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We use a modified DKLMT model (M-DKLMT) to study the cold nuclear matter (CNM) effects on the color
singlet J /v production in d Au collisions at RHIC. The cold nuclear effect of dipole-nucleus interactions has been
investigated by introducing a nuclear geometric effect function f(&) to study the nuclear geometry distribution
effect in relativistic heavy-ion collisions. The dependencies of nuclear modification factors (R, 4) on rapidity and
centrality are studied and compared to experimental data. It is found that the M-DKLMT model can well describe
the experimental results at both forward- and midrapidity regions in dAu collisions at RHIC.
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I. INTRODUCTION

Heavy quark production in high-energy nuclear collisions
has been a focus of interest for many years. Heavy quarks
are essential probes of the evolution of the medium created in
heavy-ion collisions since they are produced predominantly
in the early stage of nuclear collisions [1]. Heavy-quark
production in pp collisions was studied not only to test the
perturbative quantum chromodynamics but also to serve as
a baseline for studying heavy-ion collisions [2—4]. Although
suppression of high py particles was predicted as an effect
of parton energy loss in the hot dense medium created in
relativistic heavy-ion collisions [5-7], it is difficult to account
for the comparable suppression of heavy flavors to that of light
flavors solely with hot nuclear matter effects [8]. To understand
comprehensively the parton energy-loss mechanism in hot
dense medium, it is essential to explore fully the underlying
cold nuclear matter (CNM) effects.

While measurement of heavy-flavor production in elemen-
tary collisions is crucial to test the validity of the current
theoretical framework and for inputs to phenomenological
models to describe heavy-flavor production in nucleus-nucleus
collisions, control experiments with p A or d A collisions allow
us to probe those CNM effects. These include modifications
of the parton distribution function (PDF) and k7 broadening,
with minimal impact from the hot nuclear medium. Because
heavy quarks are produced primarily by gluon fusion at RHIC,
modification of the gluon density in nucleus can be observed
in charm and bottom production rates [9,10].

Based on the McLerran-Venugopalan (MV) model [11],
Dominguez, Kharzeev, Levin, Mueller, and Tuchin (DKLMT)
proposed a model [12] to analyze the gluon saturation effects
on the color singlet J /v productions in d A and AA collisions
at RHIC energies [13-16]. The DKLMT model [12] assumes
that c¢ pair in a color-octet state propagates through the nucleus
and becomes color singlet inside the nucleus. In the large
N, approximation further color conversions of the c¢ state
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are suppressed and thus can be neglected. Therefore, in this
case the cc experiences the last inelastic interaction inside the
nucleus after which it rescatters only elastically. Additionally,
the DKLMT model treats the J /v wave function accurately
with parameters determined from a fit to the exclusive J/y
production in deep inelastic scattering.

Based on the DKLMT model, we propose a new form of
cold nuclear matter effect on the color singlet J /vy production
mechanism in order to describe dA experimental data at
RHIC. This Modified DKLMT model (M-DKLMT model)
can describe the centrality and rapidity dependencies of
nuclear modification factor (R;4) for J /iy productions in d Au
collisions at RHIC.

This paper is organized as follows: Sec. II introduces the
M-DKLMT model including the nuclear modification effects
in dAu collisions; Sec. III is dedicated to the description of
the numerical calculation performed with DHJ model [17]
for the dipole scattering amplitude, and the calculation results
are then compared with the experimental data at RHIC. The
conclusions are summarized in Sec. IV.

II. THE M-DKLMT MODEL AND NUCLEAR
MODIFICATION EFFECT

The DKLMT model [12] contains three distinct assump-
tions.

(i) In order to study J /v production in high-energy p A (or
dA) collisions, DKLMT model argued that J /v production in
relativistic heavy-ion collisions should take into account the
gluon saturation and color glass condensate effects. The J /v
production cross section in high-energy p A (or d A) collisions
can be written in the factorized form:

dopa—ijvx doga—spyx
db2dy .

where a simple ansatz for the gluon distribution [18] encoding
the saturation [19] is given as follows:
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with x; = (m./+/s)e”, m. is the charm quark mass and +/s the
collision energy in the center of mass system, the normalization
factor K, and o(Qy) are determined by a fit to pp data and
d-Au data at RHIC.

(ii) In order to study d”“”;%, DKLMT used a well-
developed phenomenology y A theory by stating a yp scat-
tering,

doyasgyx

1
7 = R|Ayp—>1/¢p|2, 3)

with
Ayp—)]/l/fX(x A)

/dzbeﬂ“’f dz/ — (W5, ¥,)2i[1 — S(x,r,b)],
“4)

where t=—A% is the momentum transfer, and
WJ/¢WV=¢y(r,z) with
Nep
¢y (r.z) = —e;{ ZKo(mcr)pr(r,z)
—[22+ (1 = 2’ Im K (meD)d,dr(r,2)}, (5
where
2
¢r(r,z) = Nrz(1 — 2)exp [—ﬂ} , (6)

and where Ny = 1.23, R2 = 6.5 GeV 2 [19].
By integrating over A, Eq. (3) can be given as

doyasiya

1 d2r
b :/ dz/—cby(r,z)
/ a7 / D1 = $°¢)

x[1 = S8S@)]. (7

According to the Mclerran-Venugopalan model [11], the S
factors are given by

S(r) ~ exp[—3 07r?], ®)

where Q; is the gluon saturation scale function and its detailed
form will be given in Eq. (19).

(iii) DKLMT established the dipole-A interaction picture as
shown in Fig. 1. The J /v formed from cc is a color singlet. It is
the particular dipole-nucleon inelastic collision that converts
the adjoint representation to a color singlet in the large-N,
approximation. The longitudinal coordinate £ (as shown in
Fig. 1 the distance from the front of the nucleus) indicates the
point where the particular inelastic interaction takes place. In
order to keep the singlet intact, it is clear that later interactions,
occurring after the cc pair is in a singlet state, are purely elastic.

The interaction at &, responsible for the transition from
a color octet state to a color singlet state, can involve the
antiquark in both the amplitude and the conjugate amplitude.
Under the MV model evaluation employed here, the given
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interaction probability factor is
Q%r-r
AT (b)

T (b) depicts the nuclear thickness [20] at given impact
parameter b,

dt. )

T(b) = 2+ R? — b20(R — b), (10)

where R is the radius of target nucleus and 6 is the step
function. The interactions occurring before £ can be taken
into account. With dipole separation (r — r’)/2, each of these
pieces can be treated as a dipole interaction with the nucleus.
This given the combined factor

o 16 Q30 —x[E/ TN (11)

where the £ / T'(D) factor is for these interactions before the last
inelastic interaction at longitudinal coordinate &. As follows,
we will provide these interactions after the last inelastic
interactions. The combined factor are given as follows:

o~ § Q@ HrD1-/T®)] (12)

The cross section of gA — J /¥ X was given by Ref. [12]:

dO'gA_>J/¢,X /1 /dzr /1 fdzr/
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After this consideration, the cross-section distribution of
pA — J/¥ X was provided [12] as follows:

dopa_s
oA~ IvX _ Gy /dzf_qm)

dyd?b
d7’ —CD
X/o Z/ 4

% (41’ . r;z [671716 Q?(rfr’)z . e*éQ?(rzﬂ"z)]’
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(14)
where
P(r,z) = m{meo(mL-r)

— [z + (1 = 2’ Im K (mc1)d,¢7(r,2)}, (15)

in which K and K; are the modified Bessel functions.
According to DKLMT and MV model [shown at Egs. (9)
and (14)], the productions of J/¢¥ in pA interactions are
independent of the longitudinal coordinate &, which means that
at different location of & the production probability is the same.
We argued that the productions of J /v in relativistic heavy-ion
interactions should rely on the longitudinal coordinate &
and impact parameter b. When b < R, the dipole-nucleus
collisions propagate through the whole nuclear thickness, the
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FIG. 1. A sketch diagram for gA — J/v. The longitudinal coordinate £ is the point where the last inelastic interaction takes place.

probability for the inelastic scattering is thus proportional
to the longitudinal coordinate. This implies that the nuclear
geometric effects play an important role to the J /v production
suppression. At b ~ R, J/v¥ production in dAu collisions
becomes similar to that in pp collisions, the cold nuclear
geometric effect is believed to be small and can be neglected.
In order to study the effects of dipole cold nuclear matter
interaction at different point £ at different impact parameters
inside the nucleus, we thus introduce a nuclear geometric
effect function f(&) of the interaction at £ to account for the
position dependence of the probability to form the J /v under
the dipole-nucleus collisions as following:
Q’r-r
AT (D) f(&)d§. (16)
After introducing the nuclear geometric effect function
f(&) to take into account the different probability of inelastic
interaction at different location &, the cross section for J/y
production in p A collisions becomes a function of the nuclear
thickness function. The nuclear geometric effect function f ()
is not a flat distribution of & in our assumption; the smaller
the magnitude of &, the larger the value of f(£). The form of
the nuclear matter coherent function is assumed to be a likely
Gaussian form:

FE) = aePT0, a7

where o is a normalization factor, and B is an adjustable
parameter, which can be determined from experimental data.

In order to calculate the nuclear modification factor R4
at different centrality and at different rapidity regions, it is
necessary to describe the nuclear geometry feature properly.
The relation between impact parameter b and the number of
participant (Npqr) in dAu collisions is already derived in Ref.
[21] and given by

Npare — 2)?
b=Run |1-— ( part ) (18)

2N\ 3/2792°
ai-(1-5) "

where A is the number of target nucleon of gold, R4, the
radius of target gold nucleus, and R, the radius of the projectile
deuterium nucleus.

The DHJ model [17] has improved the KKT model [22,23]
by taking into account the change in the anomalous dimension
of the gluon distribution function due to the presence of the
saturation boundary [24] and also some higher-order effects.

The DHJ model performs the numerical calculations of the
dipole scattering amplitude [17] as follows:

Na(r,y) =1 —exp{—1(r*0})"}. (19)
The gluon saturation scale is given by
0?2 = A*A3e = 0.13 GeVZe™ Noi, (20)

and the parameters y is the anomalous dimension
In (m2 / Qf)
AY +1n(m2/Q2) +dVY’

where y, = 0.628 is implied by theoretical arguments [25]
andd =1.2,Y =In(1/x), x = me’y\/E, A = 0.6 GeV, and
A =0.3 are fixed by DIS data [26,27]. Besides the DHJ
model, another model [28] also used the anomalous dimension
of the gluon distribution function to study dipole scattering
amplitude.

After the consideration of geometric modification of the
DKLMT model, we provide the cross section as follows:

dO’gAﬁJ/l//X _/l /d_zr /1 //d2r, Y
—m ) dz yom d(r,7) \ dz y o*(r',7)
T p.y & ?
x /0 d%r@f’“’{_ﬂ ([T(b)])
LIPS YSTY O
T &) (T(b))

- %Q?(rz + r’2)<1 - %) } (22)

The cross section of pA — J /¢ X is given by

dopa_s ! d?
M:le(xl,mg)g Z/ dZ/—r©(r,Z)
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X e_é O3 (r+r'Y 4 5 0L (r+r')’ { <q> <Q%(r + r,)z)
328
QX (r +r')?
W[ﬂ(l_ 26 )“ *9

where () = fO’L e~*dx is the error function. Compared with
Eq. (14) given by the DKLMT model, Eq. (23) has a different
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form by introducing the Gaussian function f(£) of nuclear
geometrical effect. One can find that the cross sectionof pA —
J /¥ X is sensitive to the Gaussian form and the parameter .
By fit, the experimental results of RHIC, the given 8 is 9.

After consideration of the DHJ model, the cross section is
given as follows:

dopasyyx
dyd?D

a 7 (! d’r
=x,G(xp.my) = [= | dz | =,
x1G(xy mL)2 /3/0 Z/ o (r,2)

1 2./ . /
X/ dz//d r cb*(r,’z/)(er)y (Qsr)”
0 4 4

X exp{_é[Qs(r + r/)]2y + 3212’3 [Qs N (I‘ + r/)]4)/}
[0, + 1) [0, + 1)
X{q’( 3278 )”’[ﬁ(l_ 325 )]}

(24)

III. CALCULATIONS AND RESULTS

In this section, we calculate nuclear modification factor
and compare the results to the experimental measurements
in 200 GeV dAu collisions at RHIC [13-16]. To study the
nuclear matter effect in d Au collisions, we recall the definition
of nuclear modification factor (NMF),

dAu
Rys = da]/ Ld /dy 25
dA = (25)
(Ncoll>d01/¢/dy

where N, is the number of binary nucleon-nucleon collisions.

The NMF results of our M-DKLMT model in dAu
collisions at RHIC are shown in Figs. 2, 3, and 4.

Figure 2 shows the dependencies of nuclear modification
factors R4 on the number of participants at different rapidity
regions. One can find that when introducing the Gaussian
geometric effect function f(£), a strong suppression of Ry
at small Npy is shown in our M-DKLMT model. The results
shown in Fig. 2 indicate that our M-DKLMT model describes
the experimental data better than that of the DKLMT model,
especially at the forward rapidity of 1.2 < y < 2.2.

The rapidity dependencies of Ry, for different collision
centralities are shown in Fig. 3. Comparing with the results
of DKLMT, we find that our M-DKLMT model results in a
stronger suppression at midrapidity region. In addition, our
M-DKLMT model describes the experimental data better than
that of the DKLMT model, especially for the central collisions
as shown in Fig. 3(a). When considering the nuclear geometric
effect, we find that the nuclear thickness 7T (b) of central
collisions is large, the nuclear medium effect is obvious, which
can reflect one of the characteristics of cold nuclear geometric
effects.

Figure 4 shows the rapidity dependencies of the nuclear
modification factors for centrality of 0—100%. The solid line
shows our calculation result and the dashed line is the result
from the DKLMT model calculation. Comparing with the
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FIG. 2. The dependencies of nuclear modification factors R4 on
the number of participants at different rapidity regions: (a) for 1.2 <
y < 2.2, (b) for —0.35 <y < 0.35, and (c) for —2.2 <y < —1.2.
The experimental results come from Refs. [13-16]. The solid lines
are our calculation results and the dashed lines are the results from
the DKLMT model.

DKLMT model, the M-DKLMT model calculation shows
good agreement with experimental data.

IV. CONCLUSIONS AND DISCUSSIONS

The studies of p(d)A collisions at different energies were
motivated in order to understand cold nuclear matter effects
[30-33]. These CNM effects can modify J/v production
in pA collisions as compared to pp collisions where in
both cases a QGP is believed to be absent. CNM effects
that were often considered include nuclear modification of
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FIG. 3. The rapidity dependencies of R;a, on different collision
centralities: (a) 0-20%, (b) 60-88%, and (c) for Rcp the ratio of
0-20%/60-88%. The solid lines are our calculation results and the
dashed lines are the results from the CGC model [29].
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FIG. 4. The rapidity dependencies of nuclear modification factors
for centrality of 0-100%. The solid line indicates our calculation
result and the dashed line shows the result from the CGC model [33].

the parton distributions in nuclei (nPDFs), breakup of the
J /¥ precursor state in the cold nucleus, parton transverse
momentum broadening in traversing the cold nucleus, and
initial state parton energy loss [30,31]. It has been hoped
that CNM effects and hot matter effects can be factorized,
so that CNM effects can be measured in p(d)A collisions and
accounted for when analyzing heavy ion collisions data to
extract hot dense medium effects.

Reference [34], a research of the production of heavy
quarkonium states in high energy proton-nucleus collisions,
systematically included both small x evolution and multiple
scattering effects on heavy quark pair production within the
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color glass condensate (CGC) framework. It was observed
[34] that the production of color singlet heavy quark pairs is
sensitive to both quadrupole and dipole Wilson line correlators,
whose energy evolution is described by the Balitsky-JIMWLK
equations. In contrast, the color octet channel is sensitive to
dipole correlators alone. In a quasiclassical approximation,
their results for the color singlet channel reduce to those of
Dominguez et al. [12].

In this paper we developed a modified DKLMT model to
describe the cold nuclear matter effects on the color singlet
J /¥ productions in dAu collisions at RHIC. In order to
describe the centrality and rapidity dependencies of nuclear
modification factor (R;4) for J/y productions at RHIC, the
nuclear geometric effect function f(£) and the relationship
between impact parameter b and the number of participants
(Npart) in dAu collisions are introduced to the M-DKLMT
model. The nuclear geometric effect function f(§) is mainly
to account for the different interaction probability at different
location &. It is realized that the nuclear geometric effect
function f(&) is not uniform but has a larger value at
smaller &.

One can find that the M-DKLMT model introduces a
stronger suppression at small Np, and at midrapidity region
by comparing with DKLMT model. The M-DKLMT model
can describe the experimental data better than that of the
DKLMT model, especially for the forward rapidity region
1.2 < y < 2.2 and for the central collisions.
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