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While the phenomenon of gluon nuclear shadowing at small x has been getting confirmation in QCD
analyses of various LHC measurements involving heavy nuclei, it has not been possible so far to establish
experimentally the number of target nucleons responsible for nuclear shadowing in a given process. To
address this issue, we study coherent J=ψ electroproduction on 4He and 3He in the kinematics of a future
electron-ion collider and show that this process has the power to disentangle the contributions of the
interaction with a specific number of nucleons k, in particular, with two nucleons at the momentum transfer
t ≠ 0. We predict a dramatic shift of the t dependence of the differential cross section toward smaller values
of jtj due to a nontrivial correlation between x and k. This calculation, which makes use for the first time of
realistic wave functions, provides a stringent test of models of nuclear shadowing and a novel probe of the
3D imaging of gluons in light nuclei. In addition, thanks to this analysis, unique information on the real part
of the corresponding scattering amplitude could be accessed.
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Introduction.—Studies of nuclear shadowing have a long
history [1–5]. In quantum mechanics and in the eikonal
limit, it is manifested in the total hadron-nucleus cross
section being smaller than the sum of individual hadron-
nucleon cross sections. In essence, this is due to simulta-
neous interactions of the projectile with k ≥ 2 nucleons of
the nuclear target, leading to a reduction (shadowing) of the
total cross section. In this framework the interaction of the
projectile with a nucleus is described by a sum of diagrams
corresponding to the potential interaction with individual
nucleons, giving rise to the Glauber model [6,7]. However,
it was demonstrated by Mandelstam [8] and Gribov [9]
that the contribution of eikonal diagrams in quantum field
theory models tends to zero at high energies because,
qualitatively, there is not enough time between interactions
with two nucleons for the projectile to transform back into
itself. As a result, shadowing in the high energy limit is
determined by the totality of diffractive interactions of the
projectile in different configurations [9].

More recently the issue of nuclear shadowing in hard
processes with nuclei was discussed in the context of
modifications of nuclear parton distribution functions and
an eventual onset of the regime of high gluon densities
(saturation), which are relevant for the physics programs of
the Large Hadron Collider (LHC) [10,11] and of a future
Electron-Ion Collider (EIC) [12]. Specifically, combining
the Gribov-Glauber approach to nuclear shadowing with
the collinear QCD factorization theorems for diffractive
and inclusive leading-twist processes in deep inelastic
scattering (DIS), a large leading-twist (LT) gluon nuclear
shadowing at small x was predicted [13] (x is the nucleus
momentum fraction carried by the gluons). It was later
confirmed by analyses of coherent photoproduction of
charmonia in ultraperipheral collisions of heavy ions at the
LHC, which showed [14–16] that Rgðx ¼ 6 × 10−4 − 10−3;
μ2 ≈ 3 GeV2Þ ¼ gAðx; μ2Þ=½AgNðx; μ2Þ� ≈ 0.6 for lead nu-
clei [gAðx; μ2Þ and gNðx; μ2Þ refer to the gluon density in the
nucleus and the nucleon, respectively]. Alternative calcu-
lations performed in the eikonal dipole models, where
nuclear shadowing is a higher twist effect, lead to a
somewhat weaker shadowing; see, e.g., Ref. [17].
Exclusive electroproduction of J=ψ probes directly the

gluon density of the target [18,19]. The large magnitude of
nuclear shadowing means that gluons in heavy nuclei
probed in this process likely belong to more than one
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nucleon of the target due to their overlap in the transverse
plane [5,20]. However, it is difficult to discriminate
between different mechanisms of shadowing using scatter-
ing off heavy nuclei since the correction in this case is a
result of summing a sign-alternating and slowly converging
series. In addition, measurements of coherent scattering
with the momentum transfer squared t ≠ 0 are challenging
because of a steep t dependence. As a consequence, it is
impossible to establish the exact number of target nucleons
involved in the process, which hinders access to informa-
tion on the gluon dynamics in nuclei.
In this Letter, starting from the successful description of

the effect of nuclear shadowing for heavy nuclei, we
propose an alternative, complementary strategy of studying
the coherent production of J=ψ in DIS off 4He and 3He light
nuclei in theQ2 → 0 (quasireal photon) limit, which should
be feasible at the EIC. In this case, x ¼ M2

J=ψ=W
2, where

MJ=ψ is the vector meson mass and W is the invariant
photon-nucleon energy.
Using specific features of their response functions, namely,

the presence of a zero in the one-body form factor (ff)
at moderate

ffiffiffiffiffijtjp ¼ 0.7 GeV=c for 4He and
ffiffiffiffiffijtjp ¼

0.8 GeV=c for 3He, we argue that it is possible to separate
the contributions to nuclear shadowing coming from the
interaction with two and three nucleons of the nuclear
target. Besides, the ions under investigation have no excited
states, so that it is easy to select coherent events. This is
based on an old idea proposed initially in Ref. [21]. Indeed,
since the differential pþ 4He → pþ 4He cross section
does not present a minimum at −t ≃ 0.6 GeV2, where the
4He charge ff has a minimum, it has to be dominated by
effects beyond the impulse approximation (IA), namely, by
the interaction with several nucleons leading to nuclear
shadowing. Supplementing this with accurate calculations
of one-, two-, and three-body ffs based on exact solu-
tions of the Schrödinger equation with realistic poten-
tials, which have greatly improved in the last decade,
we make predictions for the dσγ�þ4He→J=ψþ4He=dt and
dσγ�þ3He→J=ψþ3He=dt differential cross sections in a broad
range of t, including the region of finite t, where IA is largely
suppressed and the cross sections are unambiguously
sensitive to the contributions of the interaction with exactly
two nucleons of the target (the contribution of interactions
with three and four nucleons near the minimum and for
lower jtj is numerically small).
Note that runs with polarized 3He beams are planned at

EIC in order to study the neutron spin structure [12].
In the case of electron-deuteron scattering, the IA

induced by the quadrupole ff dominates up to large jtj.
Hence, we do not discuss this reaction here. However, in a
long run, if polarized deuteron beams for an EIC become
available, experiments using such beams would provide an
independent measurement of the double scattering ampli-
tude (the interaction with k ¼ 2 nucleons). At the same

time, the strategy discussed here is probably the only one
allowing one to measure nuclear shadowing in light nuclei
at colliders, since its effect for the total electron-nucleus
cross sections is a few percent at most [22]. Its smallness
can be readily seen by examining our predictions in
Figs. 3–5, where the difference between the IA and the
full results at t ¼ 0 is twice the shadowing effect for the
total cross section.
Multiple scattering formalism for coherent

electroproduction of J=ψ on light nuclei.—As already
explained, at high energies projectiles interact coherently
with all nucleons of the nuclear target. The contributions to
the nuclear scattering amplitude corresponding to the
interaction with k ¼ 1; 2; 3;… nucleons of the target are
shown in Fig. 1; they interfere destructively leading to the
suppression of the nuclear cross section (nuclear shadow-
ing) [6]. In the Gribov-Glauber approach to nuclear
shadowing [9], the contribution of the interaction with
k ¼ 2 nucleons is unambiguously given by the diffractive
(elastic) cross section on the nucleon. At the same time, the
contributions corresponding to k ≥ 3 nucleons cannot be in
general expressed in terms of diffraction on the nucleon
and, hence, need to be modeled. A convenient way to do it
is offered by the Good-Walker formalism of eigenstates of
the scattering operator [23,24], which allows one to
characterize the interaction with k nucleons by the kth
moment hσki ¼ R

dσ PhðσÞσk. Here, the distribution PhðσÞ
parametrizes the hadronic structure of the virtual photon
and gives the probability for the photon to interact with a
nucleon with the cross section σ.
In this approach, while the γ�A → J=ψA scattering

amplitude is expressed in terms of the gluon generalized
parton distribution, the ratio of the nuclear and nucleon
cross sections very weakly depends on the skewness. Thus,
the differential cross section of electroproduction (photo-
production) of J=ψ mesons on a nucleus A can be written in
terms of the dσγ�N→J=ψN=dt cross section on the proton at
t ¼ 0 in the following form:

(a) (b) (c)

FIG. 1. Multiple scattering series for γ� þ A → J=ψ þ A scat-
tering amplitude. Panels (a), (b), and (c) correspond to the
interaction with k ¼ 1, 2, and 3 target nucleons, respectively.
The zigzag lines labeled IP denote diffractive exchanges; the
solid blob in panel (c) stands for the interaction with cross
section σ3ðxÞ.
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dσγ�A→J=ψA

dt
ðtÞ ¼ dσγ�N→J=ψN

dt
ðt ¼ 0Þ

×

����F1ðtÞe½B0ðxÞ=2�t þ
XA
k¼2

FkðtÞ
����
2

; ð1Þ

where the first term is proportional to the IA, F1ðtÞ ¼
AΦ1ðqÞ, and the second term gives the contribution of the
interaction with 2 ≤ k ≤ A nucleons [21],

FkðtÞ ¼
�
−

1

8π2

�
k−1

�
A

k

� hσki
hσi

ð1 − iηÞk
1 − iη0

Z Yk
l¼1

d2q⃗l

× fðqlÞΦkðq⃗; q⃗lÞδ2
�Xk

l¼1

q⃗l − q⃗

�
; ð2Þ

where all the transferred momenta q⃗i have been taken
purely transverse; t ¼ −jq⃗j2. The nuclear structure is taken
into account via the k-body ffs Φk

Φkðq⃗1;…; q⃗kÞ ¼
Z YA

i¼1

�
dp⃗i

ð2πÞ3
�

× ψ�
Pðp⃗1 þ q⃗1;…; p⃗k þ q⃗k;…; p⃗AÞ

× ψPðp⃗1;…; p⃗k;…; p⃗AÞδ
�XA

i¼1

p⃗i

�
; ð3Þ

which represent the probability amplitude for k nucleons in
the nucleus A to interact with the probe absorbing the
momenta q⃗1;…; q⃗k and then going back to the nucleus,
which recoils elastically with a total momentum transfer
q⃗ ¼ P

k q⃗k. Furthermore, ψP is the intrinsic nuclear wave
function with total momentum P. A pictorial representation
of the two-body ffΦ2 is shown in Fig. 2. One should notice
that Eq. (3) represents an integral over 3A−1 variables of
complicated wave functions for each qi;…; qk set of
values. Thus, to accurately evaluate Eq. (2), the function
Φk is needed on a dense enough grid of these k variables.
As a consequence, the computation time grows dramati-
cally with A and k.
In Eqs. (1) and (2), the t dependence of the γ�N → J=ψN

and soft hadronic fluctuation-nucleon amplitudes are char-
acterized by the slope B0ðxÞ and the factor fðqlÞ, respec-
tively; η ≠ η0 are the ratios of the real to imaginary parts of
these amplitudes.

Note that the multiple scattering formalism presented in
this section provides a good description of the data on
proton-4He elastic scattering [25].
Results for 4He and 3He.—Below, we specify input for

our calculations and show our predictions for the differ-
ential cross sections of J=ψ electroproduction on 4He and
3He in generic kinematics of an EIC. We start with 4He, for
which preliminary results have been presented in the EIC
Yellow Report [26].
The k-body ffs Φ1, Φ2, and Φ3 have been calculated

using a realistic nuclear wave function evaluated along the
lines of Ref. [27] and using the N4LO chiral potential of
Ref. [28] with a cutoff of 500 MeV and three-body forces.
Within this approach, the binding energy of 4He turns out
to be Bð4HeÞ ¼ −28.15 MeV, which is very close to the
experimental value. A consistency check of the numerics is
provided by the relation Φ2ðq⃗2 ¼ 0; q⃗1Þ ¼ Φ1ðq⃗1Þ, which
has been successfully tested.
A cumbersome realistic calculation of the Φ4 ff has not

been performed since a very small contribution is predicted.
This expectation is supported by an estimate carried out
within a harmonic oscillator shell model and properly
treating the center-of-mass motion, as suggested in
Ref. [21]. We verified that this procedure reproduces the
relative sizes of the Φ2 and Φ3 contributions obtained
within the realistic analysis reasonably well.
In the leading logarithmic approximation of perturbative

QCD, coherent electro- and photoproduction of J=ψ on
nuclei probes the gluon density of the target [14,15]; see
Fig. 1. Therefore, it is natural to assume that hadronic
fluctuations of the photon described by the distribution
PhðσÞ are similar to those for the nuclear gluon distribution.
In this case, one can express the ratio of moments hσki=hσi
entering Eq. (2) in terms of two effective cross sections
σ2ðxÞ and σ3ðxÞ [5],

hσ2i
hσi ¼ σ2ðxÞ;

hσ3i
hσi ¼ σ3ðxÞσ2ðxÞ; ð4Þ

where we have explicitly indicated the dependence on
Bjorken x. The σ2ðxÞ cross section is unambiguously
determined by the probability of diffraction in DIS on
the proton in the gluon channel [29] and the slope of the t
dependence of the γ�p → Xp cross section (X denotes the
diffractively produced final state), B ≃ 6 GeV−2 [30]. At
x ¼ 10−3, one finds σ2ðxÞ ¼ 25 mb with a relative error of
approximately 15% [30,31].
On the other hand, the σ3ðxÞ cross section needs to be

modeled through PhðσÞ. Using two plausible models [5],
one finds σ3ðxÞ ¼ 30–50 mb. However, one of the key
advantages of light nuclei compared with heavy nuclei is
that the sensitivity to the value of σ3 is negligible since the
contribution of the k ¼ 3 and k ¼ 4 terms in Eq. (1) is very
small in the studied range of t (see the Supplemental
Material [31] for an analysis of this sensitivity). In our

q q1      2

P qP +

FIG. 2. A sketch of the two-body ff Φ2; see Eq. (3).

PHYSICAL REVIEW LETTERS 129, 242503 (2022)

242503-3



calculations and in the plots, we used σ3ðxÞ ¼ 35 mb.
Thus, the effect of nuclear shadowing is determined by the
interaction with two nucleons, whose strength is controlled
by σ2ðxÞ.
At the same time, away from the minimum of the cross

section and for large jtj, the three-body contribution
becomes significant and reduces the cross section by
approximately a factor of 2. Hence, accurate measurements
at large jtj will allow one to extract σ3ðxÞ as well.
Finally, for the t dependence of the γ�p → J=ψp cross

section, we use the slope B0ðxÞ ¼ 4.5 GeV−2, with a
relative error of approximately 10%, measured by H1
and ZEUS collaborations at HERA (see Ref. [15] for
references). This value corresponds to x ≃ 10−3, typical for
the EIC kinematics. In addition, using the Gribov-Migdal
relation, we estimate η0 and η by exploiting the measured
energy dependence of the corresponding amplitudes: η0 ¼
ðπ=2Þ × 0.1 ≃ 0.16 and η ¼ ðπ=2Þ × 0.2 ≃ 0.3. In our
analysis, we neglected the t dependence of η and η0 since
the slopes of the corresponding scattering amplitudes
weakly depend on energy [i.e., the slopes of the Regge
trajectories α0ð0Þ are small].
The results are presented in Figs. 3–5, taking into

account the relative errors on σ2 and B0 discussed above.
Notice that these uncertainties do not affect our numerical
predictions significantly. In fact, the bulk of the predicted
strong t dependence is given by the nuclear k-body form
factors, Φk. The latter quantities are calculated with the
most recent realistic potentials, and the theoretical uncer-
tainty on them, in the relevant kinematical region, is very
small. An example of the convergence of the nuclear
calculation is provided in the Supplemental Material [31].
Figure 3 shows our predictions for the ratio of the

differential cross section for J=ψ coherent production on

4He to that for the nucleon at t ¼ 0 as a function of −t at
x ¼ 10−3. One can see from the figure that the cross section
is dominated by the one-body (IA) and the two-body
rescattering dynamics. The first minimum is clearly shifted
from −t ¼ 0.45 GeV2 to −t ¼ 0.27 GeV2, essentially due
to the two-body contribution. Since one-body dynamics is
under remarkable theoretical control, it allows one to
disentangle two-body dynamics and unambiguously relate
it to leading-twist gluon nuclear shadowing. Note also that
the clear minimum of the t dependence in the IA case is
filled because η0 ≠ η ≠ 0 in the full calculation. This
represents a unique opportunity to measure the ratios of
the real to imaginary parts of the corresponding scattering
amplitudes.
The quality of the IA result can be tested at x ¼ 0.05,

where it is expected to be dominating in a broad range of t
due to a vanishingly small contribution of the shadowing
correction. This is illustrated in Fig. 4 presenting the x
evolution of the gluon shadowing correction in 4He. It
shows the ratio of the differential cross section for J=ψ
coherent production on 4He to the same quantity at t ¼ 0 as
a function of −t. At x ¼ 10−3, the full result is shown. At
x ¼ 0.05, the IA result is presented. In the latter case,
the parameters of the model of J=ψ production have
been properly changed [in particular, we used B0ðxÞ ¼
3 GeV−2 [34].
Note that this x evolution of the t dependence agrees with

that predicted in Ref. [34], which was obtained considering
HERA data; a check of this model will be possible at the
EIC. Since the one-body contribution dominates the cross
section at x ¼ 0.05, where no shadowing is expected in a
wide range of t, the emergence of LT gluon shadowing at
lower x points to a significant broadening in the impact

FIG. 3. Ratio of the differential cross section for J=ψ coherent
production on 4He to the same quantity for the nucleon target at
t ¼ 0 as a function of −t at x ¼ 10−3. Relative errors of 10% and
15% have been considered on the quantities B0 and σ2,
respectively (see text and the Supplemental Material [31]).

FIG. 4. Ratio of the differential cross section for J=ψ coherent
production on 4He to the same quantity at t ¼ 0 as a function of
−t: the IA result at x ¼ 0.05 is compared with the full one at
x ¼ 10−3. Relative errors of 10% and 15% have been considered
on the quantities B0 and σ2, respectively (see text and the
Supplemental Material [31]).
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parameter space of the nuclear gluon distribution, as
discussed in Ref. [20] for heavy nuclei. If confirmed, this
observation would be a relevant step toward a 3D imaging
of gluons in nuclei.
We have also repeated our analysis for the 3He system,

which will be systematically used at an EIC. In this case,
the nuclear ffs Φ1, Φ2, and Φ3 have been calculated using
a realistic wave function developed along the lines of
Ref. [27] and using the AV18 nucleon-nucleon potential
[35] and including Urbana IX three-body forces [36].
Again, as a consistency check of the numerics, the relation
Φ2ðq⃗2 ¼ 0; q⃗1Þ ¼ Φ1ðq⃗1Þ has been successfully tested.
Figure 5 shows the ratio of the differential cross section

for J=ψ coherent production on 3He to the same quantity
for the nucleon target at t ¼ 0 as a function of −t at
x ¼ 10−3. One can see from the figure that the pattern of the
t dependence is similar to that found for 4He. Again, the
one-body and two-body scatterings dominate the cross
sections. A relevant shift in the minimum momentum
transfer due to two-body dynamics is predicted, and since
the IA is under theoretical control, there are very good
chances to disentangle two-body dynamics, i.e., LT gluon
shadowing, from the one-body contribution. In addition,
accurate measurements at large jtj would also allow one to
extract the three-nucleon contribution.
One should also mention that, within our approach, the

average number of participating nucleons is ν ¼
Aσγ�N=σγ�A [37], which leads to ν ∼ 1.7 for x ¼ 10−3.
Thus, using the set of 3He and 4He data, one would be
able to test the consistency of our description.
Conclusions.—Measurements of coherent J=ψ electro-

production at finite values of the momentum transfer t with
light ion beams at an EIC can nicely complement inves-
tigations performed at the LHC with ultraperipheral colli-
sions of heavy nuclei. In particular, it will be possible to

establish how many nucleons contribute to the impressive
gluon shadowing seen at the LHC, which constitutes
important information hardly accessible in the LHC data
collected with heavy nuclei probing predominantly the
t ≃ 0 values. We demonstrated this by performing a realistic
calculation for the 3He and 4He systems at t ≠ 0 and
considering contributions coming from different numbers
of nucleons involved in the process. We have clearly shown
that the first diffraction minimum is shifted with respect to
that predicted by the IA calculation. Since the latter
contribution is under good theoretical control, very good
opportunities to disentangle multinucleon dynamics, in
particular two-nucleon dynamics contributing to gluon
shadowing, are expected. It should be possible to perform
such measurements at the EIC, due to its projected high
luminosity, designed for precision measurements of exclu-
sive processes [26]. An encouraging estimate of the events
rate expected at the EIC is presented in the Supplemental
Material [31]. Besides, one should also note that the
measurements planned at EIC for the free proton target,
in particular, those of the slopes B0 and B (related to σ2),
will reduce the uncertainties of our results shown here. It
will also be possible to obtain unique information on the
real part of the corresponding scattering amplitude.
Analyzing the x evolution of the t dependence predicted
in our calculation, the emergence of LT gluon shadowing at
low x points to a significant broadening of the gluon
distribution in impact parameter space. The proposed
processes provide also a unique opportunity to measure
the real part of diffractive amplitudes. This is just an
example of many possibilities offered by the process under
scrutiny toward a novel 3D imaging of gluons in nuclei.
The use of light ion beams would greatly expand the EIC

potential for probing the small-x dynamics. We will
perform further investigations considering additional light
ions (e.g., deuteron beams), other vector mesons in the final
state allowing for a sizable longitudinal momentum trans-
fer, deeply virtual Compton scattering, and the Q2 depend-
ence of cross sections of these processes.
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