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Large nuclei which provide the initial condition in high energy heavy ion collisions have turned
out to be more complex and interesting than that of a simple superposition of protons and
neutrons. One notable explanation of this phenomenon is the Color-Glass Condensate model
of gluon saturation. The production of particles in d+Au collisions, particularly at forward
rapidity, is sensitive to these effects. This talk covers two measurements made by the PHENIX
collaboration: a) the production of J/ψ’s at forward rapidity, and b) the correlations of pions
at forward rapidity with pions at either mid or forward rapidity. A comparison to models and
their implications is discussed.

1 Introduction

A major task in relativistic heavy ion physics is to explain how the strongly interacting Quark
Gluon Plasma (sQGP) created at RHIC and the LHC is formed. The initial state is that of a cold
nucleus which naively might be described as a superposition of nucleons, the structure of which is
well known in terms of the parton distribution functions. However the production and scattering
of particles behave as if the parton distribution functions in a nucleus are altered. In particular,
gluons with xBJ < 0.01 appear to be suppressed. Such gluons are of particular interest, since
they produce the majority of particles making up the sQGP. A variety of phenomena have been
invoked to explain this modification of low-x gluons. These include shadowing, the modification
of the parton distribution functions, coherence models, higher twist effects, and initial state
energy loss. 9,10,11

One of the most intriguing explanation is the Color Glass Condensate (CGC),a model of
gluon saturation.5 The Heisenberg Uncertainty principle requires that the transverse size of low-
x gluons in the nucleus be large. At low enough x, the gluons begin to overlap and recombine
leading to a suppression. This effect is amplified in a relativistically contracted nucleus since the
thickness contributes to the number of gluons which overlap in some transverse area. Scattering
is no longer described by the PQCD quark-gluon diagram, but rather as the scattering of a
quark with a large number of overlapping gluons i.e. a color glass condensate. This description
is valid in the region of forward rapidity (low x). At backward-rapidity (moderate x) pQCD
inspired calculations are more appropriate.

In order to study this effect, the PHENIX experiment has measured the production of J/ψ’s
and back to back π0 pairs in d+Au collisions at

√
s=200 GeV per nucleon. Of particular interest

is the forward region, where sensitivity to the low-x partons is the greatest.
We will compare the predictions of the CGC to a model of modified parton (primarily

gluon) distribution functions in nuclei. The latest such distribution functions are due to Eskola,



Figure 1: (a) J/ψ rapidity distribution in p+p and d+Au collisions. The d+Au yields are divided by 〈Ncoll〉=7.6.
(b) RdAu for minimum bias collisions. (c) RCP.

Paukkunen and Salgado (EPS09), 4 where they have fit the available data on nuclear collisions,
primarily from lepton scattering and Drell-Yan experiments. At low Q2, there are large uncer-
tainties for x< 0.01. These uncertainties will be reflected in the comparisons to the data. We
add two additional assumptions. First, to obtain an impact parameter (centrality) dependence,
we assume a linear relationship to the density-weighted nuclear thickness. Second, in the case of
J/ψ production, we assume a cross section σbr to account for a possible breakup of the cc pair
when traversing the nucleus. The value of σbr=4mb is chosen to match the unbiased backward
rapidity RdAu data. 6

2 J/ψ production

The scattering of two gluons is the primary mechanism for production of the J/ψ at RHIC
energies. The PHENIX experiment1 has large rapidity coverage for the detection of the J/ψ into
di-leptons. The two central arms cover -0.35< η <0.35 and measure the J/ψ to di-electrons. Two
forward arms cover 1.2< |η| <2.4 and measure the J/ψ to di-muons. The pT integrated yields
are shown in figure 1a as a function of rapidity for p+p and minimum bias d+Au collisions. The
yield in d+Au collisions has been divided by 〈Ncoll〉=7.6., the average number of nucleon-nucleon
collisions as determined by a Glauber model. The suppression at forward and mid-rapidity is
clearly visible. We then divide the two distributions to form

RdAu =
dNd+Au

dy

〈Ncoll〉 dNp+p

dy

(1)

for minimum bias events and compare with the two models (Fig. 1b). The EPS09 nPDF with
σbr=4mb is in reasonable agreement with the data at all rapidities. We are however, most
interested in the low-x region at forward rapidity - the region of validity for the CGC models.
In this region the gluon saturation model7 is also in agreement with the data. An enhancement,
predicted at midrapidity due to double-gluon exchange is not seen.

To further discriminate between the models, we divide the data into centrality bins and take



Figure 2: (a) Rapidity of a second π0 (η2) vs. log(x2) where we require the first pion to be in the acceptance of
the MPC, as described in the text. For this example we require pTπ1 > 2.25 GeV/c and pTπ2 > 1.75 GeV/c. (b)
IdAu vs Ncoll. (c) The raw correlation function for p+p, (d) d+Au peripheral, and (e) d+Au central collisions.

the ratio between the most central (0-20%) and most peripheral (60-88%) bins to form

RCP =
dNd+Au(0–20%)

dy /〈Ncoll(0–20%)〉
dNd+Au(60–88%)

dy /〈Ncoll(60–88%)〉
. (2)

At forward rapidity the data clearly favors the gluon saturation model, whereas the EPS09
nPDF under-predicts the suppression (Fig. 1c). a

3 Pion Correlations

In an attempt further examine the predictions of the CGC we turn to dihadron (2π0) correlations.
PHENIX has acceptance for π0s in the central arms (-0.35< η <0.35) and at forward rapidity
(3.1< |η| <3.8) in the muon-piston calorimeters (MPC). If one requires the first pion of the
di-pion pair to be in the acceptance of the MPC, one can see a strong correlation between the
rapidity of a second pion on the opposite side in azimuth to xgluon (x2)(Fig. 2a). In particular, if
one requires that the second π0 to be in the central arms we are probing the nucleus at x∼ 0.02,
while if we require it to be in the MPC we are probing the nucleus at x∼10−3. As one moves to

aOne might well ask the question whether a modified nPDF such as EPS09 together with a J/ψ breakup cross
section can describe the data. If one makes a general assumption about the dependence of the suppression on the
density weighted pathlength, one finds that standard cold nuclear matter effects (nPDF’s with a σbr) cannot be
reconciled with the data. 2



lower x, or forward rapidity one expects a suppression of the two-particle correlation function.
To quantify the effect, we define first the correlated yield CY = (Npair/εassoc)/Ntrig corrected
for efficiency. We can then make a comparison between the correlated yields in d+Au collisions
and p+p collisions by defining IdAu = CY |dAu/CY |pp. Fig. 2b shows IdAu as a function of Ncoll,
i.e. the centrality. In this case the forward π0 is required to have a pT of between 0.45 and 1.6
GeV/c, and the particle in the central arm can either be a π0 with pT =2-5 GeV/c or a charged
hadron with pT =1-2 GeV/c. b As expected, one sees a increasing suppression as one goes to
more central collisions. We can require both hadrons (π0s) to be in the MPC, where we reach
the lowest value of x. In the CGC picture, the scattering occurs coherently off of many gluons
and the correlation should completely disappear. 8c Fig. 2 c,d,e shows the acceptance corrected
correlation function

CF =
1
acc

dN(∆φ)
d(∆φ)

(3)

for p+p, peripheral d+Au, and central Au+Au events. In p+p the CF shows the away side
peak at ∆φ = π from the scattered gluon. As one goes from p+p to peripheral d+Au to central
Au+Au, the away side peak disappears, presumably since the momentum is being absorbed by
a “condensate” of gluons.

4 Conclusions

Both the J/ψ and the pion correlation results from PHENIX are consistent with a CGC picture,
however, other pictures may explain all or some of the data. Further work will be forthcoming,
making more complete comparisons with models, in particular for the pion correlation data 3.
There are also many other channels in which the various models can be tested, for example
heavy quark production, direct photon production, and the correlations of fully reconstructed
jets. It is important that we find a unified, single picture of the cold nucleus at low-x which can
explain the variety of phenomena, both in hadron-nucleus and nucleus-nucleus collisions. The
sQGP is a low pT phenomena, whose initial state is from low-x gluons. To a large extent pQCD
inspired techniques will probably not work in the relevant region. We will need non-perturbative
models such as the CGC, and and other methods not mentioned here (e.g. AdS/CFT based
calculations) to make a major headway in our understanding.
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bWe show the case where the trigger particle is in the central arm and the associated particle is in the MPC
which is strictly speaking different than the case where the trigger particle is in the MPC. However in practice they
are equivalent since the suppression factor for hadrons in the central arm is essentially unity in d+Au collisions.

cThis is reminiscent of the Mössbauer effect in crystals.


