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To the lowest order in pQCD, the underlying subprocess for hard isolated photon production in the

proton fragmentation region ofppandpAcollisions is the QCD Compton effectq∗g→ qγ, where

q∗ is the valence quark in the beam proton. In theq∗p collisions frame, theqg dijet acoplanarity

momentum~∆ comes from the exchanged gluon and the~∆-distribution measures the unintegrated

gluon density in the target nucleon. Both the incident and produced quarks undergo multiple

gluon exchanges in an extended nuclear target; in all other dijet processes that entails a complex

nonlineark⊥-factorization for the dijet spectrum. We demonstrate thattheqγ dijet production is an

exceptional reaction for which the lineark⊥-factorization holds, which makes it a unique direct

probe of the collective nuclear gluon density at small-x. We discuss properties of the nuclear

unintegrated gluon distribution, and derive a relationship between the nuclear broadening of the

acoplanarity momentum distribution and the nuclear saturation scale.
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Forward γ–jet production and the nuclear unintegrated glue Wolfgang Schäfer

1. Dipole scattering amplitude defines the unintegrated glue

Small–x hard processes, like deep inelastic scattering on a heavy, opaque, nucleus differ in
an essential way from their counterparts on the free nucleon. The reason being, that for strongly
absorbing targets, diffractive processes, where the target is left intact(!), will make up for 50% of
all deep inelastic interactions [1]. Recent calculations [2] for realistic nuclei find a still substantial
∼ 20÷30% ratio of diffractive to inclusive DIS.

The presence of diffractive final states is, via unitarity, intimately related to nuclear shadowing
of nuclear structure functions. Large shadowing corrections however imply, that we must give up
the standard treatment of deep inelastic scattering in terms of parton densities which involve two
partons in thet–channel of the forward Compton amplitude.

For example, the parton phenomenology at small–x is based on the unintegrated gluon density
of the target

f (x,~p) =
4παS

Nc

1
~p4

∂G(x,~p2)

∂ log(~p)
, (1.1)

where~p is the gluon’s transverse momentum andx is the relevant Bjorken variable. The for-
malism which relates the unintegrated gluon distribution to physical observables is the (linear)
k⊥–factorization.

We can generalize the concept of an unintegrated gluon distribution including multiple scat-
tering effects by means of the Fourier–transform of the scattering amplitudeΓ(~b,x,~r) of a color
dipole of size~r at impact parameter~b:

∫
d2~r

(2π)2 Γ(~b,x,~r)e−i~p~r = (1−w0(~b,x))δ (2)(~p)−φ(~b,x,~p) , (1.2)

Hereφ(~b,x,~p) has the meaning of the~b–dependent unintegrated glue of a nucleus. For the explicit
form of w0, see e.g. [3]. After having included multiple scattering effects into the unintegrated glue,
we have to give up the idea of universality of the unintegrated gluon distribution to a certain extent
[3, 4]. Namely, we cannot evaluate observables by simply plugging the above defined unintegrated
glue into lineark⊥–factorization formulas, but instead a new, nonlineark⊥–factorization emerges
[3, 4].

Let us briefly review how the nuclear unintegrated glue is constructed from its free–nucleon
counterpart: starting at moderately smallx∼ xA ∼ 0.01, one can obtain the nuclear glue by plugging
into eq.(1.2) the Glauber–Gribov form of the dipole amplitude:

Γ(~b,xA,~r) = 1−exp[−σ(xA,~r)TA(~b)/2] , (1.3)

whereTA(~b) is the nuclear matter density. The nuclear is obtained as an expansion over multiple
convolutions of the free–nucleon unintegrated gluef (x,~p) [5]:

φ(~b,xA,~p) = ∑w j(νA) f ( j)(xA,~p) . (1.4)

Here

f ( j)(xA,~p)=
∫

[ j

∏d2~κi f (xA,~κi)
]
δ (2)(~p−∑~κi)
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Figure 1: Dijet production as a breakup of a beam partona into its two–bodybc Fock component in the
interaction with a nuclear target. Here we are interested inthe casea = q, bc= qγ, where only the quark
interacts with the nucleus through multigluon exchanges.

is the collective glue ofj overlapping nucleons, and

νA = νA(~b,xA) =
1
2

αS(q
2)σ0(xA)TA(~b) , (1.5)

is an effective opacity; the explicit form of the weightsw j will again be found e.g. in [5], and
σ0(x) =

∫
d2~p f(x,~p) is a nonperturbative parameter – the cross section of a large color dipole.

Using general properties of the large–~p behaviour off , one can derive the asymptotics of its
multiple convolutions, and obtain the asymptotics ofφ at transverse momenta much bigger than
the saturation scale [5]:

φ(νA,xA,~p) = νA f (xA,~p) ·
(

1+νA
2π2γ2αS(~p2)G(xA,~p2)

Nc~p2 + . . .
)

(1.6)

Hereγ ∼ 2 is the exponent of the large–~p2 behavior off (x,~p) ∝ |~p|−2γ .

2. γ–jet production from the breakup q→ qγ

We come to the main point of this talk, namely the associated production of an isolated high
p⊥ photon and a jet in the proton fragmentation region ofpA collisions. Here the production of
such photon–jet pairs can be viewed, in the nucleus rest frame, as an anexcitation of theqγ Fock
state of the incident quark,q∗ → qγ. It is important to realize, that the photon in theqγ Fock state
doesn’t interact, which has the important consequence, that the emergingdijet spectrum becomes
a linear functional of the unintegrated nuclear glue.

In the free–nucleon case, where we deal only with a single–gluon exchange at the amplitude
level, we obtain the parton–level cross section

2(2π)2dσN(q→ qγ)

dzd2~pd2~∆
= f (x,~∆)

∣
∣
∣ψ(z,~p)−ψ(z,~p−z~∆)

∣
∣
∣

2
(2.1)

with
∣
∣
∣ψ(z,~p1)−ψ(z,~p2)

∣
∣
∣

2
= Pγq(z)

∣
∣
∣

~p1

~p2
1 + ε2

−
~p2

~p2
2 + ε2

∣
∣
∣

2
. (2.2)
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Herez,~p are the photon’s light–cone momentum fraction and transverse momentum,ε2 = zm2
q.

The decorrelation momentum~∆ = ~p+~pq = measures the deviation of the dijet system from the
back–to–back kinematics. Notice that eq.(2.1) is “exact” over the two–body phase-space of the
q− γ syatem, and contains a contribution from the collinear pole~p∼ z~∆ of theq→ qγ splitting:

2(2π)2dσN(q→ qγ)

dzd2~p
= f (x,

~p
z
)

︸ ︷︷ ︸

q→q

×
∫

d2~k|ψ(z,~k)|2

︸ ︷︷ ︸

fragmentationq→γ

This contribution must be carefully removed if one is interested in the “dijet”–observables.
One of our main results is the fact that when going to the nuclear target indeed a lineark⊥–

factorization “theorem” holds, namely the parton–level cross section has the same form for the
nuclear target as it has for the free nucleon target – we only need to swap the proper unintegrated
glue. This is in strong contrast to other dijet processes [3, 6]. Per unit transverse area in impact
parameter space, the cross section reads:

(2π)2dσA(q→ qγ)

dzd2~pd2~∆d2~b
= φ(νA,x,~∆)

∣
∣
∣ψ(z,~p)−ψ(z,~p−z~∆)

∣
∣
∣

2
+w0(νA)δ (2)(~∆)

∣
∣
∣ψ(z,~p)−ψ(z,~p−z~∆)

∣
∣
∣

2
.

(2.3)

Here we indicated a potentially factorization–violating term, which comes from diffractive disso-
ciation of the quark. It vanishes due to theδ–function–like~∆–shape of nuclear diffraction. This
result serves to prove thatγ–jet production is a linear probe of the nuclear unintegrated glue.

Interestingly a simple analytical result can be obtained for the nuclear broadening of the
acoplanarity–momentum distribution as quantified by

〈~∆2〉A−N =
〈~∆2dσ〉A−〈~∆2dσ〉N

T(~b)
∫

d2~∆(dσN/d2~pd2~∆)
. (2.4)

Using (1.6) and carefully removing the collinear pole from theγ–jet spectrum, we obtain

〈~∆2〉A−N ≈
2π2γ2

Nc
αS(~p

2)G(xA,~p2)T(~b) ≈ Q2
A(~b,x) ·

γ2

2
·

αS(~p2)G(xA,~p2)

αS(Q2
A)G(xA,Q2

A)
. (2.5)

This means that the nuclear broadening of the acoplanarity–momentum distribution directly mea-
sures the nuclear saturation scaleQ2

A. Nuclear effects are conveniently visualized by the ratio (we
stay at the parton–level)

RpA(νA,~p,~∆) =
dσA

TA(~b)dσN
=

φ(νA,x,~∆)

νA f (x,~∆)
. (2.6)

And similarly the central–to–peripheral ratio, which involves only nuclear quantities:

Rcp(ν>,ν<,~p,~∆) =
ν< φ(ν>,x,~∆)

ν> φ(ν<,x,~∆)
(2.7)

Both these ratios do not depend on the photon’s transverse momentum~p. We show the ratioRpA

atx = xA for different opacities in the right panel of fig.2. We observe a shadowing at small values
of ~∆ and a Cronin–type peak which position reflects theνA-dependent saturation scale. In the left
panel we showRcp and its evolution withx. While it displays the same Cronin–peak asRpA for
x = xA, the latter is entirely quenched at smallx.
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Figure 2: Left: Rcp for ν> = 8,ν< = 1 for differentx ; Right: RpA atx = 0.01.

3. Summary

In summary, hard isolated photon production in the proton fragmentation region of pA colli-
sions is a good probe of the nuclear unintegrated gluon distribution. Relevant cross sections linearly
depend on the nuclear unintegrated gluon distribution.

The nuclear broadening of the acoplanarity distribution (at least at not too smallx) is directly
proportional to the saturation scale.
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