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1. Introduction

It is a well-known fact that gluon distribution function xG(x,Q2) of a proton rises very fast
with 1/x (equivalently energy) where x is the fraction of the proton energy carried by a gluon and
Q2 is the resolution at which the proton is probed. This growth of gluons with 1/x must be tamed
eventually, as otherwise it would lead to violation of bounds on growth of physical cross sections.
A perturbative mechanism which curbs the unlimited of gluon distribution function is the Color
Glass Condensate (CGC) formalism [1], an effective theory of QCD at small x. Due to the sharp
rise of gluon distribution function with 1/x, a proton or nucleus becomes a "dense" many-body
system of gluons (this density is characterized by the so-called saturation scale Q2

s ) where standard
perturbative techniques fail due to this high gluon density. The CGC formalism goes around this
problem by treating the small x gluons of a proton (or nucleus) collectively; i.e. as a classical
background color field radiated by large x partons in the proton.

The simplest implementation of CGC formalism is perhaps in the so called hybrid factoriza-
tion of scattering and particle production in dilute-dense systems [2], such as a proton-nucleus or
forward rapidity proton-proton collision. In this factorization, one consider scattering of a QCD-
improved parton model quark or gluon from a dilute projectile scattering on a dense gluonic system
standing in for the target proton or nucleus. Due to high gluon density of the target, one needs to
consider and re-sum multiple scatterings of the quark on the background color field which is effi-
ciently represented by a Wilson line; a path-ordered exponential of a gluon field. This corresponds
to the well-known eikonal approximation in high energy scattering. Quantum effects, i.e. loop
corrections are then calculated and included order by order for a given process.

Despite its many successes in describing data on high energy collisions qualitatively and even
semi-quantitatively , the CGC formalism has a few shortcomings, perhaps the most significant one
being the extreme limit x→ 0 taken in order to justify the approach. This all but ensures that CGC
predictions may at best be valid in the kinematic region where the momenta involved are O(Q2

s )

which is not very large. In [3] we proposed to go beyond CGC by including scattering of projectile
partons from both small and large x gluons of the target; the small x gluons are still represented
as classical color fields from which the projectile scatters many times as before, while the large x
gluon of the target is treated perturbatively.

2. Asymmetries in quark scattering

In [3] we used spinor helicity methods [4, 5] to calculate the helicity amplitudes for scattering
of an incoming quark with momentum p and helicity ± from small and large x gluons (denoted
by S− and Aµ ) of a target proton (or nucleus). This is the basic process from which one starts
to investigate particle production in high energy collisions in the CGC formalism in the forward
rapidity region [6]. The momentum of the scattered quark is q (helicity of the final state quark is
the same as the initial state quark since helicity is conserved). The light like vector nµ is defined as
nµ ≡ (n+ = 0,n−= 1,n⊥= 0) such that n ·A = 0 defines the gauge. There are 3 new (non-eikonal)
contributions to the helicity amplitudes; when the initial state and final state quarks scatter from
the soft color fields of the target, when the large x gluon interacts with  the soft gluons,  and when
both the final state quark and the large x gluon interact with the soft color fields, labeled as N123
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respectively. The non-eikonal amplitudes are

N +,b
1 = < k̄+|/Ab(x)|k+ >

N −,b
1 = < k̄−|/Ab(x)|k− >

N +,b
2 =

1
(p− q̄)2

[
n · (p− q̄)< q̄+|/Ab(x)|p+ >−<np> [q̄n] (p− q̄) ·Ab(x)

]
N −,b

2 =
1

(p− q̄)2

[
n · (p− q̄)< q̄−|/Ab(x)|p− >− < q̄n> [n p] (p− q̄) ·Ab(x)

]
N +,b

3 =
[q̄n̄]< n̄ p̄1>

[
n · (p− p̄1)< p̄+1 |/A

b(x)|p+ >−<np> [p̄1n](p− p̄1) ·Ab(x)
]

2n̄ · p̄1(p− p̄1)2

N −,b
3 =

< q̄n̄> [n̄ p̄1]
[
n · (p− p̄1)< p̄−1 |/A

b(x)|p− >−< p̄1n> [np](p− p̄1) ·Ab(x)
]

2n̄ · p̄1(p− p̄1)2

(2.1)

where b is a color index. Note that

N +,b
3 =

[q̄n̄]< n̄p̄1>

2n̄ · p̄1
N +,b

2 (q̄→ p̄1) = N +,b
2 (q̄→ p̄1) (2.2)

and similarly for N −,b
3 . These helicity amplitudes (2.1) are related to each other via identities like

< k̄+|/Ab |k+ > = < k−|/Ab |k̄− >

< k̄+|/Ab |k+ > =
(
< k̄−|/Ab |k− >

)? (2.3)

It is straightforward to evaluate these helicity amplitudes which give

N +
1,b = p+

√
q+

p+

{
2A−b (x)−Ai

b(x)
[

k1i− iεi j k j
1

q+
+

ki + iεi j k j

p+

]}

N +
2,b =

p+

q2
⊥

√
q+

p+

{(
1+

q+

p+

)
q⊥ ·Ab

⊥(x)+ i
(

1− q+

p+

)
ε

i j qi Ab
j(x)
}

N +
3,b = N +,b

2 (qi→ p1i)

=
p+

p2
1⊥

√
q+
p+

{(
1+

q+

p+

)
p1⊥ ·Ab

⊥(x)+ i
(

1− q+

p+

)
ε

i j p1i Ab
j(x)
}

(2.4)

and
N −,b

1,2,3 =
[
N +,b

1,2,3

]? (2.5)

To get the scattering cross section one will need to square the amplitude. However, one can see
some salient and important features that are already manifest in the amplitude. These non-eikonal
amplitudes generate spin asymmetries due to the presence of iε terms that will be present in the
cross section. Furthermore, coupled with a realistic geometry of the target nucleus, these non-
eikonal terms will generate angular asymmetries in proton-nucleus and forward proton-proton col-
lisions. We also note that due to exchange of both longitudinal and transverse momenta in the
process the incident quark will lose some of its energy (rapidity) which can be related to beam
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rapidity loss in high energy collisions. The next step is to investigate the high transverse momen-
tum of the amplitude. One can then consider loop corrections to this tree-level result due to gluon
radiation [7] which would then result in a more general expression for the cross section which
would include both collinear factorization and CGC limits in the high and low pt (large and small
x) limits. Such a result would be of enormous benefit specially for processes which are dominated
by a very large hard scale, yet receive a large contribution from the small x kinematic region [8].
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