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Abstract

The physics of the initial conditions of heavy ion collisions is dominated
by the nonlinear gluonic interactions of QCD. These lead to the concept of
parton saturation. A consistent first-principles framework to understand this
phenomenon is provided by the Color Glass Condensate (CGC). This talk re-
views some aspects of the initial conditions at RHIC, and discusses implications
for LHC heavy ion phenomenology. The CGC provides a way compute bulk
particle production and understand recent experimental observations of long
range rapidity correlations in terms of the classical glasma field in the early
stages of the collision. We discuss recent work showing that the multiplicity of
gluons in the glasma follows a negative binomial distribution.

1 Introduction

The central rapidity region in high energy collisions originates from the interaction of
the “slow” small x degrees of freedom, predominantly gluons, in the wavefunctions of
the incoming hadrons or nuclei. At large energies these gluons form a dense system
characterized by a saturation scale Qs. The degrees of freedom with pT . Qs are
fully nonlinear Yang-Mills fields with large field strength Aµ ∼ 1/g and occupation
numbers ∼ 1/αs; they can therefore be understood as classical fields radiated from the
large x partons. Note that while this description is inherently nonperturbative, it is
still based on a weak coupling argument, because the classical approximation requires
αs(Qs) to be small and therefore Qs À ΛQCD. The Color Glass Condensate (CGC,
for reviews see [1]) is a systematic effective theory (effective because the large x part
of the wavefunction is integrated out) description of the classical small x degrees of
freedom, and the term glasma [2] refers to the coherent, classical field configuration
resulting from the collision of two such objects CGC.

A “pocket formula” [3] for estimating the energy and nuclear dependence of the
saturation scale is Q2

s ∼ A1/3x−0.3: nonlinear high gluon density effects are enhanced
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Figure 1: Left: Value of the saturation scale as a function of the momentum fraction
and the atomic number. Right: Spacetime structure of the glasma fields. The field in
regions (1) and (2) is a transverse pure gauge; the nontrivial glasma fields are present
in region (3).

by going to small x and large nuclei. Ideally one would like to study the physics of
the CGC at the Electron Ion Collider [4], but already based on fits to HERA data
and simple nuclear geometry we have a relatively good idea of the magnitude of Qs

at RHIC energies as shown in Fig. 1 (left).
The focus of this talk is this dense field regime of the initial stage in a heavy

ion collision. We shall first review some leading order classical field level results for
gluon production at RHIC and the LHC. We shall then discuss a topic of more recent
activity, computing fluctuations and correlations in the glasma.

2 Bulk gluon production

In order to compute particle production in the CGC framework one starts with the fol-
lowing setup [5]. The valence-like degrees of freedom of the two nuclei are represented
by two classical color currents that are, because of their large longitudinal momenta
(p±) well localized on the light cone (in the variables conjugate to p±, namely x∓):
J± ∼ δ(x∓). These then generate the classical field that one wants to find. Working
in light cone gauge (actually a temporal gauge Aτ = 0 for the two nucleus problem),
the field in the region of spacetime causally connected to only one of the nuclei is a
transverse pure gauge, independently for each of the two nuclei. These pure gauge
fields then give the initial condition on the future light cone (τ =

√
2x+x− = 0) for

the nontrivial gauge field after the collision. The spacetime structure of these fields
is illustrated in Fig. 1 (right). The field inside the future light cone can then be com-
puted either numerically [6] or analytically in different approximations (see e.g. [7]
for recent work). The obtained result is then averaged over the configurations of the
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Figure 2: Left: Comparison of the fit [3] to existing nuclear DIS data from NMC.
Right: Extrapolation of the gluon multiplicity to LHC energies, from [10]

sources Jµ with a distribution Wy[J
µ] that includes the nonperturbative knowledge

of the large x degrees of freedom. The resulting fields can be decomposed into Fourier
modes to get the gluon spectrum. This is the method that we will refer to as Clas-
sical Yang-Mills (CYM) calculations. Note that the average over configurations is a
classical average over a probabilistic distribution. This is guaranteed by a theorem [8]
ensuring the factorization of leading logarithmic corrections to gluon production into
the quantum evolution of Wy[J

µ], analogously to the way leading logarithms of Q2

are factorized into DGLAP-evolved parton distribution functions.
In the limit when either one or both of the color sources are dilute (the “pp”

and “pA” cases), the CYM calculation can be done analytically and reduces to a
convolution of unintegrated parton distributions that can include saturation effects.
Although this approach (known as “KLN” after the authors of [9]) is not strictly
valid for the collision of two dense systems, it has been widely used in the literature
because it has the advantage of offering some analytical insight and making it easier
to incorporate large-x ingredients into the calculation.

The CYM calculations [6] of gluon production paint a fairly consistent picture of
gluon production at RHIC. The estimated value Qs ≈ 1.2 GeV from HERA data [3,
11] (corresponding to the MV model parameter g2µ ≈ 2.1 GeV [12]) gives a good
description of existing nuclear DIS data from the NMC collaboration, see Fig. 2 (left).
The same value, when used in CYM calculations, leads to the estimate of dN

dy
≈ 1100

gluons in the initial stage of a heavy ion collision. Assuming a rapid thermalization
and nearly ideal hydrodynamical evolution this is consistent with the observed ∼ 700
charged (∼ 1100 total) particles produced in a unit of rapidity in central collisions.
For other estimates of Qs based on DIS data see Ref. [13].

The gluon multiplicity is, across different parametrizations, to a very good approx-
imation proportional to πR2

AQ2
s/αs. Thus the predictions for LHC collisions depend

mostly on the energy dependence of Qs. On this front there is perhaps more uncer-
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Figure 3: Left: rapidity dependence [18] Right: “Ridge” structure in the two particle
correlation seen by STAR.

tainty than is generally acknowledged, since the estimates for λ = d ln Q2
s/ d ln 1/x

vary between λ = 0.29 [14] and λ = 0.18 [15] in fixed coupling fits to HERA data, with
a running coupling solution of the BK equation giving something in between these
values [16]. This dominates the uncertainty in predictions for the LHC multiplicity,
see Fig. 2 (right).

The RHIC collision energy is still too slow to clearly see any saturation effects in
the rapidity dependence of the multiplicity around y = 0. A simple estimate for the
effects of large x physics, such as momentum conservation, is to consider the typical
(1 − x)4-dependence of gluon distributions at large x. Inserting x = e±y〈p⊥〉/

√
s

leads to the estimate ∆y ∼
√

8
√

s/〈p⊥〉 for the rapidity scale at which the large x
effects contribute to the rapidity distribution around y = 0, with ∆y ∼ 4 RHIC and
∆y ∼ 19 at LHC. The large x contribution is an effect of order 1 at this scale, whereas
small x evolution can be expected to give a much smaller effect [17] at a rapidity scale
∆y ∼ 1/αs ∼ 3. Only at the LHC the large x effects will be mostly absent around
midrapidity and one has a good possibility of seeing CGC effects in the rapidity
dependence of the multiplicity. Figure 3 (left) shows a KLN-type calculation [18] of
the rapidity dependence of the charged multiplicity at RHIC. The agreement is good,
but it is practically insensitive to the rapidity dependence of the saturation scale
from small x evolution [17]. A much more prominent signal that is present already at
RHIC energies can be seen in two-particle correlations, Fig. 3 (right), that we shall
turn to next.

3 Correlations

There are several signals in the RHIC data that point to strong correlations originat-
ing from the initial stage of the collision. One of these are the long range correlations

4



0 0.5 1 1.5 20

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18 (c)
 p+p

F
B

 C
o

rr
el

at
io

n
 S

tr
en

g
th

 b

η∆ 

0

0.1

0.2

0.3

0.4

0.5

(b)  Au+Au

 10-20%

 20-30%

 30-40%

 40-50% 50-80%

F
B

 C
o

rr
el

at
io

n
 S

tr
en

g
th

 b
0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

 0-10%

 ZDC central
 ~ 0-10%

 Au+Au(a)

F
B

 C
o

rr
el

at
io

n
 S

tr
en

g
th

 b y

y1

y2

Wy1

[

ρ(1)

]

Wy2

[

ρ(2)

]

0

∆y

Figure 4: Left: STAR long range multiplicity correlation data from [19]. Right:
Factorization of LLog corrections to gluon production: the phase space integral over
∆y diverges and is cut off at the separation scales y1,2. The dependence of the color
charge density distributions Wy1,2 on the cutoff cancels the leading logarithmic part
of the dependence on y1,2.

in the charged multiplicity reported by the STAR experiment [19] (see Fig. 4 left).
The interpretation of this data is somewhat puzzling because of the interplay with
the impact parameter induced, purely geometrical, correlations [20]. The observa-
tion that has gotten more attention recently is the “ridge” correlation, a structure
that is more elongated in the η than the ϕ direction, see Fig. 3 (left) seen by several
experiments [21]. Causality dictates that for very large rapidity separations these cor-
relations were generated very early compared to the freezeout time, τcorr ∼ e−∆η/2τf.o..
A separate question then is how early this time actually is at RHIC, see e.g. the dis-
cussion in Ref. [22].

The short range azimuthal correlation can be explained by a collimation effect
of radial flow in the hydrodynamical evolution stage of the collision [23]. A nat-
ural explanation for the longitudinal structure of the ridge can be given in terms
of boost invariant glasma [2] fields in the initial stages of the collision. The rele-
vant two gluon correlation function in the glasma was computed (in the dilute large
pT limit) in Ref. [24] and combined with a hydrodynamical computation to see the
azimuthal structure in Ref. [25]. The calculation was generalized to a three gluon
correlation in Ref. [26] and to arbitrary numbers of gluons in Ref. [27], showing
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that the glasma naturally produces a negative binomial distribution for the gluon
multiplicities, a “glittering” glasma. We shall first discuss some general aspects of
computing multigluon correlations in the glasma before outlining the computation of
the probability distribution at the end of this section.

The underlying physical reason for factorization is that this fluctuation with a
large k+ requires such a long interval in x+ to be radiated that it must be produced
well before and independently of the interaction with the other (left moving and thus
localized in x+) source. The concrete task is then to show that when one computes
the NLO corrections to a given observable in the Glasma, all the leading logarithmic
divergences can be absorbed into the RG evolution of the sources with the same
Hamiltonian that was derived by considering only the DIS process. This is the proof
of factorization in Refs. [8, 28, 29].

The leading logarithmic contribution comes from the longitudinal component of
the integral over a momentum that is either the one of an additional produced gluon
in the real term (see Fig. 4 right) or the loop momentum in the virtual contribution.
It turns out that this LLog divergence can be expressed as the sum of two JIMWLK
Hamiltonians acting on the expression for the leading order spectrum. This same
Hamiltonian describes the RG evolution of the source distributions Wy[ρ]. It is most
naturally expressed as

H ≡ 1

2

∫
d2xT d2yT Da(xT )ηab(xT ,yT )Db(yT ) (1)

in terms of Lie derivatives Da(xT ) operating on the Wilson lines constructed from
the source color charge densities. The kernel in Eq. (1) is a function of these same
Wilson lines:

ηab(xT ,yT ) =
1

π

∫
d2uT

(xT − uT ) · (yT − uT )

(xT − uT )2(yT − uT )2

[
U(xT )U †(yT )

− U(xT )U †(uT )− U(uT )U †(yT ) + 1
]ab

. (2)

The fact that no other divergent terms appear is the proof of factorization; this is the
central result of Ref. [8].

Let us then consider the probability distribution of the number of gluons produced
in a small rapidity interval. It was shown in Ref. [28] that a similar factorization
theorem holds for the leading logarithmic corrections to this probability distribution
in the sense that we will briefly review here. It is convenient to define a generating
functional

F [z(p)] =
∞∑

n=0

1

n!

∫ [
n∏

i=1

d3pi (z(pi)− 1)

]
dnNn

d3p1 · · · d3pn

. (3)
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Figure 5: Relative importance of connected and disconnected diagrams to the two
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2
2. In the “AA” case the disconnected diagram dominates, for the

“pA” case all three are equally important. In the dilute “pp” limit only the connected
diagram matters and both gluons are produced from the same BFKL ladder.

The Taylor coefficients of F around z = 1 correspond to the moments of the proba-
bility distribution; integrated over the momenta of the produced gluons they are

〈N〉 〈N(N − 1)〉 . . . 〈N(N − 1) · · · (N − n + 1)〉 . (4)

The result of Ref. [28] is that when these moments are calculated to NLO accuracy,
the leading logarithms can be resummed into the JIMWLK evolution of the sources
completely analogously to the single inclusive gluon distribution. The resulting prob-
ability distribution can be written as:

dnPn

d3p1 · · · d3pn

=

∫

ρ1,ρ2

WY

[
ρ1

]
WY

[
ρ2

] 1

n!

dN

d3p1

· · · dN

d3pn

e
− R d3p dN

d3p . (5)
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Figure 6: Left: Building block, Lipatov vertex coupled to two sources. Right: com-
binatorics of the sources. The combinatorial problem is to connect the dots on the
upper and lower side (left- and right moving sources) pairwise.

Note that the Poissonian-looking form of the result is to some extent an artifact of
our choosing to develop and truncate precisely the moments Eq. (3) that are simply
〈N〉n for a Poissonian distribution. Since in our power counting N ∼ 1/αs, any
contributions that would make the distribution Eq. (5) deviate from the functional
form are of higher order in the weak coupling expansion of the moments (3) and
are neglected in our calculation unless they are enhanced by large logarithms of
x. Nevertheless it should be emphasized that in spite of appearances of Eq. (5) the
probability distribution is in fact not Poissonian. To understand the nontrivial nature
of this result it must be remembered that the individual factors of dN

d3pi
in Eq. (5)

are all functionals of the same color charge densities ρ1,2; thus the averaging over the
ρ’s induces a correlation between them. These correlations are precisely the leading
logarithmic modifications to the probability distribution; they have been resummed
into the distributions Wy; the functional form of the multigluon correlation function
under the functional integral in Eq. (5) is the same as at leading order. This is the
result of the proof in Ref. [28].

The calculation of multigluon correlation is in fact simplified in the strong field
limit, where the leading contribution to particle production corresponds to the clas-
sical field and the correlations are encoded in the evolution of the sources [30]. In the
“pA” case where one of the sources is assumed to be dilute, the situation becomes
much more complicated, because the disconnected classical contributions are not the
only dominant ones any more. This structure is illustrated in Fig. 5. A generalization
of the formulation [31] to large rapidity separations between the produced gluons, as
in the case of the “ridge” correlation is relatively straightforward but would take us
too far here; we refer the reader to Ref. [31].

4 Glittering glasma

We can then apply this formalism to the calculation of the probability distribution of
the number of gluons in the glasma [27]. We shall assume the “AA” power counting
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Figure 7: Dominant contributions are “rainbow” diagrams, where on one side (left-
or rightmoving sources) the same sources in the amplitude and the complex conjugate
are connected to each other.

of sources that are parametrically strong in g, but nevertheless work to the lowest
nontrivial order in the color sources. Formally this would correspond to a power
counting ρ ∼ gε−1 with a small ε > 0. In this limit, as we have discussed, the
dominant contributions to multiparticle correlations come from diagrams that are
disconnected for fixed sources and become connected only after averaging over the
color charge configurations. In other words, the dominant correlations are those
arising from resummed large logaritms of the collision energy and are present already
in the initial wavefunctions of the colliding nuclei.

Working with the MV model Gaussian probability distribution

W [ρ] = exp

[
−

∫
d2xT

ρa(xT )ρa(xT )

g4µ2

]
(6)

computing the correlations in the linearized approximation is a simple combinatorial
problem. Each gluon is produced from two Lipatov vertices (see Fig. 6 left), one in
the amplitude and the other in the complex conjugate. The combinatorial factor is
obtained by counting the different ways of contracting the sources pairwise (see Fig. 6
right). The dominant contributions are “rainbow” diagrams, Fig. 7, where on the side
of one of the sources a line with momentum pT in the amplitude is connected to a
line with the same momentum in the complex conjugate amplitude. These are the
contributions containing a maximally infrared divergent integral in the momentum
circulating in the lower (“non-rainbow”) side of the diagram. This divergence is then
regulated by the transverse correlation scale of the problem, Qs. When integrated
over the momenta of the produced gluons one obtains the factorial moments of the
multiplicity, which define the whole probability distribution. It can be expressed in
terms of two parameters, the mean multiplicity n, and a parameter k describing the
width of the distribution. The result of the combinatorial exercise is that the number
of contributing diagrams, each with an equal contribution, is 2q(q−1)!. The factorial
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moments mq ≡ 〈N q〉 − disc. are

mq = (q − 1)! k

(
n

k

)q

with parameters (7)

k ≈ (Nc
2 − 1)Q2

sS⊥
2π

(8)

n = fN
1

αs

Q2
sS⊥. (9)

These moments define a negative binomial distribution with parameters k and n,
which has been used as a phenomenological observation in high energy hadron and
nuclear collisions already for a long time [32]. In terms of the glasma flux tube picture
this result has a natural interpretation. The transverse area of a typical flux tube
is 1/Q2

s , and thus there are Q2
sS⊥ = NFT independent ones. Each of these radiates

particles independently into Nc
2 − 1 color states in a Bose-Einstein distribution (see

e.g. [33]). A sum of k ≈ NFT(Nc
2 − 1) independent Bose-Einstein-distributions is

precisely equivalent to a negative binomial distribution with parameter k.
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