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Ультрапериферические столкновения на БАК

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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=

Z2αemk

π2γ2

[
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(
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.
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• В pp, pA и AA столкновениях ядра могут взаимодействовать 
на больших прицельных параметрах b > RA+RB =10-20 фм    
→ ультрапериферические столкновения (УПС).

•В УПС сильное взаимодействие подавлено → ионы взаимодействуют 
посредством квази-реальных фотонов, Fermi (1924), von Weizsäcker; Williams (1934)
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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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поток фотонов сечение фоторождения

y = ln(2!/MJ/ ) = ln(W 2
�p/(2�LmNMJ/ )) быстрота J/𝜓

d�AA!AAJ/ (y)

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

• До сих пор в УПС изучалось фоторождение легких и тяжелых векторных 
мезонов. Такие события отвечают:  

- пустому детектору с двумя лептонными (пионными) треками 
- когерентность ядра контролируется измерением нейтронов в калориметрах 
нулевого угла и pt < 200 MeV/c мезона



УПС на БАК (2)
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•  УПС = возможность изучать фотон-протонные и фотон-ядерные 
взаимодействия при беспрецедентно высоких энергиях (в 10 раз больше, 
чем на HERA)

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

• Поток фотонов из КЭД: 

- большая интенсивность: Z2 ≈ 7000 для Pb 
- больная энергия фотонов k:  ⇣ = k(2RA/�L)

• Оценка W𝛾p (ГэВ) и x=(MV/W)2 при быстроте y=0 для AA УПС: 

Run 1 Run 2 RHIC

ρ 46 62 12

J/𝜓 92, x=0.001 125, x=0.0006

Υ 161, x=0.003 218, x=0.002



Основные результаты по УПС на БАК, Run 1
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•Фоторождение J/𝜓 и 𝜓(2S) в pp УПС при √sNN=7 TэВ,                            
LHCb, J. Phys. G 40 (2013) 04500; J. Phys. G 41 (2014) 055002 

- согласуется с вычислениями в рамках пертурбативной КХД и дипольных моделей с 
насыщением глюонной плотности, измерениями HERA  

- ограничения на глюонную плотность в протоне gp(x,µ2) при малых x до x=6×10-6, 
Guzey, Zhalov, JHEP 1310 (2013) 207; arXiv:1405.7529 

•Фоторождение J/𝜓 и 𝜓(2S) в Pb-Pb УПС при √sNN=2.76 TэВ,                            
ALICE, Eur. Phys. J. C 73 (2013) 2617; Phys. Lett. B 718 (2013) 1273; Phys. Lett. B 751 (2015) 358  
- согласуется с моделями, учитывающими умеренные глюонные ядерные 
экранировки в случае когерентного J/𝜓 и меньшие экранировки для неког. J/𝜓 

- указывает на существенно меньшее подавление для 𝜓(2S) 
- первое прямое и модельно-независимое доказательство большой глюонной 
ядерной экранировки: Rg=gA(x,µ2)/[Agp(x,µ2)]=0.6 при x=0.001, согласующееся с 
предсказаниями модели экранировок лидирующего твиста, Guzey, Kryshen, Strikman, 
Zhalov, Phys. Lett. B 726 (2013) 290; Guzey, Strikman, Zhalov, Eur. Phys. J. C (2014) 74:2942 

- предсказание подобного ядерного подавления за счет глюонной ядерной 
экранировки в случаях J/𝜓 и 𝜓(2S), Guzey, Zhalov, arXiv:1404.6101; Guzey, Kryshen, Zhalov, 
arXiv:1602.01456 (принято в PRC); B. Гузей, семинары ОФВЭ 2013 и 2014 г.; Первая премия 
конкурса лучших работ ПИЯФ (2014) 

 



Основные результаты по УПС на БАК, Run 1
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•Фоторождение ρ в Pb-Pb УПС при √sNN=2.76 TэВ,ALICE, JHEP 1509 (2015) 095 

- указывает на важность флуктуаций цвета в фотоне и неупругой ядерной 
экранировки с ростом W𝛾p, Frankfurt, Guzey, Strikman, Zhalov, PLB 752 (2016) 51; М.Б.Жалов,  
семинар ОФВЭ (2016) 

•Фоторождение J/𝜓 в Pb-Pb УПС с излучением форвардных 
нейтронов при √sNN=2.76 TэВ, CMS, CMS Note PAS HIN-12-99 

- измерения в канале (Xn,0n) хорошо согласуются с нашими предсказаниями 
большой глюонной экранировки 

•Фоторождение J/𝜓 в p-Pb УПС при √sNN=5.02 TэВ, ALICE, PRL 113 (2014) 232504 

- ограничения на глюонную плотность в протоне gp(x,µ2) вплоть до x=2×10-5, 
согласуется с  пертурбативной КХД и данными HERA 

- имеет преимущества для определения gp(x,µ2) по сравнению с pp УПС; может быть 
использовано для определения gA(x,µ2), Guzey, Zhalov, JHEP 02 (2014) 046

•Фоторождение Y в pp УПС при √sNN=7 и 8 TэВ, LHCb, JHEP 1509 (2015) 084  
- ограничения на глюонную плотность в протоне gp(x,µ2) при малых x до x ≈ 10-4  



УПС на БАК, Run 2
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•Планируется, что программа измерения фоторождения легких (ρ, ɸ) и 
тяжелых (J/𝜓, 𝜓(2S), Υ) векторных мезонов будет продолжена в Run 2, 
Kryshen, Guzey, Zhalov, arXiv:1602.01456 (принято в PRC); М.Б. Жалов, семинар ОФВЭ (2016)

•Есть ли другие процессы, позволяющие заполнить пробелы, оставшиеся 
после HERA? Мы предлагаем: дифракционное фоторождение двух струй,  
Guzey, Klasen, JHEP 2016 (2013) 290  
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Feynman graphs for the direct (graph a) and the resolved (graph b) photon contributions

to the production of two quark jets.
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Figure 1. Typical leading-order Feynman graphs for diffractive dijet photoproduction in UPCs
of hadrons A and B. Graphs a and b correspond to the direct and resolved photon contributions,
respectively.

Considering proton–proton UPCs, A = B = p, the cross section of diffractive dijet

photoproduction can be written as a sum of two terms:

dσ(pp → p+ 2jets +X ′ + Y ) = dσ(pp → p+ 2jets +X ′ + Y )(+)

+ dσ(pp → p+ 2jets +X ′ + Y )(−) , (2.1)

where X ′ stands for the produced diffractive final state X after removing two jets and Y

denotes the final state of the diffracting proton, which, besides the elastic state Y = p,

may contain hadronic states with low invariant mass. Note that the possibility of the

proton diffraction dissociation is not explicitly shown in Fig. 1. The first and the second

terms in Eq. (2.1) correspond to the diffracting proton moving along the positive and the

negative z-axis, respectively. This reflects the ambiguity common for symmetric UPCs

that either of the colliding ions can serve as a photon source and as a target [4]. Since

the jet pseudorapidities η1 and η2 are usually defined with respect to the direction of the

diffracting proton [37], the two terms in Eq. (2.1) can be related to each other by inverting

the sign of η1 and η2:

dσ(pp → p+ 2jets +X ′ + Y )(−) = dσ(pp → p+ 2jets +X ′ + Y )(+)
|η1→−η1, η2→−η2

. (2.2)

The cross section dσ(pp → p + 2jets +X ′ + Y )(+) can be readily written by analogy

with the standard expression for the dijet diffractive photoproduction cross section dσ(ep →

– 3 –

•Изучение этого процесса в УПС на БАК может позволить:  
- улучшить понимание механизма нарушения факторизации в дифракции 
- впервые определить ядерные дифракционные партонные распределения 
- улучшить определение дифракционных партонных распред. в протоне

Такие события характеризуются:              
-  отсутствием адронной активности 
вдоль направления пучков (rapidity gaps) 
- 2 струи с большим pt 
- поток энергии от Померона и 𝛾

прямой фотон (direct) разрешенный фотон (resolved)



• Было изучено в ep и 𝛾p рассеянии на HERA (Hadron-Electron Ring Accel) в 
рамках измерения жестких дифракционных процессов, ZEUS, H1 1996-2015

Дифракционное фоторождение струй на HERA  
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.................................................................

Figure 1: Example of charm production in diffractive ep scattering: boson-gluon
fusion in the resolved-Pomeron model [12].
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Fig. 1. Schematic diagram of the reaction ep → eXp.

For this paper, recently published ZEUS inclusive diffractive data [10] and diffractive DIS
dijet data [11] were used to extract the DPDFs. The inclusive data were first fitted alone and then
in combination with the dijet data. The results are compared to H1 fits [1,2], as well as to ZEUS
diffractive charm data [12] and to ZEUS diffractive dijet photoproduction data [13].

2. Theoretical framework

The cross section for diffractive DIS, ep → eXp, in the one-photon-exchange approximation,
can be expressed in terms of the diffractive reduced-cross-section σ

D(3)
r :

dσ ep→eXp

dβ dQ2 dxP
= 2πα2

βQ4

[
1 + (1 − y)2]σD(3)

r

(
β,Q2, xP

)
, (1)

which depends on the diffractive structure functions, F
D(3)
2/L , as

σD(3)
r

(
β,Q2, xP

)
= F

D(3)
2

(
β,Q2, xP

)
− y2

1 + (1 − y)2 F
D(3)
L

(
β,Q2, xP

)
. (2)

The kinematic variables used in Eqs. (1) and (2), illustrated in Fig. 1, are defined as follows:

• Q2 = −q2 = −(k − k′)2, the negative invariant-mass squared of the exchanged virtual pho-
ton, where q = k − k′ is the difference of the four-momenta of the incoming and outgoing
leptons;

• xP = (P −P ′) ·q/P ·q , the fraction of the momentum of the proton carried by the diffractive
exchange, where P and P ′ are the four-momenta of the incoming and outgoing protons,
respectively;

• β = Q2/2(P − P ′) · q , the Bjorken variable defined for the diffractive exchange;
• the inelasticity y = (q · P)/(k · P).

The four-momentum transfer squared at the proton vertex, |t |, is integrated over in Eqs. (1)
and (2).

The QCD factorisation theorem [14–17] allows the diffractive structure functions, F
D(3)
2/L , to

be expressed in terms of convolutions of coefficient functions and DPDFs:

F
D(3)
2/L

(
β,Q2, xP

)
=

∑

i

1∫

β

dz

z
C2/L,i

(
β

z

)
f D

i

(
z, xP;Q2), (3)

инклюзивная дифракция дифракционное электро- и 
фотор. открытого чарма 

дифракционное электро- и 
фоторождение двух струй 

• Основные результаты: 
- иклюзивная дифракция составляет 10-15% от полного сечения 𝛾*p (много!) и не 
убывает с ростом Q2  
- факторизация выполняется для электророждения и фоторождения откр. чарма и 
электророждения струй, т.e. дифракционные партонные распределения из инклюзива 
позволяют описать сечения этих процессов. 
- факторизация сильно нарушается для дифр. фоторождения струй, 
механизм не установлен

A. Bruni, 26th Rencontres de Blois (2014)

18 Eur. Phys. J. C (2010) 70: 15–37

in [37, 39, 43] as a means of evaluating the gap survival
probability. This ratio is expected to be relatively insensi-
tive to the model of the photon parton densities and also
offers cancellations of experimental systematics and higher
order QCD corrections. A similar ratio was measured by the
CDF collaboration [24] as a means of extracting effective
pp̄ DPDFs for comparison with HERA predictions and as-
sessment of gap survival probabilities.

This paper reports diffractive dijet photoproduction cross
section measurements based on a positron-proton scatter-
ing data sample with luminosity about a factor three larger
than that previously published by H1 [40]. The larger sam-
ple makes double-differential measurements possible, giv-
ing greater detail on the dynamics of gap survival and al-
lowing studies of the correlations between the kinematic
variables. The hypothesis of an E

jet
T dependent rapidity gap

survival probability is tested. The ratio of the diffractive to
the inclusive dijet photoproduction cross sections is also ex-
tracted for the first time.

2 Kinematic variables

Figures 1(a) and (b) show leading order examples of direct
and resolved diffractive dijet production. Denoting the four-
vectors of the incoming positron, the incoming proton and
the exchanged photon as k, P and q , respectively, the stan-
dard DIS kinematics can be described in terms of the invari-
ants

s ≡ (k + P)2, Q2 ≡ −q2,

y ≡ q · P
k · P , x ≡ Q2

2q · P .
(1)

Here, s is the square of the total centre of mass energy
of the collision, Q2 is the photon virtuality, y is the scat-
tered positron inelasticity and x is the fraction of the proton

four-momentum carried by the quark coupling to the pho-
ton. These variables are related through Q2 = sxy and to
the invariant mass W of the photon-proton system by

W ≡
√

(q + P)2 ≈
√

ys − Q2. (2)

Defining PX and PY to be the four-vectors of the two
distinct final state systems, where Y may be either a proton
or a low mass proton excitation, the diffractive kinematics
are described by the variables

M2
X ≡ P 2

X, M2
Y ≡ P 2

Y ,

t ≡ (P − PY )2, xP ≡ q · (P − PY )

q · P .
(3)

Here, MX and MY are the invariant masses of the systems X

and Y , t is the squared four-momentum transfer at the proton
vertex and xP is the fraction of the longitudinal momentum
of the proton transferred to the system X.

With u and v being the four-momenta of the particles en-
tering the hard scatter from the photon and proton, respec-
tively (u = q in the direct photon case), the invariant mass
M12 of the dijet system and the fractional photon (xγ ) and
pomeron (zP) longitudinal momenta entering the hard sub-
process can be expressed as

M12 ≡
√

(u + v)2, xγ ≡ P · u
P · q ,

zP ≡ q · v
q · (P − PY )

.

(4)

3 Theory and models

3.1 Diffractive dijet photoproduction
in the factorisation approach

Dijet electroproduction cross sections for Q2 → 0 can be
calculated in a fixed order QCD approach, assuming QCD

Fig. 1 Leading order diagrams
for diffractive dijet
photoproduction at HERA.
Diagrams (a) and (b) are
examples of direct and resolved
photon interactions, respectively



• Теория данного процесса в КХД надежно установлена: 
- сечение в порядке следующим-за-лидирующим (NLO) теории возмущений КХД 
- партонные распределения в фотоне из e+e- данных 
- дифракционные партонные распределения в протоне из инклюзивной дифракции

Дифракционное фоторождение струй на HERA  
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FIG. 3: Differential cross sections for diffractive dijet photoproduction as measured by H1 with

low-Ejet
T cuts and compared to NLO QCD without (R = 1) and with (R = 0.50) global suppression

(color online).

with the result in [30], which quotes R = 0.58 ± 0.01 (stat.) ± 0.12 (syst.), determined

by fitting the integrated cross section. From our comparison we conclude that the low-Ejet
T

data show a global suppression of the order of two in complete agreement with the results

in [18, 19] and [28] based on earlier preliminary [14] and final H1 data [28].

Next we want to answer the second question, whether the data could be consistent with
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FIG. 4: Differential cross sections for diffractive dijet photoproduction as measured by H1 with low-

Ejet
T cuts and compared to NLO QCD with global, resolved, and resolved/direct-IS suppression.

Note that some of the theoretical predictions coincide with the experimental values.

experimental data. Of course, since the ‘H1 2006 fit A’ PDFs have a larger gluon component

at large z, the cross sections are larger and therefore need a larger suppression of R = 0.32.

Note that in the published low-Ejet
T H1 analysis as well as in the comparison presented here

the contribution from the largest zobsIP -bin has been removed from all other distributions.

From Figs. 5a and b we conclude that the dependence on the chosen DPDFs is then weaker,
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• NLO вычисление переоценивает данные в ~2 раза и предлагает 2 
сценария нарушения факторизации, Klasen, Kramer, EPJ C70 (2010) 91

Глобальное подавление R=0.5 Подавление только разрешенного 𝛾 R(res.)=0.4

x𝛾 = доля импульса фотона, участвующая в жестком взаимодействии 



• По прямой аналогии с вычислениями в случае лептон-протонного расс. : 
- фотонный поток от лептона → фотонный поток от протона/ядра 
- подавление сильных неупругих взаимодействий при малых b  
- дифракционные партонные распределения в протоне → в ядре 
- модель для нарушения факторизации для разрешенного фотона 

Дифракционное фоторождение струй в УПС  

9

поток фотонов (включает подавление 
сильного взаимодействия при малых b) 

d�(AA ! A+ 2jets +X 0 +A) = d�(AA ! A+ 2jets +X 0 +A)(+) + d�(AA ! A+ 2jets +X 0 +A)(�)

d�(AA ! A+ 2jets +X

0 +A)(+) =
X

a,b

Z
t

min

t

cut

dt

Z
x

max

P

x

min

P

dx

P

Z 1

0
dz

P

Z
y

max

y

min

dy

Z 1

0
dx

�

⇥ f

�/A

(y)f
a/�

(x
�

, µ

2)fD(4)
b/A

(x
P

, z

P

, t, µ

2)d�̂(n)
ab!jets

• 2 вклада, отвечающие фотонам от левого/правого иона: 

• Сечение дифракционного фоторождения 2х струй в УПС: 

партонное распределение в фотоне 
(включает прямую компоненту и 
эффект нарушения факторизации)

дифракционное партонное 
распределение в ядре (включает 
ядерные экранировки) 

элементарное партонное сечение 



• 2 оригинальных элемента нашего анализа: 
- модель для нарушения факторизации для разрешенного фотона для ядерной мишени 
- дифракционные партонные распред. в ядре из модели экранировок лидирующего твиста

Нарушение факторизации  

10

• Нарушение факторизации в дифракционных процессах происходит из-за 
мягких неупругих взаимодействий, которые сильно подавляют вероятность 
иметь щель по быстроте в конечном сост. (rapidity gap survival S ≈ 0.1): 
- хорошо известно в жестком p-анти p рассеянии на Теватроне, CDF, PRL 84 (2000) 5043  
- нужно учитывать в мягкой дифракции на Теватроне и БАК, Khoze, Martin, Ryskin, EPJ C 
18 (2000) 167 
- учитывается в анализе pp УПС на БАК, Jones, Martin, Ryskin, Teubner, JHEP 11 (2013) 085 

• В нашем случае опираемся на то, что фотон взаимодействует в 
конфигурациях, имеющих разный поперечный размер (сечения) : 62 A.B. Kaidalov et al. / Physics Letters B 567 (2003) 61–68

(a) (b)

Fig. 2. Diffractive dijet production at HERA from a resolved pho-
ton. xγ is the fraction of the photon’s longitudinal momentum car-
ried by the resolved gluon. Diagrams (a) and (b) show the sin-
gle-pomeron-exchange and the multi-pomeron-exchange contribu-
tions, respectively. Similar diagrams apply to diffractive dijet pro-
duction in pp collisions.

tion [6] that partonic distributions in the pomeron (ex-
tracted from analyses of diffractive production in DIS
corresponding to the diagram of Fig. 1) lead, accord-
ing to a naive factorization prescription (Fig. 2(a)), to a
cross section which is about a factor of ten larger than
the experimental one. However, when multi-pomeron
t-channel exchange diagrams (Fig. 2(b)) are included
using the framework of the reggeon diagram tech-
nique [7], which takes into account s-channel unitar-
ity, the discrepancy disappears and a good descrip-
tion of the CDF data is obtained [4]. It is informative
to extend the analysis to other diffractive processes.
We showed recently [8] that the apparent breaking of
QCD factorization in double-pomeron dijet produc-
tion is also consistent with the same multi-pomeron
exchange model.
Here we address the question of whether such hard

QCD factorization breaking takes place in photopro-
duction at very small values of Bjorken x at HERA.
Experimental data for the diffractive photoproduction
of dijets have been obtained recently at HERA [9–11].
We first comment on the interpretation of the recent
H1 data [10,11], and emphasize that the existing treat-
ment does not lead to unique conclusions. We will
consider a simple analysis of experimental data, which
also includes information on dijet inclusive photopro-
duction. Theoretical predictions for cross section ra-
tios will be given.
The second part of the Letter is devoted to the im-

portant problem of unitarity effects (or multi-pomeron

Fig. 3. Diffractive dijet production at HERA via a direct photon
interaction.

exchanges) in the lower part of the diagram of Fig. 1. It
will be demonstrated that they are already crucial for
the distributions of gluons in the domain x ! 10−4,
almost independent of Q2. The relation of these ef-
fects to the ‘saturation’ of partonic distributions is dis-
cussed.

2. Diffractive DIS- and photo-production of dijets

Here we consider the diffractive production of di-
jets by real and virtual photons in more detail. Be-
sides the diagram of Fig. 2(a), there is a large contri-
bution to these processes from the diagram of Fig. 3,
which describes dijet production by photon–gluon fu-
sion. This is usually called the ‘direct’ contribution,
while Fig. 2(a) is known as the ‘resolved’ contribution.
For largeQ2 the effect of the rescattering diagrams of
Fig. 2(b) is expected to be small, and the cross section
of diffractive dijet production can be written as a sum
of two terms

(1)dσ
jj
D = dσ

jj (dir)
D + dσ

jj (res)
D

with

(2)

dσ
jj (dir)
D =

∫
dt

xmaxP∫

xminP

dxP FP (xP , t)βf
g
P

(
β,µ2

)

× σ
j1j2
γg

(
E1T ,E2T ,M2

12, . . .
)
dnτ,

- прямой фотон = маленькие конфигурации → не подавлен 
- разрешенный (resolve) фотон = большие конфигурации → 
подавление за счет многократных обменов с сечением ~σρN 

- предложено для объяснения данных HERA, Kaidalov, Khoze, 
Martin, Ryskin, PLB 567 (2003) 61



• Фактор подавления для разрешенной компоненты:

Нарушение факторизации  
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Figure 13. The factor of R(res.), Eq. (5.1), quantifying the effect of factorization breaking (sup-
pression) for the resolved photon contribution.

For Pb, the values of R(res.) are an order of magnitude smaller, R(res.) ≈ 0.04, which

reflects the very small probability of rapidity gap events with nuclear targets.

While our second scenario involving R(res.) captures the bulk of physics of diffractive

factorization breaking coming from the hadron structure of the photon, it neglects such

subtle points as the possible dependence of R(res.) on the parton flavor and xγ due to

the separation of the resolved contribution into the point-like and hadronic terms, the

hadronization corrections and bin migration effects, see the discussion in Ref. [60]. Our

aim here is to examine whether studies of diffractive dijet photoproduction in UPCs can

help to distinguish between the two scenarios and, thus, to complement and extend the

analysis of this process at HERA.

Note that for the first time, the issue of nuclear dependence of factorization breaking

in diffractive dijet production in hard and ultraperipheral pA scattering was considered

in [67]. It was found that soft inelastic proton–nucleus interactions significantly suppress

the rapidity gap probability in hard pA scattering, which is in line with the small values

of R(glob.) and R(res.) for the nucleus target, which we use in our analysis.

The resulting cross sections of diffractive dijet photoproduction in pp, pA and AA UPC

are presented in Fig. 14–19. The red solid lines correspond to the global suppression factor

of R(glob.) = 0.5 for the proton target and R(glob.) = 0.1 for the nucleus target (note

that in the case of pA UPCs, we encounter a mixed situation); the blue dot-dashed lines

correspond to the suppression of the resolved photon contribution only: R(res.) = 0.4 for

the diffracting proton (pp and the photon-from-nucleus contribution to pA) and R(res.) =

0.04 for the diffracting nucleus (the photon-from-proton contribution to pA and AA). For

comparison, we also show our results that do not include the effect of diffractive QCD

factorization breaking by black dotted lines labeled “R = 1”. Note that in all cases, we

show only the predictions corresponding to the central value of the renormalization and

factorization scale µ = Ejet1
T .

As one observes, the most sensitive variable to distinguish global from resolved-only

– 26 –

R(res.) =

R
d2b |1� e��⇢N/2TA(b)|2e��⇢NTA(b)

R
d2b |1� e��⇢N/2TA(b)|2

вероятность когентного фоторождения ρ вероятность не иметь неупругих 
взаимодействий 

Протон Ядро 

 R(res) ≈ 0.4 согласуется с 
анализом HERA, Klasen, Kramer (2010) 

 RA(res) ≈ 0.1 Rp(res), т.к. гораздо 
легче развалить ядро

оптическая 
плотность 
ядра 



• Предсказываются в рамках модели ядерных экранировок лидирующего 
твиста, Frankfurt, Guzey, Strikman, Phys, Rept. 512 (2012) 255

Ядерные дифракционные партонные 
распределения  
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Author's personal copy

L. Frankfurt et al. / Physics Reports 512 (2012) 255–393 335

a b c

Fig. 68. The multiple scattering series for the � ⇤A ! XA scattering amplitude. Graphs a, b, c correspond to the interaction with one, two, and three
nucleons of the nuclear target, respectively. Graph a is the impulse approximation; graphs b and c contribute to the shadowing correction.

Note thatwe expressed the longitudinalmomentum transfer�� ⇤X in terms of xP,�� ⇤X = xPmN . Using the QCD factorization
theorem for diffraction (163) in the right-hand and left-hand sides of Eq. (168), we obtain the expression for the nuclear
diffractive PDFs f D(3)

j/A :

�f D(3)
j/A (�,Q 2, xP) = 4⇡A2�f D(4)

j/N (�,Q 2, xP, tmin)

Z
d2b

����

Z 1

�1
dzeixPmNze� A

2 (1�i⌘)�
j
soft(x,Q

2)
R 1
z dz0⇢A(b,z0)⇢A(b, z)

����
2

. (169)

Finally, assuming the exponential t dependence of f D(4)
j/N , i.e., using Eq. (59), we obtain our final expression for the nuclear

diffraction parton distribution �f D(3)
j/A [26,210]:

�f D(3)
j/A (�,Q 2, xP) = 4⇡A2Bdiff�f D(3)

j/N (�,Q 2, xP)

Z
d2b

����

Z 1

�1
dzeixPmNze� A

2 (1�i⌘)�
j
soft(x,Q

2)
R 1
z dz0⇢A(b,z0)⇢A(b, z)

����
2

. (170)

The structure of the answer resembles the case of the diffractive productions of vector mesons (after the generic diffractive
state X is replaced by a single vector meson), see e.g., Ref. [80].

Eq. (170) should be compared to Eq. (64): the both equations are derived in the color fluctuation approximation
characterized by the cross section �

j
soft(x,Q

2) that determines the strength of the multiple rescatterings. Note also that
the nuclear shadowing correction to �f D(3)

j/A given by Eq. (170) corresponds to the diffractive unitary cut in the language of
the AGK cutting rules, see Eq. (24) and graph a in Fig. 8.

The physics interpretation of Eq. (170) is rather straightforward: the diffractive scattering takes place on any ofAnucleons
of the target at point (Eb, z); the produced diffractive state gets absorbed on the way out with the probability amplitude
e� A

2 (1�i⌘)�
j
soft(x,Q

2)
R 1
z dz0⇢A(b,z0).

In the limit of very small xP, the effect of the finite coherent length, i.e., the eixPmNz factor, can be neglected and Eq. (170)
can be presented in the following simplified form:

�f D(3)
j/A (�,Q 2, xP) ⇡ 16⇡Bdiff�f D(3)

j/N (�,Q 2, xP)

Z
d2Eb

�����
1 � e� A

2 (1�i⌘)�
j
soft(x,Q

2)TA(b)

(1 � i⌘)�
j
soft(x,Q 2)

�����

2

. (171)

In Eq. (170), we neglected the possible dependence of �
j
soft(x,Q

2) on � (the dependence on the diffractive mass MX ).
Since the total probability of diffraction changes rather weakly as one varies the rescattering cross section, see e.g., Ref. [34],
this seems to be a reasonable first approximation. At the same time, in the region of small � and small x that corresponds to
the triple Pomeron kinematics for the soft inelastic diffraction, one expects a suppression of diffraction as compared to the
color fluctuation approximation used in Eq. (170). Indeed, Eq. (170) evaluated atQ 2 = Q 2

0 = 4 GeV2 essentially corresponds
to treating diffraction as a superposition of elastic scattering of different components of the virtual photon wave function.
This is a reasonable approximation for the configurations with the masses comparable to Q 2. In the � ⌧ 1 limit (which
corresponds to M2

X � Q 2), one approaches the limit analogous to the soft triple Pomeron limit, in which case diffraction
off nuclei is strongly suppressed compared to elastic scattering, see, e.g., Refs. [211,212]. Hence, we somewhat overestimate
diffraction for small � and relatively small Q 2

0 scales. At larger Q 2, diffraction at small � is dominated by the QCD evolution
from � � 0.1 at Q 2

0 and, hence, the accuracy of our approximation improves. Thus, in our numerical studies, we neglect the
effect of the potential small-� suppression that we just discussed.

One can immediately see from Eq. (170) that the Regge factorization, i.e., the factorization of f D(3)
j/A (�,Q 2, xP) into the

product of the Pomeron flux factor fP(xP) and the PDFs of the Pomeron fj(�,Q 2), see Eq. (88), is not valid for the nuclear
diffractive parton distributions, even if it approximately holds for the nucleon case. At fixed xP, the right-hand side of
Eq. (170) depends not only on� , but also on Bjorken x since the screening factor is given by the exponential factor containing
�

j
soft(x,Q

2)which is a function of x. In addition, the right-hand side of Eq. (170) depends on the atomic mass number A since

• Как и в случае gA(x,µ2), предсказывается большое подавление 
дифракционных партонных распределений в ядрах за счет экранировок:

f

D(4)
b/A (xP , zP , t, µ

2) = RbA
2
F

2
A(t)f

D(4)
b/p (xP , zP , tmin, µ

2)
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Note that nuclear shadowing of nuclear diffractive PDFs breaks the phenomenological

factorization Eq. (2.4) of diffractive PDFs into the product of the “Pomeron” flux and

PDFs of the “Pomeron”.

Predictions for Rb(xIP , zIP , µ2) [55] for sea quarks for the representative ranges of zIP
and xIP and at µ2 = 400 GeV2 are shown in Fig. 7. An analysis reveals that Rb(xIP , zIP , µ2)

very weakly depends on the parton flavor b, the scale µ, zIP and xIP (the latter is seen from

Fig. 7). Therefore, in practical estimates, it is a good approximation to use the constant

suppression factor:

Rb(xIP , zIP , µ
2) ≈ 0.15 . (3.8)
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Figure 7. The suppression factor of Rb(xIP , zIP , µ2), Eq. (3.7), quantifying the effect of nuclear
shadowing of nuclear diffractive PDFs.

3.4 Results

We performed NLO calculations of the cross section of diffractive photoproduction of dijets

in pA UPCs at
√
sNN = 5.02 TeV and

√
sNN = 8.16 TeV using the cuts of Eq. (2.16). The

results are presented in Figs. 8 and 9, respectively.

In these figures, the blue solid and dotted lines give the net result of Eq. (3.1); the red

dot-dashed lines show the contribution of the second term dσ(pA → p+2jets+X ′+Y )(−)

in Eq. (3.1) corresponding to the photon flux emitted by the proton. The blue solid and

red dot-dashed lines correspond to µ = Ejet1
T ; the two blue dotted lines surrounding each

solid line correspond to µ = 2Ejet1
T and µ = Ejet1

T /2, respectively, which demonstrates the

theoretical uncertainty of our predictions associated with the choice of the renormalization

and factorization scale. One can see from the figures that this uncertainty is not significant.

A comparison of our predictions for pA UPCs shown in Figs. 8 and 9 to those for pp

UPCs shown in Figs. 4 and 5 demonstrates that the general trends for the dependence of

the cross section on various variables are similar in the pp and pA cases: very roughly, the

pA results can be obtained from the pp ones by multiplying them by the scaling factor

of (1/2)Z2(0.7 fm/RA) ≈ 350, where took into account that the photon spectra of the

proton and a nucleus extend up to x ∼ 1/bmin = 1/(0.7 fm) and bmin ∼ 1/RA, respectively,

– 15 –

• Получаются путем суммирования 
диаграмм, отвечающим 
взаимодействию с 1, 2, …, A 
нуклонами ядра: 

импульсное приближение 
экранировка 

— +
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Figure 15. The same as in Fig. 14, but at
√
sNN = 13 TeV.
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x𝛾=доля импульса фотона zP=доля импульса Померона 
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Figure 15. The same as in Fig. 14, but at
√
sNN = 13 TeV.
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W=фотон-протонная энергия

•  Сечения большие: O(нб) 
•Чувствительность к малым zP 
больше, чем на HERA → новые 
ограничения на gpD протона 

•Энергия W в 10 раз больше, чем на 
HERAx𝛾 

•Чувствительность к модели 
нарушения факторизации мала
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Figure 15. The same as in Fig. 14, but at
√
sNN = 13 TeV.
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Figure 17. The same as in Fig. 16, but at
√
sNN = 8.16 TeV.

6 Conclusions

For the first time, using NLO pQCD, we make predictions for the cross sections of diffractive

dijet photoproduction in pp, pA and AA UPCs in the kinematics of Runs 1 and 2 at the
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Figure 17. The same as in Fig. 16, but at
√
sNN = 8.16 TeV.

6 Conclusions

For the first time, using NLO pQCD, we make predictions for the cross sections of diffractive

dijet photoproduction in pp, pA and AA UPCs in the kinematics of Runs 1 and 2 at the
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√
sNN = 8.16 TeV.

6 Conclusions

For the first time, using NLO pQCD, we make predictions for the cross sections of diffractive

dijet photoproduction in pp, pA and AA UPCs in the kinematics of Runs 1 and 2 at the
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ET1=поперечный импульс <η>=средняя быстрота струй
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Figure 19. The same as Fig. 18, but at
√
sNN = 5.1 TeV.

LHC. Using general kinematic conditions and cuts on the final state, we found that the
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•  Сечения усилены Z2≈7000 от фотонного потока и A4/3≈1200 от ядерных 
дифракционных плотностей → большие: O(микробарны) 

•Если “выключить экранировку” → сечение увеличится в 7 раз 
•Чувствительность к модели нарушения факторизации качественная для x𝛾: 
красная и синяя кривые пересекаются!
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Figure 20. The xjets
γ dependence of the cross section of diffractive dijet photoproduction in pp, pA

and AA UPCs at the LHC during Run 1 (upper panel) and Run 2 (lower panel) calculated using
the global (thick lines) and resolved-only (thin lines) schemes of factorization breaking.

The last equality gives a simple fit, which reproduces the calculation of f sup
p to better than

5% accuracy. Note that f sup
p (x) gives the ratio of the red solid and the blue dot-dashed

curves in the right panel of Fig. 6. The fit of Eq. (A.2) is valid both at
√
sNN = 5.02 TeV

and
√
sNN = 8.16 TeV, since f sup

p (x) does not change in this energy interval to better than

a fraction of a percent accuracy.
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•x𝛾=(самая) чувствительной наблюдаемая к модели нарушения 
факторизации 

•УПС на ядрах дает принципиальную возможность отличить сценарий с 
глобальным фактором подавления от подавления только разрешенного 
фотона. 
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l Основу программы изучения УПС на БАК составляет фоторождение 
легких и тяжелых векторных мезонов. 

l Мы предлагаем новый процесс: дифракционное фоторождение 2х струй, 
который может разрешить проблему механизма нарушения факторизации 
и впервые измерить ядерные дифракционные партонные плотности. 

l Предсказанные сечения большие и имеют большую чувствительность к 
малым zP и большим W, чем измерения HERA. 
   
l Pb-Pb УПС позволяют как определить gАD , так и попытаться установить 
механизм нарушения факторизации в дифракционных процессах в КХД.  

l Предлагаемый процесс дополняет измерение дифракционного рождения 
2х струй в pp рассеянии на БАК, ATLAS, PLB 754 (2016) 214. 

Заключение


