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Spatial Properties of the Nucleon

• 1+2 dimensional tomography
§ 𝑞 𝑥, 𝑏 − &𝑞(𝑥, 𝑏), 
§ 𝑞 𝑥, 𝑏 + &𝑞(𝑥, 𝑏), 
§ G(x,b)

• Longitudinal momentum x determined by (e,e’) kinematics
• Transverse momentum transfer Δ⟘ Fourier-conjugate to impact parameter b
• No reason to suppose common spatial distributions 

• Pion cloud concept implies 𝑞 + #𝑞, spatially broader than 𝑞 − #𝑞
• Gluon radius of proton?
• “Proton radius = ∫ 𝑏! 𝑞 𝑥, 𝑏 − #𝑞(𝑥, 𝑏) 𝑑𝑥
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Exclusive scattering on the Nucleon
• eNàeN𝛾
• eNàeNV,   V = 𝝆0, 𝜙, J/𝛹, …etc.
• No direct measurement of q(x,b), but strong constraints, (dispersive 

integrals, etc.) 
• Flavor sensitivity (u,d,s) from

§ epà ep𝛾 vs.   enà en𝛾
§ epà ep 𝝆0 vs. epàen𝝆+ or epàepω
§ epà eK+𝛬

• Quark vs. Gluon sensitivity
§ epà ep𝛾 , 
§ epà ep𝜙, 
§ epà ep J/𝛹
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Exclusive Scattering on Nuclei

• e ZAà e ZA𝛾, e ZAà e ZA𝜙, e ZAà e ZAJ/𝛹, etc.
• Convolution of nucleon spectral functions in nuclei

with nucleon GPDs
§ R.Dupre, S.Scopetta EPJA 52 (2016) 159 à
§ S.Fucini, S.Scopetta, M. Viviani, PRC 98 (2016) 015203

• TOPEG Event generator
§ S. Liuti, S. Taneja, PRC 72 (2005) 034902.
§ V. Guzey, arXiv.org:0907.4124 [hep-ph]

2 Raphaël Dupré, Sergio Scopetta: 3D Structure and Nuclear Targets

tensor, the spatial distribution of shear-forces experienced
by the partons in the nucleus could be experimentally ac-
cessed. In the third section, the general issue of modifica-
tions of nucleon GPDs in the nuclear environment will be
reported. In the fourth section, the possibility to use light
nuclear targets to have a flavor separation of GPDs and
TMDs is described. The fifth section is dedicated to the
modification of parton transverse momentum in nuclei,
to be studied through SIDIS and the TMD framework,
in particular to its interplay with the nuclear transport
parameter measured in hadronization experiments. Con-
clusions are eventually drawn in the final section.

1 Non-nucleonic degrees of freedom in nuclei
from nuclear GPDs

The first paper on nuclear GPDs [4], concerning the deu-
teron, contained already the crucial observation that the
knowledge of GPDs would permit the investigation of the
interplay of nucleon and parton degrees of freedom in the
nuclear wave function. In standard DIS off a nucleus with
four-momentum PA and A nucleons of mass M , this in-

formation can be accessed in the region where xBj =
Q2

2Mν
is greater than 1, ν being the energy transfer in the lab-
oratory system and Q2 the momentum transfer. In this
region, kinematically forbidden for a free proton target,
very fast quarks are tested and measurements are there-
fore very difficult, because of vanishing cross-sections. As
explained in [4,6], a similar information can be accessed
in DVCS at lower values of xBj .

To understand this aspect, it is instructive to analyze
coherent DVCS in Impulse Approximation (IA). Let us
think, to fix the ideas, to unpolarized DVCS off a nucleus
with A nucleons, which is sensitive to the GPD HA

q only.
This has been treated in [6] for the deuteron target, in [7]
for spin-0 nuclei, in [8] for nuclei with spin up to 1, in [9]
for 3He and in [10] for 4He. In IA, HA

q is obtained as
a convolution between the non-diagonal spectral function
of the internal nucleons and the GPD HN

q of the nucleons
themselves.

The scenario is depicted in fig. 1 for the special case
of coherent DVCS, in the handbag approximation. One
parton with momentum k, belonging to a given nucleon
of momentum p in the nucleus, interacts with the probe
and then reabsorbed, with momentum k+∆, by the same
nucleon, without further re-scattering with the recoiling
system of momentum PR. Finally, the interacting nucleon
with momentum p+∆ is reabsorbed back into the nucleus.
The IA analysis is quite similar to the usual IA approach
to DIS off nuclei, the main assumptions being: (i) the nu-
clear operator is approximated by a sum of single nucleon
free operators, i.e., there are only nucleonic degrees of free-
dom; (ii) the interaction of the debris originating by the
struck nucleon with the remnant (A - 1) nuclear system
is disregarded, as suggested by the kinematics (close to
the Bjorken limit) of the processes under investigation;
(iii) the coupling of the virtual photon with the specta-
tor (A-1) system is neglected (given the high momentum

 (p)N )Δ (p’=p+N

k Δk+

*γ γ (q) )Δ (q-

 (P)A )Δ (P’=P+A
A-1

Fig. 1. The handbag contribution to the coherent DVCS pro-
cess off a nucleus A, in IA.

transfer), (iv) the effect of the boosts is not considered
(they can be properly taken into account in a light-front
framework). It turns out that HA

q can be written in the
form:

HA
q (x, ξ,∆2) =

∑

N

∫ 1

x

dz

z
hA
N (z, ξ,∆2)HN

q

(

x

z
,
ξ

z
,∆2

)

(1)

where ξ = −∆+/2P̄+ and ∆2 = (p−p′)2 are the skewness
and the momentum transfer to the hadron, respectively,
P̄ = (p+ p′)/2 and

hA
N(z, ξ,∆2) =

∫

dE

∫

dpPA
N (p,p+∆, E)

× δ

(

z + ξ −
p+

P̄+

)

(2)

is the off-diagonal light-cone momentum distribution of
the nucleon N in the nucleus A. Our definition of the
light-cone variables is, given a generic four vector aµ, a± =
(a0±a3)/

√
2. PA

N (p,p+∆, E) is the one-body off-diagonal
spectral function, firstly introduced in [9], where it is cal-
culated for the 3He target. E = Emin+E∗

R is the so called
removal energy, with Emin = |EA|− |EA−1| and E∗

R is the
excitation energy of the nuclear recoiling system.

One should notice that eq. (1) fulfills the general prop-
erties of GPDs [3], i.e., the forward limit reproduces the
standard nuclear PDF in IA, the first x-moment yields
the IA form factor. The polynomiality property is fulfilled
formally but in any calculation using non-relativistic wave

functions it is actually valid only at order O( p2

m2 ).
By taking the forward limit (∆2 → 0, ξ → 0) of eq. (1),

one gets the expression which is usually found, for the par-
ton distribution qA(x), in the IA analysis of unpolarized
DIS:

qA(xBj) = HA
q (xBj , 0, 0)

=
∑

N

∫ 1

xBj/A

dz̃

z̃
fA
N (z̃) qN

(xBj

z̃

)

. (3)

06 Dec 2022 C.Hyde 4



Nuclei as quark-gluon structures 

• Effects are not necessarily small
• Nuclear Hadrodynamics:  

§ Relativistic N, 𝜌, ω, 𝜎, 𝜋 fields;
§ Proton mass modified in nuclear medium by ≈ factor of 2!

• Nuclear Effects vary with flavor (q, g) and with momentum (x).
§ Some non-nucleon dynamics in S. Liuti, S. Taneja, PRC 72 (2005) 034902
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• EMC, Anti-shadowing, Shadowing, Saturation to be studied at EIC with Jets, SIDIS, TMDs, etc
§ Phenomenology suggest anti-shadowing is primarily glue.

• Exclusive scattering has an important role to play
• Shadowing is the reference against which we must assess signals of Saturation.
• Spectator tagging on d, 3He, etc provides a reference “nearly on-shell” neutron, and enables the 

study of medium effects in those same nuclei

4 Raphaël Dupré, Sergio Scopetta: 3D Structure and Nuclear Targets
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Fig. 2. Cross section ratio of lepton scattering on carbon over deuterium in the deep inelastic regime from the SLAC E139 [20],
CERN NMC [21] and JLab E03103 [22] experiments.

has a deep relation to the spontaneous breaking of chiral
symmetry in QCD (see, e.g., [19]).

In ref. [16], to illustrate the physics of dQ(t), a simple
model of a large nucleus is considered. Generically, for
homogeneous spin-0 and spin-1/2 targets, one can write:

Tij(r) = s(r)

(

rirj
r2

−
1

3
δij

)

+ p(r)δij . (9)

The functions s(r) and p(r) are related to each other by
conservation of the EMT. The function p(r) can be inter-
preted as the radial distribution of the “pressure” inside
the hadron. The function s(r) is related to the distribu-
tion of the shear forces and, in the model under scrutiny,
to the surface tension. In fact, one can assume initially
that the pressure p(r) follows basically the trend of the
charge density ρ(r), i.e., it has a constant value, p0, in the
bulk of the nucleus, and it changes only in the thin “skin”
around the radius R of the nucleus. The measurements
of coherent hard exclusive processes (like DVCS) on nu-
clei can give detailed information about deviations of the
energy, pressure, and shear forces distributions from that
of electric charge. As an illustration, one can consider a
liquid drop model for a nucleus, with sharp edges. In this
case, the pressure can be written as

p(r) = p0 θ(R − r)−
p0R

3
δ(R − r) . (10)

Using the condition ∂kTkl(r) = 0 in eq. (9), one obtains

s(r) =
p0R

2
δ(R − r) = γ δ(R− r) , (11)

with γ = p0R
2 being the surface tension. Substituting the

solution (11) into eq. (8), d(0) gets the following negative
value:

d(0) = −
4π

3
mA γ R4 . (12)

The effect of the finite width of the nuclear “skin”
also has a negative sign and the corresponding formula is

given in [16]. Assuming that the surface tension depends
slowly on the atomic number, as it is suggested by nu-
clear phenomenology, one gets d(0) ∼ A7/3, i.e. it rapidly
grows with the atomic number. This fact implies that the
contribution of the D-term to the real part of the DVCS
amplitude grows with the atomic number as A4/3. This
should be compared to the behavior of the amplitude ∼ A
in IA and experimentally checked by measuring the charge
beam asymmetry in coherent DVCS on nuclear targets.
A similar A dependence of d(0) has been predicted also
in a microscopic evaluation of nuclear GPDs for spin-0
nuclei in the framework of the Walecka model [23]. The
meson (non-nucleonic) degrees of freedom were found to
strongly influence DVCS nuclear observables, in the HER-
MES kinematics, at variance with the proton case.

The first experimental study of DVCS on nuclei of no-
ble gases, reported in [24], was not able to observe the
predicted A dependence. The data are anyway affected by
sizable error bars and more precise experiments could pro-
vide information on nuclear modifications of the EMT ffs.
The idea in [5], summarized here above, has been recently
retaken in refs. [25,26], where the EMT ffs of the nucleon
in nuclear matter have been investigated in different effec-
tive models of the nucleon structure, i.e., in-medium mod-
ified SU(2) Skyrme model and π − ρ − ω soliton model,
respectively, leading in both cases to specific medium ef-
fects which could be observed in future DVCS experiments
off nuclear targets.

3 Nuclear GPDs and modified nucleon
structure

The study of Nuclear GPDs will shed a new light on
several longstanding questions about the partonic struc-
ture of nuclei. In particular, one can wonder how the
medium modifications of the parton structure of bound
nucleons, observed in DIS and responsible of the EMC,
anti-shadowing and shadowing effects (see fig. 2), will
be reflected in three dimensional observables such as the

Quark-Gluon 
Structure of Nuclei
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Challenges of Exclusive Scattering

• Exclusivity
§ Recoil nucleus lost in 10𝜎 beam envelope
§ Need near hermetic veto on inelastic/break-up channels

• Forward p, n, even 𝛾
o 3-layer ZDC: High resolution PreCAL of ~5X0 for photons < 100 MeV
o 20X0 EMCal for high energy gammas,
o HCal for neutrons

• Daughter nuclei: Rigidity  K = PA/QA
o Secondary focus extends tag/veto to |1–K’/K0 | ≥  0.01

Resolves ΔA ≥ 1 up to Zr and ΔA≥2 up to Pb.

• Momentum transfer Δμ resolution
§ Nuclear size ~ (1 fm) A1/3 è Diffractive minima at ~ 0.2GeV/A1/3

§ Medium to heavy nuclei, beam momentum spread is ≥ 0.2GeV/A1/3
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Exclusivity Tagging or Inclusive Veto?

• Proton, 275 GeV 
§ Maximal luminosity tune

• Beam rms p⊥at IP = 0.040 GeV/c
• 10𝜎 beam envelope = 0.400 GeV/c

§ Maximal acceptance tune
• 10𝜎 beam envelope ≈ 0.200 GeV/c

§ IP-6 Acceptance for exclusivity tag of final state proton:  
• p⊥≥ 0 for xB≥ 0.1
• p⊥≥ (87%)(10𝜎) for xB≥ 0.05 
• p⊥≥ (97%)(10𝜎) for xB≥ 0.025

§ IP-8 with secondary focus: factor of 10 improvement vs xB
• p⊥≥ 0 for xB≥ 0.01
• p⊥≥ (87%)(10𝜎) for xB≥ 0.005
• p⊥≥ (97%)(10𝜎) for xB≥ 0.0025
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Nuclear Exclusivity

• 4He P = 137.5 GeV per nucleon
§ Beam envelope: 10𝜎 in P⊥ (He) ≈ 1.2 GeV/c
§ First Diffractive minimum in 4He ≈ 0.6 GeV/c

• Veto breakup channels in all nuclei ≥ 4He
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Incoherent / Inelastic tag/veto 

• Ejected nucleons, nuclear fragments, residual nuclei
• Spectator or “active” nucleons ejected in incoherent epàepV

reactions in nuclei detected in “off-momentum” detectors and ZDC.
§ Approx 20% of nucleons in nuclei have intrinsic momenta > pF ≈ 0.27 GeV/c
§ In a heavy nucleus with P = 110 GeV/c, this is an emission cone > 2.7 mrad

• Start to lose acceptance in far-forward trackers and ZDC

• Tag the residual nuclei !
§ Nuclear magnetic rigidity K = (ZP0) A/Z. (P0 = storage ring setting for proton)
§ Daughter nucleus A’Z’ è K’ = (ZP0) A’/Z’ 
§ 16O to 90Zr, A-1 daughter nuclei:

• 1%<|K-K’|/K  < 7%
• 100% tagging with secondary focus proposed for IR-8, 0% tagging in IR-6
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Resolving momentum transfer to nucleus

• Must measure independent of ion beam momentum spread
§ 𝑡 = Δ"

§ Measure 
Δμ = (q-q’)μ = (q–p1–p2)μ

• Vector Mesons
§ Charged particle decays
§ Resolution from tracking.

• Neutral channels require high-resolution EMCal
§ e ZA → e ZA 𝛾
§ e ZA → e ZA ω
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J/𝛹, 𝚼 Production 
• STARLIGHT generator:  ep → epV

§ Cf talk for Stefan Diehl
• μ+μ– channel 

§ Doubles statistics;
§ Different systematics;
§ Enables DDVCS without scattered

electron coherent interference
• Cross sections grow at low-xB
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CORE as a Candidate 2nd Detector
https://arxiv.org/abs/2209.00496
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CORE as a Candidate 2nd Detector
https://arxiv.org/abs/2209.00496

• Muon ID, HCal, EMCal for  |h|≤ 3.5
• High resolution PbWO4 EMCal –3.5 < h ≤ 0

§ Catches all DVCS electrons and photons

• Single technology Si (MAPS) tracker
• Full PID
• Flexible integration with accelerator lattice

§ ±4m length

• Tracker / DIRC / EMCal same dimensions as PANDA
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DVCS Bin Migration Comparison

𝑥! =0.004 𝑥! =0.0064
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• a(e,e’g)a: 
§ (10 GeV)x(137.5 GeV/u)
§ 𝑄" ∈ 12,36 GeV2

§ Orsay-Perugia (TOPEG) Generator:  
• Event generation by P. Simmerling, UConn

§ PbWO4: 1%⊕ "%
$ ⊕

%%
$

§ EMCal: %"%$ = Yellow Report

• Bin Migration strongly depends on EMCal resolution.

𝜂

xB



Coherent DVCS on light nuclei.  Unfolding the Bin Migration

16

P-2, p.2

TOPEG event generator
DELPHES FastMC

● Systematic uncertainty in 
reconstructed cross section 
estimated by varying 
PbWO4 resolution event-by-
event ±10%

● Error bars from uncertainty 
of bin-migration remain 
small. 𝑥! =0.0016

“𝑡𝑟𝑢𝑡ℎ”

reconstruction



Example Azimuthal 
Distributions: 𝛼 𝑒, 𝑒′𝜆 𝛼

• (10 GeV)x(137.5 GeV/u)
• 𝑦 ∈ [0.62,0.90]
• 𝑥7 ≈ 0.004
• Projected counts at  

10/fb/nucleus
• Error bars are MC, (not 

data) statistics!
• Fits are simple Fourier, 

not |BH+DVCS|2
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Example Azimuthal Distributions: 𝛼 𝑒, 𝑒′𝜆 𝛼

• Repeat

• (10 GeV)x(137.5 GeV/u)

• 𝑦 ∈ [0.06, 0.32]

• 𝑥! ≈ 0.012

• Projected counts at  
10/fb/nucleus

• Error bars are MC, (not data) 
statistics!

• Fits are simple Fourier, not 
|BH+DVCS|2
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Conclusions

• IR-8 High-Dispersion focus in downstream ion beam line enables 
100% tagging of break-up nuclei ≤ A-1 up to 01

<=𝑍𝑟
§ Tagging of ≤ A-2 daughter nuclei beyond Zr in IR-8
§ Region from &

%'𝑂 to ()21𝑍𝑟 not accessible for A-1 in IR-6

• Muon Detection above 1 GeV/c will enhance Deep Virtual Vector 
Meson measurements and enable DDVCS—expecting counting rates 
to be sufficient at low-x
• Event generators for DVCS and DVMP for a broader range of nuclei 

are urgently needed.
• High Resolution EMCal in entire 𝜂<0 hemisphere is an enabling 

technology for precision DVCS on nuclei
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Additional Slides
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Comment on Diffractive Minima in Nuclear DVCS

• Sharp diffractive minima in (e,e’) Form Factors 
§ In heavy nuclei, these minima are smoothed out in the (e,e’) cross 

section by Coulomb effects in the Dirac Equation (DWBA, not PWBA).

• DVCS & BH amplitudes interfere in Z(e,e’g)Z
§ Even for light nuclei, the diffractive patterns have different minima:

Charge distribution ≠ Mass distribution: 𝑞 − 8𝑞 ≠ 𝑞 + 8𝑞
§ Diffractive minima will wash out in phi-averaged cross sections.
§ Diffractive minima of both BH & DVCS amplitudes  should be visible 

in DVCS*BH interference terms, such as electron helicity difference  
𝑑𝜎 − 𝑑𝜎

06 Dec 2022 C.Hyde 21



Particle ID Requirements (exclusive vector meson)

• 𝜋/K separation up to 6 GeV in central region covers full kinematics in 
high luminosity configuration.
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Example Azimuthal 
Distributions: 𝛼 𝑒, 𝑒′𝜆 𝛼

• (10 GeV)x(137.5 GeV/u)
• 𝑦 ∈ [0.06, 0.32]
• 𝑥7 ≈ 0.012
• Projected counts at  

10/fb/nucleus
• Error bars are MC, (not 

data) statistics!
• Fits are simple Fourier, 

not |BH+DVCS|2
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Muon Detection with KLM (BELLE I & II)

• Belle II full results 
expected soon.
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Neutral Hadron detection with KLM

• KL
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