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Outline

Exclusive VM production in DIS- lessons from HERA

Theory of the Leading twist shadowing, nuclear GPDs

Coherent J/ψ production off  heavy and light nuclei

❖

❖

❖

❖

How to suppress diffusion of a small wave packet to to a hadron size ones

Color transparency - necessary (sufficient ?)  condition for factorization 

Tests of thery of nuclear showing

Use of ZDC at LHC 

Very briefly



Vector meson diffractive production: Theory and HERA data

Space-time picture of Vector meson production at small x in the
target rest frame
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⇒ Similar to the π + T → 2jets + T process, A(γ∗
L + p → V + p) at pt = 0

is a convolution of the light-cone wave function of the photon Ψγ∗→|qq̄⟩, the
amplitude of elastic qq̄ - target scattering, A(qq̄T ), and the wave function of
vector meson, ψV : A =

∫

d2dψL
γ∗(z, d)σ(d, s)ψqq̄

V (z, d).
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The leading twist parameter free answer is BFGMS94
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. Here, ΓV →e+e− is the decay width of V → e+e−;

ηV ≡
1

2

∫

dz d2kt
z(1−z) ΦV (z, kt)

∫

dz d2kt ΦV (z, kt)
→ 3 |Q2→∞

Note: In the leading twist d=0 in ψV (z, d). Finite b effects in the meson wave
function is one of the major sources of the higher twist effects.
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A QCD dipole model of  J/ψ production - aims to account more accurately for geometry 

A(� + p ! J/ + p) =

Z
d2d �!cc̄(z, d)�tot(cc̄, p) J/ (z, d)

Slow onset of the LT for cross section both for light and heavy mesons 

Slow  squeezing of dipole size for light mesons, but early dominance of small dipoles for J/ψ
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Universal t-slope: process is dominated by the scattering of quark-antiquark pair in 
a small size configuration - t-dependence is predominantly due to the transverse 
spread of the gluons in the nucleon - two gluon nucleon form factor/ diagonal 
gluon GPD                                      Onset of universal 
regime FKS[Frankfurt,Koepf, MS,97] early for J/ψ late for  ρ

 

Convergence of the t-slopes, B  -                 )  of  ρ-meson electroproduction to the slope of
  J/ψ photo(electro)production.  

●

rT ∝
1
Q

(
1
mc

)⌧ rN

Transverse  distribution of gluons GPD) can be extracted from 
  
 

⇒
dσ
dt

= Aexp(Bt)

γ+ p! J/ψ+N

FKS

Fg(x, t). dσ/dt ∝ F2g (x, t).
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Correction for finite J/ψ size is ~ 10%.

Reminder: transverse  spread of gluons enters into description of jet production 
 in pp collisions at the LHC energies



pp

c

c
_γ J/ψ

x1 x2
x1 � x2 = x ⇡

Q2 +m2
J/�

W 2

GPD

Analysis of the overlapping integral including Fermi 
motion of quarks in J /ψ (Koepf et al)

x1/x2 ⇠ 2÷ 3

xeff = (x1 + x2)/2 ⇠ x

Caviate: experimentally one can measure only nondiagonal GPD

In many models Fermi motion is neglected and x2  is assumed to be 0.
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Open questions in exclusive J/psi production

a) How safe it is to neglect Fermi motion of quarks 

KFS97 = large suppression for low Q

Ryskin model - neglects Fermi motion
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Leading ln x (plus energy conservation), vs leading  ln Q2  approximations (DGLAP)
Preferable at LHC &Top RHIC energies



These processes cannot be used so far for extraction of the 
absolute value of gluon density (need much larger Q, m) . However 
since J/ψ is a compact probe, ratios for different targets are mostly 
unaffected. The t-dependence also can be trusted

b) Relation between NR and LC wave functions LC wave function of quarkonium 

c)  what is the value of mc and how it evolves with resolution? 

Charmonium models: mc > mJ/ψ/2; pQCD < mJ/ψ/2

Normalization of light cone wave function  through fV does not contain terms  
 Brodsky & Lepage), while in nonrelativistic model there is a Barbiery factor 

1� 16↵s/3⇡ ⇠ 0.5

suggests presence of large ccg component in charmonia -
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Probing generalized parton distributions and color transparency in hard 2→3 processes

Mark Strikman, PSU

Rutgers Univ. workshop, March 15,2010



Hard large angle 2 →2 
γ,γ*,hadronic processes

Color transparency: Hard 2 →2 
γ,γ*, hadronic processes in nuclei

GPDs from Hard 2 →3 
γ,γ*, hadronic processes

Chiral dynamics in Hard 
2 →h + (h’π )threshold

hadronic processes

Study of the short-range correlations in nuclei
including nonnucleonic degrees of freedom

Starting at what t  2 →2 large angle process allow to do analog of DIS - 
select point - like configurations in hadrons?



Soft

Regime

Matching Region

Hard

Regime

CT  phenomenon plays  a dual role:
✠   probe of the high energy dynamics of strong interaction 

                               ✠   probe of minimal small size  components of the hadrons 
at intermediate energies also a unique probe of the space time evolution of wave packages 

Basic tool of CT: suppression of interaction of small size color singlet configurations = CC

For a dipole of transverse size d:     

σ= cd2   in the lowest order in αs (two gluon exchange F.Low 75)

Here  S is sea quark distribution  for quarks making up 
the dipole.   

(Baym et al 93, FS&Miller  93 & 2000)

Important at Edipole < 
10 GeV

⇤(d, xN ) =
⇥2

3
�s(Q2

eff )d2
�
xNGN (xN , Q2

eff )+2/3xNSN (xN , Q2
eff )

�
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Main tool  for exclusive processes is color coherence (CC) property of QCD 
and resulting Color transparency (CT) 



Brief Summary of CT  dynamics ingredients: squeeze and freeze 

Squeezing: (a) high energy CT

Select special final states: diffraction of pion into two high pt  jets: dqq~ 1/pt-✵

✵ Select a small initial state:  γ*L   - dqq~ 1/Q- in  γ*L + N→ M+ B    

QCD factorization theorems are valid for these processes with the proof based on the CT property of QCD 

(b) Intermediate energy CT

✽ Nucleon form factor

✽ γ*L (γ*T ?)+ N→ M+ B

✽ Large angle (t/s = const) two body processes:  a+ b →c+ d 
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Brodsky & Mueller 82

Problem: strong 
correlation between 

t (Q) and lab 
momentum of 

produced hadron



Freezing: Main challenge: |qqq> ( |qq> is not an eigenstate of the QCD Hamiltonian.  
So even if we find an elementary process in which interaction is dominated by small size 
configurations - they are not frozen. They evolve with time - expand after interaction to 
average configurations and contract before interaction  from average configurations 
(FFLS88)

lcoh~ (0.4- 0.8) fm Eh[GeV]

p
p

p

pA→ pp (A-1) at large t and 
intermediate energies

lcoh

Quantum 
Diffusion model 

of expansion

Note - one can use multihadron basis with build in CT (Miller and Jennings) or diffusion model - numerical results 
for σPLC are very similar. 

actually incoherence length

-

e
p

e

eA→ ep (A-1) at large Q

lcoh
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Recent analysis of D.Ashery (05) D. Ashery, Tel Aviv University

Fit to Gegenbauer Polynomials

Generate Acceptance-Corrected Momentum distributions

Assume dσ
du ∝ φ2

π(u, Q2) in both k⊥ regions

Fit distributions to:

dσ

du
∝ φ2

π(u, Q2) = 36u2(1 − u)2
(

1.0 + a2C
3/2
2 (2u − 1) + a4C

3/2
4 (2u − 1)

)2

For high kt : a2 = a4 = 0 → Asymptotic

For low kt : a2 = 0.30 ± 0.05, a4 = (0.5 ± 0.1) · 10−2 → Transition

Squeezing occurs already  before the leading term (1-z)z dominates!!!  
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At high energies weakness of  interaction of point-like configurations with 
nucleons - is routinely used for explanation of DIS phenomena at  HERA.

First experimental observation of high energy CT for pion interaction 
(Ashery 2000): π +A →”jet”+”jet” +A. Confirmed predictions of pQCD 
(Frankfurt ,Miller, MS93) for A-dependence, distribution over energy fraction, u 
carried by one jet, dependence on pt(jet), etc. Factorization is proven,

(π wave funct)2

prediction

High energy color transparency is well established

Squeezing occurs already  before the 
leading term (1-z)z dominates!!!  

Q2(� f.f.) � 4k2
t (jet)

⇐

strong squeezing in π form factor
 for Q2=6 GeV2
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High energy CT = QCD factorization theorem for DIS exclusive 
meson processes (Brodsky,Frankfurt, Gunion,Mueller, MS 94 - vector 
mesons,small x; general case Collins, Frankfurt, MS 97). The prove is based 
(as for dijet production) on the CT property of QCD not on closure like 
the factorization theorem for inclusive DIS.   

partonic scattering process, which is calculable in powers of . The indices label

the different parton species. The contribution of diagrams in which the hard scattering process

involves more than the minimum number of partons is suppressed by . An important con-

sequence of factorization is that the –dependence of the amplitude rests entirely in the GPD.

Thus, different processes probing the same GPD should exhibit the same –dependence.

4.2 Space–time picture: “Squeezing” of hadrons

The physics of hard exclusive processes at small becomes most transparent when following

the space–time evolution in the target rest frame. As in the case of inclusive scattering, this

approach allows one to expose the limits of the leading–twist approximation, and to quantify

power corrections due to the nite transverse size of the produced meson.

In exclusive vector meson production, , one can identify three distinct stages

in the time evolution in the target rest frame. The virtual photon dissociates into a dipole

of transverse size at a time coh before interacting with the

target, cf. Eq. (3). The dipole then scatters from the target, and “lives” for a time

before forming the nal state vector meson. The difference in the time scales is due to the

smaller transverse momenta (virtualities) allowed by the meson wave function as compared to

the virtual photon.

In the leading logarithmic approximation in QCD , the effects of QCD radiation can

again be absorbed in the amplitude for the scattering of the small–size dipole off the target. It

can be shown by direct calculation of Feynman diagrams that the leading term for small dipole

sizes is proportional to the generalized gluon distribution, eff , where eff

[7]. A simpler approach is to infer the result for the imaginary part of the amplitude from

the expression for the cross section, Eq. (6), via the optical theorem. The imaginary part is

proportional to the generalized gluon distribution at and . At sufciently large

t

x
1

!xx
1

process
Hard scattering

amplitude
Meson distribution

Generalized
parton distribution

f

H

!
"*

L

M

Figure 4: Factorization of the amplitude of hard exclusive meson production, Eq. (12).
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No interaction between partons


to form M and baryon system due


 to CT /squeezing



(iv)  the ratio  !L/!T >> 1 at large Q2    for  " and #-meson  production

(v) at Q2 >  5 GeV2 for SU(3) symmetry is restored for #/" - ratio ~ 2/9

! Presence of small size  qq Fock componentss in light mesons is 
unambigously established

!

!

-

At  transverse  separations d ! 0.3 fm pQCD reasonably describes 
“small qq - dipole”- nucleon interaction for 10-4 < x < 10-2-

Color transparency is established for the interaction of small dipoles with 
nucleons and with nuclei (for x ~10-2 )

Intermediate energies

Main issues 
At what Q2 / t  particular processes select PLC  -  for example 
interplay of end point and LT contributions in the e.m. form factors, 
exclusive meson production.

☛

☛ lcoh = (0.4 ÷0.8  fm ) ph [GeV]  ➜ ph=6 GeV  corresponds   lcoh = 4 fm ~ 1/σNNρ0

need high energies to see large CT effect even if squeezing is effective at E~ few GeV
17



Experimental situation

Energy dependence of transparency in (p,2p) is observed for energies corresponding to lcoh 
≥  3 fm.   Such dependence is impossible without freezing. But not clear whether effect is 
CT  or something else? Needs independent study & new approaches. 

☀

☀ γ* +A →π A*   evidence for increase of transparency with Q (Dutta et al 07)
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Note that elementary reaction for Jlab 
kinematics is dominated by ERBL term so
 γ* N interaction is local. γ* does not 
transform to  qq distance 1/mNx before 
nucleon
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A- dependence checks not only 
squeezing but small lcoh as well

Glauber m.-

prediction of quantum diffusion model
Ghent

Miller &MS

Also Jlab and HERMES ρ meson production 
data & FNAL J/ψ data indicate CT



Idea is to consider new type of hard hadronic processes - branching exclusive  
processes of large c.m. angle scattering on a “cluster” in a target/projectile (MS94)                         

t’
d

c

b

a

et

s’=(pd+pc)2
-t’ > few GeV2, -t’/ s’ ~1/2 
-t=const ~ 0 
  ➠  s’/s=y<1, 
tmin=[ma2 -mb2/(1-y)]y

Limit:

T Kumano, MS, and Sudoh PRD 09; 
            Kumano &MS arXiv:0909.1299, Phys.Lett. 2010

For hadron induced processes two kinematics - different detector strategies

“a” at rest  - “d” and “c” in forward spectrometer, “e” in recoil detector 
➠ can use neutron (2H)/ transversely polarized target

“b” at rest  - “d”, “c” and “e” in  forward spectrometer ➠ can use neutron  target

to study both CT of  2 → 2  and hadron GPDs
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For e p collider possible processes  

γ* +p →  π+π0 n γ* +p →  ρ0 π+n}}

current fragmentation
nucleon fragmentation

For fixed meson - meson system mass,…) 


a rather  fast decrease of the cross section with s:
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How practical for collider kinematics  (recent papers of Qui and Zhite Yu and earlier today)  


- requires  further studies - resolution, acceptance rates for neutron, proton



Factorization:

GPD

N

t ’b
d

e (baryon)

c (meson)

t t

e (meson)N

GPD

t ’b d

c (baryon)

If the upper block is a hard (2 →2 ) process,   “b”, “d”, “c” are in small size configurations as well as exchange 
system (qq, qqq). Can use CT argument as in the proof of QCD factorization of  meson  exclusive production 
in DIS (Collins, LF, MS 97)

⇓

MNN�N�B = GPD(N ⇥ B)� �i
b �H � �d � �c
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π

B

p

p

cohl

Minimal condition for factorization:
lcoh > rN � 0.8 fm

lcoh = (0.4 ÷ 0.6 fm) · ph/(GeV/c)
pc ⇥ 3÷ 4 GeV/c, pd ⇥ 3÷ 4 GeV/c

pb ⇥ 6÷ 8 GeV/c

easier to reach than in CT reactions with nuclei

Time evolution of the 2 → 3 process
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easy to satisfy at EIC

(γ)

Γ

(π)



��p⇥ ��p + (�0�0 � forward low pt)
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J-PARC  if  beams of pions 
with energies 20 -40 GeV 
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γ M
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Study of Hidden/Intrinsic Strangeness & Charm in hadrons

γp →M + Λsp (any other strange baryon)+ K+(K*) 

pp → φsp + p + p

pp →Dsp +  Λc+ p 

pp → K(K*)sp + Λ + p BNL experiment: EVA has few candidate events

_

Can one use hadronic projectiles to study  baryo/meso baryonic 

and meso-mesonic  GPDs? Will be especially beneficial to study in parallel 

with 12 GeV program at Jlab (GPD studies is the main trust of their program)

Idea (MS95) is to consider new type of hard hadronic processes - 
branching exclusive  processes of large c.m.angle scattering on a 

“cluster” in a target/projectile or  scattering of two small clusters 
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γ M

γp →M+ Dsp +  Λc

γ M



use of polarized beams and/or targets

pp →Λsp (any other strange baryon)+ K+(K*) + p
→ →

pp → K+(K*)sp  +Λ(any other strange baryon)+ p
→

→
→

pp →Δsp (any other strange baryon)+ meson + p
→→

study of the NΔ GPDs -  more GPDs than for NN case - QCD chiral model - selection rules; single 
transverse spin asymmetries
   Frankfurt, Pobilitsa, Polyakov, MS 98

Can one use hadronic projectiles to study  baryo/meso baryonic 

and meso-mesonic  GPDs? Will be especially beneficial to study in parallel 

with 12 GeV program at Jlab (GPD studies is the main trust of their program)

Idea (MS95) is to consider new type of hard hadronic processes - 
branching exclusive  processes of large c.m.angle scattering on a 

“cluster” in a target/projectile or  scattering of two small clusters 
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Study of the spin structure of the nucleon

Can one gain from electron polarization?



Defrosting point like configurations - energy dependence for fixed s’,t’

Use lcoh~ 0.6 fm Eh[GeV]

Quantum 
Diffusion model 

of expansion⇥PLC(z) =
�

⇥hard +
z

lcoh
[⇥ � ⇥hard]

⇥
�(lcoh � z) + ⇥�(z � lcoh)

which describes well CT for pion electroproduction

c
b

d

c
b

d

0.7

0.8

0.9

1

1.1

20 100 30050 200

p
    
(GeV/c)

R
 =

 T
(p

  ,
x

= 
0.

2)
 /

T(
p 

 ,
x

= 
0.

5) 1

A = 12
40

208

π

π
π

x = pfin
⇡ /pin

⇡

x=0.5

26

Higher energy - smaller the angle


Huge CT effect



A detailed theoretical study of the reactions pp→NNπ,  NΔπ was recently  completed. 
Factorization  based on squeezing

Kumano, Strikman, and Sudoh 09
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It appears that it is much easier to squeeze meson than proton few constituents)


J.W.Qui - parametric statement CT for meson meson 


hard block collision, no CT for collisions involving baryons



Discussed processes will allow (in the CT regime)

to discover that pattern of  interplay of hard and soft physics in one of the most 
fundamental hadronic processes of large angle scattering

compare wave function of different mesons and baryons

map the  space-time evolution of small wave packets at distances

test the role of chiral degrees of freedom in hard interactions

✺

✺

✺

✺

1 < z <6 fm

Program which can be performed at COMPASS and also J-PARC  (complementary - 
different beams, higher energies, etc). 

EIC can follow up this program at higher energies and address issues of both the 
hadron and photon structure.
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Ultraperipheral collisions (UPC) at the LHC  is clearly s forerunner of 
EIC.  - data now not in 20 years. 

For many UPC flagship  reactions,  EIC would have to   make  emphasis 
on few % precision studies of the  A - dependence. 
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For example, in extracting small x nuclear gluon gpds
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Fig. 1. Cuts of the double rescattering diagram corresponding to diffraction (a); screening of single scattering (b,c), double multiplicity (d). 

of papers [ 13-16], it is assumed that screening occurs 
due to hard scattering events, which contain both color 
octet and color singlet intermediate states (color sin- 
glet screening in this model has the topological struc- 
ture of a two Pomeron exchange and corresponds to 
a triple Pomeron diagram). The amount of diffraction 
in these models sensitively depends on the assumed 
boundary conditions. For a discussion of the expecta- 
tions of this model for possible final states see Ref. 
[171. 

In the following, we will use the term Pomeron just 
to refer to the color singlet nature of the exchange. In- 
teractions of such structure permit the application of 
the AGK cutting rules [18] to determine the diffrac- 
tive cross section and to predict the distribution over 
multiplicities. For some early applications of the AGK 
rules to hadron-nucleus scattering see Refs. [ 19-21]. 

For simplicity, let us first consider deep inelastic 
lepton scattering off light nuclei, where the restriction 
by the interactions with two or three nucleons via the 
exchange of two or three "Pomerons" is a legitimate 
approximation (below we will make an estimate of 
the range of  validity of this approximation to for the 
total cross section and various partial cross sections). 
In this case, the cross section can be represented in 
the form: 

0"tY;t A = A0"tro~N(1 -- K2(A, X)) , (2) 

where the second term represents the contribution of 

interactions of hadron configurations in the projec- 
tile with two nucleons through the double Pomeron 
exchange, and where each individual Pomeron ex- 
change describes the interaction of the projectile's 
quark-gluon configuration with a single nucleon. 

The AGK cutting rules yield a prescription on how 
to calculate the cross section of diffractive processes 
as well as processes with a single (single multiplicity) 
and two Pomeron cuts (double multiplicity) by means 
of K2(A,x) and the square of the ratio of the real 
and imaginary parts of the T*N zero angle scattering 
amplitude, 

2 (Rea  
~7 -= \ I m A , /  (3) 

For example, in the case of the double scattering con- 
tribution to shadowing with cross section -0 .  the non- 
vanishing cuts of the diagram correspond to diffrac- 
tive cross section o" - Fig. la; screening of the single 
multiplicity process of the impulse of approximation 
- Fig. lb, lc with cross section -40.,  and the cut of 
two Pomeron exchanges - Fig. 1 d, which leads to pro- 
duction of particles with average multiplicity twice as 
large as in the interaction with one nucleon with cross 
section 20". (For simplicity we give here expressions 
for r / = 0 ) .  

The cross section for the processes with single mul- 
tiplicity of hadrons in the final state, is described by 
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Cuts of double scattering diagram corresponding to diffraction (a), 

Screening of the scattering of a single nucleon (b/c), double multiplicity (d )

Unitarity relates these cuts - Abramovski, Gribov, Kancheli
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AGK  relation between 
cross sections of different  
channels:

Using AGK we  re-derived original Gribov result for nuclear shadowing 
extending it to include the real part effects.  This approach does not require 
separation of diffraction into leading twist and higher twist parts.
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Observable¨. Ncoll (or number of neutrons in ZDC) vs xA. Const  for xA>0.02, 
graduate increase with decrease of xA , decrease of the effect with increase of  ptT of 
charm,  pT of leading pion  in current fragmentation  region.


Looking for tail corresponding to  3 - 5 wounded nucleons.

AGK allows to rewrite sign alternating series as a series all positive terms

<latexit sha1_base64="cfI1IdXmqVz7uTKqHhxETiBxUaU="></latexit>

�(1)
Ncoll = �1 � 4�2;�

(2)
Ncoll = 2�2;�

(diff)
Ncoll = �2;

28
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These measurements would complement measurements of gluon gpds from coherent J/psi production



Consistency check of leading twist approximation (LTA) of shadowing

For example, N=1, N=2 values test interaction  in the rim region of a nucleus. 
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y(b) = �eff (T (b)

<latexit sha1_base64="h6rFfc9iq4cbuKIQDdVoORJi/Ic="></latexit>

/
Z

d2b · y(b)e�y(b)

σef includes fluctuations of diffractive cross section

34

Note that in difference from models based on fitting the data LTA  first calculates nuclear GPDs 
and gets pdfs by integrating over b calculates  diagonal GPDS
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Figure 37. The leading twist nuclear shadowing model predictions for the
fi/A(x, Q2

0)/[Afi/N (x, Q2
0)] ratios of the nuclear and nucleon PDFs for ū quarks and

gluons as a function of x at the input scale Q0 = 2 GeV. The upper and lower panels
correspond to Ca-40 and Pb-208, respectively.

rather directly constrain xgA(x, Q
2) at small x and test predictions of the model of the

leading twist nuclear shadowing.

The leading twist model of nuclear shadowing naturally makes predictions for the

impact parameter ~b dependence of nuclear PDFs,

xfi/A(x, b, Q
2
0) =

Axfi/N(x, Q
2
0)TA(~b) � 8⇡A(A � 1)<e

(1 � i⌘)2

1 + ⌘2

Z 0.1

x

dxIP �f
D(4)
i (�, Q

2
0, xIP , t = 0)

⇥
Z 1

�1
dz1

Z 1

z1

dz2⇢A(~b, z1)⇢A(~b, z2)e
i(z1�z2)xIP mN e

�A
2 (1�i⌘)�i

soft(x,Q2
0)

R z2
z1

dz0⇢A(~b,z0)
, (169)

where TA(~b) =
R

dz⇢A(~b, z) is the so-called nuclear optical density. Equation (169)

encodes the dynamical picture of NS resulting from an overlap of target nucleons in the

transverse plane and naturally leads to an increase of NS with a decrease of |~b|, where the

nuclear density is larger. This leads to correlations of x and ~b in the impact-parameter

dependent nPDFs fi/A(x, b, Q
2
0).

The upper panels of Fig. 38 show the fi/A(x, b, Q
2
0)/[ATA(b)fi/N(x, Q

2
0)] ratios for ū

quarks (left) and gluons (right) in Pb-208 as a function of x at b = 0 and Q
2
0 = 4 GeV2.

N=1



Coherent J=ψ Electroproduction on 4He and 3He at the Electron-Ion Collider:
Probing Nuclear Shadowing One Nucleon at a Time
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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.

DOI: 10.1103/PhysRevLett.129.242503

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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Applications of LTA to the processes with lightest nuclei

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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Supplemental slides



Strategy of the first numerical analysis: 

●

Approximate the ERBL configurations by the pion and ρ-meson poles 

 account for contributions of GPDs corresponding to
 qq pairs with S=1 and 0

_

●

●

Use experimental information about 

π- p→ π- p,  π- p →ρ- p 
π+ p→ π+ p,  π+ p →ρ+ p 
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