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Ultraperipheral collisions at LHC – a forerunner to EIC
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Based on papers with 
Frankfurt, Guzey, 

Stasto, Zhalov



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

!2

EIC - - high precision, more tools (DIS,..) but 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 paQCD regime at  moderate virtualities. 
                 will give several examples; thanks to hMaria  Garzelli for asking.
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Nice (introductory)   talk by    Peter Steinberg (BNL) on Monday & few shorter UPC talks


Tremendous progress since Phys. Rep. 2008 - my focus is what UPC can contribute to small x physics 



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) 
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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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Basic features of QCD relevant for small x phenomena (diffraction, etc)
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Fundamental feature of QCD:     ratio
�inel diff

�el

is small and decreasing with energy for soft interactions (pp)

large (> 1)  (                          ) and increasing with  
energy for small dipoles   interactions (DIS)

/ Q2/Q2
0
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Sample of interesting hard phenomena ××which can be studied in UPC at the LHC

Hard diffraction - J/ψ meson production exclusive production: γ +p (A)→ J/ψ +p (A)◉
Issues: gluon pdfs and gpd’s, gluon shadowing) most popular now 

◉ 

Issues; color fluctuations in nucleons and nuclei; gluon shadowing; gluon fluctuations for -t <1/(nucl.radius)2

quasielastic γ +p (A)→ J/ψ + Y at small t  

◉ Dijet production (inclusive and with charm production - 40% of total), low pT charm at small x  
 window to large shadowing domain.

Issues:direct and resolved photon (parton structure of resolved photon), gluon pdfs, factorization in diffraction

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

BFKL at -t > 1 GeV2 Issues ; propagation of small dipoles through  strong  color fields

◉ Multiparton interactions in γ +p (A) → charm + balancing jet, anti charm + balancing jet + Y

◉ Looking for analog of BRAHMS effect in photon fragmentation
5

✓✓

✓

✓

×

×

×



!13

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)
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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 /EN 
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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 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 
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why heavy nucleus did not help significantly? 

!17

Where is A1/3 factor?

nucleus is much more delta than proton + gluon shadowing

CONTENTS 43

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
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Next steps - study of other nuclear shadowing effects - testing presence of large shadowing and pushing to smaller x. 

J/psi coherent and inelastic diffraction pushing to x~10-5 using neutron information 

Direct measurements: gluon shadowing in γ +p (A)→ leading dijet (charm) + X

Measuring average number of wounded nucleons

Problem  1) - so far jets with  pt jet  > 20 GeV are used where shadowing is small due to larger x,  and  DGLAP evolution. 

Problem 2) at large pt dijet charm/ dijet total =0.4. If one can separate probably much smaller pt could be used.

Theory of  LT shadowing suggests another method: 

RA(x, μ) = gA(x, μ)/gp(x, μ) ~0.6 for Pb at small x~10-3 ,  μ2 ~ 3 GeV2

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 region

at x~ 10-3

10

Ncoll= 1/RA

For central rapidities for γΝ and low pT charm  Ncoll= 1/0.6 ~ 1.7 



C. Oppedisano, CFNS Ad-hoc Workshop, 

February 2022 

One can do even better by studying charm yield as a function of centrality

MS: There are corrections to linear 
dependence of neutron energy/ average 
neutron energy — need to work on 
corrections for small  Ncoll, via e.g. 
quasielastic J/psi
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Dijet photoproduction in UPCs@LHC 
• The focus of UPC measurements@LHC has been exclusive (coherent) 
photoproduction of charmonia (J/!, !’) and light vector mesons (ρ) → new 
constraints on the gluon density at small x down to хp ~ 6×10-6 and хA ~ 6×10-4.

• Poorly constrained nuclear parton 
distribution functions (PDFs) and 
photon PDFs can also be studied in 
inclusive dijet photoproduction in 
Pb-Pb UPCs, ATLAS-CONF-2017-011
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Jet

Jet

Jet

X

Remnant

X
B B

A A

A

γ

γ

(a) (b)

• Requiring intact nuclear target, one 
can study diffractive dijet 
photoproduction in Pb-Pb UPCs → 
access to novel nuclear diffractive 
PDFs and mechanism of QCD 
factorization breaking, Guzey, Klasen, JHEP 
04 (2016) 158
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IP IP

direct resolved

Photpn transverse size 
as a function of from   
Α-dependence of

gap survival

Checking. Factorization - HERS puzzle

Factorization puzzle - HERA 



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 small 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) if good 
acceptance in proton region

rapidity gap

fixed x
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/P

/P

/P

a simpler process than Mueller and Tung dijet

P



elementary reaction scattering of projectile off a parton of the target 

at large t belongs to a class of reactions with hard white 

exchange in t-channel

FS 89, FS95,

Mueller & Tung 91

Forshaw & Ryskin 95
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best way to measure of the strength of inelastic interactions of small dipole in the processes 
initiated by elastic small dipole  - parton scattering. In HI via UPC feasible for 

 at [s’]1/2=20 GeV -  100  GeV  at the LHC

x

N

γ* VM

X

regime of color opacity, a direct evidence is very limited, see however [?]. The rapidity gap
processes we discuss in this paper will provide additional handles to address these questions.

To probe this physics a number of small x processes which originate due to elastic scat-
tering of a parton and a small quark-antiquark (qq̄) color singlet dipoles (we will refer to
them in the following simply as dipoles) at large momentum transfer and at high energies
were suggested. This includes hard di�raction in pp⇧ pX process at large t, production of
two jets accompanied by rapidity gap-coherent Pomeron [?], the rate of production of two
back to back jets with a large rapidity gap in between [?] as compared to the rate of two jet
production in the same kinematics without rapidity gaps [?, ?], photo(electro) production
of vector mesons at large t with a rapidity gap [?, ?, ?]. Production of two jets with a gap
in between was studied experimentally at the Tevatron, see e.g. [?]. Over the last ten years
the theoretical and experimental studies were focused on the photo/electro production o�
a proton. Studies of these processes at HERA resulted in the measurements of the rele-
vant cross sections [?, ?, ?, ?, ?] in a region of the photon-proton center of mass energies
20 GeV ⇤ W�p ⇤ 200 GeV .

The HERA data agree well with many (though not all) predictions of the QCD motivated
models (several of which use the LO BFKL approximation[?]), see for example [?] and
references therein.

Clearly it would be beneficial to extend such study to higher W�p and over a larger
range of the rapidity gap intervals to investigate how energy dependence of the small dipole
- parton scattering changes with t. Recently we demonstrated [?] that this will be possible
using quasireal photons in the ultraperipheral collisions (UPC) of protons with nuclei at
LHC.

Here we perform a more detailed analysis focusing on study of ⇥ meson photoproduction:

� + p(A)⇧ ⇥ + rapidity gap + X, (1)

at large t and with a rapidity gap between ⇥-meson and produced hadronic system X in
the proton-nucleus and nucleus-nucleus UPC at LHC. We consider the kinematics where the
rapidity gap interval is su⇤ciently large (⌅ 4) to suppress contribution of the fragmentation
processes. Related physics can be investigated in the di�ractive production of charm or two
jets separated by large rapidity gap from the nucleon fragmentation region. For example,
studies of the A-dependence of production of two jets in the processes like � + A ⇧ (jet +
M1)+ rapidity gap+(jet+M2) will allow to check presence of the color transparency e�ects
in the gap survival in hard photon induced processes [?].

The CMS and ATLAS detectors are well suited for observing such processes since they
cover large rapidity intervals.

The main variables determining the dynamics of the process are the mass MX of system
produced due to the dissociation of proton target, the square of the transfered momentum
�t ⇥ Q2 = �(p� � pV )2, and the invariant energy of the qq̄- parton elastic scattering

s� = xW 2
�p, (2)

where

x =
�t

(�t + M2
X �m2

N)
, (3)

2

⎫
⎭⎬

~

~
x̃ =

�t

(M2
X � t)
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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

J/ 

d��+p!V+X

dtdx̃
=

=
d��+quark!V+quark

dt


81

16
gp(x̃, t) +

X

i

(qip(x̃, t) + q̄ip(x̃, t))

�
15

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 high acceptance in the nucleon fragmentation 
region. Ar LHC much larger ΔY can be reached —> even larger effect



γ + A → J/ψ + gap + Y⎫
⎭
⎬s� = x̃W 2

�N

xg ab
so
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Complementary  to coherent J/ψ.

 Tracks dipole though ~ 10 fm 

of nuclear matter
✺

✺ Allows to measure dipole 
size as a function of q2
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Estimate  of dipole size  for q2=0 
d0 = .25fm, mc = 1.5 GeV (

)

✺ Can reach maximal W of LHeC

100 200 300 400 500 600 700 800
W p, GeV

0.0

0.2

0.4

0.6

0.8

1.0

A
ef
f/A
=d

(
A
->
X
J/
)/A
d
(
p-
>X

J/
) ultraperipheral Pb( ) +Pb->Pb+X+J/

LT

gcLT

HT

q2 = 4GeV 2

q2 = 50GeV 2

M2
X < 100q2GeV 2

-t

d2(�t)/d2(0) ⇥ (1� t/4m2
c)
�1

Significant absorption is expected 
in the leading twist and higher 

twist models of dipole interaction. 
One can select xg both in the LT 
shadowing region and above 0.01

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

!2

EIC - - high precision, more tools (DIS,..) but 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 paQCD regime at  moderate virtuality’s.. will give several examples.

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

!2

EIC - - high precision, more tools (DIS,..) but 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 paQCD regime at  moderate virtuality’s.. will give several examples.

-t

F& S & Zhalov - PRL 2009 
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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 



Conclusions
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UPC at the LHC  have a tremendous potential for probing  many features of 
QCD including the small x dynamics. Some data are already on tape, some will 
be possible to accumulate in the next pA and AA LHC runs.  Improvements of 
acceptance in the fragmentation region would be highly desirable. 

These studies may provide answers to a number of questions to be 
addressed at EIC (higher energy though probably a  lower statistics) and  
higher minimal resolution scale. 

Will help to optimize the EIC detectors.


