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Nucleon structure

Indeed, measurements at the EIC and
lattice calculations will have a high degree
of complementarity. For some quantities,
notably the x moments of unpolarized and
polarized quark distributions, a precise de-
termination will be possible both in experi-
ment and on the lattice. Using this to vali-
date the methods used in lattice calculations,
one will gain confidence in computing quan-
tities whose experimental determination is
very hard, such as generalized form factors.
Furthermore, one can gain insight into the
underlying dynamics by computing the same
quantities with values of the quark masses
that are not realized in nature, so as to reveal
the importance of these masses for specific
properties of the nucleon. On the other hand,
there are many aspects of hadron structure
beyond the reach of lattice computations, in
particular, the distribution and polarization
of quarks and gluons at small x, for which
collider measurements are our only source of
information.
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Figure 2.1: Schematic view of a parton with
longitudinal momentum fraction x and trans-
verse position bT in the proton.

Both impact parameter distributions
f(x, bT ) and transverse-momentum distri-
butions f(x,kT ) describe proton structure
in three dimensions, or more accurately in
2+ 1 dimensions (two transverse dimensions
in either configuration or momentum space,
along with one longitudinal dimension in mo-

mentum space). Note that in a fast-moving
proton, the transverse variables play very dif-
ferent roles than the longitudinal momen-
tum.

It is important to realize that f(x, bT )
and f(x,kT ) are not related to each other by
a Fourier transform (nevertheless it is com-
mon to denote both functions by the same
symbol f). Instead, f(x, bT ) and f(x,kT )
give complementary information about par-
tons, and both types of quantities can be
thought of as descendants of Wigner distri-
butions W (x, bT ,kT ) [8], which are used ex-
tensively in other branches of physics [9].
Although there is no known way to mea-
sure Wigner distributions for quarks and
gluons, they provide a unifying theoretical
framework for the di↵erent aspects of hadron
structure we have discussed. Figure 2.2
shows the connection between these di↵erent
aspects and the experimental possibilities to
explore them.

All parton distributions depend on a
scale which specifies the resolution at which
partons are resolved, and which in a given
scattering process is provided by a large mo-
mentum transfer. For many processes in
e+p collisions, the relevant hard scale is Q

2

(see the Sidebar on page 18). The evolution
equations that describe the scale dependence
of parton distributions provide an essential
tool, both for the validation of the theory
and for the extraction of parton distributions
from cross section data. They also allow one
to convert the distributions seen at high res-
olution to lower resolution scales, where con-
tact can be made with non-perturbative de-
scriptions of the proton.

An essential property of any particle is its
spin, and parton distributions can depend on
the polarization of both the parton and the
parent proton. The spin structure is particu-
larly rich for TMDs and GPDs because they
single out a direction in the transverse plane,
thus opening the way for studying correla-
tions between spin and kT or bT . Informa-
tion about transverse degrees of freedom is
essential to access orbital angular momen-
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M. Burkardt,  
Phys. Rev. D 62 (2000) 071503  
Int. J. Mod Phys. A 18 (2003) 173

 3
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Hard exclusive meson production

hard scale = large Q2 (Q2=-q2) 
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Introduction Imaging Higher orders Factorisation Helicity transitions End-point contributions

Another reminder: Helicity selection rules

I selection of helcities in hard-scattering part

I ingredients: conservation of angular mom. and of chirality

• scattering collinear ! ang. mom. Jz = sum of helicities

• chirality conserved by quark-gluon and quark-photon coupling

chirality +1 �1
q helicity +1/2 �1/2
q̄ helicity �1/2 +1/2

light meson production (not J/ or ⌥)

γ∗

z

t

00

(analogous argument for graphs with gluon GPD)

I dominant transition: A(�⇤
L ! mesonL) ⇠ 1/Q
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Another reminder: Helicity selection rules

I selection of helcities in hard-scattering part

I ingredients: conservation of angular mom. and of chirality

• scattering collinear ! ang. mom. Jz = sum of helicities

• chirality conserved by quark-gluon and quark-photon coupling
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I dominant transition: A(�⇤
L ! mesonL) ⇠ 1/Q

M. Diehl Some thoughts about the theory of meson production 18

⇢,
�,
!

<latexit sha1_base64="DPs2EqGgGeWIPN/wonGgPMOUyQ8=">AAAB+3icbVDLSgMxFM3UV62vsS7dBIvgQsqMFHRZcOOygn1AZyiZ9E4nNJkMSUYspb/ixoUibv0Rd/6NaTsLbT1wL4dz7iU3J8o408bzvp3SxubW9k55t7K3f3B45B5XO1rmikKbSi5VLyIaOEuhbZjh0MsUEBFx6Ebj27nffQSlmUwfzCSDUJBRymJGibHSwK0GKpGXOMgSZrsUMCIDt+bVvQXwOvELUkMFWgP3KxhKmgtIDeVE677vZSacEmUY5TCrBLmGjNAxGUHf0pQI0OF0cfsMn1tliGOpbKUGL9TfG1MitJ6IyE4KYhK96s3F/7x+buKbcMrSLDeQ0uVDcc6xkXgeBB4yBdTwiSWEKmZvxTQhilBj46rYEPzVL6+TzlXd9+r+faPWbBRxlNEpOkMXyEfXqInuUAu1EUVP6Bm9ojdn5rw4787HcrTkFDsn6A+czx/E85OQ</latexit><latexit sha1_base64="DPs2EqGgGeWIPN/wonGgPMOUyQ8=">AAAB+3icbVDLSgMxFM3UV62vsS7dBIvgQsqMFHRZcOOygn1AZyiZ9E4nNJkMSUYspb/ixoUibv0Rd/6NaTsLbT1wL4dz7iU3J8o408bzvp3SxubW9k55t7K3f3B45B5XO1rmikKbSi5VLyIaOEuhbZjh0MsUEBFx6Ebj27nffQSlmUwfzCSDUJBRymJGibHSwK0GKpGXOMgSZrsUMCIDt+bVvQXwOvELUkMFWgP3KxhKmgtIDeVE677vZSacEmUY5TCrBLmGjNAxGUHf0pQI0OF0cfsMn1tliGOpbKUGL9TfG1MitJ6IyE4KYhK96s3F/7x+buKbcMrSLDeQ0uVDcc6xkXgeBB4yBdTwiSWEKmZvxTQhilBj46rYEPzVL6+TzlXd9+r+faPWbBRxlNEpOkMXyEfXqInuUAu1EUVP6Bm9ojdn5rw4787HcrTkFDsn6A+czx/E85OQ</latexit><latexit sha1_base64="DPs2EqGgGeWIPN/wonGgPMOUyQ8=">AAAB+3icbVDLSgMxFM3UV62vsS7dBIvgQsqMFHRZcOOygn1AZyiZ9E4nNJkMSUYspb/ixoUibv0Rd/6NaTsLbT1wL4dz7iU3J8o408bzvp3SxubW9k55t7K3f3B45B5XO1rmikKbSi5VLyIaOEuhbZjh0MsUEBFx6Ebj27nffQSlmUwfzCSDUJBRymJGibHSwK0GKpGXOMgSZrsUMCIDt+bVvQXwOvELUkMFWgP3KxhKmgtIDeVE677vZSacEmUY5TCrBLmGjNAxGUHf0pQI0OF0cfsMn1tliGOpbKUGL9TfG1MitJ6IyE4KYhK96s3F/7x+buKbcMrSLDeQ0uVDcc6xkXgeBB4yBdTwiSWEKmZvxTQhilBj46rYEPzVL6+TzlXd9+r+faPWbBRxlNEpOkMXyEfXqInuUAu1EUVP6Bm9ojdn5rw4787HcrTkFDsn6A+czx/E85OQ</latexit><latexit sha1_base64="DPs2EqGgGeWIPN/wonGgPMOUyQ8=">AAAB+3icbVDLSgMxFM3UV62vsS7dBIvgQsqMFHRZcOOygn1AZyiZ9E4nNJkMSUYspb/ixoUibv0Rd/6NaTsLbT1wL4dz7iU3J8o408bzvp3SxubW9k55t7K3f3B45B5XO1rmikKbSi5VLyIaOEuhbZjh0MsUEBFx6Ebj27nffQSlmUwfzCSDUJBRymJGibHSwK0GKpGXOMgSZrsUMCIDt+bVvQXwOvELUkMFWgP3KxhKmgtIDeVE677vZSacEmUY5TCrBLmGjNAxGUHf0pQI0OF0cfsMn1tliGOpbKUGL9TfG1MitJ6IyE4KYhK96s3F/7x+buKbcMrSLDeQ0uVDcc6xkXgeBB4yBdTwiSWEKmZvxTQhilBj46rYEPzVL6+TzlXd9+r+faPWbBRxlNEpOkMXyEfXqInuUAu1EUVP6Bm9ojdn5rw4787HcrTkFDsn6A+czx/E85OQ</latexit>

CLAS – PRC 95 ('17) 035207;  95 (2017) 035202 

COMPASS – PLB 731 ('14) 19; NPB 915 ('17) 454 

JLab Hall A Collaboration – PRC 83 ('11) 025201 

HERMES – EPJ C 74 ('14) 3110; 75 ('15) 600; 77 ('17) 378 

H1 – JHEP 05('10)032; EPJ C 46 ('06) 585 

ZEUS – PMC Phys. A1 ('07) 6; NPB 695 ('04) 3

Exclusive meson production

44

p p

�

p p

e

e

*γ

GPDs

ξx+ ξx-

t

ω, φ, ρ

Hard exclusive meson production

large Q2

Exclusive meson photoproduction

c

c̄

GPDs

J/ 

large mass

Experimental access to GPDs

(q)
<latexit sha1_base64="3jgf34YucHaNcujp/pbd25P3Ksk=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSLUS0mkoMeCF48V7Qe0oWy2m3bpZhN3J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mb2Z++4lrI2L1gJOE+xEdKhEKRtFK95XHi36p7FbdOcgq8XJShhyNfumrN4hZGnGFTFJjup6boJ9RjYJJPi32UsMTysZ0yLuWKhpx42fzU6fk3CoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF77mVBJilyxxaIwlQRjMvubDITmDOXEEsq0sLcSNqKaMrTpFG0I3vLLq6R1WfXcqndXK9dreRwFOIUzqIAHV1CHW2hAExgM4Rle4c2Rzovz7nwsWtecfOYE/sD5/AGcxY1M</latexit><latexit sha1_base64="3jgf34YucHaNcujp/pbd25P3Ksk=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSLUS0mkoMeCF48V7Qe0oWy2m3bpZhN3J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mb2Z++4lrI2L1gJOE+xEdKhEKRtFK95XHi36p7FbdOcgq8XJShhyNfumrN4hZGnGFTFJjup6boJ9RjYJJPi32UsMTysZ0yLuWKhpx42fzU6fk3CoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF77mVBJilyxxaIwlQRjMvubDITmDOXEEsq0sLcSNqKaMrTpFG0I3vLLq6R1WfXcqndXK9dreRwFOIUzqIAHV1CHW2hAExgM4Rle4c2Rzovz7nwsWtecfOYE/sD5/AGcxY1M</latexit><latexit sha1_base64="3jgf34YucHaNcujp/pbd25P3Ksk=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSLUS0mkoMeCF48V7Qe0oWy2m3bpZhN3J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mb2Z++4lrI2L1gJOE+xEdKhEKRtFK95XHi36p7FbdOcgq8XJShhyNfumrN4hZGnGFTFJjup6boJ9RjYJJPi32UsMTysZ0yLuWKhpx42fzU6fk3CoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF77mVBJilyxxaIwlQRjMvubDITmDOXEEsq0sLcSNqKaMrTpFG0I3vLLq6R1WfXcqndXK9dreRwFOIUzqIAHV1CHW2hAExgM4Rle4c2Rzovz7nwsWtecfOYE/sD5/AGcxY1M</latexit><latexit sha1_base64="3jgf34YucHaNcujp/pbd25P3Ksk=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSLUS0mkoMeCF48V7Qe0oWy2m3bpZhN3J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/nbX1jc2t7cJOcXdv/+CwdHTcMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mb2Z++4lrI2L1gJOE+xEdKhEKRtFK95XHi36p7FbdOcgq8XJShhyNfumrN4hZGnGFTFJjup6boJ9RjYJJPi32UsMTysZ0yLuWKhpx42fzU6fk3CoDEsbalkIyV39PZDQyZhIFtjOiODLL3kz8z+umGF77mVBJilyxxaIwlQRjMvubDITmDOXEEsq0sLcSNqKaMrTpFG0I3vLLq6R1WfXcqndXK9dreRwFOIUzqIAHV1CHW2hAExgM4Rle4c2Rzovz7nwsWtecfOYE/sD5/AGcxY1M</latexit>



p p

e

e

*γ

GPDs

ξx+ ξx-

t

ω, φ, ρ

 4

Hard exclusive meson production

hard scale = large Q2 (Q2=-q2) 
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Another reminder: Helicity selection rules

I selection of helcities in hard-scattering part

I ingredients: conservation of angular mom. and of chirality

• scattering collinear ! ang. mom. Jz = sum of helicities

• chirality conserved by quark-gluon and quark-photon coupling

chirality +1 �1
q helicity +1/2 �1/2
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(analogous argument for graphs with gluon GPD)
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fixed target: medium/large xB , quarks

colliders, small xB, gluons
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Hard exclusive meson production

hard scale = large Q2 (Q2=-q2) 

Exclusive meson photoproduction

hard scale = large quark mass

(q)
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Introduction Imaging Higher orders Factorisation Helicity transitions End-point contributions

Another reminder: Helicity selection rules

I selection of helcities in hard-scattering part

I ingredients: conservation of angular mom. and of chirality

• scattering collinear ! ang. mom. Jz = sum of helicities

• chirality conserved by quark-gluon and quark-photon coupling

chirality +1 �1
q helicity +1/2 �1/2
q̄ helicity �1/2 +1/2

light meson production (not J/ or ⌥)

γ∗

z

t

00

(analogous argument for graphs with gluon GPD)

I dominant transition: A(�⇤
L ! mesonL) ⇠ 1/Q
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HERMES – EPJ C 74 ('14) 3110; 75 ('15) 600; 77 ('17) 378 

H1 – JHEP 05('10)032; EPJ C 46 ('06) 585 

ZEUS – PMC Phys. A1 ('07) 6; NPB 695 ('04) 3
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Introduction Imaging Higher orders Factorisation Helicity transitions End-point contributions

Another reminder: Helicity selection rules

I selection of helcities in hard-scattering part

I ingredients: conservation of angular mom. and of chirality

• scattering collinear ! ang. mom. Jz = sum of helicities

• chirality conserved by quark-gluon and quark-photon coupling

chirality +1 �1
q helicity +1/2 �1/2
q̄ helicity �1/2 +1/2

light meson production (not J/ or ⌥)

γ∗

z

t

00

(analogous argument for graphs with gluon GPD)

I dominant transition: A(�⇤
L ! mesonL) ⇠ 1/Q
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CLAS – PRC 95 ('17) 035207;  95 (2017) 035202 

COMPASS – PLB 731 ('14) 19; NPB 915 ('17) 454 

JLab Hall A Collaboration – PRC 83 ('11) 025201 

HERMES – EPJ C 74 ('14) 3110; 75 ('15) 600; 77 ('17) 378 

H1 – JHEP 05('10)032; EPJ C 46 ('06) 585 

ZEUS – PMC Phys. A1 ('07) 6; NPB 695 ('04) 3
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fixed target: medium/large xB , quarks

colliders, small xB, gluons
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• high energy of LHC → extend to gluon GPDs, down to xB=2x10-6. 

• test saturation (e.g.: N. Armesto et al., PRD 90 ('14) 054003).
HERA: down to xB=10-4
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PHENIX: Au-Au – Phys. Lett. B 679 ('09) 321.  
CDF: p-p – Phys. Rev. Lett. 102 ('09) 242001.  
ALICE: Pb-Pb – Eur. Phys. J. C 73 ('13) 2617; Phys. Lett. B 718 ('13) 1273.  
ALICE: p-Pb – Phys. Rev. Lett. 113 ('14) 232504.  
LHCb: pp – J. Phys. G: Nucl. Part. Phys. 40 ('13) 045001; 41 ('14) 055002,  
arXiv:1806.04079. (Exclusive    in pp – JHEP 1509 (2015) 084).                                                                                
LHCb: PbPb – CERN-LHCb-CONF-2018-003
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Figure 3.3: Proton parton distribution functions plotted as functions of Bjorken x. Clearly
gluons dominate at small-x.

serve that the gluon distribution dominates
over those of the valence and “sea” quarks at
a moderate x below x = 0.1. Remembering
that low-x means high energy, we conclude
that the part of the proton wave-function re-
sponsible for the interactions in high energy
scattering consists mainly of gluons.

The small-x proton wave-function is
dominated by gluons, which are likely to
populate the transverse area of the proton,
creating a high density of gluons. This is
shown in Fig. 3.4, which illustrates how at
lower x (right panel), the partons (mainly
gluons) are much more numerous inside the
proton than at larger-x (left panel), in agree-
ment with Fig. 3.3. This dense small-x wave-
function of an ultra-relativistic proton or nu-
cleus is referred to as the Color Glass Con-
densate (CGC) [143].

To understand the onset of the dense
regime, one usually employs QCD evolution
equations. The main principle is as follows:
While the current state of the QCD theory
does not allow for a first-principles calcula-
tion of the quark and gluon distributions, the
evolution equations, loosely-speaking, allow

one to determine these distributions at some
values of (x,Q2) if they are initially known at
some other (x0, Q2

0). The most widely used
evolution equation is the Dokshitzer-Gribov-
Lipatov-Altarelli-Parisi (DGLAP) equation
[11, 12, 10]. If the PDFs are specified at some
initial virtuality Q

2
0, the DGLAP equation

allows one to find the parton distributions at
Q

2
> Q

2
0 at all x where DGLAP evolution

is applicable. The evolution equation that
allows one to construct the parton distribu-
tions at low-x, given the value of it at some
x0 > x and all Q

2, is the Balitsky-Fadin-
Kuraev-Lipatov (BFKL) evolution equation
[144, 145]. This is a linear evolution equa-
tion, which is illustrated by the first term on
the right hand side of Fig. 3.5. The wave-
function of a high-energy proton or nucleus
containing many small-x partons is shown on
the left of Fig. 3.5. As we make one step of
evolution by boosting the nucleus/proton to
higher energy in order to probe its smaller-x
wave function, either one of the partons can
split into two partons, leading to an increase
in the number of partons proportional to the
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splitting recombination

Figure 3.5: The non-linear small-x evolution of a hadronic or nuclear wave functions. All partons
(quarks and gluons) are denoted by straight solid lines for simplicity.

We see that something has to modify the
BFKL evolution at high energy to prevent
it from becoming unphysically large. The
modification is illustrated on the far right of
Fig. 3.5. At very high energies (leading to
high gluon densities), partons may start to

recombine with each other on top of the split-
ting. The recombination of two partons into
one is proportional to the number of pairs
of partons, which in turn scales as N

2. We
end up with the following non-linear evolu-
tion equation:

@N(x, rT )

@ ln(1/x)
= ↵sKBFKL ⌦ N(x, rT )� ↵s [N(x, rT )]

2
. (3.3)

This is the Balitsky-Kovchegov (BK) evolu-
tion equation [147, 148, 149], which is valid
for QCD in the limit of the large number
of colors Nc.3 A generalization of Eq. (3.3)
beyond the large-Nc limit is accomplished
by the Jalilian-Marian–Iancu–McLerran–
Weigert–Leonidov–Kovner (JIMWLK) [143,
152, 153, 154, 155] evolution equation, which
is a functional di↵erential equation.

The physical impact of the quadratic
term on the right of Eq. (3.3) is clear: it

slows down the small-x evolution, leading to
parton saturation, when the number density
of partons stops growing with decreasing x.
The corresponding total cross-sections sat-
isfy the black disk limit of Eq. (3.2). The
e↵ect of gluon mergers becomes important
when the quadratic term in Eq. (3.3) be-
comes comparable to the linear term on the
right-hand-side. This gives rise to the satu-
ration scale Qs, which grows as Q2

s ⇠ (1/x)�

with decreasing x [150, 156, 157].

Classical Gluon Fields and the Nuclear “Oomph” Factor

We have argued above that parton satu-
ration is a universal phenomenon, valid both
for scattering on a proton or a nucleus. Here
we demonstrate that nuclei provide an extra
enhancement of the saturation phenomenon,
making it easier to observe and study exper-
imentally.

Imagine a large nucleus (a heavy ion),
which was boosted to some ultra-relativistic

velocity, as shown in Fig. 3.6. We are inter-
ested in the dynamics of small-x gluons in
the wave-function of this relativistic nucleus.
One can show that due to the Heisenberg
uncertainty principle, the small-x gluons in-
teract with the whole nucleus coherently in
the longitudinal (beam) direction, Therefore,
only the transverse plane distribution of nu-
cleons is important for the small-x wave-

3An equation of this type was originally suggested by Gribov, Levin and Ryskin in [150] and by Mueller
and Qiu in [151], though at the time it was assumed that the quadratic term was only the first non-linear
correction with higher order terms expected to be present as well. In [147, 148], the exact form of the
equation was found, and it was shown that in the large-Nc limit Eq. (3.3) does not have any higher-order
terms in N .
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(quarks and gluons) are denoted by straight solid lines for simplicity.
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ration is a universal phenomenon, valid both
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we demonstrate that nuclei provide an extra
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making it easier to observe and study exper-
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Imagine a large nucleus (a heavy ion),
which was boosted to some ultra-relativistic

velocity, as shown in Fig. 3.6. We are inter-
ested in the dynamics of small-x gluons in
the wave-function of this relativistic nucleus.
One can show that due to the Heisenberg
uncertainty principle, the small-x gluons in-
teract with the whole nucleus coherently in
the longitudinal (beam) direction, Therefore,
only the transverse plane distribution of nu-
cleons is important for the small-x wave-
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• high energy of LHC → extend to gluon GPDs, down to xB=2x10-6. 

• test saturation (e.g.: N. Armesto et al., PRD 90 ('14) 054003).
HERA: down to xB=10-4

 5

Wmax
�N = 34 GeV

<latexit sha1_base64="PF75zg7pQrAy/nYcWZcn0iT+dgI=">AAACEHicbVBNSyNBEO3xY1ej7kY9emkMoqcw4wb0Igge9CQK5gOSGGo6ldjYPTN01yyGYfwHXvav7MWDIl49evPf2Pk4qPFBweO9KqrqhYmSlnz/zZuZnZv/8XNhsbC0vPLrd3F1rWbj1AisiljFphGCRSUjrJIkhY3EIOhQYT28Phr69b9orIyjCxok2NbQj2RPCiAndYrb9cusRXhDmYabPO9krT5oDfw0P/hTuR07x1jLO8WSX/ZH4NMkmJASm+CsU3xtdWORaoxIKLC2GfgJtTMwJIXCvNBKLSYgrqGPTUcj0Gjb2eihnG85pct7sXEVER+pHycy0NYOdOg6NdCV/eoNxe+8Zkq9/XYmoyQljMR4US9VnGI+TId3pUFBauAICCPdrVxcgQFBLsOCCyH4+vI0qe2WA78cnFdKh5VJHAtsg22yHRawPXbITtgZqzLB7th/9sAevX/evffkPY9bZ7zJzDr7BO/lHbSKnZA=</latexit><latexit sha1_base64="PF75zg7pQrAy/nYcWZcn0iT+dgI=">AAACEHicbVBNSyNBEO3xY1ej7kY9emkMoqcw4wb0Igge9CQK5gOSGGo6ldjYPTN01yyGYfwHXvav7MWDIl49evPf2Pk4qPFBweO9KqrqhYmSlnz/zZuZnZv/8XNhsbC0vPLrd3F1rWbj1AisiljFphGCRSUjrJIkhY3EIOhQYT28Phr69b9orIyjCxok2NbQj2RPCiAndYrb9cusRXhDmYabPO9krT5oDfw0P/hTuR07x1jLO8WSX/ZH4NMkmJASm+CsU3xtdWORaoxIKLC2GfgJtTMwJIXCvNBKLSYgrqGPTUcj0Gjb2eihnG85pct7sXEVER+pHycy0NYOdOg6NdCV/eoNxe+8Zkq9/XYmoyQljMR4US9VnGI+TId3pUFBauAICCPdrVxcgQFBLsOCCyH4+vI0qe2WA78cnFdKh5VJHAtsg22yHRawPXbITtgZqzLB7th/9sAevX/evffkPY9bZ7zJzDr7BO/lHbSKnZA=</latexit><latexit sha1_base64="PF75zg7pQrAy/nYcWZcn0iT+dgI=">AAACEHicbVBNSyNBEO3xY1ej7kY9emkMoqcw4wb0Igge9CQK5gOSGGo6ldjYPTN01yyGYfwHXvav7MWDIl49evPf2Pk4qPFBweO9KqrqhYmSlnz/zZuZnZv/8XNhsbC0vPLrd3F1rWbj1AisiljFphGCRSUjrJIkhY3EIOhQYT28Phr69b9orIyjCxok2NbQj2RPCiAndYrb9cusRXhDmYabPO9krT5oDfw0P/hTuR07x1jLO8WSX/ZH4NMkmJASm+CsU3xtdWORaoxIKLC2GfgJtTMwJIXCvNBKLSYgrqGPTUcj0Gjb2eihnG85pct7sXEVER+pHycy0NYOdOg6NdCV/eoNxe+8Zkq9/XYmoyQljMR4US9VnGI+TId3pUFBauAICCPdrVxcgQFBLsOCCyH4+vI0qe2WA78cnFdKh5VJHAtsg22yHRawPXbITtgZqzLB7th/9sAevX/evffkPY9bZ7zJzDr7BO/lHbSKnZA=</latexit><latexit sha1_base64="PF75zg7pQrAy/nYcWZcn0iT+dgI=">AAACEHicbVBNSyNBEO3xY1ej7kY9emkMoqcw4wb0Igge9CQK5gOSGGo6ldjYPTN01yyGYfwHXvav7MWDIl49evPf2Pk4qPFBweO9KqrqhYmSlnz/zZuZnZv/8XNhsbC0vPLrd3F1rWbj1AisiljFphGCRSUjrJIkhY3EIOhQYT28Phr69b9orIyjCxok2NbQj2RPCiAndYrb9cusRXhDmYabPO9krT5oDfw0P/hTuR07x1jLO8WSX/ZH4NMkmJASm+CsU3xtdWORaoxIKLC2GfgJtTMwJIXCvNBKLSYgrqGPTUcj0Gjb2eihnG85pct7sXEVER+pHycy0NYOdOg6NdCV/eoNxe+8Zkq9/XYmoyQljMR4US9VnGI+TId3pUFBauAICCPdrVxcgQFBLsOCCyH4+vI0qe2WA78cnFdKh5VJHAtsg22yHRawPXbITtgZqzLB7th/9sAevX/evffkPY9bZ7zJzDr7BO/lHbSKnZA=</latexit>

Wmax
�p = 1.5 TeV

<latexit sha1_base64="jEXu0fvNQax8+ninCYIP6aV3Izs=">AAACEXicbVDJSgNBEO1xN25Rj14ag+ApzIiiF0Hw4lEhGyQx1HQqsbF7ZuiuEcMwfoIXf8WLB0W8evPm39hZDm4PCh7vVVFVL0yUtOT7n97U9Mzs3PzCYmFpeWV1rbi+UbNxagRWRaxi0wjBopIRVkmSwkZiEHSosB5enw79+g0aK+OoQoME2xr6kexJAeSkTnG3fpm1CG8p03Cb552s1QetgSf5cVA+uBtbFazlnWLJL/sj8L8kmJASm+C8U/xodWORaoxIKLC2GfgJtTMwJIXCvNBKLSYgrqGPTUcj0Gjb2eijnO84pct7sXEVER+p3ycy0NYOdOg6NdCV/e0Nxf+8Zkq9o3YmoyQljMR4US9VnGI+jId3pUFBauAICCPdrVxcgQFBLsSCCyH4/fJfUtsrB345uNgvnexP4lhgW2yb7bKAHbITdsbOWZUJds8e2TN78R68J+/Vexu3TnmTmU32A977F3RYnfY=</latexit><latexit sha1_base64="jEXu0fvNQax8+ninCYIP6aV3Izs=">AAACEXicbVDJSgNBEO1xN25Rj14ag+ApzIiiF0Hw4lEhGyQx1HQqsbF7ZuiuEcMwfoIXf8WLB0W8evPm39hZDm4PCh7vVVFVL0yUtOT7n97U9Mzs3PzCYmFpeWV1rbi+UbNxagRWRaxi0wjBopIRVkmSwkZiEHSosB5enw79+g0aK+OoQoME2xr6kexJAeSkTnG3fpm1CG8p03Cb552s1QetgSf5cVA+uBtbFazlnWLJL/sj8L8kmJASm+C8U/xodWORaoxIKLC2GfgJtTMwJIXCvNBKLSYgrqGPTUcj0Gjb2eijnO84pct7sXEVER+p3ycy0NYOdOg6NdCV/e0Nxf+8Zkq9o3YmoyQljMR4US9VnGI+jId3pUFBauAICCPdrVxcgQFBLsSCCyH4/fJfUtsrB345uNgvnexP4lhgW2yb7bKAHbITdsbOWZUJds8e2TN78R68J+/Vexu3TnmTmU32A977F3RYnfY=</latexit><latexit sha1_base64="jEXu0fvNQax8+ninCYIP6aV3Izs=">AAACEXicbVDJSgNBEO1xN25Rj14ag+ApzIiiF0Hw4lEhGyQx1HQqsbF7ZuiuEcMwfoIXf8WLB0W8evPm39hZDm4PCh7vVVFVL0yUtOT7n97U9Mzs3PzCYmFpeWV1rbi+UbNxagRWRaxi0wjBopIRVkmSwkZiEHSosB5enw79+g0aK+OoQoME2xr6kexJAeSkTnG3fpm1CG8p03Cb552s1QetgSf5cVA+uBtbFazlnWLJL/sj8L8kmJASm+C8U/xodWORaoxIKLC2GfgJtTMwJIXCvNBKLSYgrqGPTUcj0Gjb2eijnO84pct7sXEVER+p3ycy0NYOdOg6NdCV/e0Nxf+8Zkq9o3YmoyQljMR4US9VnGI+jId3pUFBauAICCPdrVxcgQFBLsSCCyH4/fJfUtsrB345uNgvnexP4lhgW2yb7bKAHbITdsbOWZUJds8e2TN78R68J+/Vexu3TnmTmU32A977F3RYnfY=</latexit><latexit sha1_base64="jEXu0fvNQax8+ninCYIP6aV3Izs=">AAACEXicbVDJSgNBEO1xN25Rj14ag+ApzIiiF0Hw4lEhGyQx1HQqsbF7ZuiuEcMwfoIXf8WLB0W8evPm39hZDm4PCh7vVVFVL0yUtOT7n97U9Mzs3PzCYmFpeWV1rbi+UbNxagRWRaxi0wjBopIRVkmSwkZiEHSosB5enw79+g0aK+OoQoME2xr6kexJAeSkTnG3fpm1CG8p03Cb552s1QetgSf5cVA+uBtbFazlnWLJL/sj8L8kmJASm+C8U/xodWORaoxIKLC2GfgJtTMwJIXCvNBKLSYgrqGPTUcj0Gjb2eijnO84pct7sXEVER+p3ycy0NYOdOg6NdCV/e0Nxf+8Zkq9o3YmoyQljMR4US9VnGI+jId3pUFBauAICCPdrVxcgQFBLsSCCyH4/fJfUtsrB345uNgvnexP4lhgW2yb7bKAHbITdsbOWZUJds8e2TN78R68J+/Vexu3TnmTmU32A977F3RYnfY=</latexit>

PHENIX: Au-Au – Phys. Lett. B 679 ('09) 321.  
CDF: p-p – Phys. Rev. Lett. 102 ('09) 242001.  
ALICE: Pb-Pb – Eur. Phys. J. C 73 ('13) 2617; Phys. Lett. B 718 ('13) 1273.  
ALICE: p-Pb – Phys. Rev. Lett. 113 ('14) 232504.  
LHCb: pp – J. Phys. G: Nucl. Part. Phys. 40 ('13) 045001; 41 ('14) 055002,  
arXiv:1806.04079. (Exclusive    in pp – JHEP 1509 (2015) 084).                                                                                
LHCb: PbPb – CERN-LHCb-CONF-2018-003

⌥
<latexit sha1_base64="h1nlPMBckuOv32aACirup/I0S1Y=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKexKQI8BLx4juEkgWcLsZDYZMo91ZlYIS37CiwdFvPo73vwbJ8keNLGgoajqprsrTjkz1ve/vdLG5tb2Tnm3srd/cHhUPT5pG5VpQkOiuNLdGBvKmaShZZbTbqopFjGnnXhyO/c7T1QbpuSDnaY0EngkWcIItk7q9sPUMK7koFrz6/4CaJ0EBalBgdag+tUfKpIJKi3h2Jhe4Kc2yrG2jHA6q/QzQ1NMJnhEe45KLKiJ8sW9M3ThlCFKlHYlLVqovydyLIyZith1CmzHZtWbi/95vcwmN1HOZJpZKslyUZJxZBWaP4+GTFNi+dQRTDRztyIyxhoT6yKquBCC1ZfXSfuqHvj14L5RazaKOMpwBudwCQFcQxPuoAUhEODwDK/w5j16L96797FsLXnFzCn8gff5Ay/7kAI=</latexit><latexit sha1_base64="h1nlPMBckuOv32aACirup/I0S1Y=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKexKQI8BLx4juEkgWcLsZDYZMo91ZlYIS37CiwdFvPo73vwbJ8keNLGgoajqprsrTjkz1ve/vdLG5tb2Tnm3srd/cHhUPT5pG5VpQkOiuNLdGBvKmaShZZbTbqopFjGnnXhyO/c7T1QbpuSDnaY0EngkWcIItk7q9sPUMK7koFrz6/4CaJ0EBalBgdag+tUfKpIJKi3h2Jhe4Kc2yrG2jHA6q/QzQ1NMJnhEe45KLKiJ8sW9M3ThlCFKlHYlLVqovydyLIyZith1CmzHZtWbi/95vcwmN1HOZJpZKslyUZJxZBWaP4+GTFNi+dQRTDRztyIyxhoT6yKquBCC1ZfXSfuqHvj14L5RazaKOMpwBudwCQFcQxPuoAUhEODwDK/w5j16L96797FsLXnFzCn8gff5Ay/7kAI=</latexit><latexit sha1_base64="h1nlPMBckuOv32aACirup/I0S1Y=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKexKQI8BLx4juEkgWcLsZDYZMo91ZlYIS37CiwdFvPo73vwbJ8keNLGgoajqprsrTjkz1ve/vdLG5tb2Tnm3srd/cHhUPT5pG5VpQkOiuNLdGBvKmaShZZbTbqopFjGnnXhyO/c7T1QbpuSDnaY0EngkWcIItk7q9sPUMK7koFrz6/4CaJ0EBalBgdag+tUfKpIJKi3h2Jhe4Kc2yrG2jHA6q/QzQ1NMJnhEe45KLKiJ8sW9M3ThlCFKlHYlLVqovydyLIyZith1CmzHZtWbi/95vcwmN1HOZJpZKslyUZJxZBWaP4+GTFNi+dQRTDRztyIyxhoT6yKquBCC1ZfXSfuqHvj14L5RazaKOMpwBudwCQFcQxPuoAUhEODwDK/w5j16L96797FsLXnFzCn8gff5Ay/7kAI=</latexit><latexit sha1_base64="h1nlPMBckuOv32aACirup/I0S1Y=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKexKQI8BLx4juEkgWcLsZDYZMo91ZlYIS37CiwdFvPo73vwbJ8keNLGgoajqprsrTjkz1ve/vdLG5tb2Tnm3srd/cHhUPT5pG5VpQkOiuNLdGBvKmaShZZbTbqopFjGnnXhyO/c7T1QbpuSDnaY0EngkWcIItk7q9sPUMK7koFrz6/4CaJ0EBalBgdag+tUfKpIJKi3h2Jhe4Kc2yrG2jHA6q/QzQ1NMJnhEe45KLKiJ8sW9M3ThlCFKlHYlLVqovydyLIyZith1CmzHZtWbi/95vcwmN1HOZJpZKslyUZJxZBWaP4+GTFNi+dQRTDRztyIyxhoT6yKquBCC1ZfXSfuqHvj14L5RazaKOMpwBudwCQFcQxPuoAUhEODwDK/w5j16L96797FsLXnFzCn8gff5Ay/7kAI=</latexit>

At low xB: approximate access to gluon PDF 

d�

dt
<latexit sha1_base64="EGVbJwbeZ21ZlO+atG5PLusUY/Y=">AAAB+3icbVBNS8NAEJ34WetXrEcvi0XwVJIq2GPBi8cK9gOaUDabTbt0Nwm7G7GE/BUvHhTx6h/x5r9x2+agrQ8GHu/NMDMvSDlT2nG+rY3Nre2d3cpedf/g8OjYPqn1VJJJQrsk4YkcBFhRzmLa1UxzOkglxSLgtB9Mb+d+/5FKxZL4Qc9S6gs8jlnECNZGGtk1L5KY5KGn2FjgIg91MbLrTsNZAK0TtyR1KNEZ2V9emJBM0FgTjpUauk6q/RxLzQinRdXLFE0xmeIxHRoaY0GVny9uL9CFUUIUJdJUrNFC/T2RY6HUTASmU2A9UaveXPzPG2Y6avk5i9NM05gsF0UZRzpB8yBQyCQlms8MwUQycysiE2zC0CauqgnBXX15nfSaDfeq0by/rrdbZRwVOINzuAQXbqANd9CBLhB4gmd4hTersF6sd+tj2bphlTOn8AfW5w/R4JTq</latexit> t=0

<latexit sha1_base64="1usg9+xPCl8sriRScuTvDHHxw00=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqYC9CwYvHCrYW2lA22027drMJuxOhhP4HLx4U8er/8ea/cdvmoK0PBh7vzTAzL0ikMOi6305hbX1jc6u4XdrZ3ds/KB8etU2casZbLJax7gTUcCkUb6FAyTuJ5jQKJH8Ixjcz/+GJayNidY+ThPsRHSoRCkbRSu1+htfutF+uuFV3DrJKvJxUIEezX/7qDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn82ik5s8qAhLG2pZDM1d8TGY2MmUSB7YwojsyyNxP/87ophnU/EypJkSu2WBSmkmBMZq+TgdCcoZxYQpkW9lbCRlRThjagkg3BW355lbRrVe+iWru7rDTqeRxFOIFTOAcPrqABt9CEFjB4hGd4hTcndl6cd+dj0Vpw8plj+APn8wdKFo7o</latexit>

/ [g(xB)]
2

<latexit sha1_base64="SOqgJmwu6J0gPKLIuUCIqtmftNY=">AAAB+3icbVDLSsNAFJ3UV62vWJdugkWom5JUwS6LblxWsA9IY5hMJ+3QycwwM5GW0F9x40IRt/6IO//GaZuFth64cDjnXu69JxKUKO2631ZhY3Nre6e4W9rbPzg8so/LHcVTiXAbccplL4IKU8JwWxNNcU9IDJOI4m40vp373ScsFeHsQU8FDhI4ZCQmCGojhXa5LyQXmjv+sDoJby6Cx3poV9yau4CzTrycVECOVmh/9QccpQlmGlGolO+5QgcZlJogimelfqqwgGgMh9g3lMEEqyBb3D5zzo0ycGIuTTHtLNTfExlMlJomkelMoB6pVW8u/uf5qY4bQUaYSDVmaLkoTqljfp0H4QyIxEjTqSEQSWJuddAISoi0iatkQvBWX14nnXrNu6zV768qzUYeRxGcgjNQBR64Bk1wB1qgDRCYgGfwCt6smfVivVsfy9aClc+cgD+wPn8Aw82Tkg==</latexit>

M. G. Ryskin, Z. Phys. C57 (1993) 89–92; 
S. P. Jones et al., arXiv:1609.09738

10-1

10-1

10-2

10-210-3
10-310-4

1

1

10

 HERAPDF1.0

 experimental uncertainty

 model uncertainty

 parametrization uncertainty

 

x

xf

xuV

xdV

xS 

xG HERA
Q2 = 10 GeV2

Figure 3.3: Proton parton distribution functions plotted as functions of Bjorken x. Clearly
gluons dominate at small-x.

serve that the gluon distribution dominates
over those of the valence and “sea” quarks at
a moderate x below x = 0.1. Remembering
that low-x means high energy, we conclude
that the part of the proton wave-function re-
sponsible for the interactions in high energy
scattering consists mainly of gluons.

The small-x proton wave-function is
dominated by gluons, which are likely to
populate the transverse area of the proton,
creating a high density of gluons. This is
shown in Fig. 3.4, which illustrates how at
lower x (right panel), the partons (mainly
gluons) are much more numerous inside the
proton than at larger-x (left panel), in agree-
ment with Fig. 3.3. This dense small-x wave-
function of an ultra-relativistic proton or nu-
cleus is referred to as the Color Glass Con-
densate (CGC) [143].

To understand the onset of the dense
regime, one usually employs QCD evolution
equations. The main principle is as follows:
While the current state of the QCD theory
does not allow for a first-principles calcula-
tion of the quark and gluon distributions, the
evolution equations, loosely-speaking, allow

one to determine these distributions at some
values of (x,Q2) if they are initially known at
some other (x0, Q2

0). The most widely used
evolution equation is the Dokshitzer-Gribov-
Lipatov-Altarelli-Parisi (DGLAP) equation
[11, 12, 10]. If the PDFs are specified at some
initial virtuality Q

2
0, the DGLAP equation

allows one to find the parton distributions at
Q

2
> Q

2
0 at all x where DGLAP evolution

is applicable. The evolution equation that
allows one to construct the parton distribu-
tions at low-x, given the value of it at some
x0 > x and all Q

2, is the Balitsky-Fadin-
Kuraev-Lipatov (BFKL) evolution equation
[144, 145]. This is a linear evolution equa-
tion, which is illustrated by the first term on
the right hand side of Fig. 3.5. The wave-
function of a high-energy proton or nucleus
containing many small-x partons is shown on
the left of Fig. 3.5. As we make one step of
evolution by boosting the nucleus/proton to
higher energy in order to probe its smaller-x
wave function, either one of the partons can
split into two partons, leading to an increase
in the number of partons proportional to the
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splitting recombination

Figure 3.5: The non-linear small-x evolution of a hadronic or nuclear wave functions. All partons
(quarks and gluons) are denoted by straight solid lines for simplicity.

We see that something has to modify the
BFKL evolution at high energy to prevent
it from becoming unphysically large. The
modification is illustrated on the far right of
Fig. 3.5. At very high energies (leading to
high gluon densities), partons may start to

recombine with each other on top of the split-
ting. The recombination of two partons into
one is proportional to the number of pairs
of partons, which in turn scales as N

2. We
end up with the following non-linear evolu-
tion equation:

@N(x, rT )

@ ln(1/x)
= ↵sKBFKL ⌦ N(x, rT )� ↵s [N(x, rT )]

2
. (3.3)

This is the Balitsky-Kovchegov (BK) evolu-
tion equation [147, 148, 149], which is valid
for QCD in the limit of the large number
of colors Nc.3 A generalization of Eq. (3.3)
beyond the large-Nc limit is accomplished
by the Jalilian-Marian–Iancu–McLerran–
Weigert–Leonidov–Kovner (JIMWLK) [143,
152, 153, 154, 155] evolution equation, which
is a functional di↵erential equation.

The physical impact of the quadratic
term on the right of Eq. (3.3) is clear: it

slows down the small-x evolution, leading to
parton saturation, when the number density
of partons stops growing with decreasing x.
The corresponding total cross-sections sat-
isfy the black disk limit of Eq. (3.2). The
e↵ect of gluon mergers becomes important
when the quadratic term in Eq. (3.3) be-
comes comparable to the linear term on the
right-hand-side. This gives rise to the satu-
ration scale Qs, which grows as Q2

s ⇠ (1/x)�

with decreasing x [150, 156, 157].

Classical Gluon Fields and the Nuclear “Oomph” Factor

We have argued above that parton satu-
ration is a universal phenomenon, valid both
for scattering on a proton or a nucleus. Here
we demonstrate that nuclei provide an extra
enhancement of the saturation phenomenon,
making it easier to observe and study exper-
imentally.

Imagine a large nucleus (a heavy ion),
which was boosted to some ultra-relativistic

velocity, as shown in Fig. 3.6. We are inter-
ested in the dynamics of small-x gluons in
the wave-function of this relativistic nucleus.
One can show that due to the Heisenberg
uncertainty principle, the small-x gluons in-
teract with the whole nucleus coherently in
the longitudinal (beam) direction, Therefore,
only the transverse plane distribution of nu-
cleons is important for the small-x wave-

3An equation of this type was originally suggested by Gribov, Levin and Ryskin in [150] and by Mueller
and Qiu in [151], though at the time it was assumed that the quadratic term was only the first non-linear
correction with higher order terms expected to be present as well. In [147, 148], the exact form of the
equation was found, and it was shown that in the large-Nc limit Eq. (3.3) does not have any higher-order
terms in N .
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Figure 3.5: The non-linear small-x evolution of a hadronic or nuclear wave functions. All partons
(quarks and gluons) are denoted by straight solid lines for simplicity.
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velocity, as shown in Fig. 3.6. We are inter-
ested in the dynamics of small-x gluons in
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One can show that due to the Heisenberg
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only the transverse plane distribution of nu-
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Figure 1. Feynman diagrams displaying (a) exclusive J/ψ and (b) inelastic J/ψ
production where a small number of additional particles are produced due to gluon
radiation and (c), (d) proton dissociation. Equivalent diagrams apply for ψ (2S)
production.

using data corresponding to an integrated luminosity of 37 pb−1 collected at
√

s = 7 TeV, and
this extended the W reach up to 1.5 TeV. Measurements in Pb–Pb collisions at the LHC have
been reported by the ALICE collaboration [12]. Measurements of ψ (2S) production have
been made by the H1 collaboration [13] at four W values while both CDF [10] and LHCb [11]
reported results using small samples of ψ (2S) consisting of about 40 candidates each.

The J/ψ photoproduction cross-section has been fit by a power-law function,
σγ p→J/ψ p(W ) = a(W/90 GeV)δ , with the H1 collaboration measuring a= 81 ± 3 pb and
δ = 0.67 ± 0.03 [8]. At LO this follows from the small-x parametrization of the gluon
PDF: g(x, Q2) ∝ xλ at the scale Q2 = M2

J/ψ /4, where MJ/ψ is the mass of the J/ψ meson.
All measurements to date at hadron machines are consistent with this, albeit with rather
large uncertainties. However, higher-order corrections [5] or saturation effects [2, 3] lead
to deviations from a pure power-law behaviour and the measurements presented here have
sufficient precision to probe this effect. The ψ (2S) differential cross-section measurements
from the H1 collaboration are also consistent with a power-law function, although the limited
data sample implies a rather large uncertainty and leads to a value for the exponent of
δ = 0.91 ± 0.17 [13]. Both CDF and LHCb results are consistent with this.

This paper presents updated measurements from the LHCb collaboration using 930 pb−1

of data collected in 2011 at
√

s = 7 TeV. Both the J/ψ and ψ (2S) cross-sections are
measured differentially as a function of meson rapidity and compared to various theoretical
models, including those with saturation effects. The analysis technique is essentially that
published previously [11]. The main difference concerns the methodology for determining the
background due to non-exclusive J/ψ and ψ (2S) production where the additional particles
remain undetected.

2. Detector and data samples

The LHCb detector [14] is a single-arm forward spectrometer covering the pseudorapidity
range 2 < η < 5 (forward region), designed for the study of particles containing bor c quarks.
The detector includes a high precision tracking system consisting of a silicon-strip vertex
detector (VELO) surrounding the pp interaction region, a large-area silicon-strip detector (TT)
located upstream of a dipole magnet with a bending power of about 4 Tm, and three stations of
silicon-strip detectors (IT) and straw drift-tubes (OT) [15] placed downstream. The combined
tracking system provides a momentum measurement with relative uncertainty that varies from
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• Ability to trigger on low pT objects (pT > 400 MeV)
• Low(er) number of visible interactions cf. ATLAS, CMS 
• Forward coverage allows high W and low gluon x to be 

probed in photoproduction

(see also R. McNulty’s talk in this session)
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p(A)

p(A) • low pT threshold: pT>400 MeV 
• particle identification 
• no detection around beam line but  

• low number of interactions 
  per beam crossing: 1.1–1.5 
• large coverage in rapidity

Int. J. Mod. Phys. A 30 (2015) 1530022 
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Background: Proton dissociation; finite detector acceptance 
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High Rapidity Shower Counters at LHCb 
(HeRSCheL) JINST 13 (2018) P04017 

Installed for Run 2  (2015-2018) 

• low pT threshold: pT>400 MeV 
• particle identification 
• no detection around beam line but  

• low number of interactions 
  per beam crossing: 1.1–1.5 
• large coverage in rapidity

Herschel JHEP 10 (2018) 167 
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Exclusive J/ψ and ψ(2S) production 
• pp collisions 

• run 1 -            : 929±33 pb-1 

• run 2 (2015) -              : 204±8 pb-1 

• J/ψ → μ+μ- 

• ψ(2S) → μ+μ- 

• xB down to 2x10-6
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• 2 muons with 2<η<4.5 

• no other detector activity 

•
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Figure 1. Invariant mass distribution of dimuon candidates. The J/ψ and ψ(2S) mass windows
of the signal regions are indicated by the vertical lines.

The power of HeRSCheL to discriminate CEP events can be seen in figure 3, which

shows the distributions of χ2
HRC for three classes of low-multiplicity-triggered events. The

first class is CEP-enriched dimuons: events in the nonresonant dimuon sample with

p2T < 0.01GeV2, which has a purity of 97% for electromagnetic CEP events. The second

class, inelastic-enriched J/ψ , applies the nominal J/ψ selections but requires p2T > 1GeV2,

thus selecting inelastic events with proton dissociation. The third class consists of events

with more than four tracks reconstructed. Figure 3 shows that CEP-enriched events have

lower values of χ2
HRC. To select exclusive J/ψ and ψ(2S) candidates, it is required that

log(χ2
HRC) < 3.5; this value is chosen in order to minimise the combined statistical and

systematic uncertainty on the total cross-sections. After the event selections, there are

14 753 J/ψ signal candidates and 440 ψ(2S) signal candidates remaining.

The estimation of the signal efficiency, ϵH, for the requirement log(χ2
HRC) < 3.5 is

described in section 3.1. Using this, section 3.2 explains how the purity of the signal sample

is estimated. The signal efficiency of all selection requirements is detailed in section 3.3.

3.1 HeRSCheL efficiency of selecting signal events

The efficiency for the veto on HeRSCheL activity is estimated from data using the non-

resonant calibration sample. The fits to the p2T distributions in figure 2 give the numbers

of electromagnetic CEP events with and without the HeRSCheL veto. The ratio of these

gives the efficiency of the veto, which is determined to be ϵH = 0.723 ± 0.008. The signal

loss includes in particular a contribution from events where there is an additional primary

interaction only seen in the HeRSCheL detector, as well as spill-over from previous col-

lisions, electronic noise and calibration effects, as discussed in ref. [15]. This efficiency,

measured using the nonresonant sample, is applicable to any CEP process, with the same

veto, collected in this data-taking period.

– 4 –

= Bethe-Heitler process

p2T < 0.8 GeV2/c2
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Figure 4. Transverse momentum squared distributions for (a) J/ψ and (b) ψ (2S)
candidates, where the non-resonant background contribution has been subtracted using
side-bands. The points are data, the solid curve is the total fit while the different
contributions are as described.

follow an exponential dependence, exp (bpdt), with bpd = 1.07 ± 0.11 GeV−2 for J/ψ and
bpd = 0.59 ± 0.17 GeV−2 for ψ (2S) [27]. For larger values of |t| a power law is required [8].

The values of bmeasured at HERA can be extrapolated to LHC energies using Regge
theory: b(W ) = b0 + 4α′ log(W/W0), with W0 = 90 GeV and α′ = 0.164 ± 0.041 GeV−2 [7]
for the elastic process while α′ = −0.014 ± 0.009 GeV−2 [27] for proton dissociation. This
predicts bs ≈ 6 GeV−2 and bpd ≈ 1 GeV−2 in the LHCb kinematic region.

After the non-resonant contribution has been subtracted using the side-bands indicated in
figure 3, and with the requirement of p 2

T < 0.8 GeV2/c2 for the J/ψ and ψ (2S) removed, the
data are fitted to the function
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where fs and fpd are the fractions of elastic and proton-dissociative production, respectively,
and ffd is the fraction of feed down fixed to that obtained in section 3.2. The shape of the
distribution for the feed-down contribution, Ffd, is taken from the data using χc → J/ψ γ

and ψ (2S) → J/ψ ππ candidates. The numbers N1, N2 and N3 normalize each of the three
functions to unity in the region p 2

T < 0.8 GeV2/c2, while bs and bpd are free parameters.
The result of the fit for the J/ψ sample is shown in figure 4(a). The χ2/ndf of the fit is

115/96 and returns values of bs = 5.70 ± 0.11 GeV−2 and bpd = 0.97 ± 0.04 GeV−2. Below
p 2

T = 0.8 GeV2/c2, the signal fraction is 0.597 ± 0.012 and correcting for the non-resonant
contribution gives an overall purity for the J/ψ sample of 0.592 ± 0.012. The result of the fit
for the ψ (2S) sample is shown in figure 4(b). The χ2/ndf of the fit is 11/16 and returns values
of bs = 5.1 ± 0.7 GeV−2 and bpd = 0.8 ± 0.2 GeV−2. Below p 2

T = 0.8 GeV2/c2, the signal
fraction is 0.62 ± 0.08 and correcting for the non-resonant contribution gives an overall purity
for the ψ (2S) sample of 0.52 ± 0.07. In both cases, the values obtained for bs and bpd are in
agreement with the extrapolations of HERA results using Regge theory.

A systematic uncertainty is assigned due to the choice of the fit range and the shape
of the parametrization describing the inelastic background. Doubling the range of the fit for
the ψ (2S) candidates changes the signal fraction by 3%. Doubling the range of the fit for
the J/ψ candidates leads to a poor quality fit; a single exponential function does not
describe the background well. For large values of p 2

T, the H1 collaboration introduced a
function of the form (1 + bpd p 2

T/n )−n which interpolates between an exponential at low p 2
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and a power law at high p 2
T [8]. Using this functional form and holding n = 3.58, as determined
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Figure 4. Transverse momentum squared distributions for (a) J/ψ and (b) ψ (2S)
candidates, where the non-resonant background contribution has been subtracted using
side-bands. The points are data, the solid curve is the total fit while the different
contributions are as described.
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for the ψ (2S) sample of 0.52 ± 0.07. In both cases, the values obtained for bs and bpd are in
agreement with the extrapolations of HERA results using Regge theory.

A systematic uncertainty is assigned due to the choice of the fit range and the shape
of the parametrization describing the inelastic background. Doubling the range of the fit for
the ψ (2S) candidates changes the signal fraction by 3%. Doubling the range of the fit for
the J/ψ candidates leads to a poor quality fit; a single exponential function does not
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Figure 2. Transverse momentum squared for dimuons in the nonresonant region. The upper
distributions are without any requirement on HeRSCheL: the lower are with the HeRSCheL
veto applied. The total fit includes the electromagnetic CEP signal events as described by the
LPAIR generator as well as the inelastic background.
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Figure 4. Top: transverse momentum squared distribution of (left) J/ψ and (right) ψ(2S) candi-
dates when data is below the HeRSCheL threshold. Bottom: CEP signal for the (left) J/ψ and
(right) ψ(2S) selections. The single exponential fit of the signal is shown by the curve superimposed
on the data points.

The scale factor f(p2T) is known from data for values of p2T ! 0.8GeV2, since there is

little signal in this region as the signal distribution is expected to follow exp(−bsigp2T) with

bsig ≈ 6GeV−2. An extrapolation of f(p2T) is performed to the region p2T < 0.8GeV2 using

functions which fit the data well in the region p2T > 0.8GeV2. The default is an exponential

function for the J/ψ analysis and a constant for the ψ(2S) analysis. A linear dependence

is used to estimate the systematic uncertainty.

The p2T candidate distributions in data with the estimated backgrounds superimposed

are shown in the upper row of figure 4. The lower row shows the signal components after

subtracting the proton dissociation background. These are fitted with a single exponential

function, exp(−bsigp2T), to test the hypothesis that the signal has this dependence. The J/ψ

signal contribution is well described with bsig = 5.93± 0.08GeV−2, consistent with extrap-

olations from previous pp measurements at 7TeV and from H1 results [5, 11]. The corre-

sponding slope, in the ψ(2S) analysis, is bsig = 5.06±0.45GeV−2. Fits to the derived proton

dissociation components show that these are also consistent with a single exponential.

In the region 0 < p2T < 0.8GeV2, 0.175±0.015 of the J/ψ candidate sample is estimated

to be due to proton-dissociation events, while for the ψ(2S) sample the contamination is
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dates when data is below the HeRSCheL threshold. Bottom: CEP signal for the (left) J/ψ and
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olations from previous pp measurements at 7TeV and from H1 results [5, 11]. The corre-

sponding slope, in the ψ(2S) analysis, is bsig = 5.06±0.45GeV−2. Fits to the derived proton

dissociation components show that these are also consistent with a single exponential.
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The differential cross-section in each bin is

dσψ→µ+µ−

dy
(2.0 < ηµ < 4.5) =

PN

ϵrecϵsel∆yϵsingleLtot
, (4.1)

and the total cross-section, summed over all bins, is also calculated. In eq. (4.1), N is the

number of selected events, ϵrec and ϵsel are the efficiencies described in section 3.3, P is

the purity given in section 3.2, ∆y is the width of the rapidity bin, Ltot is the integrated

luminosity and ϵsingle is the efficiency for selecting single interaction events, which accounts

for the fact that the selection requirements reject signal events that are accompanied by a

visible proton-proton interaction in the same beam crossing.

The number of visible pp interactions per beam crossing, v, is assumed to follow a

Poisson distribution, P (v) = µve−µ/v!. The mean µ is determined from the fraction of

beam crossings with no visible activity and is calculated over the data-taking period in

roughly hour-long intervals. The probability that a signal event is not rejected due to

the presence of another visible interaction is given by P (0) and therefore ϵsingle = e−µ

which is equal to 0.3329± 0.0003. This value is about 40% higher than the corresponding

one in the 7TeV analysis. The lower number of pp interactions per beam crossing at√
s = 13TeV benefits the collection of CEP events. The integrated luminosity is evaluated

as 204± 8 pb−1 and is found from µ and a constant of proportionality that is measured in

a dedicated calibration dataset [27].

5 Systematic uncertainties

Various sources of systematic uncertainties have been considered and are summarised in

table 1 for the total cross-section. Excluding the uncertainty on the luminosity, they

amount to 2.5% in the J/ψ and 2.7% in the ψ(2S) cases.

The largest source of systematic uncertainty comes from the determination of the

HeRSCheL efficiency. The fit to the p2T distribution in figure 2 depends on assumptions

made on the shape of the signal and background components. A systematic uncertainty

is assessed firstly by changing the functional form of the background description, secondly

by fitting only the tail of the distribution and extrapolating the result to the signal, and

thirdly by using only the candidates in the first bin of the p2T distribution where the signal

dominates. The differences of each to the nominal fit are combined in quadrature which

results in a systematic uncertainty of 1.7% on the total cross-section.

Since the same methodology is used to determine the efficiency for vetoing events with

additional VELO tracks or photons, the associated systematic uncertainty is estimated with

the same procedure. Since the simulation shows a dependence on rapidity for the efficiency

due to the photon requirement, an additional uncertainty is added in quadrature in each

rapidity bin, corresponding to the limited sample size of the simulation. This leads to a

total systematic uncertainty of 0.2% on the total cross-section due to each veto requirement.

The systematic uncertainty on the efficiency of the mass-window requirement is ob-

tained by repeating the fit shown in figure 1 with the mass peak and resolution fixed to the

values of the simulation. The fit is also repeated by changing the background description

to a single exponential function across the whole region. The biggest difference with the

nominal fit between these two alternative fits is taken as the systematic uncertainty, which

is 0.6% on the total cross-sections.
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and the total cross-section, summed over all bins, is also calculated. In eq. (4.1), N is the

number of selected events, ϵrec and ϵsel are the efficiencies described in section 3.3, P is

the purity given in section 3.2, ∆y is the width of the rapidity bin, Ltot is the integrated

luminosity and ϵsingle is the efficiency for selecting single interaction events, which accounts

for the fact that the selection requirements reject signal events that are accompanied by a

visible proton-proton interaction in the same beam crossing.

The number of visible pp interactions per beam crossing, v, is assumed to follow a

Poisson distribution, P (v) = µve−µ/v!. The mean µ is determined from the fraction of

beam crossings with no visible activity and is calculated over the data-taking period in

roughly hour-long intervals. The probability that a signal event is not rejected due to

the presence of another visible interaction is given by P (0) and therefore ϵsingle = e−µ

which is equal to 0.3329± 0.0003. This value is about 40% higher than the corresponding

one in the 7TeV analysis. The lower number of pp interactions per beam crossing at√
s = 13TeV benefits the collection of CEP events. The integrated luminosity is evaluated

as 204± 8 pb−1 and is found from µ and a constant of proportionality that is measured in
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Various sources of systematic uncertainties have been considered and are summarised in

table 1 for the total cross-section. Excluding the uncertainty on the luminosity, they

amount to 2.5% in the J/ψ and 2.7% in the ψ(2S) cases.

The largest source of systematic uncertainty comes from the determination of the

HeRSCheL efficiency. The fit to the p2T distribution in figure 2 depends on assumptions

made on the shape of the signal and background components. A systematic uncertainty

is assessed firstly by changing the functional form of the background description, secondly

by fitting only the tail of the distribution and extrapolating the result to the signal, and

thirdly by using only the candidates in the first bin of the p2T distribution where the signal

dominates. The differences of each to the nominal fit are combined in quadrature which

results in a systematic uncertainty of 1.7% on the total cross-section.

Since the same methodology is used to determine the efficiency for vetoing events with

additional VELO tracks or photons, the associated systematic uncertainty is estimated with

the same procedure. Since the simulation shows a dependence on rapidity for the efficiency

due to the photon requirement, an additional uncertainty is added in quadrature in each

rapidity bin, corresponding to the limited sample size of the simulation. This leads to a

total systematic uncertainty of 0.2% on the total cross-section due to each veto requirement.

The systematic uncertainty on the efficiency of the mass-window requirement is ob-

tained by repeating the fit shown in figure 1 with the mass peak and resolution fixed to the

values of the simulation. The fit is also repeated by changing the background description

to a single exponential function across the whole region. The biggest difference with the

nominal fit between these two alternative fits is taken as the systematic uncertainty, which

is 0.6% on the total cross-sections.
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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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addition of new scintillators in the forward region has resulted in lower backgrounds in pp

collisions at a centre-of-mass energy
√
s = 13TeV compared to the previous measurement

at
√
s = 7TeV. As a consequence, the systematic uncertainty on the J/ψ cross-section

is reduced from 5.6% at
√
s = 7TeV to 2.7% at

√
s = 13TeV, reflecting an improved

understanding of the background proton-dissociation process. After correcting for the

muon acceptance, the cross-sections for the J/ψ and ψ(2S) mesons are compared to theory

and found to be in better agreement with the JMRT NLO rather than LO predictions.

The derived cross-section for J/ψ photoproduction shows a deviation from a pure power-

law extrapolation of H1 data, while the ψ(2S) results are consistent although more data

are required in this channel to make a critical comparison.
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collisions at a centre-of-mass energy
√
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at
√
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s = 7TeV to 2.7% at

√
s = 13TeV, reflecting an improved

understanding of the background proton-dissociation process. After correcting for the

muon acceptance, the cross-sections for the J/ψ and ψ(2S) mesons are compared to theory

and found to be in better agreement with the JMRT NLO rather than LO predictions.

The derived cross-section for J/ψ photoproduction shows a deviation from a pure power-

law extrapolation of H1 data, while the ψ(2S) results are consistent although more data

are required in this channel to make a critical comparison.
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To compare with theoretical predictions, which are generally expressed with-

out fiducial requirements on the muons, the differential cross-sections for J/ψ and

ψ(2S) mesons as functions of the meson rapidity are calculated by correcting for

the branching fractions to muon pairs, B(J/ψ → µ+µ−) = (5.961 ± 0.033)% and

B(ψ(2S) → µ+µ−) = (0.79± 0.09)% [25], and for the fraction of those muons that fall in-

side the fiducial acceptance of the measurement. The fiducial acceptance is determined

using SuperCHIC [19] assuming that the polarisation of the meson is the same as that of

the photon. The acceptance values in bins of meson rapidity are tabulated in table 4 along

with the differential cross-section results. These are plotted in figure 5 and compared to

the theoretical calculations of refs. [28, 29]. Both measurements are in better agreement

with the next-to-LO (NLO) predictions. The χ2/ndf for the J/ψ analysis is 8.1/10 while

for the ψ(2S) analysis, it is 3.0/3. They are less consistent with the LO predictions having

28.5/10 and 11.0/3 for the J/ψ and ψ(2S) analysis, respectively.

The cross-section for the CEP of vector mesons in pp collisions is related to the pho-

toproduction cross-section, σγp→ψp [28],

σpp→pψp = r(W+)k+
dn

dk+
σγp→ψp(W+) + r(W−)k−

dn

dk−
σγp→ψp(W−). (6.1)

Here, r is the gap survival factor, k± ≡ Mψ/2e±y is the photon energy, dn/dk± is the

photon flux and W 2
± = 2k±

√
s is the invariant mass of the photon-proton system. Equa-

tion (6.1) shows that there is a two-fold ambiguity with W+,W− both contributing to one

LHCb rapidity bin. Since the W− solution contributes about one third and as it has been

previously measured at HERA, this term is fixed using the H1 parametrisation of their

results [5]: σγp→J/ψp = a(W/90GeV)δ with a = 81 ± 3 pb and δ = 0.67 ± 0.03. For the

ψ(2S) W− solution, the H1 J/ψ parametrisation is scaled by 0.166, their measured ratio of

ψ(2S) to J/ψ cross-sections [8]. The photon flux is taken from ref. [30] and the gap survival

probabilities are taken from ref. [31]. With these inputs, which for ease of calculation are

reproduced in tables 7 and 8 in the appendix, eq. (6.1) allows the calculation of σγp→ψp at

high values of W beyond the kinematic reach of HERA.

The photoproduction cross-sections for J/ψ and ψ(2S) are shown in figure 6. It includes

a comparison to H1 [5], ZEUS [7] and ALICE [10] results, and at lower W values fixed

target data from E401 [2], E516 [3] and E687 [4]. Also shown are previous LHCb results

at
√
s = 7TeV, recalculated using improved photon flux and gap survival factors. The

13TeV LHCb data are in agreement with the 7TeV results in the kinematic region where

they overlap. However, the 13TeV data extends the W reach to almost 2TeV. Figure 6

also shows the power-law fit to H1 data [5] and it can be seen that this is insufficient to

describe the J/ψ data at the highest energies. In contrast, the data is in good agreement

with the JMRT prediction, which takes account of most of the NLO QCD effects [31] and

deviates from a simple power-law shape at high W .

7 Conclusions

Measurements are presented of the cross-sections times branching fractions for exclusive

J/ψ and ψ(2S) mesons decaying to muons with pseudorapidities between 2.0 and 4.5. The

– 14 –
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M 
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Figure 6. Compilation of photoproduction cross-sections for various experiments. The upper
(lower) plot uses the J/ψ (ψ(2S)) data.
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Figure 2. Invariant dimuon mass spectrum for 7TeV and 8TeV data in the rapidity range 2 <
y(Υ) < 4.5 (black points). The fit PDF is superimposed (solid blue line). The Υ(1S, 2S, 3S)
signal components, used to derive weights, are indicated with a long-dashed (red) line, and the
non-resonant background is marked with a short-dashed (grey) line.

The feed-down background is estimated using a combination of data and simulation,

considering χb(mP ) → Υ(nS)γ decays. Events are considered in the data set if exactly

one photon is found in addition to the Υ candidate. Regions in the Υγ invariant mass

spectrum are defined, corresponding to the χb(1P, 2P, 3P ) states, and the number of χb

candidates, Nχb , for each decay χb(mP ) → Υ(nS)γ is counted. An estimate of the total

feed-down content of the Υ data sample from each χb state is found using the expression:

Nfeed-down, χb(mP )→Υ(nS)γ =
Nχb × F

ϵγ × ϵmass-range
. (4.1)

Here F is the purity of the Υ(nS) in the corresponding mass window with respect to the

non-resonant µ+µ−γ background, determined by fitting the dimuon mass spectrum for

events with exactly one reconstructed photon; ϵγ is the efficiency for reconstructing the

photon produced in each χb(mP ) decay, determined using simulated exclusive χb(mP ) →
Υ(nS)γ decays; and ϵmass-range = 0.9 corrects for the fraction of signal Υ candidates which

are expected to fall outside the mass window. There are too few Υ(3S)γ candidates to

estimate the purity precisely so it is assumed to be 100%. Because of limited mass resolution

and small sample sizes the χb spin states cannot be resolved, so equal contributions from

the χb1(mP ) and χb2(mP ) states are assumed. The χb0 radiative decay rate is expected to

be relatively suppressed and is therefore neglected [23]. The feed-down background yields

are given in table 2.

Since the mass shapes for signal and background do not significantly depend on pT over

the pT range considered, the p2T distribution of the Υ candidates is determined using the

sPlot technique [25]. A fit is then performed to the p2T distribution, shown in figure 3, using

candidates in the full rapidity range 2.0 < y(Υ) < 4.5, with fit components corresponding

to the Υ signal, inelastic background and feed-down background. The fraction of exclusive

signal calculated from this fit is assumed to be the same for each rapidity bin.
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Figure 2. Invariant dimuon mass spectrum for 7TeV and 8TeV data in the rapidity range 2 <
y(Υ) < 4.5 (black points). The fit PDF is superimposed (solid blue line). The Υ(1S, 2S, 3S)
signal components, used to derive weights, are indicated with a long-dashed (red) line, and the
non-resonant background is marked with a short-dashed (grey) line.

The feed-down background is estimated using a combination of data and simulation,

considering χb(mP ) → Υ(nS)γ decays. Events are considered in the data set if exactly

one photon is found in addition to the Υ candidate. Regions in the Υγ invariant mass

spectrum are defined, corresponding to the χb(1P, 2P, 3P ) states, and the number of χb

candidates, Nχb , for each decay χb(mP ) → Υ(nS)γ is counted. An estimate of the total

feed-down content of the Υ data sample from each χb state is found using the expression:

Nfeed-down, χb(mP )→Υ(nS)γ =
Nχb × F

ϵγ × ϵmass-range
. (4.1)

Here F is the purity of the Υ(nS) in the corresponding mass window with respect to the

non-resonant µ+µ−γ background, determined by fitting the dimuon mass spectrum for

events with exactly one reconstructed photon; ϵγ is the efficiency for reconstructing the

photon produced in each χb(mP ) decay, determined using simulated exclusive χb(mP ) →
Υ(nS)γ decays; and ϵmass-range = 0.9 corrects for the fraction of signal Υ candidates which

are expected to fall outside the mass window. There are too few Υ(3S)γ candidates to

estimate the purity precisely so it is assumed to be 100%. Because of limited mass resolution

and small sample sizes the χb spin states cannot be resolved, so equal contributions from

the χb1(mP ) and χb2(mP ) states are assumed. The χb0 radiative decay rate is expected to

be relatively suppressed and is therefore neglected [23]. The feed-down background yields

are given in table 2.

Since the mass shapes for signal and background do not significantly depend on pT over

the pT range considered, the p2T distribution of the Υ candidates is determined using the

sPlot technique [25]. A fit is then performed to the p2T distribution, shown in figure 3, using

candidates in the full rapidity range 2.0 < y(Υ) < 4.5, with fit components corresponding

to the Υ signal, inelastic background and feed-down background. The fraction of exclusive

signal calculated from this fit is assumed to be the same for each rapidity bin.
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Figure 3. Fit to the p2T distribution of the Υ candidates in the full rapidity range.

2 < y < 3 3 < y < 3.5 3.5 < y < 4.5 2 < y < 4.5

Υ(1S) Υ(1S) Υ(1S) Υ(1S) Υ(2S) Υ(3S)

Purity fit 14.2 14.2 14.2 13.7 13.7 13.7

Feed-down b.g. 12.2 12.2 12.3 12.2 14.6 12.5

Υ′ feed-down 4.0 4.3 5.4 4.5 11.1 —

Mass fit 2.2 2.8 2.9 2.1 2.8 3.6

Luminosity 2.3 2.3 2.3 2.3 2.3 2.3

B(Υ → µ+µ−) 2.0 2.0 2.0 2.0 8.8 9.6

Total 19.5 19.7 20.0 19.3 24.8 21.4

Table 3. Summary of the relative systematic uncertainties, in %.

of the feed-down yield. The fit to the p2T distribution in the full rapidity range, shown in

figure 3, gives

P ≡ Nexclusive

Nexclusive +Ninelastic
= (54± 11)% ,

with the exponential slope of the inelastic background measured to be −0.21±0.26GeV−2c2.

The results of fits to the p2T distribution in each rapidity interval are consistent with this

value. In order to validate the fit procedure, a set of pseudoexperiments is generated

using the parameters obtained from the fit to the data, and the same fit is applied to each

pseudoexperiment. The uncertainty on the purity is underestimated by 15% in the fit and

the statistical uncertainty quoted takes account of this.

5 Systematic uncertainties

The relative systematic uncertainties for the Υ(1S, 2S, 3S) cross-sections in the various

rapidity ranges are summarised in table 3.

Contributions to the systematic uncertainty arising from the p2T fit are considered: the

uncertainty in the signal p2T distribution as modelled by the SuperChiC generator and the
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Figure 4. Measurements of exclusive Υ(1S) photoproduction compared to theoretical predictions.
In (a), the Υ(1S) cross-section in bins of rapidity is shown, compared to LO and NLO predictions.
The LHCb measurements are indicated by black points with error bars for uncorrelated errors, and
solid rectangles indicating the total uncertainty. In (b), the photon-proton cross-sections extracted
from the LHCb results are indicated by black points, where the statistical and systematic uncer-
tainties are combined in quadrature. The entire W -region in which these LHCb measurements are
sensitive is indicated. Measurements made by H1 and ZEUS in the low-W region are indicated by
red and blue markers, respectively [4, 5, 7]. Predictions from ref. [1] are included, resulting from
LO and NLO fits to exclusive J/ψ production data. The filled bands indicate the theoretical un-
certainties on the 7TeV prediction and the solid lines indicate the central values of the predictions
for 8TeV. In (b) predictions from ref. [2] using different models for the Υ(1S) wave function are
included, indicated by ‘bCGC’.

cross-section is given by

dσth(pp → pΥ(1S)p)

dy
= S2(W+)

(
k+

dn

dk+

)
σth+ (γp) + S2(W−)

(
k−

dn

dk−

)
σth− (γp), (6.2)

where the predictions for the photon-proton cross-section are weighted by absorptive correc-

tions S2(W±) and the photon fluxes dn
dk±

for photons of energy k± ≈ (MΥ(nS)/2) exp(±|y|).
The absorptive corrections and photon fluxes are computed following ref. [1].

The three bins of Υ(1S) rapidity chosen in this analysis correspond to ranges of W

for the W+ and W− solutions. The contribution to the total cross-section from the W−
solutions is expected to be small and is therefore neglected. The dominant W+ solutions

are therefore estimated assuming that they dominate the cross-section, and are shown in

figure 4b. The magnitude of the theoretical prediction for the W− solutions is added as

a systematic uncertainty. The good agreement with the NLO prediction seen in figure 4a

is reproduced. The LHCb measurements probe a new kinematic region complementary to

that studied at HERA [4, 5, 7], as seen in figure 4b, and discriminate between LO and NLO

predictions. In figure 4b, the LHCb data are also compared to the predictions given in

ref. [2] using models conforming to the colour glass condensate (CGC) formalism [29] that

take into account the t-dependence of the differential cross-section. All agree well with the

data. The solid (black) and dotted (blue) lines correspond to two different models for the

scalar part of the vector-meson wave function.
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Figure 4. Measurements of exclusive Υ(1S) photoproduction compared to theoretical predictions.
In (a), the Υ(1S) cross-section in bins of rapidity is shown, compared to LO and NLO predictions.
The LHCb measurements are indicated by black points with error bars for uncorrelated errors, and
solid rectangles indicating the total uncertainty. In (b), the photon-proton cross-sections extracted
from the LHCb results are indicated by black points, where the statistical and systematic uncer-
tainties are combined in quadrature. The entire W -region in which these LHCb measurements are
sensitive is indicated. Measurements made by H1 and ZEUS in the low-W region are indicated by
red and blue markers, respectively [4, 5, 7]. Predictions from ref. [1] are included, resulting from
LO and NLO fits to exclusive J/ψ production data. The filled bands indicate the theoretical un-
certainties on the 7TeV prediction and the solid lines indicate the central values of the predictions
for 8TeV. In (b) predictions from ref. [2] using different models for the Υ(1S) wave function are
included, indicated by ‘bCGC’.

cross-section is given by

dσth(pp → pΥ(1S)p)

dy
= S2(W+)

(
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)
σth+ (γp) + S2(W−)

(
k−
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dk−

)
σth− (γp), (6.2)

where the predictions for the photon-proton cross-section are weighted by absorptive correc-

tions S2(W±) and the photon fluxes dn
dk±

for photons of energy k± ≈ (MΥ(nS)/2) exp(±|y|).
The absorptive corrections and photon fluxes are computed following ref. [1].

The three bins of Υ(1S) rapidity chosen in this analysis correspond to ranges of W

for the W+ and W− solutions. The contribution to the total cross-section from the W−
solutions is expected to be small and is therefore neglected. The dominant W+ solutions

are therefore estimated assuming that they dominate the cross-section, and are shown in

figure 4b. The magnitude of the theoretical prediction for the W− solutions is added as

a systematic uncertainty. The good agreement with the NLO prediction seen in figure 4a

is reproduced. The LHCb measurements probe a new kinematic region complementary to

that studied at HERA [4, 5, 7], as seen in figure 4b, and discriminate between LO and NLO

predictions. In figure 4b, the LHCb data are also compared to the predictions given in

ref. [2] using models conforming to the colour glass condensate (CGC) formalism [29] that

take into account the t-dependence of the differential cross-section. All agree well with the

data. The solid (black) and dotted (blue) lines correspond to two different models for the

scalar part of the vector-meson wave function.
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uncertainty that varies from 0.4% at low momentum to 0.6% at 100 GeV90. The minimum
distance of a track to a primary vertex, the impact parameter, is measured with a resolution of

p(15 29 ) mT μ+ , where pT is the component of momentum transverse to the beam, in GeV.
In addition, the VELO has sensitivity to charged particles with momenta above ∼100MeV in
the pseudorapidity range 3.5 1.5η− < < − (backward region), while extending the sensitivity
of the forward region to 1.5 5η< < .

Different types of charged hadrons are distinguished using information from two ring-
imaging Cherenkov detectors [23]. Photon, electron and hadron candidates are identified by a
calorimeter system consisting of scintillating-pad (SPD) and pre-shower detectors, an elec-
tromagnetic calorimeter and a hadronic calorimeter. The SPD also provides a measure of the
charged particle multiplicity in an event. Muons are identified by a system composed of
alternating layers of iron and multiwire proportional chambers [24]. The trigger [25] consists
of a hardware stage, based on information from the calorimeter and muon systems, followed
by a software stage, which applies a full event reconstruction.

The data used in this analysis correspond to an integrated luminosity of 946 33 pb 1± −

collected in 2011 at a centre-of-mass energy s 7 TeV= and 1985 69 pb 1± − collected in
2012 at s 8 TeV= . The two datasets are combined because the overall yields are low and
the cross-sections are expected to be similar at the two energies. The J ψ and S(2 )ψ mesons
are identified through their decays to two muons, while the χc mesons are searched for in the
decay channels Jcχ ψγ→ . The protons are only marginally deflected by the peripheral
collision and remain undetected inside the beam pipe. Therefore, the signature for exclusive
charmonium pairs is an event containing four muons, at most two photons, and no other
activity. Beam-crossings with multiple proton interactions produce additional activity; in the
2011 (2012) data-taking period the average number of visible interactions per bunch crossing
was 1.4 (1.7). Requiring an exclusive signature restricts the analysis to beam crossings with a
single pp interaction.

Simulated events are used primarily to determine the detector acceptance. No generator
has implemented exclusive J ψ pair production; therefore, the dimeson system is constructed
with the mass and transverse momentum distribution observed in the data, and the rapidity
distribution as predicted for DPE processes by the Durham model [10]. Systematic uncer-
tainties associated with this procedure are discussed in section 5. The dimeson system is
forced to decay, ignoring spin and polarization effects, using the PYTHIA generator [26] and
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distance of a track to a primary vertex, the impact parameter, is measured with a resolution of
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of the forward region to 1.5 5η< < .
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calorimeter system consisting of scintillating-pad (SPD) and pre-shower detectors, an elec-
tromagnetic calorimeter and a hadronic calorimeter. The SPD also provides a measure of the
charged particle multiplicity in an event. Muons are identified by a system composed of
alternating layers of iron and multiwire proportional chambers [24]. The trigger [25] consists
of a hardware stage, based on information from the calorimeter and muon systems, followed
by a software stage, which applies a full event reconstruction.

The data used in this analysis correspond to an integrated luminosity of 946 33 pb 1± −
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uncertainty that varies from 0.4% at low momentum to 0.6% at 100 GeV90. The minimum
distance of a track to a primary vertex, the impact parameter, is measured with a resolution of

p(15 29 ) mT μ+ , where pT is the component of momentum transverse to the beam, in GeV.
In addition, the VELO has sensitivity to charged particles with momenta above ∼100MeV in
the pseudorapidity range 3.5 1.5η− < < − (backward region), while extending the sensitivity
of the forward region to 1.5 5η< < .

Different types of charged hadrons are distinguished using information from two ring-
imaging Cherenkov detectors [23]. Photon, electron and hadron candidates are identified by a
calorimeter system consisting of scintillating-pad (SPD) and pre-shower detectors, an elec-
tromagnetic calorimeter and a hadronic calorimeter. The SPD also provides a measure of the
charged particle multiplicity in an event. Muons are identified by a system composed of
alternating layers of iron and multiwire proportional chambers [24]. The trigger [25] consists
of a hardware stage, based on information from the calorimeter and muon systems, followed
by a software stage, which applies a full event reconstruction.

The data used in this analysis correspond to an integrated luminosity of 946 33 pb 1± −

collected in 2011 at a centre-of-mass energy s 7 TeV= and 1985 69 pb 1± − collected in
2012 at s 8 TeV= . The two datasets are combined because the overall yields are low and
the cross-sections are expected to be similar at the two energies. The J ψ and S(2 )ψ mesons
are identified through their decays to two muons, while the χc mesons are searched for in the
decay channels Jcχ ψγ→ . The protons are only marginally deflected by the peripheral
collision and remain undetected inside the beam pipe. Therefore, the signature for exclusive
charmonium pairs is an event containing four muons, at most two photons, and no other
activity. Beam-crossings with multiple proton interactions produce additional activity; in the
2011 (2012) data-taking period the average number of visible interactions per bunch crossing
was 1.4 (1.7). Requiring an exclusive signature restricts the analysis to beam crossings with a
single pp interaction.

Simulated events are used primarily to determine the detector acceptance. No generator
has implemented exclusive J ψ pair production; therefore, the dimeson system is constructed
with the mass and transverse momentum distribution observed in the data, and the rapidity
distribution as predicted for DPE processes by the Durham model [10]. Systematic uncer-
tainties associated with this procedure are discussed in section 5. The dimeson system is
forced to decay, ignoring spin and polarization effects, using the PYTHIA generator [26] and

Figure 1. Representative Feynman diagrams for pairs of charmonia produced through
double pomeron exchange. In the left, one t-channel gluon is much softer than the other
while in the right, they are similar.

90 Natural units are used throughout this paper.
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Di-muon invariant mass distributions

passed through a GEANT4 [27] based detector simulation, the trigger emulation and the event
reconstruction chain of the LHCb experiment.

3. Event selection and yields

The hardware trigger used in this analysis requires a single muon candidate with transverse
momentum pT > 400MeV in coincidence with a low SPD multiplicity ( 10< hits). The
software trigger used to select signal events requires two muons with p 400T > MeV.

The analysis is performed in the fiducial region where the dimeson system has a rapidity
between 2.0 and 4.5. The selection of pairs of S-wave charmonia begins by requiring four
reconstructed tracks that incorporate VELO information, for which the acceptance is about
30%. At least three tracks are required to be identified as muons. It is required that there are
no photons reconstructed in the detector and no other tracks that have VELO information.

The invariant masses of oppositely charged muon candidates is shown in the left plot of
figure 2. Accumulations of events are apparent around the J ψ and S(2 )ψ masses. Requiring

Figure 2. Left: invariant masses of pairs of oppositely charged muons in events with
exactly four tracks. Of the two possible ways of combining the muons per event, the
one with the higher value for the lower-mass pair is plotted. Right: invariant mass of
the second pair of tracks where the first pair has a mass consistent with the J ψ or

S(2 )ψ meson. When both masses are consistent with a charmonium, only the candidate
with the higher mass is displayed. The curve shows an exponential fit in the region
below 2500 MeV.

Figure 3. Invariant mass of the four-muon system in (left) J Jψ ψ and (right) SJ (2 )ψψ
events.
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3. Event selection and yields

The hardware trigger used in this analysis requires a single muon candidate with transverse
momentum pT > 400MeV in coincidence with a low SPD multiplicity ( 10< hits). The
software trigger used to select signal events requires two muons with p 400T > MeV.

The analysis is performed in the fiducial region where the dimeson system has a rapidity
between 2.0 and 4.5. The selection of pairs of S-wave charmonia begins by requiring four
reconstructed tracks that incorporate VELO information, for which the acceptance is about
30%. At least three tracks are required to be identified as muons. It is required that there are
no photons reconstructed in the detector and no other tracks that have VELO information.

The invariant masses of oppositely charged muon candidates is shown in the left plot of
figure 2. Accumulations of events are apparent around the J ψ and S(2 )ψ masses. Requiring
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exactly four tracks. Of the two possible ways of combining the muons per event, the
one with the higher value for the lower-mass pair is plotted. Right: invariant mass of
the second pair of tracks where the first pair has a mass consistent with the J ψ or

S(2 )ψ meson. When both masses are consistent with a charmonium, only the candidate
with the higher mass is displayed. The curve shows an exponential fit in the region
below 2500 MeV.
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J. Phys. G: Nucl. Part. Phys. 41 (2014) 115002 a single interaction, and M( ( ))i μμ γ→ is the branching fraction for the meson to decay to
two muons in the case of S-wave states, and two muons and a photon for P-wave states.

The luminosity has been determined with an uncertainty of 3.5% [31]. The factor, fsingle,
accounts for the fact that the selection requirements reject signal events that are accompanied
by a visible proton-proton interaction in the same beam crossing, and is calculated as
described in [2]. The cross-section measurements for 2011 and 2012 data are consistent and
are combined to produce results at an average centre-of-mass energy of 7.6 TeV. All the
numbers entering the cross-section calculation are given in table 1, while the systematic
uncertainties of the quantities in the denominator of equation (2) are summarized in table 2.
Where zero or one candidate is observed, 90% confidence levels (CL) are calculated by
performing pseudo-experiments in which the quantities in equation (2) are varied according to
their uncertainties and pseudo-candidates are generated according to a Poisson distribution.
The upper bound at 90% CL is defined as the smallest cross-section value that in 90% of
pseudo-experiments leads to more candidate events than observed in data. The cross-sections,
at an average energy of 7.6 TeV, for the dimeson system to be in the rapidity range

y2.0 4.5< < with no other charged or neutral energy inside the LHCb acceptance are
measured to be

58 10(stat) 6(syst) pb,
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45 pb,
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where the upper limits are at 90% CL. To compare with theory, the elastic fraction is taken to
be 0.42 0.13± , as determined in section 4, to give an estimated cross-section for CEP of
J Jψ ψ of 24 9 pb± , where all the uncertainties are combined in quadrature. Using the
formalism of [12], a preliminary prediction [32] of 8 pb at s 8 TeV= has been obtained.
There is a large uncertainty of a factor two to three on this value due to the gluon parton
density function that enters with the fourth power, the choice of the gap survival factor [33],
and the value of the J ψ wave-function at the origin [7, 11, 34]. Theory and experiment are
observed to be in reasonable agreement, given the large uncertainties that currently exist
on both.

The relative sizes of the cross-sections for exclusive SJ (2 )ψψ and J Jψ ψ production,
assuming a similar elastic fraction, is

S(J (2 ))
(J J )

1.1 ,0.4
0.5σ ψψ

σ ψ ψ = −
+

where the total uncertainty is quoted and most systematics, bar that on the branching
fractions, cancel in the ratio. This is in agreement with a theoretical estimate for this ratio of
about 0.5 [7]. The equivalent quantity measured in exclusive single charmonium production
[2] is

S( (2 ))
(J )

0.17 0.02.
σ ψ

σ ψ = ±

No strong conclusion can be drawn on the higher relative fraction of S(2 )ψ to J ψ in double
charmonium production compared to that in single charmonium production, due to the large
uncertainty.
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corrected for proton dissociation
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two muons in the case of S-wave states, and two muons and a photon for P-wave states.

The luminosity has been determined with an uncertainty of 3.5% [31]. The factor, fsingle,
accounts for the fact that the selection requirements reject signal events that are accompanied
by a visible proton-proton interaction in the same beam crossing, and is calculated as
described in [2]. The cross-section measurements for 2011 and 2012 data are consistent and
are combined to produce results at an average centre-of-mass energy of 7.6 TeV. All the
numbers entering the cross-section calculation are given in table 1, while the systematic
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where the upper limits are at 90% CL. To compare with theory, the elastic fraction is taken to
be 0.42 0.13± , as determined in section 4, to give an estimated cross-section for CEP of
J Jψ ψ of 24 9 pb± , where all the uncertainties are combined in quadrature. Using the
formalism of [12], a preliminary prediction [32] of 8 pb at s 8 TeV= has been obtained.
There is a large uncertainty of a factor two to three on this value due to the gluon parton
density function that enters with the fourth power, the choice of the gap survival factor [33],
and the value of the J ψ wave-function at the origin [7, 11, 34]. Theory and experiment are
observed to be in reasonable agreement, given the large uncertainties that currently exist
on both.

The relative sizes of the cross-sections for exclusive SJ (2 )ψψ and J Jψ ψ production,
assuming a similar elastic fraction, is
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where the total uncertainty is quoted and most systematics, bar that on the branching
fractions, cancel in the ratio. This is in agreement with a theoretical estimate for this ratio of
about 0.5 [7]. The equivalent quantity measured in exclusive single charmonium production
[2] is
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No strong conclusion can be drawn on the higher relative fraction of S(2 )ψ to J ψ in double
charmonium production compared to that in single charmonium production, due to the large
uncertainty.
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Summary and outlook
• CEP: rich field of physics 

• LHCb results on single J/ψ, ψ(2S), ϒ production in pp collisions:                                         
gluon GPDs and PDFs 

• LHCb results on pairs of charmonium:                                                                       
double-pomeron exchange, tetraquarks, glueballs 

• preliminary results on J/ψ and ψ(2S) in PbPb collisions (LHCb-CONF-2018-003):                   
nuclear GPDs and PDFs, shadowing 

• preliminary results on     in pp collisions (LHCb-CONF-2011-022):                                                                   
double-pomeron exchange 

• preliminary results on dimuon Bethe-Heitler production in pp collisions (LHCb-CONF-2011-022)                                                                 

• various analysis in pp, pPb and PbPb collisions with dimuon and single and double meson-production 
are ongoing

 18
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Table 2. Differential cross-section times branching ratio, in units of pb, for mesons
decaying to two muons, both with 2.0 < η < 4.5, in bins of meson rapidity.
Only the uncorrelated statistical uncertainties are quoted with the central values. The
uncertainties, correlated between bins, are tabulated in the lower table. Those with an
asterisk enter into the systematic uncertainty.

y range [2.00, 2.25] [2.25,2.50] [2.50,2.75] [2.75,3.00] [3.00,3.25]

dσ
dy J/ψ 29.3 ± 1.7 92.5 ± 2.4 137.8 ± 2.4 173.1 ± 2.6 198.0 ± 2.7
dσ
dy ψ (2S) 0.56 ± 0.11 1.75 ± 0.17 3.06 ± 0.22 4.41 ± 0.26 4.24 ± 0.26

y range [3.25, 3.50] [3.50,3.75] [3.75,4.00] [4.00,4.25] [4.25,4.50]
dσ
dy J/ψ 187.6 ± 2.6 148.9 ± 2.4 107.4 ± 2.1 65.3 ± 2.0 21.9 ± 1.3
dσ
dy ψ (2S) 4.51 ± 0.27 3.43 ± 0.25 2.05 ± 0.20 1.47 ± 0.19 0.36 ± 0.11

Correlated uncertainties expressed as a percentage of the final result

ϵsel 1.4%
Purity determination 2.0%
(J/ψ )
Purity determination 13.0%
(ψ (2S))
∗ϵsingle 1.0%
∗Acceptance 2.0%
∗Shape of the inelastic 5.0%
background
∗Luminosity 3.5%
Total correlated statistical 2.4%
uncertainty (J/ψ )

Total correlated statistical 13.0%
uncertainty (ψ (2S))
Total correlated systematic 6.5%
uncertainty

with both muons inside 2.0 < ηµ± < 4.5, which are reported in table 2. The uncorrelated
statistical uncertainties are combined in quadrature and are reported in the top half of the table.
The statistical uncertainties on ϵsel and the purity are correlated between bins and are quoted
in the lower half of the table. The systematic uncertainties on the fraction of single interaction
beam crossings, the acceptance, the shape of the inelastic background and the luminosity are
also correlated between bins and are indicated separately.

The total cross-section times branching fraction to two muons is obtained by integrating
the cross-sections in table 2. The uncorrelated statistical uncertainties are added in quadrature
and combined with the correlated ones to give the total statistical uncertainty. The correlated
systematic uncertainties, indicated in the lower part of table 2 by asterisks, are combined to
give the total systematic uncertainty. This leads to the following results for the cross-section
times branching fraction to two muons having pseudorapidities between 2.0 and 4.5:

σpp→J/ψ →µ+µ−(2.0 < ηµ± < 4.5) = 291 ± 7 ± 19 pb,

σpp→ψ (2S)→µ+µ−(2.0 < ηµ± < 4.5) = 6.5 ± 0.9 ± 0.4 pb,
(2)

where the first uncertainty is statistical and the second is systematic.
The differential cross-section results reported in table 2 correspond to muons that enter

the LHCb detector fiducial volume. Differential cross-section results as a function of meson
rapidity are obtained by dividing by the known meson branching fraction to two muons [22] and
by the fraction of decays with 2.0 < ηµ± < 4.5. The former introduces an additional systematic
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J
H
E
P
1
0
(
2
0
1
8
)
1
6
7

Source J/ψ analysis (%) ψ(2S) analysis (%)

HeRSCheL veto 1.7 1.7

2 VELO track 0.2 0.2

0 photon veto 0.2 0.2

Mass window 0.6 0.6

p2T veto 0.3 0.3

Proton dissociation 0.7 0.7

Feed-down 0.7 -

Nonresonant 0.1 1.5

Tracking efficiency 0.7 0.7

Muon ID efficiency 0.4 0.4

Trigger efficiency 0.2 0.2

Total excluding luminosity 2.5 2.7

Luminosity 3.9 3.9

Table 1. Summary of relative systematic uncertainties on the total cross-section.

The uncertainty on the efficiency of selecting candidates with p2T < 0.8GeV2 is 0.3%.

It is obtained by varying the signal shape from that shown in figure 4 to the one obtained

by using the approach of the previous analysis [11] where the p2T distribution is fitted with

two exponential functions, one describing the proton dissociation and the other the signal

shape. The slope and normalisations of each are free. The difference in efficiency between

the two approaches is added in quadrature to the uncertainty coming from the propagation

of the uncertainties on the parameters describing the Regge dependence that determines

the rapidity dependence.

The proton-dissociation contamination depends on the extrapolation from the

background-dominated high p2T region to the signal-dominated low p2T region. The cor-

responding systematic uncertainty is assigned by changing the form of the extrapolation

function from the nominal exponential one to an alternative linear function, or fitting the

p2T distribution with two exponential functions to get the background contamination. The

systematic uncertainty is the biggest difference between the nominal results and those from

the two alternative approaches, and corresponds to 0.7% on the total cross-section.

The systematic uncertainty due to the feed-down contribution in the J/ψ analysis is

assessed to be 0.7% on the total cross-section. It corresponds to the largest difference in the

cross-section determination from a series of alternative fits to the J/ψ+γ spectrum in which

the photon energy scale, photon detection efficiency, invariant mass resolution, material

interactions, and the ψ(2S) contribution, are each varied by their estimated uncertainties.

An alternative estimate of the nonresonant background in figure 1 is performed by

fitting a single exponential function between 1.5 and 2.5GeV and extrapolating this into

the signal region. This changes the total cross-section by 0.1% in the J/ψ analysis and

1.5% in the ψ(2S) analysis. These values are taken as systematic uncertainties due to the

nonresonant background.

– 10 –
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Figure 3. Fit to the p2T distribution of the Υ candidates in the full rapidity range.

2 < y < 3 3 < y < 3.5 3.5 < y < 4.5 2 < y < 4.5

Υ(1S) Υ(1S) Υ(1S) Υ(1S) Υ(2S) Υ(3S)

Purity fit 14.2 14.2 14.2 13.7 13.7 13.7

Feed-down b.g. 12.2 12.2 12.3 12.2 14.6 12.5

Υ′ feed-down 4.0 4.3 5.4 4.5 11.1 —

Mass fit 2.2 2.8 2.9 2.1 2.8 3.6

Luminosity 2.3 2.3 2.3 2.3 2.3 2.3

B(Υ → µ+µ−) 2.0 2.0 2.0 2.0 8.8 9.6

Total 19.5 19.7 20.0 19.3 24.8 21.4

Table 3. Summary of the relative systematic uncertainties, in %.

of the feed-down yield. The fit to the p2T distribution in the full rapidity range, shown in

figure 3, gives

P ≡ Nexclusive

Nexclusive +Ninelastic
= (54± 11)% ,

with the exponential slope of the inelastic background measured to be −0.21±0.26GeV−2c2.

The results of fits to the p2T distribution in each rapidity interval are consistent with this

value. In order to validate the fit procedure, a set of pseudoexperiments is generated

using the parameters obtained from the fit to the data, and the same fit is applied to each

pseudoexperiment. The uncertainty on the purity is underestimated by 15% in the fit and

the statistical uncertainty quoted takes account of this.

5 Systematic uncertainties

The relative systematic uncertainties for the Υ(1S, 2S, 3S) cross-sections in the various

rapidity ranges are summarised in table 3.

Contributions to the systematic uncertainty arising from the p2T fit are considered: the

uncertainty in the signal p2T distribution as modelled by the SuperChiC generator and the

– 7 –
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Di-muon invariant mass distributions

passed through a GEANT4 [27] based detector simulation, the trigger emulation and the event
reconstruction chain of the LHCb experiment.

3. Event selection and yields

The hardware trigger used in this analysis requires a single muon candidate with transverse
momentum pT > 400MeV in coincidence with a low SPD multiplicity ( 10< hits). The
software trigger used to select signal events requires two muons with p 400T > MeV.

The analysis is performed in the fiducial region where the dimeson system has a rapidity
between 2.0 and 4.5. The selection of pairs of S-wave charmonia begins by requiring four
reconstructed tracks that incorporate VELO information, for which the acceptance is about
30%. At least three tracks are required to be identified as muons. It is required that there are
no photons reconstructed in the detector and no other tracks that have VELO information.

The invariant masses of oppositely charged muon candidates is shown in the left plot of
figure 2. Accumulations of events are apparent around the J ψ and S(2 )ψ masses. Requiring

Figure 2. Left: invariant masses of pairs of oppositely charged muons in events with
exactly four tracks. Of the two possible ways of combining the muons per event, the
one with the higher value for the lower-mass pair is plotted. Right: invariant mass of
the second pair of tracks where the first pair has a mass consistent with the J ψ or

S(2 )ψ meson. When both masses are consistent with a charmonium, only the candidate
with the higher mass is displayed. The curve shows an exponential fit in the region
below 2500 MeV.

Figure 3. Invariant mass of the four-muon system in (left) J Jψ ψ and (right) SJ (2 )ψψ
events.
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Cross sections

a single interaction, and M( ( ))i μμ γ→ is the branching fraction for the meson to decay to
two muons in the case of S-wave states, and two muons and a photon for P-wave states.

The luminosity has been determined with an uncertainty of 3.5% [31]. The factor, fsingle,
accounts for the fact that the selection requirements reject signal events that are accompanied
by a visible proton-proton interaction in the same beam crossing, and is calculated as
described in [2]. The cross-section measurements for 2011 and 2012 data are consistent and
are combined to produce results at an average centre-of-mass energy of 7.6 TeV. All the
numbers entering the cross-section calculation are given in table 1, while the systematic
uncertainties of the quantities in the denominator of equation (2) are summarized in table 2.
Where zero or one candidate is observed, 90% confidence levels (CL) are calculated by
performing pseudo-experiments in which the quantities in equation (2) are varied according to
their uncertainties and pseudo-candidates are generated according to a Poisson distribution.
The upper bound at 90% CL is defined as the smallest cross-section value that in 90% of
pseudo-experiments leads to more candidate events than observed in data. The cross-sections,
at an average energy of 7.6 TeV, for the dimeson system to be in the rapidity range

y2.0 4.5< < with no other charged or neutral energy inside the LHCb acceptance are
measured to be

58 10(stat) 6(syst) pb,

63 (stat) 10(syst) pb,

237 pb,
69 nb,
45 pb,
141 pb,

S

S S

J J

J (2 )
18
27

(2 ) (2 )

c0 c0

c1 c1

c2 c2

σ
σ

σ
σ
σ
σ

= ± ±
= ±
<
<
<
<

ψ ψ

ψψ

ψ ψ

χ χ
χ χ

χ χ

−
+

where the upper limits are at 90% CL. To compare with theory, the elastic fraction is taken to
be 0.42 0.13± , as determined in section 4, to give an estimated cross-section for CEP of
J Jψ ψ of 24 9 pb± , where all the uncertainties are combined in quadrature. Using the
formalism of [12], a preliminary prediction [32] of 8 pb at s 8 TeV= has been obtained.
There is a large uncertainty of a factor two to three on this value due to the gluon parton
density function that enters with the fourth power, the choice of the gap survival factor [33],
and the value of the J ψ wave-function at the origin [7, 11, 34]. Theory and experiment are
observed to be in reasonable agreement, given the large uncertainties that currently exist
on both.

The relative sizes of the cross-sections for exclusive SJ (2 )ψψ and J Jψ ψ production,
assuming a similar elastic fraction, is

S(J (2 ))
(J J )

1.1 ,0.4
0.5σ ψψ

σ ψ ψ = −
+

where the total uncertainty is quoted and most systematics, bar that on the branching
fractions, cancel in the ratio. This is in agreement with a theoretical estimate for this ratio of
about 0.5 [7]. The equivalent quantity measured in exclusive single charmonium production
[2] is

S( (2 ))
(J )

0.17 0.02.
σ ψ

σ ψ = ±

No strong conclusion can be drawn on the higher relative fraction of S(2 )ψ to J ψ in double
charmonium production compared to that in single charmonium production, due to the large
uncertainty.
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cross sections: no correction for proton dissociation
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Double J/ψ production (Tetraquark candidate) 

R. McNulty, Central Exclusive Production at LHCb 36 

LHCb estimates exclusive  
cross-section. 24+-9 pb 
 
Harland-Lang, Khoze, Ryskin: 
JPG 42 (2015) 5,055001  2-7 pb 

Shape agrees well 
(theory normalised to data). 

Final state theoretically studied 
in diphoton production (linear 
collider) 
but not through double pomeron 
exchange (hadron collider)  
 
Sensitivity to higher mass states 
(tetraquarks, ηb)    
Inclusive production has 
attracted much interest (DPS) 

JPG 42 (2015) 055001 

theory normalised to data

42% CEP

�J/ J/ = 24± 9 pb
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theory prediction
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