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1. Introduction

Deep inelastic scattering measurements performed at HERA have provided us an accurate
picture of the partonic structure of the proton. In particular, the precise proton structure function
measurements (see e.g. [1]) performed by H1 and ZEUS collaborations have revealed that the gluon
densities grow rapidly when the momentum fraction x carried by the gluon decreases. The quark
and gluon densities - integrated over the transverse profile of the proton, have been obtained in very
good accuracy over a wide kinematical range.

However, not much is known about the transverse structure of the proton and its event-by-
event fluctuations. This knowledge is, first of all, of fundamental interest. In addition, initial state
geometry can potentially have large impact on description of collective phenomena observed in
high multiplicity proton-proton and proton-nucleus collisions (see Ref [2] for a review) using, for
example, relativistic hydrodynamics, see e.g. Refs. [3, 4, 5].

Diffractive deep inelastic scattering is a powerful tool to obtain this information of the proton
structure. Indeed, In the Good-Walker picture [6], diffraction is described in terms of states that
diagonalize the scattering matrix. At high energy, these states are the ones where a virtual photon
fluctuates into a quark-antiquark dipole, and with a particular configuration of the target. The cross
section is obtained by averaging over the target configurations.

Performing the target average at the level of the scattering amplitude the target is required to
remain intact (we call this coherent diffraction), and the cross section is sensitive to the average
proton structure. On the other hand, averaging the cross section instead of the amplitude allows the
target to break up, giving the total diffractive cross section. Subtracting the coherent contribution
leaves us with only events where the target breaks up (called incoherent diffraction), which is then
proportional to the variance of the target profile, see e.g. Refs. [7, 8, 9, 10].

In the high enery limit, a useful tool to describe the scattering process is obtained in the Color
Glass Condensate (CGC) framework [11], which has been successfuly applied to describe, for
example, deep inelastic scattering processes at small Bjorken-x [12, 13, 14]. Diffractive scattering
is also naturally described within the CGC picture as we will show in Sec. 2. In our recent papers,
we have shown how it is possible to describe the measured coherent and incoherent diffractive cross
sections within the CGC picture [15, 16]. A part of these results is summarized here.

2. Diffractive deep inelastic scattering in the CGC framework

Diffractive vector meson production can be naturally described within the CGC framework,
where the scattering amplitude can be factorized as follows. First, the incoming virtual photon with
virtuality Q2 splits into a quark-antiquark pair with transverse separation rT and quark carrying
factor z of the longitudinal momentum. This splitting is given in terms of the virtual photon wave
function Ψ(Q2,z,r). Then the color dipole scatters off the hadronic target (in this work a proton)
without exchanging a net color charge with dipole-target cross section σ

p
dip. Finally, the dipole

forms the final state system, in this work a vector meson. The γ∗→ qq̄ splitting can be computed
from perturbative QED, but formation of a bound state must be modeled. In this work, the Boosted-
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Gaussian wave function from Ref. [17] is used. The diffractive scattering amplitude reads [17]

Aγ∗p→J/Ψp
T,L (xP,Q2,∆) = i

∫
d2rT

∫
d2bT

∫ dz
4π

× (Ψ∗ΨV )T,L(Q2,rT ,z)e−i[bT−(1−z)rT ]·∆ dσ
p
dip

d2bT
(bT ,rT ,xP). (2.1)

Here bT is the impact parameter and the the transverse momentum transfer is ∆. The dipole-proton
scattering amplitude is obtained from the IPsat or IP-Glasma parametrizations discussed in Sec. 3.

The coherent cross section is obtained by averaging Eq 2 over all the possible target proton
configurations:

dσ γ∗p→J/Ψp

dt
=

1
16π

∣∣∣〈Aγ∗p→J/Ψp(xP,Q2,∆)〉
∣∣∣2 , (2.2)

with t ≈ −∆2. When the target is required to break up, the incoherent cross section is obtained as
a variance [7]

dσ γ∗p→J/Ψp∗

dt
=

1
16π

(〈∣∣∣Aγ∗p→J/Ψp(xP,Q2,∆)
∣∣∣2〉 − ∣∣∣〈Aγ∗p→J/Ψp(xP,Q2,∆)〉

∣∣∣2) . (2.3)

Notice that the diffractive scattering amplitude (2) is proportional to the Fourier transfer of the
transverse density profile of the proton. Thus, the coherent cross section probes directly the average
density profile of the proton, and incoherent cross section (2.3) is sensitive to the event-by-event
fluctuations of the density profile.

3. Dipole-proton scattering

In the diffractive scattering amplitude (2) all the QCD dynamics is enclosed in the dipole-target
cross section σ

p
dip. In this work, we study two different models for the dipole cross section.

The first model used here is the IPsat model, where the dipole-target cross section is written as

dσ
p
dip

d2bT
(bT ,rT ,xP) = 2

[
1− exp

(
−r2F(xP,rT )Tp(bT )

)]
. (3.1)

Here Tp(bT ) is the proton spatial profile function which is assumed to be Gaussian, Tp(bT ) =
1

2πBp
e−bT

2/(2Bp). The function F is proportional to the DGLAP evolved gluon distribution

F(xP,rT
2) =

π2

2Nc
αs
(
µ

2)xPg
(
xP,µ2) , (3.2)

with µ2 = µ2
0 + 4/rT

2. The free parameters in this mode (µ2
0 , Bp and initial condition for the

DGLAP evolution of the gluon distribution xg) are obtained by performing a fit to HERA data in
Ref. [13].

The geometric fluctuations are included in this model by assuming that the gluons in the proton
are localized around the constituent quarks (or three hot spots) at points bTi. The positions of the
constituent quarks are sampled from a Gaussian distribution with width Bqc. Then, the proton
density profile is assumed to be Gaussian around the centers of the constituent quarks, and the
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width of these hot spots is denoted by Bq. Thus, the combination of Bq and Bqc sets the degree of
geometric fluctuations in this picture. The fluctuations are included in the IPsat model by making
a replacement Tp(bT )→ 1

Nq
∑

Nq
i=1 Tq(bT −bTi) with Nq = 3 and Tq is Gaussian having a width Bq.

We also use the IP-Glasma framework that includes local color charge fluctuations and has
been successfully used to calculate initial conditions for the hydrodynamical modeling of the heavy
ion collisions. In this case the dipole-target cross section is obtained by first relating the color
charge density locally to the saturation scale obtained from the IPsat model. Then, one solves the
classical Yang-Mills equations and obtains the Wilson lines V (xT ) at each transverse point. The

dipole-target cross section is then obtained from the Wilson lines as
dσ

p
dip

d2bT
(rT = xT −yT ,bT = (xT +

yT )/2,xP) = 2(1− 1/Nc TrV (xT )V †(yT )). The geometric fluctuations are included by using an
IPsat model with geometric fluctuations to calculate saturation scale at every point on the transverse
plane. For more details of the IP-Glasma model, we refer the reader e.g. to Refs. [18, 19].

4. Results
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Figure 1: Coherent (thick lines) and incoher-
ent(thin lines) diffractive J/Ψ production at 〈W 〉 =
75 GeV calculated with strong (solid lines) and
moderate (dashed) geometric fluctuations. The re-
sults are compared with H1 data [20]. The bands
show statistical errors of the calculations.
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Figure 2: Examples of proton density profiles cor-
responding to proton with strong geometric fluctu-
ations with parameters Bq = 3.3 GeV−2 and Bqc =

0.7 GeV−2.

Coherent and incoherent diffractive J/Ψ production at 〈W 〉 = 75 GeV calculated using the
IP-sat model is shown in Fig. 1. The results obtained using two different parametrizations for
the proton structure: one with large event-by-event fluctuations (having Bqc = 3.3 GeV−2� Bq =

0.7 GeV−2) and one which is relatively smooth (Bqc = 1.0 GeV−2�Bq = 3.0 GeV−2) . The results
are compared with H1 data [20]. We find that the both of the two parametrizations give relatively
good description fo the coherent HERA data, but the more smooth parametrization underestimates
the incoherent cross section by several orders of magnitude. This suggests that large geometric
event-by-event fluctuations are needed in order to describe incoherent vector meson production
data. The amount of fluctuations is demonstrated in Fig. 2 where four example density profiles of
the protons sampled from the more lumpy distribution are shown.
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Similarly the cross sections calculated using the IP-Glasma model are shown in Fig. 3. In
this case, we show the result obtained without geometric fluctuations which is labeled as Bp =

4.0 GeV−2, which is the value obtained when fitting the IPsat model to coherent HERA data
only [13]. Unlike in case of IPsat model, one also obtains nonzero incoherent cross section in
that case due to color charge fluctuations. However, we see that color charge fluctuations alone are
not enough to describe measured incoherent cross section.

The geometric fluctuations are then included by finding parameters Bqc and Bq that simultane-
ously give good description of the H1 data. The amount of fluctuations in that case is demonstrated
by showing in Fig. 4 for a few example configurations the trace of the Wilson line at each trans-
verse point, which is roughly proportional to the density of the proton. Again we find that large
geometrical shape fluctuations are needed in order to describe the HERA data.

Finally we also include saturation scale fluctuations for each constituent quark separately fol-
lowing Ref. [21], where it is shown that proton-proton multiplicity fluctuations can be described
within the IP-Glasma framework if lnQ2

s/〈Q2
s 〉 fluctuations according to a Gaussian distribution

whose width is σ ≈ 0.5. We find that the saturation scale fluctuations mainly affect incoherent
cross section at smallest |t|, and that at larger momentum transfer the dominant contribution comes
from geometric fluctuations. This result is expected based on Ref. [7].
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Figure 3: Coherent and incoherent diffractive J/Ψ

production at 〈W 〉 = 75 GeV calculated from IP-
Glasma framework. The results are compared with
H1 data [20]. The bands show statistical errors of
the calculations.
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Figure 4: Examples of the proton density pro-
file from the IP-Glasma framework. The quantity
shown is 1.0−1.0/Nc TrV (x,y).

5. Conclusions

We have shown how diffractive vector meson production measured in deep inelastic scattering
experiments at HERA can be used to constrain the amount of event-by-event fluctuations of the
proton density. We find that strong geometric fluctuations are needed in order to obtain incoherent
cross section compatible with the experimental data. The color charge fluctuations, on the other
hand, are found to have small effect on the incoherent cross section. Similarly, the effect of satu-
ration scale fluctuations on incoherent cross section is dominant only at small |t|. Our results can
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potentially have impact on hydrondynamical modeling of proton-nucleus collisions, which is left
for future work.
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