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Abstract

Sartre has been extensively used for describing photon-nuclei processes at the electron-
ion collider (EIC) as well as ultra-peripheral collisions (UPC) at LHC and RHIC. Sartre is
an event generator which implements the dipole model for DIS, and models the trans-
verse geometry of the target nucleus or proton in coordinate space. It uses the Good-
Walker mechanism for simulating fluctuations which contribute to the incoherent cross
section for which the target breaks up after the interaction. With improved precision of
UPC measurements in the last years, a detailed test of the dipole model has become pos-
sible, and Sartre’s model was found lacking. In these proceedings we add subnucleon
fluctuations to the nucleus and show that this is sufficient for describing the vast major-
ity of the present measurements. We also find that for larger momentum transfers in the
nucleus, which probes gluon fluctuations at higher resolution, the current complexity of
the model may not suffice. Future measurements at the LHC, RHIC and especially the
EIC has the potential to reveal these gluon vacuum fluctuations and glean novel insights
into the self-interacting quantum field of QCD.
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1 Introduction

The Monte Carlo event generator Sartre [1–3] was the first model based on event-by-event
fluctuations to implement exclusive incoherent diffraction for heavy nucleus targets in deeply
inelastic scattering (DIS) events. Sartre uses the bSat dipole model [4–9] for which the am-
plitude is given by [6]:

Aγ
∗p→J/Ψp

T,L (xP,Q
2,∆) = i

∫

d2r

∫

d2b

∫

dz
4π
× (Ψ∗ΨV )T,L(Q

2, r, z)e−i[b−(1−z)r].∆
dσqq̄

d2b
(b, r, xP) . (1)
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Figure 1: In the dipole model a virtual photon fluctuates into a qq̄ state which inter-
acts strongly with the proton. In exclusive diffraction the dipole subsequently forms
a vector meson.

This amplitude describes the interaction of a virtual photon, which fluctuates into a quark-anti
quark dipole which interacts via one or many colourless two-gluon exchanges with the proton,
and then recombines into a vector meson as depicted in Fig. 1. Here, T and L represent the
transverse and longitudinal polarisation of the virtual photon γ∗, r is the transverse size of the
dipole, b is the impact parameter of the dipole relative to the proton, z is the energy fraction
of the photon taken by the quark and ∆ ≡

p
−t is the transverse part of the four-momentum

difference of the outgoing and the incoming proton. (Ψ∗ΨV ) denotes the wave-function over-
lap between the virtual photon and the produced vector meson, which is taken to be a boosted

Gaussian [9]. The dipole cross section
dσqq̄

d2b (b, r, xP) describe the strong interaction.
The bSat dipole cross-section is given by [10]:

dσqq̄

d2b
(b, r, xP) = 2

�

1− exp
�

−
π2

2NC
r2αs(µ

2)xPg(xP,µ
2)Tp(b)

��

. (2)

A few things are worthy of note in this expression. The gluon density is described in mo-
mentum space in the longitudinal direction and coordinate space in the transverse directions,
as the Bjorken x variable is the longitudinal momentum fraction of the gluons that enter
in the gluon density x g(x). The transverse gluon density profile is given by the Gaussian

Tp(b) =
1

2πBG
exp

�

− b2

2BG

�

. In this way the dipole model becomes an excellent tool for in-

vestigating spatial gluon distributions and fluctuations in coordinate space. Furthermore, the
dipole cross-section saturates for large dipole sizes and large gluon densities. This is due to
non-linear effects emmenating from multiple two-gluon exchanges.

1.1 Fluctuations

In diffraction there are two classes of events. Firstly, coherent scattering in which the nucleic
target remains intact in the interaction. This is possible as the two-gluon exchanges do not
carry any quantum numbers. Secondly, incoherent scattering in which the nucleus becomes
excited in the interaction and subsequently de-excites through the emission of a photon, one or
many protons or neutrons or, if the excitation energy is large enough, the nucleus may shatter
into fragments. This classification is described in the Good-Walker picture [11] in terms of
fluctuations. Here, the coherent cross section is described by the event-by-event average of
the amplitude due to some variation Ω, and the incoherent cross section by its variation:
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. (3)

For nuclei, this formalism was introduced in Sartre through variations in the configurations
of nucleons in a nucleus following a Woods-Saxon distribution [1]. This formalism has been
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used as a bench mark for designing the interaction region of the electron-ion collider (EIC)
with the goal to measure both the coherent and incoherent cross-sections in eA collisions. Only
lately has the model been confronted with measurements from the LHC and RHIC, which
measure the incoherent and coherent cross-sections in ultra-peripheral collisions (UPC) in
which the colliding nuclei interact electromagnetically via exchange of a pseudo-real photon.
This study was presented in [3]. There we found that Sartre describes the coherent cross
section within experimental errors but underpredicts the incoherent cross sections. This is an
indication that the model of the incoherent cross section did not contain enough fluctuations.

Mäntysaari and Schenke have shown that in incoherent ep scattering at HERA, one can
describe the cross section with the dipole model if, inside the proton, there are three Gaussian
hotspots whose position vary event-by-event [12–14]. The transverse gluon thickness of the
proton then becomes:

Tp(b) =
1
Nq

Nq
∑

i=1

Tq(b-bi), Tq(b) =
1

2πBq
exp

�

−
b2

2Bq

�

. (4)

Here Nq = 3 and bi are the locations of hotspots sampled from a Gaussian width Bqc and Bq is
the width of the hotspots. Bqc and Bq control the amount of fluctuations in the proton geometry
at low momentum transfer and are constrained by the coherent and incoherent data. As can
be seen in eq. (1), the amplitude is a Fourier transform between momentum transfer∆=

p
−t

and impact parameter b. This means that large values of |t| correspond to higher resolution in
b. Therefore, we expect the small-size effects of intra-nuclear fluctuations to become important
at larger values of |t|. In a recent paper [15] we show that the entire measured incoherent |t|
spectrum at HERA can be described with a model of hotspots within hotspots within hotspots.
We further discovered that the sizes and number of hotspots at each level of substructure are
highly correlated hinting that there is a spatial scaling in the gluonic fluctuation substructure
of the proton, with the caveat that our model does not contain gluon-gluon correlations. An
illustration of this for a lead nucleus is depicted in Fig. 2.

Figure 2: The gluonic structure of a lead nucleus at increasing values of |t| with
parameters from [15]. Units are in fm.

2 Results

In these proceedings we confront the hotspot model, implemented in Sartre, with recent UPC
measurements with heavy nuclei at LHC and RHIC using two levels of substructure in the
nucleus: nucleons and one level of hotspots within them. For this purpose we set the center-
of-mass of the hotspots at the center of the nucleon, and center-of-mass of the nucleon con-
figuration at the center of the nucleus. All the dipole parameters are described in [3]. For
the hotspots, we use Bqc = 4.2 GeV−2, Bq = 0.8 GeV−2. Following [12] we also implement
saturation scale fluctuations with σ = 0.75.

In Fig. 3, left panel, we compare Sartre with the coherent t-spectrum in Pb+Pb→ Pb+J/Ψ+Pb
events at

p
s = 5.02 TeV measured by the ALICE collaboration [16]. We see that Sartre de-
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Figure 3: Left: A comparison with coherent Pb-Pb UPC from ALICE collaboration atp
s = 5.02 TeV [16] with Sartre. Right: A comparison with coherent and incoherent

data in Pb-Pb collisions from the ALICE [17] and CMS [18] collaborations compared
to Sartre with and without subnuclear fluctuations.

scribes the data well within uncertainties. In the right panel we compare the rapidity spectrum
for the same process at

p
s = 2.76 TeV of both incoherent and coherent cross sections. Here

we compare the measurements with two versions of Sartre: with and without subnuclear fluc-
tuations. One should note that this data has been integrated over all t and the result will be
somewhat sensitive to large t effects in the fluctuation spectrum. We see that a good descrip-
tion is found when subnucleon fluctuations are included in the model.

Figure 4: Left: A comparison with coherent Au-Au UPC from the STAR collaboration
at
p

s = 200 GeV with Sartre. Right: A comparison with coherent and incoher-
ent preliminary data in Au-Au collisions from the STAR collaboration compared to
Sartre with and without subnuclear fluctuations.

In Fig. 4 we confront Sartre with exclusive J/Ψ measured in Au-Au collision at STAR as
a function of p2

t ≈ |t|, where pt is the transverse momentum of the vector meson. In the
left panel Sartre describes the coherent measurement well within uncertainties. In the right
panel, we see that Sartre without subnucleon fluctuations is unable to describe the data for
p2

t > 0.25 GeV2, but with one level of subnucleon fluctuations we are able to describe the data
well up to p2

T ∼ 2.2 GeV2. This is consistent with our findings from ep described in [15] where
a further substructure needed to be introduced to the nucleon in order to describe the data for
|t|> 2.5 GeV2.
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3 Conclusion

We have shown that subnucleon fluctuations are needed to describe the recent AA UPC mea-
surements from ALICE, CMS, and STAR. For observables which integrate over |t| the large |t|
tails created by subnucleon fluctuations give a significant contribution as can be seen in the
rapidity spectrum for both coherent and incoherent scattering. The good description of the
coherent |t| spectrum at small |t| gives further confidence in this conclusion. The p2

t spectrum
measured by STAR shows that the contribution from subnucleon fluctuations becomes signif-
icant for p2

t > 0.25 GeV2. The studies of incoherent scattering in ep from HERA suggest that
for p2

T ¦ 2 GeV2 the hotspot model as implemented will no longer describe the data well and
additional substructure then becomes necessary. These measurements on UPC should become
available in the very near future. It appears that the cross section at this point is too small
to give a significant contributions to other observables within uncertainties. The subnuclear
fluctuations are implemented in Sartre for UPC, and they will be implemented for eA collisions
as well in the near future.

The EIC will be able to measure the incoherent |t| spectrum with unprecedented reach and
precision for both ep and eA collisions, and will thus be able to measure the structure of the
gluon fluctuations in nuclear matter in a way which will give new insights into self-interacting
quantum field theories otherwise not available to us.
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