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План семинара: 
! Глюонные распределения в протонах и ядрах 

- зачем нужны и насколько хорошо определены 
!
! Когерентное фоторождение J/𝜓 в pp, Pb-Pb и p-Pb УПС на 
БАК 

- описание в теории возмущений КХД 
- доказательство большой глюонной ядерной экранировки при х=0.001  

!
! Некогерентное фоторождение J/𝜓 в Pb-Pb УПС на БАК 

- проблема с описанием в теории возмущений КХД с большой экранировкой 
и гипотеза о вкладе нуклонной диссоциации 

!
! Когерентное фоторождение 𝜓(2S) в pp и Pb-Pb УПС на БАК 

- сюрприз с небольшой ядерной экранировкой 

!
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Глюонные распределения 
• Глюонное распределение g(x,µ2) = плотность вероятности найти глюон 
в адроне с долей импульса x на шкале разрешения µ2. 
!
• Фундаментальная величина в рамках коллинеарной факторизации, 
описывает структуру адронов в Квантовой Хромодинамике (КХД). 
!
• Важный элемент феноменологии КХД жестких процессов: 
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Figure 7. (a) NNLO gg → H total cross sections for MH = 126 GeV, and (b) NNLOapprox.+NNLL
tt̄ total cross sections for mt = 173.18 GeV, both plotted as a function of αS(M2
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3. Quantitative constraints: reweighting of EPS09

p
s

Figure 3. The preliminary CMS dijet data [11] compared to pre-
dictions with di↵erent PDFs. Figure adapted from [12].

As Figure 3 already indicated, EPS09 agrees with the
CMS data. However, to better understand what kind of
further constraints these data might provide, we invoke the
method of Hessian PDF reweighting [14, 15]: We recall
that the central set of EPS09 corresponds to a minimum of
a certain global �2-function which can be expanded in the
vicinity of the minimum as

�2{a} ⇡ �2
0 +
X

i j

(ai � a0
i )Hi j(a j � a0

j ) = �
2
0 +
X

i

z2
i . (2)

Here, ai denote the fit parameters (the best fit corresponds
to ai = a0

i ) and Hi j is the second-derivative matrix (the
Hessian matrix) which has been diagonalized in the last
step. The central PDF set S 0 corresponds to the origin of
this “z-space” and the PDF error sets S ±k are defined by
zi(S ±k ) = ±

p
��2�ik, where ��2 = 50 for EPS09. If we

were to include a new set of data into our global fit, we
would naturally add its �2-contribution on top of every-
thing else in Eq. (2). Now, as the the PDF error sets are
available we can realize this approximately by defining

�2
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i j
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⌘
,

where ydata
i are the new data points with covariance matrix Ci j. We can estimate the theory values yi[ f ] linearly by

yi
⇥
f
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X

k

@yi[S ]
@zk
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S=S 0
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X

k
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2

zkp
��2
, (3)

and, in this way, �2
new becomes a quadratic function of the variables zi and it has a well-defined minimum denoted here

by zi = zmin
k . The corresponding set of PDFs f new

i (x,Q2) can be computed by

f new
i (x,Q2) ⇡ f S 0

i (x,Q2) +
X

k

f S +k
i (x,Q2) � f S �k

i (x,Q2)
2

zmin
kp
��2
. (4)

After finding the minimum, one can also construct the new error sets similarly as sketched above.

Figure 4. Left-hand panel: The EPS09 nuclear modification RG(x,Q2 = 1.69 GeV2) before and after the reweighting with CMS p+Pb dijet data.
Right-hand panel: As the left-hand panel but giving the dijet data an extra weight of 10.
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pp → H+X pA → 2jets+X

CMS (prelim.)
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Глюоннoе распределение в протоне 
• Извлекается используя Глобальную Подгонку 
данных по глубоконеупругому лептон-
нуклонному рассеянию (фикc. мишени, HERA) 
и рождению струй, калибровочных бозонов и 
лептонных пар в протон-протонных 
столкновениях (фикc. мишени, Фермилаб) 

!
• Результаты различных групп отличаются 
больше, чем неопределенности. 
!
• Область больших х дает значительную 
неопределенность для важных процессов на 
БАК (рождение Хиггса, ttbar). 
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Life starts after 35

● Gluon PDF at large x → significant uncertainties for LHC important processes 
● Gluons from different PDF groups differ outside PDF uncertainties

Gluon needs to be better constraint

● (In)direct constrains
● scaling violation, collider jet data, prompt photon data, total ttbar cross sections• В будущем данные БАК по рождению струй, 

прямых фотонов, калибровочных бозонов, ttbar 
позволят определить плотности партонов точнее  
!

• В еще более отдаленном будущем - LHeC, EIC 
!
• Прямо сейчас - фоторождение J/𝜓 в pp и pA УПС  
!
!
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Now we go from predicting LHC measurements to 

using them for constraining parton distributions

K. Klimek, DIS 2014 4



Глюоннoе распределение в ядрах  
• Как и в случае протона, gA(x,µ2) определяется 
из данных используя Глобальную Подгонку.  
!
• Неопределенность за счет:  

- ограниченной кинематики 
- непрямому извлечению глюонов через ДГЛАП  
- разных предположениях о начальной форме  
- разного отбора данных 

H. Pauukunen, NPA 926 (2014) 24

correction that the experiments have applied to the data1. In eps09 and hkn07 the assumption
RA

uV
(x,Q2

0) = RA
dV

(x,Q2
0) was made as only one type of data sensitive to the large-x valence quarks

was included in these fits. Indeed, at large x, one can approximate

dσℓ+A
DIS ∝

!
4

9

"

uAV +

!
1

9

"

dAV ∝ upV

#

RA
uV

+RA
dV

dpV
upV

Z + 4N

N + 4Z

$

≈ upV

#

RA
uV

+
1

2
RA

dV

$

, (4)

which underscores the fact that these data can constrain only a certain linear combination of RA
uV

and RA
dV

. Despite the lack of other type of data sensitive to the valence quarks, the assumption

RA
uV

(x,Q2
0) = RA

dV
(x,Q2

0) was released in a recent nCTEQ work leading to mutually wildly different

RA
uV

and RA
dV

(see Fig.1 in Ref.[21]). Other type of data sensitive to the valence quarks would
obviously be required to pin down them separately in a more realistic manner. Despite the fact
that some neutrino data (also sensitive to the valence quarks) was included in the dssz fit, the
authors did not investigate the possible difference between RA

uV
and RA

dV
.

In the case of RA
u , which here generally represents the sea quark modification, all parametriza-

tions are in a fair agreement in the data-constrained region. This is also true if the nCTEQ results
are considered (Fig.1 in Ref.[21]). Above the parametrization scale Q2 > Q2

0, the sea quark modi-
fications are also significantly affected, especially at large x (x ! 0.2), by the corresponding gluon
modification RA

g via the DGLAP evolution.
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Figure 3: Comparison of the gluon nuclear modification factors for the lead nucleus at Q2 = 10GeV2 (left), and the
nuclear modification for inclusive pion production in d+Au collisions at midrapidity (right).

The largest differences among eps09, hkn07, and dssz are in the nuclear effects for the gluon
PDFs, shown in Fig. 3. The origins of the large differences are more or less known: The DIS and
Drell-Yan data are mainly sensitive to the quarks, and thus leave RA

g quite unconstrained. To
improve on this, eps09 and dssz make use of the nuclear modification observed in the inclusive
pion production at RHIC [29, 30]. An example of these data are shown in Fig. 3. Although the
pion data included in eps09 and dssz are not exactly the same, it may still look surprising how
different the resulting RA

g are. The reason lies (as noted also e.g. in [31]) in the use of different

1M. Stratmann and P. Zurita, priv.comm.
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• Данные БАК по рождению струй, прямых 
фотонов, калибровочных бозонов в p+A рассеянии 
дают новые ограничения на gA(x,µ2). 
!

• В будущем - EIC 
!
• Прямо сейчас - фоторождение J/𝜓 в AA и pA УПС  
!
!
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Abstract

We present a perturbative QCD analysis concerning the production of high-pT dijets in p+Pb collisions at the LHC. The next-to-
leading order corrections, scale variations and free-proton PDF uncertainties are found to have only a relatively small influence on
the normalized dijet rapidity distributions. Interestingly, however, these novel observables prove to retain substantial sensitivity to
the nuclear e↵ects in the PDFs. Especially, they serve as a more robust probe of the nuclear gluon densities at x > 0.01, than e.g.
the inclusive hadron production. We confront our calculations with the recent data by the CMS collaboration. These preliminary
data lend striking support to the gluon antishadowing similar to that in the EPS09 nuclear PDFs.

Keywords: Nuclear parton distributions, dijets, PDF reweighting

1. Introduction

Figure 1. Comparison of nuclear modifications for gluon
PDFs RPb

G (x,Q) ⌘ glead(x,Q)/gproton(x,Q) as obtained in
di↵erent fits. Figure adapted from [12].

The gluon parton distribution functions (PDFs) in heavy nu-
clei are not particularly well constrained [1, 2]. Before the nu-
clear collisions at the LHC, one of the very few available data di-
rectly sensitive to the nuclear gluons at perturbative scales were
from inclusive pion production in deuteron+gold collisions at
RHIC [3, 4]. These data were included into the EPS09 [5] global
fit of nuclear PDFs (nPDFs) and gave rise to the antishadow-
ing and EMC-e↵ect for gluons shown in Figure 1 (similar re-
sults have been recently obtained by the nCTEQ collaboration
[6]). However, one can interpret the nuclear modifications seen
in the RHIC pion data also as being due to nuclear e↵ects in the
parton-to-pion fragmentation functions [7] and hence reproduce
the RHIC pion data practically without any nuclear modifications
in the gluon PDFs. This viewpoint was adopted in the DSSZ [8]
global fit of nPDFs. Finally, if all the pion data are left out, the
gluons remain very weakly constrained and more fit parameters have to be fixed by hand. An example of this kind
of fit is HKN07 [9]. It is this situation that the (di)jet production in the proton+lead (p+Pb) collisions at the LHC is
expected to shed light on.

Email addresses: hannu.paukkunen@jyu.fi (Hannu Paukkunen), kari.eskola@jyu.fi (Kari J. Eskola), carlos.salgado@usc.es
(Carlos Salgado)
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Rg(x,Q
2) =

gA(x,Q2)

Agp(x,Q2)

Rg < 1 при малых х — 
ядерная экранировка



Глюоннoе распределение в ядрах (2)
•  Альтернатива экстраполяции в область малых х — модель экранировок 
лидирующего твиста, основанная на обобщении теории Грибова-Глаубера и 
факторизационных теоремах КХД. Frankfurt, VG, Strikman, Phys. Rept. 512 (2012) 255

!
!
!

6
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Fig. 10. Graphs corresponding to sea quark nuclear PDFs. Graphs a, b, and c correspond to the interaction with one, two, and three nucleons, respectively.
Graph a gives the impulse approximation; graphs b and c contribute to the shadowing correction.

Fig. 11. Graphs corresponding to the gluon nuclear PDF. For the legend, see Fig. 10.

in the case of the deuteron target. One should also note that Eqs. (43) and (44) do not require the decomposition over
twists. The only requirement is that the nucleus is a system of color neutral objects—nucleons. The data on the EMC ratio
F2A(x,Q 2)/[AF2N(x,Q 2)] for x > 0.1 indicate that the corrections to the multinucleon picture of the nucleus do not exceed
few percent for x  0.5, see the discussion in Section 3.2.

The next crucial step in the derivation of ourmaster equation for nuclear PDFs is the use of theQCD factorization theorems
for inclusive DIS and hard diffraction in DIS. According to the QCD factorization theorem for inclusive DIS (for a review, see,
e.g., [58]) the inclusive structure function F2(x,Q 2) (of any target) is given by the convolution of hard scattering coefficients
Cj with the parton distribution functions of the target fj (j is the parton flavor):

F2(x,Q 2) = x
X

j=q,q̄,g

Z 1

x

dy
y
Cj

✓
x
y
,Q 2

◆
fj(y,Q 2). (45)

Since the coefficient functions Cj do not depend on the target, Eq. (34) leads to the relation between nuclear PDFs of flavor
j, which are evaluated in the impulse approximation, f (a)

j/A , and the nucleon PDFs fj/N ,

xf (a)
j/A (x,Q 2) = Axfj/N(x,Q 2). (46)

In the graphical form, f (a)
j/A is given by graph a in Figs. 10 and 11.

Note also that one can take into account the difference between the proton and neutron PDFs by replacing Afj/N !
Zfj/p + (A � Z)fj/n, where Z is the number of protons, and the subscripts p and n refer to the free proton and neutron,
respectively.

Similarly to the inclusive case, the factorization theorem for hard diffraction in DIS states that, at given fixed t and xP

and in the leading twist (LT) approximation, the diffractive structure function FD(4)
2 can be written as the convolution of the

same hard scattering coefficient functions Cj with universal diffractive parton distributions f D(4)
j :

FD(4)
2 (x,Q 2, xP, t) = �

X

j=q,q̄,g

Z 1

�

dy
y
Cj

✓
�

y
,Q 2

◆
f D(4)
j (y,Q 2, xP, t), (47)

- +

•  Характерная особенность модели — большая глюонная экранировка.

Author's personal copy
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Fig. 31. Predictions for nuclear shadowing at the input scale Q 2
0 = 4 GeV2. The ratios Rj (ū and c quarks and gluons) and RF2 as functions of Bjorken x at

Q 2 = 4. The four upper panels are for 40Ca; the four lower panels are for 208Pb. Two sets of curves correspond to models FGS10_H and FGS10_L (see the
text).

Another important quantity related to the longitudinal structure function is the ratio of the virtual photon-target cross
sections for the longitudinal and transverse polarizations of the virtual photon,

R ⌘ �L

�T
= FL(x,Q 2)

F2(x,Q 2) � FL(x,Q 2)
. (123)

Below we present our predictions for the super-ratio RA/RN , which is the ratio of the nuclear to the nucleon ratios R:

RA

RN
⌘ FA

L (x,Q 2)

F2A(x,Q 2) � FA
L (x,Q 2)

F2N(x,Q 2) � FN
L (x,Q 2)

FN
L (x,Q 2)

= FA
L (x,Q 2)

AFN
L (x,Q 2)

AF2N(x,Q 2)

F2A(x,Q 2)

1 � FN
L (x,Q 2)/F2N(x,Q 2)

1 � FA
L (x,Q 2)/F2A(x,Q 2)

. (124)

The advantage of considering the super-ratio RA/RN is that this quantity is essentially insensitive to the value of the
elementary ratio RN .

Fig. 36 presents our predictions for RA/RN of Eq. (124) for 40Ca and 208Pb for four different values of Q 2 as a function of
Bjorken x. Both models FGS10_H and FGS10_L give numerically indistinguishable predictions for RA/RN . Also, as one can see

Author's personal copy
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Fig. 54. The ratio of the gluon distributions in 208Pb and the nucleon, gA(x,Q 2)/[AgN (x,Q 2)], as a function of x for the EPS09 fit at Q 2 = 1.69 GeV2 (the
dotted curve with the shaded error band) and in the leading twist theory of nuclear shadowing at Q 2 = 4 GeV2 (the shaded area spanned by the two solid
curves, the same as in Fig. 53).

seem to indicate that the nuclear corrections are different between the charged and neutral lepton DIS, the analyses of
Refs. [189–191] find no such difference.

5.13. Comparison to the soft QCD model of [97–99]

An approach to nuclear shadowing that is based on the Gribov–Glauber theory of nuclear shadowing and that has
certain similarity to our leading twist approach has been proposed and developed in Refs. [97–99]. It also starts with the
Gribov relation between diffraction and shadowing for F2A(x,Q 2) for the interaction with two nucleons and employs the
phenomenological Regge-motivatedmodel for the diffractive structure function FD(3)

2 which contains both the leading twist
andhigher twist contributions. Since the approach effectively includes both leading andhigher twist contributions to nuclear
shadowing (via the use of the all-twist parameterization of diffraction), it provides a good description of the fixed-target data
on nuclear shadowing which is predominantly in the kinematics where only interactions with two nucleons contribute, see
the discussion in Section 5.16.

To sum up the multiple interactions with N � 3 nucleons of the nuclear target, the fan diagram approximation is used
(the Schwimmer model [192]). Such a model assumes the dominance of large-mass diffraction, M2 � Q 2, while we find
thatM2 ⇠ Q 2 dominate in a wide range of x. Also, the use of this model for large Q 2 results in the expressions which do not
satisfy DGLAP equations even for large Q 2 and do not allow one to determine nuclear PDFs for individual parton flavors.

In the recent paper [99], the authors adopted to some extent our QCD factorization approach and used diffractive PDFs to
calculate nuclear PDFs. However, to evaluate nuclear shadowing as a function ofQ 2, the authors of [97–99] apply an equation
similar in the spirit to ourmaster Eq. (64) for all Q 2. As we explain in Section 3, the application of Eq. (64) at large Q 2 violates
the QCD evolution because one then ignores the increase of the color fluctuations induced by the QCD evolution. [We use
Eq. (64) only at an input scale Q 2

0 = 4 GeV2; the subsequent Q 2 dependence of nuclear PDFs is given by the usual DGLAP
equations.) In addition, neglecting proper QCD evolution, one neglects the contribution of larger x effects – antishadowing
and EMC effects – to the small-x region.

5.14. The leading twist theory of nuclear shadowing vs. dipole model eikonal approximation

5.14.1. The dipole model eikonal approximation
Besides the leading twist theory of nuclear shadowing, there is a broad class of models of nuclear shadowing, which

are based on the so-called eikonal approximation [83,193–197]. The eikonal approximation in nuclear DIS is based on
the assumption that the virtual photon–nucleus cross section can be written as the convolution of the probability of the
transition of the virtual photon into a quark–antiquark pair (qq̄ dipole) with the (exponential) factor describing the qq̄
dipole–nucleus scattering. The exponential factor is a result of the eikonalization of themultiple qq̄-nucleon scattering series,
which is done in the spirit of the Glauber model.

The graphical representation of the virtual photon–nucleus cross section in the eikonal approximation is given in Fig. 55
(the vertical dashed lines denote the unitary cuts). The graphs in Fig. 55 should be compared to the corresponding graphs
of the leading twist theory of nuclear shadowing in Fig. 9. In Fig. 55, graph a is the impulse approximation, which is the
same as in the leading twist approach. Graphs b and c give the shadowing correction arising from the interaction with two
and three nucleons of the target, respectively. The two-gluon exchange is the symbolic notation for the qq̄ dipole–nucleon
interaction. Graphs corresponding to the interaction with four and more nucleons are not shown, but are assumed. Note
that the dipole model approximation violates the energy–momentum conservation in the case of the interaction with more
than two nucleons, see the discussion in Section 3.1.4.

Pb, Q2=4 GeV2
Rg



Ультрапериферические столкновения на БАК
• В pp, pA и AA столкновениях ядра могут налетать на больших прицельных 
параметрах b > RA+RB =10-20 fm ― ультрапериферические столкновения 
(УПС).

• В UPC сильное взаимодействие подавлено и ионы взаимодействуют 
посредством квази-реальных фотонов, E. Fermi (1924), C.F. von Weszsacker; E.J. Williams (1934)

2 The nuclear gluon distributions at small x in UPC at the
LHC

In a typical nucleus-nucleus collision, e.g., at RHIC or at the LHC, the nuclei collide head-on, interact
strongly, break up and produce a multi-particle final state containing nuclear debris, protons, neutrons,
and pions. However, there are rare situations when the nuclei pass each other at large impact parameters,
i.e., in the transverse plane, the distance between the two nuclei (the impact parameter b) is larger then
the sum of the nuclei radii, b > RA +RB, see the left side of Fig. 1. In this case, the short-range strong

b > RA + RB

RA

RB

pA

pB

γ

γ

γ

γ

100

101

102

103

100 101 102 103 104 105
k 

dN
/d

k
k (GeV)

LHC
RHIC

Figure 1: Left. The sketch of an ultra-peripheral nucleon-nucleus collision when the nuclei pass each other at
the large impact parameter b > RA+RB and interact via the field of their equivalent quasi-real photons. Right.
The flux of equivalent photons, kdNγ/dk, as a function of k for Pb-Pb collisions at the LHC (solid curve) and
RHIC (dotted curve). The flux is calculated in the rest frame of the target nucleus.

forces can be neglected and the interaction between the two nuclei is mediated by the electromagnetic
field in the form of equivalent quasi-real photons emitted by fast moving nuclei (charged ions). This
phenomenon is well-known in QED and is called the method of equivalent photons [16]. The energy
spectrum of the photons emitted by a fast moving nucleus (ion) with the charge Z at the transverse
distance b from the center of the nucleus reads [17]:

dNγ

dk d2b
=

Z2αemk

π2γ2

!
K2

1

"
k|b|
γ

#
+

1

γ2
K2

0

"
k|b|
γ

#$
, (1)

where αem is the fine-structure constant; k is the photon energy; γ is the nucleus Lorentz factor.
The distinctive feature of the UPC is that the photon-emitting nucleus either does not break up or

emits only a few neutrons through Coulomb excitation, leaving a substantial rapidity gap in the same
direction. These conditions can be readily used by identifying UPC in experiments.

The nucleus emits the photons coherently and, as a result, their wave length is larger than the
effective nuclear size. This limits the maximal energy kmax and dnγ/(dkd2b) falls off sharply for k >
kmax ≡ γ/RA. However, boosting the system in the rest frame of one of the nuclei, one simultaneously
boosts k and the spectrum of equivalent photons extends up to kmax = (γ2 − 1)/RA. An example of
this is presented on in Fig. 1 (right side), where we plot the flux of equivalent photons, kdNγ/dk, as a
function of k for Pb-Pb collisions at the LHC (

√
s = 2.75 TeV, γ ≈ 3000) and at RHIC (

√
s = 200 GeV,

γ ≈ 100) in the nuclear target rest frame. The flux kdNγ/dk was obtained by integrating dNγ/(dkd2b)
in Eq. (1) over the large impact parameter b ≥ 2RA.

3

7

УПС события отвечают пустому детектору с двумя  
лептонными треками. 
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Figure 2: Three types of processes that can be used to study the gluon distributions in nuclei at small x in
UPCs: (a) inclusive photoproduction of two jets with large transverse momenta gives access to the usual gluon
PDF; (b) diffractive productions of two jets gives access to the diffractive gluon PDF; (c) exclusive coherent
photoproduction of heavy vector mesons probes the generalized gluon distributions (the impact-parameter-
dependent gluon PDF).

predicted using the leading twist theory of nuclear shadowing [17]. An example of it is presented in
Fig. 3 (left) where we plot the ratio of the gluon distribution in 208Pb over that in the free proton,
gA(x,Q2

0)/[AgN(x,Q
2
0)], as a function of x at Q2

0 = 4 GeV2 (the shaded band labeled FGS10). The
band corresponds to an intrinsic theoretical uncertainty of our approach, see details in [17]. Also, for
comparison, we show the results of the extraction of gA(x,Q2

0)/[AgN(x,Q
2
0)] using the global QCD fits:

EPS09 [14] and HKN07 [13].
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Figure 3: (Left) Predictions for ratio of the gluon distribution in 208Pb to that in the free proton,
gA(x,Q2

0)/[AgN (x,Q2
0)]. (Right) The ratio of the gluon impact-parameter-dependent distribution in 208Pb to

the gluon distribution in the free proton, gA(x,Q2
0, b)/[ATA(b)gN (x,Q2

0)], as a function of the impact parameter
b; TA(b) is the nucleon density.

In UPCs at the LHC, one can directly access the gluon distribution in nuclei through the process of

5

поток фотонов сечение фоторождения

y = ln(2!/MJ/ ) = ln(W 2
�p/(2�LmNMJ/ )) — быстрота J/𝜓
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• Поток фотонов ~Z2 (Z2≈7000 для Pb) и соответствует огромной максимальной 
энергии фотонов в системе покоя ядра-мишени за счет большого 𝛾L:  
𝛾L≈1500 для Pb-Pb УПС при 2.76 ТэВ → ωmax ≈ 120 ТэВ:

k=энергия фотона, 

2 The nuclear gluon distributions at small x in UPC at the
LHC

In a typical nucleus-nucleus collision, e.g., at RHIC or at the LHC, the nuclei collide head-on, interact
strongly, break up and produce a multi-particle final state containing nuclear debris, protons, neutrons,
and pions. However, there are rare situations when the nuclei pass each other at large impact parameters,
i.e., in the transverse plane, the distance between the two nuclei (the impact parameter b) is larger then
the sum of the nuclei radii, b > RA +RB, see the left side of Fig. 1. In this case, the short-range strong
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Figure 1: Left. The sketch of an ultra-peripheral nucleon-nucleus collision when the nuclei pass each other at
the large impact parameter b > RA+RB and interact via the field of their equivalent quasi-real photons. Right.
The flux of equivalent photons, kdNγ/dk, as a function of k for Pb-Pb collisions at the LHC (solid curve) and
RHIC (dotted curve). The flux is calculated in the rest frame of the target nucleus.

forces can be neglected and the interaction between the two nuclei is mediated by the electromagnetic
field in the form of equivalent quasi-real photons emitted by fast moving nuclei (charged ions). This
phenomenon is well-known in QED and is called the method of equivalent photons [16]. The energy
spectrum of the photons emitted by a fast moving nucleus (ion) with the charge Z at the transverse
distance b from the center of the nucleus reads [17]:

dNγ
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=
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π2γ2
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where αem is the fine-structure constant; k is the photon energy; γ is the nucleus Lorentz factor.
The distinctive feature of the UPC is that the photon-emitting nucleus either does not break up or

emits only a few neutrons through Coulomb excitation, leaving a substantial rapidity gap in the same
direction. These conditions can be readily used by identifying UPC in experiments.

The nucleus emits the photons coherently and, as a result, their wave length is larger than the
effective nuclear size. This limits the maximal energy kmax and dnγ/(dkd2b) falls off sharply for k >
kmax ≡ γ/RA. However, boosting the system in the rest frame of one of the nuclei, one simultaneously
boosts k and the spectrum of equivalent photons extends up to kmax = (γ2 − 1)/RA. An example of
this is presented on in Fig. 1 (right side), where we plot the flux of equivalent photons, kdNγ/dk, as a
function of k for Pb-Pb collisions at the LHC (

√
s = 2.75 TeV, γ ≈ 3000) and at RHIC (

√
s = 200 GeV,

γ ≈ 100) in the nuclear target rest frame. The flux kdNγ/dk was obtained by integrating dNγ/(dkd2b)
in Eq. (1) over the large impact parameter b ≥ 2RA.

3

Спектр эквивалентных фотонов в Pb-Pb УПС в 
системе покоя одного из ядер →

• Учет распределения заряда в ядре и фактора подавления сильных 
взаимодействий ведет к неопределенности в N𝛾/Z при больших k, где N𝛾/Z  мал: до 
20% для pp и до нескольких раз для pA.

• УПС - возможность изучать фотон-протонные и фотон-ядерные взаимодействия 
при энергии в 10 раз больше, чем на HERA → новые ограничения на gp(x,µ2) и 
gA(x,µ2). 

A. Baltz et al., The Physics of Ultraperipheral Collisions at the LHC, Phys. Rept. 480 (2008) 1



Эксклюзивное фоторождение J/ψ в pp УПС на БАК
• Коллаборация LHCb на БАК измерила эксклюзивное фоторождение J/𝜓 в pp 
УПС при 7 ТэВ и представила результат в виде                           
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Figure 6: Dependence of J/ photoproduction cross-section on the centre-of-mass energy of
the photon-proton system. The blue (red) triangles represent the data from H1 (ZEUS) [3,4].
The black dots and squares are derived from the LHCb di↵erential cross-section as a
function of rapidity. The dashed and full lines are the power law dependences determined
from the HERA and LHCb data, respectively. The uncertainty on the LHCb power law
determination is shown by the shaded band.

shape r(y) = 0.85� 0.1|y|/3. The fit to the data in Table 4 gives values of a = 0.8+1.2

�0.5

nb
and � = 0.92± 0.15 with a �2 of 4.3 for 8 degrees of freedom, indicating the results are
consistent with the hypothesis of a power law dependence. The values obtained are also
consistent with the results from HERA, albeit with much larger uncertainties.

5.1 Evaluation of the photon-proton cross-section

The di↵erential cross-sections for the process pp ! pJ/ p given in Table 4 are transformed
into cross-sections for the process �p ! J/ p using a re-arrangement of Eq.(3)

�

�p!V p
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1/r(y)d�

dy

pp!pV p

� k⌥
dn

dk⌥
�

�p!V p

(W⌥)

k±
dn

dk±

. (6)

The photoproduction cross-sections at W

+

and W� are determined independently
using Eq.(6) and substituting into the right-hand side the expected cross-section for the
alternative W solution from the power law determined above.
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Figure 6. Photoproduction cross-section as a function of the centre-of-mass of the
photon–proton system with the power-law fit from [8] superimposed. The LHCb data
points forW+(W−) are derived assuming the power-law fit forW−(W+). The uncertainties
are correlated between bins. Fixed target results are from the E401 [33], E516 [34] and
E687 [35] collaborations.

next-to-LO89 (NLO) predictions from a fit to HERA and LHCb 2010 data, which are dominated
by the HERA data; thus these curves can be considered as LO and NLO extrapolations from
HERA energies. The LO result is essentially the power-law photoproduction result from
HERA, combined with a photon flux function and a gap survival factor [32]. Better agreement
is obtained between data and the NLO prediction than between data and the LO prediction.

Exclusive production of J/ψ in pp collisions is related to photoproduction through

dσ

dy pp→pJ/ψ p
= r+k+

dn
dk+

σγ p→J/ψ p(W+) + r−k−
dn

dk−
σγ p→J/ψ p(W−) (3)

where dn/dk± are photon fluxes for photons of energy k± ≈ (MJ/ψ /2) exp(±|y|),(W±)2 =
2k±

√
s, and r± are absorptive corrections as given, for example, in [5, 30]. The LHCb results

cannot unambiguously determine the photoproduction cross-section due to contributions from
both W+ and W−, corresponding to the photon being either an emitter or a target, respectively.
However, a comparison can be made to the HERA photoproduction results using the power-law
relationship, σγ p→J/ψ p(W ) = 81(W/90 GeV)0.67nb, determined by the H1 collaboration [8].
A model-dependent measurement of σγ p→J/ψ p(W+) is obtained from the LHCb differential
cross-section measurement by applying equation (3) and assuming the power-law result
for σγ p→J/ψ p(W−), while σγ p→J/ψ p(W−) is obtained by assuming the power-law result for
σγ p→J/ψ p(W+). The result of this procedure is shown in figure 6, which compares the modified
LHCb data with HERA and fixed target photoproduction results: note that there are two
correlated points plotted for each LHCb measurement, corresponding to the W+ and W−
solutions. It was shown in our previous publication [11] that the LHCb data were consistent,

89 Only the dominant NLO corrections have been considered: see [5] for details.
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and � = 0.92± 0.15 with a �2 of 4.3 for 8 degrees of freedom, indicating the results are
consistent with the hypothesis of a power law dependence. The values obtained are also
consistent with the results from HERA, albeit with much larger uncertainties.

5.1 Evaluation of the photon-proton cross-section

The di↵erential cross-sections for the process pp ! pJ/ p given in Table 4 are transformed
into cross-sections for the process �p ! J/ p using a re-arrangement of Eq.(3)
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2014: больше статистики

- Согласуется с                              , где ��p!J/ / W �
�p

- Описывается дипольными моделями и  
пертурбативной КХД → нет нелинейных  
эффектов

� ⇡ 0.8 - Недостаточно степенного описания 
- Описывается дипольными моделями с 
насыщением и NLO пертурбативной 
КХД

r(y) ≈ 0.8 фактор подавления 2013
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Эксклюзивное фоторождение J/ψ в pp УПС на БАК и 
плотность глюонов в протоне при малых х

• В лидирующем порядке теории возмущений КХД и нерелятивистском пределе 
для волновой функции J/𝜓:
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Abstract. Cross section of diffractive J / ~  production in 
deep inelastic scattering in the Born and the leading-log 
approximations of perturbative QCD are calculated. 

I Introduction 

The process of J /7  j electroproduction arouses interest 
due to two reasons. First, it can be calculated within the 
perturbative QCD and second, its cross section is propor- 
tional to the gluon structure function. So, it is a good way 
to study the gluon distribution inside a proton [1, 2]. 

In the reactions of heavy-quark photoproduction 7N--, 
c6X, a popular approach is the "photon-gluon fusion" 
mechanism [3, 1, 4, 5] based on the subprocess 7g~cd. 
The amplitude and cross section of inelastic J~ 7 J produc- 
tion via the same mechanism was calculated in [6] and 
then discussed in [7]. This approach has been called [5] 
diffractive J~ 7 j production, as (in the first approximation) 
the cross section does not depend on energy and there is 
no flavour exchange. Strictly speaking, this is not a true 
diffractive process. There is a colour exchange in this case 
due to the colour of the gluon content in the target; as 

da 
a consequence, the inclusive J/qJ cross section ~zz ~const .  

at z ~  1, instead of the &(1 - z )  or 1/(1 - z )  behaviours that 
are usual for diffractive processes (z is the part of photon 
momenta carried away by the J /7  J meson). 

The goal of this paper is to consider the exclusive (in 
some sense elastic) diffractive J / ~  electroproduction that 
is described by the exchange of a colourless two-gluon 
system*; in the Born approximation by the diagrams in 
Fig. 1. In the leading-log approximation (LLA), instead of 
the simple two-gluon "pomeron" [9], one has to use the 
whole system of LLA ladder diagrams; for t -- 0 this repro- 
duces exactly the gluon structure function ~G(Y, ~2). 

* The model for elastic and diffractive J/~ production based on 
vector meson dominance and pomeron exchange was considered 
recently in [8]. 

Thus, our amplitude is proportional to ~G(Y, ~2) and the 
exclusive diffractive cross sec t ion- to  the square of the 
gluon structure function. Due to this fact, the reaction 
7*+N--*J/Tt+N feels the variation of 2G(Y, ~2) better 
than the inclusive J/~t' cross section, which depends on 
YG(Y, ~2) only linearly. Therefore, this process is one of 
the best ways to measure the role of absorptive correc- 
tions (pomeron cuts contributions) and to observe the 
saturation of gluon density predicted in the frame-work of 
perturbative QCD in 1-10]. 

In Sect. 2 we calculate the amplitude of diffractive J / 7  j 
photoproduction. In Sect. 3 we discuss the spin structure 
of this amplitude and correspondingly the distribution in 
azimuthal angle. In Sect. 4 the numerical estimates of the 
single and double diffractive dissociation cross sections 
are given. 

2 Amplitude of ~,* +p--,J/W+p 

The Born amplitude of 7*+p--*J/~+p reaction is de- 
scribed by the sum of the two diagrams in Fig. 1. As the 
binding energy of S-wave e6-quarks J / 7  J system is small 
(much less than the charm quark mass me= m), one can 
follow I-6] and use the nonrelativistic approximation, 
writing the product of two propagators (k and k' in Fig. 1) 
and the J / 7  J vertex (i.e. J / 7  J wave function integrated 
over the relative momenta of c6^quarks k = k '  in J / 7  J 
rest-frame system) in the form g(k+m)Tu. The constant 

~ 7  

l +  

qJ 
k 

a b 

Fig. la, b. Feynman diagrams for diffractive J/7 J production 

• Релятивисткие поправки (в рамках kT-формализма) и учет недиагональной 
кинематики и реальной части  амплитуды:

2

• Данные LHCb соответствуют 6×10-6 < x < 6×10-5 и 0.004 < x < 0.04 → той 
области малых х, где gp(x,µ2) не известно.

C(µ2) ! (1 + ⌘2)R2
gF

2(µ)C(µ2) ! 1.5F 2(µ)C(µ2)

• F2(µ) параметризует релятивисткие поправки: 
- F2(µ) = 1 в Ryskin, Roberts, Martin, Levin, Z. Phys. C 76 (1997) 231 из-за сокращения 2x эффект 
- F2(µ) ≈ 0.5 в VG, Zhalov, JHEP 1310 (2013) 207 из подгонки нормировки данных; µ -параметр  
- F2(µ) ≈ 0.2 в Frankfurt, Koepf, Strikman, PRD 57 (1997) 231 из-за сильных рел. эффектов
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Эксклюзивное фоторождение J/ψ в pp УПС на БАК и 
плотность глюонов в протоне при малых х (2)

• Пертурбативная КХД описывает данные LHC (2013) :

VG, Zhalov JHEP 1310 (2013) 207  

presents predictions of eq. (2.5) at µ2 = 3 (assuming F 2(µ2) = 1) and the lower panel

presents the same predictions multiplied by the corresponding factor of ζ, which plays the

role of F 2(µ2). The corresponding values of ζ at µ2 = 3 GeV2 are given in the third column

of table 1. One can see from the lower panel of figure 2 that the choice of µ2 = 3 GeV2 and

F 2(µ2) ≈ 0.5 in eq. (2.5) allows one to achieve the good description of the Wγp dependence

and normalization of the γp → J/ψp cross section at collider energies using various sets of

the gluon distribution in the proton.
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Figure 2. The same as in figure 1, but with the LO pQCD predictions evaluated at µ2 = 3 GeV2.

Note that the MNRT07 prediction at µ2 = 3 GeV2 in figure 2 has been scaled by

the appropriate factor to reproduce the normalization of the data—we chose not to show

explicitly this normalization (the corresponding ζ = 1.9) because the normalization of this

gluon distribution is obtained from a fit to the data.
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Figure 3. LO (left panel) and NLO (right panel) fits to exclusive J/ data. Photoproduction data
from H1 [4, 7] and ZEUS [26, 27] are displayed along with the LHCb [5] W+ and W� solutions
and the CDF measurement [16] (which is not included in the fit) as described in the text. The
darker shaded areas indicate the region of the available data. Included in the fit but not displayed
are the H1 [7] and ZEUS [27] electroproduction data. The widths of the bands only indicate the
uncertainties of the fitted cross section resulting from the 1� experimental error.
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Figure 4. Left panel: LO and NLO fits compared to directly measured LHCb [5] data for
p
s =

7 TeV. Also shown is the NLO fit performed with enhanced absorptive corrections (red dashed
line). The NLO fit including only H1 [4, 7] and ZEUS [26, 27] data is also shown (the blue dot-
dashed line indicates the range of the HERA data, the blue dotted line indicates the extrapolation
to LHCb energies). Right panel: LO and NLO predictions for exclusive J/ production at LHCb
for

p
s = 8 TeV (lower bands) and

p
s = 14 TeV (upper bands).

at y = 0 in pp̄ collisions at
p
s = 1.96TeV. We use the survival factor S2 = 0.847 which has

been calculated as described in section 3. Due to a possible odderon contribution we do

not include the CDF point in our fits. However, we have checked that including it would

change our fits only marginally.

In the analysis, error bands shown on the cross section are generated using the covari-

ance matrix for the fitted parameters, where, as input, we have added the statistical and

systematic experimental errors of the data in quadrature. Hence, the bands correspond

to 1� ‘experimental’ errors. There are also ‘theoretical’ errors associated with the model

assumptions, the di↵erence between LO and NLO curves gives some idea of this error.
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• Новые ограничения на поведение gp(x,µ2) 
при 6×10-6 < x < 0.01: 

Parameterization αs(Q2 = 2.4 GeV2) αs(Q2 = 3 GeV2) αs(M2
Z) Comments

MNRT07 [14] 0.295 0.282 0.118 Λ4 = 120 MeV

CTEQ6L1 [26] 0.382 0.361 0.130 Λ4 = 215 MeV

CTEQ6L [26] 0.330 0.314 0.118 NLO with Λ4 = 326 MeV

MRST04 [27] 0.386 0.365 − Λ4 = 220 MeV

NNPDF [28] 0.301 0.289 0.119 Λ4 = 127 MeV

MSTW08LO [29] 0.480 0.448 0.139 Λ4 = 322 MeV

Table 2. The running strong coupling constant αs(µ2) corresponding to the examined gluon parton
distributions.
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Figure 8. The ratios of the studied LO gluon distributions of the proton to the MNRT07 gluon
distribution as a function of x at Q2 = 3 GeV2. The ratios are normalized to be equal to unity at
x = 10−3.
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Эксклюзивное фоторождение J/ψ в Pb-Pb УПС на БАК
• Коллаборация ALICE на БАК измерила эксклюзивное 
фоторождение J/𝜓 в Pb-Pb УПС при 2.76 ТэВ:                           
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Figure 2: Three types of processes that can be used to study the gluon distributions in nuclei at small x in
UPCs: (a) inclusive photoproduction of two jets with large transverse momenta gives access to the usual gluon
PDF; (b) diffractive productions of two jets gives access to the diffractive gluon PDF; (c) exclusive coherent
photoproduction of heavy vector mesons probes the generalized gluon distributions (the impact-parameter-
dependent gluon PDF).

predicted using the leading twist theory of nuclear shadowing [17]. An example of it is presented in
Fig. 3 (left) where we plot the ratio of the gluon distribution in 208Pb over that in the free proton,
gA(x,Q2

0)/[AgN(x,Q
2
0)], as a function of x at Q2

0 = 4 GeV2 (the shaded band labeled FGS10). The
band corresponds to an intrinsic theoretical uncertainty of our approach, see details in [17]. Also, for
comparison, we show the results of the extraction of gA(x,Q2

0)/[AgN(x,Q
2
0)] using the global QCD fits:

EPS09 [14] and HKN07 [13].
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Figure 3: (Left) Predictions for ratio of the gluon distribution in 208Pb to that in the free proton,
gA(x,Q2

0)/[AgN (x,Q2
0)]. (Right) The ratio of the gluon impact-parameter-dependent distribution in 208Pb to

the gluon distribution in the free proton, gA(x,Q2
0, b)/[ATA(b)gN (x,Q2

0)], as a function of the impact parameter
b; TA(b) is the nucleon density.

In UPCs at the LHC, one can directly access the gluon distribution in nuclei through the process of
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d�coh(y ⇡ �3)/dy = 1± 0.18+0.24
�0.26 mb

d�coh(y ⇡ 0)/dy = 2.38+0.34
�0.24 mb
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Fig. 6 Measured differential cross section of J/ψ photoproduc-
tion in ultra-peripheral Pb–Pb collisions at

√
sNN = 2.76 TeV at

−0.9 < y < 0.9 for coherent (a) and incoherent (b) events. The er-
ror is the quadratic sum of the statistical and systematic errors. The
theoretical calculations described in the text are also shown

tion by more than 3 standard deviations. So does the predic-
tion based on the HKN07 parametrization, which includes
less gluon shadowing than EPS09.

The model AB-EPS08, significantly underestimates the
measured cross section by about a factor of two (about 5
standard deviations), indicating that the gluon shadowing is
too strong in the EPS08 parameterization. The leading twist
calculation (RSZ-LTA) is also significantly below the data,
by about 2–3 sigma.

For the incoherent cross section, shown in Fig. 6(b), there
are three model predictions available, LM, STARLIGHT,
and RSZ-LTA. The measured value deviates by about
two standard deviations from the LM prediction, while
STARLIGHT predicts an incoherent cross section 60 % too
high, and RSZ-LTA a factor 4 too low. Taking the ratio be-
tween the incoherent and coherent cross section provides
further constraints on the treatment of the nuclear modifi-
cations implemented in the different models. Another ad-
vantage is that the photon spectrum is factorized out, so
that the comparison directly probes the ratio of the pho-
tonuclear cross sections. The ratio obtained from data is

0.41+0.10
−0.08(sta + sys). This can be compared with 0.21 from

LM, 0.41 from STARLIGHT, and 0.17 from RSZ-LTA. Al-
though the RSZ-LTA model is quite close for the coherent
cross section at mid-rapidity, it seems to underpredict the
incoherent cross section. The LM model also predicts a too
low ratio. STARLIGHT, on the other hand, has about the
right ratio of incoherent-to-coherent cross section, although
it does not reproduce any of the cross sections individually.
All three models use the Glauber model to calculate the in-
coherent cross section, but the implementation and the input
cross section for γ + p → J/ψ + p varies. In STARLIGHT
the scaling of the inelastic J/ψ + nucleus cross section,
ranges from A2/3 to A, depending on the J/ψ + nucleon
cross section. In the first case, only the nucleons on the sur-
face participate in the scattering, while in the second one
all the nucleons contribute. The cross section for incoherent
photoproduction is assumed in STARLIGHT to follow the
same scaling, while in the other models, the reduction with
respect to the A scaling is larger.

The measured values for the γ γ cross sections are 20 %
above but fully compatible within 1.0 and 1.5 sigma with the
STARLIGHT prediction for the high and low invariant mass
intervals, respectively, if the statistical and systematic errors
are added in quadrature. This result provides important con-
straints on calculations that include terms of higher orders
in αem. A reduction in the two-photon cross section of up
to 30 % compared with leading-order calculations has been
predicted [14, 15]. The result for the two-photon cross sec-
tion to di-lepton pairs, measured by ALICE with a precision
of 12 % and 16 % for the low and high invariant mass range,
respectively, is thus fully consistent with STARLIGHT, and
sets limits on the contribution from higher-order terms [16].
This result supports the ALICE J/ψ photoproduction mea-
surement in the forward rapidity region [6], where the cross
section was based on σγγ .

7 Summary

In summary, the first measurement of coherent and incoher-
ent J/ψ photoproduction and two-photon production of di-
lepton pairs in Pb–Pb collisions at mid-rapidity at the LHC
has been presented and compared with model calculations.
The J/ψ photoproduction cross sections provide a powerful
tool to constrain the nuclear gluon shadowing in the region
x ≈ 10−3. The coherent J/ψ cross section is found to be
in good agreement with the model which incorporates the
nuclear gluon shadowing according to the EPS09 parame-
terization (AB-EPS09).

Models which include no nuclear gluon shadowing are
inconsistent with the measured results, as those which use
the Glauber model to incorporate nuclear effects. The AB-
HKN07 and AB-EPS08 models contain too little or too

• Данные согласуются с моделями, содержащими глюонные ядерные 
экранировки:                           

y=-3 → x=0.02 
y=0 →  x=0.001 в gA(x,Q2)
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d�AA!AAJ/ (y)

dy
= N�/A(y)��A!AJ/ (y) +N�/A(�y)��A!AJ/ (�y)

d�PbPb!PbPbJ/ /dy N�/A(y)

��Pb!J/ Pb(W�p = 92.4GeV) = 17.6+2.7
�2.0 µb ,

��Pb!J/ Pb(W�p = 19.6GeV) = 6.1+1.8
�2.0 µb

S(W�p) ⌘
"
�exp

�Pb!J/ Pb(W�p)
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#
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Фактор ядерного подавления 
• Используя экспериментальные значения                                   , вычисленный                и

• Удобно определить фактор ядерного подавления S: 

• Знаменатель: сечение в импульсном приближении:

�IA
�Pb!J/ Pb(W�p) =

d��p!J/ p(W�p, t = 0)

dt
�A(tmin)

Из HERA and LHCb По ядерному форм-фактору:�A(tmin) =

Z tmin

�1
dt|FA(t)|2

• Модельно-независимое определение S:

S(W�p = 92.4GeV) = 0.61+0.05
�0.04

S(W�p = 19.6GeV) = 0.74+0.11
�0.12 VG, Kryshen, Strikman, Zhalov, PLB726 (2013) 270
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Интерпретация в теории возмущений КХД 
• В лидирующем порядке теории возмущений КХД:
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Figure 4. The same as in figure 3, but with the LO pQCD predictions evaluated at µ2 = 3 GeV2.

Figures 3 and 4 present the suppression factor S(Wγp) for Lead as a function of x =

M2
J/ψ/W

2
γp. The two ALICE data points (see the discussion above) are compared with the

LO pQCD predictions given by eq. (2.11) at µ2 = 2.4 GeV2 (figure 3) and at µ2 = 3 GeV2

(figure 4). In the two upper panels and in the lower left one, the factors of R(x, µ2) and

κA/N are calculated in the framework of the leading twist approximation (LTA) consisting

in the combination of the leading twist theory of nuclear shadowing [30] with the given

(MNRT07, CTEQ6L1, CTEQ6L, MRST04 and NNPDF) gluon distributions of the free

nucleon. In each case, we show the band of predictions which corresponds to the intrinsic

uncertainty of the leading twist theory of nuclear shadowing1. Note also that since the

predictions with the CTEQ6L1 and CTEQ6L and with the MRST04 and NNPDF gluon

distributions are rather close, we show only the representative examples of CTEQ6L1 and

NNPDF.

In the lower right panels, S(Wγp) is calculated using the leading order EPS09 param-

eterization of nuclear PDFs [31] extracted from the global QCD fit to available data; at

the leading order, EPS09 should be coupled with the CTEQ6L1 gluon distribution of the

free proton. Note that we use EPS09 as a typical representative example—predictions for

1The bands shown in figures 3 and 4 represent the theoretical uncertainty of the leading twist theory

of nuclear shadowing [30] associated with the ambiguity in the magnitude of the contribution describing

the interaction of the virtual photon with three and more nucleons of the nucleus. The upper and lower

boundaries of the bands correspond to the lower and higher limits on shadowing.
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(MNRT07, CTEQ6L1, CTEQ6L, MRST04 and NNPDF) gluon distributions of the free

nucleon. In each case, we show the band of predictions which corresponds to the intrinsic

uncertainty of the leading twist theory of nuclear shadowing1. Note also that since the

predictions with the CTEQ6L1 and CTEQ6L and with the MRST04 and NNPDF gluon

distributions are rather close, we show only the representative examples of CTEQ6L1 and

NNPDF.

In the lower right panels, S(Wγp) is calculated using the leading order EPS09 param-

eterization of nuclear PDFs [31] extracted from the global QCD fit to available data; at

the leading order, EPS09 should be coupled with the CTEQ6L1 gluon distribution of the

free proton. Note that we use EPS09 as a typical representative example—predictions for

1The bands shown in figures 3 and 4 represent the theoretical uncertainty of the leading twist theory

of nuclear shadowing [30] associated with the ambiguity in the magnitude of the contribution describing

the interaction of the virtual photon with three and more nucleons of the nucleus. The upper and lower

boundaries of the bands correspond to the lower and higher limits on shadowing.
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g
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• Фактор подавления хорошо описывается, предполагая большие глюонные ядерные 
экранировки: VG, Kryshen, Strikman, Zhalov, PLB726 (2013) 270 

VG, Zhalov JHEP 1310 (2013) 207

• Первое прямое доказательство больших глюонных экранировок при x=0.001.
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Описание в рамках дипольной модели 
• В дипольной модели, рассеяние проходит в 3 этапа: фотон переходит в пару 
кварк-антикварк, эта пара (диполь) упруго перерассеивается на нуклонах ядра и 
потом образует векторный мезон:

Diffractive vector meson production from CGC H. Mäntysaari

Figure 3: Coherent diffractive J/Y production in
ultraperipheral lead-lead collisions computed us-
ing the fIPsat and IIM dipole cross sections and
Boosted Gaussian (thin lines) and Gaus-LC (thick
lines) wave functions. ALICE data from Ref. [36].

Figure 4: Incoherent diffractive J/Y production
in ultraperipheral lead-lead collisions computed us-
ing the fIPsat and IIM dipole cross sections and
Boosted Gaussian (thin lines) and Gaus-LC (thick
lines) wave functions. ALICE data from Ref. [36].

The ALICE collaboration has also measured coherent Y(2S) production in ultraperipheral
heavy ion collisions at midrapidity at

p
s = 2.76 TeV, obtaining ds/dy = 0.83 ± 0.19 mb [37].

Using fIPsat or IIM dipole cross sections with the Boosted Gaussian wave function we get ds/dy=
0.64 . . .0.65 mb.

As a conclusion we note that it is possible to consistently describe coherent and incoherent
diffractive vector meson production in ultraperipheral heavy ion collisions. The theoretical uncer-
tainties on the absolute normalization are currently relatively large, but a simultaneous description
of both diffractive event classes can help to constrain theoretical models.

Acknowledgements

We thank J. Nystrand, J. Tomaszewska and M.V.T. Machado for discussions. This work has
been supported by the Academy of Finland, projects 133005, 267321, 273464. H.M. is supported
by the Graduate School of Particle and Nuclear Physics.

References

[1] P. Tribedy and R. Venugopalan, Phys. Lett. B710, 125 (2012), [arXiv:1112.2445 [hep-ph]].

[2] J. L. Albacete, A. Dumitru, H. Fujii and Y. Nara, Nucl. Phys. A897, 1 (2013), [arXiv:1209.2001
[hep-ph]].

[3] A. H. Rezaeian, Phys.Lett. B718, 1058 (2013), [arXiv:1210.2385 [hep-ph]].

[4] T. Lappi and H. Mäntysaari, Phys. Rev. D88, 114020 (2013), [arXiv:1309.6963 [hep-ph]].

[5] T. Lappi and H. Mäntysaari, Nucl. Phys. A908 (2013), [arXiv:1209.2853 [hep-ph]].

[6] J. L. Albacete and C. Marquet, Phys. Rev. Lett. 105, 162301 (2010), [arXiv:1005.4065 [hep-ph]].

[7] A. Stasto, B.-W. Xiao and D. Zaslavsky, Phys. Rev. D86, 014009 (2012), [arXiv:1204.4861 [hep-ph]].

5

5

-6 -4 -2 0 2 4 6
Y

2

4

6

8

10

12

14

dσ
/d

Y(
nb

)

rcBK
bCGC
bCGC NEW
GBW
LHCb 2013
LHCb 2014

J/Ψ
s1/2 = 7 TeV

-6 -4 -2 0 2 4 6
Y

0

2

4

6

8

10

12

14

dσ
/d

Y(
nb

)

rcBK
bCGC
bCGC NEW
GBW

J/Ψ
s1/2 = 14 TeV

FIG. 2: Rapidity distribution for the diffractive photoproduction of J/Ψ in pp collisions at
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TeV (right panel). Data from LHCb Collaboration [22, 23].
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FIG. 3: Rapidity distribution for the diffractive photoproduction of J/Ψ in PbPb collisions at
√

s = 2.76 TeV (left panel) and
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s = 5.5 TeV (right panel). Data from ALICE Collaboration [20, 21].

decreasing exponentially at large ω, the first term on the right-hand side of the Eq. (12) peaks at positive rapidities
while the second term peaks at negative rapidities. Consequently, given the photon flux, the study of the rapidity
distribution can be used to constrain the photoproduction cross section at a given energy. Moreover, in contrast to the
total rapidity distributions for pp and PbPb collisions, which will be symmetric about midrapidity (Y = 0), dσ/dY
will be asymmetric in pPb collisions due to the differences between the fluxes and process cross sections.
In Fig. 2 we present our predictions for the rapidity distribution for the diffractive photoproduction of J/Ψ in pp

collisions at
√
s = 7 TeV (left panel) and

√
s = 14 TeV (right panel). Due to the limitation in the x-range of the rcBK

solution, we are only able to present its predictions for a restricted rapidity range. We obtain that the differences
between the predictions observed in Fig. 1 are also presented in the rapidity distribution, with the GBW (bCGC)
prediction being an upper (lower) bound for the predictions at Y = 0. In particular, the predictions differ by ≈ 30 %
for central rapidities at

√
s = 7 TeV. For the rapidity range probed by the LHCb Collaboration the difference is larger

(≈ 50 %). We obtain that the bCGC and bCGC NEW predictions agree with the data from LHCb Collaboration
[22, 23]. As demonstrated in Fig. 2 (right panel), these differences increase with the energy. This motivates future
experimental analysis of this process in order to constrain the dipole - proton scattering amplitude and, consequently,
the QCD dynamics at high energies.
In Fig. 3 we present our predictions for the rapidity distribution for the diffractive photoproduction of J/Ψ in

PbPb collisions at
√
s = 2.76 TeV (left panel) and

√
s = 5.5 TeV (right panel). In this case the cross sections are

calculated in terms of the dipole - nucleus scattering amplitude given in Eq. (10). Similarly to the pp case, we obtain
that the distinct predictions largely differ at central rapidities, which is directly associated to the behavior observed
in Fig. 1 (right panel) for γPb collisions. We obtain that the bCGC NEW prediction is able to describe the current
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FIG. 1: (Color online) The rapidity distribution of coherent
ψ(1S) meson photoproduction at

√

s = 2.76 TeV in PbPb
collisions at the LHC. The theoretical curves stand for color
dipole formalism using RG = 1 (dot-dashed curve) and two
scenarios for the nuclear gluon distribution (solid and long-
dashed curves, see text). Data from ALICE collaboration [10,
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W0 = 95 GeV. It is used the measured slopes [4] for ψ(1S)

and ψ(2S) at Wγp = 90 GeV, i.e. bψ(1S)
el = 4.99 ± 0.41

GeV−2 and bψ(2S)
el = 4.31± 0.73 GeV−2, respectively.

The last ingredient is the model for the dipole cross sec-
tion in Eqs. (10) and (11). In our calculation, we consider
the Color Glass Condensate model [19] for σdip(x, r).
This model has been tested for a long period against
DIS, diffractive DIS and exclusive production processes
in ep collisions. In addition, we allow for its renormaliza-
tion by the effect of gluon shadowing phenomenon as the
gluon density in nuclei at small-x region is known to be
suppressed compared to a free nucleon. That is, we will
take σdip → RG(x,Q2, b)σdip following studies in Ref.
[20]. The factor RG is the nuclear gluon density ratio.
In the present investigation we will use the nuclear ratio
from the leading twist theory of nuclear shadowing based
on generalization of the Gribov-Glauber multiple scat-
tering formalism as investigated in Ref. [21]. We used
the two models available for RG(x,Q2) in [21], Models 1
and 2, which correspond to higher nuclear shadowing and
lower nuclear shadowing, respectively. Such a choice is
completely arbitrary and other nuclear gluon ratios avail-
able in literature could be considered. It would be also
interesting to investigate the effect of using the impact
parameter dependent nuclear parton distribution ratios.
We discuss about this distinct issues in next section.

III. RESULTS AND DISCUSSIONS

Let us start by checking the present theoretical ap-
proach against the recent data for the 1S state measured
by ALICE Collaboration at the energy of 2.76 TeV in

PbPb collisions at the LHC [10, 11]. In Fig. 1 we present
the numerical calculations for the rapidity distribution of
coherent ψ(1S) state within the color dipole formalism,
Eqs. (3) and (10), using distinct scenarios for the nu-
clear gluon shadowing. The dot-dashed curve represents
the result using RG = 1 and it is consistent with previous
calculations using the same formalism [15]. It overesti-
mates the ALICE data on the backward (forward) and
mainly in central rapidities. In the backward/forward
rapidity case, the overestimation is already expected as
a proper threshold factor for x → 1 was not included
in the present calculation. In that kinematical region
either a small-x photon scatters off a large-x gluon or
vice-versa. For instance, for y ≃ ±3 one gets x large as
0.02. On the other hand, for central rapidity y = 0 one
can be obtained x = MV e±y/

√
sNN smaller than 10−3

for the nuclear gluon distribution. In such a case, con-
sidering RG = 1 the ALICE data [11] is overestimate by
a factor 2 or so, as already noticed in recent study of
Ref. [22]. The situation is improved if we consider nu-
clear shadowing renormalising the dipole cross section.
The reason is that the gluon density in nuclei at small
Bjorken x is expected to be suppressed compared to a
free nucleon due to interferences. For the ratio of the
gluon density, RG(x,Q2 = m2

V /4), we have considered
the theoretical evaluation of Ref. [21]. There, two sce-
narios for the gluon shadowing are investigated: Model
1 corresponds to a strong gluon shadowing and Model 2
concerns to small nuclear shadowing. The consequence
of renormalizing the dipole cross section by gluon shad-
owing effects is represented by the long-dashed (Model 1)
and solid (Model 2) lines, respectively. Clearly, the small
shadowing option is preferred in the current analysis. It
is worth to mention that the theoretical uncertainty re-
lated to the choice of meson wavefunction is relatively
large. As a prediction at central rapidity, one obtains
dσ
dy (y = 0) = 4.95, 1.68 and 2.27 mb for calculation using
RG = 1, Model 1 and Model 2, respectively. Here, a word
of caution is needed as we are considering RG as inde-
pendent on the impact parameter. It is long time known
that a b-dependent ratio could give a smaller suppression
compared to presented in our calculation. For instance,
in Ref. [20] the suppression is of order 0.85 for the LHC
energy and central rapidity.

In Fig. 2 we show our predictions for the coherent
photoproduction of ψ(2S) state. This is the first esti-
mate in literature for the photoproduction of 2S state
in nucleus-nucleus collisions. The theoretical predictions
follow the general trend as for the 1S state, where the
notation for the curves are the same as used in Fig. 1.
In particular, for RG = 1 one obtains for central rapid-
ity dσ

dy (y = 0) = 0.71 mb and the following in the for-

ward/backward region dσ
dy (y = ±3) = 0.16 mb. When

introducing the suppression in dipole cross section due
nuclear shadowing one gets instead dσ

dy (y = 0) = 0.24 mb
and 0.33 mb for Model 1 and Model 2, respectively. At
central rapidities, the meson state ratio is evaluated to
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• Большая масса J/𝜓 отбирает диполи небольшого  
поперечного размера → σdip мало → ядерное 
подавление мало и не согласуется с данными. 
!
• Для получения необходимого эффекта, ”руками" 
вводится фактор глюонной экранировки RG < 1 или 
подбираются параметры модели.
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Эксклюзивное фоторождение J/ψ в p-Pb УПС на БАК 
• Коллаборация ALICE измерила эксклюзивное фоторождение J/𝜓 в p-Pb УПС 
при 5 ТэВ и представила результат в виде                           
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B. Abelev et al., (ALICE) arXiv:1406.7819

R. Aaij et al., (LHCb) J. Phys. G. 44 (2014) 055002

��p!J/ / W �
�p

- Ограничения на gp(x,µ2) до x=2×10-5 

- Поток фотонов от протона мал, но 
не пренебрежим при малых pT. 
!
- Описывается дипольными 
моделями и пертурбативной КХД. 
!
-                               ,                             , 
что согласуется с HERA

Exclusive J/ψ photoproduction off protons in ultra-peripheral p–Pb collisions 9
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Fig. 3: Exclusive J/ψ photoproduction cross section off protons measured by ALICE and compared to HERA
data. Comparisons to STARLIGHT, JMRT and the b-Sat models are shown. The power law fit to ALICE data is
also shown.

contrast with p–Pb collisions, there is a large uncertainty in the hadronic survival probability in pp col-
lisions, as well as an unknown contribution from production through Odderon-Pomeron fusion [11, 23].
For each dσ

dy measurement, they reported a W+ and a W− solution. These coupled solutions are shown
in Figure 4, together with the power law fit to ALICE measurements. Despite these ambiguities and
assumptions the LHCb solutions turned out to be compatible with the power law dependence extracted
from our data.

In summary, we have made the first measurement of exclusive J/ψ photoproduction off protons in p–Pb
collisions at the LHC. Our data are compatible with a power law dependence of σ(Wγp) up to about 700
GeV inWγp, corresponding to x∼ 2×10−5. A natural explanation is that no change in the behaviour of
the gluon PDF in the proton is observed between HERA and LHC energies.
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Эксклюзивное фоторождение J/ψ в p-Pb УПС на БАК (2)
• Исследуя зависимость от поперечного импульса J/𝜓, pT, можно 
разделить 𝛾p и 𝛾A вклады: когерентный ядерный пик наблюдается при  
pT < 150 MeV/c и |y| > 2.5.                
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Figure 6: The distribution of coherent J/ψ photoproduction in Pb-proton (left panels) and proton-Pb
(right panels) UPCs as a function of the momentum transfer pt at y = −2.5 (upper panels) and y = −3
(lower panels) and at

√
sNN = 5.02 TeV.

result. However, one has to keep in mind that the dipole approach overestimates the PbPb → PbPbJ/ψ
cross section measured by the ALICE collaboration [4].

Note also that the momentum transfer distributions have not been analyzed in [19] and [22].

5 Conclusions

In conclusion, we have shown that the study of J/ψ photoproduction in Pb-proton UPCs at the LHC
energies allows one to measure with good accuracy photoproduction of charmonium on the proton target

10

→ возможность получить ограничения на gA(x,µ2) при x ≈ 10-5.               



d�incoh(y ⇡ 0)/dy = 0.98+0.19
�0.17 mb
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• Коллаборация ALICE также измерила некогерентное 
(квазиупругое) фоторождение J/𝜓 в Pb-Pb УПС при 2.76 ТэВ,  
 Abbas et al. [ALICE], EPJC 73 (2013) 2617

Некогерентное фоторождение J/ψ в Pb-Pb УПС на БАК 
B

B
B
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A A
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X

X

jet 1 jet 1

jet 2 jet2

rapidity gap

(a) (b)

B
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A
A

J/ψ,Υ
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Figure 2: Three types of processes that can be used to study the gluon distributions in nuclei at small x in
UPCs: (a) inclusive photoproduction of two jets with large transverse momenta gives access to the usual gluon
PDF; (b) diffractive productions of two jets gives access to the diffractive gluon PDF; (c) exclusive coherent
photoproduction of heavy vector mesons probes the generalized gluon distributions (the impact-parameter-
dependent gluon PDF).

predicted using the leading twist theory of nuclear shadowing [17]. An example of it is presented in
Fig. 3 (left) where we plot the ratio of the gluon distribution in 208Pb over that in the free proton,
gA(x,Q2

0)/[AgN(x,Q
2
0)], as a function of x at Q2

0 = 4 GeV2 (the shaded band labeled FGS10). The
band corresponds to an intrinsic theoretical uncertainty of our approach, see details in [17]. Also, for
comparison, we show the results of the extraction of gA(x,Q2

0)/[AgN(x,Q
2
0)] using the global QCD fits:

EPS09 [14] and HKN07 [13].
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Figure 3: (Left) Predictions for ratio of the gluon distribution in 208Pb to that in the free proton,
gA(x,Q2

0)/[AgN (x,Q2
0)]. (Right) The ratio of the gluon impact-parameter-dependent distribution in 208Pb to

the gluon distribution in the free proton, gA(x,Q2
0, b)/[ATA(b)gN (x,Q2

0)], as a function of the impact parameter
b; TA(b) is the nucleon density.

In UPCs at the LHC, one can directly access the gluon distribution in nuclei through the process of

5

• Вывод на момент публикации: модели не описывают данные.
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Fig. 6 Measured differential cross section of J/ψ photoproduc-
tion in ultra-peripheral Pb–Pb collisions at

√
sNN = 2.76 TeV at

−0.9 < y < 0.9 for coherent (a) and incoherent (b) events. The er-
ror is the quadratic sum of the statistical and systematic errors. The
theoretical calculations described in the text are also shown

tion by more than 3 standard deviations. So does the predic-
tion based on the HKN07 parametrization, which includes
less gluon shadowing than EPS09.

The model AB-EPS08, significantly underestimates the
measured cross section by about a factor of two (about 5
standard deviations), indicating that the gluon shadowing is
too strong in the EPS08 parameterization. The leading twist
calculation (RSZ-LTA) is also significantly below the data,
by about 2–3 sigma.

For the incoherent cross section, shown in Fig. 6(b), there
are three model predictions available, LM, STARLIGHT,
and RSZ-LTA. The measured value deviates by about
two standard deviations from the LM prediction, while
STARLIGHT predicts an incoherent cross section 60 % too
high, and RSZ-LTA a factor 4 too low. Taking the ratio be-
tween the incoherent and coherent cross section provides
further constraints on the treatment of the nuclear modifi-
cations implemented in the different models. Another ad-
vantage is that the photon spectrum is factorized out, so
that the comparison directly probes the ratio of the pho-
tonuclear cross sections. The ratio obtained from data is

0.41+0.10
−0.08(sta + sys). This can be compared with 0.21 from

LM, 0.41 from STARLIGHT, and 0.17 from RSZ-LTA. Al-
though the RSZ-LTA model is quite close for the coherent
cross section at mid-rapidity, it seems to underpredict the
incoherent cross section. The LM model also predicts a too
low ratio. STARLIGHT, on the other hand, has about the
right ratio of incoherent-to-coherent cross section, although
it does not reproduce any of the cross sections individually.
All three models use the Glauber model to calculate the in-
coherent cross section, but the implementation and the input
cross section for γ + p → J/ψ + p varies. In STARLIGHT
the scaling of the inelastic J/ψ + nucleus cross section,
ranges from A2/3 to A, depending on the J/ψ + nucleon
cross section. In the first case, only the nucleons on the sur-
face participate in the scattering, while in the second one
all the nucleons contribute. The cross section for incoherent
photoproduction is assumed in STARLIGHT to follow the
same scaling, while in the other models, the reduction with
respect to the A scaling is larger.

The measured values for the γ γ cross sections are 20 %
above but fully compatible within 1.0 and 1.5 sigma with the
STARLIGHT prediction for the high and low invariant mass
intervals, respectively, if the statistical and systematic errors
are added in quadrature. This result provides important con-
straints on calculations that include terms of higher orders
in αem. A reduction in the two-photon cross section of up
to 30 % compared with leading-order calculations has been
predicted [14, 15]. The result for the two-photon cross sec-
tion to di-lepton pairs, measured by ALICE with a precision
of 12 % and 16 % for the low and high invariant mass range,
respectively, is thus fully consistent with STARLIGHT, and
sets limits on the contribution from higher-order terms [16].
This result supports the ALICE J/ψ photoproduction mea-
surement in the forward rapidity region [6], where the cross
section was based on σγγ .

7 Summary

In summary, the first measurement of coherent and incoher-
ent J/ψ photoproduction and two-photon production of di-
lepton pairs in Pb–Pb collisions at mid-rapidity at the LHC
has been presented and compared with model calculations.
The J/ψ photoproduction cross sections provide a powerful
tool to constrain the nuclear gluon shadowing in the region
x ≈ 10−3. The coherent J/ψ cross section is found to be
in good agreement with the model which incorporates the
nuclear gluon shadowing according to the EPS09 parame-
terization (AB-EPS09).

Models which include no nuclear gluon shadowing are
inconsistent with the measured results, as those which use
the Glauber model to incorporate nuclear effects. The AB-
HKN07 and AB-EPS08 models contain too little or too

• Когерентное и квазиупругое рассеяние разделяют по поперечному импульсу J/𝜓, pT: pT < 
200-300 MeV/c (⟨pT⟩=50 MeV/c) для когерентного и pT > 200-300 MeV/c (⟨pT⟩=500 MeV/c) 
для некогерентного.
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• Лидирующий порядок теории возмущений КХД и модель ядерных экранировок 
лидирующего твиста → фактор ядерного подавления для некогерентного случая: 

Некогерентное фоторожд. J/ψ в Pb-Pb УПС на БАК (2) 

• Как и в случае более ранней оценки (RSZ-LTA ‘12), 
ядерное подавление переоценено на фактор 1.5 ÷ 2.
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FIG. 3: The coherent dσAA→AAJ/ψ(y)/dy and incoherent dσAA→AA′J/ψ(y)/dy cross sections as

functions of the J/ψ rapidity y at
√
s = 2.76 GeV. The ALICE data [1, 2] is compared to the LTA

theoretical predictions; the bands span the uncertainty of the theoretical predictions.

3.2. UPCs accompanied by neutron emission

Besides ALICE, the ATLAS and CMS detectors at the LHC are capable to measure UPC

production of J/ψ in the −2.5 < y < 2.5 range of rapidity. While for central rapidities, the

interpretation of the corresponding measurements is unambiguous, it is difficult to disen-

tangle the high-photon-energy and low-photon energy contributions to dσAA→AAJ/ψ(y)/dy

for non-central values of y and, thus, to access the small-x region that we are interested in.
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approach, whose value is constrained using the formalism of cross section fluctuations. In

general, σ3 ≥ σ2 [see Eq. (8)]; the lower limit on the value of σ3, σ3 = σ2, corresponds to the

upper limit on the predicted nuclear shadowing.

Equation (15) defines the shadowing suppression factor for incoherent nuclear J/ψ pho-

toproduction, Sincoh:

Sincoh(Wγp) ≡
dσpQCD

γA→J/ψA′(Wγp)/dt

AdσpQCD
γp→J/ψp(Wγp)/dt

=
1

A

!

d2⃗b TA(b)

"

1−
σ2
σ3

+
σ2
σ3

e−σ3/2TA(b)

#2

. (16)

Note that Eqs. (15) and (16) are valid at not too small |t| ≠ 0.

One should note that since both suppression factors of SpQCD (11) and Sincoh (16) are

determined by the essentially soft physics, based on the Glauber model calculations of the

total and inelastic hadron–nucleus cross sections, we expect that Sincoh < (SpQCD)2. This

turns out to be also the case in the leading twist approximation, see Fig. 3.

3. PHOTOPRODUCTION OF J/ψ IN Pb-Pb UPCs AT THE LHC

3.1. Coherent and incoherent cases

A high energy nucleus–nucleus ultraperipheral collision takes place when the colliding ions

pass each other at the distance |⃗b| in the transverse plane (impact parameter) exceeding the

sum of the nucleus radii, |⃗b| > (2− 3)RA, where RA is the nuclear radius (the UPC physics

is reviewed in [25]). In this case, the strong interaction between the nuclei is suppressed

and they interact electromagnetically via emission of quasi-real photons. Thus, nucleus–

nucleus UPCs offer a possibility to probe very high energy photon–nucleus scattering and,

in particular, photoproduction of J/ψ on nuclei. The corresponding cross section has the

following form:

dσAA→AA′J/ψ(y)

dy
= Nγ/A(y)σγA→J/ψA′(y) +Nγ/A(−y)σγA→J/ψA′(−y) , (17)

where Nγ/A(y) = ωdNγ/A(ω)/dω is the photon flux; y = ln(2ω/MJ/ψ) is the J/ψ rapidity,

where ω is the photon energy and MJ/ψ is the mass of J/ψ; σγA→J/ψA′ is the nuclear J/ψ

photoproduction cross section (see Sect. 2). Note that Eq. (17) includes both the case

of coherent scattering without the nuclear breakup (A′ = A) and the case of incoherent

(quasielastic) scattering when the final nucleus dissociates (A′ ̸= A).
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scattering series.

In the graphic form, the multiple scattering series for the γA → J/ψA scattering am-

plitude in the leading twist theory of nuclear shadowing is shown in Fig. 2, where graph a

(a) (b) (c)

A A

N
N N

A A A A

γ J/ψ
γ J/ψ γ J/ψ

�P �P �P �P

− + − . . .

FIG. 2: The multiple scattering series for the γA → J/ψA scattering amplitude in the leading

twist theory of nuclear shadowing: (a) the impulse approximation, (b) the double scattering, (c)

the interaction with three nucleons of the target.

is the impulse approximation, graph b corresponds to double scattering (the simultaneous

interaction of the probe with two nucleons of the target), and graph c corresponds to the

interaction with three nucleons of the target.

The multiple scattering series of Fig. 2 can be summed as follows. The Gribov result on

the inelastic shadowing correction in hadron–nucleus scattering can be conveniently imple-

mented using the formalism of cross section fluctuation [22]. In this approach, the interaction

of a high-energy projectile with a nucleus is a two-step process. First, long before the target,

the projectile fluctuates into different configurations interacting with a hadronic target with

different cross sections σ characterized by the distribution over cross sections P (σ). Second,

these fluctuations interact with the nucleus. The corresponding cross section is calculated

separately for each fluctuation (for individual σ) using the Glauber method and then av-

eraged with P (σ), for details and references, see [6]. In particular, for the γA → J/ψA

scattering amplitude, we obtain:

7



20

2 процесса, которые не учтены в теоретическом вычислении, которые возможно 
смогут улучшить описание данных, т.к. дают неупругое конечное состояние:

Некогерентное фоторожд. J/ψ в Pb-Pb УПС на БАК (3) 

• Дифракционная диссоциация нуклона                               . Этот вклад: 
!

- не мал 
!
!

- имеет другую зависимость от t=-pT2, чем вклады процессов    
    и                              → можно использовать для выделения из данных

sured by the ALICE collaboration [3, 4] compares favorably with the theoretical models

predicting large nuclear gluon shadowing, notably, with the leading twist approximation

(LTA) [6] and with the EPS09 [5] result. This is illustrated in Fig. 3, where the ALICE

data on the coherent dσAA→AAJ/ψ(y)/dy cross section at the central and forward values of

the rapidity |y| are compared to the LTA predictions combined with the CTEQ6L1 gluon

parameterization [26] at µ2 = 3 GeV2. One can see from from Fig. 3 that the theoretical

calculations, which are made using Eqs. (10) and (17), describe the data well (the red shaded

band represents the theoretical uncertainty of the LTA predictions).

In the same figure, the LTA predictions for the incoherent dσAA→AA′J/ψ(y)/dy cross sec-

tion made using Eqs. (15) and (17) are compared to the ALICE data point at |y| ≈ 0 [1].

One can see from the comparison that the LTA predicts the magnitude of suppression due
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• Излучение дополнительных фотонов, 
ведущее к развалу ядра и излучению 
нейтронов, регистрируемых в калориметрах 
нулевого угла.                              
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FIG. 1. The dominant Feynman diagrams for vector meson production with nuclear excitation.
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Некогерентное фоторожд. J/ψ в Pb-Pb УПС на БАК (4) 

• В рамках дипольной модели описание некогерентных данных немного лучше, 
но сильно модельно-зависимо.                              

Lappi, Mäntysaari, arXiv:1406.2877 (DIS 2014)

Diffractive vector meson production from CGC H. Mäntysaari

Figure 3: Coherent diffractive J/Y production in
ultraperipheral lead-lead collisions computed us-
ing the fIPsat and IIM dipole cross sections and
Boosted Gaussian (thin lines) and Gaus-LC (thick
lines) wave functions. ALICE data from Ref. [36].
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Figure 4: Incoherent diffractive J/Y production
in ultraperipheral lead-lead collisions computed us-
ing the fIPsat and IIM dipole cross sections and
Boosted Gaussian (thin lines) and Gaus-LC (thick
lines) wave functions. ALICE data from Ref. [36].

The ALICE collaboration has also measured coherent Y(2S) production in ultraperipheral
heavy ion collisions at midrapidity at

p
s = 2.76 TeV, obtaining ds/dy = 0.83 ± 0.19 mb [37].

Using fIPsat or IIM dipole cross sections with the Boosted Gaussian wave function we get ds/dy=
0.64 . . .0.65 mb.

As a conclusion we note that it is possible to consistently describe coherent and incoherent
diffractive vector meson production in ultraperipheral heavy ion collisions. The theoretical uncer-
tainties on the absolute normalization are currently relatively large, but a simultaneous description
of both diffractive event classes can help to constrain theoretical models.
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FIG. 2: (Color online) The rapidity distribution of coherent
ψ(2S) meson photoproduction at

√

s = 2.76 TeV in PbPb
collisions at the LHC. The theoretical curves follow the same
notation as in the previous figure.

be Ry=0
ψ =

σψ(2S)

dy /
dσψ(1S)

dy (y = 0) = 0.14 in case RG = 1
which is consistent with the ratio measured in CDF, i.e.
0.14± 0.05, on the observation of exclusive charmonium
production at 1.96 TeV in pp̄ collisions [23]. A similar
ratio is obtained using Model 1 and Model 2 at central
rapidity as well. As a prediction for the planned LHC run
in PbPb mode at 5.5 TeV, we obtain dσcoh

dy (y = 0) = 1.27

mb and dσinc

dy (y = 0) = 0.27 mb for the coherent and inco-
herent ψ(2S) cross sections (upper bound using RG = 1),
respectively.
Finally, in Fig. 3 we show the incoherent contribution

to the rapidity distribution for both ψ(1S) (solid line)
and ψ(2S) (dashed line) meson states. The theoretical
estimates are done using Eq. (6) taking into account the
corresponding diffractive slope for each meson state as
discussed in the previous section. For the ψ(1S) state,
the present calculation can be directly compared with
those studies presented in Ref. [22]. It was found in
[22] that the incoherent cross section dσinc

dy ranges be-

tween 0.5 to 0.7 mb (using IIM dipole cross section) or
between 0.7 to 0.9 mb (using fIPsat dipole cross sec-
tion) at central rapidities, with the uncertainty deter-
mined by the distinct meson wavefunction considered.
In our case, we obtained dσinc

dy (y = 0) = 1.1 mb us-
ing a different expression for the incoherent amplitude,
Eq. (11). Our result fairly describes the recent ALICE
data [11] for the incoherent cross section at mid-rapidity,
dσALICE

inc

dy (−0.9 < y < 0.9) = 0.98 ± 0.25 mb. As a pre-

diction for the ψ(2S) state, we have found dσinc
dy = 0.16

mb for central rapidities. In both cases we have only
computed the case for RG = 1. Therefore, this gives an
upper bound for the incoherent cross section compared to
Model 1 and Model 2 calculation. We notice that for the
incoherent case, the gluon shadowing is weaker than the
coherent case and the reduction is around 20 % compared

−4 −2 0 2 4
y

10−2

10−1

100

101

dσ
in

c/d
y 

[m
b]

ψ(1S)
ψ(2S)
ALICE data

LHC 2.76 TeV
Pb+Pb−>Pb+Pb*+ψ(nS)

FIG. 3: (Color online) The rapidity distribution of incoherent
ψ(1S) (solid line) and ψ(2S) (dashed line) meson photopro-
duction at

√

s = 2.76 TeV in PbPb collisions at the LHC.
Data from ALICE collaboration [11].

to the case RG = 1. As expected, the incoherent piece
is quite smaller compared to the main coherent contri-
bution. As an example of order of magnitude, the ratio
incoherent/coherent is a factor 0.22 for the 1S state and
0.23 for the 2S state at central rapidity.

IV. SUMMARY

We have investigated the photoproduction of radially
excited vector mesons off nuclei in heavy ion relativis-
tic collisions as the ψ(2S) charmonium state. The the-
oretical framework used in the present analysis is the
light-cone dipole formalism and predictions are done for
PbPb collisions at the CERN-LHC energy of 2.76 TeV.
The effect of suppressing of the dipole cross section due
to the gluon shadowing was studied and the results for
RG = 1 give the larger cross sections. It was found that
the coherent exclusive photoproduction of ψ(2S) off nu-
clei has an upper bound of order 0.71 mb at y = 0 down
to 0.10 mb for backward/forward rapidities y = ±3. The
incoherent contribution was also computed and it is a
factor 0.2 below the coherent one. Comparison has been
done to the recent ALICE Collaboration data for the
ψ(1S) state photoproduction and the analysis shows that

a small nuclear shadowing RG(x,Q2 = m2
V

4 ) is preferred
in data description whereas the usual RG = 1 value over-
estimates the central rapidity cross section by a factor
2. On the other hand, the present theoretical approach
fairly describes the ALICE data for incoherent cross sec-
tion. Thus, the central rapidity data measured by AL-
ICE Collaboration for the rapidity distribution of the
ψ(1S) state is crucial to constrain the nuclear gluon func-
tion. The cross section for exclusive quarkonium produc-
tion is proportional to [α(Q2)xgA(x,Q2)]2 in the leading-
order pQCD calculations, evaluated at the relevant scale

Ducati, Griep, Machado, PRC 88 (2013) 014910

- 2 варианта дипольного сечения и 
волновой функции J/𝜓

- выключенная глюонная экранировка 
RG=1



22

Эксклюзивное фоторождение ψ(2S) в pp УПС на БАК
• Колаборация LHCb также измерила фоторождение первого радиального 
возбуждения чармония 𝜓(2S) в pp УПС при 7 ТэВ. 
!
• Как и в случае J/𝜓, данные описываются теорией возмущений КХД (NLO) и 
дипольными моделями, включающими эффект насыщения.                      

J. Phys. G: Nucl. Part. Phys. 41 (2014) 055002 R Aaij et al
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Figure 5. Differential cross-section for (a) J/ψ and (b) ψ (2S) production compared to
LO and NLO predictions of [5]. The band indicates the total uncertainty, most of which
is correlated between bins.

Table 3. Fraction of events in a given meson rapidity range where both muons have
2.0 < η < 4.5.

y range [2.00, 2.25] [2.25,2.50] [2.50,2.75] [2.75,3.00] [3.00,3.25]
Acceptance 0.093 0.289 0.455 0.617 0.735

y range [3.25, 3.50] [3.50,3.75] [3.75,4.00] [4.00,4.25] [4.25,4.50]

Acceptance 0.738 0.624 0.470 0.286 0.103

Table 4. Comparison of this result to various theoretical predictions.

J/ψ (pb) ψ (2S) (pb)

Gonçalves and Machado [29] 275
JMRT [5] 282 8.3
Motyka and Watt [2] 334
Schäfer and Szczurek [30] 317
Starlight [31] 292 6.1
SUPERCHIC [19] 317 7.0
LHCb measured value 291 ± 7 ± 19 6.5 ± 0.9 ± 0.4

uncertainty of 10% for the ψ (2S) measurement. The latter depends on the kinematics of the
decay, is calculated using SUPERCHIC assuming that the J/ψ and ψ (2S) mesons are transversely
polarized, and is given in table 3.

5. Discussion

The integrated cross-section measurements for J/ψ and ψ (2S) mesons decaying to muons with
2.0 < ηµ± < 4.5 are compared to various theoretical predictions in table 4. Good agreement
is found in each case.

The differential distribution for J/ψ production is presented in figure 5(a), where the
extent of the error bars indicates the uncorrelated statistical uncertainties and the band is
the total uncertainty. Jones, Martin, Ryskin and Teubner (JMRT) [5] have obtained LO and
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Figure 7. Differential distribution for (a) J/ψ and (b) ψ (2S) compared to the predictions
of Gay Ducatiet al [3] and Motyka and Watt [2], which include saturation effects. The
points are data where the error bars indicate the uncorrelated uncertainties. The band
indicates the total uncertainty, most of which is correlated between bins.

within large statistical uncertainties, with a simple power-law extrapolation of HERA J/ψ
photoproduction results to LHC energies. With increased statistics, an extrapolation of the
power-law obtained in [8] appears to be insufficient to describe the LHCb data.

The differential distribution for ψ (2S) production is presented in figure 5(b) and is
compared to both LO and NLO predictions90 from JMRT [36] using the formalism described
in [5] with the gluon PDF taken from their J/ψ analysis. Once again, better agreement is found
between data and the NLO prediction than between data and the LO prediction.

In addition to higher order effects being capable of explaining the deviation from a
pure power-law behaviour, saturation effects may be important. Figure 7(a) compares the
J/ψ differential distribution to predictions by Motyka and Watt [2] and Gay Ducati et al
[3], that both include saturation effects and have a precision of 10–15%. A rapidity gap
survival factor of r(y) = 0.85 − 0.1|y|/3 has been applied to the former while the latter
assumes r(y) = 0.8. Both predictions use a Weizsäcker–Williams approximation to describe
the photon flux. The agreement with the LHCb data is good. Figure 7(b) compares the ψ (2S)

differential distribution to the prediction of Gay Ducatiet al. Good agreement with the data is
again observed.

6. Conclusions

The differential and integrated cross-section times branching fraction for J/ψ and ψ (2S)

mesons decaying to two muons, both with 2.0 < η < 4.5, have been measured. The results
of this analysis are consistent with the previously published LHCb analysis, which used data
taken in 2010, but have a significantly improved precision, as well as a more extensive use
of data-driven techniques to estimate systematic sources. An increase in luminosity, lower
pile-up running conditions, as well as improvements in the trigger lead to roughly 40 times as
many events in the 2011 data-taking period. The integrated cross-section measurements have
an overall uncertainty that is a factor 2 better; they are limited by the theoretical modelling of
the inelastic background for the J/ψ analysis and by the statistical precision with which the
background is determined for the ψ (2S) analysis. The cross-section is presented differentially

90 These predictions were made by replacing the J/ψ mass and electronic width by those of the ψ (2S) neglecting
possible relativistic corrections, which may be important for the heavier meson.
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Эксклюзивное фоторождение ψ(2S) в pp УПС на БАК 
и плотность глюонов в протоне при малых х

• Сечение фоторождения чармония через глюонную плотность:

• Предсказания для LHCb:

• Подбираем значения µ2 и C(µ2) из подгонки данных HERA по фоторождению 
𝜓(2S) при более низких энергиях, чем в LHCb:

d��p! (2S)p

dt

(W�p, t = 0) = C(µ2)[↵s(µ
2)xGp(x, µ

2)]2 x =
M

2
 (2S)

W

2
�p

µ2 ⇡ 4 GeV2 , ��p! (2S)p(W0) = 0.166��p!J/ p(W0) at W0 = 100 GeV 6
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FIG. 2: The cross section of ψ(2S) photoproduction in proton–proton UPCs at
√
sNN = 7 TeV as

a function of the ψ(2S) rapidity y. The theoretical predictions labeled by “CTEQ6L1” and “H1

fit” are compared to the LHCb data [2].

is good. In addition, the leading order pQCD formalism employing the CTEQ6L1 gluon

density also reproduces correctly the normalization of the data in the δ(y) ̸= 0 case. The

H1 fit corresponding to the systematically larger σγp→J/ψp cross section overestimates the

normalization of the pp → ppJ/ψ cross section in the δ(y) ̸= 0 case but agrees with the data

much better in the δ(y) = 0 case.

Turning to the ψ(2S) case, one can see from Fig. 2 that both the leading order pQCD

framework and the H1 fit reproduce the y dependence of the pp → ppψ(2S) cross section.

As to the normalization, the calculation with δ(y) = 0 agrees with the data better than the

result of our calculation, when we also include the p → ∆γ transition.

Table I summarizes our predictions for the pp → ppJ/ψ and pp → ppψ(2S) cross sec-

tions integrated over the rapidity range 2 < y < 4.5 taking into account the LHCb accep-

tance [2] and multiplied by the corresponding branching ratios for the two-muon decay [21],

σpp→ppV→ppµ+µ−(2 < ηµ± < 4.5).

VG, Zhalov, arXiv:1405.7929

Результаты с:  
- глюонной плотностью CTEQ6L1 
- подгонкой H1 
- учетом перехода p →Δ в потоке фотонов, 
Baur, Hencken, Trautmann, J. Phys. G 24 (1998) 1657



24

Эксклюзивное фоторождение ψ(2S) в Pb-Pb УПС на БАК 

• Коллаборация ALICE измерила когерентное фоторождение 𝜓(2S) в Pb-Pb УПС 
при 2.76 ТэВ (не опубл.)

Данные 
согласуются с 
маленькой 
экранировкой.
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Эксклюзивное фоторождение ψ(2S) в Pb-Pb УПС на БАК (2) 

• Т.к. M𝜓(2S) ≈ MJ/𝜓  в рамках теории возмущений КХД и экранировок лидирующего 
твиста ожидается, что фактор ядерного подавления близок для 𝜓(2S) и J/𝜓. 
!
• Повторяя вывод фактора ядерного подавления, получаем:

S(W�p) =

"
��A! (2S)A

�

IA
�A! (2S)A

#1/2

=


CA(µ2)

Cp(µ2)

�1/2
gA(x, µ2)

Agp(x, µ2)

4

case of ψ(2S) corresponds to µ2 = 4 GeV2. In the figure, we show two sets of predictions:

the predictions of the dynamical leading twist theory of nuclear shadowing [12] (the curves

labeled “LTA+CTEQ6L1”, which span the theoretical uncertainty band) and the results of

the EPS09 global QCD fit of nuclear PDFs [13] (the central value and the associated shaded

uncertainty band labeled “EPS09”).

In the case of photoproduction of J/ψ, the theoretical predictions describe well the values

of S(Wγp) (the filled squares with the associated errors), which were model-independently

extracted in the analysis [1] of the ALICE data on J/ψ photoproduction in Pb-Pb ultrape-

ripheral collisions at the LHC at
√
s = 2.76 TeV [3, 4].
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FIG. 1: The suppression factor of S(Wγp) of Eq. (5) for photoproduction of J/ψ (two upper

panels) and ψ(2S) (two lower panels) on 208Pb as a function of x = M2
V /W

2
γp. We show two sets

of theoretical predictions: those of the leading twist theory of nuclear shadowing [12] (the curves

labeled “LTA+CTEQ6L1”, which span the theoretical uncertainty band) and those of the EPS09

global QCD fit of nuclear PDFs [13] (the central value and the associated shaded uncertainty band

labeled “EPS09”). The filled squares and the associated errors are the results of the analysis of [1]

in the J/ψ case.
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FIG. 1: The suppression factor of S(Wγp) of Eq. (5) for photoproduction of J/ψ (two upper

panels) and ψ(2S) (two lower panels) on 208Pb as a function of x = M2
V /W

2
γp. We show two sets

of theoretical predictions: those of the leading twist theory of nuclear shadowing [12] (the curves

labeled “LTA+CTEQ6L1”, which span the theoretical uncertainty band) and those of the EPS09

global QCD fit of nuclear PDFs [13] (the central value and the associated shaded uncertainty band

labeled “EPS09”). The filled squares and the associated errors are the results of the analysis of [1]

in the J/ψ case.

VG, Zhalov, arXiv:1404.6101

Противоречит данным ALICE, указывающим  
на маленькую экранировку и большое R.
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! Партонные плотности содержат фундаментальную информацию о структуре 
адронов в КХД и необходимы для описания жестких реакций в КХД. 
!

! Плотность глюонов в протоне и ядрах при малых х известна с большой 
неопределенностью. 
!
! Теоретический aнализ в рамках КХД данных коллабораций LHCb и ALICE по 
фоторождению чармониев в pp, Pb-Pb и p-Pb УПС дает новые ограничения 
на gp(x,µ2) до x= 6×10-6 и на gA(x,µ2) до x= 0.001. 
   
! Получено первое прямое доказательство большой глюонной экранировки 
при х=0.001, согласующейся с моделью экранировок лидирующего твиста и 
параметризацией EPS09. 
!
! Существуют трудности в описании данных ALICE по некогерентному 
фоторождению J/𝜓 и когерентному фоторождению 𝜓(2S) в Pb-Pb УПС. 
!
! Новый цикл измерений УПС на БАК в 2015 при энергии протонного пучка ≈7 
ТэВ. 

Заключение


