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• Bose-Einstein correlations in proton-proton collisions 

• Inelastic proton-proton cross section 

• Central exclusive production of J/ψ in proton-proton and lead-lead collisions
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Bose-Einstein correlations: introduction
• incoherent source of identical bosons 
• symmetry of wave function under exchange of identical bosons

constructive interference

3



Bose-Einstein correlations: introduction
• incoherent source of identical bosons 
• symmetry of wave function under exchange of identical bosons

constructive interference

2

Introduction

Hadron production in deep-inelastic scattering (DIS) of
leptons o↵ nuclei is a powerful tool to study the quark
hadronization process. The distance scale over which a
struck quark that received a su�ciently large energy-
momentum transfer from an incident lepton develops into
a colorless hadronic particle extends well beyond the size
of a single nucleon. Therefore, the distribution of hadrons
in the final state may be modified by interactions of the
developing hadronic state with the nuclear medium out-
side the struck nucleon. In general, this intermediate state
is some mixture of quarks and gluonic fields that have
not reached their asymptotic (confined) states, and so
any modification should depend on the evolution of that
state. Similarly the fully formed hadron may still pass
through the nuclear medium and be subject to rescatter-
ing processes (see, e.g., Ref. [1]).

One means of studying the final hadronic state is the
use of Bose–Einstein correlations (BEC) in the distri-
bution of bosons or pions in particular. These correla-
tions arise from interference between di↵erent parts of
the symmetrized wave function of identical bosons from
incoherent sources. This well-known technique of inten-
sity interferometry was first developed by Hanbury Brown
and Twiss to measure stellar radii [2]. Its first use in
particle physics, half a century ago, was to study the
pp̄ annihilation process [3,4] with incident anti-protons
of 1 GeV momentum. Since then many measurements
of BEC have been performed in hadron-hadron scatter-
ing experiments. In addition, several studies of BEC in
the e+e� annihilation process have been performed (see,
e.g., Ref. [5]), especially by the LEP experiments. Mea-
surements of BEC from deep-inelastic lepton scattering
experiments are less abundant. The results from experi-
ments using charged leptons as incident particles can be
found in Refs. [6,7,8,9,10], while the results from neu-
trino experiments are found in Refs. [11,12,13]. Several
reviews [5,14,15,16] summarize the present theoretical
and experimental knowledge of BEC. The theory of BEC
in particle physics was originally developed in the papers
of Kopylov and Podgoretskii [17,18,19] and Cocconi [20].
It should be noted that most of the theoretical work has
focused on the understanding of BEC in heavy-ion col-
lisions, in which a “fireball” source distribution, created
by the collision roughly at rest involving many parton el-
ementary interactions, decays into hadrons. Only a few
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Fig. 1. Schematic illustration of the Bose–Einstein e↵ect.

references consider the quite di↵erent case of fragmenta-
tion in DIS and e+e� processes, in which quite di↵erent
hadron-momentum and spatial-source distribution might
be assumed (see, e.g., Ref. [21,22]). Estimates of BEC in
e+e� annihilation from string-fragmentation models [22]
indicate that correlation parameters are mostly depen-
dent on string-breaking parameters, because the strongest
correlations are from pions resulting from adjacent breaks
along a string.

To better understand the underlying physics of BEC
one may consider a simple example of the emission and
detection of two identical bosons, e.g., two pions, from
points r↵ and r� , which are observed with momenta ka

and kb at detectors a and b (Fig. 1). The two pions are
indistinguishable and the total wave function of the two-
pion system must be symmetric under the exchange of
them:

 2⇡ =
1p
2

✓
 a↵ b� +  b↵ a�

◆
, (1)

where  a↵ is the wave function of a pion produced at
point r↵ and observed at detector a while  b� is the
wave function of a pion produced at point r� and ob-
served at detector b. Assuming plane waves, i.e.,  a↵ ⇡
exp(ikar↵), one may obtain | 2⇡|2 = 1+cos(�k·�r) with
�k = ka � kb and �r = r↵ � r�. Thus the correlation
function resulting from the interference of the two terms
in Eq. (1) will take the following form:

R(ka,kb) / 1 + cos(�k · �r). (2)

This expression shows that the BEC e↵ect measures the
projection of the spacial distance (�r) between two par-
ticle sources on the direction of the momentum di↵erence
(�k) between the observed pions. One can generalize two-
point sources to a continuous space-time distribution of

Two-point sources: 
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Continuous two-particle correlation 
function

4

• Continuous space-time distribution of sources (Goldhaber parametrisation)

C2(Q) / 1 + �e�RQ
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-    : size of source 
-   
- λ = 0 -> coherent source; no correlation 
- λ = 1 -> completely incoherent source
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-   
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• Extraction from experimental correlation function 

reference sample free from BEC, built from event mixing
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Cancel imperfections  
from reference sample

rd(Q) =
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Figure 1. Multiplicity of reconstructed VELO tracks assigned to a PV for the 2011 no-bias
sample. Di!erent colours indicate three activity classes defined as fractions of the full distribution.
The minimum value of the track multiplicity to accept reconstructed PV is five.

The BEC e!ect is expected to be largest in the low-Q region below !0.5GeV/c2,

where it may be a!ected by same-sign clone tracks. Such clone pion pairs should manifest

themselves as an enhancement in the distribution of the di!erences of the tangents of the

track momenta of the two particles, where the tangents are measured in the xz and yz

planes before the magnet, with the z axis defined along the beam direction. The tangents

are used to estimate the number of clone tracks remaining after the final selection, and the

clone tracks can be suppressed with a requirement on the di!erence between the tangents of

the two particles in a pair. Pion pairs are removed from the analysis if both |"tx| and |"ty|
are less than 0.3 mrad, where "tx and "ty are the di!erences of the tangents of the track

momenta of the two particles in the xz and yz planes. After applying these requirements,

the e!ect of the clone particles is found to be negligible in the region Q > 0.05GeV/c2.

The BEC parameters are studied as a function of the charged-particle multiplicity.

However, the measured charged-particle multiplicities cannot be directly used to compare

results among di!erent experiments, mainly because the detector acceptances may not

overlap and the reconstruction e#ciencies may di!er. This is why activity classes are

introduced, reflecting the total multiplicity in the full solid angle. Three activity classes

are defined in the range 2 < ! < 5 according to the multiplicity of reconstructed VELO

tracks assigned to a PV, which is a good probe of the total multiplicity. These activity

classes are illustrated in figure 1. The low activity class corresponds to a fraction of 48%

of PVs with lowest multiplicities (from 5 to 10 tracks). The medium activity class contains

the 37% of PVs with higher multiplicities (from 11 to 20 tracks). Finally, the high activity

class contains 15% of the highest multiplicity PVs (" 21 tracks). Using this classification,

the comparison among di!erent experiments is largely independent from specific features

of the detectors.
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Selection:  
• Same-sign pions 
• pT>0.1 GeV 
• 2<𝜂<5 
• Subdivision in activity classes

Data set:  
• proton-proton collisions at     = 7 TeV 
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Results: double ratio of same-sign pion pairs
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Figure 2. Results of the fit to the double ratio for like-sign pion pairs with event-mixed reference
samples and the Coulomb e!ect subtracted for the three activity classes: (a) low, (b) medium and
(c) high activity. The blue solid line denotes the fit result using the parameterisation of eq. (2.3).
Only statistical uncertainties are shown.

and pT > 0.1GeV/c) acceptances. The data indicate that the LHCb results for both R

and ! are slightly below the ATLAS ones at 7TeV. In order to perform a more detailed

comparison it would be necessary to measure the BEC parameters using a full three-

dimensional analysis [69].
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Figure 2. Results of the fit to the double ratio for like-sign pion pairs with event-mixed reference
samples and the Coulomb e!ect subtracted for the three activity classes: (a) low, (b) medium and
(c) high activity. The blue solid line denotes the fit result using the parameterisation of eq. (2.3).
Only statistical uncertainties are shown.

and pT > 0.1GeV/c) acceptances. The data indicate that the LHCb results for both R

and ! are slightly below the ATLAS ones at 7TeV. In order to perform a more detailed

comparison it would be necessary to measure the BEC parameters using a full three-

dimensional analysis [69].
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Increase at low Q: manifestation of Bose-Einstein correlations
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Figure 2. Results of the fit to the double ratio for like-sign pion pairs with event-mixed reference
samples and the Coulomb e!ect subtracted for the three activity classes: (a) low, (b) medium and
(c) high activity. The blue solid line denotes the fit result using the parameterisation of eq. (2.3).
Only statistical uncertainties are shown.

and pT > 0.1GeV/c) acceptances. The data indicate that the LHCb results for both R

and ! are slightly below the ATLAS ones at 7TeV. In order to perform a more detailed

comparison it would be necessary to measure the BEC parameters using a full three-

dimensional analysis [69].
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Figure 3. Correlation radius R as a function of activity. Error bars indicate the sum in quadra-
ture of the statistical and systematic uncertainties. The points are placed at the centres of the
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quadrature of the statistical and systematic uncertainties. The points are placed at the centres of
the activity bins.

It should be noted that the fit quality using the parameterisation, eq. (2.3), is poor (see

figure 2). The "2 values are equal to 591, 623 and 621 for 386 degrees of freedom for low,

medium and high activity classes, respectively. The di!erence between the fitted function

and the data points, visible in the whole Q range, is particularly large in the low-Q BEC

signal region below 0.2GeV/c2. This indicates that the approximate parameterisation of

eq. (2.3) does not reproduce the measured distribution properly. Such an e!ect is observed

also by other experiments [29, 30]. This may introduce an additional systematic uncertainty

in the theoretical interpretation of the fit results.
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It should be noted that the fit quality using the parameterisation, eq. (2.3), is poor (see

figure 2). The "2 values are equal to 591, 623 and 621 for 386 degrees of freedom for low,

medium and high activity classes, respectively. The di!erence between the fitted function

and the data points, visible in the whole Q range, is particularly large in the low-Q BEC

signal region below 0.2GeV/c2. This indicates that the approximate parameterisation of

eq. (2.3) does not reproduce the measured distribution properly. Such an e!ect is observed

also by other experiments [29, 30]. This may introduce an additional systematic uncertainty

in the theoretical interpretation of the fit results.
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• Increase of effective radius of source, R, with multiplicity  

• Decrease of chaoticity, 𝜆, with multiplicity 

• R and 𝜆 LHCb < R and 𝜆 ATLAS at 7 TeV (Eur. Phys. J C 75 (2015) 466)
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Inelastic cross section
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• Fundamental quantity in hadronic interactions 

• Description of air showers from cosmic rays and transport of cosmic ray particles in interstellar medium

• Data sample: - unbiased sample of proton-proton collisions 

- select leading bunch in each run to avoid background 

- L = 10.7 nb�1
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• Measurement at LHCb at      = 13 TeV (and 7 TeV)
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• Fiducial cross section 

�acc =
(µ� µbkg)Nevt

L
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of proton-proton collisions with min 1 prompt, long-lived (Δt>30 ps) charged particle,  

with p > 2 GeV and 2<𝜂<5
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• Fiducial cross section 

�acc =
(µ� µbkg)Nevt

L
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of proton-proton collisions with min 1 prompt, long-lived (Δt>30 ps) charged particle,  

with p > 2 GeV and 2<𝜂<5

 average number of interactions per event  
 (determined from fraction of empty events p0:=e-μ)

from bunches with one beam empty

• Result 

�acc = 62.2± 0.2(sys.)± 2.5(lum.) mb
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(stat. uncertainty is negligible)
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• Extrapolation of      to total inelastic cross section �acc
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neglect of interference and central exclusive production

Fractional contribution to inelastic cross section of 
single-diffractive double-diffractive non-diffractive

Figs. from CMS, Phys. Rev. D 92 (2015) 012003

�inel =
1P

X fX vX
�acc

<latexit sha1_base64="O84YzKS1oVzDmyNYBXKRapt4Hds="></latexit>

�inel

<latexit sha1_base64="lmoLX/+KMSz5KQjVxAsPZz6o42s=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5JIQbsruHFZwbZCE8JkOmmHziRh5kasofgrblwo4tb/cOffOG2z0NYDA4dz7r1z7wlTwTU4zrdVWlldW98ob1a2tnd29+z9g45OMkVZmyYiUXch0UzwmLWBg2B3qWJEhoJ1w9HV1O/eM6V5Et/COGW+JIOYR5wSMFJgH3maDyQJcg/YA+RmiphMArvq1JwZ8DJxC1JFBVqB/eX1E5pJFgMVROue66Tg50QBp4JNKl6mWUroiAxYz9CYSKb9fLb9BJ8apY+jRJkXA56pvztyIrUey9BUSgJDvehNxf+8XgbRpW9OSjNgMZ1/FGUCQ4KnUeA+V4yCGBtCqOJmV0yHRBEKJrCKCcFdPHmZdM5rbr3WuKlXm40ijjI6RifoDLnoAjXRNWqhNqLoET2jV/RmPVkv1rv1MS8tWUXPIfoD6/MHoVWV+w==</latexit>



Total inelastic cross section

10

• Extrapolation of      to total inelastic cross section �acc

<latexit sha1_base64="v+7FqRYt0c9GZRweNmlydk24DTg=">AAAB/HicbVBNS8NAEN3Ur1q/oj16CRbBU0mkoL0VvHisYD+gCWGz3bRLd5OwOxFDiH/FiwdFvPpDvPlv3LY5aOuDgcd7M8zMCxLOFNj2t1HZ2Nza3qnu1vb2Dw6PzOOTvopTSWiPxDyWwwAryllEe8CA02EiKRYBp4NgdjP3Bw9UKhZH95Al1BN4ErGQEQxa8s26q9hEYD93gT5CjgkpCt9s2E17AWudOCVpoBJd3/xyxzFJBY2AcKzUyLET8HIsgRFOi5qbKppgMsMTOtI0woIqL18cX1jnWhlbYSx1RWAt1N8TORZKZSLQnQLDVK16c/E/b5RCeO3lLEpSoBFZLgpTbkFszZOwxkxSAjzTBBPJ9K0WmWKJCei8ajoEZ/XlddK/bDqtZvuu1ei0yziq6BSdoQvkoCvUQbeoi3qIoAw9o1f0ZjwZL8a78bFsrRjlTB39gfH5A7BflXA=</latexit>

fraction of interactions inside acceptance of sub-process X

neglect of interference and central exclusive production

Fractional contribution to inelastic cross section of 
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• Result 

(stat. uncertainty is negligible)

• Good agreement with ATLAS and TOTEM 

• Dependence on      described by power law
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Figure 3. Measurement of the total inelastic proton-proton cross-section at the LHC at centre-
of-mass energies of 2.76, 7, 8 and 13TeV. Results are shown from the ALICE [8], ATLAS [9–12]
and TOTEM [16–21] collaborations. For better visibility, measurements at the same energy are
drawn at slightly displaced locations. The error bars show the total uncertainties, with positive and
negative uncertainties of the respective results independently added in quadrature. The line shows
the result from a power-law fit.
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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.

y

xp

x
z

b!

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-

16

Transverse Momentum Distributions – 3D!

3D Maps of partonic distributions

4

�
⇤

3D parton distribution xB and transverse position 
via Generalised parton distributions (GPDs) 
(Phys. Rept. 388 (03) 41, PRD62(00)071503, Int.J.Mod.Phys. A 18 (03) 173)
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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.

y

xp

x
z

b!

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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Transverse Momentum Distributions – 3D!

3D Maps of partonic distributions
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via Generalised parton distributions (GPDs) 
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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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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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Figure 1. Invariant mass distribution of dimuon candidates. The J/! and !(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 "2
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/! , applies the nominal J/! 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 "2
HRC. To select exclusive J/! and !(2S) candidates, it is required that

log("2
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/! signal candidates and 440 !(2S) signal candidates remaining.

The estimation of the signal e!ciency, #H, for the requirement log("2
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 e!ciency of all selection requirements is detailed in section 3.3.

3.1 HeRSCheL e!ciency of selecting signal events

The e!ciency 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 e!ciency of the veto, which is determined to be #H = 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 e"ects, as discussed in ref. [15]. This e!ciency,

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

veto, collected in this data-taking period.
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Figure 5. Di!erential cross-sections compared to LO and NLO theory JMRT predictions [28, 29] for
the J/! meson (top) and the !(2S) meson (bottom). The inner error bar represents the statistical
uncertainty; the outer is the total uncertainty. Since the systematic uncertainty for the !(2S) meson
is negligible with respect to the statistical uncertainty, it is almost not visible in the lower figure.

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/! 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/! and !(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/! photoproduction shows a deviation from a pure power-

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

are required in this channel to make a critical comparison.
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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/! 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/! and !(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/! photoproduction shows a deviation from a pure power-

law extrapolation of H1 data, while the !(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 di!erential cross-sections for J/! and

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

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

B(!(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 di!erential 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 "2/ndf for the J/! analysis is 8.1/10 while

for the !(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/! and !(2S) analysis, respectively.

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

toproduction cross-section, #!p""p [28],

#pp"p"p = r(W+)k+
dn

dk+
#!p""p(W+) + r(W!)k!

dn

dk!
#!p""p(W!). (6.1)

Here, r is the gap survival factor, k± " M"/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]: #!p"J/"p = a(W/90GeV)# with a = 81 ± 3 pb and $ = 0.67 ± 0.03. For the

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

!(2S) to J/! 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 #!p""p at

high values of W beyond the kinematic reach of HERA.

The photoproduction cross-sections for J/! and !(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 insu"cient to

describe the J/! 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 e!ects [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/! and !(2S) mesons decaying to muons with pseudorapidities between 2.0 and 4.5. The

– 14 –

• r = gap survival factor

k± =
M 

2
e±y
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To compare with theoretical predictions, which are generally expressed with-

out fiducial requirements on the muons, the di!erential cross-sections for J/! and

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

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

B(!(2S) ! µ+µ!) = (0.79± 0.09)% [25], and for the fraction of those muons that fall in-
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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 di!erential 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 "2/ndf for the J/! analysis is 8.1/10 while

for the !(2S) analysis, it is 3.0/3. They are less consistent with the LO predictions having
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tion (6.1) shows that there is a two-fold ambiguity with W+,W! both contributing to one
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previously measured at HERA, this term is fixed using the H1 parametrisation of their

results [5]: #!p"J/"p = a(W/90GeV)# with a = 81 ± 3 pb and $ = 0.67 ± 0.03. For the
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with the JMRT prediction, which takes account of most of the NLO QCD e!ects [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/! and !(2S) mesons decaying to muons with pseudorapidities between 2.0 and 4.5. The
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• r = gap survival factor

k± =
M 
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•      = photon flux

•                 = photon-proton invariant mass

ambiguity since unknown which proton emits the photon     fix W- from H1 parametrisation  
(Eur. Phys. J. C 73 (2013) 2466)  
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good agreement with JMRT NLO prediction

W 2
± = 2k±

p
s
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subnucleonic fluctuations [15] is favoured by the LHCb data with respect to
the prediction without subnucleonic fluctuations [15]. The model provided
by Guzey et al. [3] is based on a perturbative QCD (pQCD) calculation at
leading order within the leading-log approximation. The measurement can
be described by all used prescriptions for the nuclear structure.
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Fig. 2. Differential cross section for coherent J/ production compared to different
phenomenological predictions [12]. The LHCb measurements are shown as points,
where inner and outer error bars represent the statistical and the total uncertainties
respectively.
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Summary

• Clear signal of Bose-Einstein correlation in same-sign pions, with trends as for other 
experiments 

• Inelastic proton-proton cross section extracted and in agreement with other LHC 
experiments 

• Exclusive production of J/ψ in proton-proton, well described by NLO gluon PDFs 

• Coherent exclusive production of J/ψ in lead-lead: pQCD nuclear PDFs and saturation 
models (with sub-nucleon fluctuations)
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