannot
be ignored in the small or big xr range. Consequently,
we determined the transport coefficient g, (§,=0.3110.02
GeV?/fm) for the gluon energy loss from the data in the
middle region 0.20 < zy < 0.65. It is determined that
the difference between these values for the transport co-
efficient for light quark, gluon, and heavy quark in cold
nuclear matter is very small. This conclusion contradicts
the well-known statement that the transport coefficient

of the Casimir factors Cy/Cr =9/4 in the leading log-
arithmic approximation. It is worth emphasizing that
the obtained energy loss for an incoming quark based on
the Drell-Yan experimental data depends strongly on the
nuclear parton distribution functions (see Ref. [33] for
a detailed discussion). The recent EPPS16 nuclear par-
ton distributions provide the uncertainty estimates are
more objective flavor by flavor [29]. The errors of g,
from the uncertainty of the nuclear PDFs EPPS16 were
analyzed. The extracted value of §, for the specific er-
ror sets S (S;)for EPPS16 is §,=0.304-0.02 GeV?/fm
(4,=0.3240.02 GeV?/fm). In addition, the nuclear mod-
ification for the gluon distribution function is apparently
different between the different sets, as discussed in Ref.
[34]. The uncertainty of the gluon distribution function
may be the main source of the uncertainty associated
with the result of the transport coefficient ¢,. To fur-
ther examine the initial state PDFs’ dependence on the
determination of the jet transport coefficient, we simply
eliminate the nuclear dependence of the PDF's by using
the nCTEQ15 parton density, the transport coeflicient
4, =0.35 & 0.03 GeV?/fm extracted from the E866 ex-
perimental data for the range 0.20<xr<0.65.

Table 1. The values of ¢, and x?/ndf extracted
from the E866 experimental data [6, 7).

TR No.data G/ (GeV?/fm) x2/ndf
0.20<zr <0.65 18 0.31£0.02 1.10
0.30<zr <0.95 26 0.26+0.01 15.41
0.20<zr <0.95 44 0.26£0.01 10.29
0.00<zr <0.95 49 0.25£0.01 23.19

In Fig. 1, with 4, = 0.31 £ 0.02 GeV*/fm, 4, =
0.32 £ 0.04 GeV?/fm, and §.-=0.29 £ 0.07 GeV?/fm, we
initially compare the model predictions with the E866
data for J/¢ production in the range 0.20 < zr < 0.65.
The solid lines denote the results modified only by the
EPPS16 nuclear parton distributions, the dashed curves
represent the calculations including the incident quark
energy loss in the initial state and the c¢ energy loss
in the final state, and the dotted lines represent the
results with the incident gluon energy loss correction.
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including the incident quark energy loss in the initial state and the c¢ energy loss in the final state, and the dotted
lines represent the results with the incident gluon energy loss correction. The experimental points are taken from

the E866 data for J/v production in p-A collisions [6, 7].
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calculations with the c¢ energy loss. Other notations are the same as those in Fig. 1.

The good agreement as indicated by the dotted lines in
Fig. 1 fully supports this energy loss model with the
energy loss probability distribution calculated using SW
quenching weights. From Fig. 1, it is also remarkable
that the energy loss of the incident gluon in the initial
state plays a certain role in J/1 suppression. This indi-
cates that the E866 data for J/¢ production in the range
0.20<zr<0.65 would provide a good way to identify the
gluon energy loss with a high degree of discrimination.
In Fig. 2, the calculated results are also compared with
the E866 data for 0.30 < xr < 0.95. The strength of
the J/1 suppression induced by the ¢ energy loss ef-
fect is shown as dashed lines in Fig. 2, which indicates
that the nuclear modification due to the c¢ energy loss
is more significant at larger targets for larger zr regions.
From Fig. 2, we can also observe that the predictions of
the dotted lines (including the correction induced by the
quark, gluon, and ¢ energy loss) are consistent with the
experimental data for 0.30 < zg < 0.95. From the solid
lines in Fig. 1 and Fig. 2, we can see that nuclear sup-

pression from the nuclear modification of the EPPS16
nuclear parton distributions becomes larger with the in-
crease of zp in the range 0.20 <zr <0.95. The nucleon
parton momentum fractions z, is 1.84x1072 to 4.22x10~3
accordance to the xp range from 0.20 to 0.95. In this z»
range, the shadowing effect plays an important role. The
suppression induced by the shadowing effect of the nu-
clear parton distributions increases with the decrease of
Z3. The dashed and dotted lines in Fig. 1 and Fig. 2
indicate that the suppression due to the ¢¢ and incoming
gluon energy loss also becomes larger with the increase
of zr in the range 0.20<xr<0.95.

Furthermore, we discuss the J/i suppression ex-
pected for d-Au collisions at the RHIC (/s = 200 GeV)
[12] and for p-Pb collisions at the LHC (/s = 5.0 TeV)
[10, 11]. The comparisons between the RHIC data and
the proposed model predictions are shown in Fig. 3.
The solid lines denote the results modified only by the
EPPS16 nuclear parton distributions, the dashed curves
represent the calculations including the incident quark
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energy loss in the initial state and the cc¢ energy loss in
the final state, and the dotted lines represent the results
with the incident gluon energy loss correction. As can be
seen from Fig. 3, the energy loss model is able to repro-
duce the J/v suppression over the entire variable inter-
val. It is worth noting that a good agreement is also ob-
served in some negative y bins for y<y™* (y=it=—1.1),
where nuclear absorption might also play a role. In ad-
dition, the prediction of the dotted line illustrates that
the gluon energy loss can induce the obvious suppression
of J/v¢ production in a broad y range. In Fig. 3, the
tendency of the solid line modified only by the EPPS16
nuclear parton distribution shows an enhancement in the
range —2.1 <y < —1.5, then falls with the increase of y
in the range —1.5 <y < 2.4. The physical reasons for
the y dependence of the nuclear modification from the
EPPS16 densities are that the anti-shadowing effect in-
duces the enhancement in the coverage —2.0 <y < —1.5
(0.09>x5>0.05), and the shadowing effect causes a sup-
pression for —1.5<y<2.4 (0.05>xz5>0.001). The parton
energy loss effects have the analogous tendency as the
increase of y in the range —2.1<y<2.4.
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The J/v¢ production cross-section ratio

Fig. 3.
Rava(y). The experimental points are taken
from RHIC experimental data [12]. Other nota-
tions are the same as those in Fig. 1.

In Fig. 4, we separately show the J/¢ produc-
tion cross-section ratio Rpy,,(y), modified only by the
EPPS16 nuclear parton distribution (solid lines), only by
cc energy loss effect (dashed lines), only by the incident
gluon energy loss (dotted lines), and only by the incident
quark energy loss (dash-dot lines). From Fig. 4, we can
see that the sole nuclear effects of the parton distribution
might be responsible for the J/v¢ observed suppression,
and the nuclear modification due to the parton energy
loss is minimal. This indicates that the corrections for
the nuclear parton distribution functions in .J/v produc-
tion are significant for the high center-of-mass energy of

the collision at the LHC. In addition, it can be seen that
the tendency of the nuclear modification of the EPPS16
distributions decreases steeply with the increase of y in
the region —2.0 <y < —3.0 and gradually in the region
—3.0<y<3.5. For the LHC energy, the shadowing ef-
fect plays an important role in the range —2.0<y<3.5
(0.04>25>1.49x107° and 5.47x107°<2,<1.63x1072).
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Fig. 4. The J/¢ production cross-section ratios
Rpy,/p(y), modified only by the EPPS16 nuclear
parton distribution (solid lines), only by c¢ en-
ergy loss effect (dashed lines), only by the inci-
dent gluon energy loss (dotted lines), and only by
the incident quark energy loss (dash dot lines).
The experimental data are attributed to ALICE
collaboration [10] (filled circles) and LHCb collab-
oration [11] (solid triangles).

4  Summary

Using the SW quenching weights and the recent
EPPS16 nuclear parton distribution functions together
with nCTEQ15, we investigate the energy loss effects of
an incident quark, gluon, and color octet ¢ on J/1) sup-
pression in p-A collisions. The transport coefficient g,
(4, = 0.314£0.02 GeV?/fm, with x?/ndf = 1.10) for the
gluon energy loss is extracted from the E866 data in the
middle zr region 0.20 < zr < 0.65. This indicates that
the difference between the values of the transport co-
efficient for light quark (g, =0.3240.04 GeV?*/fm [15]),
gluon, and heavy quark (G..=0.2940.07 GeV?/fm [25]) in
the cold nuclear matter, is very small. The good agree-
ment between the proposed model with the E866 and
RHIC experimental data strongly supports that the par-
ton energy loss is a dominant effect in p-A quarkonium
nuclear suppression when J/4 formation occurs outside
the nuclear target. It is also determined that the gluon
energy loss in the initial state plays an important role in
J/v suppression in a broad variable range at E866 and
RHIC energies. However, the comparison between the
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J/1¢ suppression data at LHC energy and our theoret-
ical predictions indicate that the effects of the nuclear
parton distribution functions are significant for the high
center-of-mass energy of the collision at the LHC. In fu-
ture work, it will be interesting to examine whether the
L-dependence of the energy loss predicted in our present
model is consistent with the centrality dependence of the

LHC data. It is worth noting that we use the CEM at
the leading order to compute the p-p baseline, and the
conclusion in this paper is CEM model dependent . We
hope that this study on the parton energy loss effect on
J/v production from p-A collisions will provide insight
into the evaluation of J/1) suppression in A-A collisions.
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