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Unraveling light nuclei with deeply virtual Compton
scattering processes: from models to event generation
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In this talk, we present the analysis of a deeply virtual Compton scattering process off4He. This study is done within the impulse approx-
imation approach including state-of-the-art models for the nucleonic and nuclear ingredients. A glimpse on the comparison between our
results and the experimental data coming from Jefferson Lab is also given. The last part of this work is devoted to the description of the new
Monte Carlo event generator based on the models presented in the main part of the talk. First results from the simulations performed at the
kinematic conditions foreseen at the Electron Ion Collider are discussed demonstrating that there is a wide enough kinematical range to reach
the tomography of4He and understand other possible aspects of the elusive nuclear parton dynamics.
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1. Introduction

The construction of the Electron Ion Collider (EIC) in the
next few decades will shed light on many unanswered ques-
tions about the parton structure of nuclei and nucleons [1].
The first evidence of the modification of the parton content
of the bound nucleon is dated in the 80’s. Then, the Eu-
ropean Muon Collaboration (EMC) [2] found with deep in-
elastic scattering experiments that the structure function of
a nucleon in the nuclear medium behaves differently from
the one of the free nucleon. This difference cannot be ex-
plained only by accounting for the nucleons Fermi motion
and conventional calculations do not reproduce precisely this
behaviour [3]. To this day, despite the large amount of results
collected in this regard, there is not a conclusive explana-
tion for this effect (see,e.g., Ref. [4], for the experimental
results obtained at the Jefferson Laboratory (JLab)). Exclu-
sive reactions will play an important role in the investigation
of the EMC effect by enriching the information already col-
lected. Thanks to a new generation of experiments at JLab
and the forthcoming EIC, new ways to explore the topic have
been proposed to achieve a comprehensive explanation of the
QCD content of nuclear targets [5, 6]. Such information can
be accessed through novel structure functions, in particular
the generalized parton distributions (GPDs). These objects
are used to achieve a view in three dimensions of the parton
content in the coordinate space through the correlation be-
tween the space and the momentum degrees of freedom (see,
e.g., Refs. [7–9] for an exhaustive report). We can access the
GPDs through various exclusive processes; in this talk we
will focus on deeply virtual Compton scattering (DVCS), the
electroproduction of a single photon. While considering this
process off nuclei two channels can occur: the coherent one,
where the nucleus remains intact and the tomography of the
whole nucleus can ultimately be achieved, and the incoher-

ent one, where, thanks to the breaking up of the nucleus, the
structure of the bound nucleon can be retrieved.

In the following, we will focus on the4He nucleus, whose
nuclear effects can realistically be described. Moreover, it is
spinless, thus the partonic content of the nucleus can be ac-
counted for by only one GPD; finally, data from JLab exist for
both DVCS channels [10,11]. Alongside other existing calcu-
lations [12–15], we will propose a workable approach where
conventional nuclear physics effects, described in terms of re-
alistic wave functions, are evaluated along the lines proposed
in Ref. [16] for the deuteron and in Refs. [17–19] for3He.
In this talk, a review of the main results obtained from the
study of the handbag contribution to both DVCS channels is
presented. The application of these models in a new Monte
Carlo event generator to prepare the future experiments at the
EIC will be also presented.

2. DVCS formalism in a nutshell

For a more readable text, in the following the main aspects
of the general formalism for both the DVCS channels in the
handbag approximation are presented. The impulse approxi-
mation (IA) is exploited in our formalism, thus the interac-
tion of the virtual photon with only one quark in one nu-
cleon in4He can be assumed. Further in the process, after
a momentum transfer, the active quark emits a real photon,
detected in the final state, before going back into the target
itself. Another assumption of the IA is that the actual degrees
of freedom are the nucleonic ones and final state interaction
(FSI) effects are neglected. As a reference frame, we choose
the one where the target is at rest, the initial lepton lies in
thexzplane andφ is the angle between the leptonic and the
hadronic planes as well as the azimuthal angle of the outgo-
ing nucleus/proton. The experimental variables used for such
a process are: the virtuality of the initial photonQ2 = −q2

1 ,
the Bjorken variablexB = Q2/2p · q1 and the momentum
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transferredt = ∆2 = (p′ − p)2 = (q1 − q2)2. In the pre-
vious definitions, we denoted asp/p′ (q1/q2) the initial/final
momentum for the nucleus (photon). The other variables ap-
pearing in the GPDs definition arex, i.e., the average plus
momentum fraction of the struck parton with respect to the
total momentum andξ = −∆+/(p + p′)+ i, the difference
in plus momentum fraction between the initial and the final
states (in principle, GPDs depend also onQ2 but this depen-
dence will be not discussed for the rest of the paper). While
ξ can be related toxB and thus be measured,x cannot be
accessed. Thus, it is instructive to introduce some quantities,
the so-called Compton form factors (CFFs), whose expres-
sion, for any GPDH, reads

H(ξ, t) =

1∫

−1

dx
H(x, ξ, t)
x− ξ + iε

= Pr

1∫

−1

H(x, ξ, t)
x− ξ

− iπH(ξ, ξ, t) . (1)

In the above equation,Pr stands for the Cauchy principal
value prescription while the term(x− ξ + iε)−1 comes from
the quark propagator between the two photons. Due to the
singularities atx = ξ, the CFFsH(ξ, t) are complex quanti-
ties that usually are written as

H(ξ, t) = <eH(ξ, t)− iπ=mH(ξ, t) , (2)

where, exploiting the symmetry properties of the GPDs, the
imaginary and real part are given by

=mH(ξ, t) =
∑

q

e2
qH

+
q (ξ, ξ, t) , (3)

<eH(ξ, t) = Pr
∑

q

e2
q

1∫

0

(
1

ξ + x
+

1
x− ξ

)

×H+
q (x, ξ, t) , (4)

respectively, in terms of the singlet combination
H

(+)
q (x, ξ, t) = Hq(x, ξ, t)−Hq(−x, ξ, t) with q the charge

of the quarks.
Conversely to GPDs, CFFs can be measured. The key

observable is the beam spin asymmetry (BSA) that, for an
unpolarized (U) target, can be obtained as

ALU =
dσ+ − dσ−

dσ+ + dσ−
, (5)

i.e. in terms of the differential cross section for the different
beam spin polarizationL = ±. ALU is the observable we
will focus on for the rest of the paper.

Our realistic plane wave IA studies for the two DVCS
channels is detailed in the following sections.

3. Coherent DVCS off4He

A complete explanation and the relevant plots obtained with
our model for the coherent channel can be found in Refs.
[20, 21]. Here, the main points of our approach are summa-
rized. The expression forH

4He
q (x, ξ, ∆2), i.e. the GPD of

the quark of flavorq in the4He nucleus, has been obtained in
IA as

H
4He
q (x, ξ,∆2) =

∑

N

1∫

|x|

dz

z

∫
dE

∫
d~pP

4He
N (~p, ~p + ~∆, E)

×HN
q

(
x

z
,
ξ

z
, ∆2

)
δ

(
z − p̄+

P̄+

)
, (6)

where HN
q are the GPDs of the bound nucleonN and

P
4He
N (~p, ~p + ~∆, E) is off-diagonal spectral function. It rep-

resents the probability amplitude to have a nucleon which
leaves the nucleus with momentum~p and it is reabsorbed af-
ter a momentum transfer~∆ while the recoiling system has
an excitation energyE∗ = E − |EA| + |EA−1|, with |EA|
and|EA−1| the nuclear binding energies. In order to achieve
a complete evaluation ofP

4He
N , an exact description of the

complete4He spectrum is needed. Being a challenging theo-

FIGURE 1. (Color online) Azimuthal beam-spin asymmetry for the4He nucleus,ACoh
LU at φ = 90o: results of our approach (red dots and

blue triangles. See Ref. [21] for further discussion) compared with data (black squares) [10].
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retical nuclear physics problem, a model for it, based on the
diagonal spectral function proposed in Ref. [22], has been
used. Our model for the off-diagonal spectral function can be
sketched as

P
4He
N (~p, ~p + ~∆, E) = P0(~p, ~p + ~∆, E) + P1(~p, ~p + ~∆, E)

' n0(~p, ~p + ~∆)δ(E)

+
√

n1(|~p|)n1(|~p + ~∆|)δ(E − Ē) , (7)

where the subscripts0 and1 refer to the ground/excited mo-
mentum distributionn(|~p|), respectively, that have been eval-
uated accounting for Argonne 18 NN interaction [23] and the
3-body forces [24]. In particular, when the recoiling sys-
tem is in its ground state, the momentum distribution can be
realistically evaluated along the lines of Ref. [25] in terms

of the exact wave functions of the 3- and 4-body systems,i.e.

n0(|~p|)
=|〈Φ3(1, 2, 3)χ4η4|j0(|~p|R123,4)Φ4(1, 2, 3, 4)〉|2, (8)

while the angular dependence has been modeled. As far as
the excited part concerns,n1(|~p|) has been obtained from the
ground and the total momentum distribution so that a real-
istic momentum dependence is guaranteed. Concerning the
removal energy, its dependence is fixed to an average value
so that the non diagonal spectral function reduces to the di-
agonal one (see Ref. [22]). Using this input for the nuclear
part and Goloskokov-Kroll (GK) models [26] to evaluate the
nucleonic GPDs, the quantities in Eqs. (3) and (4) have been
calculated. In this way, also an evaluation of the beam spin
asymmetry (5) expressed in terms of the CFFs and kinemati-
cal coefficientsαi(φ) (see Ref. [27] for their expression) as

ACoh
LU (φ) =

α0(φ)=mH(ξ, t)

α1(φ) + α2(φ)<eH(ξ, t) + α3(φ)
(
H(ξ, t)H(ξ, t)∗

) , (9)

has been done. A comparison between our predictions and
the experimental data [10] for the asymmetry is shown in
Fig. 1.

Conclusion: a careful analysis of the coherent DVCS off
4He in terms of basic conventional ingredients turns out to
be successful to explain the experimental data at the present
accuracy without involving exotic arguments,e.g. dynamical
off-shellness. Therefore, our model can be actually used as
an input in a MC event generator.

4. Incoherent DVCS off4He

All the details about our IA approach to the handbag diagram
of the incoherent channel can be found in Refs. [28,29]. Our

FIGURE 2. (Color online) Azimuthal beam-spin asymmetry for the
bound proton on the4He nucleus for thexB bin. Results of this ap-
proach (red dots) compared with data (black squares) [10]. Shaded
areas represent systematic errors.

goal is to have a complete evaluation of Eq. (5) and have
a comparison with data. The main ingredient we focused
on is the cross section for a DVCS process occurring off a
bound moving proton embedded in4He. Accounting for the
kinematical off-shellness of the initial proton, one gets the
following convolution formula for the cross section

dσ±Incoh

dxBdQ2d∆2dφ
=

∫

exp

dE d~pP
4He(~p,E)

× |A±(~p,E,K)|2g(~p,E,K) , (10)

whereK is the set of kinematical variables probed in the slice
of the phase spaceexp which selects only the relevant part
of the diagonal spectral functionP

4He
N (~p,E) andg(~p,E, K)

arises from the integration over the phase space and includes
also the flux factor. In the above equation, the squared am-
plitude includes three terms,i.e. A2 = T 2

DV CS + T 2
BH +

IDV CS−BH , which have been calculated accounting for the
initial motion of the proton and generalize the ones obtained
for a proton at rest in Ref. [30].

Since the kinematical region probed at JLab is dominated
by the Bethe Heitler (BH) process, considering in Eq. (5) the
cross section given in Eq. (10), the BSA can be written as

AIncoh
LU (K) =

ĨDV CS−BH(K)
T̃ 2

BH(K)
, (11)

where

Ã(K)=
∫

dE d~pP
4He(~p,E) g(~p,E, K)A(~p,E, K) , (12)

with A, Ã = IDV CS−BH(K), ĨDV CS−BH(~p,E, K) and
T 2

BH(K), T̃ 2
BH(~p,E,K). The numerator of Eq. (11), i.e. the
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FIGURE 3. The ratiosĨDV CS−BH(K)
/
Ifree

DV CS−BH (red dots),T̃ 2
BH(K)

/
T 2 free

BH (blue triangles),AIncoh
LU (K)

/
Afree

LU (black squares) at
φ = 90o and using the GK model for the nucleon GPD. From left to right, the quantity is shown in the experimentalQ2, xB andt bins,
respectively.

DVCS-BH interference amplitude, gives the key partonic in-
formation. In our approach, the modification to the inner
content of the bound proton is accounted for by the proper
definition ofξ′ which depends explicitly on the 4-momentum
components of the initial proton and thus it is affected by nu-
clear effects. In the present calculation, we are considering
only the dominating contribution given by theHq(x, ξ′, t)
GPD, for which use of the GK model has been made [26].
Concerning the diagonal spectral function appearing, for in-
stance, in Eq. (10), we made use of the model presented in
Ref. [22]. The results are depicted in Fig. 2; an overall good
agreement with experimental data is reached except for the
region of lowestQ2, corresponding to the firstxB bin. As a
matter of facts, in this region the impulse approximation can
show its limitations and final state interaction effects could
come into play. To study the nuclear effects foreseen by our
model, we considered the ratio between the asymmetry for an
off-shell bound proton and the corresponding quantity for the
free proton. This comparison can help us in understanding
whether or not the behaviour observed in Ref. [11] is due to
a modification of the partonic structure of the proton related
to the EMC effect or to other nuclear effects. Our results,
see Fig. 4, suggest that what we are finding is due to a dif-
ferent dependence on the 4-momentum components, affected
by nuclear effects, of the relevant amplitudes rather than to
a modification of the parton structure of the bound proton.
More information on this side could be accessed with new

tagged measurements with the detection of residual nuclear
final states, as planned at JLab [32].

5. Event generation:TOPEG

To evaluate the feasibility of the physics of exclusive reac-
tions on light nuclei at the future EIC, proper MC event gen-
erator are needed. In this talk, we present the new MC event
generators for the coherent DVCS off4He,TOPEG. The pro-
duced cross section exploits our model for the chiral even
GPD summarized in Sec. 3. To shorten the time of execution
of the simulation, in the present analysis the real part of the
CFF has not been included, as we noted that it has a little
impact at the considered kinematics. While in Ref. [1] the
results for the three energy configurations envisioned at the
EIC are presented, here we show the results obtained for 1
million events for a 110 GeV4He beam and a 18 GeVe−

beam. The kinematical range accessed is:Q2 > 4 GeV2 and
tmin < |t| < tmin + 0.5 GeV2, where

tmin =
−Q2(2(1− xB)(1−√1 + ε2) + ε2)

4xB(1− xB) + ε2
, (13)

with ε = 2MxB/Q. In Fig. 4, the 1-d kinematical distribu-
tions of the events as a function of the kinematical variables
generated is shown. The generated cross section is clearly
dominated by the form factor of the4He nucleus so that a

FIGURE 4. One-dimensional distributions of the generated events withinTOPEGas a function ofxB , Q2 and−t for the energy configuration
118 GeV (4He)× 110 GeV (e−) [1].
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strong dependence ont is appreciable in our results. Never-
theless, the value of the cross section is significantly reduced
(around 95% or more) when thet acceptance of the helium
nuclei in the far forward detectors is accounted for. As a mat-
ter of facts, two critical limits to keep in mind in our explo-
ration have been found. On one side, at lowxB ≈ 10−4, tmin

becomes very small leading to kinematics almost impossible
to access: the reason is that the minimumt is actually set by
the detector capabilities (Roman pots). On the other side, we
have to deal with a limit ontmax that is ultimately set by the
luminosity.

As far as the other particles in the final state concerns,
99%+ electrons and photons are in the acceptance of the de-
tector matrix, except for some low angle photons in the back-
ward detector in the highest energy configuration (the one
here presented).

Overall, a satisfying enough kinematical range to study
the tomography and other features of the nuclear parton dy-
namics around the critical first diffraction minimum of the
4He electromagnetic form factor has been found. Neverthe-
less, we identified few key points as critical for these studies
which deserve a further investigation currently ongoing.
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