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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//ψ), x=10-3 was  reached - much smaller x in the near future.

Next 10 -15 years - the only reasonably direct way to probe small x domain for 
moderate virtualities is via  different ultraperipheral collisions

LHC problem - lack of instrumentation in the proton/ nucleus  fragmentation 
region. But for many processes one can use ZDC - zero degree calorimeter  to 
detect practically all  neutrons from decay of the nucleus
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UPC EIC

Much higher effective Lumi

Cleaner environment

allows to reach to 
a factor 10 — 100 
smaller x
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◉
exclusive production:  γ +p (A)→ J/ψ +p (A)  

most popular now

γ +p (A)→ J/ψ + Y  at t=0 ◉

γ +p (A)→ J/ψ(large t) + rapidity gap  + Y ◉

Issues: gluon pdfs and gpd’s, gluon shadowing)

gluon shadowing

BFKL at -t > 1 GeV2

color fluctuations in nucleons and nuclei; 

quasielastic

Issues:

Issues:

Hard  diffraction - J/ψ meson production

Few examples



Theory of neutron production 
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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



MOST POPULAR UPC REACTION IS 

γ +A→ J/ψ +A

MEASURES GLUON SHADOWING AT SMALL X
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Combining Gribov theory  of shadowing and pQCD factorization theorem for 
diffraction in DIS allows to calculate LT shadowing  for all parton densities  (FS98) 
(instead of calculating F2A only)

 Theoretical expectations for shadowing in the  LT limit

Theorem:   In  the low thickness limit the leading twist nuclear shadowing 
is unambiguously expressed through the nucleon diffractive  parton 
densities                         :

 
  

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)

 7



!8

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 b⃗ of the flux of quasireal
photons emitted by an ultrarelativistic charged ion Nγ/A(ω, b⃗) [43, 44] with the probability not to

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

∫

d2⃗b1TA(⃗b1)TA(⃗b− b⃗1)):

Nγ/A(Wγp) =

∫

d2⃗bNγ/A(ω, b⃗)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)
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Coherent J/ψ  production - update (Guzey, Kryshen, Zhalov, MS 2020)

= gA(x, μ)/gp(x, μ)

where FA(t) is the nuclear elastic form factor and |tmin| = x2m2
N is the minimal momentum transfer

squared (mN is the nucleon mass). In our work, FA(t) was calculated using the Woods-Saxon
parametrization of the nuclear density [46]. The differential cross section of J/ψ photoproduction
on the proton was parametrized in the form [32], which provides a good description of the available
data at fixed targets [50, 51, 52] and at HERA [53, 54],

dσγp→J/ψp(Wγp, t = 0)

dt
= C0

[

1.0−
(MJ/ψ +mN )2

W 2
γp

]1.5
(

W 2
γp/W

2
0

)δ
, (6)

where C0 = 342±8 nb/GeV2, δ = 0.40±0.01, W0 = 100 GeV. For Wγp ≤ 1 TeV, this parametriza-
tion is consistent with a power-law fit to the W dependence of the γp → J/ψp cross section
extracted from the LHCb data on coherent J/ψ photoproduction in proton-proton UPCs at√
sNN = 7 TeV [55] and

√
sNN = 13 TeV [56]. For higher photon energies Wγp > 1 TeV, the

extracted cross section shows a deviation from a pure power-law extrapolation of the HERA data,
see the discussion in Ref. [56]. However, this region of Wγp is not probed in the Pb-Pb UPCs data
and, hence, does not affect the results of our analysis. Thus, the σIA

γA→J/ψA(Wγp) cross section is
evaluated model-independently using data-driven parameterizations of the nuclear form factor and
the γp → J/ψp differential cross section.

Introducing the UPC cross section in the impulse approximation dσIA
AA→J/ψAA/dy,

dσIA
AA→J/ψAA(

√
sNN , y)

dy
= Nγ/A(W

+
γp)σ

IA
γA→J/ψA(W

+
γp) +Nγ/A(W

−
γp)σ

IA
γA→J/ψA(W

−
γp) , (7)

one can present the square root of the ratio of the UPCs cross sections entering Eqs. (1) and (7)
in the following form

(

dσAA→J/ψAA(
√
sNN , y)/dy

dσIA
AA→J/ψAA(

√
sNN , y)/dy

)1/2

=

(

Nγ/A(W+
γp)S

2
Pb(x+)σIA

γA→J/ψA(W
+
γp) +Nγ/A(W−

γp)S
2
Pb(x−)σIA

γA→J/ψA(W
−
γp)

Nγ/A(W+
γp)σ

IA
γA→J/ψA(W

+
γp) +Nγ/A(W−

γp)σ
IA
γA→J/ψA(W

−
γp)

)1/2

, (8)

where x± = M2
J/ψ/W

±2
γp . Without loss of generality, we will use y ≥ 0 and, hence, W+

γp ≥ W−
γp

and x+ ≤ x−. The advantage of Eq. (8) is that it relates the experimentally measured UPC cross
section ratio on the left-hand side to the nuclear suppression factor of SPb(x) on the right-hand
side. However, it involves S2

Pb(x) at two different values of x and is generally dominated by the x−

contribution since Nγ/A(W−
γp) ≫ Nγ/A(W+

γp), which complicates the separation of the x+ and x−

contributions and reliable extraction of the x+ term corresponding to higher energies. Nevertheless,
the use of all the available data on Pb-Pb UPCs collected during Runs 1 and 2 at the LHC along
with a general parametrization of SPb(x) allows us to extract SPb(x) down to x ≈ 10−5 with a
good precision. Note that the two contributions to the UPC cross section can also be separated
by measuring ion-ion UPCs accompanied by mutual electromagnetic excitation of colliding ions
followed by forward neutron emission [57]. Unfortunately, the statistics of such measurements is
currently too low.
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Theory (Frankfurt, Guzey, MS):  Leading twist theory of nuclear shadowing expressing 
shadowing through LT diffractive PDFs. Alternative - fitting small x data - very limited sample

Predicted correctly shadowing for J/ψ in UPS. Use new LHC 
data to go below y=0, x=mJ/ψ /2EN 



!9

 0

 0.5

 1

 1.5

 2

 2.5

 3

 3.5

 4

-1  0  1  2  3  4  5

dσ
/d

y,
 m

b

|y|

ALICE, Run 1
CMS, Run 1

SPb(x) fitted to Run 1 and Run 2

 0
 0.5

 1
 1.5

 2
 2.5

 3
 3.5

 4
 4.5

 5

 0  1  2  3  4  5

dσ
/d

y,
 m

b

|y|

ALICE, Run 2
LHCb, Run 2

SPb(x) fitted to Run 1 and Run 2

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 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 correctly  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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2

Leading twist gluon shadowing in impact parameter space for 
coherent J/ψ photoproduction on Pb as a function of |⃗b|. 
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Gluon shadowing changes regime of interaction for x~ 10-3  and 
small b from close to black (probability to interact inelastically) 
  1- (1- Γ)2= 0.77 to gray 1- (1- Γ)2= 0.45

To reach the black disk limit x~ 10-5 is necessary

x=10-3 (lowest x for EIC)
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Neutron information is critical to separate low energy and 
high energy photon contributions and reach x << 10-2
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γ +p (A)→ J/ψ(xF< 0.8) + X 

shadowing for quasielastic and inelastic diffraction:: separating 

γ +p (A)→ leading dijet  (charm) + X 

RA(x=10-3, μ) ~0.6 average number of wounded nucleons ν= 1/RA

enhanced hadron production for yUPC=0
more  neutrons in ZDC

pushing to x~10-5 using neutron information

J/ψ +A* and  J/ψ +Y + A* using ZDC information

critical tests of the theory of LT shadowing

◉

next steps:

◉

elastic

dissociation



2 INCLUSIVE DIJET PHOTOPRODUCTION IN PB-PB UPCS AT THE LHC
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Figure 1: Typical leading-order Feynman graphs for dijet photoproduction in UPCs.
Graphs (a) and (b) correspond to the direct and resolved photon contributions, respec-
tively.

in the case of lead (Pb) nuclei [5]. In addition, the presently poorly constrained nuclear parton
distribution functions (PDFs) [6,7] and photon PDFs [8] can also be accessed using complimentary
processes such as, e.g., inclusive dijet photoproduction in Pb-Pb UPCs [9, 10]. Besides, requiring
that the nuclear target remains intact, one can study diffractive dijet photoproduction in Pb-Pb
UPCs, which measures novel nuclear diffractive PDFs and may help to determine the mechanism
of QCD factorization breaking in diffractive scattering [11].

2 Inclusive dijet photoproduction in Pb-Pb UPCs at the LHC

Inclusive dijet photoproduction on the proton was extensively studied at the Hadron–Electron Ring
Accelerator (HERA) [12] and various measured distributions were successfully described in the
framework of collinear factorization and next-to-leading order (NLO) perturbative QCD [13,14].
Generalizing this to the case of heavy ion UPCs, the cross section of dijet photoproduction in Pb-Pb
UPCs (see Fig. 1) can be written in the following form [9]

d�(AA! A+ 2jets+ X ) =
X

a,b

Z
d y

Z
d x�

Z
d xA f�/A(y) fa/�(x�,µ2) fb/A(xA,µ2)d�̂(ab! jets) , (1)

where a, b are parton flavors; f�/A(y) is the flux of equivalent photons; fa/�(x�,µ2) and fb/A(xA,µ2)
are PDFs of the photon [8] (in the resolved photon case) and the target nucleus [6,7], respectively;
y , x�, and xA are longitudinal momentum fractions carried by the photon, partons in the photon,
and partons in the nucleus, respectively; finally, d�̂(ab ! jets) is the elementary cross section
for production of jets in hard scattering of partons a and b. The sum over a involves quarks and
gluons for the resolved photon contribution and the photon for the direct photon contribution
dominating at x� ⇡ 1.

In our analysis, for the photon flux f�/A(y) we used the standard expression

f�/A(y) =
2↵e.m.Z

2

⇡

1
y


⇣K0(⇣)K1(⇣)�

⇣2

2
(K2

1 (⇣)� K
2
0 (⇣))
�

, (2)

2

Other promising directions: Study of small x interactions for direct 
photon and transverse  structure of resolved photon 

direct resolved

!13



NLO QCD results for the cross 
section of dijet 
photoproduction in Pb-Pb 
UPCs at ︎WNN = 5.02 TeV as a 
function of xA for different bins 
of pT1+ pT2. The crosses are the 
ATLAS data points  

Guzey & Klasen 2021
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Figure 2: (Left) NLO QCD results for the cross section of dijet photoproduction in Pb-Pb
UPCs at psNN = 5.02 TeV as a function of xA for different bins of HT [9]. The crosses
are the ATLAS data points extracted from [15]. (Right) The relative uncertainty bands
of the nCTEQ15np gluon distribution in Pb at Q

2 = 400 GeV2 as a function of xA before
(outer shaded band) and after (inner shaded band) the re-weighting assuming a 5%
error on the pseudo-data [10].

where ↵e.m. is the fine-structure constant; Z is the electric charge; K0,1 are modified Bessel func-
tions of the second kind; ⇣ = ymp bmin with mp being the proton mass and bmin the minimal
distance between the two nuclei. For Pb-Pb UPCs, Eq. (2) with bmin = 14.2 fm reproduces very
well the photon flux calculated taking into account the nuclear form factor and the suppression
of strong interactions for impact parameters b < bmin.

Figure 2 (left) shows the results of the NLO pQCD formalism outlined above for the cross
section of dijet photoproduction in Pb-Pb UPCs atpsNN = 5.02 TeV as a function of xA in different
bins of HT = pT,1+pT,2 and implementing the cuts of the ATLAS measurement [15] (pT,1 > 20 GeV
for the leading jet and pT,i 6=1 > 15 GeV for sub-leading ones; the rapidity interval of |⌘i | < 4.4).
The shown results are obtained using the anti-kT algorithm with the jet radius R = 0.4, nCTEQ5
nuclear PDFs [6], and µ= 2ET,1 to have numerical stability against higher-order corrections. They
are compared to the preliminary ATLAS data, which have not been corrected for detector response.
One can see from the figure that NLO pQCD reproduces well the shape and normalization of the
ATLAS data. A similarly good description of other kinematic distributions, e.g., the distributions
in HT and z� = y x� has also been achieved [9].

The potential of inclusive dijet photoproduction in Pb-Pb UPCs to provide complementary
constraints on nPDFs can be quantified using the statistical method of Bayesian reweighting [10].
An example of such an analysis is presented in Fig. 2 (right), which shows the relative uncertainty
bands of the nCTEQ15np gluon distribution in Pb at Q

2 = 400 GeV2 as a function of xA before
(outer shaded band) and after (inner shaded band) the reweighting. Assuming a 5% error on the
data (✏= 0.05), one can see from the figure that the sufficiently precise measurement of inclusive
dijet photoproduction in Pb-Pb UPCs in the LHC kinematics can reduce current uncertainties of
nPDFs at small x by a factor of 2.

3

direct photons: Shadowing at x< 10-2 should result in an increase of 
the neutron yield in ZDC. Should be possible to observe at rather  
small pT of jets. 

Resolved photons:  neutron yield should strongly depend 
on xγ :  increase of  ν with decrease of xγ and xA

mapping of the transverse structure of photon.
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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

To summarize:  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

allow to tune strength of interaction of configurations in photons 
and testing it among other options by detecting neutron production 



Supplementary slides
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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 (no time 
to discuss).

!17

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



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

nucleus is much more delta than proton + gluon shadowing
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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.
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