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Abstract: A modified explanation of the cold nuclear matter (CNM) effects on J/ψ production in p+A collisions is

presented in this paper. The advantage of the modified explanation is that all the CNM effects implemented in this

model have clear physical origins and are mostly centered on the idea of multiple parton scattering. With the CNM

effects presented in this paper, we calculated the nuclear modification factor RpA in J/ψ production under different

collision energies. The results are compared with the corresponding experiment data and the factors calculated with

classic nuclear effects. The factors calculated with CNM effects presented in this paper can accurately reproduce

almost all existing J/ψ measurements in p-A collisions, which is much better than results obtained with the factors

calculated with classic nuclear effects. The new model is therefore a more suitable approach to explain CNM effects

in the hardproduction of quarkonium.
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1 Introduction

Quarkonium production in heavy ion collisions, such
as the production of J/ψ, is a vital testing ground for
novel nontrivial QCD dynamics (p+A). By studying the
medium-induced modification of quarkonium production
in nucleus collisions (p+A) relative to naive proton-
proton collisions (p+p), one can get information on the
novel nontrivial QCD dynamics, especially with the pro-
cess in d+Au collisions at RHIC and the forthcoming
p+Pb collisions at LHC. The manifestations of such
nontrivial QCD dynamics in p+A reactions are usually
called cold nuclear matter (CNM) effects - those effects
cause an obvious suppression of cross section, but not
because of the formation of quark-gluon plasma.

There have been several approaches to study CNM
effects in the past decade. One approach is based on
perturbative QCD factorization and attributes all these
effects to universal nuclear parton distribution functions
(nPDFs). With this approach Eskola and Hirai et al
fixed the parametrizations of nPDFs through a global
fitting procedure [1, 2], where those nPDFs become the
only ingredients that were different from the case of p+p
collisions. This approach can describe part of the RHIC
d+Au data reasonably well. Another approach is the so-
called Color Glass Condensate (CGC) approach [3]. Be-

cause it focuses on non-linear corrections to QCD evo-
lution equations in very dense gluonic systems and is
only applicable in the very small-x region, the CGC
approach is not as popular as the perturbative QCD
method. There are also calculations and predictions for
the nuclear modification factor in Monte Carlo models
such as HIJING.

In this paper we followed a new approach derived
from multiple parton scattering theory. This approach is
based on perturbative QCD factorization. At the same
time, CNM effects are implemented separately within
the formalism by modification of the corresponding vari-
ables. The advantage of this approach is that all CNM
effects have a clear physical origin and are mostly cen-
tered on the idea of multiple parton scattering [4]. This
approach was first derived in Ref. [5]. In Ref. [5] the
cross section data of prompt photons in p+A collisions
at RHIC was reproduced perfectly with this approach
(see Fig. 1, Fig. 2 in Ref. [5]). In their calculation
the isospin effect, Cronin effect, CNM energy loss, and
dynamical shadowing were included.

In this manuscript we will improve their model and
calculate the production cross section ratio of J/ψ in
p+A collisions. As we know, according to multiple par-
ton scattering theory, under some approximate condi-
tions, at sufficiently large quarkonium energy E in the
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target rest frame, quarkonium hadroproduction looks
like small angle scattering of a color charge [6]. Based
on this theory, we used a new CNM energy loss model
derived from the medium-induced gluon radiation spec-
trum (similar to the Bethe-Heitler spectrum) to calculate
the fractional energy loss ε [6], which is different from
the effective reduced fractional energy loss εeff used in
[5]. Because our calculation of ε has included the effects
of the transverse momentum nuclear broadening, we do
not discuss the Cronin effect separately in the following
sections. In fact, considering the high collision energy
in p+A collisions, which means that partons undergoing
hard collisions are in a very small-x region (for exam-
ple, about 10−4 at LHC), the gluon saturation effect was
included in our calculation within the so-called classic
gluon saturation regime [7]. In the following, Section 2
introduces the CNM effects. In Section 3 the results and
conclusion are presented.

2 Cold nuclear matter effects

In general, the CNM effects in p+A collisions can be
quantified with a nuclear modification factor RpA, which
is usually defined as:

RpA=
1

A

dσpA

dyd2pT

/
dσpp

dyd2pT

. (1)

Here A is the nucleon number of the target nucleus. The
deviation of RpA from unity reveals the presence of CNM
effects in p+A collisions.

A variety of CNM effects can affect particle produc-
tion. In this paper we mainly discuss those effects that
have been theoretically evaluated as arising from the
elastic, inelastic and coherent scattering of partons in
large nuclei [4].

Within the perturbative QCD factorization approach
there have been different ways to calculate heavy quark
production. In this paper, the heavy quark production
in p+p collisions was calculated with the Color Octet
Model (COM). According to this model, the differential
production cross section for a charmonium state can be
written as:

dσJ/ψ

dy
=

dσ(J/ψ)dir

dy

+
∑

J=0,1,2

Br(χcJ→J/ψX)
dσ(χcJ)

dy

+Br(ψ′→J/ψX)
dσ(ψ′)

dy
, (2)

where Br is the branching ratio [8]. The rapidity distri-

bution of particle C in the final state is as follows [9]:
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〉

. (3)

The sum over i and j includes all the partons (quark,
antiquark and gluon).

In Fig. 1 the distribution of dσ/dy vs. rapidity (y)
for J/ψ production in p+p collisions at RHIC is pre-
sented. The results calculated with GRV LO98 (solid
line) and HKN07 (dashed line) can all reproduce most of
the data within the error range. In the following study
of the nuclear modification factor we therefore take the
results calculated with COM (HKN07) in p+p collisions
as a baseline.

Fig. 1. Rapidity distribution of dσ/dy at PHENIX [10].

2.1 Cold nuclear matter energy loss

The CNM energy loss effect can be easily imple-
mented as a momentum fraction shift in the PDFs of
the incoming proton. According to multiple parton scat-
tering theory, as the parton from the proton undergoes
multiple scattering in the nucleus before the hard colli-
sions, it can lose energy due to medium-induced gluon
bremsstrahlung, which corrects the momentum fraction
in the PDFs of the incoming proton with a shift ε [5]:

fq/p(xa,Q
2)→fq/p

(

xa

1−ε
,Q2

)

,

fg/p(xa,Q
2)→fg/p

(

xa

1−ε
,Q2

)

. (4)

Here ε= 〈
∑

iωi/E〉 is the average fractional energy loss
induced by multiple gluon emission. The sum runs over
all medium-induced gluons. Ideally, Eq. (4) should in-
clude a convolution over the probability distribution of
CNM energy loss Pq,g(ε) [11]. The probability distribu-
tion Pq,g(ε) is calculated for quarks and gluons separately
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in the Poisson approximation [12]. This calculation of
initial-state CNM energy loss has been shown to give a
good description of the nuclear modification of Drell-Yan
production in fixed target experiments [13].

Instead of using an effective reduced fractional en-
ergy loss εeff as in Ref. [5], the calculation of ε in this
paper follows the method in Ref. [6]. In their paper
they assumed that the heavy-quark QQ̄ pair is produced
in a compact color octet state within the hard process
time-scale th, and remains a color octet for a time much
longer than th. In quarkonium production models where
color neutralization is a soft non-perturbative process,
this assumption holds at any xF. With this assumption,
at sufficiently large quarkonium energy E in the target
rest frame, quarkonium hadroproduction looks like small
angle scattering of a color charge [6]. So the medium-
induced initial-state radiation spectrum is similar to the
Bethe-Heitler spectrum and is written as follows [6]:

ω
dI

dω
=

Ncαs

π

{

ln

(

1+
∆q2

⊥
E2

M 2
⊥
ω2

)

−ln

(

1+
Λ2E2

M 2
⊥
ω2

)}

. (5)

Here ∆
_

q
2

⊥
is the transverse momentum nuclear broad-

ening, which is a variable related to the Cronin effect.
M⊥ =

√

M 2+p2
⊥

is the transverse mass. M=3 GeV is
the mass of a compact cc̄ pair. The average initial-state
radiative energy loss can be obtained by integrating the
medium-induced bremsstrahlung spectrum [14]:

∆E≡

∫E

0

dωω
dI

dω
≈Ncαs

√

_

qA(x)L

M⊥

E. (6)

The average path length L is given by L=
3

2
r0A

1/3·
_

qA(x)

stands for the transport coefficient in nucleus A and is
related to the gluon distribution G(x) in the target nu-
cleon as [15]:

_

q (x)=
4π2αs(

_

qL)Nc

N 2
c −1

ρxG(x,
_

qL)≈
4π2αsNc

N 2
c −1

ρxG(x).

(7)
Here ρ is the target nuclear density. αs is the running
parameter. Nc is the number of colors.

In the present study we have assumed for simplic-
ity that the octet QQ̄ pair arises dominantly from the
splitting of an incoming gluon. This should be a valid
assumption for all p+A data considered in this paper,
except at very large values of xF (xF>0.8), where quark-
induced processes come into play.

The energy loss model used in this paper is based
on multiple parton scattering theory and is calculated
with an integration of the initial-state medium-induced
bremsstrahlung spectrum. It has a clear physical origin
that is different from the classic energy loss model [16].

2.2 Dynamical shadowing effect

Power-suppressed coherent final-state scattering of
the struck partons leads to suppression of the cross sec-
tion in the small-x region, which is called the dynam-
ical shadowing effect. This effect represents the inter-
actions between the scattering partons and the nuclear
background chromo-magnetic field. So, analogous to the
generation of dynamical mass for electrons propagating
in a strong electro-magnetic field, the dynamical shad-
owing effect can be interpreted as a generation of dy-
namical parton mass in the background gluon field of
the nucleus, and contributes to the cross section at the
power corrections level with a modification to Bjorken
xb of the target nucleus [11]. Such a correction leads to
a suppression of the single and double inclusive hadron
production cross sections at forward rapidity as long as
the coherence criterion is satisfied.

The dynamical parton mass, which is calculated in
QCD, is given by m2

dyn = ζ2(A1/3−1) [17]. Then the
corresponding change in the value of Bjorken xb is

xb→xb

(

1+
m2

dyn

Q2

)

. (8)

In the case of the production of J/ψ, the nuclear size
enhanced (A1/3) power correction can be resumed for a
given partonic channel (t-channel) and lead to the fol-
lowing shift in the momentum fraction xb for the parton
inside the nucleus [6]:

xb→xb

(

1+Cd

ξ2(A1/3−1)

−
_

t

)

. (9)

Here xb is the parton momentum fraction inside the tar-
get nucleus, and Cd=CF(CA) if the parton d=q(g) in the
partonic scattering ab→cd. ξ2 stands for a characteris-
tic scale of the multiple scattering per nucleon [18]. For
xb <0.1, due to coherence, m2

dyn has to be incorporated
in the underlying kinematics of the hard scattering in Eq.
(8); for xb>0.1, because the vector meson exchange is lo-
calized to one nucleon, the elastic final-state interactions
vanish.

Similar shifts in the momentum fraction xb can be

obtained easily from Eq. (9) by substituting
_

t →
_

u or
_

t →
_

s respectively in other partonic channels [19].
In short, the dynamical shadowing effect presented

in this paper represents the interactions between the
scattering outgoing partons and the nuclear background
chromo-magnetic field, which leads to a shift in the mo-
mentum fraction xb inside the target nucleus. Compar-
ing with the classic shadowing effect defined as the ratio
of PDFs in nucleus vs. PDFs in proton [1, 2], the dy-
namical shadowing effect has a clearer physical origin.
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2.3 Gluon saturation effect

Because the parton momentum fraction x probed in
collisions at RHIC and LHC is very small, the gluon sat-
uration effect must be included in our calculation. At
small values of x, parton wave functions inside the nu-
cleus start to overlap, which changes the effective colli-
sion number in the nucleus and leads to an additional
J/ψ suppression in high-energy p+A collisions. This
phenomenon is named the gluon saturation effect. The
suppression here is independent of that caused by the
energy loss effect discussed above. In fact, because the
saturation effect is expected to scale roughly as the nu-
cleus transverse density, V/S∼A1/3, the J/ψ normalized
yield in p+A collisions is likely to be suppressed with re-
spect to that in p+p collisions either at large xF and/or
at high energies.

In the present paper, we shall implement the physics
of saturation following the work of Fujii, Gelis and Venu-
gopalan [7], where J/ψ suppression has been calculated
within the Color Glass Condensate assuming 2→1 kine-
matics for the J/ψ production process. The nuclear sup-
pression is a scaling function of the saturation scale Qs,
which can be simply parameterized as:

SJ/ψ
A (x2,L)≈

(

1+
Q2

s(x2,L)

b

)−α

. (10)

Here b=2.65 GeV2 and α=0.417. The saturation scale
Qs is determined through the relationship [20]:

Q2
s (x,L)=q̂(x)L. (11)

q̂(x) is the transport coefficient and L is the average path
length. Both of these have been presented above in Sec-
tion 2.1.

3 Conclusion

In order to verify the applicability of the new CNM
effect model in explaining the production suppression
in p+A collisions, the cross section ratios of J/ψ un-
der different collision energies were calculated. The new
model is based on multiple parton scattering theory and
includes the CNM effects including energy loss effect,
isospin effect, dynamical shadowing effect and gluon sat-
uration. The results calculated with the new model were
compared with the experiment data collected under dif-
ferent collision energies as well as the results calculated
with the classic nuclear effect model. With the classic
nuclear effect model, we calculated the energy loss effect
with the GM model [16], shadowing effects with EPS09
[1] and the final-state nuclear absorption effect with the
Glauber model [21].

In Fig. 2 the rapidity distribution of the nuclear
modification factor RAu/p under RHIC collision energy is
plotted. As can be seen from Fig. 2, the agreement be-

tween the result calculated with the new model (dashed
line) and the experiment data [22] is very good over a
wide range in y, both in shape and magnitude, while a
slight disagreement is observed below y<−2, where nu-
clear absorption is expected to play a role. Compared
with the new model, the result calculated with the clas-
sic model (solid line) has an obviously bigger error, which
indicates that the new model is more suitable to explain
the CNM effect in J/ψ production at RHIC. In Fig. 2 we
also plot the results calculated with energy loss plus dy-
namical shadowing (dotted line) and that of energy loss
plus the saturation effect (short dash-dotted line). The
dotted line is above the short dash-dotted line at for-
ward rapidity, which indicates that, compared with the
dynamical shadowing effect, the gluon saturation effect
plays a more important role in the production suppres-
sion in the corresponding momentum fraction range.

Fig. 2. Rapidity distribution of RAu/p at PHENIX.

In Fig. 3 the xF distribution of nuclear modifica-
tion factor RW/Be under E866 collision energy is plotted.
Here the dashed line represents the result calculated with
the new model while the solid line represents that of the
classic model. As can be seen from Fig. 3, the agree-
ment between the dashed line and data [23] is excellent
both in shape and magnitude over a wide range, while an
obvious disagreement is observed above xF >0.7, where
quark-induced processes start to dominate. In Fig. 3
we also plot the results calculated with energy loss plus
dynamical shadowing (dotted line) and that of energy
loss plus saturation effect (short dash-dotted line). Both
of the lines are similar over the whole xF range, which
hints at the equal importance of the two effects in this
momentum fraction range. The difference between the
dashed line and dotted lines at E866 is smaller than that
at RHIC, which may be due to a weaker dynamical shad-
owing effect under lower collision energy.

In Ref. [6] the effects of CNM energy loss on J/ψ
suppression in p+A collisions are studied with the asso-
ciated soft gluon radiation spectrum. The distribution
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of nuclear modification factor RA/Bvs. xF(y) for E866
(Fig. 1 in Ref. [6]) and RHIC (Fig. 3 in Ref. [6]) are
presented respectively. Compared with their results, we
find that the fitting to the RHIC data in this paper (Fig.
2) is much better than that in Ref. [6] (Fig. 3), espe-
cially across almost the whole −y range, which hints at
the importance of the dynamical shadowing effect within
the −y range. Apart from that, the results for E866 in
both papers are similar. Both Fig. 3 in this paper and
Fig. 1 in Ref. [6] can basically reproduce the data in
E866 except in the range xF>0.8.

In Fig. 4 the xF distribution of nuclear modification
factor Rw/c under HERA collision energy is plotted. As
can be seen from Fig. 4, the line calculated with the new
model reproduces the data [24] excellently both in shape
and magnitude, much better than that with the classic
model - the latter only reproduces the magnitude of the
data.

Fig. 3. xF distribution of RW/Be at E866.

Fig. 4. xF distribution of Rw/c at HERA.

Obviously, compared with the classic model, the new
model is able to reproduce the cross section suppres-
sion in p+A collisions under different collision energies
more accurately, both in magnitude and shape. It should
therefore be more suitable to explain the CNM effects in
J/ψ production.

Finally, the rapidity dependence of J/ψ suppression
in p-Pb collisions at LHC is shown in Fig. 5. Here the
dashed line represents the result calculated with the new
model while the solid line represents that of the classic
model. Both lines are similar in shape and magnitude,
except that the dashed line is lower than the solid line.
As this is only a prediction, our result needs to be tested
with the future experiment data.

Fig. 5. Rapidity distribution of RPb/p at LHC.

In summary, the cross section ratio of J/ψ produced
in p+A collisions was calculated with a new nuclear
effects model in this paper, which includes CNM ef-
fects such as the energy loss effect, isospin effect, gluon
saturation effect and dynamical shadowing effect. The
advantage of this new model is that all CNM effects
have clear physical origins and are mostly centered on
the idea of multiple parton scattering. It is proved that
the results calculated with this new model are able to
reproduce accurately almost all existing J/ψ measure-
ments in p+A collisions. In particular, the dependence
of J/ψ suppression on xF/y is well accounted for by this
model for various atomic mass A and center-of-mass en-
ergies. These results eventually verified the applicability
of the new CNM effect model in explaining the CNM
effects on J/ψ production. In future, we will investigate
CNM effects with this new model on production of other
particles in heavy-ion collisions.
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