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Color fluctuations in hadron–hadron collisions are responsible for the presence of inelastic diffraction
and lead to distinctive differences between the Gribov picture of high energy scattering and the low
energy Glauber picture. We find that color fluctuations give a larger contribution to the fluctuations of
the number of wounded nucleons than the fluctuations of the number of nucleons at a given impact
parameter. The two contributions for the impact parameter averaged fluctuations are comparable. As a
result, standard procedures for selecting peripheral (central) collisions lead to selection of configurations
in the projectile which interact with smaller (larger) than average strength. We suggest that studies of
p A collisions with a hard trigger may allow to observe effects of color fluctuations.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Currently most of the experimental studies as well as modeling
of the nucleus–nucleus (proton–nucleus) collisions involve using
the Glauber model. Namely, the number of involved nucleons is
calculated probabilistically assuming that each Nucleon–Nucleon
(NN) inelastic collision is determined by the value of σ NN

in at the
collision energy.

However, the dominance of large longitudinal distances in high
energy scattering [1] changes qualitatively the pattern of multi-
ple interactions. Indeed, in the Glauber approximation high energy
interactions of the projectile with a target occur via consecutive
rescatterings of the projectile off the constituents of the target. The
projectile during the interactions is on mass shell — one takes the
residues in the propagators of the projectile. This approximation
contradicts the QCD based space–time evolution of high energy
processes dominated by particles production. The projectile inter-
acts with the target in frozen configurations since the life time
of the configurations becomes much larger than the size of the
target. Hence there is no time for a frozen configuration in the pro-
jectile to combine back into the projectile during the time of the
order RT , the radius of the target. As a result the amplitudes de-
scribed by Glauber model diagrams die out at large energies ∝ 1/s
(a formal proof which is based on the analytic properties of the
Feynman diagrams was given in [2,3]).

In the Glauber model the number of interacting nucleons is cal-
culated probabilistically assuming that the probability of individual
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NN inelastic collisions is determined by the value of σ NN
in at the

collision energy. Fluctuations of the number of wounded nucleons
at a given impact parameter are generated solely by fluctuations
of the positions of nucleons in the nucleus and (in some models)
due to peripheral collisions of nucleons, where the interaction is
gray and hence the chance to interact differs from one or zero.
Hard collisions are treated as binary collisions, which is equiva-
lent to taking the diagonal generalized parton densities of nuclei,
f A(x, Q 2,b), proportional to the impact factor T (b):

F A
(
x, Q 2,b

) = f N
(
x, Q 2)T (b), (1)

where T (b) is normalized as
∫

db T (b) = A. A nuclear shadowing
correction is introduced for x � 0.01.

The high energy theory of soft interactions with nuclei was de-
veloped by Gribov [4] who expressed the shadowing contribution
to the cross section of hadron–nucleus (h A) interactions through
the contribution of non-planar diagrams. The Gribov–Glauber the-
ory, in difference from the low energy Glauber theory, requires
taking into account that a particular quark–gluon configuration of
the projectile is frozen during the collision and that it may inter-
act with different strength as compared to the average strength.
This leads to fluctuations of the number of collisions which are
significantly larger than in the Glauber model. The fluctuations of
the strength of the interaction are related to the ratio of inelas-
tic and elastic diffraction in NN scattering at t = 0. Relevance of
fluctuations of the strength was first pointed out in [5,6] but these
effects were never analyzed in detail before.

Another effect contributing to fluctuations of observables in h A
collisions is fluctuations of the gluon density which can originate
both from the fluctuations of the nucleon configurations and from
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the fluctuations of the gluon densities in the individual nucleons.
We will consider this effect elsewhere.

The Letter is organized as follows. In Section 2 we summarize
the necessary information about fluctuations of the strength of NN
interaction. In Section 3 we use the Gribov–Glauber model in the
optical approximation to obtain analytic results for the strength of
fluctuations of the number of wounded nucleons and relative con-
tributions to these fluctuations of the fluctuations of the strength
of the interaction and of geometry of collisions. In Section 4 we
develop a full Monte Carlo (MC) model in which the geometry
of projectile–target nucleon interaction is accounted for, and the
strength of the interaction fluctuates on an event-by-event basis.
The results for the change of the distribution over the number of
collisions and for the dependence of the average strength of the
interaction on impact parameter are presented. Possibilities for ob-
serving color fluctuation effects in collisions with hard triggers are
outlined.

2. Color fluctuation effects in proton–nucleus collisions

2.1. Gribov inelastic shadowing

It was demonstrated by Gribov [4] that the nuclear shadow-
ing contribution to the total cross section of the hadron–deuteron
scattering can be expressed through the diffraction cross section
at t = 0. Operationally this amounts to the replacement in the
Glauber formulæ of the elastic hN cross section at t ∼ 0 by the
sum of elastic and diffractive cross section at t = 0, leading to an
enhancement of the multinucleon interactions. For heavier nuclei
the Gribov formulæ involve the coupling of the projectile to N > 2
vacuum exchanges which has to be modeled.

The contribution of the double scattering to the total hadron–
nucleon (hN) cross section is enhanced by a factor 1 + ωσ , where

ωσ = dσ(hN → X N)

dt

/ dσ(hN → hN)

dt

∣∣∣∣
t=o

. (2)

The relation between the double scattering cross section and the
total diffraction cross section can be naturally understood in the
Good and Walker formalism [7], which provided the effective re-
alization of the Feinberg–Pomeranchuk picture [8] of the inelas-
tic diffraction. In this formalism one introduces eigenstates of the
scattering matrix diagonal in σ ; see Ref. [9] for a review. Con-
figurations with different σi scatter without interference off two
target nucleons contributing in the case of scattering of two nucle-
ons with strength ∝ σ 2

i to the shadowing of the total cross section.
This is the same quantity as in the expression for the total cross
section of hadron–nucleon diffraction at t = 0. This interpretation
of the Gribov result for the shadowing correction to the total cross
section was first given by Kopeliovich and Lapidus [10].

2.2. Distribution over the strength of interaction

The fluctuations of strength of interaction arise naturally in QCD
where the strength of interaction depends on the volume occupied
by color. In particular, the presence of some small configurations
leads to fluctuations interacting with a small cross section. So we
will refer to these fluctuations as color fluctuations.

In order to describe the effect of color fluctuations for a variety
of processes it is convenient to introduce the notion of distribu-
tion over the strength of interaction, Ph(σtot) — the probability for
an incoming hadron to interact with total cross section σtot . The
distribution Ph(σtot) satisfies two normalization sum rules:∫

dσtot Ph(σtot) = 1,

∫
dσtot σtot Ph(σtot) = σ hN

tot , (3)

and the Miettinen–Pumplin relation [11]∫
dσtot

[
σ 2

tot/
(
σ hN

tot

)2 − 1
]

Ph(σtot) = ωσ , (4)

where σ hN
tot is the free cross section. Experimentally, ωσ first grows

with energy then starts dropping at energies
√

s � 100 GeV. There
are no direct measurements at the RHIC energy of 200 GeV, but an
overall analysis indicates that it is of the order 0.25. The first LHC
data seem to indicate that inelastic diffraction still constitutes a
large fraction of the cross section — it is comparable to the elastic
cross section, suggesting ωσ ∼ 0.2 at those energies. It is difficult
at the moment to ascribe error bars to these numbers. However, it
is expected that the values of ωσ corresponding to the LHC ener-
gies will be soon measured with a good precision.

It is worth emphasizing here that these seemingly small val-
ues of ωσ correspond to very large fluctuations of the interaction
strength. For example, if we consider a simple two component
model (equivalent to the quasi-eikonal approximation), in which
two components are present in the projectile wave function with
equal probability and interact with strengths σ

(1)
tot and σ

(2)
tot :

σ
(1)
tot = σ hN

tot (1 − √
ω), σ

(2)
tot = σ hN

tot (1 + √
ω). (5)

Thus for ωσ = 0.25, we have σ
(1)
tot /σ hN

tot = 0.5, σ
(2)
tot /σ hN

tot = 1.5 and

hence σ
(1)
tot /σ

(2)
tot = 3.

3. Gribov–Glauber model predictions for fluctuations in the
optical approximation

In order to illustrate the effects of the color fluctuations and
their interplay with the fluctuations of the local nuclear density
we first consider the optical approximation of the Glauber model
where the radius of the NN interaction is neglected as compared
to the distance between the nucleons.

Within this model the total inelastic hadron–nucleus cross sec-
tion σ h A

in can be written as follows:

σ h A
in =

∫
db

(
1 − [

1 − x(b)
]A) =

A∑
N=1

(−1)N+1 A!
(A − N)!N!

∫
db x(b)N ,

(6)

where x(b) = σ hN
in T (b)/A and normalization

∫
db T (b) = A.

Note that in Eq. (6) nucleon–nucleon correlations in the nu-
clear wave function are neglected as well as the finite radius of
the hadron–nucleon interaction; an implementation of correlations
in the optical limit in the Gribov–Glauber formalism can be found
in Refs. [12,13] and in Ref. [14] within the MC approach and will
not be discussed here. Eq. (6) can be rewritten as a sum of positive
cross sections [15] as follows:

σ h A
in =

A∑
N=1

σN , σN = A!
(A − N)!N!

∫
db x(b)N[

1 − x(b)
]A−N

,

(7)

where σN denotes the cross section of the physical process in
which N nucleons have been involved in inelastic interactions with
the projectile. Using Eq. (7), the average number of interactions
〈N〉 can be expressed as

〈N〉 =
A∑

N=1

NσN

/ A∑
N=1

σN = σ hN
in

σ h A
in

∫
db T (b) = Aσ hN

in

σ h A
in

, (8)

which coincides with the naive estimate of shadowing as being
equal to the number of nucleons shadowed in a typical h A inelas-
tic collision.
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