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Resumo

Produção exclusiva em colisões pp e PbPb no

experimento LHCb

Luiz Gustavo Silva de Oliveira

Orientador: Murilo Santana Rangel

Coorientadora: Erica Ribeiro Polycarpo Macedo

Resumo da Tese de Doutorado apresentada ao Programa de Pós-Graduação
em F́ısica do Instituto de F́ısica da Universidade Federal do Rio de Janeiro -
UFRJ, como parte dos requisitos necessários à obtenção do t́ıtulo de Doutor
em Ciências (F́ısica).

O experimento LHCb é um dos quatro principais detectores instalados ao redor dos

pontos de colisão dos feixes acelerados pelo LHC. Inicialmente o LHCb foi idealizado para

o estudo de mésons B e D a fim de esclarecer a violação da simetria CP . Entretanto,

este detector se mostrou também bastante eficaz no estudo de processos de produção

exclusiva (CEP). Nesta tese apresentamos duas medidas de seção de choque de processos

de produção exclusiva a partir dos dados coletados no LHCb durante os anos de 2011,

2012 e 2015. A seção de choque de produção eletromagnética de dimúons em colisões pp

é realizada para duas energias no referencial do centro de massa:
√
s = 7 TeV com dados

de 2011 e
√
s = 8 TeV com dados de 2012. O estudo da produção fotonuclear coerente de

J/ψ em colisões PbPb com uma energia
√
sNN = 5 TeV no centro de massa é realizado

com dados coletados durante Novembro e Dezembro de 2015.

Palavras-chave: Seção de choque, Produção exclusiva, Cromodinâmica Quântica,

Eletrodinâmica Quântica, LHCb, Pomeron.
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Abstract

Exclusive production in pp and PbPb collisions at the

LHCb experiment

Luiz Gustavo Silva de Oliveira

Advisor: Murilo Santana Rangel

Co-advisor: Erica Ribeiro Polycarpo Macedo

Abstract da Tese de Doutorado apresentada ao Programa de Pós-Graduação
em F́ısica do Instituto de F́ısica da Universidade Federal do Rio de Janeiro -
UFRJ, como parte dos requisitos necessários à obtenção do t́ıtulo de Doutor
em Ciências (F́ısica).

The LHCb experiment is one of the four main detectors installed around the points

where beams collide after accelerated by LHC. Initially the LHCb was designed to study B

and D mesons in order to elucidate the CP violation mechanism. However, this detector

turned out fairly effective to study central exclusive production (CEP). Two cross-section

measurements performed using the data collected during the years of 2011, 2012 and 2015

are described in this thesis. The cross-section of dimuon electromagnetic production is

performed with pp collisions at two center-of-mass energies:
√
s = 7 TeV with 2011 data

and
√
s = 8 TeV with 2012 data. The study of coherent photonuclear production of

J/ψ at a nucleon-nucleon center-of-mass energy
√
sNN = 5 TeV is performed with PbPb

collisions collected during November and December of 2015.

Keywords: Cross-section, Exclusive production, Quantum Chromodynamics, Quan-

tum Electrodynamics, LHCb, Pomeron.
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Chapter 1

Introduction

The Standard Model [1] is the most successful theory describing the fundamental par-

ticles and forces. Quarks and leptons are recognized as elementary particles and Strong,

Weak and Electromagnetic are the fundamental forces. Particles have particular charac-

teristics such as electric charge, intrinsic angular momentum (spin), colour, among others.

A particle’s electric charge can be represented by a multiple of the electron charge abso-

lute value (e), e.g., the muon lepton (µ) has charge number equal −1. Similarly, the spin

of a particle can be expressed by a multiple of the Planck reduced constant, ~. The spin

of all quarks and leptons are semi-integer multiples and therefore they are fermions and

obey the Pauli exclusion principle. Particles with integer spin are called bosons. Except

for the neutrinos, all quarks and leptons have electric charge but only quarks have colour.

The colour can assume the values red, green or blue and whilst only charged particles can

interact via electromagnetic force, only coloured particles can interact via strong force.

The interactions are mediated by the exchange of force carriers: photons are exchanged by

particles interacting electromagnetically and gluons are exchanged in a strong interaction.

Both photon and gluon are bosons.

Two sectors of the Standard Model are particularly important for the objectives of this

document: Quantum Electrodynamics (QED) and Quantum Chromodynamics (QCD).

They are quantum field theories describing the electroweak and the strong forces, respec-

tively. QED is the most accurate and precise physics theory [2]. On the other hand, the



2

QCD sector brings up open questions [3]. An attempt to conceive theoretical insights us-

ing experimental results is in progress making use of Central Exclusive Production (CEP)

processes. CEP is a special type of production in which the initial particles (protons or

heavy ions) remain structurally intact after the collision.

There is a growing interest in CEP processes currently in the experimental high energy

physics community since these processes show a low detector activity environment: only

the particles exclusively produced or their decay products deposit energy in the subde-

tectors. Therefore, CEP is a extremely clean signal in terms of track multiplicity. Since

the beam particles remain intact after they collide, the interaction between them occurs

mainly by the exchange of colourless objects. Particularly two known objects satisfy these

requirements: photon and pomeron.

Photon mediated processes can be calculated with high accuracy within the QED

framework. Therefore a cross-section measurement of an “electromagnetic” process can

be translated in a luminosity calibration [4]. This is why these processes are called “stan-

dard candles”. However there are quantum-mechanical processes forbidden in the clas-

sical theory of electrodynamics only accessible at large electromagnetic field strengths.

Recently evidence of light-by-light scattering was reported by one of the experiments at

LHC and the measured cross-section is in agreement with Standard Model predictions [5].

On the other hand discrepancy of experimental results of physical observables of the very

well known predictions can indicate an insight of new physics beyond Standard Model,

e.g., the anomalous coupling in the production of W bosons in photon-photon scattering

could be observed at the LHC [6, 7, 8].

The pomeron [9] was initially postulated as a Regge trajectory [10] in order to describe

the slow growth of production cross-sections of hadronic processes. In the QCD, the

pomeron is represented by a double gluon exchange. However, the pomeron existence

lacks experimental confirmation. CEP processes constitute one of the great candidates

to provide this confirmation. In this context the photonuclear production of mesons in
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heavy ions collisions can be insightful [11].

In heavy ions collisions, photonuclear production can occur in ultra-peripheral colli-

sions where the distance between their centers is greater than the sum of radii. In this

case, the cloud of virtual photons of each ion can interact with the other ion in a coherent

photonuclear interaction. The cross-section of this type of production is sensitive to the

gluon distribution and a measurement of this value can help to constrain this distribu-

tion function and reduce its uncertainty. ALICE collaboration is one of the four main

experiments in LHC and has measured this type of production using PbPb collisions with

center-of-mass energy of
√
sNN = 5.02 TeV [12].

In this thesis two cross-section measurements are described. Both analyses are per-

formed using data collected by the LHCb detector. LHCb is one of the main detectors

collecting data from both proton and heavy ions collisions at the LHC. During 2011 and

2012 a data sample corresponding to an integrated luminosity of ∼ 3 fb−1 was collected

using protons collisions. The center-of-mass energy of the collisions was
√
s = 7 TeV

during 2011 and
√
s = 8 TeV during 2012. The cross-section measurement is performed

separately for each year since the cross-section is expected to vary with the collision en-

ergy. The process studied with this data is the CEP of a µ+µ− pair (dimuon). During

November and December of 2015 an integrated luminosity of ∼ 10µb−1 of PbPb collisions

was recorded at nucleon-nucleon center-of-mass energy
√
sNN = 5 TeV. The J/ψ coherent

production is studied with this sample. The cross-section measurement is performed in

bins of J/ψ rapidity and a comparison with some of the main theoretical predictions is

presented.

In the next chapter, a brief review of the two phenomena is described. The LHC

machine and the LHCb detector are described in Chapter 3. Chapters 4 and 5 are the

core of this document, where the two analyses are detailed. The last chapter is devoted

to the conclusions of this work.
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Chapter 2

Theoretical aspects and previous
measurements

The idea of atomic theory has been in philosophy for a long time. According to

this theory all observed matter can be subdivided into smaller and smaller objects, but

there would be a limit to this division: the atom, as the name itself supposes, would

be indivisible. After millennia of hypotheses and research, trial and error, the answer

seems closer. The aim of this chapter is to describe the current knowledge of some of the

fundamental particles and their interactions. The historical approach presented in this

section and the next one is inspired in references [13] and [14]. A set of textbooks are

available also [15, 16, 17].

Atoms are presently understood as structures compounded by fundamental particles.

Therefore the term atom is no longer used as a synonymous of indivisible. There are two

types of indivisible particles present in the atom arrangement: electrons and quarks. Elec-

trons are the particles constituting the cloud of negatively charged particles surrounding

the atomic nucleus. The nucleus is composed of neutrons and protons but those are not

fundamental particles, i.e., both neutron and proton are bound states of quarks.

The Rutherford atomic model, foremost reported in the 1911’s article [18], was the first

theory to describe the atomic scheme as a positive nucleus with a eletrosphere. However,

many questions raised from this scheme. The main question for the purposes of this work
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is: why protons do keep so close from each other and do not separate by electromagnetic

repulsion?

2.1 Strong force

The experiments performed by Hans Geiger and Ernest Marsden between 1908 and

1913 under Rutherford’s guidance proved the existence of electrical positive particles inside

the atomic nucleus. It may be considered as the birth of strong force hypothesis. In fact,

if there were positive particles inside atomic nucleus why would them persist together as

there is an electromagnetic repulsion between them? A new interaction was proposed,

stronger than the electromagnetic and in opposite way.

Further, in 1932, Chadwick discovered the neutrons. These particles are heavier than

protons by a very small fraction and they are not electrically charged. The absence

of electrical charge brought a broader hypothesis about the strong force: both protons

and neutrons can interact via this new force, otherwise they would not persist inside

the nuclear structure. In order to explain this behaviour, Heisenberg proposed soon

after a new quantum number called isospin. The brand-new strong interaction would be

insensible to the charge of particles but not to the isospin. In fact, Heisenberg hypothesis

was that the isospin would be unaltered after a strong interaction. It would be a conserved

quantity just like electrical charge is conserved in electromagnetic processes.

A similar intriguing feature was observed in another property of nucleons (neutrons

and protons): the magnetic momentum. At the time of the discovery of the nucleons,

they were regarded as fundamental particles like electrons. In fact, it makes sense at

a first glance: all particles in the atom would be fundamentals. The intrinsic magnetic

momentum is null for a fundamental particle without electrical charge. However, the

intrinsic magnetic momentum of the neutron was found to be non-zero and the intrinsic

magnetic momentum of the proton was found to be larger than expected, indicating that

there could be an extra dipole momentum.
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In 1964, Murray Gell-Mann and George Zweig proposed independently the quark

model. In this model, quarks are the fundamental constituents of matter and the nucleons

are formed by combinations of these fundamental particles. Each of these quarks have a

half-integer spin and, if the neutron is compounded by quarks, there could be a non-zero

dipole momentum and therefore a non-zero intrinsic magnetic momentum. The quark

model started with the prediction of three quarks. A total of six quarks were observed

and the quark model was updated in order to describe all of them. They are represented

in Figure 2.1.

Figure 2.1: A chart with all six quarks and their respective mass, electrical charges and spins
[19].

Baryons, like protons and neutrons, are bound states of three quarks and mesons, like

J/ψ, are bound states of two quarks. The quark content of these particles are

p = uud

n = udd

J/ψ = cc̄

The total spin of baryons and mesons can be obtained by adding the spin of all quarks

within. It becomes clear that mesons can only have integer spin, thus they are bosons.

On the other hand, the baryons are only allowed to have half-integer spin, making them
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fermions. Fermions obey the Pauli principle that requires a wave function containing

identical fermions to be totally antisymmetric. It does not represent any problem in the

current scenario as all considered particles can easily obey this principle. In the proton

case there are three quarks and two of them are from the same kind, u, but if one of them

is spin-up and the other one is spin-down the Pauli principle is complied. It is easy to see

the same feature occurs for the neutron and J/ψ. However it is not possible to explain

the existence of all baryons in this way. In the mid-1950s at the University of Chicago

cyclotron and the Carnegie Institute of Technology synchro-cyclotron established the ∆

resonances. One of them is particularly interesting to this discussion. The ∆++ resonance

is the bound state of three u quarks,

∆++ = uuu.

Therefore the wave function for this state, with three identical fermions, would be sym-

metric under the exchange of any two quarks. Of course this would be incompatible with

the Pauli principle and the ∆++ would be an state that this quark model could not de-

scribe, unless there was a new quantum number with three possible states for quarks. This

additional degree of freedom was called colour and it can come in three different values:

red, blue and green. In the ∆++ case, each u quark has a colour different from the other

two. Moreover, it is possible for a quark to have an anticolour, e.g, the quark-antiquark

pair of J/ψ shows this feature. Thus, all hadrons have null net colour charge.

At first, colour was regarded purely as a quantum number needed for phenomenolog-

ical reasons for understanding the nucleons internal structure. Many observations and

examples showed, though, that the colour is not simply a theoretical tool but rather a

physical quantum number. One of these examples was the eletron-positron annihilation

into a qq̄ pair, which occurs through a virtual photon, as showed in Figure 2.2.
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q
Figure 2.2: The annihilation of e+e− through a virtual photon into qq̄ pair.

The total cross-section of quark-antiquark pair production is dependent on the number

of possible qq̄ final states. If the colour is a physical degree of freedom there must be more

numbers of final states (with different colours distributions) and than a higher cross-

section is observed. Indeed, the measurements are consistent with exactly three colours

for quarks. On the other hand, there is no evidence of existence of coloured leptons. In

fact, the colour is not just another degree of freedom but the charge of strong interactions.

Leptons do not interact strongly because they do not feature colours just as neutrons do

not interact with electric fields because of the lack of electrical charge.

On the other hand, if hadrons were colourless too, it would imply that they do not

interact strongly and therefore the strong interaction would not be useful to explain how

the protons remain combined in atomic nucleus.

Nevertheless, hadrons are not fully colourless. It turns out the cancellation is not quite

absolute and a residual strong force arises between protons and neutrons. It is analogue

to the Van der Waals force between charge-neutral molecules. Van der Waals force is a

residual electromagnetic force that reflects the charged atoms content of molecules. It is

known that the residual electromagnetic force falls more rapidly with distance than the

original electromagnetic interaction. The residual strong force is also very short-range

and its effects are only relevant within a few femtometers.

At the time strong force was discovered and its theory, QCD, was developed, the
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QED was already very successful. A very noteworthy aspect of QED was the existence

of electromagnetic carriers also known as photons. Photons are massless, electrically

neutral bosons (spin = 1) responsible for carrying the electromagnetic force from a charged

particle to another charged particle. The null electrical charge of photons is an important

feature as these particles can not auto interact.

Similarly to QED, the gluon was postulated as the carrier of the strong force. In

1968, after deep-inelastic electron-proton scattering experiments of SLAC, Bjorken and

Feynman interpreted these measurements with the parton model. In this model, not only

quarks were inside the proton but other kinds of partons too. Chris Llewellyn-Smith

proposed a measurement of the fraction of proton momentum carried by the quarks as a

test to establish if there could be other partons. The experiment was carried out and the

results confirmed that about half of the proton momentum was not carried by its quarks.

It was the first evidence of the existence of gluons.

In 1976, John Ellis, Graham Ross and Mary Gaillard calculated the gluon bremsstrahlung

in electron-positron annihilation with three jets in final state, e+e− → q̄qg. In June of

1979, the TASSO collaboration observed the first three-jets event and the existence of

gluon was proved. Many questions have arisen since this discovery. In this document we

aim to improve the answer to one of these questions: what is the nuclear gluon density

distribution at large energy scales?

First, we discuss the exclusive production of dimuons in pp interactions at LHCb. The

cross-section for this reaction can be used as a standard candle of the experiment since

it can be compared to precise QED theory calculations. Second, the data analysis of the

coherent production of the vector meson J/ψ in PbPb collisions at the LHCb experiment

is described.
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2.2 Central exclusive production in pp collisions

CEP processes feature the exchange of a colourless electrically neutral singlet object

carrying an energy fraction x of proton and the exchanged object can either be a pomeron

or a photon. The photon virtuality is defined as Q2 = −q2 where q is the four-momentum

transfer.

In the QCD framework, the pomeron is described as a bound state of at least two

gluons [20, 21] in order to transfer the momentum building the centrally produced system

and cancel colour flow in the interaction. It carries the same quantum numbers as the

vacuum state [22].

p p

γ∗
`−

`+γ∗

p p
(a) Two-photon exchange

p p

γ∗ J/ψ, Υ, Z

IP
p p

(b) Photon-pomeron fusion (pho-
toproduction)

p p

g

p p

`−

`+

(c) Double-pomeron exchange
(DPE)

Figure 2.3: Examples of exclusive processes in proton-proton scatterings.

Starting with two kinds of particle exchange three general classes of interactions can

occur. These classes are represented in the diagrams of the Figure 2.3. In all the three

possible interactions, γγ, γIP and IPIP, a distinctly isolated and well-defined central system

is present. The two-photon processes (Figure 2.3a) [23, 24] are since long time studied and

they are regarded as the main contribution to the cross-section of lepton pairs in hadronic

collisions at LHCb energy range and kinematic region [25, 26]. The photoproduction of

vector mesons in pp collisions (Figure 2.3b) constitute one of the backgrounds for this

analysis and it is removed by excluding the mass windows around the invariant masses

of the mesons. The double-pomeron exchange production (Figure 2.3c) of lepton pairs
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presents a cross-section much smaller than the two-photon contribution. In the considered

kinematic region, it is predicted to be smaller by 2 to 4 orders of magnitude.

Considering the low virtuality reaction pp → pµ+µ−p in the two-photon mecha-

nism, the cross-section is calculated within the framework of the Equivalent Photon

Approximation (EPA) [27]:

σpp→pµ+µ−p =

∫ √s
W0

dWγγ
dLγγ
dWγγ

σγγ→µ+µ− , (2.1)

where σγγ→µ+µ− is the γγ → µ+µ− QED cross-section [23], Wγγ is the two-photon center-

of-mass energy, W0 is the minimal two-photon centre of mass energy allowed by the full

process kinematics. The relative two-photon luminosity spectrum is defined in [28]:

dLγγ
dWγγ

=

∫
dx

2

xs
Wγγfγ(x)fγ

(
W 2
γγ

xs

)
, (2.2)

where fγ is the photon flux and a numerical estimation is presented in Figure 2.4 for pp

collisions with 7 TeV center-of-mass energy. This figure uses a parameterisation extracted

from ep collisions at HERA. In this figure, the solid line corresponds to the two-photon

CEP of dimuons with both protons remaining intacts after collision. It represents the

reaction studied in Chapter 4. The dashed line in Figure 2.4 corresponds to the case

when one of the protons do not remain intact. This case is called semi-inelastic or single

dissociative. The dotted line corresponds to the process when both protons dissociate and

it is commonly called fully-inelastic or double dissociative. These semi- and fully-inelastic

contributions are irreducible backgrounds to the analysis presented in this thesis. These

three possible outcomes can be ordered by the virtuality of the emitted photons. The

higher the virtuality the greater is the probability of dissociation.
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Figure 2.4: Integrated photon flux as given by the equivalent photon approximation, for the
elastic, the single- and the double-dissociative proton case. The elastic contribution is simulated
using a maximal momentum transfer Q2

max = 2 GeV2, while the dissociative cases use Q2
max =

300 GeV2. Figure extracted from reference [29].

The cross-section of CEP dimuon is predicted by Equation 2.1 using the relative two-

photon luminosity spectrum of elastic process. The photon flux is a function of the electric

and magnetic form factors and can be assessed through the dipole approximation [30, 31].

The integration is performed by the SuperChic event generator [32]. The resultant cross-

section is dependent of many factors including the center-of-mass energy of pp collisions,

√
s, and the pseudorapidity acceptance of the detector. The results for the energies of

Run 1 integrated over the LHCb acceptance are showed in Equations 2.3 and 2.4.

σtheo(pp→ pµ+µ−p,
√
s = 7 TeV) = (158.66± 1.02) pb (2.3)

σtheo(pp→ pµ+µ−p,
√
s = 8 TeV) = (166.81± 0.98) pb (2.4)

Previous measurements of the cross-section of CEP dilepton using the LHC data show

good agreement between experimental results and theoretical predictions [33, 34, 35] (see

Figure 2.5 for Run 1 and Figure 2.6 for Run 2 results). The cross-section measured by
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LHCb in 2010 data (
√
s = 7 TeV) is [36]

σ(pp→ pµ+µ−p,
√
s = 7 TeV,m(µ+µ−) > 2.5 GeV/c2) = 67±10(stat.)±7(syst.)±15(lumi.) pb,

(2.5)

and the prediction calculated by the LPair event generator [37] for the same kinematic

region is 42 pb with an error of less than 1%.

Figure 2.5: Comparison of the ratios of measured (red points) and predicted (solid green lines)
cross-sections to the uncorrected EPA calculations (black dashed line). Results for the muon
and electron channels are also compared with a similar CMS measurement [33]. The inner red
error bar represents the statistical error, and the blue bar represents the total error on each
measurement. The yellow band represents the theoretical uncertainty of 1.8% (1.7%) on the
predicted (uncorrected EPA) cross-sections, assumed to be uniform in the phase space of the
measurements [34].
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Figure 2.6: The exclusive γγ → µ+µ− differential fiducial cross-section measurements as a
function of dimuon invariant mass. (b) Comparison of the ratios of measured and predicted
cross-sections to the bare EPA calculations as a function of the average dimuon invariant mass
scaled to the pp center-of-mass energy used. Data (markers) are compared to various predictions
(lines). Full circle markers represent the four mass points presented in [35], while open circle,
up-triangle and down-triangle depict the previous results obtained with mµ+µ− > 11.5 GeV,
mµ+µ− > 20 GeV and mµ+µ− > 45 GeV requirements on the dimuon invariant mass. The
inner error bars represent the statistical uncertainties, and the outer bars represent the total
uncertainty in each measurement. The yellow bands represent the theoretical uncertainty in the
predictions. The bottom panel in (a) shows the ratio of the predictions to the data [35].

In addition, several questions in particle physics rely in the research of two-photon

interactions, e.g., light-by-light scattering processes (γγ → γγ) provides a prompt ex-

perimental probe of Standard Model gauge couplings [38], extra dimensions [39, 40] and

graviton search [41]. Even a search for SUSY particles can be performed in two-photon

production data [42]. Further confirmation of Higgs boson can be established in a clean

exclusive photo-production process [43, 44]. Finally, tests of QED are realized by mea-

suring the cross-sections of leptons and bosons pairs.

2.3 Photonuclear production in PbPb collisions

In this work, a data analysis of gamma-nucleus coherent J/ψ production is performed

using lead ions collisions. In this context, coherent means that the photon emitted by
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r1

r2

b > r1 + r2

~p1

~p2

Figure 2.7: Scheme of an ultra-peripheral collision between two ions with different radii.

the source nucleus interacts with the target nucleus as a whole. Therefore, both nuclei

remain intacts after collision. This type of interaction is more likely to happen in Ultra-

Peripheral Collisions (UPC). UPC occur when two nuclei interact with a distance between

their center, defined as impact parameter, greater than the sum r1 + r2 of their radii, see

Figure 2.7. In this type of collision the interaction is carried out by the cloud of virtual

photons surrounding the nuclei.

The Equivalent Photon Approximation method was firstly proposed by Enrico Fermi

in 1924 [45]. The main proposal of this method is to describe the electromagnetic field

of a moving charged particle as a cloud of quasi-real photons. Using this archetype a

full description of protons or ions collisions can be achieved simply by means of photon

densities. It facilitates the theoretical description of pure electromagnetic processes. In

particular, years later, Weizsaker and Williams introduced the EPA concept in the treat-

ment of relativistic ions [46]. The intensity of the electromagnetic field, and therefore the

number of photons in the cloud surrounding the nucleus, is proportional to Z2, where Z

is the number of protons found in the nucleus. Thus these types of interactions are highly

favored when heavy ions collide.
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The cross-section of the photoproduction of a particle X in a heavy ions UPC is

determined by the equation

σAA→A+X+A = 2

∫
dk
dNZ

γ (k)

dk
σγA→X(k) (2.6)

where
dNZ

γ (k)

dk
is the flux of photons with energy k in the rest frame of the target nucleus,

determined as the Fourier transform of the electromagnetic field of the source ion and

σγA→X(k) is the photonuclear cross-section. In this case, the photoproduction cross-

section must be multiplied by a factor 2 in order to account for the symmetry of source

and target in identical ions collision.

The photon flux of the source nucleus is given by [47, 48]:

dNZ
γ (k)

dk
=

2Z2αem
kπ

{
ξK0(ξ)K1(ξ)−

ξ2

2

[
K2

1(ξ)−K2
0(ξ)

]}
(2.7)

where ξ ≡ k(r1 + r2)/(2γ
2
L) is the reduced adiabacity parameter, K0 and K1 are the

modified Bessel functions and γL is the Lorentz factor of the source ion in the target ion

frame. The photon flux determined by this formula is represented in Figure 2.8 for three

different accelerators. In the LHC the cross-section of this type of process is favored by

the larger reachable values of photon flux.

Figure 2.8: The photon flux from
√
sNN = 5.5 TeV Pb-Pb collisions at LHC in comparison with

the photon fluxes of Au-Au collisions at RHIC with
√
sNN = 200 GeV and 10 GeV + 100 GeV

e-Au collisions at the eRHIC multiplied by 6000 to account for improved gold beam parameters.

k is given in the rest frame of the target nucleus in all three cases [49].
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The virtual photon from the source ion can interact coherently with all nucleons of

the target ion or it can interact directly with one of the nucleons of the target ion. In

the former case, the photonuclear process is showed in the diagram of Figure 2.9a. In

this diagram both nuclei remain intacts after the collision and it is called a coherent

production. In the case of an interaction with one of the nucleus of the target ion, the

breakup of the target ion may occur as illustrated in Figure 2.9b where A′ correspond to

the fragments of the target ion. This case is called an incoherent production.

A (source)
A

γ∗

A (target)
A

X

IP

t
(a) Coherent production

A (source)
A

γ∗

A (target)
A′

X

IP

t
(b) Incoherent production

Figure 2.9: Diffractive photonuclear production of X in A-A collisions. In diagram (a) the
photon interacts with the full nucleus A, while in (b) it scatters off one of the nucleons in A.
Accordingly these processes are called coherent and incoherent X production, respectively.

Considering the coherent production of the J/ψ vector meson in UPCs, the photonu-

clear cross-section is written as:

σγA→J/ψA(k) =
dσγA→J/ψA

dt

∣∣∣∣∣
t=0

∫
dt|F (t)|2 (2.8)

where F (t) is the nuclear form factor, t is the squared momentum transfer and dσγA→J/ψA/dt|t=0

is the cross-section of forward scattering.

In Reference [50] the cross-section of forward scattering for the production of vector

mesons is deduced within the double logarithmic approximation and is given by

dσγA→J/ψA
dt

∣∣∣∣∣
t=0

∝ 1

[m(J/ψ)]5
[xgA(x,Q2)]2 (2.9)



18

where gA(x,Q2) is the nuclear gluon distribution, x = [m(J/ψ)/s]e±y is the Bjorken

variable, m(J/ψ) = (3096.916± 0.011) MeV/c2 [2], y is the rapidity of J/ψ, Q2 = −q2 is

the photon virtuality where q is the four-momentum transfer.

There are several theoretical predictions available for the vector meson production

in PbPb UPCs [51, 52, 53, 54, 55, 56]. Each model has a proper way to describe the

photonuclear interaction.

In the model by Gonçalves et al [56], the J/ψ-proton cross-section is calculated within

the framework of the Colour-Dipole model. Three different parametrisations of the dipole-

proton cross-section (IIM, IP-SAT, bCGC), based on saturation physics, are combined

with two different models of vector meson wave functions, namely boosted Gaussian (BG)

and Gauss-LC (GLC) wave functions. All the parameters are tuned using the latest HERA

data.

The model from Cepila et al. [54] can be seen as a variation of the Color Dipole

model. The main differences with respect to [56] come from the parametrisation of the

dipole-proton cross-section and the prescription used to propagate it to the dipole-nucleus

scattering amplitudes, namely the Glauber-Gribov methodology (GG) or a geometric

scaling between the nuclear saturation scale and the saturation scale in the proton (GS).

Two models for the nuclear profile are explored, one where the nucleus are made up of

nucleons and the other that includes subnucleonic degrees of freedom in the form of hot

spots (hs).

In the model proposed by Möntysaari et al. [55], the cross-section is also calculated

using the Colour-Dipole model including subnucleon scale fluctuations. Predictions with

and without subnucleonic fluctuations using the IP-SAT parametrisation for the dipole

proton cross-section and the GLC for the vector-meson wave function are available.

The model provided by Guzey et al. [51] is based on perturbative QCD (pQCD) calcu-

lation. The exclusive J/ψ photoproduction cross-section on a proton target is calculated

at leading order pQCD within the leading log approximation. Several prescriptions for the
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nuclear shadowing effect are then used to compute the final cross-section: weaker (LTA W)

and a stronger (LTA S) scenarios using leading twist nuclear shadowing model [57], and

EPS09 [58] nPDFs.

Two previous measurements of the differential cross-section of J/ψ coherent produc-

tion in PbPb UPC are available through the ALICE collaboration [12, 59]. The result

obtained by ALICE with
√
sNN = 5.02 TeV center-of-mass energy data is presented in

Figure 2.10 accompanied of some theoretical predictions. The rapidity coverage of ALICE

is 1 unity smaller than the LHCb coverage.

Figure 2.10: Measured coherent differential cross section of J/ψ photoproduction in ultra-

peripheral PbPb collisions at
√
sNN = 5.02 TeV. The error bars represent the statistical uncer-

tainties, the boxes around the points the systematic uncertainties [59].

The measurement of the coherent cross-section of γA → J/ψA provides not only a

constraint to the nuclear gluon distribution at the x and Q2 range given by the experi-



20

ment, but also to its relation to the proton gluon distribution, allowing us to extract the

modification of the gluon distribution from the proton to the more complex system of

the nucleus. Particularly, the coherent production shows a clean scenario to measure the

cross-sections and improve theoretical progress enabled by the comparison with data. In

addition it is the first measurement making use of PbPb collisions in LHCb. It shows

how broad the physics programme of this experiment is. In this context, the work pre-

sented in Chapter 5 is to describe the results from [60] in details and reports an extension

of this analysis using a high-rapidity detector recently installed in LHCb. An updated

cross-section measurement is then presented and compared to the models described here.
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Chapter 3

LHC machine and LHCb detector

The experimental apparatus used to acquire the data is described in references [61,

62]. This chapter presents a transcript of excerpts from these references that are the most

relevant for the CEP analyses which are the subject of this thesis.

3.1 Large Hadron Collider

LHC is currently the larger particle accelerator operating in the world. The host of

LHC is the Organisation Européenne pour la Recherche Nucléaire (CERN) at the french-

swiss border. The accelerator is an almost circular 27-km perimeter ring. It is located

within a tunnel in the underground of Geneva suburbs.

LHC supports both protons or ions collisions. The machine was originally designed to

carry out proton collisions with proton-proton centre of mass energy of 14 TeV and with

a luminosity of L = 1034 cm−2s−1. To achieve such a luminosity, the accelerator would

be filled with two beams, both with 2808 bunches with around 1.1 × 1011 protons each.

With this configuration it would provide a bunch crossing every 25 ns.

During 2010 and 2011 data-taking epochs the center-of-mass energy was set to a lower

value of 7 TeV for machine sustainability and development reasons. It was then pushed

up to 8 TeV in 2012, to achieve a peak energy of 13 TeV after the first long shut-down in

2013-2014.
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Along with the proton-proton collisions, two other operating modes are also made

available for the LHC, as lead ions (Z = 82) can also be accelerated using a slightly

different chain of injectors. This enables the access to a larger spectrum of studies probing

lead-lead collisions or asymmetric proton-lead collisions.

Beams must have an initial energy of 450 GeV in order to be accelerated in LHC. For

this purpose, a pre-acceleration system is used. Protons, acquired from hydrogen atoms,

go through a linear accelerator (LINAC 2), where they achieve an energy of 50 MeV.

Beams of such protons are inserted in the Proton Syncrotron Booster (PSB), reaching

the energy of 1.4 GeV at the output. These beams are sent to the Proton Syncrotron

(PS) and accelerated up to the energy of 25 GeV. The last stage before LHC is the Super

Proton Syncrotron (SPS) where the beams acquire enough energy to be inserted at the

LHC.

Two beam pipes are present inside the LHC, they are kept in high level vacuum and

at the temperature of −271◦C. The acceleration is provided by superconducting magnets:

1232 magnetic dipoles are responsible for driving the beam and 329 magnetic quadrupoles

are responsible for the beam focusing. The beams can be bent to collide at four points

where the main experiments are installed: ATLAS, CMS, ALICE and LHCb. A schematic

view of LHC and its experiments is in the Figure 3.1.

A Toroidal LHC ApparatuS (ATLAS) [63] and Compact Muon Solenoid (CMS)

[64] are general-purpose experiments studying proton-proton collisions and the proton-

lead and lead-lead collisions as well. A Large Ion Colliding Experiment (ALICE) [65] is

dedicated to study the quark-gluon plasma states created at the collision of heavy ions.

The Large Hadron Collider beauty experiment (LHCb) [61] studies are focused in the

b quark phenomenology using high-precision flavour physics to search and study matter-

antimatter asymmetry. LHCb was used to acquire the data used in this work and will be

further detailed in the following section.
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Figure 3.1: Schematic view of the LHC and its experiments. The LHCb experiment lies on the
right side of this figure, at LHC’s “Point 8” [66].

3.2 LHCb detector

The LHCb experiment has been conceived to study CP -violation and other rare

phenomena in B meson decays with very high precision. This should provide a profound

understanding of quark flavour physics in the framework of the Standard Model, and may

reveal a sign of the physics beyond.

LHCb is a single-arm spectrometer with a forward angular coverage from approxi-

mately 10 mrad to 300 mrad (250 mrad) in the bending (non-bending) plane. The choice

of the detector geometry is motivated by the fact that at high energies both the b- and

b̄-hadrons are predominantly produced in the same forward cone, a feature exploited in

the flavour tag. This is demonstrated in Figure 3.2, where the polar angles of the b- and

b̄-hadrons calculated by the PYTHIA event generator [67, 68] are shown. The polar angle
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is defined with respect to the beam axis in the proton-proton center-of-mass system.

Figure 3.2: Polar angles of the b- and b̄-hadrons calculated by the PYTHIA event generator
[69].

The layout of the LHCb spectrometer is shown in Figure 3.3. A right-handed coor-

dinate system is defined with its origin at the interaction point, with z along the beam

axis pointing to right and y pointing upwards. LHCb comprises a vertex detector system

(including a pile-up veto counter), a tracking system (partially inside a dipole magnet),

aerogel and gas RICH counters, an electromagnetic calorimeter with preshower detector,

a hadron calorimeter and a muon detector. All detector subsystems, except the vertex

detector, are assembled in two halves, which can be separated horizontally for assembly

and maintenance, as well as to provide access to the beam pipe.

A last subdetector was added during the first long shut-down (2013-2014). The HeR-

SCheL (High-Rapidity Shower Counters for LHCb) consists of a set of scintillating coun-

ters, designed to increase the coverage of the LHCb experiment in the high-rapidity regions

on either side of the main spectrometer. This detector improves the capabilities of LHCb

for studies of diffractive interactions, most notably Central Exclusive Production. It is

descibed in detail in [70], and a selection of its content is presented in Section 3.2.9.



25

Figure 3.3: Schematic view of LHCb experiment and its subdetectors. The HeRSCheL detector
is not present in this figure [61].

3.2.1 Vertex detector system

The LHCb VErtex LOcator (VELO) is a silicon microstrip detector positioned around

the interaction region. The VELO provides precise measurements of track coordinates

which are used to identify the primary interaction vertices and the secondary vertices

which are a distinctive feature of b- and c-hadrons decays, e.g. the J/ψ → µ+µ− meson

decays. The VELO was designed to optmise the LHCb physics programme adopting the

following aspects (among others):

• Angular coverage. The VELO is designed to cover the forward region, such

that all tracks inside the nominal LHCb acceptance of 15-300 mrad cross at least

three VELO stations. In this way the detector fully reconstructs roughly 27% of

bb̄ production for 7 TeV proton-proton center-of-mass collisions, while covering just

1.8% of the solid angle. The VELO also reconstructs tracks in the forward and
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backward directions which do not have momentum information, but are useful to

improve the primary vertex reconstruction and to select exclusive events.

• Triggering. The reconstruction of the primary vertex and the displaced secondary

decay vertex of a heavy flavour hadron in the VELO is a key ingredient of the high

level trigger which reduces the event rate from 1 MHz to a few kHz.

The VELO contains a series of silicon modules arranged along the beam direction, as

shown in Figure 3.4. The region of the detector at positive (negative) z values is known

as the forward (backward) or downstream (upstream) end. The sensors are positioned

only 7 mm from the LHC beams. This is smaller than the aperture required by the LHC

beam during injection. Hence, the detector is produced in two retractable halves. There

is a small overlap between the two detector halves when closed. This aids alignment and

ensures that full angular coverage is maintained. The position of the VELO halves are

moveable in x and y and the VELO is closed at the beginning of each fill such that it is

centred on the interaction region.

Approximately semi-circular silicon sensors are used. Each module contains one r and

one φ coordinate measuring sensor, known as R and Φ sensors. The inter-strip pitch

varies from approximately 40 to 100µm across the sensor. The strips are read out from

around the circumference of the sensor through the use of routing lines on the sensor.

There are 21 standard modules in each VELO half. Two further modules, known as the

pile-up system, containing R sensors only are located in the most upstream positions.

The VELO is very important for CEP analyses considering i) the veto of fake exclusive

events with backward tracks and ii) the precise measurement of primary interactions which

helps to ensure that a true exclusive event occurred even when there is more than one

primary interaction.
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Figure 3.4: Cross-section in the (x,z) plane of the VELO silicon sensors, at y = 0, with the
detector in the fully closed position (top). In both the closed and open positions the front face of
the first modules is also illustrated (bottom). The two pile-up veto stations are located upstream
of the VELO sensors [61].

3.2.2 Magnet

A dipole magnet is used in the LHCb experiment to measure the momentum of charged

particles. It is a warm magnet design with saddle-shaped coils in a window-frame yoke

with sloping poles in order to match the required detector acceptance. The design of

the magnet with an integrated magnetic field of 4 Tm for tracks of 10 m length had to

accommodate the contrasting needs for a field level inside the RICHs envelope less than

2 mT and a field as high as possible in the regions between the vertex locator and the

Trigger Tracker tracking station. The design was also driven by the boundary conditions

in the experimental hall previously occupied by the DELPHI detector. This implied that

the magnet had to be assembled in a temporary position and to be subdivided into two

relatively light elements. The DELPHI rail systems and parts of the magnet carriages have

been reused as the platform for the LHCb magnet for economic reasons. Plates, 100 mm
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thick, of laminated low carbon steel, having a maximum weight of 25 tons, were used

to form the identical horizontal bottom and top parts and the two mirror-symmetrical

vertical parts (uprights) of the magnet yoke. The total weight of the yoke is 1500 tons

and of the two coils is 54 tons.

Each coil consists of fifteen pancakes arranged in five triplets and produced of pure

Aluminum hollow conductor in an annealed state which has a central cooling channel of

25 mm diameter. The coils were produced in industry with some equipment and technical

support from CERN. Cast Aluminum clamps are used to hold together the triplets making

up the coils, and to support and centre the coils with respect to the measured mechanical

axis of the iron poles with tolerances of several millimeters. As the main stress on the

conductor is of thermal origin, the design choice was to leave the pancakes of the coils

free to slide upon their supports, with only one coil extremity kept fixed on the symmetry

axis, against the iron yoke, where electrical and hydraulic terminations are located. After

rolling the magnet into its nominal position, final precise alignment of the yoke was carried

out in order to follow the 3.6 mrad slope of the LHC machine and its beam. The resolution

of the alignment measurements was about 0.2 mm while the magnet could be aligned to

its nominal position with a precision of ±2 mm. A perspective view of the magnet is

given in Figure 3.5. The magnet is operated via the Magnet Control System that controls

the power supply and monitors a number of operational parameters (e.g. temperatures,

voltages, water flow, mechanical movements, etc.). A second, fully independent system,

the Magnet Safety System (MSS), ensures the safe operation and acts autonomously by

enforcing a discharge of the magnet if critical parameters are outside the operating range.

Several magnetic field measurement campaigns have been carried out during which the

magnet has shown stable and reliable performance.
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Figure 3.5: Perspective view of the LHCb dipole magnet with its current and water connections
(units in mm). The interaction point lies behind the magnet [61].

Field mapping

In order to achieve the required momentum resolution for charged particles, the mag-

netic field integral
∫
Bd` must be measured with a relative precision of a few times 10−4

and the position of the B-field peak with a precision of a few millimetres. A semi-

automatic measuring device was constructed which allowed remotely controlled scanning

along the longitudinal axis of the dipole by means of an array of Hall probes. The mea-

suring machine was aligned with a precision of 1 mm with respect to the experiment

reference frame. The support carrying the Hall probes could be manually positioned in

the horizontal and vertical direction such as to cover the magnetic field volume of interest.

The calibration process allowed correcting for non-linearity, temperature dependence and

non-orthogonal mounting of the Hall probes. The goal of the field mapping campaigns

was to measure the three components of the magnetic field inside the tracking volume of
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the detector for both magnet polarities and to compare it to the magnetic field calcula-

tions obtained with software. For the measurement of CP asymmetries it is important to

control the systematic effects of the detector, by changing periodically the direction of the

magnetic field. The magnetic field has been measured in the complete tracking volume

inside the magnet and in the region of the VELO and the tracking stations, and also inside

the magnetic shielding for the RICH1 and RICH2 photon detectors. The precision of the

measurement obtained for the field mapping in the tracking volume is about 4×10−4. The

main component, By, is shown in Figure 3.6 for both polarities, together with the result

of the model calculation. The overall agreement is excellent; however, in the upstream

region of the detector (VELO, RICH1) a discrepancy of about 3.5% for the field integral

has been found which can be attributed both to the precision of the software model and

to the vicinity of the massive iron reinforcement embedded in the concrete of the hall. In

all other regions the agreement between measurement and calculation is better than 1%.

Figure 3.6: Magnetic field along the z axis [61].

3.2.3 Tracking system

LHCb tracking system comprises three subsystems: VELO, silicon tracker and the outer

tracker. These systems are different in layout, location and technology as well. The main
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purpose of this system is to reconstruct digitally the tracks of charged particles using the

hits of the particles on the detectors.

Silicon tracker

The Silicon Tracker (ST) comprises two detectors: the Tracker Turicensis 10 (TT)

and the Inner Tracker (IT). Both TT and IT use silicon microstrip sensors with a strip

pitch of about 200µm. The TT is a 150 cm wide and 130 cm high planar tracking station

that is located upstream of the LHCb dipole magnet and covers the full acceptance of

the experiment. The IT covers a 120 cm wide and 40 cm high cross shaped region in the

centre of the three tracking stations downstream of the magnet. Each of the four ST

stations has four detection layers in an (x − u − v − x) arrangement with vertical strips

in the first and the last layer and strips rotated by a stereo angle of −5◦ and +5◦ in the

second and the third layer, respectively. The TT has an active area of about 8.4 m2 with

143,360 readout strips of up to 38 cm in length. The IT has an active area of 4.0 m2 with

129,024 readout strips of either 11 cm or 22 cm in length.

Different constraints on the detector geometries resulted in different designs for the

detector modules and station mechanics of the TT and the IT. Common to both parts of

the ST are the readout electronics, the power distribution, and the detector control and

monitor systems.

All four detection layers of the TT are housed in one large light tight and thermally

and electrically insulated detector volume, in which a temperature below 5◦C is main-

tained. The detector volume is continuously flushed with nitrogen to avoid condensation

on the cold surfaces. To aid track reconstruction algorithms, the four detection layers are

arranged in two pairs, (x, u) and (v, x), that are separated by approximately 27 cm along

the LHC beam axis.

The layout of one of the detection layers is illustrated in Figure 3.7. Its basic building

block is a half module that covers half the height of the LHCb acceptance. It consists of a

row of seven silicon sensors organized into either two or three readout sectors. The readout
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hybrids for all readout sectors are mounted at one end of the module. The regions above

and below the LHC beam pipe are covered by one such half module each. The regions

to the sides of the beam pipe are covered by rows of seven (for the first two detection

layers) or eight (for the last two detection layers) 14-sensor long full modules. These full

modules cover the full height of the LHCb acceptance and are assembled from two half

modules that are joined together end-to-end. Adjacent modules within a detection layer

are staggered by about 1 cm in z and overlap by a few millimeters in x to avoid acceptance

gaps and to facilitate the relative alignment of the modules. In the u and v detection

layers, each module is individually rotated by the respective stereo angle.

Figure 3.7: Layout of the third TT detection layer. Different readout sectors are indicated by
different shadings [61].

A main advantage of this detector design is that all front-end hybrids and the infras-

tructure for cooling and module supports are located above and below the active area of

the detector, outside of the acceptance of the experiment.

The layout of a half module is illustrated in Figure 3.8. It consists of a row of seven

silicon sensors with a stack of two or three readout hybrids at one end. For half modules

close to the beampipe, where the expected particle density is higher, the seven sensors

are organized into three readout sectors (4-2-1 type half modules). For the other half
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modules, the sensors are organized into two readout sectors (4-3 type half modules).

Figure 3.8: View of a 4-2-1 type TT detector module [61].

Inner tracker

Each of the three IT stations consists of four individual detector boxes that are ar-

ranged around the beampipe as shown in Figure 3.9. The detector boxes are light tight

and electrically and thermally insulated, and a temperature below 5◦C is maintained in-

side them. They are continuously flushed with nitrogen to avoid condensation on the

cold surfaces. Each detector box contains four detection layers and each detection layer

consists of seven detector modules. Adjacent modules in a detection layer are staggered

by 4 mm in z and overlap by 3 mm in x to avoid acceptance gaps and facilitate the relative

alignment of the modules. Detector modules in the boxes above and below the beampipe

(top and bottom boxes) consist of a single silicon sensor and a readout hybrid. Detector

modules in the boxes to the left and right of the beampipe (side boxes) consist of two

silicon sensors and a readout hybrid. The resulting layout and dimensions of one of the

IT detection layers are illustrated in Figure 3.10.
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Figure 3.9: View of the four IT detector boxes arranged around the LHC beampipe [61].

Figure 3.10: Layout of an x detection layer in the second IT station [61].

An exploded view of a detector module is shown in Figure 3.11. The module consists

of either one or two silicon sensors that are connected via a pitch adapter to a front-end

readout hybrid. The sensor(s) and the readout hybrid are all glued onto a flat module

support plate.

Figure 3.11: Exploded view of a two-sensor IT module. One-sensor modules are similar except
that the support plate is shorter and carries only one sensor [61].
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Outer tracker

The LHCb Outer Tracker (OT) is a drift-time detector, for the tracking of charged

particles and the measurement of their momentum over a large acceptance area. Excellent

momentum resolution is necessary for a precise determination of the invariant mass of the

reconstructed b-hadrons: a mass resolution of 10 MeV/c2 for the decay B0
s → D−s π

+

translates into a required momentum resolution of δp/p ≈ 0.4%. The reconstruction of

high multiplicity B decays demands a high tracking efficiency and at the same time a low

fraction of wrongly reconstructed tracks: a track efficiency of 95% would result, for the

decay B0
s → D−s π

+, in an overall reconstruction efficiency of 80%.

The detector modules are arranged in three stations, see Figure 3.12. Each station

consists of four layers, arranged in an x−u− v−x geometry: the modules in the x-layers

are oriented vertically, whereas those in the u and v layers are tilted by ±5◦ with respect

to the vertical, respectively. The total active area of a station is 5971 × 4850 mm2. The

outer boundary corresponds to an acceptance of 300z,mrad in the magnet bending plane

(horizontal) and 250 mrad in the non-bending plane (vertical).

Figure 3.12: Arrangement of OT straw-tube modules in layers and stations (green) [61].
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The layout of the straw-tube modules is shown in Figure 3.13. The modules are

composed of two staggered layers (monolayers) of 64 drift tubes each. In the longest

modules (type F) the monolayers are split longitudinally in the middle into two sections

composed of individual straw tubes. Both sections are read out from the outer end.

The splitting in two sections is done at a different position for the two monolayers to

avoid insensitive regions in the middle of the module. F-modules have an active length

of 4850 mm and contain a total of 256 straws. In addition to the F-type modules there

exist short modules (type S) which are located above and below the beam pipe. These

modules have about half the length of F-type modules, contain 128 single drift tubes, and

are read out only from the outer module end. A layer half is built from 7 long and 4

short modules. The complete OT detector consists of 168 long and 96 short modules and

comprises about 55000 single straw-tube channels.

Figure 3.13: Cross-section of a straw-tubes module [61].

The tracking efficiency is defined as the probability that the trajectory of a charged

particle that has passed through the full tracking system is reconstructed. In particular

it does not account for interactions with the material, decays in flight and particles that

fly outside of the detector acceptance. The average tracking efficiency is measured from

tag-and-probe method using J/ψ → µ+µ− decays and found to be around 96% in the

momentum range 5 < p < 200 GeV/c and in the pseudorapidity range 2 < η < 5, which

covers the phase space of LHCb [62].
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3.2.4 Particle identification

Particle identification (PID) is a fundamental requirement for LHCb. It is essential

for the goals of the experiment to separate pions from kaons in selected B hadron decays.

At large polar angles the momentum spectrum is softer while at small polar angles the

momentum spectrum is harder; hence the particle identification system consistes of two

RICH detectors to cover the full momentum range. The upstream detector, RICH 1,

covers the low momentum charged particle range ≈ 1–60 GeV/c using aerogel and C4F10

radiators, while the downstream detector, RICH 2, covers the high momentum range from

≈ 15GeV/c up to and beyond 100 GeV/c using a CF4 radiator, see Figure 3.14. RICH 1

has a wide acceptance covering the full LHCb acceptance from ±25 mrad to ±300 mrad

(horizontal) and ±250 mrad (vertical) and is located upstream of the magnet to detect

the low momentum particles. RICH 2 is located downstream of the magnet and has

a limited angular acceptance of ≈ ±15 mrad to ±120 mrad (horizontal) and ±100 mrad

(vertical) but covers the region where high momentum particles are produced. In both

RICH detectors the focusing of the Cherenkov light is accomplished using a combination

of spherical and flat mirrors to reflect the image out of the spectrometer acceptance.

In the RICH 1 the optical layout is vertical whereas in RICH 2 is horizontal. Hybrid

Photon Detectors (HPDs) are used to detect the Cherenkov photons in the wavelength

range 200–600 nm. The HPDs are surrounded by external iron shields and are placed in

cylinders of a nickel-iron ferromagnetic alloy to permit operation in magnetic fields up to

50 mT. A schematic view of RICH 1 (RICH 2) is showed in Figure 3.15 (Figure 3.16).
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Figure 3.14: Cherenkov angle versus particle momentum for the RICH radiators [61].

Figure 3.15: Side view schematic layout
of the RICH 1 detector [61].

Figure 3.16: Top view schematic
of the RICH 2 detector [61].

3.2.5 Calorimeters

The calorimeter system selects high transverse energy hadron, electron and photon

candidates for the first trigger level (L0). It provides the identification of electrons,

photons and hadrons as well as the measurement of their energies and positions.

A classical structure of an electromagnetic calorimeter (ECAL) followed by a hadron

calorimeter (HCAL) has been adopted. The rejection of a high background of charged
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pions requires longitudinal segmentation of the electromagnetic shower detection, i.e. a

preshower detector (PS) followed by the main section of the ECAL. The choice of the lead

thickness results from a compromise between trigger performance and ultimate energy

resolution. The electron trigger must also reject a background of π0’s with high ET . Such

rejection is provided by the introduction, in front of the PS, of a scintillator pad detector

(SPD) plane used to select charged particles. A thin lead converter is placed between

SPD and PS detectors. Optimal energy resolution requires the full containment of the

showers from high energy photons. For this reason, the thickness of ECAL was chosen to

be 25 radiation lengths (X0). On the other hand, the trigger requirements on the HCAL

resolution do not impose a stringent hadronic shower containment condition. Its thickness

is therefore set to 5.6 interaction lengths due to space limitations.

The PS/SPD, ECAL and HCAL adopt a variable lateral segmentation, shown in

Figure 3.17, since the hit density varies by two orders of magnitude over the calorimeter

surface. A segmentation into three different sections has been chosen for the ECAL and

projectively for the SPD/PS. Given the dimensions of the hadronic showers, the HCAL

is segmented into two zones with larger cell sizes.

Figure 3.17: Lateral segmentation of the SPD/PS and ECAL (left) and the HCAL (right). One
quarter of the detector front face is shown [61].

The SPD/PS detector consists of a 15 mm lead converter 2.5X0 thick, that is sand-

wiched between two almost identical planes of rectangular scintillator pads of high gran-

ularity with a total of 12,032 detection channels. The sensitive area of the detector is

7.6 m wide and 6.2 m high. Due to the projectivity requirements, all dimensions of the
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SPD plane are smaller than those of the PS by ≈ 0.45%. The detector planes are divided

vertically into two halves. Each can slide independently on horizontal rails to the left and

right side in order to allow service and maintenance work. The distance along the beam

axis between the centres of the PS and the SPD scintillator planes is 56 mm.

SPD is particularly important for exclusive production analyses as it is present on the

trigger decisions of CEP data. A recurrent used variable is n(SPD hits) defined as the

number of hits observed in SPD as a result of a primary interaction. Hit is defined as a

point in a sub-detector crossed by a charged particle.

3.2.6 Muon system

Muon triggering and offline muon identification are fundamental requirements of the

LHCb experiment. Muons are present in the final states of many CP -sensitive B decays,

in particular the two gold-plated decays, B0
d → J/ψ(µ+µ−)K0

S and B0
s → J/ψ(µ+µ−)ϕ.

They play a major role in CP asymmetry and oscillation measurements, since muons

from semi-leptonic b decays provide a tag of the initial state flavour of the accompanying

neutral B mesons. In addition, the study of rare B decays such as the flavour-changing

neutral current decay, B0
s → µ+µ−, may reveal new physics beyond the Standard Model.

For both the analyses described in this document, the muon system is very important

as the final state of these studies are dimuons. Correct identification and measurement

of kinematic variables are crucial to ensure the least possible error. The muon system

provides fast information for the high-pT muon trigger at the earliest level (Level-0) and

muon identification for the high-level trigger (HLT) and offline analysis.

The muon system, shown in Figure 3.18, is composed of five stations (M1-M5) of

rectangular shape, placed along the beam axis. The full system comprises 1,380 chambers

and covers a total area of 435 m2. The inner and outer angular acceptances of the muon

system are 20 mrad (16 mrad) and 306 mrad (258 mrad) in the bending (non-bending)

plane respectively. This results in an acceptance of about 20% for muons from inclusive
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b semileptonic decays.

Figure 3.18: Side view of the muon system [61].

Stations M2 to M5 are placed downstream the calorimeters and are interleaved with

iron absorbers 80 cm thick to select penetrating muons. The minimum momentum of a

muon to cross the five stations is approximately 6 GeV/c since the total absorber thickness,

including the calorimeters, is approximately 20 interaction lengths. Station M1 is placed

in front of the calorimeters and is used to improve the pT measurement in the trigger. The

geometry of the five stations is projective, meaning that all their transverse dimensions

scale with the distance from the interaction point.

The detectors provide space point measurements of the tracks, providing binary (yes/no)

information to the trigger processor and to the data acquisition system. The information

is obtained by partitioning the detector into rectangular logical pads whose dimensions
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define the x, y resolution.

The muon trigger is based on stand-alone muon track reconstruction and pT measure-

ment and requires aligned hits in all five stations. Stations M1-M3 have a high spatial

resolution along the x coordinate (bending plane). They are used to define the track di-

rection and to calculate the pT of the candidate muon with a resolution of 20%. Stations

M4 and M5 have a limited spatial resolution, their main purpose being the identification

of penetrating particles.

Appropriate programming of the L0 processing unit allows the muon trigger to operate

in the absence of one station (M1, M4 or M5) or with missing chamber parts, although

with degraded performance (worse pT resolution).

The layout of the muon stations is shown in Figure 3.19. Each Muon Station is

divided into four regions, R1 to R4 with increasing distance from the beam axis. The

linear dimensions of the regions R1, R2, R3, R4, and their segmentations scale in the

ratio 1:2:4:8. With this geometry, the particle flux and channel occupancy are expected

to be roughly the same over the four regions of a given station. The (x, y) spatial

resolution worsens far from the beam axis, where it is in any case limited by the increase

of multiple scattering at large angles. The right part of Figure 3.19 shows schematically

the partitioning of the station M1 into logical pads and the (x, y) granularity. Multi-

wire proportional chambers (MWPC) are used for all regions except the inner region of

station M1 where the expected particle rate exceeds safety limits for ageing. In this region

triple-GEM detectors are used.
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Figure 3.19: Left: front view of a quadrant of a muon station. Each rectangle represents
one chamber. Each station contains 276 chambers. Right: division into logical pads of four
chambers belonging to the four regions of station M1. In each region of stations M2-M3 (M4-
M5) the number of pad columns per chamber is double (half) the number in the corresponding
region of station M1, while the number of pad rows per chamber is the same [61].

3.2.7 Trigger

The LHCb experiment operates at an average luminosity of 2 × 1032 cm−2s−1, much

lower than the maximum design luminosity of the LHC, reducing the radiation damage

to the detectors and electronics. Furthermore, the number of interactions per bunch

crossing (or event) is dominated by single interactions, which facilitates the triggering

and reconstruction by assuring low channel occupancy. Due to the LHC bunch structure

and low luminosity, the crossing frequency with interactions visible by the spectrometer

is about 10 MHz for
√
s = 7 TeV or 8 TeV, which has to be reduced by the trigger to

about 2 kHz, at which rate the events are written to storage for further offline analysis.

This reduction is achieved in two trigger levels as shown in Figure 3.20: Level-0 (L0)

and the High Level Trigger (HLT). The L0 trigger is implemented using custom made

electronics, operating synchronously with the 40 MHz bunch crossing frequency, while

the HLT is executed asynchronously on a processor farm, using commercially available

equipment. At a luminosity of 2 × 1032 cm−2s−1 the bunch crossings with visible pp

interactions are expected to contain a rate of about 100 kHz of bb̄-pairs. However, only

about 15% of these events will include at least one B meson with all its decay products

contained in the spectrometer acceptance. Furthermore the branching ratios of interesting
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B meson decays used to study for instance CP violation are typically less than 10−3 . The

offline analysis uses event selections based on the masses of the B mesons, their lifetimes

and other stringent cuts to enhance the signal over background. For the best overall

performance the trigger was therefore optimised to achieve the highest efficiency for the

events selected in the offline analysis, while rejecting uninteresting background events as

strongly as possible.

Figure 3.20: Scheme of the LHCb trigger [61].

The purpose of the L0 trigger is to reduce the LHC beam crossing rate of 40 MHz

to the rate of 1 MHz with which the entire detector can be read out. Due to their large

mass, B mesons decays often produce particles with large transverse momentum (pT ) and

energy (ET ) respectively. The L0 trigger attempts to reconstruct:

• the highest ET hadron, electron and photon clusters in the calorimeters,

• the two highest pT muons in the muon chambers.

In addition, a pile-up system in the VELO estimates the number of primary pp interactions

in each bunch crossing. The calorimeters calculate the total observed energy and an
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estimate for the number of tracks, based on the number of hits in the SPD. With the help

of these global quantities events may be rejected, which would otherwise be triggered due

to large combinatorics, and would occupy a disproportionate fraction of the data-flow

bandwidth or available processing power in the HLT.

A L0 Decision Unit (DU) collects all the information and derives the final L0 trigger

decision for each bunch crossing. It allows for overlapping of several trigger conditions

and for prescaling.

The L0 trigger system is fully synchronous with the 40 MHz bunch crossing signal of

the LHC. The latencies are fixed and depend neither on the occupancy nor on the bunch

crossing history. All L0 electronics is implemented in fully custom-designed boards which

make use of parallelism and pipelining to do the necessary calculations with sufficient

speed. In order to be able to reduce the event rate from 1 MHz down to 2 kHz, the HLT

makes use of the full event data. The generic HLT algorithms refine candidates found

by the L0 trigger and divide them into independent alleys. The alleys to be followed are

selected from the L0 decision. The alley selections are based on the principle of confirming

a previous trigger stage by requiring the candidate tracks to be reconstructed in the VELO

and/or the T-stations. Requiring candidate tracks with a combination of high pT and/or

large impact parameter reduces the rate to about 30 kHz. At this rate interesting final

states are selected using inclusive and exclusive criteria.

Generally speaking, selection cuts are relaxed compared to the offline analysis, in order

to be able to study the sensitivity of the selections and to profit from refinements due

to improved calibration constants. A large fraction of the output bandwidth is devoted

to calibration and monitoring. In order to monitor trigger efficiencies and systematic

uncertainties both trigger levels can be emulated fully on stored data.

CEP triggers

The trigger lines used in the search of exclusive productions exploit the singular char-

acteristics of such processes, i.e., low momentum of final state particles and low activity
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in the detector. Exclusive processes can be seen as quasi-elastic collisions. In order to

conserve momentum and energy, the momentum transfered to the centrally produced par-

ticles must be small. In particular in an environment of b− and c−hadrons decays this is

a distinguishable feature, as the final particles originated from these decays present high

momentum.

Another crucial aspect of the exclusive production in the small number of produced

particles in the detector acceptance, with the protons remaining intacts after the interac-

tion. Since a few particles interact with the detector a small number of hits is detected

as well as a small number of trajectories, or tracks, reconstructed per event.

CEP triggers hence are focused in selecting events with low number of tracks and

hits and particles with low reconstructed momentum. In the analyses presented in this

document, the non-resonant muon pair production in pp collisions and J/ψ production

in PbPb collisions, it is expected that the dimuon and the J/ψ have small momentum.

Therefore the muons individually may show high transverse momentum as they are created

back-to-back in the dimuon (or J/ψ) frame.

3.2.8 Data storage

The LHCb data selected by trigger is recorded as RAW data. Simulated samples

are recorded in a similar format with an extra “truth” information. In order to provide

physical quantities such as momentum, energy and position a reconstruction is performed

using the detector information stored in RAW format. The output of this reconstruction

process is a new set of data called Data Summary Tape (DST). Previously acquired

calibration data is used in order to perform the reconstruction. A set of pre-selection

algorithms is applied to the reconstructed data in order to separate particular processes.

This pre-selection is called Stripping and it is recognized as the first stage of the analysis

procedure [71]. The complete logical dataflow scheme is presented in Figure 3.21.
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Figure 3.21: The LHCb computing logical dataflow model.

Several softwares are used by LHCb collaboration in the stages of data simulation

and processing. These softwares are integrated on the Gaudi software framework. Gauss

software [72] is used for the generation of simulation samples, since the simulation of

pp collisions until detector material interaction simulation. Some external packages are

employed throughout simulation by Gauss. The simulation of the pp colisions is performed

by PYTHIA software [67, 68]. EVTGEN software [73] performs the description of the

decays of the particles generated in the collision. GEANT4 simulates the interaction

between particles and detector’s materials [74, 75]. Boole is the digitization application,

the final stage of the LHCb detector simulation [71]. It applies the detector response

to the hits generated by Gauss. The Moore application is the software of the LHCb

trigger, used for the implementation of the HLT algorithms. Brunel is the reconstruction

application. It uses the information from the LHCb subdetectors to reconstruct the event,
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including tracking and particle identification. The DaVinci application is the analysis

framework. It allows vertex reconstruction and selection of events from the reconstructed

data. The selected events with their related parameters of interest can be recorded for

further analysis. These applications and dataflow are illustrated in Figure 3.22.

Figure 3.22: The LHCb data processing applications and data flow. Underlying all of the
applications is the Gaudi framework and the event model describes the data expected. The
arrows represent input/output data [71].

3.2.9 HeRSCheL

Although the design of LHCb was optimised for studies of heavy-flavour hadron de-

cays, its operating conditions and sensitivity to low pT particles make it ideally suited to

measurements of CEP processes. The low multiplicity of the final state and the absence

of activity, or large “rapidity gap”, either side of the central system provides a distinctive

signature of the CEP process. In practice, this signature can only be exploited by the

nominal LHCb trigger in beam crossings where there are no additional interactions. The

fraction of single interaction events within the acceptance of the LHCb spectrometer is

relatively large during normal operation, being approximately 37% in 2015, 24% in 2011

and 19% in 2012. Contamination to the signal selection arises, however, from inelastic in-



49

teractions in which one or both protons disassociate. In these cases additional hadrons are

produced at high rapidities, which generally means that they fall outside the acceptance

of the sub-detectors of the spectrometer.

The sensitivity that HeRSCheL provides for high-rapidity particles enable the con-

tamination from inelastic events in the CEP selection to be suppressed. Information from

HeRSCheL is typically deployed in a veto mode. The absence of any significant activity

in the Forward Shower Counters (FSC) is used to confirm the existence of a rapidity

gap extending beyond the spectrometer acceptance, and to add confidence to the central-

exclusive hypothesis of CEP candidates. In this manner the purity of the CEP selection is

improved, and the systematic uncertainties associated with the modelling of the residual

background can be reduced.

As shown schematically in Figure 3.23, the HeRSCheL system comprises three stations

at negative z, known as “backward” or “B” stations, and two stations at positive z, known

as “forward” or “F” stations. The active element of each station is a plastic scintillator

plane with outer dimensions of 600 mm × 600 mm, centred around the beam line. The

shape and dimensions of the inner opening depend on the local vacuum chamber layout.

Stations B0, B1, and F1 have circular holes with radii of 47 mm (B0, B1) and 61 mm (F1),

respectively. For stations B2 and F2, the inner opening has a half-width of 115 mm in the

horizontal direction (to encompass the two vacuum chambers), and a half-width of 54 mm

in the vertical direction. The HeRSCheL stations are seen to add detector acceptance

from five up to nearly ten pseudorapidity units.
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Figure 3.23: Layout of the active areas of the HeRSCheL stations around the LHCb interaction
point, where for illustration the HeRSCheL stations have been magnified by a factor of 20 with
respect to the rest of the LHCb detector. z-axis not to scale [70].

Figure 3.24: Energy deposit in the scintillators as a function of the pseudorapidity of the parent
particle that caused the shower. The grey areas indicate the nominal pseudorapidity coverage
of LHCb [70].

Empty-detector characterisation

Protons circulating in the LHC are distributed in bunches, separated from one another

by 25 ns. Bunches are collected into “trains” by virtue of the injection procedure, sepa-

rated by gaps. A 25 ns window within which proton bunches cross in LHCb is referred

to as a “bunch crossing”. Whilst the dominant contribution to the HeRSCheL empty-
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detector signal is electronic noise, secondary contributions arise as the result of activity

in nearby crossings which spill into the 25 ns time interval of the triggered crossing. The

largest of these secondary contributions is the residual impact on detector electronics of

successive large signals in the detector, during a train of proton-proton crossings in the

LHC. It is found that the signal recorded in the counters in the window immediately after

such a train, where no particle activity can be present, provides a good description of the

empty-detector region of the ADC response, as in the case of a CEP interaction. This

ADC response for each of the example counters is also shown in Figure 3.25.

Figure 3.25: Activity registered for each HeRSCheL detector station during beam-beam cross-
ings in the solid histogram. The empty-detector signal recorded after a bunch train is represented
by the dotted histogram [70].

HeRSCheL variable

In order to construct a quantity that combines the responses of all twenty counters

comprising the HeRSCheL detector effectively, it is beneficial to account for the charac-

teristic distribution of the empty-detector signal in each counter. The most natural way

to combine the activity in all the HeRSCheL detectors is to construct a χ2 quantity, ξHRC,

such that values of ξHRC close to zero correspond to events with little or no activity in all

the HeRSCheL counters, as expected in the case of a single CEP interaction, and high
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values of ξHRC correspond to events where the counter activity is elevated, as expected

for non-CEP background.

This HeRSCheL’s Figure of Merit (FOM), ξHRC, is given by:

ξHRC = ln

[
20∑
i=1

(
ADCi

RMSi

)2
]
, (3.1)

where ADCi (analog-to-digital-converter) is a number proportional to the energy de-

posited in the i-th empty HeRSCheL counter in ADC counts. RMSi is the sigma value

of a Gaussian distribution of i-th empty HeRSCheL counter signals taken from the fit

to ADC counts histograms. Grossly, ADCi is the mean of the Gaussian fitted to the

red distributions in Figure 3.25 and RMSi is the standard deviation from the same fit

procedure.
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Chapter 4

Cross-section measurement of the
exclusive production of muon pairs
in pp collisions

Lepton pair production in proton-proton collisions is an excellent probe to test the

fundamental electromagnetic nature of the Standard Model. As detailed in Chapter 2, the

QED provides precise prediction for CEP of dimuon. A measurement of the cross-section

of this reaction can be used as a luminosity measurement or calibration. In this chapter,

the experimental determination of this cross-section using pp collisions acquired in LHCb

during Run 1 is presented.

4.1 Method

The cross-section of a generic reaction, pp→ X, is defined experimentally as

σ (pp→ X) =
N (pp→ X)

L
(4.1)

where N (pp→ X) is the number of occurrences of the pp → X reaction in a number of

pp collisions corresponding to an integrated luminosity

L =

∫
Ldt (4.2)
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where L is the instantaneous luminosity. In this scenario, in order to obtain the cross-

section of the central exclusive production

pp→ pµ+µ−p (4.3)

it is necessary to determine how many times this CEP occurred out of the total number

of collisions. Unfortunately it is not possible to determine this number directly. In fact,

it is indirectly determined as

N
(
pp→ pµ+µ−p

)
=
n (pp→ pµ+µ−p)

ε
(4.4)

where the signal efficiency, ε, is usually calculated using simulation samples. Therefore

the cross-section formula with the accessible number of occurrences n (pp→ pµ+µ−p) is

σ
(
pp→ pµ+µ−p

)
=
n (pp→ pµ+µ−p)

ε · L
(4.5)

Thus, the objective is to obtain the number of events, n (pp→ pµ+µ−p), after an event

selection, the efficiency ε and the integrated luminosity of the data sample in order to

determine the cross-section of dimuon CEP in pp collisions.

In this analysis only events with a single interaction are selected. Therefore, the

number of events n (pp→ pµ+µ−p) is reduced and a correction factor, called fraction of

single interactions, fSI , must be estimated and taken into account in order to determine

the cross-section properly. The cross-section is finally determined by:

σ
(
pp→ pµ+µ−p

)
=
n (pp→ pµ+µ−p)

ε · fSI · L
(4.6)

4.2 Samples

In this analysis the Run 1 LHCb data is used. The Run 1 comprises the data acquired

during 2011 and 2012 years. In 2011, the collision energy was 7 TeV in the centre of mass

frame. This energy was raised to 8 TeV in 2012. As the cross-section is expected to vary

with the collision energy, the analysis is performed separately for each year.
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4.2.1 Simulation samples

At the time this work began, there was no exclusive production generators in the

LHCb simulation framework. Among all possible software, the event generator used is

the LPair [37]. It was developed during the early 1980s and allows to simulate the full

γγ → `+`− reaction in a fully-embedded piece of code.

The method used in the code [76] provides an accurate description of both the elastic

and dissociative component of the possible final states. The incoming particles can either

be the ep, ee, or pp. The outgoing system is therefore defined as the central dilepton

system produced, along with the outgoing beam particles. While the ee case leads to

a trivial expression of the form factors, the proton-induced reactions can produce three

different outcomes (listed in increasing order of Q2 energy transfers): fully-elastic, single

proton dissociative, fully-inelastic or double dissociative. In this thesis only the first

option is used.

Even if LPair shows a good description of diffractive processes, it is an old code and

there are some demands that are not met by this generator. The controllable kinematic

parameters are not flexible enough. In fact, a script based in Python and BASH was devel-

oped to enable a pre-selection at generator level in order to reduce the time consumption

and disk space of reconstruction of simulated samples. The variables and the cuts used

to produce the simulation samples are listed in Table 4.1. Event generation is performed

considering the center-of-mass energy of
√
s = 7 TeV (

√
s = 8 TeV) for 2011 (2012) data

analysis. In order to determine the efficiency the simulated data is reconstructed using

the same LHCb framework used to reconstruct collision data.

Table 4.1: Lpair generator kinematic parameters for non-resonant dimuons.
Property Criterion

Pseudorapidity (both muon candidates) 1.5 ≤ η(µ±) ≤ 5.0
Transverse momentum (both muon candidates) pT (µ±) ≥ 375 MeV/c

Invariant mass (dimuon candidate) m(µ+µ−) ≥ 1 GeV/c2
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4.3 Selection

At L0 trigger, events are selected by the criteria shown in Table 4.2. The SPD

multiplicity is defined as the number of hits observed in the SPD sub-setector. There is

only one criterion in the HLT: both muons have pT > 400 MeV/c2. This trigger line was

only implemented in May 2011 and any data taken before this are excluded.

Table 4.2: L0 trigger criteria used to select non-resonant dimuons.
Property Criterion

SPD multiplicity n(SPD hits) < 10
Transverse momentum (at least one muon) pT (µ) > 200 MeV/c2

The pre-selection detailed in Table 4.3 is applied offline. n(Long Tracks) is the number

of long tracks in the event and n(Back Tracks) is the number of backward tracks in the

event. Long tracks traverse the full tracking system. They have hits in both the VELO

and the T stations, and optionally in TT. As they traverse the full magnetic field they have

the most precise momentum estimate and therefore are the most important set of tracks

for physics analyses. An illustration in Figure 4.1 shows the representation of a long track

crossing the LHCb detector and the By field as well. The selection n(Long Tracks) > 0

is a very loose cut as muon tracks are expected to be long. However it removes fully

elastic interactions were the protons interact but do not dissociate or provoke a CEP. On

the other hand, a backward track is associated with a particle which is created inside

the VELO but its momentum points to the pile-up stations of VELO. Thus the selection

n(Back Tracks) < 1 rejects CEP-like events with extra backward tracks not fully detected

by LHCb sub-detectors.



57

Figure 4.1: A schematic illustration of the long track type. For reference the main B-field
component (By) is plotted above as a function of the z coordinate [62].

Table 4.3: Pre-selection applied to the non-resonant dimuons.
Property Criterion

n(Long Tracks) > 0
n(Back Tracks) < 1

A final set of selection is applied offline in order to reduce the contamination from

events where the dimuon is produced inclusively. The criteria, shown in Table 4.4, are

therefore chosen in order to select events with no activity in the detector other than that

associated to the dimuon.
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Table 4.4: Offline selection criteria applied to the non-resonant dimuons.
Property Criterion

Pseudorapidity (both muon candidates) 2 ≤ η(µ±) ≤ 4.5
Track type (both muon candidates) Long
Muon ID (both muon candidates) True

n(Long Tracks) = 2
n(Muon Tracks) = 2

Transverse momentum (dimuon candidate) p2T (µ+µ−) ≤ 2 (GeV/c)2

Invariant mass (dimuon candidate) 0 ≤ m(µ+µ−) ≤ 20 GeV/c2

Resonance vetoes

Low mass resonances (ρ, a, η) m ≥ 1.5 GeV/c2

J/ψ

m ≤ m(J/ψ)− 300 MeV/c2 or

m ≥ m(J/ψ) + 100 MeV/c2

ψ(2S) |m−m(ψ(2S))| ≥ 100 MeV/c2

Υ(nS) (n = 1, 2, 3) m ≤ 9 or m ≥ 10.6 GeV/c2

In this analysis, a long track is identified as a muon when hits in the muon system

are found with a pattern which matches the trajectory in the tracking system (Muon

ID). The transverse momentum of the dimuon system p2T is expected to be low in CEP

as the momentum transfer is smaller in this case (see Chapter 2). The last criteria of

Table 4.4 are designed to reject CEP of resonances decaying in two muons. The low

mass resonances (ρ, a, η, etc.) are rejected by requiring the dimuon invariant mass to be

greater than 1.5 GeV/c2. For the J/ψ veto we remove all candidates with dimuon invari-

ant mass within 2.796 and 3.196 GeV/c2. The ψ(2S) resonance is rejected by removing

candidates with dimuon invariant mass between 3.586 and 3.786 GeV/c2. The dimuon

invariant mass window rejection from 9 to 10.6 GeV/c2 is responsible to take out the Υ

resonances from our samples. The dimuon system p2T distribution of all samples after all

selections is presented in Figures 4.2 and 4.3 for 2011 and 2012 data set respectively. The

invariant mass of dimuons is shown in the Figures 4.4 and 4.5 for 2011 and 2012 data

set respectively. These distributions are expected to contain three components: CEP,

partially inelastic with the dissociation of one of the protons and the fully inelastic where

both protons dissociate. In terms of p2T (µµ), the full inelastic contribution shows larger
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values in comparison with the partial inelastic contribution. The CEP process is expected

to exhibit a narrow distribution around zero in p2T (µµ) as one can see in the Figures 4.2

and 4.3.

Figure 4.2: Square transverse momentum distribution using dimuons from LPair simulated and
LHCb data of the CEP pp→ pµµp where

√
s = 7 TeV and the full selection chain is applied.

4.4 Selection efficiency

Simulated events are used to detemine the selection efficiency. The total efficiency is

factorised in the three stages of the selection presented in the previous section:

ε = εpre−selection · εtrigger · εoffline (4.7)

The definition of each efficiency is given by:

εi =
NAfter

NBefore

, (4.8)

where i = trigger, pre-selection or offline and NAfter is the number of events in the simu-

lated sample after the i-th selection and NBefore is the number of events in the simulated
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Figure 4.3: Square transverse momentum distribution using dimuons from LPair simulated and
LHCb data of the CEP pp→ pµµp where

√
s = 8 TeV and the full selection chain is applied.

Figure 4.4: Invariant mass distribution using dimuons from LPair simulated and LHCb data of
the CEP pp→ pµµp where

√
s = 7 TeV and the full selection chain is applied.
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Figure 4.5: Invariant mass distribution using dimuons from LPair simulated and LHCb data of
the CEP pp→ pµµp where

√
s = 8 TeV and the full selection chain is applied.

sample before applying the i-th selection. The efficiencies of the trigger and acceptance,

pre-selection and offline selections are presented in Table 4.5. The uncertainties are statis-

tical and estimated assuming a binomial distribution for the number of events satisfying

a given selection step.

Table 4.5: Efficiency of the different sets of selection criteria. Uncertainties are statistical.
Selection

√
s = 7 TeV

√
s = 8 TeV

Acceptance and Trigger (86.96± 0.11)% (86.94± 0.08)%
Pre-selection (99.993± 0.003)% (99.992± 0.002)%

Offline selection (36.85± 0.17)% (36.70± 0.12)%

Full selection (31.22± 0.15)% (31.16± 0.11)%
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4.5 Integrated luminosity

A complete description of the luminosity measurements can be found in the reference

[77]. The integrated luminosity is found to be:

L
(√

s = 7 TeV
)

= (0.908± 0.012) fb−1, (4.9)

and

L
(√

s = 8 TeV
)

= (1.990± 0.016) fb−1. (4.10)

Fraction of single interactions

The cuts related to the event (e.g. n(Long Tracks) = 2) remove not only non-CEP

of dimuons, but they also exclude pp collisions where more than one pp interaction took

place. It is therefore necessary to multiply the full integrated luminosity by a factor which

is the fraction of events with no additional interactions. This factor can be determined by

using data containing ntotal randomly triggered events, and applying our selection criteria

to find the fraction of events where no interactions are observed. The level of detector

activity which is defined as an interaction in addition to the signal candidate depends

on the global event cuts employed in the selection. The fraction of ntotal events which

pass the requirements that n(SPD hits) < 8, n(Back Tracks) = 0, n(Long Tracks) = 0 and

n(Muon Tracks) = 0 is (23.620± 0.027)% for 2011 and (18.466± 0.017)% for 2012.

4.6 Determination of the yield of CEP

The yield of CEP candidates (NCEP ) is obtained from a fit to the p2T (µ+µ−) distri-

bution. The 2011 and 2012 data sets are fitted separately. The distributions to be fitted

are represented in Figures 4.2 and 4.3 where the three contributions are CEP, partial

inelastic and full inelastic. It is assumed that each inelastic background components are

distributed according to a single exponential function (e−bp
2
T ). The slope and yield of this

background function are free to vary in the fit. The shape of the CEP signal is taken from
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simulated data using a kernel estimator and used as a fixed template, TCEP , in the total

fit function:

F (p2T ) = NCEP · TCEP +Npartial · e−b1p
2
T +Nfull · e−b2p

2
T (4.11)

where all N ’s and both b’s are free to vary. The fits to LHCb data are shown in Figures

4.6 and 4.7.

Figure 4.6: Fit to quadratic transverse momentum for 2011 LHCb data. The dots represent
the data, the blue line the signal contribution and the purple and red lines corresponds to the
inelastic contributions.

4.7 Cross-section measurement

The cross-section is given by

σ =
NCEP

fSI · L · ε
, (4.12)

where NCEP is the yield of exclusive signal candidates determined from the fit to p2T , the

integrated luminosity is represented by L, the fraction of events with only one interaction

is fSI and the quantity ε is the efficiency correction. Using the results from the previous
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Figure 4.7: Fit to quadratic transverse momentum for 2012 LHCb data. The dots represent
the data, the blue line the signal contribution and the purple and red lines corresponds to the
inelastic contributions.

sections, we have:

σ(pp→ pµ+µ−p,
√
s = 7 TeV) = (154.2± 2.5) pb (4.13)

σ(pp→ pµ+µ−p,
√
s = 8 TeV) = (172.3± 1.9) pb (4.14)

Comparison with theory prediction

In order to obtain the cross-section prediction in the LHCb geometrical acceptance

the SuperChic generator is used [78]. The cross-section is calculated within the pseudo-

rapidity 2 < η < 4.5 and for the center-of-mass energies of
√
s = 7 TeV and

√
s = 8 TeV.

The results are listed below.

σtheo(pp→ pµ+µ−p,
√
s = 7 TeV) = (158.66± 1.0) pb (4.15)

σtheo(pp→ pµ+µ−p,
√
s = 8 TeV) = (166.81± 0.98) pb (4.16)
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4.8 Conclusions

The cross-section of dimuon non-resonant CEP is measured using pp collisions for

two center-of-mass energies. A first comparison with theoretical prediction is available

through the SuperChic event generator and a discrepancy of 1.7σ (2.6σ) is observed in

the
√
s = 7 TeV (

√
s = 8 TeV) data analysis. The measured cross-section uncertainties

are purely statistical and a next step for this analysis is to determine the systematic

uncertainties. The measurement of differential cross-section in bins of dimuon rapidity or

pseudorapidity may be useful as well in order to compare with theoretical predictions.
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Chapter 5

Cross-section measurement of J/ψ
coherent production in PbPb
collisions

Heavy ion collisions at the LHC are an excellent environment to study gamma-gamma

or gamma-nucleus interactions with or without break-up of any of the nuclei. In gamma-

nucleus interaction, one can study vector meson production, e.g. J/ψ, which is sensitive

to the square of the nuclear gluon density at the leading order of perturbation. This makes

those production processes ideal probes to study and constraint gluon distribution func-

tions in the small Bjorken-x regime (typically from 10−5 until 10−2 for the present analysis,

depending on which nuclei emits the photon) and at energy scales of Q2 ≈ m2
J/ψ/4, where

those functions are poorly constrained. At this regime, saturation phenomena are ex-

pected, giving an insight of non-linear properties of the gluonic interactions at high-field

density.

5.1 Analysis Strategy

In this work, a measurement for gamma-nucleus coherent J/ψ production is performed

using the LHCb data of lead ion collisions taken in 2015. Even though the coherent pro-

duction is expected to occur with a higher cross-section in UPC, there are other two im-

portant contributions to J/ψ production that must be considered: incoherent production
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(with break-up of one or both of the heavy ions) and decay of coherent ψ(2S) production

(feed-down). Note that the branching ratio B [ψ(2S)→ J/ψ + anything] = (61.4± 0.6)%

[2]. These two constributions constitute the main background sources for our exclusive

J/ψ sample.

As for the previous analysis presented in Chapter 4, the cross-section is given by

Equation 4.1. However, since background contributions are expected, an event selection

must be used and efficiency corrections applied. Moreover, in order to compare with

different theoretical models, the cross-section measurement is performed in bins of J/ψ

rapidity. A last important aspect is that the J/ψ meson is not directly observed. Rather

than that, only its decay products are directly detected by the LHCb detector. In this work

the decay J/ψ → µ+µ− is studied in order to measure the cross-section of J/ψ production.

Therefore, the cross-section calculation must be corrected also by the branching ratio of

this decay. In conclusion, the differential cross-section of J/ψ coherent production can be

written as:

dσcoh
dy

=
ncoh

εy ·∆y · L · B
, (5.1)

where εy is the efficiency and acceptance correction factor for each rapidity bin, ncoh is the

coherent yield observed in the experiment after selection, ∆y is the bin width in meson

rapidity, L is the integrated luminosity of the used sample and B = (5.961± 0.033)% [2]

is the branching ratio of J/ψ → µ+µ−.

The total efficiency is the product of trigger, track reconstruction, muon identification

and offline selection efficiencies. These efficiencies are mostly determined using simulated

samples with the exception of HLT efficiency. All efficiencies are described in Section 5.4.

The signal yield is determined in two steps. First, a fit to the dimuon invariant mass

spectrum is performed to obtain the number of J/ψ candidates, which includes coherent

and incoherent J/ψ and ψ(2S) feed-down components. A fit to the J/ψ transverse mo-

mentum, pT , is used to estimate the number of signal candidates where the non-resonant

background is constrained from the first fit.



68

5.2 Samples

The data used in this analysis are PbPb collisions at
√
sNN = 5 TeV, collected by the

LHCb collaboration in November and December 2015. In about two thirds of the data

taking Argon was injected in the interaction region in order to collect Pb-Ar interactions

at the same time.

In total, four MC samples are used in this analysis. Three simulated samples were

generated using the STARlight [53] event generator and the remaining sample was based

on the SuperChic event generator [32].

The STARlight samples are compounded by 1010 events of coherently produced J/ψ

mesons decaying to dimuons, 1010 events of incoherently produced J/ψ mesons decaying

to dimuons and 1010 events of two-photon reactions γγ → µ+µ−. These samples are

produced only at generator level and a smearing process is applied in order to match

the detector response before the usage of these samples in the fit procedure described in

Section 5.5.

The SuperChic samples have been privately produced and provided by the group of

the J/ψ CEP cross-section measurement at 13 TeV pp collisions [79]. A full detector

simulation and reconstruction is implemented using the Geant4 toolkit [75]. A total of

100,000 signal events for J/ψ → µ+µ− were generated. This sample is to determine the

efficiencies described in Section 5.4

5.3 Selection

Events containing a coherently photo-produced J/ψ meson are expected to contain

two identified muons in the LHCb acceptance and nothing else. In this section the trigger

strategy and offline selections applied to select candidate events are described.
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5.3.1 Trigger selection

Two different trigger strategies (paths) are used in this analysis:

• muon trigger strategy : this trigger path is the one used in the data analysis. The

events are selected by the lines L0MUON at L0 and Hlt1DiMuonHighMass at HLT1,

as described in Table 5.1.

• min-bias trigger strategy : this trigger path is used for efficiency studies only. The

lines L0SPD and Hlt1BBMicroBiasVELO and its requirements are used to select

events (see Table 5.1).

A summary of the trigger line conditions is given in Table 5.1.

Table 5.1: Trigger lines used in this analysis and their requirements.
Type of trigger Requirements

L0MUON:
pT (µ) > 900 MeV/c

L0 L0SPD:
n(SPD hits) > 2

ET (HCAL) > 240 MeV
Hlt1BBMicroBiasVelo:

n(Velo Tracks) ≥ 1
HLT1 Hlt1DiMuonHighMass:

m(µ+µ−) > 2.7 GeV/c2

5.3.2 Offline Selection

In order to select low activity events, the number of SPD hits is required to be less

than 20. A VELO track passes only through this detector and is typically a large-angle

track. The number of VELO tracks (nVeloTracks) with DOCA < 1 mm is required to be

equal to 2. Here DOCA refers to the distance of closest approach between the Velo track

and the J/ψ decay vertex. The reason for this cut is due to the presence of a residual

electron contamination from PbPb→ Pb e+e− Pb events.

The coherent J/ψ candidates are selected by requiring two long tracks identified as

muons with transverse momentum pT > 500 MeV/c. Both muons have to be in the
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pseudo-rapidity range 2.0 < η < 4.5. In addition, the dimuon system must have a

transverse momentum smaller than 1 GeV/c and invariant mass within 65 MeV/c2 of the

PDG J/ψ mass value (3096.916 ± 0.011) MeV/c2 [2]. This invariant mass window is

chosen in order to select events around 2σ where σ is the standard deviation found in the

mass fit performed in the Section 5.5. As about two thirds of the data include information

from beam-gas interactions (Pb-Ar collisions), the bunch-crossing type (BCType) “Beam-

Beam” was required. However, it has been shown that there can still be residual Pb-Ar

interactions. Only exclusively produced J/ψ could be a potential contamination. This is

expected to be marginal considering the factor ∼ 10 in center-of-mass energy between the

two type of colliding systems. The dimuon p2T and mass spectra after trigger and offline

selections are represented in Figures 5.1 and 5.2 respectively.

Figure 5.1: Plot of ln[p2T (µ+µ−)/(GeV/c)2] using LHCb 2015 data after trigger and offline
selections.
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Table 5.2: Offline selection criteria used in the J/ψ production in UPC analysis.
Property Criterion

SPD multiplicity n(SPD hits) < 20
Transverse momentum (both muon candidates) pT (µ±) > 500 MeV/c

Transverse momentum (dimuon candidate) pT (µ+µ−) < 1 GeV/c
Invariant mass (dimuon candidate) |m(µ+µ−)−m(J/ψ)| < 65 MeV/c2

Figure 5.2: Plot of M(µ+µ−) using LHCb 2015 data after trigger and offline selections.

5.4 Selection efficiency

For each J/ψ rapidity bin, the total efficiency εy can be factorized in several factors

and be written as:

εy = εgeom.acc · εtrack · εmu.acc · εmuonID · εoffline · εtrigger · frec, (5.2)

where εgeom.acc is the geometrical acceptance efficiency, εtrack is the track reconstruction

efficiency, εmu.acc is the muon chamber acceptance efficiency, εmuonID is the muon identi-

fication efficiency, εoffline is the offline selection (Table 5.2) efficiency, εtrigger corresponds
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for the trigger efficiency and frec is a scale factor introduced in order to correct for the dis-

crepancies observed between data and simulation. Except for the HLT1 efficiency, all the

other efficiencies are determined using SuperChic samples defined previously in Section

5.2.

The geometrical acceptance efficiency is defined as the fraction of events where both

muon tracks are within the pseudorapidity range of LHCb out of the total number of gen-

erated events. The tracking reconstruction efficiency is defined as the fraction of events

with both tracks reconstructed as long tracks out of the number of events with both muons

inside the fiducial acceptance region. The muon chamber acceptance efficiency is defined

as the fraction of events with both tracks within the muon chamber acceptance out of

the number of events with two reconstructed tracks. The muon identification efficiency is

defined as the fraction of events with both tracks in muon chamber acceptance identified

as muons out of the number of events with both tracks in muon chamber acceptance. The

offline selection efficiency is defined as the number of J/ψ candidates with both muons

passing the offline selection out of the number of events with both tracks identified as

muons. The trigger efficiency is defined as the fraction of J/ψ candidates passing the

trigger requirements out of the number of events that passed the offline selection criteria.

The trigger efficiency is determined in two steps, in the first step the L0 trigger efficiency is

calculated and the HLT1 efficiency is determined in the second step. The efficiency of geo-

metrical acceptance, track reconstruction, muon chamber acceptance, muon identification

and L0 trigger are shown in the Table 5.3.

The offline selection is very loose and therefore highly efficient. There is no inefficiency

due to the pT (µ+µ−) < 1 GeV/c criterion. The remaining cuts (mass window, pT (µ±) >

500 MeV/c and n(SPD hits) < 20) combined yield a selection efficiency of:

εoffline = (95.4± 3.2)% (5.3)

The L0MUON efficiency is determined using simulated events of the SuperChic sample
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Table 5.3: Efficiency of geometrical acceptance, track reconstruction, muon chamber ac-
ceptance, muon identification and trigger and the scale factor in bins of J/ψ rapidity.
J/ψ y bin 2.0-2.5 2.5-3.0 3.0-3.5 3.5-4.0 4.0-4.5

εgeom.acc 0.211± 0.003 0.539± 0.004 0.727± 0.004 0.557± 0.004 0.212± 0.004
εtrack 0.742± 0.011 0.84± 0.01 0.886± 0.005 0.919± 0.005 0.91± 0.01
εmu.acc 0.770± 0.008 0.892± 0.004 0.869± 0.004 0.805± 0.005 0.747± 0.01
εmuonID 0.980± 0.003 0.958± 0.004 0.939± 0.003 0.928± 0.003 0.902± 0.008
εL0 0.861± 0.011 0.854± 0.007 0.841± 0.005 0.876± 0.006 0.853± 0.010
εHLT 0.836± 0.002 0.904± 0.001 0.925± 0.001 0.925± 0.001 0.905± 0.002
frec 1.025± 0.037 0.97± 0.02 0.929± 0.017 0.914± 0.018 0.910± 0.026

although calibrated with data selected by the L0SPD line (n(SPD hits) > 2). The spectra of

pT (µ±) and η(µ±) of SuperChic sample are weighted in order to match the same spectra

in data samples. The L0 efficiency is then determined using the weighted simulated

sample. The results are represented in the Table 5.3 in bins of J/ψ rapidity. The HLT

efficiency is measured in data using J/ψ candidates by requiring at least one Velo track

(Hlt1BBMicroBiasVelo).

The efficiency of geometrical acceptance, muon identification, track reconstruction,

muon chamber acceptance and L0 trigger are determined using simulated events. Those

numbers are corrected for the discrepancy between data-driven methods and simulation

through a scale factor frec, determined from the single particle efficiencies measured in

data and simulation. frec is defined as ratio of the single particle efficiencies in data and

simulation in each bin of rapidity as :

f yrec = Σijw
ij
geom.accw

ij
L0w

ij
trackw

ij
muonIDφ(k, i, j), (5.4)

where wijeff are the weights computed as

wη1η2eff =
εdata(ηi1)ε

data(ηj2)

εsim(ηi1)ε
sim(ηj2)

(5.5)

For each efficiency , φ(k, i, j) is the physics function which gives the fraction of events

having two tracks in the pseudo-rapidity bin i, j that produces a meson in rapidity bin k.

frec values are listed in Table 5.3.
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5.5 Signal extraction

In order to extract the number of coherent J/ψ mesons a fit to the natural logarithm

of the squared transverse momentum ln(p2T ) spectrum of J/ψ candidates is performed.

The following two main sources of background are considered:

• the dimuon continuum coming from the decay channel γγ → µ+µ−,

• the incoherent J/ψ background.

A first fit to the invariant mass of the dimuon candidates allows to determine the number

of dimuons originating from γγ → µ+µ− in the J/ψ peak. Then, for candidates within

J/ψ peak, the yields of coherent and incoherent J/ψ are determined from a fit to the p2T

of the J/ψ candidate.

A double-sided Crystal Ball function [80] is used to account for both J/ψ and ψ(2S)

contributions to the dimuon invariant mass distribution. The ψ(2S) function shape pa-

rameters are constrained to be identical to the ones for J/ψ. The non-resonant dimuon

contribution is parameterised by a exponential multiplied by a first degree polynomial,

ea·m(µµ) · (p0 + p1 ·m(µµ)) where all parameters are free to vary. The yield of each contri-

bution is free to vary. The number of γγ events is obtained by integrating over the mass

range 3032 < m(µ+µ−) < 3162 MeV/c2 and it will be used later as an input for the fit of

the p2T distribution. The procedure is repeated for all rapidity bins. An example of the

fit to the invariant mass can be found in Figure 5.3.

A fit on the candidate p2T for candidates in the mass window 3032 < m(µ+µ−) <

3162 MeV/c2 is performed to distinguish between the coherent and the incoherent photo-

produced J/ψ since J/ψ candidates have characteristically low transverse momentum pT

in UPC. The fit function is given by :

F (ln p2T ) = ncoh · Tcoh + nincoh · Tincoh + nγγ · Tγγ (5.6)
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Figure 5.3: Invariant mass fit to determine the fractions of Jψ, ψ(2S) and non-resonant
events in the full J/ψ rapidity range.

where Tcoh, Tincoh, Tγγ are the shapes of pT distribution obtained from STARlight simula-

tion at the generator level, requiring the two muons from the simulated J/ψ decay to be

within the pseudorapidity range 2.0 < ηµ± < 4.5 corresponding to a meson rapidity range

of 2.0 < y(J/ψ) < 4.5, ncoh,incoh are the yields of coherent and incoherent contribution and

nγγ is constrained to be maximum 1 σnon−res away from nnon−res, the dimuon continuum

yield value obtained in the dimuon invariant mass fit.

Prior to the fit, all MC models, Tcoh, Tincoh, Tγγ, are smeared using smearing factors to

mimic the detector response. The templates are corrected for resolution effects using the

following formula:

~pµ = G(px, 10 MeV/c)~ex +G(py, 10 MeV/c)~ey +G(pz, 10 MeV/c)~ez (5.7)

where ~pµ denotes the 3-momentum vector of the decay muons and G(µ, σ) a sample from a

Gaussian distribution. This procedure is done 1000 times per event. For each randomised

procedure, the event is accepted if both muons have pseudorapidity between 2.0 < η < 4.5

and the invariant mass m(µ+µ−) is in the range 2 < m(µ+µ−) < 4 GeV/c2. The resolution

of 10 MeV/c for the px and the py component matches approximately 14.3 MeV/c mass

resolution when the mass resolution is taken as a proxy for the pT resolution. It has
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been checked that the uncertainty on the γγ continuum parametrisation that enters to

the templates is negligible. Fits are performed as a maximum likelihood fit to the ln(p2T )

spectrum. An example is shown 5.4. The signal yield in bins of J/ψ rapidity is described

in Table 5.4.
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Figure 5.4: Fit to ln
(
p2T
)

to determine the number of coherently produced events. The number
of non-resonant events is obtained from the invariant mass fit and fixed in this fit. The blue line
is the coherently production template, the green line is the sum of the incoherent and feed-down
templates, the black line is the non-resonant template and the orange line represents the sum
of all templates.

Table 5.4: Signal yield in bins of J/ψ rapidity.
J/ψ y bin 2.0-2.5 2.5-3.0 3.0-3.5 3.5-4.0 4.0-4.5

ncoh 76± 9 217± 16 249± 17 141± 12 29± 6

5.6 Results

In order to determine the binned cross-section, the Equation 5.1 is calculated using

the efficiencies and signal yields from the previous sections. The integrated luminosity

of the data set, L, is determined to be (10.12 ± 1.31)µb−1. The luminosity has been

determined using a subset of the data where a beam profile imaging and a van der Meer

scan [77] has been performed. An extrapolation method is applied to calculate L for the

whole data set. The cross-section values are showed in Table 5.5.
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Table 5.5: Cross-section of UPC J/ψ production in bins of J/ψ rapidity.
J/ψ y bin 2.0-2.5 2.5-3.0 3.0-3.5 3.5-4.0 4.0-4.5
dσ
dy

(mb) 3.03± 0.18 2.60± 0.09 2.28± 0.08 1.73± 0.08 1.10± 0.11

5.6.1 Systematic uncertainties

Systematic uncertainties in the measured cross-section are related to the determi-

nation of the muon reconstruction and selection efficiencies, the trigger efficiency, the

muon momentum smearing, the mass fit signal model and the modelling of the feed-down

background. They are described below and summarised in Table 5.6.

Table 5.6: Relative systematic uncertainties considered for the cross-section measurement
of coherent J/ψ production. The first two contributions are taken from [79]

Source Relative uncertainty (%)

Reconstruction efficiency 2.1-4.5
Selection efficiency 3.2

Hardware trigger efficiency 3.0
Software trigger efficiency 1.6-5.3

Momentum smearing 3.3
Mass fit model 3.9

Feed-down background 5.8
Branching Fraction 0.6

Luminosity 13.0

The largest uncertainty comes from the integrated luminosity determination due to

the small data set and the extrapolation method employed. The branching fraction un-

certainty is taken from [2].

The systematic uncertainties related to the J/ψ reconstruction efficiency are taken

from [79]. They include uncertainties on the track reconstruction, muon identification

and selection efficiencies.

The efficiency of the L0 trigger is determined from simulated events. It is compared

to the efficiency obtained with a data-driven method on a smaller data sample selected

by min-bias trigger path, and the difference taken as systematic uncertainty. The smaller

data sample used is compounded by the selected by L0SPD, Hlt1DiMuonHighMass and
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Hlt1BBMicroBiasVelo. The statistical uncertainties from the HLT1 efficiency determi-

nation determine the systematic uncertainty.

The systematic uncertainties related to the efficiencies of the requirement on the mul-

tiplicity of SPD deposits and on the muon pT are estimated by assuming that the all

events failing these requirements can be either background or signal. The systematic

uncertainty related to the dimuon mass efficiency is taken from the error of the integral

of the double-sided Crystal Ball function. The VELO track multiplicity requirement is

found to be 100% efficient and no uncertainty is assigned.

The signal and background templates used in the ln(p2T ) fit are affected by the ad-hoc

momentum smearing. An alternative smearing model is performed varying the smearing

factor with the muon pT instead of the muon momentum.

The systematic uncertainty associated to the signal model in the fit to the dimuon

mass spectrum is assessed using an alternative model. A single-sided Crystal Ball function

is used for the signal and the difference in the signal yields with respect to the nominal

fit is assigned as systematic uncertainty.

Since there is no dedicated template distribution for the feed-down background in

the ln(p2T ) fit, a systematic uncertainty is evaluated. The J/ψ candidate selection is

modified in order to allow for two additional opposite-sign tracks that are consistent with

originating from a mixture of coherent and incoherent production of ψ(2S)→ J/ψπ+π−.

After requiring the reconstructed mass of the ψ(2S) candidates to be within 65 MeV of

the known ψ(2S) mass, 22 candidates are observed. Using the ratio between 22 and the

number of observed ψ(2S) → µ+µ−, 78.5 ± 3.1 J/ψ mesons are expected to come from

ψ(2S)→ J/ψX feed-down. Assuming that half of these candidates may be included the

signal yield, a systematic uncertainty of 5.8% is assigned.
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5.6.2 Comparison to theory predictions

The results are compared to several theoretical predictions [51, 52, 53, 54, 55] for

the coherent J/ψ production in PbPb collisions at
√
sNN = 5 TeV. The main differences

between the models used to make the predictions originate from the way the photonuclear

interaction is treated, as explained in Section 2.3. The present results are well described

by all models.

Figure 5.5: Differential cross-section for coherent J/ψ production compared to different phe-
nomenological predictions. The labels used to identify each model are explained in Section 2.3.
The LHCb measurements are shown as points, where inner and outer uncertainties represent
the statistical and the total errors respectively.



80

5.7 Updated measurement

In this section an update of the measured cross-section is presented. This update

comprises the use of full reconstructed STARlight samples used in order to perform the

fits, the inclusion of an individual template for the feed-down contribution in the fits

and the addition of a selection step based on the HeRSCheL detector [70]. The results

described in the Section 5.6 do not exploit the capabilities of the HeRSCheL’s FOM,

defined in Equation 3.1.

As it was described in Section 3.2.9, HeRSCheL is a set of plastic scintillators used in

order to detect any activity in high pseudorapidity range, typically η ' 8. The absence of

detector activity in this range evince the presence of rapidity gaps thus indicating a typical

coherent production and improving the quality of the cross-section measurement. In the

next sections we describe the steps needed to choose the requirement on the HeRSCheL’s

FOM and the determination of the efficiency of this selection. A preliminary result of the

cross-section measurement in this new scenario is presented.

5.7.1 HeRSCheL requirement

In order to choose the requirement on the HeRSCheL (HRC) variable, ln(χ2
HRC),

an enriched sample on exclusive non-resonant dimuon production is used. The sample

selection is described in Table 5.7. It is expected that the distributions of ln(χ2
HRC) for

the exclusive non-resonant dimuon production and for the coherent J/ψ production are

the same.

An enriched incoherent J/ψ sample is used to illustrate the discrimination power

of ln(χ2
HRC). The selection of this sample is described in Table 5.8. The requirement

ln[p2T (µ+µ−)/(GeV/c)2] > −2 removes a large fraction of the coherent J/ψ production.

Figure 5.6 shows the distribution of ln(χ2
HRC) for both samples. A clear peak around

ln(χ2
HRC) ≈ 6.5 can be observed and it vanishes completely before ln(χ2

HRC) = 7.0. There-
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fore, we decided to apply the requirement ln(χ2
HRC) < 7.

Table 5.7: Selection applied on LHCb 2015 data to obtain enriched non-resonant sample.

Property Criterion

L0 trigger L0MUON

HLT1 trigger Hlt1BBMicroBiasVelo

Muon ID (both muon candidates) True
n(SPD hits) < 20
n(Long tracks) = 2

Pseudorapidity (both muon candidates) 2 < η < 4.5
Transverse momentum (both muon candidates) pT (µ±) > 500 MeV/c

Dimuon invariant mass m(µ+µ−) < 2.7 GeV/c2

Transverse momentum (dimuon candidate) ln[p2T (µ+µ−)/(GeV/c)2] < −5

Table 5.8: Selection applied on LHCb 2015 data to obtain enriched incoherent J/ψ sample.

Property Criterion

L0 trigger L0MUON

HLT1 trigger Hlt1BBMicroBiasVelo

Muon ID (both muon candidates) True
n(SPD hits) < 20
n(Long tracks) = 2

Pseudorapidity (both muon candidates) 2 < η < 4.5
Transverse momentum (both muon candidates) pT (µ±) > 500 MeV/c

Dimuon invariant mass (dimuon candidate) |m(µ+µ−)−m(J/ψ)| < 65 MeV/c2

Transverse momentum (dimuon candidate) ln[p2T (µ+µ−)/(GeV/c)2] > −2

5.7.2 HeRSCheL selection efficiency

The efficiency of the HeRSCheL selection requirement for the coherent J/ψ production

is expected to be the same as for the non-resonant exclusive production. The HRC

selection is not expected to be fully efficient as it can be seen in Figure 5.6. A fraction

of the enriched exclusive non-resonant sample is rejected by the selection ln(χ2
HRC) < 7

since some events are observed around ln(χ2
HRC) ≈ 9. This efficiency is determined using

three approaches described on the following sections.
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Figure 5.6: ln
(
χ2
HRC

)
using enriched non-resonant and incoherent samples. The HRC selection

for this analysis is defined by ln
(
χ2
HRC

)
< 7.

Non-Resonant Sample Fit

Initially the efficiency could be simply determined using the number of candidates

before and after the selection, ε = Nafter/Nbefore, where the N ’s are obtained simply

by counting candidates in the non-resonant sample. However there is an irreducible

incoherent contamination in data. The method used in this context is to discriminate

between these two contributions using a fit to distributions which are expected to have

different models for the coherent and incoherent contributions.

Mass distribution fits are commonly used in this scenario, although it is not suitable

in this case because we are dealing with non-resonant candidates. On the other hand, as

exploited in the Section 5.5, ln[p2T (µ+µ−)/(GeV/c)2] variable discriminates coherent and

incoherent candidates and there are available fit models for both samples.

As the goal becomes to perform fits to the ln[p2T (µ+µ−)/(GeV/c)2] distribution to dis-
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Figure 5.7: Plot of ln[p2T (µ+µ−)/(GeV/c)2] using LHCb 2015 data and simulated sample.

criminate high-pT (incoherent) and low-pT (coherent) contributions, a sample with both

contributions is needed. Non-resonant sample is selected by the cuts described in Table 5.7

except for the ln[p2T (µ+µ−)/(GeV/c)2] < −5 selection on last line (enrichment). Monte

Carlo of two-photon reactions γγ → µ+µ− defined on Section 5.2 is used to access a coher-

ent production sample fit model. Both samples are displayed on Figure 5.7. Incoherent

non-resonant dimuons contribution is seen from ln[p2T (µ+µ−)/(GeV/c)2] ≈ −4.

In order to account for the two contributions a sum of two probability density func-

tions (PDF) is used. The signal (coherent) part is represented by a kernel estimator

(RooKeysPdf) template derived from simulated events. A single exponential of p2T , e−bp
2
T ,

is used to model the background (incoherent) part. There are 3 free parameters on this

PDF: N (coherent yield), B (background yield) and b (exponential parameter). The

distribution and the fitted PDF are shown on Figure 5.8.

The same fit procedure is performed after the ln(χ2
HRC) < 7 selection (see Figure 5.9).
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Figure 5.8: Fit of ln[p2T (µ+µ−)/(GeV/c)2] using non-resonant LHCb 2015 data.

In order to determine how many events are rejected by ln(χ2
HRC) < 7 a third fit is per-

formed using the inverted selection, ln(χ2
HRC) > 7 (see Figure 5.10).

The efficiency can be calculated by

ε(ln
(
χ2
HRC

)
< 7) =

Npassed

Npassed +Nfailed

(5.8)

and using the yields from Figures 5.9 and 5.10:

ε(ln
(
χ2
HRC

)
< 7) = (90.03± 0.61)% .

Efficiency with ∆ϕ Selection

Comparing the b parameter on the three fits from the previous section a large discrep-

ancy is observed. Nevertheless the background exponential parameter is not expected

to vary with the HRC selection i.e. incoherent non-resonant background origin is not

changed by the HRC cut.
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Figure 5.9: Fit of ln[p2T (µ+µ−)/(GeV/c)2] using non-resonant LHCb 2015 data selected by
ln
(
χ2
HRC

)
< 7.

Figure 5.10: Fit of ln[p2T (µ+µ−)/(GeV/c)2] using non-resonant LHCb 2015 data selected by
ln
(
χ2
HRC

)
> 7.
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In order to solve this problem a different variable is examined:

∆ϕ =

∣∣∣∣ϕ(µ+)− ϕ(µ−)

π

∣∣∣∣ ,
where ϕ is the azimuth angle which is deeply dependent of transverse momentum. In

the context of a non-resonant CEP, the transverse momentum of the produced system

is expected to be low and than the azimuthal angle between particles must be near of

π. Comparing the distribution of this quantity for exclusive non-resonant dimuon sample

using LHCb data and MC data, a discrepancy is clear (see Figure 5.11). All MC data is

concentrated in the range ∆ϕ > 0.9. Therefore, we opted to apply ∆ϕ > 0.9 requirement

on LHCb data.

The same fit procedure is repeated using the non-resonant sample after this cut. The

fit without HRC cut is shown in Figure 5.12. After the selection ln(χ2
HRC) < 7 another fit is

performed (see Figure 5.13). The last one is a fit with the inverted selection ln(χ2
HRC) > 7,

it is shown in Figure 5.14.

The efficiency is determined using the Eq. 5.8:

ε(ln
(
χ2
HRC

)
< 7) = (90.09± 0.61)% .

Fix b Parameter

As it is expected, the b parameter does not vary within the uncertainties in the fits

from the previous section. The parameter is fixed to the value found in the no-HRC-cut fit

(b = 4.9762) for the fits after ln(χ2
HRC) < 7 (Figure 5.15) and ln(χ2

HRC) > 7 (Figure 5.16).

One more time efficiency is calculated using Eq. 5.8:

ε(ln
(
χ2
HRC

)
< 7) = (90.10± 0.61)% .

We use the efficiency calculated above in the cross-section measurement. The difference

between the previous calculations are used to estimate a systematic uncertainty of 0.7%.
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Figure 5.11: ∆ϕ distribution using both simulated and LHCb data. The vertical line represents
the selection ∆ϕ > 0.9 applied.

Figure 5.12: Fit of ln[p2T (µ+µ−)/(GeV/c)2] using non-resonant LHCb 2015 data selected by
∆ϕ > 0.9.
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Figure 5.13: Fit of ln[p2T (µ+µ−)/(GeV/c)2] using non-resonant LHCb 2015 data selected by
∆ϕ > 0.9 and ln

(
χ2
HRC

)
< 7.

Figure 5.14: Fit of ln[p2T (µ+µ−)/(GeV/c)2] using non-resonant LHCb 2015 data selected by
∆ϕ > 0.9 and ln

(
χ2
HRC

)
> 7.
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Figure 5.15: Fit of ln[p2T (µ+µ−)/(GeV/c)2] using non-resonant LHCb 2015 data selected by
∆ϕ > 0.9 and ln

(
χ2
HRC

)
< 7 fixing the b parameter.

Figure 5.16: Fit of ln[p2T (µ+µ−)/(GeV/c)2] using non-resonant LHCb 2015 data selected by
∆ϕ > 0.9 and ln

(
χ2
HRC

)
> 7 fixing the b parameter.
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5.7.3 Updated cross-section measurement

In order to measure the cross-section in bins of J/ψ rapidity the main equation,

dσcoh
dy

=
ncoh

εy ·∆y · L · B
, (5.9)

is evaluated using the updated efficiency,

εy = εgeom.acc · εtrack · εmu.acc · εmuonID · εoffline · εtrigger · εhrc · frec, (5.10)

where all efficiencies per bin are the same from the previous measurement except for

the HeRSCheL efficiency, εhrc = (90.10 ± 0.61)% measured in the previous section and

assumed to be uniform across all bins. The integrated luminosity, L = (10.12±1.31)µb−1,

branching fraction, B = (5.961±0.033)% [2] and rapidity bin, ∆y = 0.5, are not modified

either.

The yields of coherent events per bin however must be evaluated one more time as the

HeRSCheL’s requirement is not fully efficient and some of the events are removed by this

selection. The same method described in the previous measurement is used. First, a fit

in the mass spectrum of dimuon is performed and the non-resonant contribution yield is

determined within the limits of J/ψ tight mass selection, 3032 < M(µµ) < 3162 MeV/c2.

A second fit is performed in the ln(p2T ) spectrum where the non-resonant contribution is

constrained to be within the value determined in the the mass fit. The coherent yield is

determined from this second fit and its values are used in Equation 5.9. The mass fits

are shown in Figure 5.21. The ln(p2T ) fits are shown in Figure 5.26. The yield of coherent

J/ψ in bins of J/ψ rapidity is presented in the Table 5.9.

Table 5.9: Signal yield in bins of J/ψ rapidity after HeRSCheL selection.
J/ψ y bin 2.0-2.5 2.5-3.0 3.0-3.5 3.5-4.0 4.0-4.5

ncoh 65± 9 178± 14 217± 15 126± 12 28± 6
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Figure 5.17: Mass fit in the first rapidity bin 2.0 < y(J/ψ) < 2.5

Figure 5.18: Mass fit in the first rapidity bin 2.5 < y(J/ψ) < 3.0
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Figure 5.19: Mass fit in the second rapidity bin 3.0 < y(J/ψ) < 3.5

Figure 5.20: Mass fit in the first rapidity bin 3.5 < y(J/ψ) < 4.0
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Figure 5.21: Mass fit in the second rapidity bin 4.0 < y(J/ψ) < 4.5

Figure 5.22: ln
(
p2T
)

fit in the first rapidity bin 2.0 < y(J/ψ) < 2.5
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Figure 5.23: ln
(
p2T
)

fit in the first rapidity bin 2.5 < y(J/ψ) < 3.0

Figure 5.24: ln
(
p2T
)

fit in the second rapidity bin 3.0 < y(J/ψ) < 3.5
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Figure 5.25: ln
(
p2T
)

fit in the first rapidity bin 3.5 < y(J/ψ) < 4.0

Figure 5.26: ln
(
p2T
)

fit in the second rapidity bin 4.0 < y(J/ψ) < 4.5
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The measured cross-section per meson rapidity bin can be seen in Table 5.10 where

the uncertainties are statistical only. A comparison with the previous cross-section mea-

surement is presented in the Figure 5.27. The theoretical predictions are presented in

the same figure as lines and the ALICE measurement [59] is represented as well. The

updated measurement is in agreement with most of the models. The two LHCb measure-

ments are in agreement within their uncertainties. A better accuracy is expected due to

the more realistic templates and less background contamination. In order to achieve it

the fit models will be improved and the ∆ϕ selection will be applied in the main analysis

as it is expected to be almost 100 % efficient and it can be helpful in order to reduce the

incoherent background.

Table 5.10: Cross-section of UPC J/ψ production in bins of J/ψ rapidity with HeR-
SCheL’s FOM selection.

J/ψ y bin 2.0-2.5 2.5-3.0 3.0-3.5 3.5-4.0 4.0-4.5
dσ
dy

(mb) 2.88± 0.40 2.38± 0.19 2.20± 0.15 1.72± 0.16 1.18± 0.25
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Figure 5.27: Differential cross-section for coherent J/ψ production compared to different
phenomenological predictions. The LHCb measurements are shown as points, where the uncer-
tainties are purely statistical for the HeRSCheL update (orange) and statistical and systematic
for the former measurement (black). The ALICE measurement is represented by the red points
[59].
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Chapter 6

Conclusion

Two cross-section measurements of exclusive productions were performed with data

collected by the LHCb experiment. The γγ → µ+µ− central exclusive production was

observed in pp collision data with center-of-mass energies
√
s = 7 and 8 TeV. The results,

integrated over the LHCb acceptance, are:

σ(pp→ pµ+µ−p,
√
s = 7 TeV) = (154.2± 2.5) pb (6.1)

σ(pp→ pµ+µ−p,
√
s = 8 TeV) = (172.3± 1.9) pb (6.2)

where the uncertainties are statistical. A first prediction from QED is available. Foreseen

developments of this analysis are the addition of systematic uncertainties and measure-

ments in bins of dimuon rapidity.

The cross-section measurement of the coherent production of J/ψ was performed with

PbPb collision data with a nucleus-nucleus center-of-mass energy
√
sNN = 5 TeV. This

measurement is presented in 5 bins of J/ψ rapidity and comparison with many phe-

nomenological predictions is shown. The results are compatible mainly with the predic-

tions using perturbative QCD approach. The theorists can use these results in order

to enhance the accuracy of the models. The cross-section integrated over the rapidity

interval 2 < y < 4.5 is

σ(PbPb→ PbJ/ψPb,
√
sNN = 5 TeV) = (5.18± 0.39) mb. (6.3)
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The addition of a HeRSCheL requirement, which enhances the purity of the signal

sample, is the main difference between this result and the preliminary result shown in

[60]. A requirement using the ∆ϕ variable is included in order to reduce further spurious

background while keeping all signal candidates. The simulated events used to obtain the

fit templates are updated in order to have the complete detector response simulation. The

approval of of these changes by the LHCb collaboration is needed in order to publish the

updated result presented in this thesis. Finally, the use of HeRSCheL detector in heavy

ions coherent productions is found to be promising to help distinguishing true coherent

processes in respect to inclusive productions.
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[56] V. P. Gonçalves and M. V. T. Machado. “Vector meson production in coherent
hadronic interactions: Update on predictions for energies available at the BNL Rel-
ativistic Heavy Ion Collider and the CERN Large Hadron Collider”. In: Phys. Rev.
C 84 (1 July 2011), p. 011902. doi: 10.1103/PhysRevC.84.011902. url: https:
//link.aps.org/doi/10.1103/PhysRevC.84.011902.

[57] L. Frankfurt, V. Guzey, and M. Strikman. “Leading Twist Nuclear Shadowing Phe-
nomena in Hard Processes with Nuclei”. In: Phys. Rept. 512 (2012), pp. 255–393.
doi: 10.1016/j.physrep.2011.12.002. arXiv: 1106.2091 [hep-ph].

[58] K. J. Eskola, H. Paukkunen, and C. A. Salgado. “EPS09: A New Generation of
NLO and LO Nuclear Parton Distribution Functions”. In: JHEP 04 (2009), p. 065.
doi: 10.1088/1126-6708/2009/04/065. arXiv: 0902.4154 [hep-ph].

[59] Shreyasi Acharya et al. “Coherent J/ψ photoproduction at forward rapidity in ultra-
peripheral Pb-Pb collisions at

√
sNN = 5.02 TeV”. In: (2019). arXiv: 1904.06272

[nucl-ex].

[60] A. Bursche. “Study of coherent J/ψ production in lead-lead collisions at
√
sNN =

5 TeV with the LHCb experiment”. In: Nucl. Phys. A982 (2019), pp. 247–250. doi:
10.1016/j.nuclphysa.2018.10.069.

[61] A. Augusto Alves Jr. et al. “The LHCb Detector at the LHC”. In: JINST 3 (2008),
S08005. doi: 10.1088/1748-0221/3/08/S08005.

[62] Roel Aaij et al. “LHCb Detector Performance”. In: Int. J. Mod. Phys. A30.07 (2015),
p. 1530022. doi: 10.1142/S0217751X15300227. arXiv: 1412.6352 [hep-ex].

https://doi.org/10.1103/PhysRevC.93.055206
https://doi.org/10.1103/PhysRevC.93.055206
http://arxiv.org/abs/1602.01456
https://doi.org/10.1103/PhysRevLett.102.232001
https://link.aps.org/doi/10.1103/PhysRevLett.102.232001
https://link.aps.org/doi/10.1103/PhysRevLett.102.232001
https://doi.org/10.1016/j.cpc.2016.10.016
http://arxiv.org/abs/1607.03838
https://doi.org/10.1103/PhysRevC.97.024901
http://arxiv.org/abs/1711.01855
https://doi.org/10.1016/j.physletb.2017.07.063
http://arxiv.org/abs/1703.09256
https://doi.org/10.1103/PhysRevC.84.011902
https://link.aps.org/doi/10.1103/PhysRevC.84.011902
https://link.aps.org/doi/10.1103/PhysRevC.84.011902
https://doi.org/10.1016/j.physrep.2011.12.002
http://arxiv.org/abs/1106.2091
https://doi.org/10.1088/1126-6708/2009/04/065
http://arxiv.org/abs/0902.4154
http://arxiv.org/abs/1904.06272
http://arxiv.org/abs/1904.06272
https://doi.org/10.1016/j.nuclphysa.2018.10.069
https://doi.org/10.1088/1748-0221/3/08/S08005
https://doi.org/10.1142/S0217751X15300227
http://arxiv.org/abs/1412.6352


105

[63] G. Aad et al. “The ATLAS Experiment at the CERN Large Hadron Collider”. In:
Journal of Instrumentation 3.08 (Aug. 2008), S08003–S08003. doi: 10.1088/1748-
0221/3/08/s08003. url: https://doi.org/10.1088%2F1748-0221%2F3%2F08%
2Fs08003.

[64] S. Shatrchyan et al. “The CMS experiment at the CERN LHC”. In: Journal of
Instrumentation 3.08 (Aug. 2008), S08004–S08004. doi: 10.1088/1748-0221/3/
08/s08004. url: https://doi.org/10.1088%2F1748-0221%2F3%2F08%2Fs08004.

[65] Aamodt K. et al. “The ALICE experiment at the CERN LHC”. In: Journal of
Instrumentation 3.08 (Aug. 2008), S08002–S08002. doi: 10.1088/1748-0221/3/
08/s08002. url: https://doi.org/10.1088%2F1748-0221%2F3%2F08%2Fs08002.

[66] J. W. G. Thomason et al. “Proton driver scenarios at CERN and Rutherford Ap-
pleton Laboratory”. In: Phys. Rev. ST Accel. Beams 16 (5 May 2013), p. 054801.
doi: 10.1103/PhysRevSTAB.16.054801. url: https://link.aps.org/doi/10.
1103/PhysRevSTAB.16.054801.

[67] Torbjorn Sjostrand, Stephen Mrenna, and Peter Z. Skands. “A Brief Introduction
to PYTHIA 8.1”. In: Comput. Phys. Commun. 178 (2008), pp. 852–867. doi: 10.
1016/j.cpc.2008.01.036. arXiv: 0710.3820 [hep-ph].

[68] Torbjorn Sjostrand, Stephen Mrenna, and Peter Z. Skands. “PYTHIA 6.4 Physics
and Manual”. In: JHEP 05 (2006), p. 026. doi: 10.1088/1126-6708/2006/05/026.
arXiv: hep-ph/0603175 [hep-ph].

[69] Regis Lefevre. “Triggering with the LHCb calorimeters”. In: J. Phys. Conf. Ser.
160 (2009), p. 012063. doi: 10.1088/1742-6596/160/1/012063.

[70] K. Carvalho Akiba et al. “The HERSCHEL detector: high-rapidity shower counters
for LHCb”. In: Journal of Instrumentation 13.04 (Apr. 2018), P04017–P04017. doi:
10.1088/1748-0221/13/04/p04017. url: https://doi.org/10.1088%2F1748-
0221%2F13%2F04%2Fp04017.

[71] R Antunes-Nobrega et al. LHCb computing: Technical Design Report. Technical
Design Report LHCb. Submitted on 11 May 2005. Geneva: CERN, 2005. url:
https://cds.cern.ch/record/835156.

[72] M Clemencic et al. “The LHCb Simulation Application, Gauss: Design, Evolu-
tion and Experience”. In: Journal of Physics: Conference Series 331.3 (Dec. 2011),
p. 032023. doi: 10.1088/1742-6596/331/3/032023. url: https://doi.org/10.
1088%2F1742-6596%2F331%2F3%2F032023.

[73] David J. Lange. “The EvtGen particle decay simulation package”. In: Nuclear In-
struments and Methods in Physics Research Section A: Accelerators, Spectrometers,
Detectors and Associated Equipment 462.1 (2001). BEAUTY2000, Proceedings of
the 7th Int. Conf. on B-Physics at Hadron Machines, pp. 152–155. issn: 0168-
9002. doi: https://doi.org/10.1016/S0168-9002(01)00089-4. url: http:
//www.sciencedirect.com/science/article/pii/S0168900201000894.

https://doi.org/10.1088/1748-0221/3/08/s08003
https://doi.org/10.1088/1748-0221/3/08/s08003
https://doi.org/10.1088%2F1748-0221%2F3%2F08%2Fs08003
https://doi.org/10.1088%2F1748-0221%2F3%2F08%2Fs08003
https://doi.org/10.1088/1748-0221/3/08/s08004
https://doi.org/10.1088/1748-0221/3/08/s08004
https://doi.org/10.1088%2F1748-0221%2F3%2F08%2Fs08004
https://doi.org/10.1088/1748-0221/3/08/s08002
https://doi.org/10.1088/1748-0221/3/08/s08002
https://doi.org/10.1088%2F1748-0221%2F3%2F08%2Fs08002
https://doi.org/10.1103/PhysRevSTAB.16.054801
https://link.aps.org/doi/10.1103/PhysRevSTAB.16.054801
https://link.aps.org/doi/10.1103/PhysRevSTAB.16.054801
https://doi.org/10.1016/j.cpc.2008.01.036
https://doi.org/10.1016/j.cpc.2008.01.036
http://arxiv.org/abs/0710.3820
https://doi.org/10.1088/1126-6708/2006/05/026
http://arxiv.org/abs/hep-ph/0603175
https://doi.org/10.1088/1742-6596/160/1/012063
https://doi.org/10.1088/1748-0221/13/04/p04017
https://doi.org/10.1088%2F1748-0221%2F13%2F04%2Fp04017
https://doi.org/10.1088%2F1748-0221%2F13%2F04%2Fp04017
https://cds.cern.ch/record/835156
https://doi.org/10.1088/1742-6596/331/3/032023
https://doi.org/10.1088%2F1742-6596%2F331%2F3%2F032023
https://doi.org/10.1088%2F1742-6596%2F331%2F3%2F032023
https://doi.org/https://doi.org/10.1016/S0168-9002(01)00089-4
http://www.sciencedirect.com/science/article/pii/S0168900201000894
http://www.sciencedirect.com/science/article/pii/S0168900201000894


106

[74] S. Agostinelli et al. “Geant4—a simulation toolkit”. In: Nuclear Instruments and
Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors and
Associated Equipment 506.3 (2003), pp. 250–303. issn: 0168-9002. doi: https://
doi.org/10.1016/S0168-9002(03)01368-8. url: http://www.sciencedirect.
com/science/article/pii/S0168900203013688.

[75] John Allison et al. “Geant4 developments and applications”. In: IEEE Trans. Nucl.
Sci. 53 (2006), p. 270. doi: 10.1109/TNS.2006.869826.

[76] J. A. M. Vermaseren. “Two Photon Processes at Very High-Energies”. In: Nucl.
Phys. B229 (1983), pp. 347–371. doi: 10.1016/0550-3213(83)90336-X.

[77] Roel Aaij et al. “Precision luminosity measurements at LHCb”. In: JINST 9.12
(2014), P12005. doi: 10 . 1088 / 1748 - 0221 / 9 / 12 / P12005. arXiv: 1410 . 0149

[hep-ex].

[78] L. A. Harland-Lang, V. A. Khoze, and M. G. Ryskin. “Exclusive LHC physics with
heavy ions: SuperChic 3”. In: Eur. Phys. J. C79.1 (2019), p. 39. doi: 10.1140/
epjc/s10052-018-6530-5. arXiv: 1810.06567 [hep-ph].

[79] “Central exclusive production of J/ψ and ψ(2S) mesons in pp collisions at
√
s = 13

TeV”. In: (Aug. 2016). url: https://cds.cern.ch/record/2209532.

[80] M. Oreglia. “A Study of the Reactions ψ′ → γγψ”. PhD thesis. SLAC, 1980. url:
http://www-public.slac.stanford.edu/sciDoc/docMeta.aspx?slacPubNumber=

slac-r-236.html.

https://doi.org/https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/https://doi.org/10.1016/S0168-9002(03)01368-8
http://www.sciencedirect.com/science/article/pii/S0168900203013688
http://www.sciencedirect.com/science/article/pii/S0168900203013688
https://doi.org/10.1109/TNS.2006.869826
https://doi.org/10.1016/0550-3213(83)90336-X
https://doi.org/10.1088/1748-0221/9/12/P12005
http://arxiv.org/abs/1410.0149
http://arxiv.org/abs/1410.0149
https://doi.org/10.1140/epjc/s10052-018-6530-5
https://doi.org/10.1140/epjc/s10052-018-6530-5
http://arxiv.org/abs/1810.06567
https://cds.cern.ch/record/2209532
http://www-public.slac.stanford.edu/sciDoc/docMeta.aspx?slacPubNumber=slac-r-236.html
http://www-public.slac.stanford.edu/sciDoc/docMeta.aspx?slacPubNumber=slac-r-236.html

	Contents
	List of figures
	List of tables
	Introduction
	Theoretical aspects and previous measurements
	Strong force
	Central exclusive production in pp collisions
	Photonuclear production in PbPb collisions

	LHC machine and LHCb detector
	Large Hadron Collider
	LHCb detector
	Vertex detector system
	Magnet
	Tracking system
	Particle identification
	Calorimeters
	Muon system
	Trigger
	Data storage
	HeRSCheL


	Cross-section measurement of the exclusive production of muon pairs in pp collisions
	Method
	Samples
	Simulation samples

	Selection
	Selection efficiency
	Integrated luminosity
	Determination of the yield of CEP
	Cross-section measurement
	Conclusions

	Cross-section measurement of J/ coherent production in PbPb collisions
	Analysis Strategy
	Samples
	Selection
	Trigger selection
	Offline Selection

	Selection efficiency
	Signal extraction
	Results
	Systematic uncertainties
	Comparison to theory predictions

	Updated measurement
	HeRSCheL requirement
	HeRSCheL selection efficiency
	Updated cross-section measurement


	Conclusion

