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In a balanced frame, e.g. center-of-mass frame (c.m.f), consider a projectile scattering a target
respectively flying almost along light-cone directions n1 and n2 , with
r
r
1
1
n1 =
(1, 0⊥ , 1), n2 =
(1, 0⊥ , −1), (n1 · n2 ) = 1 .
(1.1)
2
2
Introducing lightcone coordinates
x = (x0 , x1 , x2 , x3 ) → (x+ , x− ,~x)

with

x+ = x− = (x · n2 ) ,

x− = x+ = (x · n1 )

(1.2)

and a rapidity separation η (with eη ≪ 1), the gluonic field can be split between “fast” (quantum
part) and “slow” (classical part) as illustrated in Fig. 1:
µa

A µ a (k+ , k− ,~k ) = Aη (|k+ | > eη p+ , k− ,~k )
µa
+ bη (|k+ | < eη p+ , k− ,~k )

quantum part
classical part.

(1.3)

In the boosted projectile frame, the classical part bµ has a particularly simple Lorentz structure, as
∼ p + n1

k + > eη p+
k + < eη p+

∼ p − n2

Figure 1: Splitting between quantum and classical parts.

illustrated in Fig. 2. Multiple interactions with the target can then be resummed into path-ordered
Wilson lines Uz̄i attached to each parton crossing lightcone time x+ = 0 :
U~zηi = Peig

R − +
bη (zi ,~zi ) dz+
i

.

(1.4)

Finally, a factorized picture arises, which allows for a description of the scattering amplitude as
a convolution, in transverse space, of matrix elements of the Wilson line operators acting on the
1
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1. The QCD shockwave approach
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The HERA research program revealed that almost 10% of the deep inelastic scattering (DIS)
events were shown to contain a rapidity gap in the detectors between the proton remnants and the
hadrons coming from the fragmentation region of the initial virtual photon. Among these events,
exclusive diffractive production of dijets is particularly promising in order to distinguish between
a collinear QCD factorized description involving distributions of partons inside the exchanged
Pomeron [1], and a high-energy description in which the Pomeron is directly coupled to the hard
subprocess. We here briefly report on this second description, including gluonic saturation within
the QCD shockwave approach, which we then apply to ZEUS data.
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∼ p + n1

∼ p + n1

boost

−−−→
∼ p − n2

∼ p − n2

µ

Figure 2: The shockwave approximation after a large longitudinal boost to the projectile frame.

target states with the impact factor describing the scattering of the projectile off the classical field:
A =

Z

d~z1 ...d~zn Φ(~z1 , ...,~zn )hP′ |U~z1 ...U~zn |Pi .

The Wilson line operators evolve with η through the Balitsky hierarchy [2], which includes non
linear terms responsible for gluonic saturation. Equivalently to this high energy operator expansion,
a functional approach has been developped, known as the color glass condensate formulation [3],
governed by the JIMWLK evolution equation [4, 5, 6, 7, 8, 9, 10, 11, 12].
Focusing on color-singlet exchange, exclusive diffraction allows one to probe the impact parameter b⊥ -dependence of the non-perturbative scattering amplitude. We went for the first time
beyond leading-order (LO) in computing impact factors at next-to-leading order (NLO) in the case
of diffractive exclusive dijet [13, 14] and light vector meson [15] production in arbitrary kinematics. A noticeable outcome is the fact that besides an intermediate color-dipole made by the qq̄ pair,
a configuration made of two dipoles is involved when an additional gluon at NLO goes through the
shock-wave.

2. Exclusive diffractive dijet electroproduction at HERA
We investigated the ZEUS diffractive exclusive dijet measurements performed at HERA [16],
see details in Ref. [17]. We denote as W the γ ∗ P total energy in the c.m.f., Q2 the (opposite) γ ∗
virtuality, and M the mass of the diffractive dijet system. At LO, the γL∗ P cross-section
d σ0LL
dt

=
t=0

1 4α Q2q
π
2(2π )4 Nc

Z

dxQ2 x2 x̄2

Z

√
d 2 rK0 ( xx̄Qr)2 F(~r)2

(2.1)

is expressed through the forward dipole matrix element
F(z⊥ ) =

hP′ (p′0 )|T (Tr(U z⊥ U−† z⊥ ) − Nc)|P(p0 )i
2

−

2

2πδ (p−
00′ )

p0 →p′0

= Nc σ0 (1 − e

z2
4R2
0

),

(2.2)

where we use the Golec-Biernat-Wüsthoff (GBW) parametrization [18] in the last equality, therefore including saturation for dipoles of transverse size larger than R0 . Here
1
R0 =
Q0
2



xP
a0

 λ2

,

(2.3)
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b− (x) n2 ≃ δ (x+ ) B(~x ) n2
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µ

bµ (x)
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with
xP =

Q2 + M 2 − t
,
Q2 +W 2

(2.4)

β=

Q2
Q2
≃
Q2 + M 2 − t
Q2 + M 2

at small t.

(2.6)

One gets a good agreement with data at large β , while at small β there is a poor agreement
with data, as for the two gluon model of Ref. [21]. We get similar conclusions for the azimuthal
distribution of the jets. This calls for an inclusion of the remaining nonenhanced contributions (the
nonsingular part of the virtual corrections, and the remaining part of the real one).

3. Conclusion
(∗)

We provided the first full NLO computation of the γ (∗) → jet jet and γL,T → ρL impact factors.
(∗)

This can be adapted for twist 3 γL,T → ρT NLO production in the Wandzura-Wilczek approximation, removing factorization breaking end-point singularities even at NLO for a process which
1A

detailed analysis using various models including saturation has been recently performed at LO in Ref. [19].

3
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The two particles then belong to one jet if di j < ycut , where ycut regularizes both soft and collinear
singularities. In practice, ycut = 0.15 in ZEUS analysis, and we rely on a small ycut approximation.
The cuts used by ZEUS are 5 GeV < Q , 5 GeV < M2 jets < 25 GeV , 2 GeV < p⊥ min . At
Born level, this removes the aligned jets configurations x . max(Q21,M2 )R2 ≪ 1, the leading twist
0
contribution which normally dominates in the GBW saturation model. Besides, the typical hard
scale in the impact factor is larger than p2⊥ min > Q2s , justifying an expansion in powers of Qs :
ZEUS experiment is dominated by the linear BFKL regime. We restrict ourselves to the dominant
contributions:
- Born cross section with soft and collinear corrections
- real correction with dipole × dipole, dipole × double dipole, and double dipole × double
dipole contributions for the gluon dipole dijet configuration.
The sum of these contributions is compared with ZEUS data for cross-section in Fig. 3, as a
function of the Bjorken variable β normalized to the pomeron momentum
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which describes the fraction of the incident momentum lost by the proton or carried by the Pomeron
exchanged in t−channel 1
At NLO, besides the LO contribution described by the emission of a qq̄ pair from an initial
virtual photon which goes through the classical gluonic field of the proton, one should further
include configurations in which the dijet system can be made of three partons (real contributions)
as well as of two partons with a one loop correction (virtual contributions). The precise way one
attributes two and three partons to dijets or trijets configurations goes through a jet algorithm.
ZEUS used the exclusive kt −jet algorithm [20]. Let Ei , E j , be the particle’s energies and θi j the
relative angle between them in the c.m.f, the distance between two particles is defined as


Ei E j 2pi · p j
2
2 1 − cos θi j
di j = 2 min(Ei , E j )
= min
,
.
(2.5)
M2
E j Ei
M2
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Figure 3: Born and total gluon dipole contributions to cross section.

would not factorize in a full collinear factorization scheme [22, 23]. For dijet electroproduction, in
the small ycut limit of the exclusive kt -jet algorithm, and for large β , a good agreement between the
GBW model (in the small Qs expansion) combined with our NLO impact factor and ZEUS data is
obtained. This is a good sign that perturbative Regge-like descriptions are favored with respect to
collinear type descriptions. Finally, one should note that within ZEUS kinematical cuts, the linear
BFKL regime dominates, while EIC should give a direct access to the saturated region.
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