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New opportunities with UPC in  pA And AA collisions



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

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

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

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

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

! = a1↵S � a2↵
2
S + ...

Main reason for different values of ω  - energy conservation

Promising direction: Rapidity gaps at large t for 
J/psi production - squeezing from both ends. 
Can be measured in UPC (pA), EIC, LHeC
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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 partons of the target is strongly 
suppressed.  
✵✵✵ small transverse size dqq̄ ⇥ 1/

⇤
�t⇠ 0.15fm forJ/ for� t ⇠ m2
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exp(2! ·�Y ) resummation predicts a huge  effect - between ΔY =2 and 
ΔY =4   σ is expected to increase by a factor of  3  !!! 
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We argue that the process !þ A ! J=c þ “gap”þ X at large momentum transfer q2 provides a quick
and effective way to test the onset of a novel perturbative QCD regime of strong absorption for the

interaction of small dipoles at the collider energies. We find that already the first heavy-ion run at the LHC

will allow one to study this reaction with sufficient statistics via ultraperipheral collisions, hence probing

the interaction of q !q dipoles of sizes "0:2 fm with nuclear media down to x" 10#5.
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Soon after J=c was discovered, the J=c photoproduc-
tion experiments on nuclear targets have established that
nuclei are practically transparent to the J=c ’s produced at
photon energies in the range "20– 120 [1,2]. The absorp-

tive cross section "J=cN
abs was found to be close to "4 mb

that is much smaller than the cross section of interaction of
ordinary mesons "25 mb. The observed transparency is
natural within the Low-Nussinov model of two-gluon ex-
change where the cross section of hadron interaction with a
small color singlet dipole quark-antiquark configuration in
the photon wave function is proportional to the square of
the transverse size of the color dipole [3,4]. Note that the
average size of c!cconfigurations involved in photoproduc-
tion of J=c is significantly smaller than the J=c size. Such
suppression of interactions of small dipoles is a well known
effect in electrodynamics—for example, a muonium can
propagate through the media much easier than a
positronium.

Within the leading lnQ2, lnð1=xÞ approximations of
perturbative QCD, one expects (differently from the
Low-Nussinov model) that the cross section of the inter-
action of small dipoles with hadrons should increase rap-
idly with an increase of invariant dipole-hadron energy
W!N ¼ ffiffiffi

s
p

due to the growth of the gluon fields in hadron
targets at small x / s#1:

"dip#Tðx; dÞ ¼
#2

3
F2d2$sð%=d2ÞxGTðx;%=d2Þ; (1)

where F2 ¼ 3ð4=3Þ is the Casimir operator for the two-
gluon (q !q) dipole and %" 4– 9. For a dipole of a size
"0:25 fm relevant for production of J=c , Eq. (1) corre-
sponds to energy dependence / s0:2 and describes well the
behavior of both the exclusive electroproduction of vector
mesons and the inclusive cross section of deep inelastic
electron-proton scattering observed at the Hadron Electron
Ring Accelerator (HERA); for a review and references, see
[5].

A naive extrapolation of the observed pattern to LHC
energies indicates that the strength of this interaction may

reach values comparable to that experienced by light had-
rons, leading to a new regime of strong interaction physics
at the LHC characterized by a strong absorption of small
color dipoles by the media. On the other hand, it is evident
that to avoid conflict with probability conservation starting
from some energies such a rapid increase of the cross
section should be tamed.
So the question is whether it will be possible at the LHC

to observe this new perturbative QCD regime when the
coupling constant is small but the interaction is strong. In
practice, it is very difficult to devise a high energy probe
for virtualities of a few GeV2 for the hadron colliders
especially for the high energy strong interactions involving
nuclei where gluon densities per unit area are higher and
where new high gluon density physics should be enhanced.
Such a problem is absent for electron-ion colliders, but
these colliders are far in the future.
An alternative which we discuss here is to use ultra-

peripheral collisions (UPCs) of ions at the LHC in which
one of the nuclei serves as a source of quasireal photons
and another one as a target. The recently published study
[6] demonstrates that it is feasible to select UPCs at the
LHC and that the rates for many processes of the dipole-
nucleus interactions are high enough. This includes the
process of coherent photoproduction of J=c [7].
However, this process could be effectively studied only
up to relatively small energies W!N " 130 GeV due to the
inability to separate contributions due to the lower and
higher energy photons emitted by two colliding ions.
Here we suggest a strategy which avoids the above-
mentioned shortcoming of the coherent J=c production.
It is based on the study of the large momentum transfer
#t ' q2 ' ðp! # pJ=c Þ2 process: !þ A ! J=c þ
gapþ X. In addition to the theoretical advantages which
we will explain below, it also has some appealing ob-
servational features. Observation of J=c and hadrons
allows one to determine unambiguously which of the
nuclei emitted the photon. As a result, it is possible to
observe the process up toW!#N " 1 TeV. Besides, accep-
tance of all three LHC detectors which plan to study heavy-
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Complementary to γ+ Α →J/ψ  +Α and has several advantages: 

� +A ! J/ (⇢, 2⇡)+ ”gap” + X

at large t

(i)  larger W range  for UPC (due to ability to determine which of nuclei generated photon)

(ii) Regulating of     for the  struck parton in nucleus - shadowing vs linear regime for GA(x,Q) 

(iii)  More central collisions - larger local  gluon density 

Qualitative Predictions:

❃ Aeff/A  should increase with t at fixed W - smaller dipoles 

❃ Aeff/A  should decrease with increase of W  at fixed t - onset of black disk regime.  
Larger shadowing for small x (regulated by the rapidity covered by X-system)

x̃
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in UPC AA



How nucleons fragment when a parton is removed by a hard probe?  

experimental studies in the scaling limit - HERA for small x. Analysis of HERA ZEUS data 

plot prepared 
 by W. Schmidke

all 3 valence quarks  
are involved

   Puzzle: a lot (50%) of baryons are produced below  xL =0.3

=pN/pbeamr_LP = 0.299 +/- 0.003 (stat.) +0.008 -0.007 (syst.) 
r_LN = 0.159 +/- 0.008 (stat.) +0.019 -0.006 (syst.)

!5

two valence quarks  
are involved

Sensitive to correlations in nuclei  and dynamics of confinementSensitive to correlations in nuclei  and dynamics of confinement

sensitive to parton correlations in nucleon and to pattern of confinement
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 UPC allows to  study  fragmentation in direct photon interactions: dijet + X + neutron (p) , 
 other channels. 

Allows to answer a question 

How proton fragments after removal of gluon differs from the case when a quark is 
removed? 

Are there data from pA run?? Future runs?  Only chance to learn more on 
 fragmentation before EIC.



Parton structure of  photon - Color fluctuations in γA collisions

Photon is a multi scale state:  

Equation (1) can be rewritten in terms of the integral over � ⌘ �qq̄(W,dt,mq) (as an approximation,
we neglect the di↵erence between the dipole cross section for the light and the charm quarks):

��p(W ) =

Z
d��P dipole

� (�) , (7)

where the distribution over cross sections P�(�) is:

P dipole
� (�) =

����
d2dt

d�qq̄(W,dt,mq = 300 MeV)

����
X

q

e2q | �,T (z, dt,mq)|2 . (8)

Figure 1 shows the resulting distribution P dipole
� (�) for mq = 250 MeV (red solid curve) and mq = 300

MeV (blue solid curve). Note that since for the dipole sizes dt < 1.5 fm, the dipole cross section does not
exceed 42 mb, the resulting distribution P�(�) (8) has suport only for 0  �  42 mb.

The dipole model prediction for P�(�) can be compared to the result of an approach explicitly taking
into account cross section fluctuations in the ⇢ meson [4]. Taking the sum of the ⇢, ! and � meson
contributions, the resulting distribution reads:

P(⇢+!+�)/�(�) =
11

9

✓
e

f⇢

◆2

P (�) , (9)

where P (�) is taken from [4]; its form is motivated by P⇡(�) for the pion and is constrained to describe
the HERA data on ⇢ photoproduction on the proton. The coe�cient of 11/9 takes into account the !
and � contributions in the SU(3) approximation.

The resulting P(⇢+!+�)/�(�) is shown in Fig. 1 as a green dot-dashed curve. Note that P⇢/�(�) has
the wide support all the way up to � = 100 mb (not shown in the figure).
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Figure 1: The distributions P (�) for the photon in the dipole model (red and blue solid curves) and in
the cross section fluctuation approach (the green dot-dashed curve) at W = 100 GeV.
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Probability, Pγ(σ) for a photon to interact with nucleon with cross section  σ, gets 
contribution from point - like configurations and soft configurations (vector 
meson (VM) like) - color fluctuations (CF).  Unique opportunity to compare soft and 
hard interactions
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Alvioli et al 2017



Hard regime:    γ A→jets + X

1) Direct photon & xA> 0.01, ν=1?

Color charge propagation through matter. 
Color exchanges ? ➠ nucleus excitations, ZDC & very 
forward detectors

2) Direct photon & xA< 0.005  - nuclear shadowing increase of ν

3) Resolved  photon   - increase of  ν with decrease of xγ and xA

W dependence
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Centrality dependence of the forward spectrum in  γ A→h + X 
— connection to modeling cosmic rays  cascades in the atmosphere

ν - number of wounded nucleons
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Ultraperipheral minimum bias γΑ collisions at LHC (WγN< 500 GeV)

 Huge fluctuations of the strength of γN  interaction - soft and small dipoles,.. (Leonya 
Frankfurt’s talk) → large fluctuations in the number of wounded nucleons in γA collisions
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Alvioli, Guzey, Zhalov, LF, 
MS - Physs.Lett. in press

Phys.Lett. B767 (2017) 450-457

MS

CFs broaden very significantly distribution over ν.  
“pA ATLAS/CMS like analysis” using energy flow at large rapidities 
 would test both presence of configurations with large σ ~40 mb,
 and weakly interacting configurations.
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Ultraperipheral minimum bias γA at the LHC (WγN < 0.5 TeV)
Huge fluctuations of the number of wounded nucleons, ν,in interactions of  
both small and large dipoles with nuclei
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y = ⌃ET / h⌃ET (hN)i
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Using forward detector  for centrality via measurement of “y” advantageous:  
larger rapidity interval - smaller kinematical/ energy conservation correlations. 
For using ΣET   for centrality determination one needs Δy > 4 .
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Direct photon 
dijets

x> 10-2

Charm
x~ 10-3

Low transverse 
momentum events

60 mb0 mb

Leading strangeness
x~ 10-3

Min bias

Ultraperipheral collisions at LHC (WγN< 500 GeV)

EIC & LHeC  - Q2 dependence  “2D strengthonometer”   - - decrease of role of 
“fat” configurations, multinucleon interactions due to LT nuclear shadowing

σ

Novel way to study dynamics of γ &γ* interactions

Tuning strength of interaction of configurations in photon 



Puzzle in nuclear fragmentation:  a factor > 2 fewer  
slow neutrons are produced in the DIS  process 

μ +Pb → μ + n +X 

than according to cascade models

E665, 1995

Zhalov,  Tverskoi, MS 96 - confirmed by Larionov &MS 2019 

Option 1:Pythia not modeling well fragmentation of nucleons in DIS 
 (not very likely such a gross effect) 
Option 2: novel coherence effect - perhaps related to ability of DIS in 
which a small x parton is removed  to break effectively  a nucleon 
(discussed earlier).

!12

Space - time dynamics of  parton interaction in the nucleus fragmentation region in DIS 

Question: what is formation time of hadrons produced in the nucleus fragmentation region?

Test in UPC (both LHC and RHIC) by looking at neutrons in ZDC

and M.Baker group 2020

γPb → dijet (direct photon) + X+  neutrons in ZDC



!13

Conclusions 

UPC have a tremendous potential for probing  many features of QCD. SOme data are 
already on tape, some will be possible to accumulate in the next pA and AA LHC runs.

May provide answers to a number of questions to be addressed at EIC (higher energy 
though probably a  lower statistics). 

Will help to optimize the EIC detectors.


