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Nonperturbative/ soft QCD Leading twist diffraction

BFKL regime: const virtuality &
<latexit sha1_base64="MsVRxlQNiif6Hfjh0MhBet3l3ek=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjMi6rLoxmUF+4CZoWTSTBuaSYbkjjAM/Qw3LhRx69e4829M21lo64HA4Zx7yT0nSgU34LrfTmVtfWNzq7pd29nd2z+oHx51jco0ZR2qhNL9iBgmuGQd4CBYP9WMJJFgvWhyN/N7T0wbruQj5CkLEzKSPOaUgJV8E4DCAZcx5IN6w226c+BV4pWkgUq0B/WvYKholjAJVBBjfM9NISyIBk4Fm9aCzLCU0AkZMd9SSRJmwmJ+8hSfWWWIY6Xtk4Dn6u+NgiTG5ElkJxMCY7PszcT/PD+D+CYsuEwzYJIuPoozgW3OWX485JpRELklhGpub8V0TDShYFuq2RK85cirpHvR9K6alw+XjdZtWUcVnaBTdI48dI1a6B61UQdRpNAzekVvDjgvzrvzsRitOOXOMfoD5/MHT36RSQ==</latexit>
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Current high energy diffraction experimental information:      -pp. at FNAL & LHC 
 
 

❖

DIS  -     HERA 

Schematic diagram of an ultraperipheral 
collision of two ions. The impact 
parameter, b, is larger than the sum of the 
two radii, RA+RB. 

Depending on the channel WγN    up to 1  TeV can be reached. Hardness of 
the process can be regulated using different final states. 

for moderate virtualities (J/psi), x=10-3 was  reached - much smaller x in the future.

Next 10 -15 years - the only reasonably direct way to probe small x and 
moderate virtualities are different ultraperipheral collisions

I will review comparison of the vector meson theory predictions  and comparison with 
the LHC data  results and some directions for further studies
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EIC - - high precision, more tools (DIS,..) but the smallest xA which can be reached is  x ~ 10-3  for  Q2 > few GeV2

~ 10-5 — 10-6

At LHC charm is attractive tool to study pQCD regime at  moderate virtualities. 
                 will give several examples
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Tremendous progress since Phys. Rep. 2008 - my focus is what UPC can contribute to small x physics 

Depending on the channel WγN up to 1 TeV can be reached. Hardness of the process can be regulated using 
different final states. 

Next 10 -15 years - the only reasonably direct way to probe small x dynamics at moderate 
virtualities is  study of different UPC at the LHC (pA, AA, pp)
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Soft QCD — Universal soft Pomeron ?

<latexit sha1_base64="HZN9Pc4YgUU4aDmZ35ABkH0++/E=">AAACFHicbZC7SgNBFIZn4y3GW9TSZjCIkUDYlaA2QtBGuwjmAtllmZ3MJkNmL8ycFcKSh7DxVWwsFLG1sPNtnCRbaOIPAx//OYcz5/diwRWY5reRW1peWV3Lrxc2Nre2d4q7ey0VJZKyJo1EJDseUUzwkDWBg2CdWDISeIK1veH1pN5+YFLxKLyHUcycgPRD7nNKQFtusWITEQ+Im9oc0tvGeIzLcIIvcWabuJLhMWC3WDKr5lR4EawMSihTwy1+2b2IJgELgQqiVNcyY3BSIoFTwcYFO1EsJnRI+qyrMSQBU046PWqMj7TTw34k9QsBT93fEykJlBoFnu4MCAzUfG1i/lfrJuBfOCkP4wRYSGeL/ERgiPAkIdzjklEQIw2ESq7/iumASEJB51jQIVjzJy9C67RqnVVrd7VS/SqLI48O0CEqIwudozq6QQ3URBQ9omf0it6MJ+PFeDc+Zq05I5vZR39kfP4AyrScwA==</latexit>

↵IP (t) = ↵0 + ↵0t

<latexit sha1_base64="9qj0QhKWesvewZ8IiPV61IxM6qA="></latexit>

↵0 = 1.08;↵0 = 0.25GeV �2 from pp data

Puzzle: for ρ- meson photoproduction (most recent data)  
<latexit sha1_base64="bVkilw1D0Z6FNjjN7JNaovP5qEE="></latexit>

↵0 = 1.06;↵0 = 0.10GeV �2

Need of special analysis of UPC

pp - LHC energies: strong deviation from linear Pomeron trajectory fit: 
  

<latexit sha1_base64="mO1yrBilKH/OwMlqjAm1x5om7us="></latexit>

↵0 = 0.5GeV �2

Cuts = multipomeron exchanges break universality

Classical Pomeron - Regge trajectory , hence universal

4

<latexit sha1_base64="DTJIzTdkkMBYalWej1CaRRIHqWY="></latexit>

A(s, t) / s↵IP (t)

The same α’  as for J/ψ  !!!!!



ODDERON

Strong evidence for significant C-odd amplitude at high energies,

Is it a Regge trajectory?   A perturbative construction?

Oddeon amplitude in all models has t=0 intercept not exceeding 1. Hence 
Odderon/ Pomeron  should be much larger at s1/2 ~ 30 GeV than at the LHC  

Data at intermediate energies & joint analysis of fixed and collider data
<latexit sha1_base64="JUzcb46Y/gDGwvt3tzUMc0I64zc=">AAAB/XicdVDLSgMxFM3UV62v8bFzEyyCqyHT1truim5cVrCt0BlKJs20oZmZkGSEWoq/4saFIm79D3f+jZm2gooeuHA4517uvScQnCmN0IeVW1peWV3Lrxc2Nre2d+zdvbZKUkloiyQ8kTcBVpSzmLY005zeCElxFHDaCUYXmd+5pVKxJL7WY0H9CA9iFjKCtZF69oEXYAmFgJ5O4JxD0bOLyKnXqqhSg8hBqFYulw05RW69VIGuUTIUwQLNnv3u9ROSRjTWhGOlui4S2p9gqRnhdFrwUkUFJiM8oF1DYxxR5U9m10/hsVH6MEykqVjDmfp9YoIjpcZRYDojrIfqt5eJf3ndVIc1f8JikWoak/miMOXQfJpFAftMUqL52BBMJDO3QjLEEhNtAiuYEL4+hf+Tdslxq07lqlJsnC/iyINDcAROgAvOQANcgiZoAQLuwAN4As/WvfVovViv89actZjZBz9gvX0CUwqUhg==</latexit>

p̄p ! p̄p

Reactions with large odderon contribution in UPC. For example
<latexit sha1_base64="J1R24XM9VWvuhbhjvLDxP0FJGqQ=">AAAB+XicdVDLSgMxFM3UV62vUZdugkVwNWTaWttdqxuXFWwtdIYhk6ZtaCYzJJlCGfonblwo4tY/ceffmD4EFT1w4XDOvdx7T5hwpjRCH1ZubX1jcyu/XdjZ3ds/sA+POipOJaFtEvNYdkOsKGeCtjXTnHYTSXEUcnofjq/n/v2ESsVicaenCfUjPBRswAjWRgpsu9n0dAw9MmIBgbDZDOwicuq1KqrUIHIQqpXLZUMukFsvVaBrlDmKYIVWYL97/ZikERWacKxUz0WJ9jMsNSOczgpeqmiCyRgPac9QgSOq/Gxx+QyeGaUPB7E0JTRcqN8nMhwpNY1C0xlhPVK/vbn4l9dL9aDmZ0wkqaaCLBcNUg7Nr/MYYJ9JSjSfGoKJZOZWSEZYYqJNWAUTwten8H/SKTlu1ancVoqNq1UceXACTsE5cMElaIAb0AJtQMAEPIAn8Gxl1qP1Yr0uW3PWauYY/ID19gnqvZKS</latexit>

AA ! �cAA
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S- channel picture of Pomeron,  connection to generalized parton distributions and multiparton interactions

Is pp interaction at the LHC predominantly black: No it is grey  

Are pp interactions are predominantly  due to minijets? Perhaps.

 Answer sensitive to transverse spread of gluon generalized parton densities 
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extrapolated profile function 
from elastic cross section Small effect from correlations

• Identical 
partons,

• CTEQ6M gluon 
PDF

Compare reconstructed profile
with model extrapolation.

 Mismatch in description at large impact parameters where we 
expect small effect from correlations.

(other models also compared.)
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Mismatch in description at large impact parameters where naively we expect a 
small effect from correlations & where gluon densities for corresponding 
transverse distances from the center are rather small 

Also: At large b large contribution to Γinel is from 
diffraction where jet production is suppressed 

• • 

extrapolated profile function extrapolated 
profile function from elastic cross section 

Black limit
<latexit sha1_base64="bYL5lAR2bUN7UWXJk4jGLPK04A4=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCCymJFHUjFN24rNAXNKFMppN26GQSZ26EGoq/4saFIm79D3f+jdPHQlsPXDiccy/33hMkgmtwnG8rt7S8srqWXy9sbG5t79i7ew0dp4qyOo1FrFoB0UxwyerAQbBWohiJAsGaweBm7DcfmNI8ljUYJsyPSE/ykFMCRurYB56+V5DpEb7Cbhl7p7jGGh276JScCfAicWekiGaoduwvrxvTNGISqCBat10nAT8jCjgVbFTwUs0SQgekx9qGShIx7WeT60f42ChdHMbKlAQ8UX9PZCTSehgFpjMi0Nfz3lj8z2unEF76GZdJCkzS6aIwFRhiPI4Cd7liFMTQEEIVN7di2ieKUDCBFUwI7vzLi6RxVnLPS+W7crFyPYsjjw7RETpBLrpAFXSLqqiOKHpEz+gVvVlP1ov1bn1MW3PWbGYf/YH1+QM2B5PG</latexit>p
s = 14TeV

CTEQ 6M gluon pdfs

17

extrapolated profile function 
from elastic cross section Small effect from correlations

• Identical 
partons,

• CTEQ6M gluon 
PDF

Compare reconstructed profile
with model extrapolation.

 Mismatch in description at large impact parameters where we 
expect small effect from correlations.

(other models also compared.)


   

17

extrapolated profile function 
from elastic cross section Small effect from correlations

• Identical 
partons,

• CTEQ6M gluon 
PDF

Compare reconstructed profile
with model extrapolation.

 Mismatch in description at large impact parameters where we 
expect small effect from correlations.

(other models also compared.)


   

17

extrapolated profile function 
from elastic cross section Small effect from correlations

• Identical 
partons,

• CTEQ6M gluon 
PDF

Compare reconstructed profile
with model extrapolation.

 Mismatch in description at large impact parameters where we 
expect small effect from correlations.

(other models also compared.)


   

Mismatch in description at large impact parameters where naively we expect a 
small effect from correlations & where gluon densities for corresponding 
transverse distances from the center are rather small 

Also: At large b large contribution to Γinel is from 
diffraction where jet production is suppressed 
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7

Interface of perturbative and nonperturbative QCD remains a challenge 
— exploration of minĳet suppression,  diffraction with dĳet production in pp scattering

}<latexit sha1_base64="XdVOJN8nJxLIGWK4kuPT49ckP3Y=">AAAB/HicdVDLSsNAFJ3UV62vaJduBosgCCWpqTa7ohuXFexD2lAm02k7dpIMMxMhhPorblwo4tYPceffOGkrqOiBYQ7n3Mu99/icUaks68PILS2vrK7l1wsbm1vbO+buXktGscCkiSMWiY6PJGE0JE1FFSMdLggKfEba/uQi89t3REgahdcq4cQL0CikQ4qR0lLfLHLeUxHk8BgO6C1R+r/pmyWr7NaqVacCrbJluU71RBPXde2aDW2tZCiBBRp98703iHAckFBhhqTs2hZXXoqEopiRaaEXS8IRnqAR6WoaooBIL50tP4WHWhnAYST0CxWcqd87UhRImQS+rgyQGsvfXib+5XVjNax5KQ15rEiI54OGMYP63CwJfa8gWLFEE4QF1btCPEYCYaXzKugQvi6F/5NWpWyflp0rp1Q/X8SRB/vgABwBG5yBOrgEDdAEGCTgATyBZ+PeeDRejNd5ac5Y9BTBDxhvn//ok7s=</latexit>

pp ! p+ dijet+ Y

Mdiff

<latexit sha1_base64="bKq4jIA9XaSxMK56rbeSOzezWSA="></latexit>

� = �imp.approxRsupp

~1/20  at LHC consistent with s-channel geometry of the process

Fluctuations of σpp may result in xp dependence of Rdiff.



8

CONTENTS 72

 0

 0.005

 0.01

 0.015

 0.02

 0  50  100  150  200

P p
(m

),
 m
b-

1

m, mb

3s=200 GeV
3s=1.8 TeV
3s=13 TeV

Figure 30. The distribution Pp(�) as a function of � for
p

s = 200 GeV (solid red),p
s = 1.8 TeV (blue short-dashed), and

p
s = 13 TeV (green dot-dashed).

LHC energies reaching the value of !� ⇠ 0.1 at
p

s ⇠ 8 TeV. Thus, one can parameterize

the energy dependence of !� for the proton in the following simple form

!�(s) =

8
><

>:

�
p

s/(24 GeV) ,
p

s < 24 GeV ,

� , 24 <
p

s < 200 GeV ,

� � 0.056 ln(
p

s/200 GeV) ,
p

s > 200 GeV ,

(143)

where � = 0.30 ± 0.05.

The resulting Pp(�) as a function of � for three typical values of energies (
p

s = 200

GeV,
p

s = 1.8 TeV, and
p

s = 13 TeV) is presented in Fig. 30. One can see from the

figure that the distribution Pp(�) remains rather broad for all studied energies since a

decrease of !� is compensated by an increase of �tot [228].

For the pion projectile, one can use the constituent quark counting rule for the

ratio of the nucleon–nucleon and the pion–nucleon total cross sections [251] to obtain

the following simple estimate for !� for pions

!
⇡
� =

3

2
!� . (144)

The resulting P⇡(�) distribution for pions as a function of � for
p

s = 46 GeV andp
s = 62 GeV is shown in Fig. 31. These values correspond to the invariant photon–

nucleon energies accessed in photoproduction of ⇢ mesons in heavy-ion ultraperipheral

collisions at central rapidities at the LHC, see next section.

6.4. P⇢(�) distribution for ⇢ mesons

Color fluctuation phenomena can also be studied in ⇢ meson photoproduction, which

was explored at HERA and in heavy-ion ultraperipheral collisions at the LHC. We note

Convenient quantity -             -probability that nucleon interacts with cross section P(σ) σ

If there were no fluctuations of strength - there would be no inelastic diffraction at t=0:
dσ(pp!X+p)

dt
dσ(pp!p+p)

dt
| t = 0

=
�

(� � �tot)2P (�)d�

�2
tot

⇥ ⇥� variance

How much does strength of pp interaction fluctuates? 
<latexit sha1_base64="iuiMDMfc7lS3YHqSnjLZq0JEGps=">AAAB7nicdVDJSgNBEO1xjXGLevTSGARPoSeEmNyCXjxGMAskQ+jp1CRNeha6a4Qw5CO8eFDEq9/jzb+xswgq+qDg8V4VVfX8REmDjH04a+sbm1vbuZ387t7+wWHh6Lht4lQLaIlYxbrrcwNKRtBCiQq6iQYe+go6/uR67nfuQRsZR3c4TcAL+SiSgRQcrdTp+6lSgINCkZWYRbVK58StMdeSer1WLtepu7AYK5IVmoPCe38YizSECIXixvRclqCXcY1SKJjl+6mBhIsJH0HP0oiHYLxsce6MnltlSINY24qQLtTvExkPjZmGvu0MOY7Nb28u/uX1UgxqXiajJEWIxHJRkCqKMZ3/TodSg0A1tYQLLe2tVIy55gJtQnkbwten9H/SLpfcaqlyWyk2rlZx5MgpOSMXxCWXpEFuSJO0iCAT8kCeyLOTOI/Oi/O6bF1zVjMn5Aect0/SRI/q</latexit>•

Challenge: to measure <latexit sha1_base64="dGC4JYnB5SFpMXtE5fa6lMXMLes=">AAAB9HicdVDLSsNAFJ34rPVVdelmsAiuQlJTbXZFNy4r2Ac0oUymk3ToTBJnJoUS+h1uXCji1o9x5984aSuo6IELh3Pu5d57gpRRqSzrw1hZXVvf2Cxtlbd3dvf2KweHHZlkApM2TlgiegGShNGYtBVVjPRSQRAPGOkG4+vC706IkDSJ79Q0JT5HUUxDipHSku8lnERo4EkacTSoVC3TbdTrTg1apmW5Tv1cE9d17YYNba0UqIIlWoPKuzdMcMZJrDBDUvZtK1V+joSimJFZ2cskSREeo4j0NY0RJ9LP50fP4KlWhjBMhK5Ywbn6fSJHXMopD3QnR2okf3uF+JfXz1TY8HMap5kiMV4sCjMGVQKLBOCQCoIVm2qCsKD6VohHSCCsdE5lHcLXp/B/0qmZ9oXp3DrV5tUyjhI4BifgDNjgEjTBDWiBNsDgHjyAJ/BsTIxH48V4XbSuGMuZI/ADxtsncBSSkQ==</latexit>!� at LHC 
Enters in modeling of pA and AA collisions



Studies of the diffraction at HERA stimulated derivation of new QCD factorization theorems.  In difference 
from derivation in the  inclusive case which  used closure, main ingredient is the color transparency 
property of QCD (as reflected in above equation)

small Large

cross section of a small dipole off a proton/ nucleus interaction is small, proportional to area of dipole 
occupied by color, and to gluon density of target and hence grows with decrease of x. 

Basic guiding features of QCD relevant for diffraction in QCD 

b) Diffraction in DIS  is the leading twist effect - (formal proof Collins 1998) 

a) cross section of a small dipole off a proton/ nucleus interaction is small, proportional to 
to area of dipole  occupied by color,  and to gluon density of target and hence grows 
with decrease of x.  

—> factorization theorem for exclusive meson production (Collins, Frankfurt and MS 1997)

rescatterings of  a small dipole off several nucleons are not suppressed by 
 power of   r2tr

�(qq̄T ) =
⇡2

3
r2trxgT (x,Q

2 = �/r2t )↵s(Q
2)

qualitative difference from eikonal:  n-th rescaattering is suppressed by Q2n

theory of leading twist parton shadowing (Frankfurt, Guzey, MS) 

!3

Transparency in (p,2p)

We want to calculate the transparency in the reaction A(p, 2p) using the MC
developed in [1]. The transparency was defined in Ref. [2] as follows

T (p1 p′
1, p

′
2) =

Aeff(p1, p
′
1, p

′
2)

A
=

=
1

A

∫
dr1 ρ(r1)P0(r1; p1)P1(r1; p

′
1)P2(r1; p

′
2) (1)

where p1, p′
1 and p′

2 are the incident, scattered and knocked out proton
momenta, respectively; ρ(r) is the target density. P′, P∞ and P∈ are the
probabilities that the incident, scattered and knocked out protons do not
interact with the nuclear medium. In our model, these probabilities are
described by

P0 =
∏

z>zi

(1 − Γ0(b − bi))
2 (2)

P1 =
∏

z<zi; i$=1

(1 − Γ1(b − bi))
2 (3)

P2 =
∏

z<zi; i$=1,2

(1 − Γ2(b − bi))
2 (4)

where z is the longitudinal position at which the incident proton hits one of
the target’s proton, to be generated randomly. The parameters σtot

NN , B ap-
pearing in the Γ0, Γ1 and Γ2 are functions of the momenta of the protons and
can be taken from the parametrization in Ref. [3]; these must be determined
from the kinematics of the pp scattering.
In the pp scattering between the incident and target proton (in the following
labeled 1 and 2; see Fig. 1), we must take into account the four-momentum
conservation

p1 + p2 = p′1 + p′2 (5)

or
p1 + p2 − p′1 = p′2 . (6)
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∏

z>zi

(1 − Γ0(b − bi))
2 (2)

P1 =
∏

z<zi; i$=1

(1 − Γ1(b − bi))
2 (3)

P2 =
∏

z<zi; i$=1,2

(1 − Γ2(b − bi))
2 (4)

where z is the longitudinal position at which the incident proton hits one of
the target’s proton, to be generated randomly. The parameters σtot

NN , B ap-
pearing in the Γ0, Γ1 and Γ2 are functions of the momenta of the protons and
can be taken from the parametrization in Ref. [3]; these must be determined
from the kinematics of the pp scattering.
In the pp scattering between the incident and target proton (in the following
labeled 1 and 2; see Fig. 1), we must take into account the four-momentum
conservation

p1 + p2 = p′1 + p′2 (5)

or
p1 + p2 − p′1 = p′2 . (6)
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Transparency in (p,2p)

We want to calculate the transparency in the reaction A(p, 2p) using the MC
developed in [1]. The transparency was defined in Ref. [2] as follows

T (p1 p′
1, p

′
2) =

Aeff(p1, p
′
1, p

′
2)

A
=

=
1

A

∫
dr1 ρ(r1)P0(r1; p1)P1(r1; p

′
1)P2(r1; p

′
2) (1)

where p1, p′
1 and p′

2 are the incident, scattered and knocked out proton
momenta, respectively; ρ(r) is the target density. P′, P∞ and P∈ are the
probabilities that the incident, scattered and knocked out protons do not
interact with the nuclear medium. In our model, these probabilities are
described by

P0 =
∏

z>zi

(1 − Γ0(b − bi))
2 (2)

P1 =
∏

z<zi; i$=1

(1 − Γ1(b − bi))
2 (3)

P2 =
∏

z<zi; i$=1,2

(1 − Γ2(b − bi))
2 (4)

where z is the longitudinal position at which the incident proton hits one of
the target’s proton, to be generated randomly. The parameters σtot

NN , B ap-
pearing in the Γ0, Γ1 and Γ2 are functions of the momenta of the protons and
can be taken from the parametrization in Ref. [3]; these must be determined
from the kinematics of the pp scattering.
In the pp scattering between the incident and target proton (in the following
labeled 1 and 2; see Fig. 1), we must take into account the four-momentum
conservation

p1 + p2 = p′1 + p′2 (5)

or
p1 + p2 − p′1 = p′2 . (6)
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π + T (A, N) → jet1 + jet2 + T (A, N) Frankfurt, Miller, MS 93 & 03

�� + N � � + N(baryonic system)

��L + N � ”meson”(mesons) + N(baryonic system)

D.Muller 94 et al, Radyushkin 96, Ji 96, Collins &Freund 98

Brodsky,Frankfurt, Gunion,Mueller, MS
 94- vector mesons, small x

Collins, Frankfurt, MS 97 -  general case

provide  new effective tools for study of the 3D hadron 
structure,  color transparency and opacity and chiral 
dynamics as well as transverse dynamics of pp scattering

Hard Exclusive processes for which factorization is demonstrated

10



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 sufciently 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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t-dependence only from GPD’s

transverse spatial 
distribution of partons

f(x, �) ⌘
Z

d2⇥�ei
⇥�?�f(x, x, t), �t = �2

ρ - transverse distance 
from the c.m. of proton �c.m. =

X

i

�ixi

Amplitude factorizes - convolution  of three factors 

11



Vector meson diffractive production: Theory and HERA data

Space-time picture of Vector meson production at small x in the
target rest frame

(d)

i

γ

>>

t
2k

z(1-z)2Q

x
N

m

1
=

fx
N

m

1
=

i

L

T

γ d
*

q

q

V

l l l

σ
Vγ

ψψ

⇒ 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).

M.Strikman

dipole cross section - given by pQCD at small b, can be fixed 
at large b from matching with soft dynamics to build a model 
for preasymptotic amplitude 12



How large are Q2 are necessary to reach asymptotic regime? for cross section? For t-dependence?

1

Q2 + m2+k2
t

z(1�z)

energy denominator
operator of interaction

0

@ 1

Q2 + m2+k2
t

z(1�z)

1

A
4

Q2

(µ2 +Q2)4
! 1

Q6

m- quark mass

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

13



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

14



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 t-slope 
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%.



DIRECTIONS OF FURTHER STUDIES OF GLUON GPDS

Theory: better understanding of finite size corrections for the t-distributions in 

(a) photoproduction (UPC) of J/psi & Upsilon down to x=10-4.

(b) EIC electroproduction for x > few 10-3 production

Experiment: comparison of the t-dependence of J/psi and Upsilon

Strength of the gluon field should depend on the size of the quark configurations - for small configurations the field is 
strongly screened - gluon density much smaller than average.

Consider ��L + p� V + X for Q2 > few GeV2

In this limit the QCD factorization theorem (BFGMS03, CFS07) for these processes is applicable 

Do we know anything about such fluctuations? Yes - MS + LF + C.Weiss,
 D.Treliani PRL 08

⇥g ⇥ ⇤G2⌅ � ⇤G⌅2

⇤G⌅2 =
d���+p�V M+X

dt

⇥
d���+p�V M+p

dt

����
t=0

.
Comparable fluctuations to soft regime 

Indications that ωg drops with decrease 
of x at x< 10-3
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Deep connection between diffraction in DIS (diffractive pdfs 
and nuclear shadowing for nuclear pdf

 
  

2
Im   −  Re

22
Im  + Re                                         

2

HH

j j

p     p        p      p

γ∗ γ∗HH
γ∗ γ∗

j j

Α Α

PPP P

Hard diffraction 

off parton  "j"

Leading twist contribution

structure function  fj (x,Q2)

to the nuclear shadowing for

N1
N2

A−2

f Dj (
x
xIP

,Q2,xIP, t)
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17

Predicted correctly shadowing for J/ψ in UPC: γΑ—>  J/ψΑ  New LHC data allow  to go below y=0, x=mJ/ψ /2EN 

)
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Theoretical challenge - higher twist  corrections for the relation      are probably small 

Coherent UPC   probably would remain the best source of information for gluon shadowing  
gA(x, μ)/gp(x, μ) at small x for a long time, Impact for interpretation of pA, AA collisions 

where y is the rapidity of J/ψ, Nγ/A(Wγp) is the photon flux, and σγA→J/ψA(Wγp) is the photopro-
duction cross section containing all details of the strong photon-nucleus interaction and production
of J/ψ. Note that interference of the two terms in Eq. (1) is sizable only at very small values of
the J/ψ transverse momentum [45] and hence can be safely neglected.

In the laboratory frame (coinciding with centre-of-mass system in our kinematics), the measured
rapidity of J/ψ can be related to the invariant photon-nucleon energy Wγp,

W±
γp =

√

2EAMJ/ψ e
±y/2 , (2)

where EA is the nuclear beam energy and MJ/ψ is the mass of J/ψ. The ambiguity in Wγp for
y != 0 is a reflection of the presence of two terms in Eq. (1), where the first term corresponds to the
right-moving photon source and the plus sign in Eq. (2) and the second term corresponds to the
left-moving photon source and the minus sign in Eq. (2) (provided that y is defined with respect
to the right-moving nucleus emitting the photon).

To avoid inelastic strong ion-ion interaction destroying the coherence condition, the photon
flux in Eq. (1) is calculated as convolution over the impact parameter #b of the flux of quasireal
photons emitted by an ultrarelativistic charged ion Nγ/A(ω,#b) [43, 44] with the probability not to

have inelastic strong ion-ion interactions ΓAA(#b) = exp(−σNN

∫

d2#b1TA(#b1)TA(#b−#b1)):

Nγ/A(Wγp) =

∫

d2#bNγ/A(ω,#b)ΓAA(#b) , (3)

where ω = W 2
γp/(4EA) is the photon energy; σNN is the total nucleon-nucleon cross section;

TA(#b) =
∫

dzρA(#b, z) is the so-called nuclear optical density, which is calculated using the Woods-
Saxon (two-parameter Fermi model) parametrization of the nuclear density ρA [46]. One should
emphasize that the precise determination of the photon flux using Eq. (3) in a wide range of ω is
essential for the analysis of the present work. The validity of the equivalent photon approximation
and a model [47, 48] generalizing Eq. (3) were successfully tested in electromagnetic dissociation
with neutron emission in Pb-Pb UPCs [49].

The UPC cross section (1) is subject to nuclear modifications, which originate from the photon
flux and the photoproduction cross section and which in general depend on the rapidity y and
the collision energy

√
sNN . To quantify the magnitude of nuclear corrections due to the strong

dynamics encoded in the photoproduction cross section and to separate the two contributions in
Eq. (1), it is convenient to introduce the nuclear suppression factor of SPb(x) by the following
relation, see Refs. [32, 33]:

SPb(x) =

√

σγA→J/ψA(Wγp)

σIA
γA→J/ψA(Wγp)

, (4)

where x = M2
J/ψ/W

2
γp. The denominator in Eq. (4) is the coherent J/ψ photoproduction cross

section in the impulse approximation (IA),

σIA
γA→J/ψA(Wγp) =

dσγp→J/ψp(Wγp, t = 0)

dt

∫ ∞

|tmin|

dt|FA(t)|2 , (5)

3

= gA(x, μ)/gp(x, μ) ◉

◉
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Figure 2: The dσAA→J/ψAA(
√
sNN , y)/dy cross section of coherent J/ψ photoproduction in Pb-Pb UPCs as a

function of |y|: the calculation using Eq. (1) with the nuclear suppression factor of SPb(x) vs. the Run 1 (upper
panel) and Run 2 LHC data (lower panel). The shaded band shows the uncertainty in the UPC cross section due
to the uncertainty of the fit, see the lower panel of Fig. 1.
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Figure 3: SPb(x) and the Rg(x, µ2) = gA(x, µ2)/[AgN (x, µ2)] ratio of the nuclear and nucleon gluon distributions
as functions of x, which were evaluated using the EPPS16 (top) and nCTEQ15 (middle) nPDFs, and predictions
of the leading twist model of nuclear shadowing (bottom) at µ2 = 3 GeV2.
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Our prediction (orange dashed dot) for x=10-4 is  
bit below the range. Necessary to figure out the 
reasons for discrepancy between LHCb and 
ALICE & study impact parameter dependence 
of the J/ψ yield

we also predicted increase  of t -dependence of 
coherent J/ψ production as compared to 
impulse approximation 



Alternatively, one can express this in terms of the b-dependent nuclear density gA(x, b)

gA(x, b) = gp(x)

✓
TA(b)

✓
1� �2

�3

◆
+

2�2
�2
3

⇣
1� e��3TA(b)/2

⌘◆

= TA(b)gp(x)

✓✓
1� �2

�3

◆
+

2�2
TA(b)�2

3

⇣
1� e��3TA(b)/2

⌘◆
. (5)

The ratio gA(x, b)/[TA(b)gp(x)] is shown in the right panel of Fig. ??.
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Figure 2: The ratio gA(x, b)/[TA(b)gp(x)] as a function of |~b|.

2

Leading twist gluon shadowing in impact parameter space for 
coherent J/ψ photoproduction on Pb as a function of |b⃗|. 
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The scattering amplitude in 
impact parameter space ΓA(b) for 
coherent J/ψ photoproduction on 
Pb as a function of |b⃗|. 

Gluon shadowing changes regime of interaction for x~ 10-3  and small b from close to 
black (probability to interact inelastically) 

To reach the black limit x~ 10-5 is necessary. About the same for  scattering off protons

x=10-3 (lowest x for EIC)
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  1- (1- Γ)2= 0.77 to grey 1- (1- Γ)2= 0.45

—> UPC at the LHC   &  eA collider like LHeC
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BFKL regime: const virtuality &
<latexit sha1_base64="MsVRxlQNiif6Hfjh0MhBet3l3ek=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjMi6rLoxmUF+4CZoWTSTBuaSYbkjjAM/Qw3LhRx69e4829M21lo64HA4Zx7yT0nSgU34LrfTmVtfWNzq7pd29nd2z+oHx51jco0ZR2qhNL9iBgmuGQd4CBYP9WMJJFgvWhyN/N7T0wbruQj5CkLEzKSPOaUgJV8E4DCAZcx5IN6w226c+BV4pWkgUq0B/WvYKholjAJVBBjfM9NISyIBk4Fm9aCzLCU0AkZMd9SSRJmwmJ+8hSfWWWIY6Xtk4Dn6u+NgiTG5ElkJxMCY7PszcT/PD+D+CYsuEwzYJIuPoozgW3OWX485JpRELklhGpub8V0TDShYFuq2RK85cirpHvR9K6alw+XjdZtWUcVnaBTdI48dI1a6B61UQdRpNAzekVvDjgvzrvzsRitOOXOMfoD5/MHT36RSQ==</latexit>

s ! 1

small small

Perturbative Pomeron: what is  the energy dependence of cross section  in the  vacuum channel ?

Problem for the study  - two large parameters ln Q2, and ln 1/x.

BFKL elastic amplitude   f(s)= (s/s0)1+ ω

leading log  ω     ~  0.5 ÷ 0.8 , NLO ~ 0.1, resummation ~0.25

Main reason for small values of ω/P is energy conservation

/P

P

DIS - both parameters enter (DGLAP );   BGKL  - only ln 1/x (scattering  of two small dipoles)



Promising direction: Rapidity gaps at large t for J/ψ production - squeezing from 
both ends. Can be measured in UPC (pA) if good acceptance in proton  
fragmentation region

rapidity gap

fixed x
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The choice of large t ensures several  important simplifications:
✵ the parton ladder mediating quasielastic  scattering  is attached to the  
projectile  via two gluons. 
✵✵ attachment of the ladder to two different partons of the target is 
strongly suppressed.  
✵✵✵ small transverse size dqq̄ ⇥ 1/

⇤
�t⇠ 0.15fm forJ/ for� t ⇠ m2

J/ 

d��+p!V+X

dtdx̃
=

=
d��+quark!V+quark

dt


81

16
gp(x̃, t) +

X

i

(qip(x̃, t) + q̄ip(x̃, t))

�

exp(2! ·�Y )
resummation predicts a huge  effect - between ΔY =2 
and ΔY =4   σ is expected to increase by a factor of  3  !!! /P

if EIC would have a detector with fine acceptance in 
the nucleon fragmentation region. Ar LHC much larger 
ΔY can be reached —> even larger effect
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Another new direction is production of two vector mesons in ultra 
peripheral  heavy ion collisions 

vs

<latexit sha1_base64="D9S0eDWVmtuNXtrYt6RZq40wGZE=">AAACCXicdVBPS8MwHE3nvzn/VT16CQ5BGIx2jLndhl48TnBzsJaRZukWlqQlSYVRdvXiV/HiQRGvfgNvfhvTrYKKPgh5vPf7kbwXxIwq7TgfVmFldW19o7hZ2tre2d2z9w96KkokJl0csUj2A6QIo4J0NdWM9GNJEA8YuQmmF5l/c0ukopG41rOY+ByNBQ0pRtpIQxt6Y8Q5grCSE09H0JOTCFaW19AuO1XHoNGAGXGbjmtIq9Ws1VrQXViOUwY5OkP73RtFOOFEaMyQUgPXibWfIqkpZmRe8hJFYoSnaEwGhgrEifLTRZI5PDHKCIaRNEdouFC/b6SIKzXjgZnkSE/Uby8T//IGiQ6bfkpFnGgi8PKhMGHQpM1qgSMqCdZsZgjCkpq/QjxBEmFtyiuZEr6Swv9Jr1Z1G9X6Vb3cPs/rKIIjcAxOgQvOQBtcgg7oAgzuwAN4As/WvfVovVivy9GCle8cgh+w3j4BDNCYrg==</latexit>
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Conclusions

UPC at the LHC  have the  best potential for probing   small x dynamics in 
the next decade. Additional information from pp & pA collisions at the LHC 
using improved forward acceptance of the LHC detectors.


These studies may provide initial answers to a number of questions which 
would be to addressed at EIC. Complementarity:  LHC = higher energy, 
lower statistics,  higher minimal resolution (vitality) scale. EIC - high 
precision, wide   range of visualities, but lower energy range hardly 
compensated by use of nuclear beams,  

High energy diffraction have a tremendous potential for probing high 
energy QCD dynamics  in soft and hard regimes in the ways 
complementary to inelastic processes.  

❖

❖

❖
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Supplementary slides



why heavy nucleus did not help significantly? 
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Where is A1/3 factor?

nucleus is much more dilute than proton + gluon shadowing
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where the slope is parametrized as [165]

B2g(x) = B
(0)
2g + 2↵0

g ln(x0/x) , (62)

with x0 = 0.0012, B
(0)
2g = 4.1 (+0.3

�0.5) GeV�2 and ↵
0
g = 0.140 (+0.08

�0.08) GeV�2. One can

rewrite Eq. (60) as

�̂  8⇡B2g(x) ⇡ 40 mb , (63)

for x = 10�3. We note that taking into account relation between the gluon density

and dipole cross section Eq. (25), the relation (63) is equivalent to (59) (with fixed

normalisation).

The above arguments can be extended to nuclei, in which case the saturation scale

obtains the modification due to the mass number A. It is coming from the enhanced

gluon density, which scales roughly like a volume, factor A times reduction factors (a)

the nuclear shadowing factor and (b) smaller transverse density (nuclei are rather dilute

objects) resulting in
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2
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Taking R
2
gN(x = 10�3) = 0.6 fm2 from analysis of the J/ elastic production, see Sec. 5,

R
2
A = (1.1 fm A

1/3)2, and nuclear shadowing factor of 0.6 for Q
2 = 3 GeV2 and x = 10�3,

we find for the enhancement factor for heavy nuclei (A ⇠ 200):

Q
2
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2
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= 0.3A1/3 ⇡ 1.75 . (65)

A more accurate estimate avoiding edge e↵ects can be done for the case of scattering

at small impact parameters. In this case we can estimate ratio Q
2
sA/Q

2
sN for small impact

parameters by comparing the product of the matter density at b = 0,

TA(b = 0) =

Z 1
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dz⇢A(b = 0, z)A=200 ⇡ 2 fm�2

, (66)

times the shadowing factor SA(x) ⇠ 0.5 with the transverse gluon density in a nucleon:
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Using the same value of R
2
gN as above we find the modification factor for the saturation

scale equal to

Q
2
sA(b = 0)/Q2

sN = TA(b = 0) · SA(x, b = 0) · 2R2
gN = 1.2 , (68)

for heavy nuclei. The di↵erence is mainly due to neglect of the surface e↵ects in modeling

the nuclear density.

In practice the black disk regime is di�cult to reach experimentally, nevertheless

it is instructive to analyze the behavior of the cross sections in this limit. It was first

considered by Gribov [84] for the total cross section for �⇤ - heavy nucleus scattering.

In this limit for virtualities Q
2

< Q
2
sA, where Q

2
sA � ⇤2

QCD, the cross section of dipole–

nucleus scattering does not depend on the dipole size for 1/r2
< Q

2
sA and is equal to
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compare: Q2sat= 1 GeV2 for proton at x=10-4 (Jamal Jalilian-Marian 2021)



J/ψ elastic photo and electro production
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Figure 10: The values of the t slope parameter b(Wγp) as a function of Wγp in the range |t| <
1.2 GeV2 for a) photoproduction and b) electroproduction. 〈Q2〉 indicates the bin centre value
in the Q2 range considered. The data points are the results of one-dimensional fits of the form

dσ/dt ∝ ebt in Wγp bins. The inner error bars show the statistical errors, while the outer error

bars show the statistical and systematic uncertainties added in quadrature. The solid lines show

the results of the two-dimensional fits (equation 2) as in figure 9. In a) the data are compared

with results from the ZEUS collaboration [6].
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15

α’ consistent with 
zero but there is a 
tension between 

different data sets!!!

t-slope for J/ψ especially at 
Q2=9 GeV2 is systematically 

lower than for DVCS - 
transverse quark distribution

 is somewhat  wider
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the analysis of ref.20 .
.

 0

 1

 2

 3

 4

 5

 6

10
-4

10
-3

10
-2

10
-1

B
J
/ψ

 
 [

G
eV

-2
]

x

Exponential t-slope γ + p →  J/ψ + p

H1 2005
ZEUS 2002 µ

+
µ

-

ZEUS 2002 e
+
e

-

FNAL 1982
H1/ZEUS fits
parametrization

Fig. 2. The exponential t–slope, BJ/� , of the di�erential cross section of exclusive
J/� photoproduction measured in the FNAL E401/E458,13 HERA H1,15 and ZEUS14

experiments, as a function of x = M2
J/�/W

2. (In the H1 and ZEUS results the quoted

statistical and systematic uncertainties were added linearly.) The dashed lines represent
the published two–dimensional fits to the H1 and ZEUS data.14,15 The parameter Bg in
the exponential two–gluon form factor is related to the measured J/� slope by Eq. (4).
Our parametrization Eqs. (5)–(8) is shown by the solid line.

The data can be fitted as

Bg(x) = Bg0 + 2�⇥
g ln(x0/x), (5)

x0 = 0.0012, (6)

Bg0 = 4.1 (+0.3
�0.5) GeV�2, (7)

�⇥
g = 0.140 (+0.08

�0.08) GeV�2. (8)

Fits of similar quality are produced with a dipole with

Fg(x, t|Q2) = (1� t/m2
g)

�2, Bg = 3.2/m2
g. (9)

The spatial distributions of gluons in the transverse plane for two fits
are given by

Fg(x, ⇤|Q2) =

�
⇤

⇥

(2⇥Bg)
�1 exp[�⇤2/(2Bg)],

[m2
g/(2⇥)] (mg⇤/2) K1(mg⇤),

(10)

These transverse distributions are similar for average ⇤, leading, for exam-
ple, to nearly identical distributions over the impact parameter for pro-
duction of the dijets in pp collisions16 . At the same time, dipole fits gives

B = B(W0) + 2�0 ln(W 2/W 2
0 )
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