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Abstract

We demonstrated that the two-particle correlations in pA and eA collisions can be used to
investigate the phase structure of the cold nuclear matter at small-x.

1. Introduction

There have been strong theoretical arguments and compelling experimental evidence that
suggest that the gluon distribution saturates at small Bjorken-x [1, 2, 3, 4, 5]. The emergence
of the gluon saturation at small-x changes the landscape of parton distributions inside the nu-
cleon/nucleus. In the dense region, the QCD dynamics will be different as compared to that
in the dilute region. For example, the evolution equation has to be modified to account for the
high density gluon distribution. In the dilute region, the DGLAP evolution has been employed
to understand the scale dependence of parton distributions, whereas the small-x BFKL evolu-
tion (and the nonlinear extension: BK-JIMWLK) plays a crucial role. These QCD effects are
summarized in Fig. 1, which is usually referred as the phase structure of the cold nuclear matter.
The QCD dynamics in the dilute region, aka, the DGLAP evolution, has been systematically
studied in the last three decades thanks to the vast experimental data generated from various high
energy facilities. On the other hand, the investigation of the small-x dynamics (either BFKL or
BK-JIMWLK) had just started very recently, although the theoretical arguments have been put
in place in late 70s. A central question is to identify the boundary between the dilute and dense
regions, the so-called saturation limit. In this article, we argue that the two-particle correlations
in high energy scattering shall provide this important information [6].

It was realized that the semi-inclusive processes, which involve a hard scale Q in addition to
the transverse momenta of the observables, have unique feature to probe the saturation physics.
The most important advantage is that they can directly access to the unintegrated gluon dis-
tributions (UGDs), which are important ingredients in the saturation physics. They unveil the
importance of the multiple interaction effects in the factorization of the hard processes in the
small-x calculations. Several processes have been proposed in the literature, including semi-
inclusive DIS [7], low pt Drell-Yan [8], and back-to-back di-hadron correlations in forward pA
processes [9]. Recently, both STAR and PHENIX collaborations have reported the experimen-
tal results on di-hadron correlations in dAu collisions at RHIC. The data demonstrated a strong
de-correlation in the forward rapidity region of the deuteron [10, 11, 12].

A comprehensive study on the dihadron correlations in the forward pA collisions has been
performed with the full CGC results [13]. An effective kt factorization has been established
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Figure 1: The so-called phase structure of the cold nuclear matter: parton distributions in the dilute and dense region and
the associated QCD dynamics controlling the evolutions. Along the momentum scale (Q2) in the dilute region, we have
the well-known DGLAP evolution, whereas the BFKL evolution plays important role at small-x. In the dense region,
a non-linear term in BFKL has to be taken into account, which leads to the BK-JIMWLK evolution. We note that the
DGLAP and BFKL are dealing with different forms of the parton distributions: the integrated and unintegrated ones,
respectively. The data point we have in this plot is a rough estimate from dAu collisions at RHIC. The gray area indicates
the kinematic coverage from pA collisions at the LHC, which is currently under investigation.

for these processes in the back-to-back correlation limit. In particular, it was found that, the
differential cross sections can be expressed in terms of various UGDs, which can be related to
two fundamental UGDs: the dipole gluon distribution xG(2)(x, q⊥), and the Weizsäcker-Williams
(WW) gluon distribution xG(1)(x, q⊥). Although the complete information on the n(> 4)-point
function in the small-x saturation domain is not yet available, this effective factorization together
with some model parametrization of the saturation momentum can help us to make reliable pre-
dictions for the back-to-back correlations of di-hadron production in pA collisions. We employ
the modified version of the Golec-Biernat Wusthoff model [14] for the saturation momentum to
formulate these UGDs. This model provides a good description of all DIS inclusive cross section
data below x = 0.01. In addition, using the same parametrization, a geometrical scaling [15] is
found for all the data with x < 0.01 and a broad range of Q2.

In the correlation limit, another important QCD effect has to be taken care, the Sudakov
double logarithms [16, 17], due to large separate scales in this process: jet transverse momentum
P⊥ and the imbalance between the two-jet q⊥. Higher order perturbative calculations will induce
the double logarithms ln2(P2

⊥/q
2
⊥), which have to be resummed to make reliable predictions. An

important theoretical progress has recently been made, where it was found that the Sudakov
double logarithms can be resummed consistently in the small-x formalism [18]. The example
studied concerns the massive scalar particle production in pA collisions. From this calculation,
it has been shown that the collinear divergence and the soft divergence is well separated. In
addition, the rapidity divergence from the the un-integrated gluon distribution of the nucleus
is also well separated from the soft gluon radiation. This is because the rapidity divergence
comes form the collinear gluon radiation parallel to the nuclei momentum, whereas the Sudakov
logarithms come from soft gluon region. After resummation, the final result for differential cross
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section can be written as,

dσ(resum)

dyd2q⊥
|q⊥�Q = σ0

∫
d2x⊥d2x′⊥
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⊥)S WW

Y=ln 1/xa
(x⊥, x′⊥)
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0/r

2
⊥)
[
1 +

αs

π

π2

2
Nc

]
, (1)

where Q and q⊥ are two separate scales: the hard momentum scale Q and low transverse momen-
tum q⊥, σ0 represents the leading order normalization, r⊥ = x⊥−x′⊥, S WW

Y denotes the WW-gluon
distribution from the nucleus, gp(x) the integrated gluon distribution from the nucleon. The Su-
dakov form factor Ssud contains all order resummation, and can be calculated perturbatively. The
above result is valid in the limit of q⊥ � Q, and we have applied the small-x factorization where
higher order in 1/ ln(1/xa) has been neglected as well.

Both Sudakov effect (represented by Ssud) and small-x effect (represented by S WW
Y ) can gen-

erate the p⊥-broadening in hard processes. From the result in Eq. (1), we can see that these two
effects can be consistently included. As a consequence, we immediately find that the Sudakov
effects will be dominant effects in the dilute region where Qs � Q. On the other hand, in the
dense region with Q ∼ Qs, the small-x effects dominates. Since the small-x and Sudakov resum-
mations are common features in hard processes in pA collisions, we expect the above Eq. (1)
shall apply to di-hadron correlations in pA collisions as well. In particular, the most important
double logarithmic terms will be the same. In the kinematics of di-hadron correlations in the
forward direction of dAu collisions at RHIC, the saturation scale is large enough, and thus we
can safely neglect the Sudakov effects. In the following, we only include the small-x effects to
calculate the two-particle correlation in dAu collisions at RHIC.

In the experimental study of the process dAu → h1h2X at
√

s = 200GeV, the coincidence
probability C(∆φ) =

Npair(∆φ)
Ntrig

, where Npair(∆φ) is the yield of two forward π0 which includes

a trigger particle with a transverse momentum ptrig
1⊥ > 2 GeV and an associate particle with

ptrig
1⊥ > passc

2⊥ > 1 GeV. In order to obtain the correlation function C(∆φ), we calculate the two-
particle cross section and the single inclusive particle cross section in the same kinematics as
the experiment. In the calculations, we assume the saturation scale for nucleus takes the form
of Q2

sA = c(b)A1/3Q2
s(x) where Q2

s(x) = Q2
s0(x/x0)−λ with Qs0 = 1GeV, x0 = 3.04 × 10−3 and

λ = 0.288 [14]. This profile function c(b) is closely related to the centrality of the pA (or dA)
collisions. Central collisions give large value of c(b), while peripheral collisions correspond to
small profile function.

In Fig. 2, we compare the theory calculations to the preliminary data from STAR [10] on the
two-particle correlation measurements in the forward dAu collisions, in peripheral and central
collisions, respectively. It is important to note that in the central dAu collisions the disappearing
of the away-side peak in the di-hadron production indicates that the saturation scale is the same
order as the hard probe of the jet transverse momentum, which is a clear signal of the onset of
the saturation mechanism for this observable. From the kinematics of this collision, we conclude
that the saturation scale Qs reaches at ∼ 2 GeV at xg ∼ 6 × 10−4 in the center of the gold nucleus
with jet transverse momentum P⊥ ∼ 3 GeV at rapidity 3.2. This analysis implies that we are
starting to reach the saturation region in the di-hadron production in the forward dAu collisions
at RHIC. Therefore, we can add this one data point in the phase structure plot of Fig. 1. However,
we would like to emphasize this is a rough estimate, where the theoretical uncertainties was not
rigorously investigated. With much higher energy and wider kinematic coverage at the LHC, we
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Figure 2: The back-to-back forward di-pion correlations in peripheral and central dAu collisions with the theory curve
shifted by a pedestal of 0.007 and 0.015, respectively, which has been extracted from the experimental data. The grey
error band comes from different approximations to the correlation limit that we adopted to calculate the correlations.

expect the di-hadron correlations will extend the phase space study, as we crudely highlighted in
Fig. 1 as well. Hope these experiments can be carried out soon at the LHC.

In summary, we have demonstrated that the two-particle correlations in pA collisions can be
used to map out the phase structure of cold nuclear matter. A rough estimate of one data point in
the saturation region was draw from the experimental observations at RHIC. Future experiments
at both RHIC and LHC shall help to extend to a wider kinematic region. This work was supported
in part by the U.S. Department of Energy under the contracts DE-AC02-05CH11231.
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