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Abstract The medium modifications of J/ψ production in d-Au collisions at
√

s
NN

= 200 GeV are studied

in the Glauber model. By means of the c.m. energy loss parameter per collision studied in Drell-Yan process,

taking account of the inhomogeneous shadowing effect, we find that the initial-state energy loss effect can be

ignored in d-Au collisions at mid-rapidity. Then, the final-state J/ψ absorption effect is also considered and

the theoretical results are in good agreement with the recent experimental data given by PHENIX. Finally,

the experimental results of J/ψ production in d-Pb collisions are also predicted at RHIC and LHC energies

respectively.
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1 Introduction

The J/ψ production in cold nuclear matter, which

is a leading signal for the creation of hot-dense mat-

ter in heavy-ion collisions, is an important topic

to be studied. The cold nuclear matter effects in-

clude the modification of parton distribution func-

tions, initial-state energy loss, final-state J/ψ absorp-

tion, etc. The modification of parton distributions,

which have been probed through deep inelastic scat-

tering (DIS) experiment[1], includes shadowing, anti-

shadowing and EMC effect. Shadowing is a deple-

tion of partons density in nucleus at small momentum

fraction, x, compared with that in a free nucleon. In√
s
NN

= 200 GeV deuteron-gold (d-Au) collisions at

the Relativistic Heavy Ion Collider (RHIC), for posi-

tive (deuteron direction) rapidities, gluons are probed

that lie well into the shadowing region with momen-

tum fractions in Au, x2 ≈ 3×10−3. Since shadowing

affects the parton distribution functions before the

collision that produce the J/ψ, it is an initial-state

effect.

Recently, it is found that shadowing should de-

pend on the spatial position of the interacting par-

ton within the nucleus (inhomogeneous shadowing)[2].

Although DIS experiments are typically insensitive to

this position dependence, some spatial inhomogeneity

has been observed in νN scattering[3]. Thus the ef-

fect should be sensitive to the impact parameter, b, at

which the collision occurs. Central collisions with low

impact parameter should exhibit stronger shadowing

effects than collisions in the nuclear periphery[4].

The initial-state energy loss effect in cold nuclear

matter, which is another important nuclear effect, is

always entangled with the shadowing effect. Thus,

a zero energy loss was found in both de-lepton (l̄l)

and J/ψ production[5]. In 2001, Hirai, Kumano,

and Miyama (HKM) proposed two types of nuclear

parton distributions without including the proton-

nucleus Drell-Yan process[6]. By means of the HKM

parameter, the energy loss effect can be disentangled

from the shadowing effect and it is found that the

rate of energy loss is much larger than that of the

former[7, 8]. Recently, there are two kinds of opinion

about the energy loss effect in d-Au at RHIC energies.

One expects the initial-state energy loss effect should

be ignored[9], the other expects it couldn’t[10, 11]. In

this paper, using the c.m. (center of mass) energy loss
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parameter per collision given by HKM parameter and

χ2 analysis[8], we calculate this effect in the Glauber

model[12, 13]. According to the Glauber Model, the

projectile nucleon in nucleus B makes many “soft”

inelastic collisions with nucleons bound in the nu-

cleus A before making a “hard” collision with the

l̄l (or J/ψ) production. During the “soft” collisions

the projectile nucleon imparts energy to the struck

nucleon and loose energy. In an inelastic collision be-

tween nucleus A and B, the probability of having n

collisions also depends on the impact parameter b,

which will make inhomogeneous shadowing more im-

portant. In this paper, the inhomogeneous shadow-

ing effect, which can enhance the energy loss effect in

Drell-Yan process[4], is also discussed on J/ψ produc-

tion in d-Au collisions.

Apart from the initial-state shadowing and en-

ergy loss effects, the cc̄ pair can be dissociated or

absorbed in the final state before it can form a J/ψ.

The absorption or dissociation can happen on either

the nucleus itself, or on light co-moving partons pro-

duced when the projectile deuteron enters the nu-

cleus. Since the latter is probably only important

in A-A collisions as the number of co-movers created

in a p-A or d-A collisions is small, we only consider

the nuclear absorbtion effect.

Recently, the new experimental results are pre-

sented about the modification of J/ψ production in

d-Au collisions relative to that in p-p collisions at√
s
NN

= 200 GeV[14]. In this paper, taking account

of the cold nuclear effects mentioned above, we cal-

culate the nuclear modification factor, RdAu, versus y

and the RdAu(b) ratios for the same rapidity values

versus the number of binary NN collisions, Ncoll(b).

Finally, we also predict the results of J/ψ production

in d-Pb collisions at RHIC and LHC (Large Hadron

Collider) energies respectively.

2 Method

According to the color evaporation model (CEM),

charmonium production is treated identically as cc

production below the DD threshold, neglecting color

and spin. If the inhomogeneous shadowing effect is

considered, the leading order (LO) rapidity distribu-

tions of J/ψ’s produced in d-Au collisions at the im-

pact parameter b is[9]

dσ

dyd2bd2bB

= 2FJ/ψKth

∫
dzAdzB

∫ 2mD

2mc

MdM×

{

F d
g (x1,M

2,bB,zB)FAu
g ×

(x2,M
2,b+bB,zA)σgg(M

2)/s
NN

+

∑

q=u,d,s

[

F d
q (x1,M

2,bB,zB)FAu
q̄ (x2,M

2,b+bB,zA)+

F d
q̄ (x1,M

2,bB,zB)FAu
q (x2,M

2,b+bB,zA)
]

×

σqq̄(M2)/sNN

}

, (1)

where x1 and x2 are the fractions of the nucleon

momentum carried by the projectile and target

partons respectively, M 2 = x1x2sNN
and x1,2 =

(M/
√
s
NN

)exp(±y). FJ/ψ, which is fixed at next-to-

leading-order (NLO)[15], is the fraction of cc̄ pairs be-

low the DD̄ threshold that become J/ψ’s, and the K

factor, Kth, scales the LO cross section to the NLO

value. Both the fraction FJ/ψ and the factor Kth are

independent of rapidity and drop out of the ratios.

The LO partonic cross sections for gluon fusion and

qq̄ annihilation are given by Ref. [16].

Fig. 1. Transverse view schematic representa-
tion of the Glauber Model.

The nuclear parton densities for gold, FAu
j (x,

M 2,bAu,zA), are the product of the nucleon den-

sity in the nucleus, ρAu(r
′), and a shadowing ratio,

Sj
P,ρ(A,x,M

2,bAu), where bAu(= b + bB) and zA are

the transverse and longitudinal location of the parton

in position space (shown in Fig. 1). The shadowing

effect of deuteron is ignored. Thus,

F d
i (x,M 2,bB,zB) = ρd(r)f

N
i (x,M 2), (2)

FAu
j (x,M 2,bAu,zA) =

ρAu(r
′)Sj

P,ρ(A,x,M
2,bAu)f

N
j (x,M 2), (3)

where r =
√

b2
B +z2

B and r′ =
√

b2
Au +z2

A. The

deuteron density distribution ρd(r) = |ψ(r)|2 and the

wave function

ψ(r) =
u(r)

r
ΦS +

w(r)

r
ΦD, (4)

which contains S- and D-wave components. The

Húlthen form[17] is used for the radial functions u(r)

and w(r). The nucleon densities of gold (lead) are

parameterized by a Fermi distribution[18]:

ρAu(r
′) = ρ0/{1+exp[(r′−RAu)/a]}. (5)
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For 197Au, RAu = 6.516 fm, a = 0.535 fm and ρ0 is

determined by

∫
ρAu(r

′)d2
bAudzA =A.

In Eq. (3), the ratio for the spatial dependence of

shadowing is[4, 9]

Sj
P,ρ(A,x,M

2,bAu) = 1+Nρ(S
j
P(A,x,M 2)−1)×

∫
dzρAu(bAu,z)∫
dzρAu(0,z)

, (6)

where Nρ is chosen so that∫
d2

bAudzAρAu(r
′)Sj

P,ρ(A,x,M
2,bAu) =Sj

P(A,x,M 2).

By means of the HKM nuclear parton dis-

tribution functions, we have S j
P,ρ(A,x,M

2) =

f j
A(x,M 2)/f j

p(x,M
2).

The initial-state energy loss effect, which is also

an important nuclear effect, is always considered in

the Glauber Model. In d-Au collisions, according

to the Glauber model, the nucleon in deuteron may

make many “soft” inelastic collisions with nucleons

in Au before producing the final cc̄ pairs. Since

the deuteron is an extended system and can not be

treated as a point particle, the probability of one nu-

cleon from nucleus B(d) having n collisions with nu-

cleus A(Au) at b should be expressed as[19]

P (n,b,bB) = [TB(bB)σin]
A!

n!(A−n)!
[TA(|b+bB|)σin]

n×

[1−TA(|b+bB|)σin]
A−n/σAB

in , (7)

where σin(∼ 42 mb at RHIC energies) is the cross

section in an inelastic nucleon-nucleon collision, and

TB(bB)σin, as shown in Fig. 1, is the probability of

finding a nucleon in the flux tube of nucleus B at lo-

cation bB. The factor
A!

n!(A−n)!
represents the num-

ber for finding n collisions out of A possible nucleon-

nucleon encounters, the factor [TA(|b+bB|)σin]
n gives

the probability of having exactly n collisions and the

last factor gives the probability of having A-n misses.

The thickness function

TB(bB) =

∫
ρd(r)dzB, TA(|b+bB|) =

∫
ρAu(r

′)dzA,

and Eq. (7) is normalized according to

A
∑

n=1

P (n,b,bB) = 1.

After the nucleon in deuteron has n collisions

with nucleons in Au, the c.m. system energy of

the nucleon-nucleon collision producing a cc̄ will be
√
s′NN =

√
s
NN

− (n− 1)
d
√
s
NN

dn
, where

d
√
s
NN

dn
is the

average c.m. energy loss per collision. Therefore, the

cross section of having n collisions for J/ψ production

in d-Au collisions at b can be written as

dσ(n)

dyd2bd2bB

= 2FJ/ψKth

∫
dzAdzB

∫ 2mD

2mc

MdM×
{

F d
g (x′

1,M
2,bB,zB)×

FAu
g (x′

2,M
2,b+bB,zA)σgg(M

2)/s′
NN

+
∑

q=u,d,s

[F d
q (x′

1,M
2,bB,zB)FAu

q̄ (x′

2,M
2,b+bB,zA)+

F d
q̄ (x′

1,M
2,bB,zB)×

FAu
q (x′

2,M
2,b+bB,zA)]σqq̄(M2)/s

′

NN

}

, (8)

where the rescaled quantities are defined as x′

1,2 =

rsx1,2 with the ratio rs =

√
s
NN√
s′NN

.

Before the cc̄ pair can escape the target, it may in-

teract with nucleons and be dissociated or absorbed.

The effect of nuclear absorption alone on the J/ψ

production in d-Au collisions may be expressed as[20]

dσdAu

dy
=

dσpp

dy

∫
d2

bAudzA •ρAu(bAu,zA)×

exp

{

−
∫
∞

zA

dz′AρAu(bAu,z
′

A)σabs

}

, (9)

where zA is the longitudinal production point of the cc̄

pair and z′A is the point at which the state is absorbed.

If the nucleon absorption cross section, σabs, is con-

sidered as a constant, independent of the production

mechanism, Eq. (9) can be conveniently written as[20]

dσdAu

dy
=

dσpp

dy
Aα , (10)

where α=−9σabs/(16πr20) with r0 = 1.2 fm.

Combining the ingredients mentioned above, the

cross section for J/ψ production in d-Au collisions at

b can be given by

dσdAu

dyd2b
=

A
∑

n=1

∫
d2

bBP (n,b,bB)
dσ(n)

dyd2bd2bB

Aα, (11)

and the average cross section is
〈

dσdAu

dy

〉

=

∫
d2

b
dσdAu

dyd2b
. (12)

3 Results and discussion

By means of Eq. (6), the ratios S j
P,ρ versus

bAu/RAu for gluon (solid curve), valence (dashed

curve) and sea (dotted curve) quark of u are shown

in Fig. 2. The similar homogeneous shadowing values

are taken and M = 2mc. It is shown that all of them

have a strong b dependence when bAu/RAu< 1.
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Fig. 2. The inhomogeneous shadowing ratios
Sj

P,ρ versus bAu/RAu for gluon (solid), valence
quark of u (dashed) and sea quark of u (dot-
ted).

In order to compare with the experimental data

from PHENIX[14], we introduce the nuclear modifica-

tion factor

RdAu =
1

〈Ncoll〉
〈dσdAu/dy〉
dσpp/dy

, (13)

where 〈Ncoll〉 is the average number of binary NN

collisions. In our calculation, the HKM shadowing

parameters[6] are used and the theoretical results are

shown in Fig. 3. The solid and dashed curves corre-

spond to the results of the inhomogeneous shadowing

effect without and with energy loss, respectively.

The value of d
√
s
NN
/dn, which has been studied de-

tailedly in Drell-Yan process[8], is taken as 0.2 GeV.

It is shown that the influence of initial-state energy

loss effect is small at mid-rapidity in d-Au collisions

at RHIC energies. First of all, the energy loss ef-

fect is obvious only at large momentum fraction,

x, but x1(2) is small when the rapidity | y |< 3 in√
s
NN

= 200 GeV d-Au collisions. Second, the value

of d
√
s
NN
/dn (∼ 0.2 GeV) is small in contrast with√

s
NN

(= 200 GeV) at RHIC. In Refs. [10, 11], which

expects that the energy loss effect should not be

Fig. 3. The minimum bias RdAu versus rapid-
ity. The solid and dashed curves correspond
to the inhomogeneous shadowing results with-
out and with energy loss, respectively. The
dotted curve is obtained from combining the
inhomogeneous shadowing and energy loss ef-
fects with the J/ψ absorption effect.

ignored, the rest frame of the nucleus is employed.

Since different J/ψ production theories are adopted in

the target rest frame and c.m. system, the influence

of energy loss effect on J/ψ production cross section

in d-Au collisions are also different. The dotted curve

is the result of initial-state shadowing and energy loss

effects together with final-state absorption effect and

the results agree with the experimental data.

Figure 4 shows the RdAu(b) ratios for the same ra-

pidity values as a function of the number of binary

NN collisions

Ncoll(b) =σin

∫
d2

bBTB(bB)TA(|b+bB|), (14)

and the ratio RdAu(b) is defined as

RdAu(b) =
1

Ncoll(b)

∫
dy

dσdAu

dyd2b∫
dy

dσpp

dy

. (15)

The integral rapidity ranges are −2.2<y<−1.2 for

Fig. 4. The RdAu(b) ratios versus Ncoll with the
same figure captions as in Fig. 3.

Fig. 5. The minimum bias RdPb versus rapid-
ity at RHIC(a) and LHC(b) energies with the
same figure captions as in Fig. 3.
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(a) and −0.35 < y < 0.35 for (b). The figure cap-

tions are the same as Fig. 3 and the data come from

Ref. [14]. It is shown that the energy loss effect is

small in both Fig. 4(a) and Fig. 4(b).

For predicting the new experimental results, the

theoretical results of the factor RdPb for deuteron-

lead(d-Pb) collisions at RHIC (200 GeV) and LHC

(6.2 TeV) energies are shown in Fig. 5. The figure

captions are the same as Fig. 3. Since the value of

d
√
s
NN
/dn (∼ 0.2 GeV) is too small to be considered

in contrast with
√
s
NN

(= 6.2 TeV), there is no energy

loss effect at LHC energies (shown in Fig. 5(b)).

In summary, the initial-state energy loss effect,

which is verified to be small at mid-rapidity in d-Au

collisions at RHIC energies, is studied in the Glauber

model. Taking account of final-state absorption, the

theoretical results are in good agreement with the re-

cent experimental data given by PHENIX. Though

the initial-state energy loss effect can be ignored at

mid-rapidity in d-Au collisions at RHIC energies, the

initial-state multi-scattering is expected to display a

strong suppression in the large transverse momentum

jet production. We will study the J/ψ jet production

recently.
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