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l Nuclear shadowing is general phenomenon of high-energy scattering → 
nuclear cross section < sum of nucleon cross sections. 


l Present in soft hadron-nucleus scattering, Bauer, Spital, Yennie, Pipkin, Rev. Mod. Phys. 50 (1978) 
261 and hard processes with nuclei, H. Paukkunen, talk this morning. 


l In the target rest frame, understood as multiple interactions of projectile with 
target nucleons → destructive interference of amplitudes with N=1,2,..A nucleons  
→ Gribov-Glauber theory of shadowing, Glauber, PRD 50 (1955) 242; Gribov, Sov. Phys. JETP 29 
(1969) 483; Frankfurt, Strikman, Phys. Rept. 160 (1988) 235; Piller, Weise, Phys. Rept. 330 (2000) 1; Armesto, J. Phys. G 
32 (2006) R367.


l For hard processes, QCD factorization theorem for N=2 term to relate 
shadowing to diffraction on nucleon at the level of parton distributions, Frankfurt, 
Strikman, EPJA 5 (1999) 293 


l Interactions with 3≤N≤A modeled using soft physics → predictions for nuclear 
parton distributions (nPDFs) at small x (leading twist model of nuclear 
shadowing), Frankfurt, Guzey, Strikman, Phys. Rept. 512 (2012) 255.


l Alternative, complementary point of view: shadowing is mixture of leading and 
higher twist effects in dipole picture with saturation, Kowalski, Lappi, Venugopalan, PRL 100 
(2008) 022303, or a purely HT effect, Qiu, Vitev, PRL 93 (2004) 262301.

Nuclear shadowing
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l Amplitude of coherent J/𝜓 production on nucleus as a series of interactions 
with N=1, 2, 3, … nucleons:

LT shadowing in coherent J/𝜓 production

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

ffiffiffiffiffi
jtj

p
¼ 0.7 GeV=c for 4He and

ffiffiffiffiffi
jtj

p
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.

PHYSICAL REVIEW LETTERS 129, 242503 (2022)

242503-2

l The lower part is the gluon density in the leading twist model of shadowing:
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our numerical studies described below, � decreases with decreasing x, which reflects the onset of the strong interaction
regime for the increasing fraction of the configurations contributing to the PDFs.

We shall postpone the detailed discussion of � j
soft until Section 5.1.2. At this point, to get the feeling about the meaning

and magnitude of �
j
soft, we note that if diffraction were described by the aligned jet model, we would expect the typical

strength of the interaction of a large-size qq̄ configuration with the nucleon to be compatible to that for pions (⇢ mesons,
etc.), i.e., �aligned jet�N ⇡ 25 mb at x = 0.01 and �aligned jet�N ⇡ 40 mb at x = 10�5.

Applying the color fluctuation approximation to Eq. (61), we obtain our final expression for the nuclear parton distribu-
tion modified by nuclear shadowing,

xfj/A(x,Q 2
0 ) = Axfj/N(x,Q 2

0 ) � 8⇡A(A � 1) <e
(1 � i⌘)2

1 + ⌘2 Bdiff

Z 0.1

x
dxP�f D(3)

j (�,Q 2
0 , xP)

⇥

Z
d2b

Z
1

�1

dz1
Z

1

z1
dz2⇢A(Eb, z1)⇢A(Eb, z2)ei(z1�z2)xPmN e�

A
2 (1�i⌘)�

j
soft(x,Q

2
0 )

R z2
z1 dz0⇢A(Eb,z0), (64)

where Afj/N ⌘ Zfj/p + (A � Z)fj/n; Q 2
0 is a low scale at which the color fluctuation approximation is applicable (see below).

The nuclear PDFs fj/A given by Eq. (64) are next-to-leading (NLO) PDFs since the nucleon diffractive PDFs f D(3)
j are obtained

from the NLO QCD fit.
Our master Eq. (64) determines the nuclear PDFs fj/A at a particular input scale Q 2 = Q 2

0 , which is explicitly present in
fj/N , f

D(3)
j and �

j
soft. The color fluctuation approximation is more accurate if the fluctuations are more hadron-like, i.e., when

the contribution of the point-like configurations (PLCs) is small. This demands that Q 2
0 is not too large. At the same time, we

would like to stay within the perturbative regime, where higher twist contributions to the diffractive structure functions
are still small and where the fits to diffractive PDFs do not have to be extrapolated too strongly. (In the extraction of the
diffractive PDFs from the HERA data on diffraction, only the data with Q 2 > 8.5 GeV2 were used [61]. However, it has been
checked that the extrapolation down to Q 2 = 4 GeV2 works with a good accuracy.) Accordingly, in our numerical analysis,
we use Q 2

0 = 4 GeV2. We will demonstrate that our results depend weakly on the choice of Q 2
0 , even if we keep �

j
soft fixed.

This is because the approximations discussed above are needed only for the interactions with three and more nucleons of
the target; the double rescattering contribution is evaluated in a model-independent way.

It is important to emphasize that while Eq. (61) gives a general expression for the effect of cross section (color)
fluctuations on themultiple interactions, Eq. (64) presents a particular approximation—the color fluctuation approximation.
In this approximation, the interaction cross section with N � 3 nucleons is �

j
soft(x,Q

2) = h� 3ij/h�
2ij, see Eq. (63). Eq. (64)

allows for a simple interpretation: the factor Bdiff
R 0.1
x dxP�f D(3)

j (�,Q 2, xP) describes the probability for a photon to diffract
into diffractive states in the interaction with a target nucleon at point (z1, Eb) and to be absorbed in the interaction with
another nucleon at point (z2, Eb), while the factor in the third line of Eq. (64) describes the interaction of the diffractive states
with other nucleons of the nucleus with the cross section �

j
soft between points z1 and z2.

It is important to note that �
j
soft(x,Q

2) can be determined experimentally by measuring nuclear shadowing with a light
nucleus, for instance, with 4He. Alternatively, �

j
soft(x,Q

2) can be extracted directly from coherent diffraction in DIS on
deuterium [128]. After �

j
soft(x,Q

2) will have been determined, the leading twist theory will contain no model-dependent
parameters and can be used to predict nuclear shadowing for an arbitrary nucleus in a completely model-independent way.
The discussed measurements can be carried out at a future Electron–Ion Collider.

In the treatment of multiple rescatterings in the leading twist theory of nuclear shadowing in Ref. [76], we used the
so-called quasi-eikonal approximation, which neglects color fluctuations and, hence, uses �

j
soft(x,Q

2) = �
j
2(x,Q

2) ⌘

h� 2ij/h� ij in Eq. (64). Such an approximation gives the results identical to Eq. (64) for the interaction with one and two
nucleons of the nuclear target. However, it neglects the presence of point-like configurations in the virtual photon wave
function and, hence, overestimates shadowing at x ⇠ 10�3, where the contribution of the interactionswithN > 2 is already
important, while the contribution of the point-like configurations is still significant. We will use a comparison between
the color fluctuation and quasi-eikonal approximations to illustrate the role of color fluctuations in Section 5.8. (Note that
the quasi-eikonal approximation is popular in the literature in spite of its deep shortcomings discussed above and also in
Section 3.1.4.)

In the very small-x limit, which for practical purposes means x < 10�2 (see Fig. 44), the factor ei(z1�z2)xPmN in Eq. (64) can
be safely neglected. This results in a significant simplification of the master formula after the integration by parts two times
(cf. [80]):

xfj/A(x,Q 2
0 ) = A xfj/N(x,Q 2

0 ) � 8⇡A(A � 1)Bdiff <e
(1 � i⌘)2

1 + ⌘2

Z 0.1

x
dxP�f D(3)

j (�,Q 2
0 , xP)

⇥

Z
d2Eb

e�LTA(b) � 1 + LTA(b)
L2

, (65)

where L = A/2 (1 � i⌘)�
j
soft(x,Q

2
0 ); TA(b) =

R
1

�1
dz ⇢A(z).

Impulse approximation

term (a) Woods-Saxon


nuclear density

Model-dependent soft cross section,

σsoft~25-50 mb 

Proton diffractive

PDFs
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l Predictions of LT model nicely agree with LHC data on coherent J/𝜓 
photoproduction on heavy nuclei in Pb-Pb ultraperipheral collisions (UPCs).

Coherent J/𝜓 photoproduction in UPCs@LHC

Rep. Prog. Phys. 85 (2022) 126301 Review

Figure 42. The nuclear suppression factor of SPb(x) as a function of
the gluon momentum fraction of x: the values extracted from the run
1 [302, 303, 305] and the central rapidity run 2 [308] UPC data on
coherent J/ψ photoproduction in Pb–Pb UPCs vs predictions of the
LT model of NS and global !ts of nPDFs. The bands indicate the
uncertainties for the LTA model (yellow) and EPS09
parameterization (blue).

SPb(x) =

√
σγA→J/ψA(Wγp)
σIA
γA→J/ψA(Wγp)

= κA/N
xgA(x, µ2)

AxgN(x, µ2)

≡ κA/NRg(x, µ2). (182)

It is expected that almost all kinematic factors and men-
tioned corrections cancel in the ratio of the nuclear and
IA (proton) cross sections. Thus, equation (182) establishes
a direct correspondence between the suppression factor of
SPb(x) and the ratio of the nuclear and nucleon gluon distri-
butions Rg(x, µ2). Further, since at central rapidities |y| ≈ 0,
the dσAA→AAJ/ψ(y)/dy cross section is unambiguously related
to the σγA→J/ψA(Wγp) photoproduction cross section at the
de!nite value of Wγp =

√
2ENMJ/ψ , equation (182) gives a

one-to-one correspondence between the measured UPC cross
section at central rapidities and Rg(x, µ2) at x = MJ/ψ/(2EN).

Figure 42 shows a comparison of the values of SPb(x)
extracted from the run 1 [302, 303, 305] and the central rapidity
run 2 [308] UPC data on coherent J/ψ photoproduction in
Pb–Pb UPCs with Rg(x, µ2) predicted in the LT model of
NS and global QCD !ts of nPDFs. Note that following the
analysis of [210], we take advantage of the ambiguity in the
exact values of the scale µ and take µ2 = 3 GeV2 to best
reproduce the available HERA and LHCb data on the Wγp

dependence of the cross section of exclusive J/ψ photoproduc-
tion on the proton. The good agreement with the predictions
of the LT NS model and the EPS09 nPDFs, which however
have much larger uncertainties, gives direct and weakly model-
dependent evidence of large nuclear gluon shadowing at
small x,

Rg(x = 6 × 10−4 − 10−3, µ2 = 3 GeV2) ≈ 0.6. (183)

Note that the analysis of [317] extracted the nuclear sup-
pression factor of SPb(x) in a wide range of x, 10−5 ! x ! 0.04
using all available run 1 and 2 data on coherent J/ψ photo-
production in Pb–Pb UPCs. However, due to the ambiguity

Figure 43. The dσγA→J/ψA(Wγp, t)/dt cross section normalized to its
value at |t| = tmin as a function of t at W = 124 GeV: predictions of
the LT model of NS (red solid curve) vs the factorized
approximation (blue dot-dashed curve). Reprinted !gure with
permission from [316], Copyright (2017) by the American Physical
Society.

of the two terms in equation (175), such a procedure is in
general model dependent and leads to signi!cant uncertainties
in SPb(x) for x < 6 × 10−4 and x > 0.01. In this respect one
should also mention the analysis of [318], where SPb(x) was
extracted from measurements of coherent J/ψ photoproduc-
tion in ultraperipheral and peripheral Pb–Pb collisions at the
LHC at 2.76 TeV. The results of that analysis broadly agree
with the trend of the nuclear suppression presented in !gure 42.

The signi!cant LT gluon NS also affects the differential
cross section of coherent J/ψ photoproduction on nuclei,

dσγA→J/ψA(Wγp, t)
dt

= κ2
A/N

dσγp→J/ψp(Wγp, t = 0)
dt

×
[

xgA(x, t, µ2)
AxgN(x, µ2)

]2

. (184)

Figure 43 shows the dσγA→J/ψA(Wγp, t)/dt cross section nor-
malized to its value at |t| = tmin as a function of t at
W = 124 GeV. This value corresponds to Pb–Pb UPCs dur-
ing run 2 at the LHC with

√
sNN = 5.02 TeV and the cen-

tral rapidity y = 0. The red solid curve is the prediction of
equation (184), where for xgA(x, t, µ2) and xgA(x, b, µ2), see
equation (180), we used predictions of the LT NS model for the
impact parameter dependent nuclear PDFs, see section 7. The
blue dot-dashed curve gives the t dependence of the nuclear
form factor squared [FA(t)/A]2. One can see from the !gure
that the impact parameter dependence of the LT NS, i.e., the
correlation between b and x in xgA(x, b, µ2), noticeably shifts
the minimum of the t distribution toward lower values of t. This
can be interpreted as broadening in impact parameter space of
the small-x gluon distribution in nuclei as a consequence of
the fact that NS increases with a decrease of b (increase of the
nuclear density).

The predictions for the shift of the t dependence of the
dσγA→J/ψA(Wγp, t)/dt cross section shown in !gure 43 have
been nicely con!rmed by the recent ALICE measurements
[319].
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Figure 42. The nuclear suppression factor of SPb(x) as a function of
the gluon momentum fraction of x: the values extracted from the run
1 [302, 303, 305] and the central rapidity run 2 [308] UPC data on
coherent J/ψ photoproduction in Pb–Pb UPCs vs predictions of the
LT model of NS and global !ts of nPDFs. The bands indicate the
uncertainties for the LTA model (yellow) and EPS09
parameterization (blue).

SPb(x) =

√
σγA→J/ψA(Wγp)
σIA
γA→J/ψA(Wγp)

= κA/N
xgA(x, µ2)

AxgN(x, µ2)

≡ κA/NRg(x, µ2). (182)

It is expected that almost all kinematic factors and men-
tioned corrections cancel in the ratio of the nuclear and
IA (proton) cross sections. Thus, equation (182) establishes
a direct correspondence between the suppression factor of
SPb(x) and the ratio of the nuclear and nucleon gluon distri-
butions Rg(x, µ2). Further, since at central rapidities |y| ≈ 0,
the dσAA→AAJ/ψ(y)/dy cross section is unambiguously related
to the σγA→J/ψA(Wγp) photoproduction cross section at the
de!nite value of Wγp =

√
2ENMJ/ψ , equation (182) gives a

one-to-one correspondence between the measured UPC cross
section at central rapidities and Rg(x, µ2) at x = MJ/ψ/(2EN).

Figure 42 shows a comparison of the values of SPb(x)
extracted from the run 1 [302, 303, 305] and the central rapidity
run 2 [308] UPC data on coherent J/ψ photoproduction in
Pb–Pb UPCs with Rg(x, µ2) predicted in the LT model of
NS and global QCD !ts of nPDFs. Note that following the
analysis of [210], we take advantage of the ambiguity in the
exact values of the scale µ and take µ2 = 3 GeV2 to best
reproduce the available HERA and LHCb data on the Wγp

dependence of the cross section of exclusive J/ψ photoproduc-
tion on the proton. The good agreement with the predictions
of the LT NS model and the EPS09 nPDFs, which however
have much larger uncertainties, gives direct and weakly model-
dependent evidence of large nuclear gluon shadowing at
small x,

Rg(x = 6 × 10−4 − 10−3, µ2 = 3 GeV2) ≈ 0.6. (183)

Note that the analysis of [317] extracted the nuclear sup-
pression factor of SPb(x) in a wide range of x, 10−5 ! x ! 0.04
using all available run 1 and 2 data on coherent J/ψ photo-
production in Pb–Pb UPCs. However, due to the ambiguity

Figure 43. The dσγA→J/ψA(Wγp, t)/dt cross section normalized to its
value at |t| = tmin as a function of t at W = 124 GeV: predictions of
the LT model of NS (red solid curve) vs the factorized
approximation (blue dot-dashed curve). Reprinted !gure with
permission from [316], Copyright (2017) by the American Physical
Society.

of the two terms in equation (175), such a procedure is in
general model dependent and leads to signi!cant uncertainties
in SPb(x) for x < 6 × 10−4 and x > 0.01. In this respect one
should also mention the analysis of [318], where SPb(x) was
extracted from measurements of coherent J/ψ photoproduc-
tion in ultraperipheral and peripheral Pb–Pb collisions at the
LHC at 2.76 TeV. The results of that analysis broadly agree
with the trend of the nuclear suppression presented in !gure 42.

The signi!cant LT gluon NS also affects the differential
cross section of coherent J/ψ photoproduction on nuclei,

dσγA→J/ψA(Wγp, t)
dt

= κ2
A/N

dσγp→J/ψp(Wγp, t = 0)
dt

×
[

xgA(x, t, µ2)
AxgN(x, µ2)

]2

. (184)

Figure 43 shows the dσγA→J/ψA(Wγp, t)/dt cross section nor-
malized to its value at |t| = tmin as a function of t at
W = 124 GeV. This value corresponds to Pb–Pb UPCs dur-
ing run 2 at the LHC with

√
sNN = 5.02 TeV and the cen-

tral rapidity y = 0. The red solid curve is the prediction of
equation (184), where for xgA(x, t, µ2) and xgA(x, b, µ2), see
equation (180), we used predictions of the LT NS model for the
impact parameter dependent nuclear PDFs, see section 7. The
blue dot-dashed curve gives the t dependence of the nuclear
form factor squared [FA(t)/A]2. One can see from the !gure
that the impact parameter dependence of the LT NS, i.e., the
correlation between b and x in xgA(x, b, µ2), noticeably shifts
the minimum of the t distribution toward lower values of t. This
can be interpreted as broadening in impact parameter space of
the small-x gluon distribution in nuclei as a consequence of
the fact that NS increases with a decrease of b (increase of the
nuclear density).

The predictions for the shift of the t dependence of the
dσγA→J/ψA(Wγp, t)/dt cross section shown in !gure 43 have
been nicely con!rmed by the recent ALICE measurements
[319].
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Figure 42. The nuclear suppression factor of SPb(x) as a function of
the gluon momentum fraction of x: the values extracted from the run
1 [302, 303, 305] and the central rapidity run 2 [308] UPC data on
coherent J/ψ photoproduction in Pb–Pb UPCs vs predictions of the
LT model of NS and global !ts of nPDFs. The bands indicate the
uncertainties for the LTA model (yellow) and EPS09
parameterization (blue).

SPb(x) =

√
σγA→J/ψA(Wγp)
σIA
γA→J/ψA(Wγp)

= κA/N
xgA(x, µ2)

AxgN(x, µ2)

≡ κA/NRg(x, µ2). (182)

It is expected that almost all kinematic factors and men-
tioned corrections cancel in the ratio of the nuclear and
IA (proton) cross sections. Thus, equation (182) establishes
a direct correspondence between the suppression factor of
SPb(x) and the ratio of the nuclear and nucleon gluon distri-
butions Rg(x, µ2). Further, since at central rapidities |y| ≈ 0,
the dσAA→AAJ/ψ(y)/dy cross section is unambiguously related
to the σγA→J/ψA(Wγp) photoproduction cross section at the
de!nite value of Wγp =

√
2ENMJ/ψ , equation (182) gives a

one-to-one correspondence between the measured UPC cross
section at central rapidities and Rg(x, µ2) at x = MJ/ψ/(2EN).

Figure 42 shows a comparison of the values of SPb(x)
extracted from the run 1 [302, 303, 305] and the central rapidity
run 2 [308] UPC data on coherent J/ψ photoproduction in
Pb–Pb UPCs with Rg(x, µ2) predicted in the LT model of
NS and global QCD !ts of nPDFs. Note that following the
analysis of [210], we take advantage of the ambiguity in the
exact values of the scale µ and take µ2 = 3 GeV2 to best
reproduce the available HERA and LHCb data on the Wγp

dependence of the cross section of exclusive J/ψ photoproduc-
tion on the proton. The good agreement with the predictions
of the LT NS model and the EPS09 nPDFs, which however
have much larger uncertainties, gives direct and weakly model-
dependent evidence of large nuclear gluon shadowing at
small x,

Rg(x = 6 × 10−4 − 10−3, µ2 = 3 GeV2) ≈ 0.6. (183)

Note that the analysis of [317] extracted the nuclear sup-
pression factor of SPb(x) in a wide range of x, 10−5 ! x ! 0.04
using all available run 1 and 2 data on coherent J/ψ photo-
production in Pb–Pb UPCs. However, due to the ambiguity

Figure 43. The dσγA→J/ψA(Wγp, t)/dt cross section normalized to its
value at |t| = tmin as a function of t at W = 124 GeV: predictions of
the LT model of NS (red solid curve) vs the factorized
approximation (blue dot-dashed curve). Reprinted !gure with
permission from [316], Copyright (2017) by the American Physical
Society.

of the two terms in equation (175), such a procedure is in
general model dependent and leads to signi!cant uncertainties
in SPb(x) for x < 6 × 10−4 and x > 0.01. In this respect one
should also mention the analysis of [318], where SPb(x) was
extracted from measurements of coherent J/ψ photoproduc-
tion in ultraperipheral and peripheral Pb–Pb collisions at the
LHC at 2.76 TeV. The results of that analysis broadly agree
with the trend of the nuclear suppression presented in !gure 42.

The signi!cant LT gluon NS also affects the differential
cross section of coherent J/ψ photoproduction on nuclei,

dσγA→J/ψA(Wγp, t)
dt

= κ2
A/N

dσγp→J/ψp(Wγp, t = 0)
dt

×
[

xgA(x, t, µ2)
AxgN(x, µ2)

]2

. (184)

Figure 43 shows the dσγA→J/ψA(Wγp, t)/dt cross section nor-
malized to its value at |t| = tmin as a function of t at
W = 124 GeV. This value corresponds to Pb–Pb UPCs dur-
ing run 2 at the LHC with

√
sNN = 5.02 TeV and the cen-

tral rapidity y = 0. The red solid curve is the prediction of
equation (184), where for xgA(x, t, µ2) and xgA(x, b, µ2), see
equation (180), we used predictions of the LT NS model for the
impact parameter dependent nuclear PDFs, see section 7. The
blue dot-dashed curve gives the t dependence of the nuclear
form factor squared [FA(t)/A]2. One can see from the !gure
that the impact parameter dependence of the LT NS, i.e., the
correlation between b and x in xgA(x, b, µ2), noticeably shifts
the minimum of the t distribution toward lower values of t. This
can be interpreted as broadening in impact parameter space of
the small-x gluon distribution in nuclei as a consequence of
the fact that NS increases with a decrease of b (increase of the
nuclear density).

The predictions for the shift of the t dependence of the
dσγA→J/ψA(Wγp, t)/dt cross section shown in !gure 43 have
been nicely con!rmed by the recent ALICE measurements
[319].
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l Measured cross section converted 
to nuclear suppression factor

l → direct evidence of large gluon 
shadowing, Guzey, Kryshen, Strikman, Zhalov, PLB 

726 (2013) 290, Guzey, Zhalov, JHEP 1310 (2013) 207 

l LT nuclear shadowing depends on 
impact parameter b → broadening of 
gluon distribution in b-space → shifts t-
dependence of coherent cross section, 
Guzey, Strikman, Zhalov, PRC 95 (2017) 2, 025204 → 
confirmed by ALICE, Acharya et al., PLB 817 
(2021) 1, 136280
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l Systematics of A dependence of nuclear shadowing and nPDFs

l Theoretically clean since modeling of interactions with N≥3 nucleons is 
numerically small

l Possibility to single out N =2,3 terms by studying t-dependence.                  
In particular, nuclear shadowing shifts t-dependence of coherent cross 
section, Levin, Strikman, Sov. J. Nucl. Phys. 23 (1976) 216. 

l State-of-the-art calculations of nuclear structure.

l No excited nuclear states → easy to select coherent events.

Coherent J/𝜓 production on light nuclei

12Matteo Rinaldi                                                   Theory WG meeting

An old Idea (Levin and Strikman 1975)
4He charge FF, dominated by one-body dynamics (IA)
 presents the first diffraction minimum at:
 -t  0.4≃  GeV2

around this value of t, the cross section in 

p +4He -> p +4He is dominated by effects 
beyond IA:
multinucleon interactions, gluon shadowing for 
hard processes

M. Rinaldi, EICUG Theory WG Meeting,

Feb 27, 2023
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l Amplitude as a series of interactions with k=1, 2, 
3,… nucleons:

Coherent J/𝜓 production on light nuclei
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

ffiffiffiffiffi
jtj

p
¼ 0.7 GeV=c for 4He and

ffiffiffiffiffi
jtj

p
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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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],
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; 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).
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l Factors for k=2, 3,… nucleons:

1-body form factor

2-body form factor
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where the first term is proportional to the IA, F1ðtÞ ¼
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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
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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
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FIG. 2. A sketch of the two-body ff Φ2; see Eq. (3).

PHYSICAL REVIEW LETTERS 129, 242503 (2022)

242503-3

From diffraction@HERA From soft models

k-body form factor as overlap of 
nuclear wave functions

slope of J/𝜓 
cross section,

B0=4.5 GeV-2

t-dependence of soft amplitude 
with slope B=6 GeV-2



7

l Normalized differential 𝛾* + 4He → J/𝜓 + 4He cross section at xB=10-3 as 
function of t with σ2=25±15% mb, σ3=30-50 mb, and Φ2,3 using realistic nuclear 
wave function with N4LO chiral potential, Marcucci, Dohet-Eraly, Girlanda, Gnech, Kievsky, Viviani, 
Front. Phys. 8 (2020) 69; Entem, Machleidt, Nosyk, PRC 96 (2017) 2, 024004

Coherent J/𝜓 production in eA on He-4

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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l 2-body contribution (shadowing) shifts minimum |t|=0.45 GeV2 → |t|=0.27 GeV2

l The minimum is filled due to real part of scattering amplitudes η0 ≠ η ≠ 0.
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l Comparison of calculations at xB=10-3 and xB=0.05:

Coherent J/𝜓 production in eA on He-4

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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l At xB=0.05, nuclear shadowing negligibly small → 1-body (IA) gives full result.
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l Repeated calculations for He-3 using realistic nuclear wf with AV18 potential, 
Marcucci, Dohet-Eraly, Girlanda, Gnech, Kievsky, Viviani, Front. Phys. 8 (2020) 69; Wiringa, Stoks, Schiavilla, PRC 51 
(1995) 38 and 3-body forces, Pudliner, Pandharipande, Carlson, Wiringa, PRL 74 (1995) 4396


l Normalized differential 𝛾* + 3He → J/𝜓 + 3He cross section at xB=10-3 vs. t

Coherent J/𝜓 production in eA on He-3

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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FIG. 5. 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. 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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l Pattern similar to He-4.
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l Measurements of coherent J/𝜓 production on light nuclei at finite t 
complement UPCs of heavy ions at the LHC.


l Light nuclei enable one to probe nuclear shadowing one nucleon at a time 
with good theoretical control of nuclear structure.


l Dominant effect by model-independent 2-nucleon contribution → test of 
nuclear shadowing models.


l LT model of nuclear shadowing predicts shift of the t-dependence of 
coherent J/𝜓 production to smaller |t| → broadening of the gluon distribution in 
impact parameter space.


l Formalism can be readily applied to estimate coherent DVCS on light nuclei.

Summary and Outlook:


