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exclusive J/ψ in e+A at the EIC

1

Thanks to many for direct and indirect help with this work, including: 
Mark Baker, Bill Li, Alex Jentsch, Kong Tu, Axel Schmidt, Or Hen, Justin Frantz, 
Dhevan Gangadharan, Thomas Ullrich, Tobias Toll, ePIC exclusive/diffractive/tagging WG…



• Crucial to the NAS report (2018) and Yellow Report (2021) 
are two important questions for the EIC program 
• Can we probe the low-x structure of the nucleus, and 

especially address the questions of parton saturation?

• Can we elucidate the spatial parton structure of nuclei?


• Vector meson production addresses both of these

Diffraction in eA
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● A sensitive probe to the gluon density, spatial distributions, 
and their fluctuations. 

At NLO, things may look 
differently [arXiv:2203.11613]

Momentum (t) and position (b) are 
conjugate variable, and can be related 
by Fourier Transform:

Gap

Exclusive and diffractive vector meson production 

One of the golden 
measurements at the EIC
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where Δ = −$

Cross sections reflect 
(n)PDFs

t distributions reflect 
spatial distributions

https://arxiv.org/pdf/1307.8059.pdf



• The diagram shown before is the coherent process, with no 
nuclear breakup 
• This is of course the shadow of the incoherent process


• The basic physical picture comes from Good & Walker, esp. 
as elucidated by Mietenlin & Pumplin (and following Klein): 
• Total cross section goes as 


Sum over target configurations Ω 

• Coherent cross section goes as 

Sum over configurations before squaring, since target is unmodified 

• Incoherent is the difference  

Reflects fluctuations in the target  

• Renewed interest in our field from work of Schenke & 
Mantyasaari, interpreting HERA ep data in terms of a proton 
“hot spot” model

⟨ |A(K, Ω) |2 ⟩

|⟨A(K, Ω)⟩ |2

⟨ |A(K, Ω) |2 ⟩ − |⟨A(K, Ω)⟩ |2

Coherent vs. incoherent
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• The Sartre model (Toll & Ullrich, 2013) implements the 
dipole model in a form usable for experimentalists (i.e. 
with final state particles!) 

• Here only used for coherent reactions, with no nuclear 
breakup 
• Incoherent contributions only utilized for their cross sections

Coherent processes: Sartre
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● A sensitive probe to the gluon density, spatial distributions, 
and their fluctuations. 
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where Δ = −$

γ* V = J/ψ, φ, ρ, γ
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Figure 1: A schematic view of the dipole model and its variables. See text for details.

strong force. Therefore, these interactions are mediated by a virtual photon, and can thus potentially be described by
the dipole model.

The program is named after the existentialist philosopher Jean-Paul Sartre. According to existentialism, existence
comes before essence, but Sartre mentions the following important exception to that rule in a lecture held 1945 [15]:

If one considers an article of manufacture as, for example [...] a paper-knife – one sees that it has been
made by an artisan who had a conception of it; and he has paid attention, equally, to the conception of a
paper-knife and to the pre-existent technique of production which is a part of that conception. [...]Thus
the paper-knife is at the same time an article producible in a certain manner and one which, on the other
hand, [...] serves a definite purpose, for one cannot suppose that a man would produce a paper-knife
without knowing what it was for. Let us say, then, of the paperknife that its essence [...] precedes its
existence. [...]Here, then, we are viewing the world from a technical standpoint, and we can say that
production precedes existence.

The purpose of Sartre is to provide simulations of events at an electron-ion collider, not yet in existence. Therefore,
one may say, Sartre provides the artisan’s pre-conception of the essence of an EIC, which is a necessary guidance for
the construction of the machine and its detectors.

The paper is organized as follows: In section 2 we give a description of the dipole models implemented in Sartre.
In section 3, the program is given an overview description. Finally, in section 4, we give an example of a user program
running Sartre.

2. The dipole model in ep and eA

The amplitude for producing an exclusive vector meson or a real photon diffractively in an interaction between a
virtual photon and a proton can be written as:

Aγ∗p
T,L(xIP,Q,∆) = i

∫

dr
∫

dz
4π

∫

d2b
[(

Ψ∗VΨ
)

(r, z)
]

2πrJ0([1 − z]r∆)e−ib·∆
dσ(p)qq̄
d2b

(xIP, r, b), (2)

where r is the dipole’s size, b its impact parameter in relation to the proton’s mass center, and z is the momentum
fraction of the dipole taken by the quark. The variable xIP is the pomeron’s momentum fraction of the proton, Q2
the virtuality of the photon, and ∆ the virtuality of the . The virtual photon is either longitudinally or transversely
polarized, denoted by L and T , respectively. J0 is a Bessel function and

(

Ψ∗VΨ
)

(r, z) is the wave-function overlap
between the incoming virtual photon and the outgoing vector-meson or real photon.
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The proton dipole cross section is given by:

d(p)qq̄
d2b

(xIP, r, b) = 2N (p)(xIP, r, b) = 2
[

1 −"(S )
]

(3)

whereN (p) is the scattering amplitude of the proton. We only use the real part of the S -matrix. In the bSat model the
scattering amplitude is:

N (p) = 1 − exp
(

−
π2

2NC
r2αS(µ2)xIPg(xIP, µ2)T (b)

)

(4)

where µ2 = 4/r2 + µ20 and µ
2
0 is a cut-off scale in the DGLAP evolution of the gluons xg(x, µ

2) = Agx−λg (1− x)5.6. The
impact parameter dependence is introduced through the proton’s profile function T (b) = 1/(2πBG) exp(−b2/(2BG)).
All parameter values are determined through fits to HERA data [18], and are found to be BG = 4 GeV−2, µ20 = 1.17
GeV2, λg = 0.02, and Ag = 2.55. Also, the four lightest quark masses are treated as parameters in the model, and are
taken to be: mu = md = ms = 0.14 GeV, mc = 1.4 GeV.

The nuclear scattering amplitude is constructed from that of the proton:

1 −N (A)(xIP, r, b) =
A

∏

i=1

(

1 −N (p)(xIP, r, |b − bi|)
)

(5)

where bi is the position of each nucleon in the nucleus in the transverse plane. We distribute the nucleons according to
the Woods-Saxon function projected onto the transverse plane. Combining equations (3), (4), and (5), the bSat dipole
cross section for γ∗A becomes:

1
2
dσ(A)qq̄

d2b
(xIP, r, b,Ω j) = 1 − exp

(

−
π2

2NC
r2αS (µ2)xIPg(xIP, µ2)

A
∑

i=1
T (|b − bi|)

)

(6)

where Ω j = {b1, b2, . . . , bA} represents a specific Woods-Saxon configuration of nucleons.
In ep the diffractive cross section is given by the absolute square of the amplitude:

dσγ
∗p
T,L

dt
=

1
16π

∣

∣

∣Aγ∗p(xIP,Q2, t)
∣

∣

∣

2
. (7)

In eA one has to average the squared amplitude over all possible nucleon configurationsΩ:

dσγ
∗A
T,L

dt
=

1
16π

〈

∣

∣

∣Aγ∗p(xIP,Q2, t)
∣

∣

∣

2
〉

Ω
. (8)

In eA there are two possible scenarios: either the interaction between the nucleus and the dipole is elastic, or
it is inelastic, in which case the nucleus de-excites subsequent to the interaction by breaking up into color-neutral
fragments. The first case is called coherent and the latter is called incoherent. According to the Good-Walker picture,
the incoherent cross section is proportional to the variance of the amplitude:

dσincoherent
dt

=
1
16π

(

〈

∣

∣

∣A(xIP,Q2, t,Ω)
∣

∣

∣

2
〉

Ω
−

∣

∣

∣

∣

〈

A(xIP,Q2, t,Ω)
〉

Ω

∣

∣

∣

∣

2
)

(9)

where the second term on the R.H.S. is the coherent part of the cross section. To calculate the diffractive cross sections
for incoherent and coherent interaction therefore becomes a matter of calculating the second and first moments of the
amplitude respectively.

For the first moment there is a closed expression for the average of the dipole cross section [16]:
〈

dσqq̄
d2b

〉

Ω

= 2












1 −
(

1 −
TA(b)
2

σ
p
qq̄

)A










(10)
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with the e+A 
dipole cross section

and the final production cross section



The basic task:
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FIG. 6. (Color online) Differential distributions with respect to t for exclusive J/ψ (a) and φ (b) for coherent and incoherent
events. Both bSat and bNonSat models are shown.

square root of the cross-section. In order to maintain the
oscillatory structure of the amplitude we have to switch
its sign in every second minimum. We call this modified
amplitude

√

dσcoherent/dt|mod. Its Fourier transform is:

F (b) =
1

2π

∫ ∞

0
d∆∆J0(∆b)

√

dσcoherent
dt

(∆)

∣

∣

∣

∣

mod

,(22)

which is a function of impact-parameter only. In our
models the impact-parameter dependence comes from
the transverse density function TA(b). For bNonSat, F (b)
is directly proportional to the input density function,
while for bSat the relation is more complex.
In Fig. 7 we show the resulting Fourier transforms

of the coherent curves in Fig. 6, using the range where
−t < 0.36 GeV2. The obtained distributions have been
normalized to unity. For testing the robustness of the
method, we used the statistical errors in dσ/dt to gener-
ate two enveloping curves, dσ/dt(ti)±δ(ti), where δ is the
one sigma statistical error in each bin ti. The curves are
then transformed individually, and the resulting differ-
ence defines the uncertainty band on F (b). Surprisingly,
the uncertainties due to the statistical error are negligi-
ble, and are barely visible in Fig. 7.
As a reference we show (dotted line) the original input

distribution TA(b), which is the Woods-Saxon function
integrated over the longitudinal direction and normal-
ized to unity. The bNonSat curves for φ- and J/ψ-meson
production reproduce the shape of the input distribution
perfectly as is expected since the bNonSat amplitude is
directly proportional to the input distribution. For bSat,
the shape of the J/ψ curve also reproduces the input
distribution, while the φ curve does not. As explained
earlier, this is not surprising, as the size of the J/ψ me-
son is much smaller than that for φ, which makes the
latter more susceptible to differences in the dipole cross-
section between bNonSat and bSat, as seen in Fig. 3.

We conclude that the J/ψ is better suited for probing the
transverse structure of the nucleus. However, by measur-
ing F (b) with both J/ψ- and φ mesons, one can obtain
valuable information on how sensitive the measurement
is to non-linear effects. Thus, both measurements are im-
portant and complementary to each other. The results
in Figure 7 provide a strong indication that the EIC and
the LHeC will be able to obtain the nuclear spatial gluon
distribution from the measured coherent t-spectrum from
exclusive J/ψ production in eA, in a model independent
fashion.
Strictly, the integral over ∆ in eq. (22) should be per-

formed up to ∆ = ∞. In Fig. 8 we demonstrate the
effect of finite integration limits, using as an example the
φ meson curve. We show the transformation for 4 upper
values: |t|max = {0.025, 0.05, 0.1, 0.2} GeV2. The study
shows a surprisingly fast convergence towards the input
Woods-Saxon distribution.

B. Ultra Peripheral Collisions

The calculations described in this paper can also
be applied to Ultra Peripheral Collisions (UPC) at
hadron colliders, such as RHIC and the LHC. At very
large impact-parameters between colliding hadrons the
long range electromagnetic force becomes dominant over
short-range QCD. We substitute the electron’s photon
flux dnγ/dQ2dW 2 in eq. (17) with that from a proton or
an ion, as described in e.g. [35].
In Table I we list the predicted cross-sections for J/ψ

mesons produced exclusively at RHIC energy in p + p,
p+Au, and Au+Au collisions. Each cross-section is a
sum of the two possible photon directions in the events,
such that symmetric beam particles are multiplied by a
factor 2, and the p+Au cross-section is the sum of the

J/ψ will be a more reliable means to image the nucleus 
ϕ is a much more sensitive saturation probe 
But how deep will the dips be, in practice?  Do HO processes fill them? 
And how do we remove the incoherent contributions, large at large t 

Toll & Ullrich  
Phys. Rev. C 87, 024913

Image nuclear spatial structure using diffractive peaks



Existence proof :)
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TABLE VII. The coherent and incoherent cross sections for ρ0 photoproduction within |y| < 1 with XnXn

and 1n1n mutual excitation, and their ratios.

Parameter XnXn 1n1n

σcoh. 6.49 ± 0.01 (stat.) ± 1.18 (syst.) mb 0.770 ± 0.004 (stat.) ± 0.140 (syst.) mb
σincoh. 2.89 ± 0.02 (stat.) ± 0.54 (syst.) mb 0.162 ± 0.010 (stat.) ± 0.029 (syst.) mb
σincoh./σcoh. 0.445 ± 0.015 (stat.) ± 0.005 (syst.) 0.233 ± 0.007 (stat.) ± 0.007 (syst.)

If the nuclear excitation was completely independent of ρ
photoproduction, then the cross-section ratio for incoherent
to coherent production should not depend on the type of
nuclear excitation studied. It is not; the difference could
signal the breakdown of factorization, for a couple of reasons.
One possibility is that unitarity corrections play a role by
changing the impact parameter distributions for 1n1n and
XnXn interactions. When b ! 2RA, the cost of introducing
another low-energy photon into the reaction is small. So one
photon can excite a nucleus to a GDR, while a second photon
can further excite the nucleus, leading to Xn emission rather
than 1n [18]. The additional photon alters the impact parameter
distributions for the 1n1n and XnXn channels. The XnXn
channel will experience a slightly larger reduction at small |t |
due to interference from the two production sites. This may
slightly alter the measured slopes and coherent-to-incoherent
ratios. Alternately, at large |t |, a single photon can both produce
a ρ0 and leave the target nucleus excited, breaking the assumed
factorization paradigm. The rate has not been calculated for ρ0,
but the cross section for J/ψ photoproduction accompanied by
neutron emission is significant [39]. This calculated J/ψ cross
section is noticeably less for single neutron emission than for
multineutron emission, so ρ0 photoproduction accompanied
by neutron emission might alter the XnXn incoherent-to-
coherent cross-section ratio more than that of 1n1n. The differ-
ence between the ratios for 1n1n and XnXn collisions is some-
what larger than was found in a previous STAR analysis [7].

The dσ/dt for coherent ρ0 photoproduction accompanied
with mutual dissociation of the nuclei into any number of
neutrons (XnXn) and only one neutron (1n1n) is shown
in Fig. 8 with red and blue markers, respectively. In both
1n1n and XnXn events, two well-defined minima can
clearly be seen. In both spectra, the first minima are at
−t = 0.018 ± 0.005 (GeV/c)2. Second minima are visible at
0.043 ± 0.01 (GeV/c)2. To first order, the gold nuclei appear
to be acting like black disks, with similar behavior for 1n1n
and XnXn interactions.

A similar first minimum may be visible in ALICE data for
lead-lead collisions. Figure 3 of Ref. [8] shows an apparent dip
in dN/dpT for ρ0 photoproduction, around pT = 0.12 GeV/c
[−t = 0.014 (GeV/c)2]. Lead nuclei are slightly larger than
gold nuclei, so the dip should be at smaller |t |.

These minima are shallower than would be expected for
γ -A scattering, because the photon pT partly fills in the dips in
the γ -A pT spectrum. There are several theoretical predictions
for the locations and depths of these dips. A classical Glauber
calculation found the correct depths, but slightly different
locations [40]. A quantum Glauber calculation did a better
job of predicting the locations of the first minimum [10],
although that calculation did not include the photon pT , so

missed the depth of the minimum. However, quantum Glauber
calculations which included nuclear shadowing predict that,
because of the emphasis on peripheral interactions, the nuclei
should be larger, so the diffractive minima are shifted to lower
|t | [41]. For ρ photoproduction with lead at LHC energies,
this calculation predicted that the first minima should be at
about 0.0165 (GeV/c)2 without the shadowing correction,
and 0.012 (GeV/c)2 with the correction. These values are
almost independent of collision energy but depend on the
nuclear radii. Scaling by the ratio of the squares of the
nuclear radii, 1.078, the predictions are about 0.0177 (GeV/c)2

without the shadowing correction, and 0.0130 (GeV/c)2 with
the shadowing. The data are in better agreement with the
prediction that does not include the shadowing correction.

The Sartre event generator run in UPC mode at RHIC
energies [42] produces a Au nucleus recoil after ρ0 elastic
scattering with a very good agreement with the ρ0 t distribution
presented here. That is not surprising, since it includes
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FIG. 8. dσ/dt for coherent ρ0 photoproduction in XnXn events
(filled red circles) and 1n1n events (open blue circles). The filled
bands show the sum in quadrature of all systematic uncertainties listed
in Table V and the statistical errors, which are shown as vertical lines.
The red and blue lines show an exponential fit at low t , as discussed in
the text. The inset shows, with finer binning at low pT , the effects of
the destructive interference between photoproduction with the photon
emitted by any of the two ions.
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a physics model that is similar to the quantum Glauber
calculation that does not include nuclear shadowing.

An exponential function is used to characterize the spec-
trum below the first peak [0.0024 < |t | < 0.0098 (GeV/c)2].
The measured slope is 426.4 ± 1.8 (GeV/c)−2 for the XnXn
events and 407.8 ± 3.2 (GeV/c)−2 for the 1n1n events. The
XnXn slope is very similar to the ALICE measurement of
426 ± 6 ± 15 (GeV/c)−2 [8]; there is no evidence for an in-
crease in effective nuclear size with increasing photon energy.

At very small −t, |t | < 10−3 (GeV/c)2, both cross sections
flatten out and turn downward, as can be seen in the insert in
Fig. 8. This is expected due to destructive interference between
ρ0 production on the two nuclear targets [40,43].

These results are subject to the common uncertainties
from Table IV, in addition to the point-to-point uncertainties
described above and listed in Table VI. The yellow and pink
bands in Fig. 8 are the sum in quadrature of all systematic
uncertainties and statistical errors.

The shape of dσ/dt for coherent photoproduction is
determined by the position of the interaction sites within the
target. One can, in principle, determine the density distribution
of the gold nucleus via a two-dimensional Fourier transform of
dσ/dt . RHIC beam energies are high enough that, for ρ0 pho-
toproduction at midrapidity, the longitudinal density distribu-
tion may be neglected and the ions may be treated as discs. Nu-
clei are azimuthally symmetric, so the radial distribution can
be determined with a Fourier–Bessel (Hankel) transformation:

F (b) ∝ 1
2π

∫ ∞

0
dpT pT J0(bpT )

√
dσ

dt
. (8)

Figure 9 shows the result of this transform in the region
|t | < 0.06 (GeV/c)2. Several features are visible. The tails of
F (b) are negative around |b| = 10 fm. This may be due to in-
terference between the two nuclei, since the drop in dσ/dt for
|t | < 0.0002 (GeV/c)2 is due to what is effectively a negative
amplitude for photoproduction on the “other” nucleus [43].

We varied the maximum |t | used for the transform over the
range 0.05 to 0.09 (GeV/c)2. This led to substantial variation
at small b, shown by the cyan region in Fig. 9. The origin
of this variation is not completely clear, but it may be related
to aliasing due to the lack of a windowing function [44], or
because of the limited statistics at large |t |. There is much
less variation at the edges of the distribution, showing that the
transform is stable in the region 4 < b < 7 fm. The full-width
half-maximum (FWHM) of the distribution is 2(6.17 ± 0.12)
fm. This FWHM is a measure of the hadronic size of the gold
nucleus. With theoretical input, it could be compared with
the electromagnetic (proton) radius of gold, as determined by
electromagnetic scattering. The difference would be a measure
of the neutron skin thickness of gold, something that is the
subject of considerable experimental interest [45,46].

There are a few effects that need to be considered in
comparing the distribution in Fig. 9 with nuclear data.
Because of the significant qq dipole size, ρ0 production
occurs preferentially on the front side of the nucleus, and the
contribution of the central region is reduced. Since the photons
come from the fields of the other nucleus, the photon field is
not uniform across the target; it is stronger on the “near” side.
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FIG. 9. The target distribution in the transverse plane, the result
of a two-dimensional Fourier transform (Hankel transform) of the
XnXn and 1n1n diffraction patterns shown in Fig. 8. The integration
is limited to the region |t | < 0.06 (GeV/c)2. The uncertainty is
estimated by changing the maximum −t to 0.05, 0.07, and 0.09
(GeV/c)2. The cyan band shows the region encompassed by these −t

values. To highlight the similarity of both results at their falling edges,
the resulting histograms are scaled by their integrals from −12 to
12 fm. The FWHM of both transforms is 2(6.17 ± 0.12) fm,
consistent with the coherent diffraction of ρ0 mesons off an object as
big as the Au nuclei.

Finally, the interference between production on the two targets
alters the distributions at large |b|.

V. SUMMARY AND CONCLUSIONS

STAR has made a high-statistics study of ρ0, ω, and direct
π+π− photoproduction in 200 GeV/nucleon-pair gold-on-
gold ultraperipheral collisions, using 384 000 π+π− pairs.

We fit the invariant-mass spectrum to a mixture of ρ0,
ω, direct π+π−, and interference terms. The ratio of direct
π+π− to ρ0 is similar to that in previous measurements,
while the newly measured ω contribution is comparable with
predictions based on the previously measured γp → ωp
cross section and the ω → π+π− branching ratio. The
relative fractions of ρ0, ω, and direct π+π− do not vary
significantly with rapidity, indicating that they all have a
similar dependence on photon energy.

We also measure the cross section dσ/dt over a wide range
and separate out coherent and incoherent components. The
coherent contribution exhibits multiple diffractive minima,
indicating that the nucleus is beginning to act like a black disk.

This measurement provides a nice lead-in to future studies
of photo- and electroproduction at an electron-ion collider
(EIC) [47], where nuclei may be probed with photons at a
wide range of Q2 [48].
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reconstruct hadronic jets which carry kinematic information about the struck quark or gluon, as well
as its radiative properties via its substructure.

• Far-forward detector systems, in the direction of incoming hadron, are needed in order to perform
measurements of deeply-virtual Compton scattering and diffractive processes, e.g. by measuring the
small deflections of the incoming proton and suppress incoherent interactions with nuclei.

• Far-backward detectors in the direction of the incoming electron are needed to reach the very lowest
values of Q 2, and to measure luminosity for both absolute cross-section extractions as well as precision
spin dependent asymmetries.

As a response to the joint BNL/JLab call for detector proposals, this document presents the EIC Compre-
hensive QCD Experiment (ECCE), which has been designed, simulated and extensively studied by the 96
institutes in the newly-formed ECCE proto-collaboration. The ECCE detector has been designed to address
the full scope of the EIC physics program as presented in the EIC white paper [2] and the NAS report.
The specific requirements that each of the ECCE detector systems has to meet flow down, in turn, from
the more general detector requirements described in the Yellow Report. Through judicious use of select
articles of existing equipment, ECCE can be built within the budget envelope set out by the EIC project while
simultaneously managing cost and schedule risks.

The ECCE concept reuses the BaBar superconducting solenoid as well as the sPHENIX barrel flux return and
hadronic calorimeter. These two pieces of equipment are currently being installed in RHIC Interaction Region
8 (IR8) as part of the sPHENIX detector. Engineering studies have confirmed that these two components can
be relocated to IR6, the IR where the EIC project currently plans to site the on-project detector. At the same
time, should the EIC project change its plans, ECCE can be installed in IR8.

Figure 1.1: Side view of the full ECCE detector system, oriented with the hadron beam arriving from the left and
the electron beam arriving from the right.

2

acceptance out to |η|<3.5, augmented by far forward systems, 
based around the BaBAR/sPHENIX 1.5T solenoid
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Figure 2: The layout of the EIC far-forward region.

tungsten layers. For those tungsten layers, a silicon pixel layer340

is inserted instead of a pad layer. Another silicon pixel layer341

is attached in front of the first tungsten layer, for the photon342

position measurement. The W/SI calorimeter has 22 tungsten343

layers, 20 silicon pad layers, and 3 silicon pixel layers in total.344

Pb/SI sampling calorimeter: This is a calorimeter with345

3 cm-thick lead planes as absorbers and silicon pad layers as346

active materials, where the pad-layer design is as in the W/SI347

calorimeter. The use of silicon layers is for the radiation hard-348

ness and for the measurement of the neutron shower develop-349

ment. It consists of 12 lead layers and 12 silicon pad layers.350

Pb/Sci sampling calorimeter: This is to measure hadron351

shower energy and uses 3-cm-thick lead planes as absorbers352

with 2-mm-thick scintillator planes as active materials. The353

calorimeter is segmented as 10 ⇥ 10 cm2 on a plane and 15354

layers of scintillator planes will be read together, comprising a355

tower. The length of a tower is 48 cm. The Pb/Sci calorime-356

ter has 6⇥6 towers on transverse plane and has two towers in357

longitudinal direction. In total, it consists of 30 layers of lead358

planes and 30 layers of scintillator planes.359

2.2.2. Simulated performance study360

The performance of the designed ZDC was studied using the361

GEANT4 simulation [16]. In the simulation, a single photon or362

a neutron is shot at the center of the ZDC plane. The readout363

system is not implemented in the simulation but the deposited364

energy in the active materials is studied. The materials for the365

readout system were not fully implemented for the crystals and366

the scintillators layers1. Empty spaces were used to represent367

the readout planes, thus, the study provides an optimistic esti-368

mation.369

Fig. 3 shows the deposited energy in each layer of ZDC ac-370

tive materials for photons and neutrons with energy of 40 GeV.371

It shows a clear di↵erence of the ZDC response against photons372

and neutrons. Photons give more energy in the crystal layer373

and early layers in the W/Si calorimeter while neutrons contin-374

uously deposit its energy to the scintillator layers, owing to the375

di↵erence in their shower development.376

The photon energy is reconstructed from the crystal layer and
the W/SI calorimeter. In the crystal, a tower with E > 15 MeV
is taken as a seed and 3 ⇥ 3 towers build a cluster. The crys-
tal energy is smeared by 2.5%/

p
E + 1% (5%/

p
E + 1% was

also studied). In the resolutions that follow (and throughout this
paper)

p
E is taken to be in units of GeV. The energy in W/SI

calorimeter is reconstructed from a 9 ⇥ 9 cm2 region of interest
(RoI) with a scale factor corresponding to the sampling fraction.
The neutron energy is reconstructed from all the crystal, W/SI,
Pb/SI, and Pb/Sci calorimeters. The W/SI, Pb/SI, and Pb/Sci
calorimeters need scale factors in order to convert the energy
deposits in the active material to the reconstructed energy, as
corrections for the sampling fraction and the e/h compensation.
For extraction of the factors, the crystal calorimeter is taken out
from the simulation and neutrons are shot directly on the sam-
pling calorimeters. In this setup, the factors are determined by

1For the silicon planes, layers of PET are inserted as readout planes.

7

These are ECCE implementations based on the existing beam line plans 
provided by EIC project, implemented into ECCE Geant4 geometry
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exploring physics with final-state particles at pseudo-
rapidities > 4.5, e.g., di↵ractive and spectator-tagging
physics, and the associated detector/IR integration
requirements for the “far-forward” region (ion-going
direction) at the EIC [7]. Key physics topics at the EIC,
which are very demanding on far-forward detection,
include tagging and vetoing of incoherent Vector Meson
(VM) production in ePb collisions to enable studies of
gluon imaging in nuclei [12] and tagging of the spectator
nucleon in eD scattering to allow for the extraction
of free nucleon structure [13], as well as to study
Short-Range Correlations [14, 15] in the deuteron [16].

The design of the far-forward detectors and subsequent
IR integration issues are urgent at this time because the
EIC accelerator design will soon be settled, and the de-
tector technology choices are happening in parallel, with
both e↵orts requiring input from the other. Therefore,
in order to maximize the EIC physics output and design
the interaction region that is optimized for the aforemen-
tioned scientific goals, a reliable MC generator that can
describe a wide range of final-states with di↵erent kine-
matic regions is needed. In this paper, we will signifi-
cantly extend our focus from studies on exclusive observ-
ables [12] in the far-forward region to inclusive particle
production for both forward and central regions based on
BeAGLE simulations. Moreover, we will compare BeA-
GLE simulations with available fixed-target eA data to
further improve the model, and systematically study the
model parameter dependence on various observables.

The outline of this paper is as follows. A detailed in-
troduction of BeAGLE is given in Sec. II. In Sec. III,
we discuss the validation process on the PYTHIA-6 MC
model [17] using the HERA leading proton data [18].
Based on the established PYTHIA parameters, we com-
pare the BeAGLE simulations with fixed target µA data
from the E665 experiment [19]. In Sec. IV, we present
results from a systematic investigation of the collision
geometry, determined via the detection of neutrons from
the nuclear breakup. In Sec. V, we describe the future
opportunities and challenges of the BeAGLE model. Fi-
nally, a summary is provided in Sec. VI.

II. BEAGLE

BeAGLE is a hybrid model that uses modules from
DPMJet [20], PYTHIA-6 [17], PyQM [21], FLUKA [22,
23] and LHAPDF5 [24] to describe high-energy lepto-
nuclear scattering. Overall steering and optional multi-
nucleon scattering (shadowing) is provided in BeAGLE,
as well as an improved description of Fermi momentum
distributions of nucleons in the nuclei (compared to DP-
MJet). DPMJet is not designed for light nuclei, so sub-
stantial changes had to be made for the case when the
nucleus is a deuteron; details are described below. The
geometric density distribution of nucleons in the nucleus
is provided primarily by PyQM while the parton distri-
butions within that geometry are taken from the EPS09

e-

e-

A

σ

 

Nuclear geometry by BeAGLE 

& PyQM plus EPS09 nuclear 

PDF provided in LHAPDF.

Parton level interac'on, 

parton shower and jet 

fragmenta'on from 

PYTHIA. Mul'nucleon 

shadowing available in

BeAGLE.

Nuclear evapora'on, gamma 

dexcita'on, nuclear 1ssion & 

fermi break up treated by FLUKA.

A’

Intranuclear 

Cascade from 

DPMJet. Op'onal 

Energy loss e9ect 

from extended 

BDMPS in PyQM.

FIG. 1. The BeAGLE MC event generator with its main
components, e.g., PYTHIA-6, DPMJet, PyQM, and FLUKA.

nuclear parton distribution functions (nPDFs) [25]. BeA-
GLE also allows the user to provide “Woods-Saxon” pa-
rameters, including non-spherical terms, to override the
default geometric density description. The partonic in-
teractions and subsequent fragmentation process is car-
ried out by PYTHIA-6. The optional PyQM module im-
plements the Salgado-Wiedemann quenching weights to
describe partonic energy loss [26]. Hadron formation and
interactions with the nucleus through an intra-nuclear
cascade are described by DPMJet. The decay of the ex-
cited nuclear remnant is described by FLUKA, including
nucleon and light ion evaporation, nuclear fission, Fermi
breakup of the decay fragments, and finally de-excitation
by photon emission. See Fig. 1 for an illustration and the
User’s Guide here: https://eic.github.io/software/
beagle.html.
Due to the structure of the BeAGLE generator coher-

ent di↵raction is currently not included. Since the pri-
mary interaction is modeled by PYTHIA-6 at the nu-
cleon level, for any nuclear beam, the target nucleus will
break up or at least be excited in the final state. Fur-
thermore, for di↵ractive interactions, the lepton-nucleus
cross section is assumed to be A times the lepton-nucleon
cross-section, rather than calculated from first principles.
As observed in the data in ep collisions at HERA, coher-
ent di↵raction in DIS was found to be 15% of the total
inclusive DIS cross section [27], while in the nucleus, it
has been predicted that coherent di↵ractive processes can
be enhanced due to possible gluon saturation e↵ects at
high energy [28]. Measurements of coherent di↵raction
in nuclei are expected to be one of the golden channels
to study non-linear QCD e↵ects[29] at the EIC.
In this framework, the lepton-nucleus collision can be

illustrated in several steps as follows:

A. The collision is simulated by selecting a struck
nucleon in the nucleus according to a Glauber-
type model, where the nucleon level cross sec-

Incoherent processes: BeAGLE

10

Chang et al, Phys. Rev. D 106, 012007

Powerful tool, providing the only comprehensive eA generator on hand, 
and the only one that handles the full range of nuclear final states
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FIG. 6. (Color online) Differential distributions with respect to t for exclusive J/ψ (a) and φ (b) for coherent and incoherent
events. Both bSat and bNonSat models are shown.

square root of the cross-section. In order to maintain the
oscillatory structure of the amplitude we have to switch
its sign in every second minimum. We call this modified
amplitude

√

dσcoherent/dt|mod. Its Fourier transform is:

F (b) =
1

2π

∫ ∞

0
d∆∆J0(∆b)

√

dσcoherent
dt

(∆)

∣

∣

∣

∣

mod

,(22)

which is a function of impact-parameter only. In our
models the impact-parameter dependence comes from
the transverse density function TA(b). For bNonSat, F (b)
is directly proportional to the input density function,
while for bSat the relation is more complex.
In Fig. 7 we show the resulting Fourier transforms

of the coherent curves in Fig. 6, using the range where
−t < 0.36 GeV2. The obtained distributions have been
normalized to unity. For testing the robustness of the
method, we used the statistical errors in dσ/dt to gener-
ate two enveloping curves, dσ/dt(ti)±δ(ti), where δ is the
one sigma statistical error in each bin ti. The curves are
then transformed individually, and the resulting differ-
ence defines the uncertainty band on F (b). Surprisingly,
the uncertainties due to the statistical error are negligi-
ble, and are barely visible in Fig. 7.
As a reference we show (dotted line) the original input

distribution TA(b), which is the Woods-Saxon function
integrated over the longitudinal direction and normal-
ized to unity. The bNonSat curves for φ- and J/ψ-meson
production reproduce the shape of the input distribution
perfectly as is expected since the bNonSat amplitude is
directly proportional to the input distribution. For bSat,
the shape of the J/ψ curve also reproduces the input
distribution, while the φ curve does not. As explained
earlier, this is not surprising, as the size of the J/ψ me-
son is much smaller than that for φ, which makes the
latter more susceptible to differences in the dipole cross-
section between bNonSat and bSat, as seen in Fig. 3.

We conclude that the J/ψ is better suited for probing the
transverse structure of the nucleus. However, by measur-
ing F (b) with both J/ψ- and φ mesons, one can obtain
valuable information on how sensitive the measurement
is to non-linear effects. Thus, both measurements are im-
portant and complementary to each other. The results
in Figure 7 provide a strong indication that the EIC and
the LHeC will be able to obtain the nuclear spatial gluon
distribution from the measured coherent t-spectrum from
exclusive J/ψ production in eA, in a model independent
fashion.
Strictly, the integral over ∆ in eq. (22) should be per-

formed up to ∆ = ∞. In Fig. 8 we demonstrate the
effect of finite integration limits, using as an example the
φ meson curve. We show the transformation for 4 upper
values: |t|max = {0.025, 0.05, 0.1, 0.2} GeV2. The study
shows a surprisingly fast convergence towards the input
Woods-Saxon distribution.

B. Ultra Peripheral Collisions

The calculations described in this paper can also
be applied to Ultra Peripheral Collisions (UPC) at
hadron colliders, such as RHIC and the LHC. At very
large impact-parameters between colliding hadrons the
long range electromagnetic force becomes dominant over
short-range QCD. We substitute the electron’s photon
flux dnγ/dQ2dW 2 in eq. (17) with that from a proton or
an ion, as described in e.g. [35].
In Table I we list the predicted cross-sections for J/ψ

mesons produced exclusively at RHIC energy in p + p,
p+Au, and Au+Au collisions. Each cross-section is a
sum of the two possible photon directions in the events,
such that symmetric beam particles are multiplied by a
factor 2, and the p+Au cross-section is the sum of the

Incoherent processes are “background” for 
coherent processes - they hide the diffractive  
structure - but they are also signal: sensitive to 
spatial fluctuations, e.g. “hotspot” structure
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FIG. 2: Coherent and incoherent cross section as a function of

|t| calculated from the IP-Glasma framework compared with

HERA data [52, 53, 59, 60]. The bands show statistical errors

of the calculation.

production cross section, the incoherent cross section
is largely underestimated (by more than an order of
magnitude for |t| & 1 GeV2). Increasing the amount
of geometric fluctuations by using smaller quarks that
are further apart on average (Bqc = 3.5 GeV�2, Bq =
0.5 . . . 1 GeV�2), leads to an incoherent cross section
compatible with the data, while maintaining a good de-
scription of the coherent |t| spectrum. Consequently we
also expect to maintain a good description of the Q2 and
W dependence of the coherent J/ production cross sec-
tion [6] and the agreement with the di↵ractive structure
function data [27] within the IPsat model.

Note that the average distance of a constituent quark

from the center of the proton is
q

hr2qi =
p
2Bqc =

0.28 fm for the smoother proton and 0.52 fm for the
lumpy proton we consider. We also show the conven-
tional IPsat result, which has zero fluctuations and thus
zero incoherent cross section.

In the IP-Glasma framework the additional color
charge fluctuations produce a non-zero incoherent cross
section even without geometric fluctuations. The e↵ect of
this kind of fluctuations on incoherent di↵ractive vector
meson production was considered in [61] in the Gaus-
sian approximation and found to be suppressed as 1/N2

c .
The result for a round proton with Bp = 4 GeV�2 and
m = 0.4 GeV in Fig. 2 shows that these fluctuations
alone are not enough to describe the measured incoher-
ent cross section. However, the IP-Glasma model com-
bined with a constituent quark picture with parameters
Bqc = 4 GeV�2, Bq = 0.3 GeV�2, and m = 0.4 GeV pro-
duces coherent and incoherent cross sections compatible

FIG. 3: Four configurations of the proton in the IP-Glasma

model at x ⇡ 10
�3

, represented by 1 � Re( Tr V )/Nc.

with the data. This emphasizes the necessity of geomet-
ric fluctuations in a description of the transverse struc-
ture of the proton, which is in line with findings in p+A
collisions [14].
Note that even though the color charge density is sam-

pled from a proton described by the IPsat model, in the
IP-Glasma framework Coulomb tails are produced that
are regulated by confinement scale physics implemented
via the mass term m. These tails e↵ectively increase
the proton size, and when combined with the constituent
quark model, weaken the fluctuations. It is the combi-
nation of Bqc, Bq and m that characterizes the degree of
geometric fluctuations in the IP-Glasma framework. We
have checked that reducing m increases Coulomb tails
and requires the reduction of Bqc and Bq to maintain
agreement with the experimental data.
In the limit t ! 0 the incoherent cross section gets

only a small contribution from geometric fluctuations.
However, color charge fluctuations in the IP-Glasma
model and possible Qs fluctuations are important in this
limit. The geometric fluctuations start to dominate at
|t| & 0.1 GeV2. See Ref. [17] for a more detailed discus-
sion.
Fig. 3 shows example proton configurations in the IP-

Glasma model with constituent quarks, demonstrating
the strong shape variations required to achieve compati-
bility with experimental data. For simplicity, the quan-
tity shown is 1 � Re(TrV )/Nc.
Similar to the color charge fluctuations in the IP-

Glasma framework, saturation scale fluctuations alone
result in an incoherent cross section, which is orders of
magnitude below the experimental data. The coherent

protons 
roman pots 
& OMD neutrons  

ZDC

low-E γ  
ZDC

Pb > Au due to photon de-excitation

Phys.Rev.D 104 (2021) 11, 114030
Detailed study by Chang et al

Schenke & Mäntysaari (2016)



• Performed in the context of the ECCE proposal 
• Last developed in mid January 2022


• Incorporated responses to original proposal in Dec 2021 
• Supersedes essentially all of the plots included there!


• Homework provided by the DPAP committee, requesting 
a specific charge to make it easier to compare the 
proposals

Initial studies of eA in ECCE
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e+Pb 
18+110 GeV/A (108.4) 
low xV (not x) 
10 fb-1/A = 50 pb-1 

ee and µµ modes



• Identifying exclusive processes 
• In this context, treated as a simple problem

• Events with a scattered electron and two opposite-charged tracks, satisfying 

mass constraint

Tracks required to pass PID selections 
Association with ECAL clusters used to tag electrons, with the absence of a tags 
identifying muons 
With ee final state, the two tracks closest to Mψ were assigned to J/ψ 

• Measuring the scattered electron 
• low Q2 e’ emitted at small angles - most challenging region


• Extracting t 
• Cannot observe scattered nucleus, use t = e’ + J/ψ, approximated as its pT2


• Background contributions - still not well known 
• Hadronic contamination


Not yet considered in this channel - will need to study high statistics inclusive PYTHIA6 
sample  

• Non-physics signals, e.g. from noise & synchrotron radiation

Very hot issue, with simulation framework being developed for ePIC

Initial studies in eA, contd.

13



• e’ energy adjusted to obey kinematic 
constraint (correct for coherent) 
• Called “method K”

• Scale factor applied to e’ 4-vector to satisfy 

nuclear mass constraint

e+A = e’+A’+J/ψ → M2A’ = (A - (Se’-e) - ψ)2 = M2A 
Solve for S (just a bit of 4-vector algebra) 

• Correction required to be small to guarantee 
well-reconstructed scattered electron


|S-1|<0.03 - requires additional efficiency 
correction  

• Simple efficiency corrections to arrive at 
cross sections 

Coherent x-sect based on Sartre 1.37 
Incoherent is BeAGLE 1.1 normalized to Sartre 
incoherent - full spectrum of final states

Further challenges!
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Accepted events required two positive tags on decay products 
and a confirmation of electron candidate - otherwise event is rejected 

95% PID efficiency for µµ and 85% for ee (gaps in calo acceptance) 
Electron/muon contamination after tagging both leptons found to be negligible.

ECCE preliminary 
µµ channel

ECCE preliminary 
ee channel

extra clusters: 
showering

missing clusters



• Q2 and xV calculated after 
correcting e’ 4-vector 

• Q2 restricted to 1-10 GeV2 

• Some loss at boundaries due 
to this range also being 
applied to truth (a no-no for a 
proper unfolding)


• xV < 0.01 is a very tight 
selection on the J/ψ 
• Nearly 40% of the cross 

section removed, relative to 
original selection x<0.01


• Interesting question: is this 
stronger cut better for 
physics, e.g. saturation?

Kinematic selections
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• At IR6, EIC beams will cross at 25 mrad relative to each other 
• Electron beam will be along Z axis, while hadron beam arrives and leaves 25 mrad off axis 


• Sounds like a detail, but an important one to be cognizant of! 
• Many people were tricked at first when they looked at the output of their generators!


• Everything simulation here has the angle applied (boost then rotation) 
• Every kinematic quantity has the inverse transform (anti-rotation then anti-boost) applied before plotting!

Crossing angle
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In this work, using 
approximation:


t ~ pT2 

sometimes called tT2



Need for kinematic constraint
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µ
η>100 MeV,

µT
>1 GeV,pµP

e' ECCE tracker, B=1.4T
e' ECCE tracker, B=3T
e' track+clus, B=1.4T
e' track+clus, B=3T
e' track+EEMC response, B=1.4T
e' track+EEMC response, B=3T

• Primary limitation on this measurement is the e’ response:

• Tracker alone has too poor a resolution in the far backward region

• EEMC simulation quite close to “ideal” PWO response (crystal ball,  

based on ECCE sims) but low energy tails induce larger t

• Selections on size of method K correction control tail contribution,  

at cost of requiring detailed data/MC agreement

• Limited improvement from “method L”, kinematic constraint based on E+pz
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Coherent-only cross section
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• Efficiency defined as simple integral of reconstructed counts over truth

• Efficiency vs Q2 is mostly constant but composed of many parts


• e’ efficiency (track & cluster), charged decay products, PID cuts, kinematic 
constraints, etc. 


• 40% for ee, 60% for µµ

• Tracking resolution sufficient for observation of “kinks” in the µµ channel


• Direct µID in detector 2 may be important, deserving of study (cf. Pavel’s talk next!) 



Cutting incoherent backgrounds
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Incoherent contributions removed by successive application of selections 
in the forward detector system: ZDC neutrons, RP+OMD, B0, ZDC photons (> 50 MeV)

Chang et al, Phys.Rev.D 104 (2021) 11, 114030, 
similar studies done for ECCE

Figure 58: Top left and right plots show RP occupancy xL versus ✓ in BeAGLE for layer 1 and layer 3 (near the secondary focus) while the 10� beam cut is not
applied; bottom left and right show the same for the case when the 10� beam cut is applied. xL is defined as the rigidity fraction: (p/Z)/(p/Z)beam. Note the di↵erent
scales on the plots.
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Roman pot acceptance limited for e+Pb esp. in IR6, much improved for e+Zr in IR8 (see 2208.14575) 
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FIG. 4. Distribution of the momentum transfer |t| for
incoherent J/ production in ePb collisions with 18 GeV
on 110 GeV at the EIC. Di↵erent lines indicate results after
di↵erent vetoing requirements.

vetoing particles with |⌘| < 4.0 and pT > 100 MeV/c

other than the scattered electron e
� and J/ has a very

small impact , because no other events categories, i.e DIS,
were included in this study. Fig. 4 shows that vetoing on
protons, neutrons, and photons are all important and
contribute to a significant reduction of the background.
After veto.7, the residual contribution is about 1–20%
of the total events, depending on the value of |t|. For
veto.7, we set a 50 MeV cut as the minimum detection
energy of photons. Detecting such low energy photons
in the ZDC above background is challenging, therefore
we also investigate the e↵ect of a higher cut of 100 MeV.
A photon cut of 100 MeV would lead to the fraction of
surviving events after veto.7 of about 2.18% of the total
events vs. 2.05% for the default 50 MeV cut, as shown in
Table III in Appendix B.

Furthermore, the relative magnitude and position of
the three coherent di↵ractive minima based on the Sartre
model [10] are shown in Fig. 4 by the red arrows. The
di↵erence between the upper and lower bar indicates the
di↵erence assuming a saturation and a non-saturation
model [10]. Even though the result from the Sartre model
is for eAu collisions and the BeAGLE study in this paper
uses ePb collisions, they are close enough to make this
comparison. If one wants to reach the three minima as
required to image the parton spatial distribution inside of
a nucleus, we find the vetoing e�ciency needed is around
99.8% at the t location of the third minimum. The
current result shown in Fig. 4 is found to be just enough

to reach the first minimum, where the needed vetoing
e�ciency is about 90%. Based on the Yellow Report [15]
study, not suppressing the background to the level of
these minima, the Fourier transformation to obtain
the gluon density distributions would be significantly
smeared. So far with the current forward interaction
region design and the BeAGLE model, there is at least
a factor of 4 or more suppression needed to reach the
second and third minima.

The scattering angle ✓ versus total momentum p after
veto.7 for protons, neutrons, and photons of the residual
events are shown in Fig. 5. The insert in each panel show
the particle multiplicity distributions, for both before
and after vetoing. The vetoing e�ciency for neutrons,
protons, and photons are more than 99%. The dominant
residual particle among the three is the photon, especially
photons with very low energy. The multiplicity of the
surviving events is peaked at low multiplicity, because the
particles there are in a single event, the more likely it can
be vetoed. High multiplicity events are also more likely
to have soft particles, which are further away from the
nominal beam momentum. These particles are easier to
be vetoed; therefore, high multiplicity events are almost
always rejected.

The surviving events not only have low particle
multiplicity but also contain high mass nuclear remnants
(e.g., for Pb with A=208, A=207, A=206, etc.) with
momenta close to the beam. The mass number
distribution for nuclei of total and surviving events after
veto.7 are shown in Fig. 6(a). Examining the residual
events, the mass number A is greater than 200 and
peaks at 208, which is primarily due to events with
only photon emission from an excited Pb

208 nucleus.
Figure. 6(b) shows the scattering angle as function of
the total momentum for nuclei for these residual events,
the momentum is large and the scattering angle is less
than 0.05 mrad. The rigidity change of these nuclei is
presented as the ratio with respect to the beam rigidity,
see sub-panel of Fig. 6(b). The black solid line shows
the distribution of events with momentum transfer |t|
less than 0.04 GeV2 and the red dashed line is for events
with 0.04 < |t| < 0.14 GeV2. The ratio for both |t|
ranges is between 0.97 to 1.03, which makes it extremely
di�cult to detect. Based on these numbers, these nuclei
will remain in the envelope of the beam at IP6.

Finally, we have also investigated the impact of the
beam pipe on the veto e�ciency. The results with and
without beam pipe are shown in Fig. 7. The green
line represents the distribution of the residual events
including a beam pipe in the simulation while the blue
line shows the result without the beam pipe. As one can
see, without the beam pipe, the t-averaged veto e�ciency
is close to 99% in total after veto.7 and found to be
enough to reach the first, second, and third minimum
of the momentum transfer |t| distribution. We studied
also the dependence of the veto e�ciency on the beam
pipe material. The surviving events after veto.7 with
an Aluminum beam pipe are 2.46%, which is almost

ZDC n
RP+OMD
B0
ZDC 𝛄

IR8



Coherent+incoherent background
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• Total J/ψ yield compared to signal (filled) and incoherent (dashed histogram) 
• Expect improvements with further optimization of detector design (e.g. B0 EMCal) 

and analysis methodology  


• Backgrounds modest up to second diffractive peak 
• Cut more effective at larger t, but signal distribution drops rapidly



Incoherent cross section only
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Events selected using “anti-veto” of the selections used for coherent x-sect.


Correction to convert reconstructed to final is a polynomial fit (for smoothing) 
to truth/reco of yield vs. pT2. Uncertainties are identical to coherent case.


~Flat distribution in t, so comparable performance for electrons and muons
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Estimates of systematics
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Limits on observing dips
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measurement resolution 
(both e’ and J/ψ) limit ability 
measure (or even see)  
diffractive dips

incoherent background can 
only be removed so much, 
esp. with acceptance of IP6 
used here (ATHENA reported 
similar issues)

Begs the question: can these 
distributions be unfolded?



Unfolding
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Sartre+BeAGLE, just to 
build response which 
populates both branches: 
truth reweighed to observed: 
identifies problem as tails  
extending from t~0

Kinks in final distributions  
sufficient to start unfolding 
in right direction, but no  
obvious convergence

response

simple exercise, using Sartre only, 
and Bayesian unfolding (in ROOT)



Unfolding
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• Great interest in heavy ion physics 
about what we can study about 
deformed nuclei 
• yet another application of imaging using 

the QGP! 


• Vector meson photo production 
sensitivity depends on process 
• Incoherent processes see different 

anisotropy orders in different t regions

• Coherent processes have some 

sensitivity at high t

• Inoherent/coherent ratio can be used to 

cancel our understanding of J/ψ wave 
function


• Will hear more from Bjoern tomorrow!

What can we do with incoherent at EIC?
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3

width Bq. The hot spot positions b?,i are sampled from
a two-dimensional Gaussian distribution whose width is
denoted by Bqc, and the center-of-mass is shifted to the
origin at the end. In this work, we use the Maximum
a Posteriori (MAP) parameter set from Bayesian analy-
sis where the geometry parameters at xP ⇡ 0.0017 are
constrained by the exclusive J/ production data from
HERA [23].

To model the geometric shape of large nuclei, we first
sample nucleon positions from a Woods-Saxon distribu-
tion

⇢(r, ✓) =
⇢0

1 + exp[(r �R0(✓))/a]
, (6)

with R0(✓) = R[1+�2Y 0
2 (✓)+�3Y

0
3 (✓)+�4Y

0
4 (✓)], and ⇢0

is the nuclear density at the center of the nucleus. Here
R is the radius parameter and a the skin di↵useness, and
✓ is the polar angle. A random rotation is applied after
the sampling process. The spherical harmonic functions
Y m
l (✓) and the parameters �i account for the possible

deformation from a spherical shape. The default Woods-
Saxon parameters for uranium are �2 = 0.28, �3 = 0,
�4 = 0.093, a = 0.55 fm, and R = 6.81 fm [7–12]. Fol-
lowing [12, 47], we further impose a minimal distance of
dmin = 0.9 fm between nucleons when sampling in three
dimensions.1

We also study smaller nuclei below. For the case
of the nucleon density distribution of 20Ne, we use re-
sults from the ab initio Projected Generator Coordinate
Method (PGCM) [29, 30, 48, 49]. We also compare to the
case of a spherical 20Ne nucleus described by a Woods-
Saxon distribution with parameters obtained in low en-
ergy electron-nucleus scattering [50]. In this case the
parameters are the radius R = 2.8 fm, and skin depth
a = 0.57 fm. For 16O we employ the nucleon density
distribution used in [51], which is obtained from a vari-
ational Monte-Carlo method (VMC) using the Argonne
v18 (AV18) two-nucleon potential+UIX interactions [52].

3. Sensitivity of exclusive scattering to nuclear deforma-
tions. Eq. (1) shows that the coherent cross section is
sensitive to the average scattering amplitude and as such
probes the average structure of the target. The incoher-
ent cross section, Eq. (2), measures the scattering am-
plitude fluctuations between the di↵erent possible color
charge configurations. Measuring the total momentum
transfer �? allows to constrain the geometry fluctua-
tions in the target at length scales ⇠ 1/

p
�t. To de-

termine how sensitive the future EIC measurements are
to the nuclear deformations in the currently unexplored

1 When a nucleon is added and violates the minimum distance
criterion with one or more already sampled nucleons, we resample
its azimuthal angle � to keep the distributions of radial distances
and polar angles unchanged [47].

] 2 [GeVt
0 0.01 0.02 0.03 0.04

]
 2

/d
t [

nb
/G

eV
σd 410

510

610

710

 
 
 

=0.50
2
β 

=0.28
2
β 

=0.00
2
β 

Coherent   Incoherent

-3 10× = 1.7 p + U*, xΨ+U -> J/γ

(a)

] 2 [GeVt
0 0.01 0.02 0.03 0.04

]
 2

/d
t [

nb
/G

eV
σd 410

510

610

710
 
 
 

=0.50
3
β 

=0.30
3
β 

=0.00
3
β 

Coherent   Incoherent

(b)

] 2 [GeVt
0 0.01 0.02 0.03 0.04

]
 2

/d
t [

nb
/G

eV
σd 410

510

610

710
 
 
 

=0.50
4
β 

=0.30
4
β 

=0.093
4
β 

Coherent   Incoherent

(c)

FIG. 1. Coherent and incoherent J/ photoproduction cross
sections at xp = 1.7⇥ 10�3 in e+U collisions for di↵erent �2
(a), �3 (b) and �4 (c) values. The bands show the statistical
uncertainty of the calculation.

small-x region, we vary one of the Woods-Saxon deforma-
tion parameters �2, �3 or �4 of uranium, while keeping
the others set to their default values.

Figure 1 shows the e↵ect of di↵erent levels of
quadrupole (�2), octupole (�3) and hexadecapole (�4)
deformation on the coherent and incoherent �⇤ + U !
J/ + U(⇤) cross sections for a photon virtuality of
Q2 = 0GeV2. Increasing the degree of deformation leads
to increasing incoherent cross sections. For example,
with a realistic �2 = 0.28 the incoherent cross section
at |t| ⇠ 0.01 GeV2 is increased by a factor ⇠ 5 compared
to the case with an assumed spherical uranium target
with �2 = 0.0. This large enhancement is a result of the

Mäntysaari, et al, 2303.04866



ALICE data on incoherent J/ψ
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|t|-dependence of incoherent J/y photonuclear production ALICE Collaboration

2.5 3.0 3.5 4.0 4.5
)2c (GeV/µµm

0
20
40
60
80

100
120
140
160
180
200
220

2 c
C

ou
nt

s 
pe

r 2
0 

M
eV

/  = 5.02 TeVNNsPb −ALICE, Pb

-µ +µ → ψJ/
-1bµ 7 ± = 232 intUPC, L

c < 1.0 GeV/
T
p0.2 < 

| < 0.8y|
 26± = 512 ψJ/N

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
)c (GeV/

T
p

10

210

310

Tp
/d

Nd

 = 5.02 TeVNNsPb −ALICE, Pb
2c < 3.2 GeV/µµm3.0 < 

| < 0.8y|

-µ +µ → ψJ/
-1bµ 7 ± = 232 intUPC, L

data
ψcoherent J/
ψincoherent J/

 with nucleon diss.ψinc. J/
' decayψ from coh. ψJ/

' decayψ from inc. ψJ/
model

Figure 1: Left: Invariant mass distribution of muon pairs (full symbols) and fit to a model (solid blue line, see
text). Right: transverse momentum distribution of muon pairs with 3.0 < mµµ < 3.2 GeV/c2 (full symbols) and fit
to a model (solid blue line) along with the different contributions to the fit (other lines, see text).

The J/y yield originates from three contributions: coherent and incoherent production, as well as feed-
down from y 0 diffractive photoproduction. The yield from incoherent production, Ninc

J/y , was computed in
each |t| range as Ninc

J/y = NJ/y/(1+ fC+ fD), where fC ( fD) is the ratio of the number of J/y from coher-
ent (feed-down) to incoherent production. These ratios were determined from a binned extended likeli-
hood fit to the transverse-momentum distribution of the J/y yield in the range 3.0 < mµµ < 3.2 GeV/c2.
The J/y yields were obtained by performing in each bin a fit to the invariant mass distribution, using
the model described above. The fit to the transverse-momentum distribution is shown in the right panel
of Fig. 1. The data were fitted to the sum of five templates. Four of them come from the STARlight
Monte Carlo [37] and describe the contributions of coherent and incoherent production of both J/y and
y 0, which are assumed to be transversely polarised. Note that the STARlight implementation of the inco-
herent process does not include the dissociative contribution. For this reason a fifth template was added,
which uses the H1 parameterisation of dissociative production off protons [12]. In this parametrisation,
the values corresponding to the H1 high-energy sample were used. Although the parameters were ob-
tained for free protons, they describe well the shape of the distribution, as shown in Fig. 1. The template
for coherent J/y production was tuned to describe the shape of data at low |t|. The normalisation of the
templates to account for feed-down was constrained taking into account the acceptance and efficiency of
each decay channel and the measured ratio R of the coherent y 0 to J/y cross sections [19], thus leaving
the normalisations of the templates describing coherent, incoherent and dissociative J/y photoproduc-
tion as free parameters. The value of R was assumed to be the same for the ratio of incoherent cross
sections, which has not yet been measured. The values for fC and fD are listed in Table 1.

The photonuclear cross section in each |t| interval was computed as

dsgPb

d|t| =
1

2ngPb

Ninc
J/y

(Acc⇥ e)inc
J/y ⇥BR(J/y ! µ+µ�)⇥L ⇥Dy⇥D|t|

, (1)

where ngPb = 84.9± 1.7 is the photon flux at y = 0, obtained in the semiclassical formalism following
the prescription detailed in Ref. [38]; the branching ratio BR(J/y ! µ+µ�) = (5.961± 0.033)% is
from Ref. [39]; the luminosity L = (232±7) µb�1 was determined using reference triggers with cross
sections measured in van der Meer scans [40]; and (Acc⇥ e)inc

J/y is the acceptance times efficiency. This
last term is the product of three contributions. The first one takes into account the response of the detector
to the muon tracks; this contribution was obtained from generated STARlight events which were passed
through a simulation of the ALICE detector using GEANT 3.21 [41] and the full analysis chain. As
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|t|-dependence of incoherent J/y photonuclear production ALICE Collaboration
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Figure 2: Cross section for the incoherent photoproduction of J/y vector mesons in ultra-peripheral Pb–Pb colli-
sions at

p
sNN = 5.02 TeV measured at midrapidity. The uncorrelated uncertainty (statistical and systematic added

in quadrature) is indicated with the vertical bar, while the correlated uncertainty by the grey band. The width of
each |t| range is given by the horizontal bars. The lines show the predictions of the different models described in
the text. The bottom panel presents the ratio of the integral of the predicted to that of the measured cross section
in each |t| range. The relative uncertainties on the ratios calculated from GSZ are 45%.

at a sub-nucleon scale. These results confirm the importance of sub-nucleon fluctuations to describe
the measured incoherent J/y process at high energies, representing the first experimental step to use
the quantum fluctuations of the gluon field to search for saturation effects in heavy nuclei. In addition,
this measurement, when confronted to models, demonstrates that the contribution of the dissociative
component to the total incoherent cross section depends on |t|. Thus, future analyses shall study the
incoherent production of J/y as a function of rapidity and |t| [47]. Finally, this analysis, together with
recent measurements [18, 20], indicate that new or improved theoretical models are needed to describe
simultaneously the energy and |t|-dependence of both the coherent and the incoherent processes of J/y
photoproduction, to gain a better understanding of saturation effects at a more fundamental level.
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First results are already starting to appear from the LHC: 
Incoherent J/ψ production from ALICE (in the µµ channel at |y|<0.8) 
can be extracted as a function of |t|=pT2, and compared to models.


No-one describes data completely, but sub nucleon structure appears 
to be needed 

3 hot spots

elastic+dissociative 
+shadowing

no hot spots

no dissociative

ALICE, 2305.06169
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corresponding to W
Pb
gN > 40 GeV, the direct connection between the measured cross section and

the single gluon density function, as in the weak absorption limit, no longer holds. Instead, the
cross section will reach the unitarity limit while the gluon density can continue increasing.
Therefore, new theoretical approaches are needed to understand the structure and dynamics of
the strong force for a heavy nucleus in this new domain of extreme gluon density.
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Figure 4: The nuclear gluon suppression factor R
Pb
g as a function of Bjorken x extracted from

the CMS measurement of the coherent J/y photoproduction in PbPb UPCs at
p

s
NN

= 5.02 TeV.
Approximated results (implied by the asterisk) from the ALICE [13, 15] and LHCb [17] ex-
periments are displayed for specific rapidity regions, where the two-way ambiguity effect
is expected to be negligible. A measurement of J/y photoproduction from the E691 experi-
ment [64, 65] is also given. The x values are evaluated at the centers of their corresponding
rapidity ranges. The vertical bars and shaded and open boxes represent the statistical, exper-
imental systematic, and theoretical systematic uncertainties, respectively. The latter is due to
the uncertainties in the photon flux and the IA. Predictions from various theoretical calcula-
tions [34, 57, 58, 60] are shown by the curves.

In summary, the first measurement of the coherent J/y photoproduction cross section off lead
nuclei, as a function of the photon-nuclear center-of-mass energy per nucleon (WPb

gN) has been
presented over a broad energy range. In a coherent process, the J/y is produced by the photon
interacting with the nucleus as a whole. Results are obtained with ultraperipheral PbPb colli-
sion data by applying the forward neutron tagging technique. The cross section is observed to
rise rapidly at low W

Pb
gN but appears to plateau above W

Pb
gN ⇡ 40 GeV, up to 400 GeV, where a

new regime of gluon momentum fraction (Bjorken x ⇡ 6 ⇥ 10�5) in a heavy nucleus is probed.
This observed trend is not predicted by current theoretical models. This can be interpreted

New results on coherent J/ψ, disentangling the photon emitter 
(and thus the kinematics) using the CMS ZDCs!

CMS 2303.16984
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Figure 1: Rapidity-differential coherent exclusive J/ photoproduction cross section vs. rapidity in Pb+Pb UPCs at
p
sNN =

5.02 TeV (upper panel) and 2.76 TeV (lower panel), computed with EPPS16 nPDFs, and scales µ = MJ/ /2, 0.76MJ/ and
MJ/ . For the references to the LHC data shown, see [6]. Figure from [6].

Figure 2: Exclusive J/ photoproduction cross section in � + p collisions vs. c.m.s. energy W , computed with CT14NLO
PDFs [14] and scales µ/MJ/ = 2, 0.76 and 1. For the references to the HERA and LHC data shown, see [6]. From [6].
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Eskola et al, PRC 106 035202 (2022)

NLO calculations clearly have a very strong scale dependence! 
Many intertwining aspects of this problem - what about ϒ?  

(challenging due to huge continuum background!)



• Enormous physics potential for J/ψ and other vector mesons at the EIC 

• Topic of major interest for ePIC! 
• see talk by Kong Tu later today!


• Initial studies performed by ECCE & ATHENA for EIC detector proposals  
• Expect improvements with more sophisticated detector design and 

reconstruction


• Models already being developed using HERA data, and concepts being 
challenged by UPC data   
• What else should RHIC & LHC be doing in next few years to help with this


• Need more discussion on how deep the dips will be 
• Lots of debate so far on whether well-known nuclear effects,  

and more realistic calculations, will smear these out


• What about other diffractive processes, esp. inclusive 
• Golden channel for saturation

• Exciting to see developments along these lines, both  

experimental and theoretical!

Prospects 
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ELECTRON SCATTERING AN D NUCLEAR STRUCTURE

it should not be very long before this procedure will
become valuable. In inverting Eq. (17) one obtains

1
p(r) = F(q) sin(qr)qdIt.

2x'r ~0

A useful fitting procedure has also been given by
Schiff27 for comparing the form factor F with a certain
experimental quantity he finds which should agree with
Ii if the correct model has been chosen.

IO 24

LLJ
IO-25

~ IO '6

ol-
1L1 IO
CO

— PHASE SHIFT ANALYSIS, GOLO——PHASE SHIFT ANALYSIS, COPPER——BORN APPROXIMATION

POINT CHARGE

~

0.9.
'08
0.7
0.6
0.5
0.4

03
EV

0.2

O. I

,080.5 2 4
202

IO

FIG. 4. The square of the form factor for several useful charge
distributions at small values of qu. The model numbers refer to
the charge densities of Table I. The graph was prepared by E. K.
Chambers.

"Brenner, Brown, and Elton, Phil. Mag. (7) 45, 524 (1954).
N Elizabeth Baranger, Phys. Rev. 93, 1127 (1954).

(c) Phase-Shift Analysis of Electron Scattering
The work of Yennie, Ravenhall, and Wilson' '

Brenner, Brown, and Elton, "and Elizabeth Baranger, "
showed conclusively that, for most nuclear models of
medium and heavy elements, the exact elastic scat-
tering cross sections departed markedly from those
furnished, by the first Born approximation. There
appear to be two principal types of discrepancies, both
apparent in Fig. 5, which is taken from the paper of
Yennie et a/. ' This 6gure refers to a uniform charge
distribution in gold corresponding to an energy of
about 150 Mev, and a similar charge distribution in
copper corresponding to an energy of about 225 Mev.
First, the Born approximation puts true zeroes into the
form factors, while the accurate calculations show
minima rather than true zeroes and in some cases only
points of inflection corresponding to the zeroes of the
first Born approximation. In the second. place, radii
determined from the Born approximation are, in
general, larger than the exact calculations show. This
may be made plausible by noticing the fact that the
de Broglie wave of the incident electron appears to be
shorter inside the nuclear electric force 6eld than it is
when free. This follows from the simple consideration
that the effective kinetic energy appears to be greater
within the field than outside the field because of the
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FiG. 5. Phase shift analyses by Yennie et a/. ' ' for uniform
spherical models of gold and copper. The point charge curves are
shown as well as Born approximation results for all cases. The
data refer to gold at approximately 150 Mev and copper at 225
Mev.

potential trough. The Born approximation does not
take this fact into account. Since all lengths are
measured by the electrons in units of X, the nucleus
appears larger in the Born approximation, where A. is
not a6ected by the nuclear field, than in the exact case.
Another way of saying this is that the di6raction
features are associated with a given value of qR, where
R is a typical radius parameter. Since qR~R/K, a
given diGraction feature will yield a smaller value of R,
if X is smaller than in free space. An argument of this
type was given by Yennie et al. ,"but later it appeared
that the Gaussian and exponential charge distribution
did not conform exactly to the expected behavior.
Perhaps the latter fact arises because the Gaussian and
exponential charge distributions give monotonic angular
distributions and, therefore, exhibit no diffraction
features, a point upon which the plausibility argument
rests. This matter is of some interest in understanding
the physical features of the scattering phenomenon and
it is to be hoped that an explanation may be forth-
coming.
In any case, it is established that the first Born

approximation may not be used for the heavy elements.
In the case of copper, Fig. 5 shows that the Born
approximation is much better than in gold, though by
no means adequate. It is particularly bad in the neigh-
borhood of the di6raction minima, which correspond
to the true zeroes of the Born approximation. For
nuclei with Z less than 10, the Born approximation will
be satisfactory except right near the zeroes.
One reason why the first Born approximation is not

good has been pointed. out by Yennie et al." These
authors Qnd that the scattering amplitude, a complex

Hofstadter 
1956


