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compañeiros de piso: Juan, Ledicia, Mario e Fran pola maravillosa convivencia durante
anos. Como non, quero mencionar a Jorge de Santa Comba, a persona máis honorable
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Abstract

This thesis includes two measurements of prompt charged particle properties from
proton-proton and proton-lead collisions at

√
sNN = 5.02TeV recorded at the LHCb ex-

periment at CERN. One is the multiplicity distribution and the other is the multiplicity
dependence of the average transverse momentum. Charged particles are measured in
0.5 < pT < 8.0GeV/c and 2.0 < ηLAB < 4.8. The pseudorapidity dependence of both
measurements in the forward region has been studied for the first time in this thesis.

The thesis is structured as follows. In Chap. 1 is an introduction to the topic
where the current knowledge and open problems of the field are summarised. Also, the
new information provided by this work to the field will be explained. In the Chap. 2,
a more profound theoretical description is made. Starting from the standard model and
going through strong interaction theory until arriving at the particle production models,
saturation and quark-gluon-plasma. Then, the methodology of the analysis is detailed.
Starting from the description of the dataset used in this analysis (Chap. 4) and explaining
the preparation and selection (Chap. 5). The core of the analysis is detailed in Chap. 6
where all the analysis techniques are explained. The systematic uncertainty estimation
is done in Chap. 7 and results are shown in Chap. 8. Some prospects for future mea-
surements in central ion collisions at LHC-Run5 are done in Chap. 9. Finally, some
discussion and conclusions are provided in Chap. 10. A summary in Galician is
presented in Chap. A, and the bibliography is included at the end of the document.

Key words: Experimental High Energy Physics, LHCb, Heavy Ions Physics, QCD,
Inclusive Prompt Charged Particles, Proton-proton Collision, Proton-Lead Collision, Sat-
uration, QGP, Multi Parton Interactions, Run5, EoS, speed of sound





Resumo

Esta tese inclúe dúas medidas de propiedades das part́ıculas cargadas primarias pro-
ducidas en colisións protón-protón e protón-núcleo. Os datos corresponden a colisións
rexistradas no experimento LHCb do CERN a unha enerx́ıa de

√
sNN = 5.02TeV no centro

de masas. A primeira medida corresponde a distribución de probabilidade de part́ıculas
cargadas primarias e a segunda a o momento transverso promedio das mesmas en función
da multiplicidade da colisión. En ambas medidas as part́ıculas cargadas seleccionadas
están no intervalo de momento transverso 0.5 < pT < 8.0GeV/c e de pseudorapidez
2.2 < ηLAB < 4.8. Ambos observables son estudados en función da pseudorapidez neste
traballo.

A tese esta estruturada do seguinte xeito. En Chap. 1 faise unha introdución onde
se resume o coñecemento actual e algúns problemas abertos arredor do tema da tese.
Ademais, indicase o novo coñecemento que esta tese trae ao campo. No Chap. 2 faise
unha introdución teórica mais detallada. Dende o modelo estándar da f́ısica de part́ıculas
pasando pola teoŕıa da interacción forte ata chegar aos modelos de produción de part́ıculas
en colisións hadrónicas, a saturación e o quark-gluon-plasma. Logo disto desenrolase a
metodolox́ıa nos seguintes caṕıtulos. Comezando pola explicación dos datos utilizados
(Chap. 4) e explicando como foron filtrados e preparados para o análise (Chap. 5). Una
vez explicados os datos que se usan comeza o desenrolo dos métodos de análise no Chap. 6.
Aqúı expĺıcanse todos os pasos do análise de datos. As incertezas sistemáticas do
procedemento experimental expĺıcanse nun caṕıtulo dedicado Chap. 7 e os resultados
móstranse no caṕıtulo Chap. 8. Ademais, as predicións para análises similares que
se poderán levar a cabo en colisións centrais de núcleos no Upgrade 2 do experimento
LHCb mostranse no caṕıtulo Chap. 9. Finalmente, no caṕıtulo Chap. 10 expóñense as
conclusións da tese xunto con unha discusión dos resultados.
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1
Introduction

The strong nuclear force is a crucial fundamental interaction responsible for the ex-
istence of stable nuclear matter. The quantum field theory that models this force, called
Quantum Chromodynamics (QCD) [1], [2], [3] gives a framework to compute predictions
for cross-sections of processes involving the strong force. However, these predictions are
limited by the properties of QCD to the processes involving high transferred momentum in
comparison with the ΛQCD parameter (hard processes). Those processes involving small
transferred momenta (soft processes) require some hypothesis or approximations to be
computed producing in some cases very different paradigms.

The study of particles produced directly in high-energy hadronic collisions on an
event-by-events basis provides information about the particle production process and the
inner structure of the colliding objects. As particle production in this regime occurs via
QCD without requiring any particular energy scale, particles are produced via hard and
(mainly) soft interactions within the same event. This allows the study of soft and hard
QCD and its interplay. Moreover, the hadron inner structure and its modification when
forming bound nuclei is unknown in the high energy region and no model successfully
explains them. These are two reasons, the study of the interplay between soft and hard
QCD processes and the study of hadron inner structure and its nuclear modifications, that
motivate this thesis. As particle detectors are better when measuring charged particles,
this work focuses on prompt charged particles.

The charged particle multiplicity is a common observable when studying particle pro-
duction in hadronic collisions and it imposes important constraints on the mechanisms of
particle production [4]. Usually, the multiplicity distribution, i.e., the probability distribu-
tion of obtaining a definite number of produced particles is a quantity that models, usually

1
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available through Monte Carlo event generators, must be able to reproduce. Specifically,
the multiplicity distribution is related to the collective or individual character of particle
production. The multiplicity distribution follows a Poisson distribution if the final-state
particles are produced independently. In this case, the dispersion D =

√
⟨n2⟩ − ⟨n⟩2 is

related to the average multiplicity as D =
√
⟨n⟩. Deviations from a Poisson distribu-

tion indicate correlations in particle production as explained in [4]. The origin of this
correlation may vary depending on the model. Moreover, measuring the multiplicity dis-
tribution of a collision system at a given energy characterises that collision system, which
is a statistical system. In other words, allows us to know how rare is a hadronic collision
by knowing the produced multiplicity. This quantity has been extensively measured in
the central rapidity region by many experiments, for example from hadronic collisions at
LHC [5] and from e+e− annihilation at LEP [6].

Apart from the multiplicity distribution, there are other quantities related to prompt
charged particles that can be measured in hadronic colliders. The multiplicity dependence
of the average transverse momentum also carries information about the particle produc-
tion mechanism and the hadronic inner structure. This quantity has been measured at
hadron colliders in pp(p̄) collisions in a wide range of energies from

√
sNN = 31GeV un-

til
√
sNN = 13TeV and also nuclear collisions as Xe-Xe and Pb-Pb at

√
sNN = 5TeV.

These experiments focused on the central rapidity region, had observed an increase in the
average transverse momentum as a function of multiplicity. Different theories belonging
to different paradigms, including a modification of the hadron structure at high energies
or a correlated partonic interaction, tried to explain this data. In this work, the first
measurement of this observable in the forward region is presented. Moreover, the first
measurement studying the pseudorapidity dependence of this quantity is also shown.

This thesis addresses the mentioned physical open questions by measuring two quanti-
ties related to prompt charged particles: the multiplicity distribution and the multiplicity
dependence of the average transverse momentum. This measurement is done for proton-
proton, proton-lead and lead-proton collisions at the LHC using data collected by the
LHCb experiment at

√
sNN = 5TeV. This document is organised as follows. In the

Chap. 2, a general introduction of the necessary theoretical background to understand
proton-proton and proton-lead collisions is presented. The overview starts from the stan-
dard model and explains the topics more related to understanding the thesis. At Chap. 3,
the LHCb detector is described in detail. This chapter is especially focused on the sub-
systems used to record the data used in this work. Then, in Chap. 4 the dataset used is
described, and its preparation is detailed in Chap. 5. Analysis techniques and measure-
ment procedures are described in Chap. 6. Systematic uncertainty treatment is detailed
in Chap. 7. Finally, results and discussion are enclosed in Chap. 8 and Chap. 10 respec-
tively. Apart from the measurement, some prospective work is done for LHCb’s Upgrade
2 considering central PbPb collisions, this is detailed in Chap. 9.

2



1 Introduction

1.1 Objectives and methodology

The thesis aims to provide new measurements for prompt charge particle production
in small systems (pp, pPb and Pbp) in the forward region at LHC energies. Moreover,
new measurement techniques for multiplicity-dependent analysis are developed and pre-
dictions for the LHCb Upgrade II are performed. The first measurement is the multiplicity
distribution for pp, pPb and Pbp collisions in the forward region. The second corresponds
to the average transverse momentum as a function of multiplicity. Both observables are
measured in pseudorapidity bins. Moreover, the measurement technique implemented in
this thesis to perform multiplicity-dependent analysis at LHCb is compared with other
techniques already implemented in other published analyses. Finally, prospects for PbPb
collisions show that LHCb has access to a unique physics program where the equation of
the state of quantum chromodynamics can be measured in a wider range of temperatures
than in other LHC experiments.

The methodology used in this study makes use of LHCb recorded data at the LHC
collider. This data is analysed starting from the reconstructed tracks. The first step is
to optimise a selection in order to enhance our signal-to-background ratio. Then detector
effects have to be estimated and corrected from the candidate sample. Some of these effects
are reconstruction and selection efficiency or signal purity. The correction factor for each
effect is estimated from the simulation and corrected with a data-driven correction factor
when possible. After that, the two measurements are performed. First, the multiplicity
spectra require Bayesian Unfolding in order to correct for the finite size of the bins and
bin migration. In order to apply this statistical method a response matrix has to be
filled with simulation. Moreover, a closure test has to be fulfilled to make sure that the
Unfolding works properly. Regarding the average transverse momentum measurement a
proxy is computed in order to estimate event multiplicity from data. The performance
and bias of the proxy in the measurement are estimated using a closure test. Finally,
after applying all the detector corrections to the measured transverse momentum spectra
the average transverse momentum measurement can be produced.

3
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2
Theoretical foundations

This chapter presents an overview of the most relevant theoretical aspects necessary
to understand the thesis content. The chapter is organised as follows. Firstly, some basic
definitions concerning kinematics at colliders are presented in Sec. 2.1. Secondly, the
standard model of particle physics is summarised in Sec. 2.2. Thirdly, the quantum field
theory of strong force is discussed in Sec. 2.3. Fourthly, an overview of the physics of high
energy hadronic collisions, such as those happening at the LHC, is presented in Sec. 2.4.
Finally, General Purpose Monte Carlo Generators are explained describing the differences
between each one at Sec. 2.5.

2.1 Coordinate systems and kinematic variables in

collider physics

Particles produced at LHC are described using Lorentz-invariant quantities as they
have very high energy in comparison with their mass. The description of these particles is
based on two four vectors: position xµ = (ct, x, y, z) and momentum pµ = (E/c, px, py, pz)
where the transverse momentum magnitude is pT =

√
p2x + p2y. In LHC experiments, the

coordinate system in the laboratory reference frame is defined such as the z-axis is aligned
with the beam, the x-axis points towards the centre of the LHC and the y-axis points
perpendicularly up to the sky as shown in Fig. 2.1. Apart from the Cartesian coordinates,
two angles are defined: the azimuthal angle, ϕ, and the polar angle, θ. However, despite
its Lorentz invariant properties, the pseudorapidity η is used instead of θ, this variable is
defined as follows,
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η < 0
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θ

η

ϕϕϕ

center of
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Figure 2.1: Coordinate system of an LHC experiment, where the interaction point is on
the centre. The LHCb experiment is located in the η > 0 region. Draw by the author
inspired in the work of I. Neutelings.

η = − ln(tan(θ/2)). (2.1)

Using pseudorapidity the component of the momentum can be defined as follows

px = ∥p⃗T cosϕ∥ , py = ∥p⃗T sinϕ∥ , px = ∥p⃗T sinh η∥ . (2.2)

These variables are used to describe the position of particles with respect to the
interaction point (IP) located at x=y=z=0. For high-momentum particles where E ≃ pc,
pseudorapidity is approximately equal to the rapidity of the particle with respect to the
beam defined as

y =
1

2
ln
E + pxc

E − pzc
. (2.3)

Rapidity is a useful quantity because it transforms additively under Lorentz boost,
unlike velocity.

2.2 The standard model of particle physics

The standard model of particle physics (SM) is the most fundamental physics the-
ory ever written. It explains the interaction between the fundamental pieces of matter
through fundamental forces. This theory is based on the Quantum Field Theory (QFT)
mathematical framework and experimental observations. As a consequence, it is able to
explain and predict many experimental observables with huge precision.

The SM considers that the most fundamental matter structures are quarks and lep-
tons. Quarks come in six types called flavours : up (u), down (d), charm (c), strange (s),
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top (t), and bottom (b) while leptons also consist of six types: electron (e), muon (µ),
tau (τ) and its corresponding neutrinos (νe,µ,τ ). Quarks and leptons are fermions with
spin = 1/2. Moreover, all these particles have antimatter partners with opposite quantum
numbers and the same mass. A summary of the fundamental pieces of matter and its
properties can be found in Fig. 2.2.

These fundamental pieces of matter interact between themselves through three kinds
of forces:

• Strong force: Mediated by the gluon, g.

• Weak force: Mediated by W± andZ0 bosons.

• Electromagnetic force: Mediated by the photon γ.

Each one of these forces is associated with a local gauge symmetry of the SM La-
grangian. In this way, the algebraic structure of the theory explains the properties of the
fundamental interactions. In the case of the SM, the algebraic structure is based on the
symmetry of the Lagrangian under three Lie groups, SU(3) ⊗ SU(2) ⊗ U(1). Moreover,
the SM includes also the scalar Higgs boson (H). This particle explains how the masses
of the mediators (W±, Z0) are related to the fundamental parameters of the theory. This
is achieved via the Higgs mechanism, which involves the spontaneous breaking of the
electroweak symmetry.

Nevertheless, the SM has several limitations, including the charge-parity (CP) vio-
lation problem related to the observed matter/antimatter asymmetry in the Universe,
the fact that it does not include gravity and the explanation for the fermion masses for
example.
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Figure 2.2: Scheme of the standard model of particle physics including all the particles
and their properties. Figure taken from [7] under the Creative Commons Attribution 3.0
Unported license.

2.3 The theory of Quantum Chromodynamics

The part of the SM that explains the strong force is known as Quantum Chromody-
namics (QCD) [1]. This theory is modelled by the following part of the SM Lagrangian

LQCD = −1

4

8∑
A=1

FAµνFA
µν +

nf∑
j=1

q̄j(i /D −mj)qj. (2.4)

In this equation, qj are the quark fields (of nf different flavours) with mass mj.
Moreover, /D = Dµγ

µ are written in the Feynman slash notation are corresponds to

Dµ = ∂µ − ies
∑
A

tAgAµ , (2.5)

where γµ are the Dirac γ-matrices and Dµ is the covariant derivative. Other ingredients
in Eq. 2.4 are the gauge coupling es and the gluon fields gAµ , with A running from 1 to
the number of colours squared (3) minus one; i.e. N2

c −1 = 8. Thus, there are eight kinds
of gluons. Also, tA represent 3× 3 matrices that correspond to the number of generators
of the SU(3) colour group; i.e.: these generators fulfil the algebra [tA, tB] = iCABCt

C ,
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where CABC are the complete asymmetric structure constant of SU(3). In the first term
of Eq. 2.4, FA

µν is the field tensor, which describes the dynamics of the gluon field, and is
given by

FA
µν = ∂µg

A
ν − ∂νg

A
µ − esCABCg

B
µ g

C
ν . (2.6)

Each term in the QCD Lagrangian is related to a physical process, using Feynman
diagrams it can show all the processes involving coloured particles (quarks and gluon)
under strong force at tree level at Fig.2.3.

The physical vertices in QCD include gluon-quark-antiquark, 3-gluon and 4-gluon
vertices. The fact that QCD mediators can interact with each other is an important
difference between QCD and other sectors of SM. Moreover, the QCD theory shows three
salient properties:

• Color Confinement: In QCD, the potential between two quarks with opposite charges
is Vqq̄(r) ≃ −4

3
αsℏc
r

+ κr. This causes the energy to increase until a quark-antiquark
pair is spontaneously created, resulting in the formation of a pair of hadrons rather
than isolating a colour charge. Although analytically unproven, colour confinement
is well-supported by lattice QCD calculations and extensive experimental evidence.

• Asymptotic Freedom: As the energy scale of interactions between quarks and gluons
increases (and the corresponding length scale decreases), the strength of these inter-

Figure 2.3: Feynman rules for QCD. Quarks are represented by solid lines, curly lines
represent gluons, and dotted lines the ghosts. The gauge parameter is denoted by λ.
Figure taken from Ref. [8].
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actions decreases. This phenomenon, known as asymptotic freedom, was discovered
in 1973 by David Gross and Frank Wilczek, and independently by David Politzer.
Their work earned them the 2004 Nobel Prize in Physics.

• Chiral Symmetry Breaking: This property involves the spontaneous breaking of chi-
ral symmetry, leading to the generation of hadron masses significantly greater than
those of the quarks, and making pseudoscalar mesons exceptionally light. Yoichiro
Nambu’s work in 1960 elucidated this phenomenon, and he was awarded the 2008
Nobel Prize in Physics for his contributions, which were later confirmed by lattice
simulations.

One of the fundamental parameters for a theory of interactions is the coupling con-
stant. This parameter, in QCD represented by es (or αs = e2s/(4π)), provides the strength
of the interaction. The behaviour of the QCD coupling constant gives rise to some of the
already mentioned main characteristics of this theory; i.e. the asymptotic freedom and
confinement. Although denominated constant, αs is not a constant parameter for each
physical process because it depends on the transferred four-momentum, q2, between the
interacting particles.

In Fig. 2.4 it can be seen the dependence of αs with Q as measured in different
experiments in the range 1 < Q < 103GeV/c.

It is important to remember that in order to be able to compute observables using
perturbation theory the coupling constant has to be << 1. What can be learnt from the
experimental measurements shown in Fig. 2.4 is that for large Q, αs decreases and as
a consequence the strong interaction becomes weaker. In the Q → ∞ limit quarks and
gluons experiment have no strong interaction, they are free particles. This is a common
property of all gauge theories based on a non-commuting group of symmetry and is known
as asymptotic freedom. The coupling constant in these theories is called running coupling
constant. Since the coupling decreases asymptotically, QCD-related quantities can be
computed using perturbation theory in this regime. Calculations from perturbative QCD
(pQCD) are relevant at leading orders starting typically from Q ≃ 1 − 2 GeV/c. The
running of the coupling constant can be computed and follows the equation

αs(k
2)

def
=

g2s (k
2)

4π
≈ 1

β0 ln (k2/Λ2)
. (2.7)

Where the scale parameter Λ is introduced and defined as

Λ ≡ µ2e
− 4π

β0αs(µ) . (2.8)

The opposite behaviour is observed for low Q, where αs grows fast as Q decreases. For
Q ≲ Λ the coupling constant becomes large and perturbation theory cannot be applied.
In this regime, non-perturbative methods (Lattice-QCD or effective field theories) need
to be used to investigate the theory. The divergence of αs at low-Q values is related to
the fact that quarks are bound to hadrons – quark confinement.
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Figure 2.4: Dependence of αs with the energy scale Q from different measurements [9].
In parenthesis, the precision degree of perturbation theory used to extract αs is indi-
cated (NLO: next-to-leading order; NNLO: next-to-next-to-leading order; NNLO + res.:
NNLO matched to a resummed calculation; N3LO: next-to-NNLO). Figure extracted
from Ref. [10] under a Creative Commons 4.0 International (CC BY 4.0) license.

2.3.1 Perturbative QCD

As explained in the previous section, to use perturbation theory (expand the cross-
section computation in powers of the constant αs successfully), the requirement of αs ≪ 1
has to be fulfilled. In QCD, this approach is valid for hard processes i.e. when q2 ≫ Λ2

QCD.
The measurements presented in this thesis involve perturbative and non-perturbative
processes, so perturbative calculations will be explained. However, before explaining
how perturbative processes are computed in pQCD, it is necessary to explain radiation
processes.

For a given parton i (quark or gluon), there is a probability of radiating another parton
j represented by the splitting probability functions, Pij. The lifetime of an emission with
energy ω and transverse momentum kT can be approximated as

τ ≃ ω

kT
. (2.9)

From Eq. 2.9 it can be seen that soft and collinear emissions, lead to infrared and
collinear divergences (∝ 1

w
,∝ 1

k2T
) and thus, need to be factorised away from the cross
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Figure 2.5: Illustration of the factorisation theorem applied to a proton-proton collision.
Sketch drawn by T. Poulsen. The momentum of the incident protons is denoted as P1,2.

sections and then described using re-summation techniques as is explained in detail in [11].
In QCD the probability of observing an emission with fractional momentum x depends
on the scale of the process (or the resolution parameter) Q2. Depending on where this
splitting is produced, QCD radiation is treated in a different way:

• Parton Distribution Functions (PDFs): When the radiation emission is produced

by partons forming a hadronic state. The PDFs, named fA
i (x, µ

2) represent the
probability of finding a parton with a fractional momentum x inside the hadron A
at a given resolution scale µ2.

• Fragmentation Functions (FFs): Noted as Dh
i , represent the probability of a parton

i ending up being a colourless hadron h after a number of radiative emissions.

This leads us to the factorisation theorem which is a fundamental part of the cross-
section computation for hadronic process. This theorem allows us to factorize the cross
section into the PDFs for the protons (fi and fj) and the hard scattering partonic cross
section σij as can be seen in Fig. 2.5. The indices i and j indicate the two interacting
partons and the complete mathematical formulation is:

dσh1+h2→k+X(µ2, Q2) =
∑
i,j,X′

fi/h1(x1, µF )⊗ fi/h2(x2, µF )⊗ dσ̂ij→k+X′
(µR, µF ). (2.10)

Here, fi/h1(x1, µF ) and fi/h2(x2, µF ) are the parton distribution functions (PDFs),
which describe the number density distribution of partons i (j) in a hadron h1 (h2) at
a momentum fraction x1 (x2) and a factorisation scale µF . The factorisation scale, µF ,
determines the scale below which the emissions are absorbed into the PDFs. Moreover,
µR denotes the factorization and the renormalization scales. The momentum fraction x
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of a parton within a proton is defined as the fraction of the proton momentum carried
by the parton. The quantity dσ̂ij→k+X′

(µR, µF ) is the production cross-section from the
process where partons i and j from h1 and h2 interact and yield the elementary particle k
and any additional products X ′, considering the interaction diagrams up to the targeted
order of the prediction. Note that the equation is summed over i, j and X ′, and therefore
all combinations of partons and possible products have to be considered. The dependence
with µ is related to the normalisation scale. The differential cross-section of Eq. 2.10
needs to be integrated over the values of x1 and x2 that contribute to dσ̂ij→k+X′

(µR, µF )
for a given final state with particular kinematics.

However, it should be noticed that Eq. 2.10 computes the cross section for producing
a parton k. As it was explained before this parton will involve radiating other partons
until it forms a colourless hadron. This process is called hadronization and is ruled by
FFs. In order to compute the cross-section of hadron production the following equation
has to be used,

dσh1+h2→h+X(µR, µF ) =
∑
k

dσh1+h2→k+X(µR, µF )⊗Dh/k(z, µF ). (2.11)

Here, z describes the momentum fraction carried away by the hadron h from the
parent parton k; Dh/k(z, µF ) is the parton-to-hadron fragmentation function; and µF is
the fragmentation scale. As with Eq. 2.10, the integration over the contributing x1 and x2
must be performed to obtain inclusive cross-sections for particles with specific kinematics.
FFs are generally obtained through global analyses of experimental data. A recent review
on FFs can be found in Ref. [12]. There are many examples of analyses of fragmentation
functions for different hadron species [13–15].

As FFs, PDFs cannot be computed from the QCD Lagrangian so they are determined
from global data analyses for deep inelastic lepton-nucleon scattering (DIS) at hadron-
electron colliders such as HERA. Although they cannot be calculated from first principles,
its Q2 evolution is perturbatively driven by the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi
(DGLAP) equations [16–18]. A recent review of the current status of PDFs can be found
in Ref. [19]. As example, Fig. 2.6 shows the parton distribution functions from the CT18
analysis [20] at Q = 2GeV and Q = 100GeV. usually, PDFs are displayed as a function
of the fractional momentum with respect to the hadron, x, (also called Björken-x).

According to collider kinematics, x ∝ 1√
sey

, therefore, the partonic composition of
ultra-relativistic hadrons is dominated by gluons as can be seen in Fig. 2.6. However,
following unitarity principles (Froissart bound), gluons are expected to start recombining
and the gluonic content saturates as x→ 0. This is actively researched and usually called
saturation, however, it has not been explicitly measured yet.

Additionally, when nucleons are bound into nuclei their inner structure is modified and
PDFs are modified into nPDFs (nuclear Parton Distribution Functions). The extraction of
nPDFs is an active field of research, its precise understanding is crucial to understanding
both the structure of matter and the QGP effects that will be explained later. A summary
of nPDFs can be found in [21] and, as can be seen in Fig.2.7, the nPDF extraction from
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Figure 2.6: PDFs from the CT18 analysis [20] at Q = 2GeV (left) and Q = 100GeV
(right). The PDFs consider u, u, d, d, s = s, b = b and g. The gluon PDF is scaled
as g(x,Q)/5 and the charm distribution c(x,Q) is perturbatively generated by evolving
from Q0 = 1.3 and 1.4GeV. The estimated uncertainty is estimated with a band. Figure
under Creative Commons Attribution 4.0 International license

data is model-dependent.

2.3.2 The QCD phase diagram

As was already explained, the strength of the QCD interaction depends on the energy
scale of the process. Observing the coupling constant evolution with Q in Fig. 2.4 it can
be intuited that at high energies the interactions will be so weak that partons are free, this
is asymptotic freedom. This state of matter formed by partons in this region of the phase
space is called Quark Gluon Plasma (QGP). The existence of this new phase of matter
in QCD theory was confirmed using the lattice QCD, (see Refs. [23, 24] and references
therein).

In QCD, asymptotic freedom and Lagrangian symmetries determine the phases of
strongly interacting matter. These phases are shown in Fig. 2.8 as a function of tempera-
ture T and baryon chemical potential µ which represents the net number of baryons with
respect to anti-baryons. The strongly interacting matter has a rich phase structure, this
includes a nuclear liquid phase, a hadronic gas, and the quark-gluon plasma.

When temperature and chemical potential are zero, the interaction between quarks
is dominated by large distances and the coupling is large. Thereby quarks and gluon are
confined in color singlet hadrons with masses in the order of ΛQCD. Chiral symmetry
breaking implies the emergence of Goldstone bosons with the quantum numbers of the
generators of the broken axial symmetry SU(3)A. These particles are π,K, and η.

When the temperature is high enough, quark and gluon have momentum p ∼ T >>
ΛQCD. In this regime asymptotic freedom starts to play a role and particles interact weakly
forming a plasma of colour charges, this is the quark-gluon plasma. It is important to
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Figure 2.7: Comparison of the 208Pb nuclear modifications resulting from the EPPS21
(full, blue), nCTEQ15HQ (dashed, red) and nNNPDF3.0 (dot-dashed, green) global anal-
yses of nuclear PDFs, i.e. the PDFs of lead divided by the summed PDFs of 82 free pro-
tons and 126 free neutrons. Uncertainty bands correspond to 90% CL. Figure extracted
from [22] under a Creative Commons Attribution 4.0 International License.

explain that at high temperatures there is a thermal population of mobile colour charges
that goes as n ∼ T 3. These charges screen the interaction at large distances making this
phase dominated by short distance interactions. In this plasma phase, matter does not
exhibit colour confinement or chiral symmetry breaking. This is usually understood as a
phase transition from the low-temperature phase.

From Lattice computations as [25], it is shown that for quark masses, mu,md =
10 MeV andms = 120 MeV, the phase transition is not a first-order phase transition (as it
was thought at the beginning) but a gradual phase transition where the degrees of freedom
of the system goes from being hadronic to partonic as the temperature rises. This means
the transition occurs over a range of temperatures without the sharp behaviour that could
be expected from a first-order phase transition. This is a lattice QCD computation that
is in agreement with LHC and RHIC observations. The critical temperature is estimated
as Tc ∼ 151 MeV.

When chemical potential increases quarks and gluons are again weakly coupled as
in QGP. The difference between cold quark matter and hot QGP is the large density of
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Figure 1: Schematic phase diagram of QCD as a function of temperature T and baryon chemical potential µ. QGP refers to
the quark-gluon plasma. The CFL (color-flavor locked) phase is the color superconducting phase that occurs at asymptotically
large chemical potential. The red and black points denote the critical endpoints of the chiral and nuclear liquid-gas phase
transitions, respectively. The dashed line is the chiral pseudo-critical line associated with the crossover transition at low
temperature. The green arrows denote the regions of the phase diagram that are being explored by the experimental heavy ion
programs at the LHC and RHIC.

as dimensional transmutation [54]. We also observe that the coupling decreases with increasing momentum.
This is the phenomenon of asymptotic freedom [2, 3]. The flip side of asymptotic freedom is anti-screening,
or confinement: The e↵ective interaction between quarks increases with distance.

In massless QCD the scale parameter is an arbitrary parameter (a QCD “standard kilogram”), and
all observables are dimensionless ratios like mp/⇤QCD , where mp is the mass of the proton. If QCD is
embedded into the electroweak sector of the standard model, and quarks acquire masses by electroweak
symmetry breaking, then the QCD scale is fixed by the choice of units in the standard model. A number
that is commonly quoted is the value of the QCD fine structure constant ↵s = g2/(4⇡) at the Z boson pole,
↵s(mz) = 0.1184 ± 0.0007 [55]. The numerical value of ⇤QCD depends on the renormalization scheme used
to derive Eq. (4). Physical masses, as well as the value of b0, are independent of this choice. In the modified
minimal subtraction (MS) scheme one finds ⇤QCD ' 200 MeV [55].

Asymptotic freedom and the symmetries of QCD determine the basic phases of strongly interacting
matter that appear in the QCD phase diagram shown in Fig. 1. In this figure we show the phases of QCD
as a function of the temperature T and the baryon chemical potential µ. The chemical potential µ controls
the baryon density ⇢, defined as 1/3 times the number density of quarks minus the number density of
anti-quarks.

At zero temperature and chemical potential the interaction between quarks is dominated by large dis-
tances and the e↵ective coupling is large. As a consequence, quarks and gluons are permanently confined in

5

Figure 2.8: Schematic phase diagram of QCD as a function of temperature T and baryon
chemical potential µ. QGP refers to the quark-gluon plasma. The CFL (colour-flavour
locked) phase is the colour superconducting phase that occurs at an asymptotically large
chemical potential. The red and black points denote the critical endpoints of the chiral
and nuclear liquid-gas phase transitions, respectively. The dashed line is the chiral pseudo-
critical line associated with the crossover transition at low temperature. The green arrows
denote the regions of the phase diagram that are being explored by the experimental
heavy-ion programs at the LHC and RHIC. This figure was taken from Refs. [23].

states near the quark Fermi surface. Thereby, even weak interactions can cause qualitative
changes in the ground state of dense matter. In particular, attractive interactions between
quark pairs lead to colour superconductivity and the formation of a ⟨qq⟩ condensate. A
superconducting phase called the color-flavor locked (CFL) phase is predicted to exist at
very high density.

When describing matter, a fundamental equation is the equation of state (EOS). This
equation describes the dependence of pressure of the system temperature and chemical

16



2 Theoretical foundations

potential P = P (T, µ). A fundamental quantity that determines the expansion of hot
dense matter, and is derived from the EoS, is the speed of sound,

c2s =
∂P

∂ε

∣∣∣
s/nB

, (2.12)

where ε is the system energy and the derivative is taken at constant entropy per baryon,
s/nB. The EoS describes how gradients in the energy density profile are translated into
pressure gradients. When the number of baryons is zero; i.e. nB = 0, cs is just a function
of temperature. Neglecting the chemical potential is a good approximation in high-energy
ion collisions as the nucleons of ultrarelativistic Pb nuclei escape the interaction volume
before the plasma develops. Moreover, the high-energy collisions subsequently lead to a
sizable baryon production balanced by anti-baryons due to conservation laws.

2.4 High energy hadronic collisions

Hadronic matter and QCD properties can be studied in several ways. This work
will be focused on high-energy hadronic collisions in colliders. In this kind of study,
the chemical potential is approximately zero, nB = 0. The reason is that the spectator
nuclei escape from the interaction region when the bulk matter evolves. Moreover, in the
interacting region, the number of baryon and anti-baryon production is in equilibrium.
This means that the region of the QCD phase diagram from Fig. 2.8 studied in high-energy
hadronic collisions corresponds to the vertical axis; i.e. the evolution with temperature.

2.4.1 High energy proton-proton collisions

When two protons, p1 and p2, collide, different kinds of processes can occur depending
on the final state of the collision as shown in Fig. 2.9.

If the final state of the collision does not involve more particles than the ones in
the initial state; i.e. two protons, then the collision is called elastic and the process is
p1 + p2 → p1 + p2. Elastic interaction takes place thanks to a Pomeron exchange, which
is a colourless QCD state designed with P. The elastic proton-proton cross-section at√
s = 7TeV is 25.4 ± 1.1mb, about a fourth of the total cross-section of proton-proton

collisions 98.6± 2.2mb [27].

When additional particles are produced in the collision the interaction is called in-
elastic. Inelastic processes are dominant with a cross-section of 72.9 ± 1.5mb [28] at√
s = 7TeV. Inelastic processes are usually classified as diffractive and non-diffractive

(ND) depending on whether the interaction is carried on by a Pomeron interaction (diffrac-
tive) or not (non-diffractive). Within the diffractive category, several kinds of interactions
can be considered as single diffractive (SD), double diffractive (DD) and central diffractive
(CD) as can be seen in Fig. 2.9 depending on the topology of the final state particles.
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Figure 1: Diagram for elastic scattering and φ vs η plot showing the distribution of products after the

interaction.

occurs.

Elastic scattering can be achieved via the exchange of a glueball-like Pomeron. In elastic scat-

tering, the final state and initial state particles are identical. The exchange of gluons can excite

a hadron. This can result in the outgoing state preserving the internal quantum numbers of

the incoming particles but having a higher mass. This is known as quasi-elastic scattering.

Inelastic collisions can be diffractive. There are several possible descriptions of diffraction, al-

lowing several alternative approaches. The approach discussed here is one described by Regge

theory [6] in terms of the exchange of a Pomeron. One of the alternative approaches which does

not use the concept of a Pomeron or Regge phenomenology is called the soft colour interaction

model. It is described by Ingelman in [7].

A diffractive reaction is one in which no internal quantum numbers are exchanged between the

colliding particles. Diffraction occurs when the exchanged Pomeron interacts with the proton

to produce a system of particles referred to as the diffractive system. In diffractive scattering,

the energy transfer between the two interacting protons remains small, but one or both pro-

tons dissociate into multi-particle final states with the same internal quantum numbers of the

colliding protons.

If only one of the protons dissociates then the interaction is Single Diffractive (SD) (p1 + p2 →
p′

1 + X2 or p1 + p2 → X1 + p′
2). The dissociated proton is shown as a spray of blue dots (par-
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(a) Elastic interaction

ticles) and the non-dissociated proton as the pink dot in figure 2. The LHC cross-section (at
√

s = 14 TeV) for SD is ∼ 10 mb [5].
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If both the colliding protons dissociate, then it is Double Diffractive (DD) (p1 + p2 → X1 +X2)

as seen in figure 3. The LHC cross-section (at
√

s = 14 TeV) for DD is ∼ 7 mb [5].
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A different topology becomes possible with two Pomerons exchanged, namely Central Diffrac-

tion (CD) (p1 + p2 → p′
1 + X + p′

2) or Double Pomeron Exchange. In this process, both the

protons are intact and are seen in the final state (as two pink dots seen in figure 4). The LHC

cross-section for CD is ∼ 1 mb [5].

In Non-Diffractive (ND) interactions there is an exchange of colour charge and subsequently

more hadrons are produced. This is shown in figure 5. ND interactions are the dominant

process in pp interactions and are expected to be ∼60% of all interactions at the LHC with a

cross-section of ∼65 mb (at
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s = 14 TeV) [5].
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(c) Double-diffractive interaction
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Figure 4: CD diagram and window showing two rapidity gaps between −10 < η < −2.5 and 2.5 < η < 10.
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Figure 5: The diagram for an ND process. The rapidity window on the right shows that there is no rapidity
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A consequence of the Pomeron hypothesis is that the cross-sections of pp and pp̄ diffractive

scattering should be equal at high enough energies [8]. This is because the Pomeron has the

quantum numbers of the vacuum, so its couplings to the proton and anti-proton are equal.

The total pp cross-section is given by equation 1 where “misc” here is CD and multiple Pomeron

exchange. The cross-section for multiple Pomeron exchange is ≪ 1 mb [5].

σtot = σel + σinel = σel + σdiff + σND = σel + σSD + σDD + σmisc + σND (1)

1.2 Kinematics

In a QCD approach, a partonic description of a Pomeron, as described in [9] is commenly used.

Distributions of partons in particles are characterised by Parton Distribution Functions (PDF).

A PDF fi(x, Q2) gives the probability of finding a parton i with a fraction x of the momentum

of the parent beam particle, when probed at a scale of Q2. PDFs are parameterisations of

experimental data. Diffractive hard scattering is used to resolve the partonic structure of the

Pomeron [10].
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(e) Non-diffractive interaction

Figure 2.9: Possible types of interactions in proton-proton collisions. The diagrams on the
right indicate the distribution of particles in the final state in the (η, ϕ) plane to represent
the presence of large rapidity gaps. Figures taken from Ref. [26].

In a diffractive interaction [29] at least one of the initial protons is dissociated into
more final state particles with smaller mass. Typically they can be experimentally recog-
nised by the presence of Large Rapidity Gaps (LRG) in the angular distribution of final
state particles. These are regions in the η without any particle. This kind of process is
also produced by a Pomeron exchange.

When both protons interact at partonic level they break into multiple final state
particles that cover all the angular region. This is denominated as a non-diffractive
process. These are presented in Fig. 2.9e. The total proton-proton interaction cross-
section can be calculated by adding the interaction cross-sections for all the possible
processes as follows,

σtotal = σelastic + σinel = σelastic + σdiff + σND = σelastic + σSD + σDD + σCD + σND. (2.13)

In this thesis, no specific study was done in order to separate different proton-proton
interactions. Thus, generic collisions will be the object of study in this document.

As it was explained before, two kinds of processes can be defined in QCD in terms
of the coupling constant value. Perturbative processes, when Q2 >> 1 GeV/c2, in col-
lider physics are called ”hard” processes, and the non-perturbative ones are called ”soft”

18



2 Theoretical foundations

processes and Q2 << 1 GeV/c2. In a non-diffractive proton-proton collision, multiple
processes happen simultaneously as shown in Fig. 2.10. The observables studied in this
thesis involved both soft and hard processes, so they are sensitive to the interplay between
perturbative and non-perturbative QCD.

Figure 2.10: Sketch from the PYTHIA8 [30] representation of a proton-proton collision
event when all different processes are shown. Figure under a Creative Commons Attribu-
tion 4.0 International License.

Two of the interactions shown in Fig. 2.10 are especially important for this thesis:

• Hard scattering: Represented by the cross-section dσ0. This is the most energetic
process and the one that produces the biggest number of final state particles. This
process is initialized by a parton with high momentum and can be described by
pQCD using the factorization theorem. The final state particles form a shower of
hadrons in a definite (η, ϕ) region and are called a jet.

• MPI: Multi Parton Interactions. Secondary partonic interactions with smaller en-
ergy than the hard scattering could be a semi-hard or soft process. MPIs also
produce many final state particles forming, together with the rest of the processes,
what is called the Underlying Event (UE). There is a lot of research on the under-
standing of MPI. One of the main questions regarding MPI physics is whether they
are independent of each other or correlated. The average transverse momentum as
a function of multiplicity is a key observable for MPI physics.
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2.4.2 High energy heavy ion collisions

The ions are Lorentz-contracted objects in a collision involving ultra-relativistic en-
ergies. Instead of having a spherical shape, they form a disc of thickness about 14/γ fm
with γ ≃ 2500 at LHC energies and a transverse size RA ≃ A1/3. In this scenario, it
can be assumed that all nucleons initially (before the collisions) propagate along parallel,
straight-line trajectories. Moreover, depending on the role of those nucleons in the colli-
sions they can be classified. Interacting nucleons are called participants (Npart), the ones
not interacting are called spectators and the total number of incoherent nucleon-nucleon
collisions is defined as Ncoll as is shown in Fig. 2.11.

When describing heavy-ion collisions, the characterization of the initial stage of the
collisions is crucial. In this sense, the impact parameter (b) is defined as the distance
between the centres of the two colliding nuclei. The impact parameter characterizes the
centrality of the collision. A central collision is one with a small impact parameter in which
the two nuclei collide almost head-on, b→ 0; a peripheral collision, on the contrary, is one
with a large impact parameter, 0 < b < 2RA, and an ultra-peripheral collision happens
when the nuclei don’t pass through each other, b > 2RA.

Figure 2.11: Ultra-relativistic heavy ion collision scheme where participant, spectators
and impact parameter is shown. Figure taken from [31]

In an ultra-relativistic heavy ion collision with high enough centrality, from a the-
oretical perspective, the system evolves through several stages which are represented in
Fig. 2.12. In this evolution there are three main stages:

1. Early stages: The collision and the brief period of time afterwards. Here the de-
scription of the initial stage of the colliding objects is crucial. Possible saturation
of the gluon PDFs in the nuclei could be explained by classical field theory in the
high occupancy limit; i.e. Color Glass Condensate (CGC). The nuclei wave function
controls the evolution of the system in the very early times.
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Figure 2.12: Scheme representing the stages of a peripheral and central Ultra-Relativistic
Heavy Ion collision, figure extracted from [32] under Creative Commons Attribution (CC
BY) licence.

2. QGP: A longer stage where the matter is close to local thermal equilibrium. Here,
the temperature is high enough to reach QGP, hence deconfinement. The system
is described using relativistic viscous hydrodynamics and partons are the relevant
degrees of freedom. Some of the experimental signatures of this stage are collective
flow, nq scaling, quarkonia suppression and RAA.

3. Hadronization: The final stage during which the matter has become too dilute to
remain in equilibrium. While the temperature drops partons join forming hadrons
that travel towards the detectors.

In general, it is difficult to know from which stage comes the measured behaviour of a
given quantity. For this reason, studying the same observable in different collision systems
is very important. For example, it is typically assumed that minimum-bias pp and pA
collisions do not form QGP. In this sense, these collision systems are used as a baseline
to interpret heavy ion collisions where the QGP emergence is assumed. In particular,
pA collisions are used to understand what is called Cold Nuclear Matter effects (CNM).
Those are nuclear effects that do not correspond to high-temperature behaviours (QGP)
like for example nPDFs.

However, since the LHC era started, some collective behaviours have been observed in
pp and pA (collective flow or strangeness enhancement). This implies that the explained
picture may have to change. In particular, it raises the question of whether the initial
stage or CNM effects could exhibit collective behaviour that mimics QGP or is it possible
that QGP is formed in some pp, pA events. This is one of the main questions in our field
that is not solved at the moment. Characterising collective behaviour in small systems
(pp, pA) as a function of multiplicity is a useful tool that helps us understand this problem.
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2.5 Monte-Carlo generators

In this section, General Purpose Monte Carlo (GPMC) generators will be explained [10].
GPMCs are a fundamental software tool for simulating hadronic collisions. They are
widely used together with software detector descriptions like Geant4 [33] to understand
how the detector affects measurement and also to study backgrounds and signals for
many studies. The main goal of GPMCs is to simulate all physics processes in a hadronic
collision, some of them are PYTHIA 8.3 [30], SHERPA 2 [34], HERWIG 7.2 [35] or
EPOS-LHC [36].

Since QCD interactions are weak at short distances (below a femtometer), the compo-
nents of the GPMC that handle short-distance physics are based on perturbation theory.
However, at larger distances, where soft hadronic phenomena occur—such as hadroniza-
tion and the formation of the underlying event in hadron collisions—first-principles com-
putations are currently not feasible. Instead, QCD-inspired models must be used and
different GPMCs assume different hypotheses for these processes.

As GPMC are very complex, they have many parameters that can be adjusted using
data. This is commonly called tunning and can be done within experimental collaboration
or directly by the MC authors.

In this thesis, two GPMC are used PYTHIA 8 and EPOS-LHC. Thus, this generator
will be briefly explained emphasising the differences in soft physics and MPI, which are
the most important parts regarding the observables that will be presented in this work.

2.5.1 PYTHIA 8.3

A pp collision simulated in PYTHIA can be seen in the illustration in Fig. 2.10 and
it is structured as follows:

1. The parton kinematics of the beam parton are determined based on the PDFs. The
nature of the event is decided (e.g. Z0 production) and the resonance decay is
produced.

2. All the surrounding partonic activity is simulated. This includes the initial and
final state parton radiation (ISR and FSR), MPIs, and interaction from the beam
particle remnants. The MPIs are based on [37]. However, recent developments have
included a more advanced modelling of flavour and colour correlations. This field is
quickly evolving. A major unresolved issue is how the colour of all these subsystems
is correlated. While there is certainly a correlation due to the colour-singlet nature
of the incoming beams, final-state colour rearrangements can alter this picture.
These additional effects are essential for accurately describing data, such as the
⟨pT ⟩(Nch) measurements which is the objective of this thesis. A straightforward
implementation of colour rearrangement can be found in the description of beam
remnants in PYTHIA.
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3. Hadronisation from partons is produced following the Lund string model. This
part is completely non-perturbative and fully phenomenological. Unstable particles
decay and a full final-state particle collection is obtained.

Although PYTHIA 8 was typically used to model pp collisions, recently an extension
to heavy ion collisions was made under the name PYTHIA Angantyr [38].

2.5.2 EPOS-LHC

The MC generator EPOS-LHC [36] manages hadronic collisions in a very different
way. Here the approach is not partonic, in the sense that the interaction between hadrons
is done coherently. The Monte Carlo generator uses the Parton-Based Gribov Regge
Theory where the interaction between hadrons is done by Pomeron interaction as can be
seen in Fig. 2.13.

quasi longitudinal
color electric field

via pair
production

decay

"flux tube" 

nucleon

nucleon

effects
nonlinear 

partons

low x

Figure 2.13: Elementary interaction in the EPOS model, figure taken from [36] reproduced
with permission under licence RNP/24/AUG/082178.

Each event in EPOS-LHC has two different regions, core and corona, with very differ-
ent behaviours as can be seen in Fig. 2.14. The starting point is the Pomerons. Some of
these flux tubes will form bulk matter that thermalizes and expands collectively, known
as the ”core.” Other segments, which are either near the surface or possess a large trans-
verse momentum, will separate from the bulk matter and appear as hadrons (including
jet-hadrons). This phenomenon is referred to as the ”corona”. Moreover, the core part
is evolved using relativistic viscous hydrodynamics expansion. In this sense, EPOS-LHC
includes in the core a way to manage collective effects in hadronic collisions, which makes
this model especially suitable for minimum bias studies. After hadronization, there occur
still hadron-hadron rescatterings via the Ultra-Relativistic Quantum Molecular Dynamics
Model (UrQMD) [39].
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Figure 2.14: Schematic representation of core (red) and corona (blue) in a plane perpen-
dicular to the beam axis. In the left central AA, the middle is a high multiplicity event
from a small collision system or a peripheral AA, and on the right a low multiplicity pp
collision. The dots are prehadrons in the transverse plane. Figure taken from Fig. [36].
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3
The LHCb experiment at the LHC

3.1 The Large Hadron Collider

The Large Hadron Collider (LHC) stands as the particle accelerator with the high-
est energy in the world, situated within the CERN (Conseil Européen pour la Recherche
Nucléaire) accelerator complex proximal to Geneva, Switzerland. This apparatus is lo-
cated in a 26.7Km subterranean tunnel, originally constructed during the 1980s to house
the Large Electron-Positron (LEP) collider. Situated beneath the surface, between 45m
and 170m, the tunnel traverses the boundary between Switzerland and France.

The primary objective of the LHC is to facilitate high-energy hadronic collisions at
the highest energy and maximum instantaneous luminosity in the world. In its standard
configuration, the LHC operates by accelerating two counter-rotating beams of protons
within distinct circular rings. The trajectory of these beams is sustained by supercon-
ducting magnets generating a magnetic field exceeding 8T. These magnets are housed
within a cryostat containing superfluid helium, maintained at a temperature of 1.9K to
ensure optimal functionality. The refrigeration of these magnets is a pivotal aspect of
LHC operation, alongside the imperative maintenance of ultra-high vacuum conditions
within the beam tubes. Notably, the maximum laboratory energy achievable per proton
stands at 7TeV, thereby enabling a center-of-mass energy (

√
s) of colliding proton pairs

of up to 14TeV upon collision.

Prior to injection into the LHC, a proton beam undergoes a sequential progression
through several preaccelerator stages: LINAC 4, Proton Synchrotron Booster (BOOSTER),
Proton Synchrotron (PS), and Super Proton Synchrotron (SPS). At each stage of this
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Figure 3.1: Diagram of the CERN accelerator complex in 2019. Note that the new
LINAC 4 substitutes the LINAC 2, which was operating during Run 1 and Run 2. Figure
extracted from [40] under CERN copyright.

process, the proton beam undergoes incremental energy augmentation, culminating in an
energy level of 450GeV upon reaching the SPS. Subsequently, the beam undergoes divi-
sion into two streams and enters the LHC, where both beams are accelerated to their final
energy thresholds before collision. In addition to protons, the LHC accommodates the
acceleration of heavier ions, predominantly 208Pb, albeit also including a brief utilization
of 129Xe in 2017. The ion acceleration process parallels that of protons, commencing at
the LINAC 3 facility, where ions are injected into the Low Energy Ion Ring (LEIR) before
proceeding through the PS along a trajectory analogous to that of protons. An unfore-
seen operational mode emerged in the LHC’s operational paradigm, wherein proton-ion
collisions are facilitated by combining proton and ion beams. The logistical flow of pro-
tons and ions across the various facilities within CERN’s infrastructure can be further
elucidated in Fig. 3.1.

Within the beams of the LHC, hadrons are structured into discrete bundles, termed
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bunches, and they are systematically positioned along the LHC rings. This alignment
of filled and vacant bunches within the LHC is denoted as the filling scheme. In proton
operational mode, the interspace between bunches can extend to 25 nanoseconds, yielding
a collision frequency of up to 40MHz. Under these conditions, the peak instantaneous
luminosity achievable at the LHC attains a magnitude of 1034 cm−2 s−1.

Conversely, the delivered peak luminosity during lead-lead runs approximates ≃
1027 cm−2 s−1, predominantly attributed to the reduced number of bunches within the
LHC in this operational configuration. The beams undergo slight deviation at four spe-
cific points along the LHC’s trajectory to produce hadronic collisions. Notably, the tunnel
features expansive caverns at these junctures, accommodating the primary LHC experi-
ments: ATLAS (A Toroidal LHC Apparatus), CMS (Compact Muon Solenoid), ALICE
(A Large Ion Collider Experiment), and LHCb (Large Hadron Collider beauty).

The ATLAS and CMS experiments serve as two exemplary general-purpose detectors
(GPDs) with commensurate scientific objectives. Both instruments explore a broad spec-
trum of physics, ranging from elucidating the properties of the Higgs boson to probing
potential manifestations of extra dimensions or particles posited to comprise dark matter.
A seminal achievement of these detectors was the landmark discovery of the Higgs boson
in July 2012. The detection capabilities of ATLAS and CMS predominantly encompass
the central region, corresponding to a narrow span around η = 0. This strategic position-
ing optimizes the detection sensitivity for the decay products of unstable heavy particles,
typically characterized by substantial transverse momentum relative to the beam axis.

The ALICE experiment is specifically designed to investigate the properties of the
quark-gluon plasma by scrutinizing the strong interaction dynamics within this exotic
state. As explained in Sec. 2.4.2, achieving the requisite extreme energy densities ne-
cessitates the collision of heavy ions. Consequently, the ALICE detector is meticulously
tailored for operation in heavy-ion collisions, which entail exceptionally high particle mul-
tiplicities (up to 3000 charged particles per event). The geometric acceptance of ALICE is
distinctive owing to its detector configuration: a central barrel, covering a pseudorapidity
range around η ≃ 0, is outfitted with instrumentation for particle tracking, identification,
and calorimetry. This is complemented by a forward muon spectrometer spanning a region
characterized by 2.5 < η < 4.0. Additionally, several auxiliary detectors are strategically
positioned for global event characterization and triggering within the forward region.

In contrast, the LHCb experiment primarily focuses on investigating phenomena re-
lated to CP violation, flavour symmetry breaking, and the pursuit of new physics beyond
the Standard Model via indirect methods. This research domain has yielded numerous
noteworthy outcomes, such as recent hints indicating the violation of lepton universality
in beauty-quark decays or the first observation of CP violation in the charm sector. Fur-
thermore, LHCb has expanded its research agenda to encompass the study of heavy-ion
collisions, as evidenced by the developments outlined in this thesis. Distinguishing it from
other detectors at the LHC, LHCb is situated to cover the low-angle or forward region
surrounding the interaction point. A comprehensive exposition of the LHCb experiment
is provided subsequently.
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Figure 3.2: Left: Angular distribution of bb pair production in pp collisions at√
s = 14TeV [41]. Right: coverage in pseudorapidity of bb pairs for LHCb and a standard

GPD, considering an acceptance of 1.8 < η < 4.9 and |η| < 2.4 respectively. Figures
from [41].

3.2 The LHCb experiment

The LHCb experiment is situated at Point 8 of the LHC complex. It occupies the
cavern previously utilized by the DELPHI (Detector with Lepton, Photon and Hadron
Identification) experiment during the LEP era. Being a forward spectrometer in the
forward region, the LHCb detector boasts an angular aperture spanning from 10mrad to
300mrad in the horizontal plane and from 10mrad to 250mrad in the vertical plane. This
angular coverage translates into a pseudorapidity range of 2 < η < 5. This distinctive
forward coverage distinguishes the LHCb experiment from other LHC detectors. The
strategic rationale for targeting this kinematic region lies in the optimization of acceptance
criteria for B-hadrons, which constitute a focal point of the physics agenda at LHCb.
Moreover, also the space limitations of the Point 8 cavern played a role in its design.
Such hadrons arise from the hadronization processes associated with bottom quarks (b or
b), predominantly generated at low scattering angles in proton-proton collisions at LHC
energies. Illustratively, Fig. 3.2 shows the angular distribution of bb pair production at a
center-of-mass energy of

√
s = 14TeV, simulated with PYTHIA generator.

The detector configuration is tailored to place collisions with low pile-up and low
event multiplicity in comparison with other detectors at the LHC. During proton-proton
data acquisition, the instantaneous luminosity is regulated to a level ranging between
2−5×1032cm−2s−1, as depicted in Fig. 3.3, a value notably lower than the one in ATLAS
and CMS experiments.
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Figure 3: Development of the instantaneous luminosity for ATLAS, CMS and LHCb during
LHC fill 2651. After ramping to the desired value of 4 ⇥ 1032cm�2s�1 for LHCb, the luminosity
is kept stable in a range of 5% for about 15 hours by adjusting the transversal beam overlap.
The di↵erence in luminosity towards the end of the fill between ATLAS, CMS and LHCb is due
to the di↵erence in the final focusing at the collision points, commonly referred to as the beta
function, �⇤.

the end of stable beams. This deferred triggering method allowed LHCb to increase the
data sample available for physics analysis.

The integrated luminosity recorded by LHCb was 38 pb�1 in 2010, 1.11 fb�1 in 2011
and 2.08 fb�1 in 2012. The evolution of the integrated luminosity for the years 2010 to
2012 is shown in Figure 4.

Luminosity calibrations were carried out with the LHCb detector for the various centre-
of-mass energy

p
s at which data has been taken. Both the ”van der Meer scan” and

”beam-gas imaging” luminosity calibration methods were employed [27]. For proton-proton
interactions at

p
s = 8 TeV a relative precision of the luminosity calibration of 1.47% was

obtained using van der Meer scans and 1.43% using beam-gas imaging, resulting in a
combined precision of 1.12%. Applying the calibration to the full data set determines
the luminosity with a precision of 1.16%. This represents the most precise luminosity
measurement achieved so far at a bunched-beam hadron collider.

The average operational e�ciency, defined as the ratio of recorded over delivered
luminosity, was 93% during LHC Run I, reaching 95% on average in 2012. The ine�ciency
contains two irreducible sources. The first one is the detector-safety procedure for the
VELO closing, amounting to 0.9%, which is in line with expectations. The second originates

9

Figure 3.3: Instantaneous luminosity during LHC fill 2651 for ATLAS, CMS and LHCb
experiments. Figure from Ref. [42].

This deliberate reduction of the pile-up reduces the number of simultaneous pp in-
teractions. These design characteristics facilitate the separation of primary vertices (PV)
and secondary vertices (SV). Moreover, under conditions of reduced pile-up, the average
detector occupancy experiences a diminution. This makes certain detector specifications
such as granularity and radiation tolerance of some subdetectors less critical.

The core of the LHCb physics program requires the meticulous reconstruction of
complex decay chains ending in numerous particles in the final state [43, 44]. Having a
high reconstruction efficiency and good particle identification capabilities for individual
particles is necessary to be able to measure substantial samples of rare decays. Moreover,
exceptional momentum resolution, particularly for charged particles, is imperative for
the unambiguous discrimination between distinct resonances decaying into identical final
states. Noteworthy examples include the B0 and B0

s resonances [45] and the excited
states of χnc [46, 47]. The degradation of momentum resolution commonly stems from
multiple scattering events involving particles and the detector material. As a consequence
of this, optimizing momentum resolution entails minimizing the material budget. This
fundamental fact permeates the entirety of the LHCb design paradigm and hardware
requirements.

In Fig. 3.4 a transverse view of the experiment is detailed, where a representation of
the main detection systems is drawn. The different subdetectors from left to right are:
the Vertex Locator, the RICH1 (Ring Imaging Cherenkov detector 1), TT (Tracker Turi-
censis), the magnet, three tracking stations (T1, T2, T3), RICH2, a muon station (M1),
the calorimeter system formed by the Scintillating Pad Detector (SPD), the Preshower
detector (PrS), the Electromagnetic Calorimeter (ECAL) and the Hadronic Calorimeter
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Figure 3.4: General layout of the LHCb detector. Figure from Ref. [48].

(HCAL), and the rest of the muon system stations (M2, M3, M4 and M5).

The LHCb experiment has been engaged since 2013 in the heavy-ion physics pro-
gram at the LHC. This strategic decision was undertaken to leverage specific attributes
of the experiment pertinent to this field. One of the features of the LHCb experiment
is the acceptance coverage in the forward region, which goes beyond the scope of other
detectors at the LHC. As was explained in the introduction, the Heavy Ions community
wants to understand the hadron and nuclei partonic structure. Due to its forward ac-
ceptance, LHCb can probe very low x values through different observables, as depicted
in Figure [REFERENCE]. While the ALICE detector also covers the forward region,
its capabilities are confined to the muon spectrometer and multiplicity counters. These
technical constraints limit its physics coverage. Conversely, LHCb has complete hadron
reconstruction and identification capabilities in this region. Moreover, it features precise
vertexing for disentangling prompt from secondary particle production and an excellent
momentum resolution. The LHCb’s biggest challenge in the Heavy Ion program is the
very high multiplicity events, especially in lead-lead collisions where operational efficiency
is restricted to approximately 60% of the most central events due to the saturation of the
tracking system. Nonetheless, proton-lead collisions fall well within the multiplicity reach
of LHCb.

3.2.1 Vertex Locator

The Vertex Locator (VELO) [49] is a silicon microstrip detector positioned around
the beam pipe region. It is the first subdetector that particles traverse in the LHCb
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Figure 3.5: Top: photography of one side of the VELO sensors. Bottom: disposition of
the VELO sensors along z and cross-section of a VELO sensor in the xy plane.

experiment. It facilitates precise determination of the coordinates of tracks originating
from charged particles. This track information enables accurate localization of the PV,
representing the point of interaction between hadrons from both colliding beams. Further-
more, the VELO exhibits high spatial resolution, allowing the decay points of unstable
particles, such as b- and c-hadrons generated during the collision to be discerned. Despite
its precise resolution, the VELO distinguishes particles produced in the primary interac-
tion from those arising from secondary decays, facilitating precise measurements of decay
lifetimes and impact parameters of particles.

The VELO contains 21 detection stations, each consisting of two semicircular silicon
sensors: one of type R, responsible for measuring the radial coordinate, and one of type ϕ,
dedicated to the azimuthal coordinate. These sensors are arranged longitudinally along
the beamline, spanning approximately one meter in length, as shown in Fig. 3.5. With
a radius of approximately 42mm and a thickness of around 300µm, each sensor has an
8mm aperture at its center where the LHC beam travels through. Type R sensors utilize
azimuthal strips to measure the radial coordinate, while type ϕ sensors employ radial
strips to gauge the angular coordinate. Charged particles generated in collisions traverse
the silicon detectors, inducing the generation of electron-hole pairs; subsequently, the
resultant current is captured using specialized electronics. As a result, the direction of
the particles can be reconstructed.

During operation, the inner part of the sensors is positioned 7mm away from the
LHC beams, which is smaller than the required aperture during injection. To avoid issues
with the beam at injection, the VELO is divided into two retractable halves that close
when stable-beam conditions are reached. The VELO sensors are within a secondary
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Figure 3.6: VELO tracking efficiency (left) in data and simulation from 2011 as a function
of the number of reconstructed tracks in the event, Ntrack. Error bars show the statistical
uncertainty. Fraction of ghost tracks in the VELO (right) as a function of the number of
VELO clusters. Figures extracted from Ref. [49].

vacuum, isolated from the primary vacuum where the primary collisions occur in the
LHC. The region in contact with the beam, called RF foil, is 0.3mm thick. The thickness
of this section is important to minimize the detrimental effects of multiple scattering while
measuring particle momentum. The composition of the VELO material is meticulously
characterized in many studies [50] and incorporated into the LHCb simulation framework.

In terms of performance, the sensors exhibit a signal-to-noise ratio of around 20, with
a best hit resolution of 4µm achieved at an optimal track angle. For vertices with 25
tracks, a transverse plane resolution of 13µm and a longitudinal resolution of 71µm is
obtained. Moreover, an impact parameter resolution of less than 35µm is achieved for
particles with transverse momentum (pT) greater than 1GeV/c. The track reconstruction
efficiency typically exceeds 98% in data, as can be seen in Fig. 3.6a. Another pertinent
parameter when characterising a silicon tracker is the fraction of ghost tracks. Those are
defined as tracks where less than 70% of the VELO clusters belong to a simulated particle,
which means that these tracks are likely to be reconstruction artefacts not belonging to
a particle. This fraction is approximately 0.5% for randomly triggered events and 1%
for triggered events. The fractions of ghost tracks in the VELO increase with detector
occupancy, as shown in Fig. 3.6b.

In Fig. 3.6b the total number of VELO clusters in the event, N clusters
VELO , is the chosen

variable to quantify detector occupancy. These performance metrics are based on standard
pp collision operations and average events. For proton-lead or lead-lead collisions, where
the detector occupancy reaches higher levels, the performance in the parameters that we
have discussed decreases.

32



3 The LHCb experiment at the LHC

3.2.1.1 Primary vertex reconstruction

At LHCb, primary vertices are reconstructed using tracks from the VELO [51], i.e.
Velo Tracks. Those tracks follow straight lines due to the absence of a magnetic field in
the VELO. The reconstruction algorithm examines the distribution of tracks in an event
to infer where most tracks originate.

However, optimizing the PV reconstruction has two challenges: high efficiency and a
low rate of false positives. By high efficiency, it is understood that a high proportion of
generated vertices are reconstructed. False PVs can arise from randomly linking tracks
together. This effect increases with the number of tracks in the event.

The primary vertex reconstruction is done following two steps: seeding and fitting.
First, the PV candidates are identified by looking for clusters of track trajectories. Second,
by using the weighted least squares method the final position of the vertex is determined.
Vertices are fitted starting from the highest multiplicity to the lowest. This is done in
order to avoid secondary vertices absorbing tracks for the primary vertices. After fitting,
we double-check the distance between the new PV and the existing ones to catch any false
positives. We repeat these steps until we’ve identified all the PVs in the event.

3.2.2 Tracking system

One of the main parts of the LHCb experiment is the tracking system. The goal of this
subsystem is to identify the trajectories of charged particles and measure their momentum.
The track reconstruction is done using information from several subdetectors. Specifically:
the VELO (already discussed in Sec. 3.2.1), the magnet, the silicon tracker (ST) and the
outer tracker (OT) were the ones used during Run2. In this section, all of them will be
summarized.

3.2.2.1 Magnet

In the LHCb experiment, a dipole magnet generates the magnetic field between the
upstream and downstream tracking stations. This magnetic field bends the trajectory
of charged particles and enables the determination of their momentum coordinates. The
total magnetic field produced by the magnet is 4Tm. To explore potential systematic
uncertainties and asymmetries, the magnet polarity is regularly switched during data
collection into Magnet Down and Magnet Up polarization.

The magnetic field integral,
∫
Bdl, created by the magnet is known with a relative

precision of 10−4. Moreover, the position of the peak magnetic field, B-field, is determined
with a precision of a few millimetres. The precise characterisation of the magnetic field
properties is crucial in order to achieve the desired momentum resolution. Due to this,
precise measurements of the magnetic field are conducted across all regions of the LHCb
detector.
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Figure 3.7: Schematic representation of the LHCb experiment dipole magnet and the
produced magnetic field.

2008 JINST 3 S08005

Figure 5.35: Arrangement of OT straw-tube modules in layers and stations (left) and overview
of the OT bridge carrying the C-frames (right). The C-frames on both sides of the beam pipe are
retracted.

5.3.2 Detector technology

Design

The design of the straw-tube module is based on the following requirements:

• Rigidity: the mechanical stability must guarantee the straw-tube position within a precision
of 100 (500) µm in the x (z) direction; the anode wire has to be centered with respect to the
straw tube within 50 µm over the entire straw length. The module box must be gas-tight and
must withstand an overpressure of 10 mbar. The leak rate at this pressure has to be below
8⇥10�4 l/s.

• Material budget: to limit multiple scattering and the material in front of the calorimeters, the
material introduced in the OT active area must not exceed few percent of a radiation length
X0 per station.

• Electrical shielding: the drift tubes must be properly shielded to avoid crosstalk and noise.
Each straw must have a firm connection to the module ground. The module envelope itself
must form a Faraday cage connected to the ground of the straw tubes and of the front-end
electronics.

• Radiation hardness: the detector should withstand 10 years of operation at the nominal lumi-
nosity without a significant degradation of its performance. During that time the anode wires
will accumulate a charge of up to 1 C/cm in the most irradiated area. As a consequence, all
detector materials have to be radiation resistant and must have low outgassing.

The layout of the straw-tube modules is shown in figure 5.36. 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
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Figure 3.8: Illustration of the tracking stations as located in the beam pipe. The ST
stations (TT and IT) are shown in violet. The cyan part corresponds to the OT.

3.2.2.2 Silicon tracker

The Silicon Tracker (ST) is formed by two detectors around the beam pipe: the
Tracker Turicensis (TT), positioned upstream of the magnet, and the Inner Tracker (IT)
situated within the inner region of tracking stations T1, T2, and T3. Both the TT and
IT employ silicon microstrip sensors with a strip pitch of ≃ 200µm. In Fig. 3.8, an
illustration of the tracking stations can be seen.

Positioned immediately before the dipole magnet, the TT constitutes a planar track-
ing station with dimensions 150 cm in width and 130 cm in height, covering the entire
detector acceptance. The primary role of the TT is to provide information to connect
tracks coming from the VELO and those in the tracking stations downstream of the
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Figure 3.9: Fig. a) corresponds to the OT module cross-sections where the tubes can be
seen. Fig. b) shows each station of the OT system.

magnet.
Conversely, the IT is positioned downstream of the magnet and involves three subde-

tectors placed around the beam pipe T1, T2, and T3. Each IT layer measures 120 cm in
width and 40 cm in height. Within the four ST stations, each layer is composed of four
detection layers arranged in a stereo configuration. The external layers feature vertical
strips, while the internal layers have strips oriented at an angle of ±5◦ with respect to
the vertical axis.

3.2.2.3 Outer tracker

The Outer Tracker (OT) is the sensitive area within stations T1-T3 [52,53] that does
not belong to the IT as it is shown in Fig. 3.9. It is a gaseous detector made of straw-tube
drift chambers organized into modules. Each module has two staggered layers of drift
tubes with inner diameters of 4.9mm. In each station, these modules are arranged in four
layers, mirroring the configuration of the ST layers. Together, they cover a sizable active
area measuring 5971× 4850mm2.

As can be observed at Fig. 3.8 the inner part of the tracking stations is made out
of silicon technology and does not use a drift chambers system. This decision was taken
because is a region where a high density of particles per angle near is produced. In order
to achieve the requirements to operate in this environment, the drift chamber technology
cannot be used.

3.2.2.4 Track reconstruction at LHCb

The LHCb reconstruction software system uses information from different tracking
detectors. Combining that information with the mapping of the magnetic field it is capa-
ble of reconstructing the trajectories and momenta of charged particles. The process of
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correlating hits at different detectors and matching them into tracks is done using several
algorithms. Track reconstruction within the LHCb experiment is an integral component
of the broader event reconstruction application known as Brunel.

Depending on the origin of the hit used to build the track, they can be classified into:

• VELO track: Build from only VELO hits, they don’t have hits in the other tracking
detectors. They can have a broader angle and be at backward rapidity.

• T track: They have only hits in the T stations (T1, T2 and T3).

• Upstream track: These tracks are built out of hits in the VELO and TT stations.
In general, they have low momentum and they are removed by the magnetic field.
For these tracks, the momentum measurement is poor and they are used for RICH1
calibration and to reconstruct some specific decays.

• Downstream track: They are made out of hits in the tracking stations after the
magnet. They can be used to reconstruct decays of long-lived particles that decay
after the VELO like K0

S and Λ.

• Long track: They are the best kind of tracks in terms of momentum resolution and
they are used in the majority of the physics analysis within LHCb. They traverse
the full tracking system from the VELO to the T-stations, and optionally they can
hit the TT.

In Fig. 3.10a we can see a scheme of the different tracks mentioned above. The
reconstruction algorithm starts looking for track seeds in the VELO [54] and the T-
stations. In these regions, the magnetic field is small as can be seen in Fig. 3.10a. After
this step, those track candidates are combined with hits in the T-stations using different
algorithms [55, 56]. After long-track candidates have been found, their trajectories are
refitted with a Kalman filter [57]. This step considers corrections from multiple scattering
and energy loss. The quality of the fit is given by the χ2 per degree of freedom, χ2/ndf.
This variable can be used later to select the quality of the tracks in a physics analysis.
Fig. 3.10b shows the reconstructed tracks in a typical event.

In the LHCb data flow, a DST is the data format that stores event information. Next
to the reconstruction stage, tracks are saved into DST files in the TES["Rec/Track/Best"]
directory. Here TES stands for Transient Event Storage. In this directory, only the
“best” tracks are stored. This means that only the highest level tracks are saved, i.e. if
a VELO track is matched with a T-track to form a long track, only the long track will
appear.

Apart from tracks corresponding to a real particle trajectory, several track types can
be saved into the DST files. For example, because of the distance between VELO and T-
stations (more than 5m), the VELO-track to T-track matching is sensitive to create fake
tracks. These tracks, sometimes also called ghost tracks, do not correspond to a particle
trajectory being reconstruction artefacts created by the algorithm. The content of the
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Figure 3.10: In the left there is the LHCb’s tracking scheme where the different kinds of
tracks provided by the reconstruction software can be seen (bottom) and magnetic field
profile (top). On the right side, it is shown the display of the reconstructed tracks for a
specific event and the assigned hits in the xz plane for the different tracking detectors.
Figures extracted from Ref. [48].

container TES["Rec/Track/Best"] will be studied in detail in this document Chap. 5. A
critical part of this work is to remove all tracks not corresponding to particle trajectories
from our data set.

As with every measurement tool, the LHCb tracking system is imperfect. Two kinds
of imperfections are important for the goal of this thesis: fake signals and inefficiencies.
The first one was already explained in the paragraph above. By inefficiency, we mean that
the tracking system can miss charged particle trajectories and not reconstruct its track.
The performance of a tracking detector regarding this can be quantified using tracking
efficiency. As for other technical capabilities, such as particle identification, the tracking
efficiency can be estimated using Monte Carlo simulation. This simulation includes the
detector description and is very useful for evaluating the impact of the detector hardware
and software on the measurements. However, as the simulation is imperfect and can be
incomplete, a data-driven approach is necessary to know precisely about the tracking
detector’s capabilities.

The data-driven technique used to compute tracking efficiency at LHCb consists of a
tag-and-probe technique using J/ψ → µ+µ− decays as detailed in [58]. One of the muons
is fully reconstructed, the “tag” one, while the “probe” is partially reconstructed. Then,
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an invariant mass fit to the di-muon distributions is done to compute J/ψ candidates.
Finally, a search for long tracks matched to a partially reconstructed probe is made.
Tracks under those criteria are marked as efficient. The final efficiency is obtained with
the ratio of efficient candidates over the total number of candidates. This technique
measures the tracking efficiency in data and simulated events to correct discrepancies
between simulation and data. The results from this calibration procedure are used in the
present analysis and are described in Sec. 6.5.

3.2.3 Particle identification system

Apart from detecting a particle’s trajectories and measuring its momentum, being
able to associate these tracks to particle species is a very important step in a particle
detector operation. This is called particle identification (PID). Typically the mass dif-
ference between particles is often used as an advantage to make this classification. The
identifiable particles at the LHCb experiment are γ, e, µ, π±, K± and p. Particle identi-
fication is made using information from several subdetectors like the RICH detectors, the
calorimeters and the muon system.

The information from these subdetectors is integrated into variables like a combined
likelihood (DLL) or an Artificial Neural Network output (ProbNN). These variables are
optimised to maximise the identification efficiency and minimise the misidentification
rate. The identification efficiency varies between 90− 100% for different particles. In the
next sections, the different subdetectors involved in PID at the LHCb experiment will be
briefly explained.

3.2.3.1 RICH system

The first subdetector involved in PID that particles reach is the RICH (Ring Imaging
Cherenkov) system [59]. This system involves two detectors: RICH-1, located between the
VELO and TT, and RICH-2, between T3 and M1. The main purpose is the identification
of charged hadrons; i.e. π, K and p. However, they also contribute to lepton identification;
i.e. e and µ in the low p region.

A Cherenkov detector works based on the emission of Cherenkov light rings emitted by
particles traversing a medium with refractive index n > 1. The identification is achieved
by a measurement of the angle of emission, θc, of the Cherenkov radiation, which is related
to the charged-particle velocity, v, by

cos θc =
c

nv
, (3.1)

where c is the speed of the light. The velocity is estimated by the LHCb tracking
system. With the velocity information and using the known n of the RICH radiator
gives a corresponding prediction of θc that can be compared to the θc of the detected
Cherenkov photons thus indicating the particle’s identity. With its silica aerogel and
C4F10 gas radiator, the RICH-1 detector is therefore set up to detect low-momentum
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Figure 6.2: (a) Side view schematic layout of the RICH 1 detector. (b) Cut-away 3D model of the
RICH 1 detector, shown attached by its gas-tight seal to the VELO tank. (c) Photo of the RICH1
gas enclosure containing the flat and spherical mirrors. Note that in (a) and (b) the interaction point
is on the left, while in (c) is on the right.

• minimizing the material budget within the particle acceptance of RICH 1 calls for lightweight
spherical mirrors with all other components of the optical system located outside the accep-
tance. The total radiation length of RICH 1, including the radiators, is ⇠8% X0.

• the low angle acceptance of RICH 1 is limited by the 25 mrad section of the LHCb beryllium
beampipe (see figure 3.1) which passes through the detector. The installation of the beampipe
and the provision of access for its bakeout have motivated several features of the RICH 1
design.

• the HPDs of the RICH detectors, described in section 6.1.5, need to be shielded from the
fringe field of the LHCb dipole. Local shields of high-permeability alloy are not by them-
selves sufficient so large iron shield boxes are also used.
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(a)

Figure 3.11: In the left: Reconstructed Cherenkov angles as a function of the track mo-
mentum in the different RHIC radiators. In the right θc, p and particle type distribution
from RICH detector at LHCb. Figures taken from Ref. [48].

particles, while RICH-2 has an acceptance that is limited to the low-angle region where
there are mostly high-momentum particles and uses a CF4 gas radiator. The use of two
Cherenkov detectors with different radiators provides wide coverage in the momentum
2 − 100GeV/c. In Fig. 3.11 we can see the dependence of the Cherenkov angle with
the particle momentum for each particle type and radiator. The relation between the
Cherenkov angle, θc, and the momentum for each particle can be seen in Fig. 3.11a.

Particles produced will travel through the mirrors of RICH1 before passing through
the tracking system and have a momentum measurement. To reduce the amount of
scattering and not worsen the momentum resolution, RICH-1 uses special lightweight
spherical mirrors constructed from a carbon-fibre reinforced polymer (CFRP), instead of
using glass. As RICH2 is located after the tracking system and the magnet, glass could
be used for its spherical mirrors.

As we already mentioned, the two RICH systems are optimised for different momen-
tum regimes. On the one hand, the RICH1 covers the range 2 − 40GeV/c over the full
spectrometer angular acceptance of 25− 300mrad. Here the acceptance is limited due to
the size of the beam pipe upstream of the magnet. On the other hand, the RICH2 system
covers the high-momentum region in the range 15 − 100GeV/c, over the angular range
15 − 120mrad. As we can note the RICH2 has a coverage closer to the beam. When a
particle goes through the radiator medium the photons emitted are focused into ring im-
ages on the photon detector, situated outside of the experiment acceptance as can be seen
in Fig. 3.12. There a hybrid photodetector (HPD) design for the RICH detector is used to
transform the light into electric current. This HPD employs vacuum tubes with a 75mm
active diameter, with a quartz window and multialkali photocathode. The photoelectrons
are focused onto a silicon pixel array of pixel size 2.5 × 2.5mm2, using an accelerating
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Figure 3.12: Diagram of the RICH1 system including the photodetectors, radiator and
mirrors.

voltage of −16kV. A total of 484 HPDs are close-packed to cover the four photodetector
planes. An important goal of the RICH design is to have a precise determination of the
Cherenkov angle.

3.2.3.2 Calorimeter system

Apart from measuring the particle trajectory and identifying the particle species it is
important to measure the particle energy. That is the purpose of the calorimeter systems.
To do that the particle is stopped and its energy is absorbed by a medium. Because of
that reason, the calorimeter is placed after the tracking and RICH subdetectors in the
detector design.

At the LHCb experiment, the calorimeter system [60] is composed of several sub-
detectors: the Scintillating Pad Detector (SPD), the Pre-Shower Detector (PrS), the
Electromagnetic Calorimeter (ECAL) and the Hadron Calorimeter (HCAL). Individu-
ally, each one of these subdetectors plays a specific role and as a whole, they enable the
identification of γ, e, µ, π as well as the reconstruction of π0, η mesons offline. This is done
by the measurement of their energy and location. As with many other subdetectors in
the LHCb experiment, the calorimeter system information is used in the fast hardware
trigger L0 [61]. Specifically, the deposited transverse energy ET. Each system and its
specific function are summarised in the following.

1. SPD and PrS: These detectors are two walls of scintillator pads with a thickness
of 15mm separated by a lead curtain with a thickness corresponding to 2.5 radiation
lengths, X0. The emitted light is collected by wavelength-shifting (WLS) fibres. The
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WLS fibre is used to transmit the light to multi-anode photomultipliers (MAPMTs)
located at the periphery of the detector. The SPD determines whether particles
hitting the calorimeter system are charged or neutral by comparing the deposited
energy with a threshold. The PrS indicates the electromagnetic character of the
particle (i.e. whether it is an electron if charged, or a photon, if neutral). They are
used at the trigger level in association with the ECAL to indicate the presence of
electrons, photons, and neutral pions.

2. ECAL: This detector is located next to the PrS and is designed to measure showers
made of electrons and photons. The ECAL is subdivided into three sections, Inner,
Middle and Outer, comprising modules of different granularities. Alternate layers
of scintillating material and lead absorber are mounted in a shashlik structure. The
cell size varies from 4 x 4 cm2 in the inner part of the detector, to 6 x 6 cm2 and
12 x 12 cm2 in the middle and outer parts. The overall detector dimensions are
7.76 x 6.30m2 covering an acceptance of 25mrad < θc < 300mrad in the horizontal
plane and 25mrad < θc < 250mrad in the vertical.

At heavy ion collisions, the ECAL energy per event is used to estimate the impact
parameter of the collision through the centrality computation.

3. HCAL: It is located next to the ECAL and its internal structure consists of thin
iron plates interspaced with scintillating tiles. The HCAL measures the transverse
energy of hadrons both at 40 MHz for the L0 trigger and for contributing to the
offline PID. It has a thickness is 5.6 interaction lengths.

3.2.3.3 Muon system

In the LHCb experiment, the muon detector system is designed to send binary infor-
mation to the data acquisition (DAQ) and the hardware processors of the muon trigger
(L0MU). This together with the calorimeter trigger constitutes the bulk of the first level
trigger. The muon system [62] is composed of five stations M1-M5 placed along the beam
axis. Stations M2-M5 are placed after the calorimeters and are interleaved by 80 − cm
thick iron absorbers to filter muons. Station M1 is located downstream of the RICH2
station and before the calorimeters to improve the pT measurement in the trigger. This
avoids the impact of the multiple scattering in the absorbers. Each station is equipped
with 276 multi-wire proportional chambers except for the inner part of the first station,
subject to the highest radiation, which is equipped with 12 Gas Electron Multiplier de-
tectors. The geometry of the five stations is projective. The transverse dimensions of
the stations scale with their distance from the interaction point. The chambers are po-
sitioned to form, across the stations, adjacent projective towers pointing to the beam
crossing position.

The L0MU trigger processors perform a stand-alone muon track reconstruction which
requires finding hits in all the 5 stations and calculating the transverse momentum of the
tracks. Muon candidates are accepted if their pT is above a given threshold.
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Figure 3.13: Diagram of the trigger system during Run1. Figure extracted from [63].

Muon detection is crucial for the Heavy Ion program because it is the main decay
where quarkonia states are measured. The cleaner and more precise is the muon measure-
ment the better will be the separation power and statistics between different quarkonia
states.

3.2.4 Trigger system

Once the particles produced at hadronic collisions go through the LHCb detector,
the produced information at each subdetector has to be processed. As proton bunches
are separated by 25 ns the amount of data produced is huge. That means that data has
to be filtered and selected before being saved. The goal of the trigger system is to select
the interesting events and information in order to fit the technical requirements which
constrain the amount of information that can be saved and stored. The LHCb trigger
system uses information collected by the different subdetectors to reduce the event rate,
from the 40MHz rate of bunch crossings at the LHC to about 3 − 5 kHz as can be seen
in Fig. 3.13. This reduction implies that only interesting events are fully processed and
stored by the experiment. The trigger is composed of two levels: Level-0 (L0) and High-
Level Trigger (HLT).

The first stage of the trigger system, L0, is implemented on hardware. The L0 trigger
reduces the event rate from the LHC delivered standard of 40MHz to 1MHz. It uses
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hadronic muonic electromagnetic
µ di-µ e γ π0

threshold
pT/ET (GeV) 3.5 1.3

∑
> 1.5 2.6 2.3 4-4.5

rate(kHz) 700 200 200

Table 3.1: Summary of the L0 trigger conditions with an event output rate of 1.1MHz.
It is built as a logical OR of the hadronic, the muonic and the electromagnetic trigger
decision. About 10% of the events are triggered by more than one L0 trigger. Information
extracted from [64].

information from the calorimeter system together with the SPD and PrS, the muon system
and the pile-up system of the VELO. The L0 trigger reconstructs and selects particles
with high transverse momentum in the muon chambers or with high transverse energy
in the calorimeter system. The pile-up veto provides a rejection of events with multiple
proton-proton collisions through the reconstruction of all primary vertices in the event.
Events with two interactions are identified with an efficiency of 60% and a purity of about
95%.

An L0 hadron trigger decision is taken if the transverse energy of a cluster of hadronic
type is above 3.5GeV. An L0 muon trigger is issued if the muon candidate with the highest
pT is above the threshold of 1.3GeV or if the sum of the two highest pT candidates is
above 1.5GeV. The total output rate of the L0 trigger is 1.1MHz, and about 10% of
the events are triggered by more than one L0 trigger type. A summary of the trigger
conditions at the L0 level is shown in Tab. 3.1.

After the hardware trigger L0 is passed, a software-based trigger called High-Level
Trigger (HLT) is placed. The HLT is run on computing nodes in the Event Filter Farm
(EFF). It is a C++ application running on L0 accepted events at a rate of 1.1MHz. This
state of the data processing reduces the event rate from 1MHz down to 5 kHz using a full
event reconstruction and a more exhaustive selection. Because it is software-based, it is
more flexible than the L0 and can be tuned to meet the requirements of different physics
analyses. The structure of the HLT consists on two steps, i.e. the HLT1 and HLT2.

At the HLT1 stage, the rate is reduced from 1.1MHz to tens of kHz by applying differ-
ent algorithm sequences. The first stage, HLT1, carries out a partial event reconstruction
and selects potential signal candidates in an inclusive manner.

At a reduced rate of 80 kHz, HLT2 performs a full event reconstruction with only
slight modifications compared to the offline reconstruction process. Following this recon-
struction, a combination of inclusive and exclusive selections further reduces the trigger
rate to 5 kHz, which is then saved for subsequent offline analysis. These rates are average
values from the 2012 run of the LHC; in 2011, the output rate from HLT1 was around
40 kHz, and from HLT2, it was 3 kHz.

Finally, to know what trigger conditions were applied in a specific run of data-taking
the Trigger Configuration Key (TCK) is used. A TCK includes all trigger lines and their
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specific threshold, requirements and prescales that were implemented during the detector
operation in data-taking. The TCK is unique for each run. The LHCb trigger framework
is included in a software package known as Moore.

3.2.5 Simulation and data flow at LHCb

In particle physics, Monte Carlo simulations are crucial in many steps of the research.
For example, to perform complex calculations or to estimate the detector impact on a
measurement. In the LHCb collaboration, a common tool and software framework is used
to produce high-quality and reproducible simulation samples. As geometry and detector
properties are encoded in software description using GEANT4, simulation can be used to
estimate detector efficiencies, resolutions and more. Simulation computation is often a
resource-demanding activity, for this reason, HPC clusters are used.

The LHCb simulation framework called Gauss [65] includes several applications
which perform different steps in the simulation chain:

1. Generation: This part is in charge of producing the hadronic collisions. As proton-
proton collisions are different from ion-proton or ion-ion collisions, the generators are
also different. While for proton-proton collisions the Pythia event generator [66]
is used, for collisions involving ions the EPOS-LHC [36] generator is used. As some
steps in the hadronic physics are not fully understood, generators are complex and
include several tunes. Those are different implementations or modifications of the
same model. Their differences are explained in Sec. 2.5.

2. Particle evolution: Here the signal particle is decayed using the EvtGen [67]
package.

3. Detector: After all final state particles are produced and evolved, they are trans-
ported through the detector material using the Geant4 [33, 68] software environ-
ment. An accurate detector description is important to have reliable simulations
that reproduce well the detector effects. Detector conditions can vary over time,
the specific detector conditions used for a specific run are encoded in two keys: the
description database (DDDB) and the condition database (CondDB).

After simulating the physics of hadronic collisions, particle evolution and decay and
detector interactions, the data processing steps are also simulated. The first step after
Gauss is the digitization of the particle signals in the detector using Boole [65]. This
step mimics the LHCb’s DAQ systems. Then the digitized signals can be processed using
the reconstruction software using Moore (see Sec. 3.2.4) as during online data taking.
Next to Moore the event reconstruction software Brunel is used to perform event
reconstruction. The output file after reconstruction is a .dst file. After the reconstruction
is complete, some filtering steps are performed to get the final data files. The Stripping
is the filtering step done by the DaVinci software application to optimise data storage
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Figure 3.14: Schematic view of the LHCb simulation framework GAUSS. Figure taken
from [69].

Figure 3.15: Schematic view of the LHCb data flow. Figure taken from [69].

resources. The output of this filtering step is already a .root file, which is the data format
used by the analysts in general. The description of the datasets used in this analysis, both
simulation and data, is addressed in the next chapter.
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Description of the datasets

In this section, the data sets used in the analysis will be explained. Since the condi-
tions of proton-proton are different from the proton-nucleus samples each configuration
will be discussed in a different subsection.

4.1 Proton-lead data

The considered
√
sNN = 5.02 TeV proton-lead (pPb and Pbp) data were taken in

January-February 2013. The energy per nucleon of the lead beam and the proton beam
was 1.58 TeV and 4.00 TeV, respectively. This means an energy in the nucleon-nucleon
centre-of-mass system of

√
sNN = 5.02 TeV. The asymmetry in the beam energies pro-

duces a boost of yboost = 0.465 in the direction of the proton beam. This data set
corresponds to LHC fills in the [3510, 3544] range and amounts to a total integrated lu-
minosity of Lint ≈ 1.6 nb−1. During this data-taking period, the average instantaneous
luminosity was L = 3 × 1027 cm−2 s−1. Consequently, the average number of visible pPb
and Pbp interactions per bunch crossing is µ ≈ 0.04, which is a lower value than that of
pp collisions. For pPb and Pbp samples, the polarity of the magnet was switched so data
sets are divided into Magnet Up (MU) and Magnet Down (MD) configurations.

The hardware trigger (L0) was operated in a pass-through mode redirecting all events
to the high-level software trigger (HLT). This analysis makes use of a minimum bias
trigger which selects events with at least one reconstructed VELO track. This condition
has been implemented in the trigger line Hlt1MBMicroBiasVelo. Besides, no particular
HLT2 selection is required.
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The reconstruction software version for this data-taking was Reco14r1. In this re-
construction, a baseline selection for the tracks is applied consisting of a track quality
selection of χ2/ndf < 3.

After the data were taken a stripping selection was applied. Minimum-bias lines
correspond to the stripping version v20r3. For these lines, the stripping consisted of
prescaling events with factors shown in Tab. 4.1.

Sample ODIN RunNumber Stripping Line Prescale
pPb MD (136799 - 137045) StrippingProtonIonMagDownMinBiasLine 0.025

MU (136417 - 136758) StrippingProtonIonMagUpMinBiasLine 0.110
Pbp MD (135576 - 136212) StrippingIonProtonMagDownMinBiasLine 0.08

MU (136237 - 136341) StrippingIonProtonMagUpMinBiasLine 0.09

Table 4.1: Stripping lines and prescale factor for minimum bias data at pPb and Pbp
collisions.

TCK Comments
0x00691710 2013 Physics, pPb run, base do not use for data taking
0x006a1710 2013 Physics, pPb run default
0x006b0048 2013 Physics, pPb run. L0 SPD0 line.
0x006c0048 2013 Physics, pPb run. L0 SPD0 line.
0x006d0048 2013 Physics, pPb run. As 0x006c0048 with NoBias prescale 0.05.
0x006e0048 2013 Physics, pPb run. As 0x006c0048 with NoBias prescale 0.05.
0x006e0049 2013 Physics, pPb run. Et>400 in b1gas.
0x006e004a 2013 Physics, pPb run. Et>300 in b1gas.
0x006f004a 2013 Physics, pPb run. As 0x006e004a with Hlt1MBMicroBiasVelo prescale 0.01.

Table 4.2: TCK information from LHCb system implemented in pPb and Pbp 2013 data.
The TCKs in red are not considered.

Some data samples are not considered in this analysis due to data quality criteria,
as shown in Tab. 4.2. Because of a muon inefficiency problem events with the TCK1

0x006a1710 and also runs (135710, 135711, 135900, 135901) are excluded. Due to having
a sumEt threshold, data corresponding with TCK 0x006e0049 and 0x006e0049a are not
considered either. Data from TCK 0x006f004a are disregarded because they are strongly
prescaled with a factor of 1/100 in the Hlt1MBMicroBiasVelo trigger line. Finally, runs
(136729 - 136736) from the Pbp MU configuration are neither considered. This decision
is based on the displacement of the average y coordinate of the primary vertex (PV)
distribution. These decisions were taken following previous analyses using these same
data samples [70].

1Trigger Configuration Key
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4.2 Proton-proton data

The pp data correspond to the November 2015 data taking at
√
s = 5TeV with a

25 ns bunch crossing spacing. The used data correspond to four different fills: 4638, 4639,
4640, and 4643. During this data-taking period, the magnet polarity was not inverted, so
data were only acquired with the MD configuration.

For this data sample, only the 0x0115014e TCK trigger configuration was enabled
during the data-taking. This configuration selects no bias events from collisions of leading
bunches (bunch preceded by an empty bunch) using the Hlt1NoBiasLeadingCrossing

and the Hlt2NoBiasLeadingCrossing trigger selections. As opposed to the trigger line
used in proton-lead events, no requirements on the event topology are made. Because of
the trigger selection applied, events from leading bunch crossings are free from spillover.2

During this data taking the average value of visible interactions per bunch crossing was
µ = 0.6.

The reconstruction version for these data is Reco15a. In this reconstruction, a baseline
selection for the tracks is applied. Specifically, a cut in ghost probability of GhostP < 0.4
and track quality selection of χ2/ndf < 4.

4.3 Simulation samples

Together with the data collected by the LHCb detector, Monte Carlo (MC) simulation
samples for pPb, Pbp and pp events are used in this analysis. In Tab. 4.3 a summary of the
considered simulation samples is presented. The MC samples in this work are generated
with minimum bias configuration, which corresponds to event-type = 30000000. In gen-
eral Pythia minimum-bias is used to simulate pp collisions and EPOS-LHC minimum-
bias for proton-nucleus collisions.

A private sample of EPOS-LHC for pp collisions was produced in addition to the
Pythia sample. This was done to correct the proton-to-pion and kaon-to-pion fractions
in pp collisions. The particle production mechanism is different in both event generators
and, as a consequence, the proportions of the different particle species are also different.
As explained in Chap. 6, these fractions are not properly modelled in Pythia, resulting
in wrong estimations of the charged particles efficiencies. To correct for this, the pro-
portions obtained from EPOS-LHC are used instead which better reproduces previous
measurements of these fractions. Distributions of some variables are studied in Sec. 5.3.3
to check the compatibility between data and simulation.

Regarding the proton-nucleus events, data sets were produced with the official LHCb
tune of EPOS-LHC [71]. The amount of MU (MD) simulated pPb events is 5208647
(5226592), whereas for Pbp events it is 5165389 (5166396). These are minimum-bias single
interaction events.

2The spillover corresponds to contamination between two neighbour colliding bunches.
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Generator Sim version Beams Magnet #evts Pile-up
EPOS-LHC Sim09e pPb, Pbp MD, MU 5 · 106∗ 1 int/evt
EPOS-LHC Sim09k pPb, Pbp MD, MU 7 · 106∗ 3, 4 int/evt

Pythia Sim09d pp MD 1 · 107 ν = 1.5
EPOS-LHC private pp MD 1 · 107 1 int/evt

Table 4.3: Summary of the different simulation data sets available for the analysis.
∗ Number of requested events per beam configuration and magnet polarity.

4.3.1 Enhanced multiplicity sample

Charged particle multiplicity is an important variable in this analysis and must be
carefully studied. Since multiplicity is underestimated in simulation, the agreement with
data can be achieved by weighting simulation events. However, for the pPb and Pbp sim-
ulation samples produced with EPOS-LHC, the range of the occupancy variables used
to estimate the event multiplicity ends at an upper limit below the one observed in the
data. This characteristic makes event weighting not viable or produces large uncertainties
in the high multiplicity region. To enable the study of high multiplicity events, modified
EPOS-LHC simulation samples are generated for pPb (Pbp) configurations, where three
(four) generated events are produced per bunch crossing. The event type of this produc-
tion is 21263010 for D+ and 23263020 for Ds. The production points of these four events
are placed at the same location, see Fig. 4.1, so that only one PV is reconstructed.3

3These event samples were created for open-charm production studies and contain either a Ds or a
D+ per event, see [72]. Since this analysis is focused on minimum bias events, the open charm decay
products are excluded in efficiency and purity determinations.
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Figure 4.1: Normalised primary vertex position distribution for data and both simulation
samples. Blue dots correspond to the standard LHCb simulation and red to the enhanced
multiplicity sample.
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5
Preparation and selection of the data

and simulation

In this section, the event and track selection criteria are explained. The purpose of
the selection cuts is to minimise the influence of background contributions while keeping
most of the signal.

5.1 Event Selection

At the LHCb experiment, events correspond to particle-bunch crossings determined
by the LHC internal clock. Occasionally, not only bunch-bunch events occur but also
events with empty bunches. Accordingly, three possibilities arise; empty-empty, bunch-
empty, and bunch-bunch events, where bunch indicates that the particle-bunch is popu-
lated (non-empty). This analysis only studies minimum-bias bunch-bunch events (those
corresponding to the BunchCrossingType==3 condition in the data samples).

Background collisions: Aside from bunch-bunch collisions, other interactions may
occur within the detector:

• Beam-gas interactions. It is produced when a beam particle hits a gas molecule
nuclei within the VELO vacuum.

• Beam-splash interactions. They occur when a beam particle interacts with the
detector material.
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• Interactions between a nominal and a previous bunch (spill-over). These events are
mitigated in proton-lead data as the time between bunch crossings is larger than for
the pp configuration. In pp events this background is not present, since only leading
bunch crossings are considered.

Some of these processes can be misinterpreted by the trigger resulting in an accepted
background event. If they occur within the VELO acceptance, a legitimate single primary
vertex can be reconstructed, in the same manner as for single interaction collisions. Still,
the observed charged particle multiplicity would be contaminated with tracks originating
in the parasitic interactions. In addition, pp or proton-nucleus collisions can also pile up
to one of these spurious interactions.

The interactions from background collisions share two key aspects:

• Energy: The energy of this interaction is less than in bunch-bunch collisions.

• Interaction point: The average interaction point is displaced from the typical loca-
tion for non-background events.

This last feature will be exploited to reduce the impact of background collisions in
the signal using two strategies: a selection on the number of reconstructed PVs and a
selection on the position of these reconstructed PVs.

Background reduction strategies for events:

• Primary vertex condition:

Data-taking conditions were very different for pp and pPb/Pbp collisions. In the
proton-nucleus collisions, the instantaneous luminosity was significantly lower and,
therefore, no more than one interaction per bunch crossing is expected, µ ∼ 0.04.
However, the multiplicity per interaction on average is higher than for pp events.
As the requirement for having a reconstructed PV is the existence of at least four
converging VELO tracks, this is more likely to be achieved in proton-nucleus due to
the higher multiplicity per collision resulting in a higher PV reconstruction efficiency,
as seen in Fig. 5.1. In this plot, εPV is defined as the ratio between the number of
reconstructed PVs in simulation over the number of generated PVs in simulation.
Moreover, it can occur that some PVs are reconstructed while not being actual
primary vertex interactions, and this situation is more likely to happen in proton-
nucleus collisions. This motivates the analysis to consider only one PV per event.

In pp events, the instantaneous luminosity was higher. Thus, the probability of
having more than one primary vertex per event is much higher than in proton-
nucleus, µ = 0.6, as was explained in Chap. 4. However, only single-PV events
are also considered for pp data because the charged particle multiplicity has to be
related to a single interaction to be physically meaningful.
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Figure 5.1: Primary vertex reconstruction efficiency as a function of the number of Velo
tracks in the event for pPb, Pbp and pp collisions extracted from Ref. [70].

• Luminous region: As the interaction point of background collisions is usually dis-
placed from the distribution for bunch-bunch collisions, a selection requirement in
the reconstructed primary vertex location can be used to reduce the background.
The strategy to reduce this background is to require the reconstructed primary
vertex (PV) exclusively within a fiducial luminous region.

In order to define the luminous region, the distribution of each of the PV coordinates,
(x, y, z), are fit to a Gaussian function. In the LHCb convention the z coordinate is
parallel to the beam pipe and x and y are the transverse coordinates. The luminous
region is defined as:

|xPV − µx| < 3σx, |yPV − µy| < 3σy, |zPV − µz| < 3σz, (5.1)

where µx,y,z are the mean values and σx,y,z the standard deviations for each of the
Gaussian fits. The values for these parameters are detailed in Tab. 5.1 and the
primary vertex positions are shown in Fig. 5.2.

In Fig. 5.2 we can see how data PVs distributions are not well reproduced outside
the luminous region by simulation samples in pPb, Pbp collisions. This mismatch
does not appear in pp collisions where data PVs distribution is well modelled by
simulation. Moreover, the number of events outside the luminous region in pp data
is much smaller. For that reason, we do not apply any cut on the PV position for
pp events.

Moreover, the PV reconstruction efficiency decreases for low numbers of reconstructed
tracks in the VELO, see Fig. 5.3. This means that we cannot go arbitrarily towards low
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pPb
MD MU

xPV yPV zPV xPV yPV zPV
µ[mm] 0.677 0.211 -2.7 0.698 0.208 3.83
σ[mm] 0.030 0.025 40.6 0.024 0.023 61.08

Pbp
MD MU

xPV yPV zPV xPV yPV zPV
µ[mm] 0.694 0.192 -1.17 0.687 0.201 2.66
σ[mm] 0.025 0.024 38.5 0.025 0.024 60.40

Table 5.1: Results from the Gaussian fits used to define the luminous region.

Dataset Data Simulation-MCsim09k
BCT∗ 1 PV Lumi. Region BCT 1 PV Lumi. Region

pPb MD 97.64% 81.92% 80.29% 100% 99.12% 97.27%
pPb MU 100%
Pbp MD 96.42 79.80% 78.03% 100% 87.83% 86.71%
Pbp MU 100%

Table 5.2: Fraction of events passing the event selection cuts for each configuration.
Percentages are cumulative concerning the previous cut. ∗BunchCrossingType == 3.

multiplicities without considering the PV reconstruction efficiency. According to Ref. [73],
for pp collisions at

√
sNN = 7 TeV, the PV reconstruction efficiency for isolated PVs is

∼ 90% when 10 reconstructed tracks are assigned to the PV. This will correspond to our
minimum multiplicity value. Following simulation we can correlate nVeloTracks to Nch,
see Fig. 5.3, and define a minimum Nch value for our measurement. For this analysis, the
minimum considered multiplicity will be Nch = 5 and PV reconstruction efficiency is not
computed. For pPb and Pbp, there are no PV reconstruction studies, so we will apply
the same cut as for pp. The full event selection criteria are summarised in Tab. 5.3.

56



5 Preparation and selection of the data and simulation

pp pPb Pbp
Trigger Hlt1NoBiasLeadingCrossing Hlt1MBMicroBiasVelo Hlt1MBMicroBiasVelo

HLT2 Hlt2NoBiasLeadingCrossing None None
Bunch crossing type bunch-bunch bunch-bunch bunch-bunch

number of PV 1 1 1
PV position - within luminous region within luminous region

Table 5.3: Summary of the event selection considered for the analysis.
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Figure 5.2: Reconstructed PV distribution and luminous region definition extracted from
Ref. [70]. More details about this can be found in the same reference.
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Figure 5.3: PV reconstruction efficiency (left) as a function of the number of VELO tracks
assigned to the PV from Ref. [73]. Relation between Nch and nVeloTracks from Pythia
(right). These events have all event selection cuts in Tab. 5.3, except nPV s == 1.
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5.2 Candidate selection

The candidates for prompt charged particles in this analysis are reconstructed long
tracks from the TES["Rec/Track/Best"] container of the .dst files. According to Ref. [74],
these tracks go through all the tracking stations in the experiment, as depicted in Fig. 5.4.
These tracks have hits both in the VELO and the T stations, and optionally in the TT
stations. As they have hits before and after the magnet, they provide the most precise
momentum estimate and, therefore, are adequate tracks for physics analyses. However,
there are still several background sources that need to be taken into account when con-
sidering long tracks. In this section, those different background sources will be detailed,
as well as the strategies used to reduce their contribution.

Figure 5.4: Different kinds of tracks that can be reconstructed in the LHCb experiment
according to Ref. [75].

5.2.1 Candidates kinematic region

Since long tracks are reconstructed using hits from detectors after the magnet, only
tracks with p > 2 GeV/c are considered for the analysis because being the ones passing
through the magnet material. The LHCb tracking system reconstructs tracks within
10 mrad to 300 mrad in the bending plane, which corresponds to 1.9 < η < 5.3. However,
due to the limited acceptance of the TT station, the effective angular coverage is limited
to 2 < η < 4.8.

The lower limit in the pT range depends on (p, η), and spans from pT = 500 MeV/c
at η = 2 to pT = 20 MeV/c at η = 4.8. This will be detailed when discussing the
analysis binning in Chap. 6. Since there is an increase in the background candidates and a
reduction of the reconstruction efficiency at low pT, a global lower limit of pT > 500 MeV/c
is imposed. Moreover, it is the minimum pT value common to all η bins as can be seen
in Fig. 5.5. An upper limit is set to pT < 8 GeV/c, motivated by the abundance of
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reconstruction artefacts and the limitations from the size of the simulated samples beyond
this value.
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Figure 5.5: Candidates η, pT distribution. The acceptance, 2.0 < ηLAB < 4.8 and mo-
mentum cuts are applied, p > 2 GeV. The horizontal line shows the minimum pT cut
applied in this analysis.

5.3 Background candidates

The background is constituted of candidates that do not correspond to a prompt
charged particle. Three background sources are identified: fake tracks, clone tracks and
secondary particles. This section will be dedicated to discussing each background compo-
nent and explaining the strategy to reduce and identify its impact on the analysis. There
are three background categories.

• Secondary particles are particles which do not satisfy the prompt definition of
Sec. 6.1. They can be classified into two classes. The first class is composed of
particles from decays of long-lived (τ > 30 ps) particles:

– K0
s mesons.

– Λ baryons.

– Hyperons: Σ+, Σ−, Ξ0, Ξ−, Ω−.

– Pions and kaons decaying into leptons, especially muons.
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Hadronic decays to muons will be treated separately from the other hadronic decays
because of having a different final state.

The second class are particles not coming from the primary interaction or subsequent
particle decay. Typically, these particles are produced in other interactions such as:

– Electrons from photon conversions (also called γ conversion), γ → e.

– Showers from hadronic interactions with the detector material.

The category of particles in simulation is identified with the IsPrompt algorithm,
which iteratively explores the decay chain backwards to the primordial collision.
The algorithm checks three elements:

– If the particle mean lifetime is greater than τ > 30 ps.

– If the particle has no ancestors with a mean lifetime greater than τ > 30 ps.

– If the particle or any of its ancestors do not originate in an interaction with
the detector material.

When these three conditions are satisfied a charged particle is classified as prompt.
The study of the secondary particles contribution to the signal is done with sim-
ulation identifying tracks matched to a non-prompt charged particle. In order to
suppress the secondary particle contribution in our candidate sample a dedicated
selection in the impact parameter track variable (tr IP) is used. The impact pa-
rameter (IP) of a track is defined as the distance between the track and the PV
at the track point of closest approach to the PV, see Ref. [76]. The tracks coming
from particles produced in the decay of long-lived particles or produced as a con-
sequence of interactions with the detector material tend to have a larger IP than
those from particles produced at the PV. Consequently, cuts on the IP are very
effective at excluding non-prompt backgrounds, and maximising the signal content
of our candidate sample.

• Clone tracks are two tracks produced by the same particle.

Clone tracks are reconstruction artefacts. As defined in Ref [77], if two tracks share
more than 70% of the hits in the VELO and at least 70% of the hits in the T-
stations seeding region they will be considered clones (IsClone == True). Note
that this LHCb definition does not take into consideration hits in the TT stations. A
selection cut is already applied at the reconstruction level using the Kullback-Leibler
(KL) clone distance, which measures the amount of information shared between two
reconstructed tracks [78]. The default cut is KL < 5000, which significantly reduces
this background contribution in the data sample. However, it is still necessary to
estimate the clone tracks contribution to the sample after the cut. This is done
with simulation by counting the number of tracks matched to the same particle.
The track with the highest χ2/nDoF is considered a clone.
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• Fake tracks. When a track does not correspond to a particle trajectory, it is
considered a fake track. As for clone tracks, those are reconstruction artefacts and
can appear at different stages of the LHCb experiment data processing. Most of the
fake long tracks arise when a particle cannot be tracked through the full detector
because it interacts with the material. Other fake long track sources are fake track
segments in the T-stations or tracks reconstructed from two different particles in
the upstream and downstream parts of the detector.

To reduce the number of fake tracks, a multivariate classifier called ghost probability
(GhostP) is commonly used in the LHCb experiment, see Ref. [79]. This variable
relies on a neural network that considers 22 variables from all tracking detectors to
assign a fake probability to each track. In the pp data sample, there is a GhostP cut
at the reconstruction level, GhostP < 0.4, which is not present in the pPb and Pbp
data samples. In this analysis, the GhostP cut listed in Tab. 5.5 follows the value
optimised by other studies using the same data sample, see Ref. [70].

In Sec. 6.7.2, the remaining fraction of fake tracks in the candidate sample will be es-
timated from simulation and taken into account as a function of (η, pT, nVeloTracks).
In simulation, tracks can be identified by matching them with a particle. The match-
ing condition is fulfilled when a track shares at least 70% of its hits with the particle.
As a consequence of that, if a track is not matched to a particle it is classified as
fake.

5.3.1 Background suppression strategies

As mentioned above, IP and GhostP will be used to reduce the contribution of fake
tracks and secondary particles in the candidate sample. The selection in both variables is
optimised using, as a figure-of-merit (FoM), the product of the significance and the purity
of the candidate sample defined as,

SP =
S(g, p)√

S(g, p) +B(g, p)
· S(g, p)

S(g, p) +B(g, p)
. (5.2)

Other FoMs were tested in Ref. [70] concluding that SP is the best one for prompt charged
analysis using these data sets. The goal of this optimization is to find an optimal pair of
values (g, p) as selection cuts for GhostP and IP respectively, i.e., GhostP < g, IP < p.
The heatmap of the FoM can be seen in Fig. 5.6 and the final selection values, g and p,
in Tab. 5.4.

When two long tracks share a common VELO segment it is quite likely that only
one of them represents a prompt charged particle, while the other is background. The
background track can correspond to a fake, clone track or a secondary particle. The latter
happens when a prompt neutral particle such as K0

S or Λ decays after VELO. Afterwards,
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Figure 5.6: Optimization of the selection using SP figure of merit (FoM) for the different
collision modes, pp, pPb, Pbp.

Pbp pPb pp
GhostP 0.11 0.10 0.07
IP 0.51 0.51 0.56

Table 5.4: Summary of the optimised values for GhostP and IP using the SP FoM.

its decay products produce a track in the downstream trackers and this track is matched
to the VELO segment of a different charged particle.

These background sources will be discussed in detail in Sec. 6.7.2. Making use of the
ITrackUniqueSegmentSelector algorithm, pairs of long tracks sharing a VELO segment
can be flagged. For these tracks the one with the highest χ2/nDoF, [75], is classified as a
shared VELO track for both data and simulation. In Ref. [70] the composition of tracks
sharing a VELO segment was studied, concluding that they are dominated by fake tracks
in 70% − 80% of the cases. Moreover, in the same reference, the fraction of these tracks
in the candidate sample was found to be within [0.06, 0.2]%. As a consequence, tracks
sharing a VELO segment are removed from the candidate sample.

5.3.2 Selection summary

Only events with a single reconstructed primary vertex within the luminous region
are considered. The optimised selection cuts for IP and GhostP indicated in Tab. 5.4 are
applied to every long track. Moreover, long tracks flagged with the shared VELO tag
are removed. In the following sections, the purity of the sample and selection efficiencies
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will be detailed. In general, the purity is above 85% and the selection efficiency is above
80%. Finally, events with less than five prompt-charged particles are not considered in
the result because of the limitations in the primary vertex reconstruction efficiency. The
full set of selection cuts applied to long tracks and events to produce the final candidate
sample is summarised in Tab. 5.5.

pp (2015) pPb (2013) Pbp (2013)
Event

selection
Trigger Hlt1NoBiasLeadingCrossing Hlt1MBMicroBiasVelo Hlt1MBMicroBiasVelo

Bunch crossing type bunch-bunch bunch-bunch bunch-bunch
number of PV 1 1 1
PV position - within luminous region within luminous region

Candidate
selection

Track location TES["Rec/Track/Best"] TES["Rec/Track/Best"] TES["Rec/Track/Best"]

Track type Long Long Long
η 2 < η < 4.8 2 < η < 4.8 2 < η < 4.8
p p > 2 GeV/c p > 2 GeV/c p > 2 GeV/c
pT 0.200 < pT < 8 GeV/c 0.200 < pT < 8 GeV/c 0.200 < pT < 8 GeV/c
IP 0.508 mm 0.508 mm 0.568 mm

GhostP 0.078 0.103 0.109
IsClone False False False

Table 5.5: Summary of the selection considered for the analysis.

5.3.3 Simulation validation

The comparison between data and different simulation samples for the distribution of
the tracks pT, η, and p and the event nVeloTracks is shown in Figs. 5.7, 5.8, 5.9 and 5.10.
This data/simulation comparison is made after applying the event and candidate selection
explained in Sec. 5.2, Sec. 5.1. All distributions exhibit reasonable agreement, particularly
with the enhanced multiplicity sample, discussed in Chap. 4, except for nVeloTracks

which will be subsequently corrected as will be detailed in Sec. 5.3.4.

310 410
pT(MeV/c)

5−10

4−10

3−10

2−10

1−10

pA-MD
MCsim09e
MCsim09kMultiplicityDplus
Data

310 410
pT(MeV/c)

5−10

4−10

3−10

2−10

1−10

Ap-MD
MCsim09e
MCsim09kMultiplicityDs
Data

Figure 5.7: Distribution of the track transverse momentum for pPb (left) and Pbp (right)
collisions.
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Figure 5.8: Distribution of the track pseudorapidity for pPb (left) and Pbp (right) colli-
sions.
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Figure 5.9: Distribution of the total number of nVeloTracks for pPb (left) and Pbp (right)
collisions.

5.3.4 Detector occupancy

The detector’s behaviour depends on its occupancy. The occupancy can be estimated
using different subdetectors (VELO, TT, IT, ECAL, etc.) and magnitudes (clusters,
tracks, etc.). Certainly, these methods are correlated. The discrepancy in occupancy
distributions between data and simulation has already been mentioned. Since a correct
occupancy description is crucial to the analysis, a method is applied to weigh the sim-
ulation to match data occupancy variable distributions. The weighting is obtained with
the Gradient Boost Reweighting algorithm described in Ref. [80]. This algorithm uses
decision trees and a special loss function called ReweightLossFunction with positive and
negative weights, enabling the simultaneous weighting of multiple variables and achieving
high precision in describing target distributions. In this note, the implementation of the
algorithm found in hep ml1 is used.

1https://pypi.org/project/hep-ml/
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Figure 5.10: Distribution of pT, η and nVeloTracks for pp collisions.

At LHCb, there are several variables related to particle multiplicity. Those are called
occupancy variables and typically correspond to the number of hits, clusters or tracks in
one LHCb subdetector. In previous studies Ref. [70] it was demonstrated that in LHCb
charged particles studies using minimum-bias proton-nucleus data, the reweighting best
performance is achieved considering the number of clusters from every tracking station
as the occupancy variable. This means simultaneously computing event weights that
account for VELO, TT, IT and OT clusters. In the case of pp collisions, weights are
computed again using the same variables as in Ref. [70]. Different sets of variables were
compared and the one containing the number of reconstructed tracks2 and the number of
reconstructed PVs was found to be the one that gave a better description of the data.

Some examples of the results from the reweighting algorithm and the output weights
are displayed in Fig. 5.11 and Fig. 5.12. The complete set of results can be seen in
App. B.2 for all simulation samples and beam collision systems. The data on those plots
fulfil the event selection explained in Sec. 5.1 and therefore, the distributions are those
of the final sample used in the analysis. Overall, the data show good agreement in the
distribution of occupancy variables after applying the reweighting procedure.

2All reconstructed tracks from the LHCb reconstruction software.
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Figure 5.11: The distribution of occupancy weights is shown in the upper left. Recon-
structed tracks (top right) and reconstructed number of PVs (bottom) distributions are
shown before and after applying the weights for pp collisions with the MCsim09d sample.
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Figure 5.12: Distributions of the weights (top row) and nVeloClusters (bottom row) before
and after applying the weights for pPb (left column) and Pbp (right column) collisions.
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6
Multiplicity distribution and the

average transverse momentum

6.1 Observables

The signal in this work are prompt charged particles. They are defined by the LHC
Minimum Bias and Underlying Event Working Group [81] as:

Hadrons and leptons, with mean lifetime τ > 0.3 ·10−10 s, produced directly or from decays
of shorter-lifetime particles.

The particles included in this definition are listed in Tab. 6.1.
Three definitions are related to the number of tracks and/or particles relevant to this

work.

• N
sim/data
cand → The number of long tracks after the selection explained in Chap. 5.

• N
sim/data
corr → The result of correcting Ncand with efficiencies and purity.

• N sim
ch → The number of prompt charged particles (at generator level when referring

to simulation).

The variables Ncand and Ncorr exist in data (data) and simulation (sim), while Nch

is only accessible from simulation. One of the tasks in this analysis is to measure Nch in
data. For that, Ncorr will be used as a proxy.
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Species Mean proper lifetime
τ(s) cτ(cm)

π± 2.60 · 10−8 780
K± 1.24 · 10−8 371
p± ∞ ∞
e± ∞ ∞
µ± 2.19 · 10−6 65800
Ξ± 1.64 · 10−10 4.91
Σ+ 0.80 · 10−10 2.40
Σ− 1.48 · 10−10 4.434
Ω− 0.821 · 10−10 2.461

Table 6.1: Particle species included in the prompt charged particle definition.

This work aims to measure the multiplicity dependence of the average transverse
momentum, ⟨pT⟩, of prompt charged particles, defined as

⟨pT ⟩(Nch) =

∑
pT

dNch

dpTdη
· pT ·∆pT∑

pT
dNch

dpTdη
·∆pT

. (6.1)

Moreover, the multiplicity spectrum, P (Nch), is also measured using Eq. 6.2. Where
Nevt is the total number of events.

P (Nch) =
1

NT
evt

dNevt

dNch

. (6.2)

As Nch is not directly accessible we will use Ncorr as a proxy. Then, the bias produced
by using a proxy is evaluated and corrected for each observable. In the case of the
multiplicity spectra, an unfolding strategy is used to solve this issue.

The first quantity that we need to compute is Ncand, which is determined for each
event by applying the selection cuts to the long-track sample. Secondly, corrections are ap-
plied to account for detector effects like miss-reconstruction or background in the selected
sample. These corrections are the reconstruction efficiency, εreco, the selection efficiency,
εsel, and the purity, P . These factors are computed in (η, pT, nVeloTracks) bins, where
nVeloTracks is the number of tracks in the VELO (VErtex LOcator) for each event.
After that, the number of corrected tracks for each event in data and simulation, Ncorr,
is computed using Eq. 6.3, together with the candidates pT spectra in Ncorr classes.

Moreover, using truth-level information (Nch) and reconstruction level (Ncorr) from
the simulation, we build the response matrix (R). In the case of the P (Nch) measurement,
the response matrix is used within a Bayesian Unfolding algorithm to correct the P (Ncorr)
spectrum for bin migration and finite bin width on the corrections. This procedure is val-
idated by performing a closure test as explained in Sec. 6.8. For the ⟨pT⟩ results, the
measurement is done as a function of Ncorr and then a closure test is done to estimate the
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bias due to the difference between Ncorr and Nch,

Ncorr =
Ncand · Π
εreco · εsel

. (6.3)

Pseudo-rapidity dependent measurements in multiplicity analysis

Recent studies of J/ψ production as a function of multiplicity suggest the possibility
of having an auto-correlation bias arising from the multiplicity selection [82, 83]. This
means that the results can be biased if both the signal and the multiplicity proxy are
measured in the same acceptance. For example, if high multiplicity events are selected in
a pseudorapidity range, a preference for events with jets or B-hadron decays within this
region can arise. As a consequence, ⟨pT⟩ can be higher just because the sample is biased
to those events.

To estimate the contribution of this effect the approach is to measure the observable
but select the event multiplicity in different acceptance regions. The latter will be used
in this note because it is feasible to conduct prompt charged particle analysis. For this
reason, ⟨pT⟩ will be studied as a function of the multiplicity defined in different regions. As
the LHCb detector is fully instrumented in the η ∈ [2.0, 4.8] range, it is possible to make
a multiplicity measurement considering different η sub-intervals within the full coverage.

Concerning the η range where ⟨pT⟩ and Nch are defined, different combinations can
be proposed:

1. ⟨pT⟩ is measured in a sub-η region where Nch is measured.
For example, calculating ⟨pT⟩ in η ∈ [2.0, 2.5] as a function of Nch within η ∈
[2.0, 4.8].

2. ⟨pT⟩ is measured in the same η region where Nch is measured.
For example, calculating ⟨pT⟩ in η ∈ [2.0, 2.5] as a function of Nch within η ∈
[2.0, 2.5].

3. ⟨pT⟩ is measured in a different η region where Nch is measured.
For example, calculating ⟨pT⟩ in η ∈ [2.0, 2.5] as a function of Nch within η ∈
[3.5, 4.8].

The selection and preparation of the data sample used to obtain selected candidates,
Ncand, will be explained in Chap. 5. In Chap. 6 the corrections applied to Ncand to obtain
Ncorr are discussed. Those corrections are first estimated from simulation before applying
data-driven correction factors to account for discrepancies with data. In Sec. 6.8 the
unfolding and its validation are explained, as the last step of data processing. Moreover,
in the same section, the computation of ⟨pT⟩ and its closure test is done. A discussion of
systematic uncertainties is included in Chap. 7. Finally, the analysis results are shown in
Chap. 8.
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This section shows how the observables are computed. To obtain the final measure-
ments three correction factors are applied to the signal yield: the reconstruction efficiency
(εreco), the selection efficiency (εsel) and the purity (P ). The strategy to compute these
factors starts with a determination from simulation, followed by data-driven corrections
that improve the agreement between data and simulation. All three corrections depend
on (η, pT, nVeloTracks).

6.2 Computing the multiplicity distribution

When measuring the multiplicity distribution, P (Nch), several detector effects come
into play. Some of them, such as reconstruction efficiencies or background in the signal
sample are accounted for computing efficiencies and purity and they are applied using
Eq. 6.4. Moreover, finite bin size effects and bin-to-bin migration in the determination
of efficiencies can be corrected with Unfolding methods as explained in Ref. [84]. In this
section, the procedure to get P (Nch) will be detailed.

The P (Nch) measurement is done in three steps. First, the candidate selection de-
tailed in Chap. 5 is applied for each event and the distribution of the number of candidates
is named as P (Ncand).

Secondly, the number of candidates is corrected by efficiencies and purity,

Ncorr = Ncand
Π(evt)

εreco(evt) · εsel(evt)
. (6.4)

where the per-event efficiencies and purity in Eq. 6.4 are computed as

C(evt) =

∑
NtracksC

track(pT, η)∑
Ntracks

; where C = {εreco, εsel,Π}. (6.5)

As an illustrative example, the εreco(evt) for pp collisions is shown in Fig. 6.1. After
this step, we obtain the Ncorr distribution called P (Ncorr).

The third and last step in the P (Nch) determination is the Bayesian Unfolding, which
is applied to P (Ncorr) in order to get the final result P (Nch). The unfolding proce-
dure needs a response matrix (R) which relates detector-level information (Ncorr) with
generator-level information (Ngen). We use the ROOT module RooUnfold [85] to build
the response matrix and perform the Unfolding. Following a previous analysis on the
same quantity [86], the Bayesian Unfolding algorithm implementing the D’Agostini frame-
work [87] is used. The response matrix is filled event by event with (Ncorr, Nch) pairs from
simulation, the response matrices and the corresponding closure-test will be discussed in
Sec. 6.8.
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Figure 6.1: Example of reconstruction efficiency distribution per event for pp collisions.

6.3 Computing the average transverse momentum

To compute ⟨pT ⟩(Ncorr), the charged particle transverse momentum spectrum as a
function of pT for corrected candidates,

1

Nevt

dNcorr

dpT
=

1

Nevt

dNcand

dpT

Π

εreco · εsel
, (6.6)

is the main ingredient. This quantity is computed using the candidate transverse mo-
mentum spectra and applying the already mentioned corrections. From the corrected
pT spectrum, the average transverse momentum as a function of corrected candidates,
⟨pT ⟩(Ncorr), can be computed as

⟨pT ⟩(Ncorr) =

∑
pT

dNcorr

dpT
· pT ·∆pT∑

pT
dNcorr

dpT
·∆pT

. (6.7)

where Eq. 6.7 is a variation of Eq. 6.1 but selecting the event using Ncorr instead of
Nch.

6.4 Binning scheme

The corrections that will be discussed in this sections are performed considering
a (η, pT, nVeloTracks) binning. This section will explain in detail the binning pro-
posed for this analysis. As we are binning our simulation sample in several variables,
(η, pT, nVeloTracks), the number of bins is very high. Thus, the criteria used to define
the number of bins is based on keeping the maximum number of bins allowed by the
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statistics in the simulation sample.

Transverse momentum

The pT binning scheme considers the exponential decrease of the charged particle
multiplicity with this variable. The proposed binning includes 10 bins equally spaced on
a logarithmic scale except for the last bin, which is slightly bigger than the others to
increase the sample size that it contains,

pT = [0.500, 0.740, 0.961, 1.249, 1.622, 2.107, 2.737, 3.556, 4.619, 6.0, 8.0] GeV/c. (6.8)

The minimum pT value is proposed due to the LHCb acceptance shown in Fig. 5.5,
and the maximum value is proposed because of statistical limitations.

Pseudorapidity

For the pseudorapidity binning, the rapidity boost in proton-nucleus collisions needs
to be considered. In the analysed data, the energies per nucleon of the lead beam and
the proton beam are 1.58TeV and 4.00TeV, respectively, corresponding to a centre-of-
mass energy of

√
sNN = 5.02TeV. The beam energy and the proton and lead nucleus

mass asymmetries result in a centre-of-mass boost of yboost ≈ 0.465 in the direction of the
proton beam. Due to this boost, the kinematic acceptance of the LHCb detector in the
nucleon-nucleon centre-of-mass system differs in the forward and backward configurations.
In order to have a scheme that provides common bins for pPb and Pbp events, allowing to
compute forward/backward ratios, pseudorapidity bin widths of ∆η = 0.5 are considered.
The binning in the laboratory and center-of-mass reference frame for all collision modes
are shown in Tab. 6.2.

|ηcms| η (pp) η (pPb) |η (Pbp)|
[1.6, 2.0] − [2.065, 2.465] −
[2.0, 2.5] [2.0, 2.5] [2.465, 2.965] −
[2.5, 3.0] [2.5, 3.0] [2.965, 3.465] [2.035, 2.535]
[3.0, 3.5] [3.0, 3.5] [3.465, 3.965] [2.535, 3.035]
[3.5, 4.0] [3.5, 4.0] [3.965, 4.465] [3.035, 3.535]
[4.0, 4.3] [4.0, 4.3] [4.465, 4.765] [3.535, 3.835]
[4.0, 4.5] [4.0, 4.5] − [3.535, 4.035]
[4.5, 4.8] [4.5, 4.8] − [4.035, 4.335]
[4.8, 5.2] − − [4.335, 4.735]

Table 6.2: Correspondence between the |ηcms| and η bins for the different considered
configurations.

In this analysis, η will correspond to the laboratory frame. Moreover, the η binning
used for all collision systems will be the one corresponding to pp in Tab. 6.2.
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Multiplicity

In order to measure Ncorr we need to compute multiplicity-dependent corrections
using a detector-based variable. In this analysis nVeloTracks will be used to bin all the
corrections, which will be later applied to the candidate sample. The number of bins
in nVeloTracks is the maximum possible that keeps the statistical uncertainties under
control. As the nVeloTracks distribution for each collision mode is different, the binning
is also specific for each collision mode as detailed in Tab. 6.3.

pp MCsim09d 10 20 30 50 70 90 ∞
pPb MCsim09k 10 62 72 82 102 142 180 225 ∞
Pbp MCsim09k 10 80 100 120 170 200 240 300 350 400 500 600 ∞

Table 6.3: Binning in nVeloTracks used to compute the efficiencies and purity detailed.
Each simulation sample has a different binning.

6.5 Reconstruction efficiency

The reconstruction efficiency (εreco) accounts for non-reconstructed tracks within
the LHCb detector. Considering the generated prompt-charged particles definition of
Sec. 6.1 (flag IsPrompt == True), the reconstruction efficiency is estimated using the
occupancy weighted simulation sample as the ratio of reconstructed tracks matched to
a generated prompt-charged particle over the total number of generated prompt-charged
particles. This ratio is corrected with tracking calibration factors, Ctracking, which ac-
counts for the differences in reconstruction between data and simulation; i.e. Ctracking =
εdatatracking/ε

MC
tracking. These factors are computed by the LHCb tracking group1 using J/ψ →

µµ decays and comparing the tracking performance in data and simulation. The tracking
calibration factors can be seen in Fig. 6.2 and Fig. 6.3.

The reconstruction efficiency depends on the detector occupancy. However, the track-
ing calibration weights were not obtained as a function of the occupancy. That means that
we are assuming that the multiplicity dependency of the reconstruction efficiency in data
is well-modelled by simulation. Therefore, we consider the data/simulation discrepancy
in the reconstruction efficiency to be independent of the multiplicity.

This assumption is endorsed by Fig. 6.4 where Ntrack means the number of best tracks
reconstructed in the LHCb tracking system. According to this study done by the track-
ing calibration group at LHCb, the multiplicity dependence of the track reconstruction
efficiency is well-modelled by simulation within a 1% agreement. For pPb and Pbp, the
occupancy is higher, as shown in Fig. 5.9, so the values in our analysis could exceed the
range of the study shown in Fig. 6.4. Thus, we need to know which is the range on Ntrack

that the Pbp result is covering.

1https://twiki.cern.ch/twiki/bin/viewauth/LHCbInternal/LHCbTrackingEfficiencies
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Figure 6.2: Data/MC ratio for reconstruction efficiencies from pp 2012 Data vs MC 2012
(Reco14). This table is used to correct pPb and Pbp data in this analysis.

In order to know whether the majority of the events are within the scope of Fig. 6.4,
the profile of the Ntrack vs Ncand distribution in Fig. 6.5. According to Fig. 6.5 in the case
of pPb the Ntrack range is well within the coverage of the LHCb calibration sample. In the
case of Pbp collisions, the occupancy is higher, but still, it is not so far from the limit of
500NTracks of Fig. 6.4. As a consequence, we assume that the multiplicity dependence
of the reconstruction efficiency is well modelled in simulation also for Pbp collisions, and
Ctracking is independent of the multiplicity in both cases.

Moreover, as explained in Chap. 5, the detector occupancy is correlated to the detector
response. For this reason, occupancy dependent weights, wi, computed as described in
Sec. 5.3.4, are applied to the efficiency determination, which is obtained as,

εreco =

∑
Nreco tracksCtracking(p, η)∑

Ngen parts

. (6.9)

6.5.1 Reconstruction efficiency in proton-lead collisions

Since no specific tracking calibration sample exists for the 2013 pPb data set, the
2012 pp data calibration sample is used instead. This sample was chosen because the
detector conditions were the same during both data-taking. The values of these tracking
calibration factors are shown in Fig. 6.2.

The results of the reconstruction efficiency for pPb and Pbp collisions are shown in
Figs. 6.6 and 6.7, as a function of (η, pT, nVeloTracks). In general, the reconstruction
efficiency decreases with the detector occupancy.
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Figure 6.3: Tracking calibration weights for pp data sample

6.5.2 Reconstruction efficiency in proton-proton collisions

The pp reconstruction efficiency computation has some particularities that need to
be explained in detail. For instance, the discrepancies found in the Pythia particle
composition of the minimum bias sample require an additional correction [70]. As shown
in Fig. 6.8, the kaon over pion fraction measurement from the ALICE collaboration [88]
is better reproduced by EPOS-LHC than by Pythia.

The method implemented to correct this issue in Pythia simulation for pp data is
the factorization of the reconstruction efficiency into particle species,

εreco =
∑
p

fp · εpreco, (6.10)

where fp is the fraction of particle species p computed with EPOS-LHC and εpreco
its reconstruction efficiency computed with Pythia using the definition of reconstruction
efficiency in Eq. 6.9.

In this factorization, the species considered are π−, K−, p, e−, µ−, Ξ−, Σ−, Σ+, Ω−+
cc, corresponding with the prompt charged particle definition state in Sec. 6.1. The species
fractions will be computed using a private EPOS-LHC sample for pp collisions and can
be seen in Fig. 6.9 and Fig. 6.10 for Pythia and EPOS-LHC, respectively.

The species fractions are not strongly dependent on multiplicity, at least for the main
contributions (pions and kaons) as can be seen in B.4 at (Fig. B.8). Because of this, the
species fractions, fp, in Eq. 6.10 are not multiplicity dependent.

To check if the fraction of particles that are not in the factorization list is negligible,
their aggregated reconstruction efficiency is compared to the prompt-charged particle
efficiency. This comparison is shown in the Appendix. B.4 in Fig. B.10, demonstrating
that the effect of unconsidered species is insignificant.
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Figure 6.4: Tracking efficiency as a function of Ntrack for data and simulation in pp. Figure
extracted from Ref. [75].

Finally, in Fig. B.9 it can be seen the difference in the prompt charged-particle re-
construction efficiency using particle species fractions from EPOS-LHC and Pythia.
According to Fig. 6.12 the relative difference is less than 8%, where the high-pT regime
gives the largest discrepancies. The final result for pp reconstruction efficiency is shown
in Fig. 6.13.
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Figure 6.5: Average evt NTracks vs Ncand distribution for pPb and Pbp EPOS-LHC
simulation events.
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Figure 6.6: Reconstruction efficiency with tracking correction for Pbp events.
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Figure 6.9: Fraction of species abundance in pp Pythia.
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Figure 6.10: Fraction of species abundance in pp EPOS-LHC.

81



Imanol Corredoira Fernández

2000 4000 6000 8000
0

0.2

0.4

0.6

0.8

1

1.2

p re
co

ε

 2.0, 2.5∈ 
LAB

η  2.0, 2.5∈ 
LAB

η  2.0, 2.5∈ 
LAB

η

pp, PYTHIA 8
p ±µ, ±e ±Ω +Σ, +Σ-

Σ, -Σ ±π ±K
-

Ξ, -Ξ

 2.0, 2.5∈ 
LAB

η  2.0, 2.5∈ 
LAB

η  2.0, 2.5∈ 
LAB

η  2.0, 2.5∈ 
LAB

η  2.0, 2.5∈ 
LAB

η

2000 4000 6000 8000
0

0.2

0.4

0.6

0.8

1

1.2
 3.5, 4.0∈ 

LAB
η  3.5, 4.0∈ 

LAB
η  3.5, 4.0∈ 

LAB
η  3.5, 4.0∈ 

LAB
η  3.5, 4.0∈ 

LAB
η  3.5, 4.0∈ 

LAB
η  3.5, 4.0∈ 

LAB
η  3.5, 4.0∈ 

LAB
η 2000 4000 6000 8000

0

0.2

0.4

0.6

0.8

1

1.2
 2.5, 3.0∈ 

LAB
η  2.5, 3.0∈ 

LAB
η  2.5, 3.0∈ 

LAB
η  2.5, 3.0∈ 

LAB
η  2.5, 3.0∈ 

LAB
η  2.5, 3.0∈ 

LAB
η  2.5, 3.0∈ 

LAB
η  2.5, 3.0∈ 

LAB
η

2000 4000 6000 8000

0

0.2

0.4

0.6

0.8

1

1.2
 4.0, 4.5∈ 

LAB
η  4.0, 4.5∈ 

LAB
η  4.0, 4.5∈ 

LAB
η  4.0, 4.5∈ 

LAB
η  4.0, 4.5∈ 

LAB
η  4.0, 4.5∈ 

LAB
η  4.0, 4.5∈ 

LAB
η  4.0, 4.5∈ 

LAB
η 2000 4000 6000 8000

0

0.2

0.4

0.6

0.8

1

1.2
 3.0, 3.5∈ 

LAB
η  3.0, 3.5∈ 

LAB
η  3.0, 3.5∈ 

LAB
η  3.0, 3.5∈ 

LAB
η  3.0, 3.5∈ 

LAB
η  3.0, 3.5∈ 

LAB
η  3.0, 3.5∈ 

LAB
η  3.0, 3.5∈ 

LAB
η

2000 4000 6000 8000

(MeV/c)
T

p

0

0.2

0.4

0.6

0.8

1

1.2
 4.5, 4.8∈ 

LAB
η  4.5, 4.8∈ 

LAB
η  4.5, 4.8∈ 

LAB
η  4.5, 4.8∈ 

LAB
η  4.5, 4.8∈ 

LAB
η  4.5, 4.8∈ 

LAB
η  4.5, 4.8∈ 

LAB
η  4.5, 4.8∈ 

LAB
η

Figure 6.11: Reconstruction efficiency per particle species.
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Figure 6.12: Relative difference on the reconstruction efficiency from using Pythia or
EPOS-LHC species fractions.
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Figure 6.13: Reconstruction efficiency for pp events using EPOS-LHC species fractions.
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6.6 Selection efficiency

When the selection cuts described in Tab. 5.5 are applied to the sample to remove
the background, some signal is also removed. The selection efficiency takes into account
this loss of candidates. In order to compute the selection efficiency, simulation-matched
tracks, which are reconstructed tracks assigned (matched) to a prompt-charged particle,
are used. The selection efficiency is estimated from the occupancy-weighted simulation
sample as the number of matched long tracks passing the selection criteria divided by the
total number of matched long tracks within the LHCb detector acceptance,

εsel =

∑
Nsel matched tracks∑
Nmatched tracks

. (6.11)

The results for the selection efficiency εsel at different collision systems can be found at
Fig. 6.14, Fig. 6.15 and Fig. 6.16.
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Figure 6.14: Selection efficiency for Pbp collisions.
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Figure 6.15: Selection efficiency for pPb collisions.

3
10

0.7

0.75

0.8

0.85

0.9

0.95

1se
l

si
m

ε  [2.0, 2.5]∈ 
LAB

η

pp, MCsim09d
10<VeloTracks<20
20<VeloTracks<30
30<VeloTracks<50
50<VeloTracks<70
70<VeloTracks<90
90<VeloTracks

310
0.7

0.75

0.8

0.85

0.9

0.95

1  [3.5, 4.0]∈ 
LAB

η
3

10
0.7

0.75

0.8

0.85

0.9

0.95

1  [2.5, 3.0]∈ 
LAB

η

3
10

0.7

0.75

0.8

0.85

0.9

0.95

1
 [4.0, 4.5]∈ 

LAB
η

3
10

0.7

0.75

0.8

0.85

0.9

0.95

1  [3.0, 3.5]∈ 
LAB

η

3
10 (MeV/c)

T
p

0.7

0.75

0.8

0.85

0.9

0.95

1
 [4.5, 4.8]∈ 

LAB
η

Figure 6.16: Selection efficiency for pp collisions.
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6.7 Signal purity

After applying the selection requirements there is still a background contribution in
the signal sample. To estimate it we introduced the purity factor, varying from 0 to 1, as

Πsim = 1− (f sim
fake + f sim

sec + f sim
clone). (6.12)

This section will explain the procedure to compute the purity of the signal sample.
The main background sources in this sample are fake tracks, secondary particles and
clone tracks. We will denote as f sim

fake, f
sim
sec and f sim

clone the fraction of this background
sources obtained from simulation. The purity can be computed in simulation by getting
the background fractions in the signal sample.

Using Eq. 6.12, an estimation of the signal purity can be computed using simulation.
However, the simulation background fractions differ from those in the data. In order to
have a more precise computation of these fractions, we employ data-driven correction
factors. These factors will be denoted as Rα, where α stands for each background source
detailed in Sec. 5.3,

Rα =
1

Ncand

∑
iN

data
α,i

1∑
i wiNcand,i

∑
iwiN sim

α,i

. (6.13)

where the simulation is weighted using the occupancy variables to match data distri-
butions. In this equation, Ndata

α,i (N sim
α,i ) is the number of long tracks in the i-th event of

the proxy sample for data (simulation), Ncand is the total number of candidates and wi

the occupancy weights for the i-th event. The strategy is to create a high-purity proxy
sample in data and simulation for each background source α using dedicated selections.
Then, Rα can be computed as a data/simulation ratio of this sample using Eq. 6.13.
This procedure will be explained in detail for each background contribution. Moreover,
Ncand and Nα are computed in (η, pT, nVeloTracks) bins. In the (η, pT, nVeloTracks)
bins where the proxy sample has no candidates Rα is set equal to 1.

Finally, using these correction factors, the background fractions for each background
source α can be computed using as,

fα = Rαf
sim
α , (6.14)

Following this strategy, we assume that the data/simulation ratio of a specific back-
ground source is the same in the high-purity sample and in the candidate sample. This
assumption will be subject to systematic uncertainties detailed in Chap. 7. The final
results of the background fraction data-driven correction factors, Rα, can be seen in
Figs. B.20, B.22 and B.21 for fake tracks, in Figs. B.23, B.24, and B.25 for gamma to
electron conversion, in Figs. B.26 and B.27 for muon decays and in Figs. B.29 and B.30
for hadronic decays.
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Consequently, the purity of the signal sample can be obtained as,

Π = 1− (ffakes + fsec + f sim
clone). (6.15)
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Figure 6.17: Purity for pPb collisions including data-driven correction factors.

6.7.1 Fake Tracks

In the simulation, the fraction of fake tracks is computed using the occupancy-
weighted sample with the expression

f sim
fake =

∑
iNnon−matched cand∑

iNcand

. (6.16)

In this equation, Nnon−matched cand is the number of non-matched-to-a-generated-MC-
particle tracks and Ncand is the number of candidates. Following this definition, a fake
track is a reconstructed long track which does not correspond to a generated particle,
therefore a fake track is a reconstruction artefact.

In this section, the details to compute the data-driven correction factor for f sim
fake are

explained. In general, the strategy is the same as for the other data-driven correction
factors, Rα, explained at the beginning of this section. We isolate the background source
using the specific selection detailed in Tab. 6.4 and we compute the ratio of background
fractions between data and simulation using Eq. 6.13.
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Figure 6.18: Purity for Pbp collisions.

Overall, two different variables will be used to obtain a proxy sample enriched in fake
tracks:

• GhostP: The fraction of fake tracks increases with GhostP. In general, with a
GhostP > 0.5 requirement the fake track abundance will be 93% for pPb data and
97% for Pbp data. It is worth mentioning that for pp events a GhostP < 0.4 cut
was applied at the reconstruction level. This cut reduces the fraction of fake tracks
but limits the use of this variable as a tool for isolating background samples.

• Shared VELO: This variable indicates if the candidate shares the VELO segment
with another long track.2 Samples of candidates with shared VELO tracks are
enriched in fake tracks. However, only a small portion of tracks have the shared
VELO property, limiting the size of these samples.

For the pPb and Pbp collisions systems, a sample of non-shared-VELO tracks with a
high GhostP value (between 0.5 and 0.9) is used to define an enriched fake tracks sample.
A sample of candidates with shared-VELO will be considered as an alternative proxy
to estimate systematic uncertainties, discussed in Sec. 7.2.1. For pp data, shared-VELO
tracks (IsClone == True) with low GhostP values (between 0.1 and 0.4) are selected.
The summary of the cuts applied to define the proxy enriched in fake tracks can be found

2More information about long tracks sharing the VELO segment can be found in Ref. [70]
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Figure 6.19: Purity for pp collisions.

in Tab. 6.4. Using these samples and Eq. 6.13, the correction factors are computed, as
shown in the Appendix B.5. After that, we use Eq. 6.14 to estimate the background
fraction. The results are shown in Figs. 6.20, 6.21 and 6.22.

pp pPb, Pbp
Track type Long Long
η 2 < η < 4.8 2 < η < 4.8
pT 0.5 < pT < 8 GeV/c 0.5 < pT < 8 GeV/c
p p > 2 GeV/c p > 2 GeV/c
GhostP 0.1 < GhostP < 0.4 0.5 < GhostP < 0.9
IsClone True False
IP < 0.568 mm < 0.508 mm

Table 6.4: List of applied cuts to define the fake tracks proxy sample for each collision
system.

89



Imanol Corredoira Fernández

3
10

0

5

10

15

20

25

30

35

40

45

 [
%

]
fa

ke
s

f

 2.2, 2.5∈ 
LAB

η

Ap: Fake tracks
10<VeloTracks<80
80<VeloTracks<100
100<VeloTracks<120
120<VeloTracks<170
170<VeloTracks<200
200<VeloTracks<240
240<VeloTracks<300
300<VeloTracks<350
350<VeloTracks<400
400<VeloTracks<500
500<VeloTracks<600
600<VeloTracks

Ap: Fake tracks
10<VeloTracks<80
80<VeloTracks<100
100<VeloTracks<120
120<VeloTracks<170
170<VeloTracks<200
200<VeloTracks<240
240<VeloTracks<300
300<VeloTracks<350
350<VeloTracks<400
400<VeloTracks<500
500<VeloTracks<600
600<VeloTracks

Ap: Fake tracks
10<VeloTracks<80
80<VeloTracks<100
100<VeloTracks<120
120<VeloTracks<170
170<VeloTracks<200
200<VeloTracks<240
240<VeloTracks<300
300<VeloTracks<350
350<VeloTracks<400
400<VeloTracks<500
500<VeloTracks<600
600<VeloTracks

Ap: Fake tracks
10<VeloTracks<80
80<VeloTracks<100
100<VeloTracks<120
120<VeloTracks<170
170<VeloTracks<200
200<VeloTracks<240
240<VeloTracks<300
300<VeloTracks<350
350<VeloTracks<400
400<VeloTracks<500
500<VeloTracks<600
600<VeloTracks

Ap: Fake tracks
10<VeloTracks<80
80<VeloTracks<100
100<VeloTracks<120
120<VeloTracks<170
170<VeloTracks<200
200<VeloTracks<240
240<VeloTracks<300
300<VeloTracks<350
350<VeloTracks<400
400<VeloTracks<500
500<VeloTracks<600
600<VeloTracks

Ap: Fake tracks
10<VeloTracks<80
80<VeloTracks<100
100<VeloTracks<120
120<VeloTracks<170
170<VeloTracks<200
200<VeloTracks<240
240<VeloTracks<300
300<VeloTracks<350
350<VeloTracks<400
400<VeloTracks<500
500<VeloTracks<600
600<VeloTracks

Ap: Fake tracks
10<VeloTracks<80
80<VeloTracks<100
100<VeloTracks<120
120<VeloTracks<170
170<VeloTracks<200
200<VeloTracks<240
240<VeloTracks<300
300<VeloTracks<350
350<VeloTracks<400
400<VeloTracks<500
500<VeloTracks<600
600<VeloTracks

Ap: Fake tracks
10<VeloTracks<80
80<VeloTracks<100
100<VeloTracks<120
120<VeloTracks<170
170<VeloTracks<200
200<VeloTracks<240
240<VeloTracks<300
300<VeloTracks<350
350<VeloTracks<400
400<VeloTracks<500
500<VeloTracks<600
600<VeloTracks

Ap: Fake tracks
10<VeloTracks<80
80<VeloTracks<100
100<VeloTracks<120
120<VeloTracks<170
170<VeloTracks<200
200<VeloTracks<240
240<VeloTracks<300
300<VeloTracks<350
350<VeloTracks<400
400<VeloTracks<500
500<VeloTracks<600
600<VeloTracks

Ap: Fake tracks
10<VeloTracks<80
80<VeloTracks<100
100<VeloTracks<120
120<VeloTracks<170
170<VeloTracks<200
200<VeloTracks<240
240<VeloTracks<300
300<VeloTracks<350
350<VeloTracks<400
400<VeloTracks<500
500<VeloTracks<600
600<VeloTracks

Ap: Fake tracks
10<VeloTracks<80
80<VeloTracks<100
100<VeloTracks<120
120<VeloTracks<170
170<VeloTracks<200
200<VeloTracks<240
240<VeloTracks<300
300<VeloTracks<350
350<VeloTracks<400
400<VeloTracks<500
500<VeloTracks<600
600<VeloTracks

Ap: Fake tracks
10<VeloTracks<80
80<VeloTracks<100
100<VeloTracks<120
120<VeloTracks<170
170<VeloTracks<200
200<VeloTracks<240
240<VeloTracks<300
300<VeloTracks<350
350<VeloTracks<400
400<VeloTracks<500
500<VeloTracks<600
600<VeloTracks

310
0

5

10

15

20

25

30

35

40

45

 3.5, 4.0∈ 
LAB

η

3
10

0

5

10

15

20

25

30

35

40

45

 2.5, 3.0∈ 
LAB

η

3
10

0

5

10

15

20

25

30

35

40

45

 4.0, 4.5∈ 
LAB

η

3
10

0

5

10

15

20

25

30

35

40

45

 3.0, 3.5∈ 
LAB

η

3
10 (MeV/c)

T
p

0

5

10

15

20

25

30

35

40

45

 4.5, 4.8∈ 
LAB

η

Figure 6.20: Fake tracks fraction for Pbp collisions.
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Figure 6.21: Fake tracks fraction for pPb collisions.
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Figure 6.22: Fake tracks fraction for pp collisions.
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6.7.2 Secondary particles

The fraction of secondary particles is computed from simulation using the occupancy-
weighted sample as

f sim
sec =

∑
iN

non−prompt
cand∑
iNcand

(6.17)

where Nnon−prompt
cand is the number of non-prompt candidates. These are tracks that pass

selection criteria but do not fulfil the prompt charged particle definition explained in
Sec. 6.1. As shown in Fig. 6.25, Fig. 6.23 and Fig. 6.24, the fraction of secondaries is
higher in the low-pT region with little η dependence.

If we analyse the secondary particles by its origin, we can identify four different
sources:

• X → µ : Muons from particle decays.

• γ → e : Converted photons.

• Material: Particles produced in hadronic interactions with the detector material.

• Hadronic decays: Hadrons from decays of prompt particles as Λ, K0
s ,Σ

±,Ξ,Ω.

According to these secondary particle sources, the fraction of the secondary particles from
the simulation can be factorised as,

f sim
sec = f sim

γ + f sim
X→µ + f sim

mat + f sim
decays. (6.18)

The source fractions in simulation for each collision system are shown in Figs. 6.23, 6.24,
and 6.25. In general, converted photons are the dominant component, followed by hadronic
decays.

In order to study the differences between the background induced by secondary par-
ticles in data and Monte Carlo, we build a proxy sample for each background component
using the selection described in Tab. 6.5.

• DLLeπ → Electron-pion discrimination PID variable.
Isolates converted photons background.

• DLLµπ → Muon-pion discrimination PID variable.
Isolates background from decays into muons.

• IP → It isolates particles from hadronic interactions with the material and hadronic
decays. Since these two contributions cannot be easily separated in data, they are
integrated into a single contribution called HadDecay. Therefore, from now fmat

and fdecays will be substituted for fHad&Decays.
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6 Multiplicity distribution and the average transverse momentum

3
10

(MeV/c)
T

p

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

se
co

nd
si

m
f Ap

total
±µ, ± e→ γ

Material int.
Decay

±µ →X 

Ap
total

±µ, ± e→ γ
Material int.
Decay

±µ →X 

Ap
total

±µ, ± e→ γ
Material int.
Decay

±µ →X 

Ap
total

±µ, ± e→ γ
Material int.
Decay

±µ →X 

Ap
total

±µ, ± e→ γ
Material int.
Decay

±µ →X 

 2.0- 2.5∈ 
LAB

η

310
0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08
 3.5- 4.0∈ 

LAB
η

3
10

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

 2.5- 3.0∈ 
LAB

η

310
0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08
 4.0- 4.5∈ 

LAB
η

3
10

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

 3.0- 3.5∈ 
LAB

η

310
(MeV/c)

T
p

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08
 4.5- 4.8∈ 

LAB
η

Figure 6.23: Secondary particles fraction per species for Pbp collisions.

To select theDLL and IP values for each (η, pT) bin within the lists defined in Tab. 6.5
we define an estimator as

E =
√
u2stat + u2purity, (6.19)

where ustat is the statistical uncertainty on Rα and upurity is the systematic uncertainty
due to the contamination of the isolation sample computed following the equation

upurity = (1− Π)R. (6.20)

The selected values for the discrimination variables used to isolate each background
contribution are the ones minimizing the E factor on simulation.

Once we have isolated each background contribution, a corresponding data-driven
correction factor is computed as

Rα =
fdata
α

f sim
α

, (6.21)

where α stands for each source of secondary particles. With this factor, we can obtain
the final fraction of secondary particles in the signal sample as,

fsec = Rγf
sim
γ +RHad&Decaysf

sim
Had&Decays +Rµf

sim
µ . (6.22)

The results for the gamma conversion data-driven correction are shown in Fig. B.24,
Fig. B.23 and Fig. B.25 in the Appendix B.5. The values are within a range from 0.5 to
1.5 with a big difference between (η, pT) bins.
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Figure 6.24: Secondary particles fraction per species for pp collisions.
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Figure 6.25: Secondary particles fraction per species for pPb collisions.
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6 Multiplicity distribution and the average transverse momentum

pp pPb Pbp
Common requirements for all sources

Track type Long
η 2 < η < 4.8
pT 0.5 < pT < 8 GeV/c
p p > 2 GeV/c
GhostP GhostP < 0.078 GhostP < 0.103 GhostP < 0.109
IsClone False

Rγ specific requirements
IP < 0.368 < 0.348 < 0.348
DLLeπ >[15, 20, 25, 30, 35, 40, 45, 50, 55, 60]

Rµ specific requirements
IP < 0.368 < 0.348 < 0.348
DLLeπ <15
DLLµπ >[15, 20, 25, 30, 35, 40, 45]

RHadDecay specific requirements
IP > [0.1, 0.15, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8] mm

Table 6.5: List of applied cuts to isolate secondary particles proxy in data for each source
and collision system.
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Figure 6.26: fsec for pPb collisions system.
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Figure 6.27: fsec for Pbp collisions system.
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Figure 6.28: fsec for pp collisions system.

96



6 Multiplicity distribution and the average transverse momentum

6.7.3 Clone tracks

The fraction of clone tracks is computed from simulation using the occupancy-weighted
samples according to

f sim
clone =

∑
iN

clone
cand∑

iNcand

(6.23)

where N clone
cand is the number of tracks in the candidate sample that fulfil the clone tracks

criteria (IsClone == True) and Ncand is the number of candidates. Results for the
different collision systems are shown in Figs. 6.29, 6.30 and 6.31. Since the clone fraction
is very small, f sim

clone < 1%, no data-driven correction will be computed and this factor will
be taken directly from the simulation.
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Figure 6.29: Clone tracks fraction for pp collisions.
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Figure 6.30: Clone tracks fraction for pPb collisions.
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Figure 6.31: Clone tracks fraction for Pbp collisions.
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6.8 Closure test for the multiplicity distribution

As it was explained in Sec. 6.2 when applying efficiencies and purity correction to
the candidate distribution, P (Ncand) many detector effects get corrected. This can be
seen in Figs. B.32 when the multiplicity distribution is compared with the generator
level one after each correction is applied. However, finite bin size and bin migration
are still uncorrected from the P (Ncorr) spectra and this makes P (Ncorr) different from
the generated spectra as can be seen in those figures. In order to correct these effects,
a Bayesian Unfolding procedure is applied. In this note, Bayesian Unfolding uses the
standard number of iterations in RooUnfold; i.e. niter = 3. No significant change was
observed when the number of iterations was changed.

Unfolding matrices can be seen in Figs. 6.32. Unfolding is a delicate and complex
procedure that must be carefully cross-checked to avoid model dependency and biases.
One fundamental cross-check is the closure test. This is a simulation-based test where
we compare the unfolded spectra with the generated ones. If the unfolding is properly
implemented, the unfolded spectra should match the generated one exactly. In Fig. 6.33,
the closure-test for pPb, Pbp and pp in the full LHCb acceptance are shown. According
to this plot, the unfolding algorithm recovers the generated spectrum precisely. It is
important to note that the response matrix (R) used to perform the unfolding contains
only simulation information and that the corrections do not include data-driven factors.

When the multiplicity spectrum is measured in several pseudorapidity bins, a ded-
icated response matrix, unfolding and closure test are performed for every η bin. The
results can be seen at Sec. B.3. The closure test is fulfilled in all the tests.
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Figure 6.32: Response matrices for pPb (top left), Pbp (top right) using MCsim09k
simulation and pp (bottom) using MCsim09e simulation. The blue line is just a diagonal
line to facilitate interpretation.

100



6 Multiplicity distribution and the average transverse momentum

50 100

7−10

6−10

5−10

4−10

3−10

2−10P(
N

)

pA, EPOS-LHC
Unfold
corrN
candN
corrN
genN

 [2.0, 4.8]∈ 
LAB

η

50 100
N

0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

50 100 150 200

8−10

7−10

6−10

5−10

4−10

3−10

2−10P(
N

)

Ap, EPOS-LHC
Unfold
corrN
candN
corrN
genN

 [2.0, 4.8]∈ 
LAB

η

50 100 150 200
N

0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

20 40 60

6−10

5−10

4−10

3−10

2−10

1−10

P(
N

)

pp, PYTHIA8
Unfold
corrN
candN
corrN
genN

 [2.0, 4.8]∈ 
LAB

η

20 40 60
N

0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

Figure 6.33: Closure test for pPb collisions (left), Pbp collisions (right) and pp collisions
(bottom) in the full LHCb acceptance. In green there is the candidates distribution, in
blue is the corrected candidates distribution from Eq. 6.3 and in black is the Unfolded
corrected candidates distribution. The lower subplot contains the ratio to the generated
spectra Ngen (red) for the NUnfold

corr (black) and Ncorr (blue) distribution. All distributions
are self-normalised to the total number of events.
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6.9 Closure test for the average transverse momen-

tum

As we know from the response matrix, the relation between Ncorr and Nch is not
unique, in the sense that tracks in a given Ncorr class could come from particles originating
in several Nch event classes. This means that if we select our events using Ncorr, our
measurement could be biased. This depends on the relation between our multiplicity
proxy, Ncorr in this analysis, and also depends on the trend that our observable shows as
a function of multiplicity.3 To quantify this event selection bias, we perform a closure test
for ⟨pT⟩. First, a pure simulation-based closure test is performed using Nch for the event
selection, and, as can be seen in Fig. 6.34, the agreement is within 2%. In this test, we
prove that our corrections remove detector effects up to a 2% precision.
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Figure 6.34: Closure test ratio using Nch as event selection variable for pPb and pp
simulation data. Plots only show statistical uncertainty. All these plots consider Nch in
the full LHCb acceptance.

Then we perform the same test using Ncorr for the event selection in order to estimate
the event-selection bias due to the multiplicity proxy in our measurement. This will be

3If the measured observable is constant in multiplicity there is no bias.
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analogous to our measurement with data.
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Figure 6.35: Closure test using Ncorr as events selection for pPb and pp simulation data.

6.10 Initial stage characterisation of hadronic colli-

sions

As was stressed in Chap. 2, one of the main goals of high-energy nuclear collision
research is to study the properties of the QGP. In these collisions, a larger transverse
overlap of the two incoming ions leads to a larger volume of the created system, resulting
in a partial local thermalization with a collective behaviour of the partons. Hence data
interpretation of high-energy nuclear collisions requires detailed knowledge of the initial
conditions of QGP formation. Moreover, those initial conditions result from the distribu-
tion of the collided matter. As a consequence of this, it is crucial to derive from the data
the transverse size of the created QGP and its event-by-event fluctuations to be able to
interpret experimental observations correctly. In the case of heavy ion (AA) collisions, the
impact parameter of the collision (b) is extracted from detector-level (usually calorimeter
deposits) information using the Glauber model as explained in [89]. The smaller the im-
pact parameter (the more central the collision) the higher will be the number of charged
particles produced. The centrality of the collisions is usually expressed in percentiles of
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the total inelastic cross-section. In this sense, 0% indicates a totally central collision
(b = 0 fm) and 100% an ultra-peripheral collision with b > RA +RB where RA and RB is
the radius of the colliding ions.

This can be done in AA collisions because, for a given impact parameter value, the
average number of produced charged particles is statistically well-determined. The reason
is that the number of nucleon-nucleon collisions is high enough to make event-by-event
quantum fluctuations at the sub-nucleonic level negligible (or at least, not the biggest
contribution to the total fluctuations). Such internal fluctuations can lead to important
changes in the effective collision-by-collision transverse size of the nucleon that are not
considered in the Glauber model. For small systems, despite being smaller in the number
of average colliding nucleons, sub-nucleonic fluctuations play an important role and make
it impossible to use the Glauber model [90], [91]. The number of produced prompt-charged
particles, also known as multiplicity, is used instead for characterising the initial stage of
a hadronic collision involving small systems.

Since the observation of collective effects like long-range correlations [92], [93] or
strangeness enhancement [94] in small systems high multiplicity events, multiplicity-
dependent analyses are a crucial tool for understanding QCD properties. In the next
section, the different methods used in LHCb for measuring multiplicity will be addressed.

6.10.1 Measuring multiplicity at the LHCb experiment

In the last few years, many different multiplicity-dependent analyses have been pub-
lished in the LHCb collaboration ( [95], [96], [97], [98] and [99]). In most of these anal-
yses, multiplicity is estimated using a proxy variable based on the number of tracks
reconstructed by the LHCb tracking system. As explained in Chap. 3, at LHCb many
different track types are reconstructed. For multiplicity estimation the most used ones are
VeloTracks. The caveat of this approach is the difficulty when comparing with other ex-
periment measurements and Monte Carlo-based or phenomenological models. Moreover,
the relation between the proxy and the target quantity or other proxies, the number of
prompt-charged particles, has never been published.

In this analysis, a different approach has been followed. It is based on measuring the
number of prompt-charged particles produced in every event. Moreover, it implements
data-driven corrections whenever possible.

As different proxies have different ranges, in order to compare proxies between them-
selves and with Monte Carlo level multiplicity a self-normalization is usually done. While
providing a result for example in a range of 0− 200VeloTracks is difficult to interpret for
people outside the experimental collaboration, self-normalised proxies give a better sense
of the multiplicity dependence. However, as can be seen in Fig. 6.36 and Fig. 6.37 different
proxies have different relations with generator level multiplicity (Nch). This means that a
collision with 2 times the average number of VeloTracks does not correspond
to a collision with 2 times the average number of prompt charged particles.
Because of this reason, the interpretation of data is not trivial and Fig. 6.36 is needed
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to relate proxies between each other and with generator level multiplicity. Moreover, the
non-linear behaviour of the proxy with the generator level multiplicity makes the rela-
tion harder to use in a clear way. Something worth mentioning is that Fig. 6.36 is Monte
Carlo-based, which means that detector effects not well reproduced by detector simulation
could potentially modify conclusions taken from the figure.
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Figure 6.36: Multiplicity proxies as a function of the self-normalised multiplicity at the
generator level. The blue line is just a straight line with a slope equal to unity to draw
the eye. The left plot corresponds to pPb collisions, the right to Pbp and the bottom for
pp.

The multiplicity estimator used in this work, Ncorr, is very correlated on average to
the generator level multiplicity as can be seen in Fig. 6.36 and Fig. 6.37 for all collision
systems. Using this variable, the interpretation of the results is easier, and in this case,
the self-normalised multiplicity estimated from the proxy is equal to the target
one. Moreover, as the prompt charged particle definition is the one commonly used in
the field [81], it is clearer what we are measuring. It is worth mentioning that the linear
relation between Ncorr and Nch stops when the saturation of the proxy is observed. The
hypothesis is that the lack of statistics in this region requires wider bins in a region where
efficiencies drop very quickly. More statistics in the Monte Carlo for this region would be
needed to solve this.
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Figure 6.37: Self-normalised multiplicity proxies as a function of the self-normalised mul-
tiplicity at the generator level. The blue line is just a straight line with a slope equal to
unity to draw the eye. The blue line is just a straight line with a slope equal to unity
to draw the eye. The left plot corresponds to pPb collisions, the right to Pbp and the
bottom for pp.

However, Fig. 6.36 corresponds to event-averaged values of both, proxy and generator
multiplicity. It is worth remembering that there is some spread around the points drawn
in Fig. 6.36. This is what we can see in response matrices at Chap. 6. This spreading can
be understood by realising that a sharp cut in any multiplicity proxy gives a distribution
in Nch as can be seen in Fig. 6.38 and vice-versa. Moreover, distributions from different
Nch bins tend to overlap.

This effect produces a bias in our multiplicity-dependent measurement since the mul-
tiplicity distribution of our observable is not constant. In order to quantify this effect
in the average pT measurement the closure test is used. Here, by changing the event
selection between generator level multiplicity and our proxy it is possible to estimate the
impact of the multiplicity proxy bias in our measurement. This effect would occur for any
multiplicity proxy and the impact of the measurement depends on the measured quantity.
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Figure 6.38: Velo track distribution for each Nch cut from EPOS-LHC simulation.
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7
Systematic uncertainties

This section will address the estimation of systematic uncertainties in the analysis.
First, uncertainties affecting the corrections computed in Chap. 6 will be explained. That
includes εreco and Π, while εsel only includes statistical uncertainty from simulation. Then,
specific uncertainties for each observable will be addressed.

7.1 Reconstruction efficiency

Three uncertainty sources are considered in the reconstruction efficiency calculation:

• Tracking correction factors, Ctracking(p, η).

• Particle composition of the simulation sample.

• Occupancy weights: According to [70] where a similar approach is followed is consid-
ered to a 1%. This is included together with the uncertainty of tracking correction
factors.

The final result of the relative systematic uncertainty in the reconstruction efficiency
can be seen at Fig. 7.1, Fig. 7.2 and Fig. 7.3 for different collision systems. In this section,
the calculation of the different contributions will be detailed.
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Figure 7.1: Total relative uncertainty in the reconstruction efficiency in pPb collisions.
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Figure 7.2: Total relative uncertainty in the reconstruction efficiency in Pbp collisions.
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Figure 7.3: Total relative uncertainty in the reconstruction efficiency in pp collisions.

7.1.1 Tracking correction

The correction factors to take into account data/MC discrepancies in the tracking
efficiencies have some associated uncertainties. Each track within the momentum
range 5 < p < 200 GeV/c, has two uncertainties depending on its (p, η).

• The one shown in Tabs. 6.2, 6.3.

• A global systematic uncertainty of 0.4% (0.8%) for the proton-nucleus (pp) data
calibrated with the 2012 (2015) sample.

For tracks outside the momentum range of Tabs. 6.2, 6.3, a conservative 5% sys-
tematic uncertainty is assigned to take into account the loss of knowledge on the tracking
correction for these tracks. Besides, for tracks within and outside the ranges in Tabs. 6.2,
6.3, a 1.4% systematic uncertainty originating from the description of hadronic interac-
tions with the detector material in simulation is added. The propagation of this uncer-
tainty in the calculation of the reconstruction efficiency is done by varying Ctracking(p, η)
by ±1σ, where σ is the quadratic sum of all corresponding uncertainties explained above.
The systematic uncertainty on εreco will be half the difference between these two values.
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Figure 7.4: Tracking systematic uncertainty and statistical uncertainty in the reconstruc-
tion efficiency at pPb collisions.

7.1.2 Particle composition

In Sec. 6.5.2 it was detailed how the species fraction has an impact on the reconstruc-
tion efficiency computation from the MC. In that section was proved that EPOS gives a
reasonable description of h/π fraction data within a 30%. For this reason, a systematic
uncertainty that takes into account a 30% variation on the particle species fraction has to
be taken into account. The procedure to compute this uncertainty in the reconstruction
efficiency is detailed:

1. MC toy generation: Following a Gaussian distribution with µ = N sim
p , σ = 0.3∗N sim

p

a N toy
p value it is generated. This is done 10000 times.

2. For each instance the total number of particles, NT , and fp is computed.

3. For each instance, a εtoyreco it is obtained. Finally, this distribution is fitted to a
Gaussian distribution where the average value should recover the original εreco. The
systematic uncertainty coming from the particle composition in the reconstruction
efficiency will be the width of that distribution.

In Fig. B.33 we can see some examples of the fits to the distribution of εreco from
each toy. The values of this systematic uncertainty go from 1% to 4% as can be seen in
Fig. 7.7. The increasing trend as a function of pT is the abundance of K, p and hyperons.
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Figure 7.5: Tracking systematic uncertainty and statistical uncertainty in the reconstruc-
tion efficiency at Pbp collisions.

Its abundance with respect to pions increases at high-pT, thus the efficiency becomes more
sensitive to fp fluctuations.
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Figure 7.6: Tracking systematic uncertainty and statistical uncertainty in the reconstruc-
tion efficiency at pp collisions.
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Figure 7.7: Relative systematic uncertainty in the reconstruction efficiency due to the
particle composition.
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7.2 Background subtraction

This section will detail the uncertainty arising from the purity computation. The
uncertainty comes from the data-driven correction factors in Rα. The strategy to obtain
the systematic uncertainty for each background source is similar. However, despite some
particularities, each background source uncertainty will be explained independently.

7.2.1 Fake tracks

The systematic uncertainty arising from the fake-tracks fraction comes from the data-
driven correction factor, Rfakes. This quantity has three uncertainty sources:

• Proxy purity

• Statistical uncertainty

• Proxy definition

The proxy purity contribution to the systematic uncertainty is estimated as

spurity = (1− Πsim
fakes)Rfakes, (7.1)

where Πsim
fakes is the purity of the proxy computed in the simulation.

When defining the proxy to compute Rfakes several definitions can be used. To
compute the systematic uncertainty, an alternative and orthogonal proxy definition is
used to compute Ralter

fakes. The selection cuts used to define the alternative proxy are in
Tab. 7.1.

pp pA Ap
Track type Long Long Long
η 2 < η < 4.8 2 < η < 4.8 2 < η < 4.8
pT 0.5 < pT < 8 GeV/c 0.5 < pT < 8 GeV/c 0.5 < pT < 8 GeV/c
p p > 2 GeV p > 2 GeV p > 2 GeV
IP < 0.508 mm < 0.508 mm < 0.568 mm
GhostP 0.375 < GhostP < 0.4 0.1 < GhostP < 0.4 0.1 < GhostP < 0.4
IsClone False True True

Table 7.1: Selection cuts used to define the alternative proxy for the Rfakes systematic
computation.

The same method used to compute the nominal value of Rfakes has been followed,
and the statistical and systematic uncertainty (due to the proxy purity) is computed.
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The systematic uncertainty due to the alternative proxy definition is computed as the
weighted standard deviation,

sw =

√√√√∑N
i=1wi(xi − xw)2

(N ′−1)
∑N

i=1 wi

N ′

, (7.2)

where wi are the weights, in this case wi =
1

σ(Ri
fakes)

with i = alter, nom. N
′
is the number

of non-zero weights (N
′
= 2 in this case), xi will be Rnom

fakes and Ralter
fakes and xw is the

weighted average value between Rnom
fakes and R

alter
fakes defined as xw =

wnomRnom
fakes+walterR

alter
fakes

wnom+walter
.

The relative uncertainty σ(Rfakes)/Rfakes is shown in Figs. B.36, B.37.
Then all the Rfakes uncertainty contributions are added in quadrature:

s(Rfakes) =
√
(sstat)2 + (spurity)2 + (salter)2. (7.3)

Finally, the uncertainty is propagated to the fraction of fakes using uncertainty prop-
agation through the formula

σffakes =
√

(σRfakes
f sim
fakes)

2 + (Rfakesσsim
ffakes

)2. (7.4)

The results for the systematic uncertainty of the Rfakes are displayed in Figs. B.38,
B.39, B.40.

7.2.2 Secondary particles

The secondary particles background was already discussed in Sec. 6.7.2 where the
factorisation was defined as

fsec = Rγf
sim
γ +RHad&Decaysf

sim
Had&Decays +Rµf

sim
µ . (7.5)

The uncertainty of fsec comes from the uncertainty related to the data-driven correc-
tion factors, Rα. This uncertainty has two components, statistical and systematic, which
are summed in quadrature as

uRα =
√
u2stat + u2syst, (7.6)

where α corresponds to each one of the secondary particle sources. The statistical uncer-
tainty accounts for the limited size of the proxy sample, while the systematic uncertainty
comes from the purity of the proxy sample. The latter is computed according to

usystα = (1− Πα)Rα. (7.7)

The statistical uncertainty is propagated fromN sim;data
proxy to the R-value for the case of γ

conversion and µ decays background components, while for the Had&Decays component
we use Eq. 7.8.
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u2stat = (usimstat)
2 + (udatastat )

2. (7.8)

The result for the uncertainty of each contribution of the secondary particles back-
ground can be seen in App. B.7. Finally, the uncertainty in the purity can be seen in
Figs. 7.8, 7.9.

310
0

2

4

6

8

10

/P
 [

%
]

Pu

 [2.0, 2.5]∈ 
LAB

η

pA, EPOS-LHC
10<VeloTracks<62
62<VeloTracks<82
82<VeloTracks<102
102<VeloTracks<142
142<VeloTracks<180
180<VeloTracks<225
225<evt_nVeloTracks

310
0

2

4

6

8

10

 [3.5, 4.0]∈ 
LAB

η

310
0

2

4

6

8

10

 [2.5, 3.0]∈ 
LAB

η

310
0

2

4

6

8

10

 [4.0, 4.5]∈ 
LAB

η

310
0

2

4

6

8

10

 [3.0, 3.5]∈ 
LAB

η

310 (MeV/c)
T

p
0

2

4

6

8

10

 [4.5, 4.8]∈ 
LAB

η

Figure 7.8: Total relative uncertainty for purity at pPb collisions.
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Figure 7.9: Total relative uncertainty for purity at Pbp collisions.
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Figure 7.10: Total relative uncertainty for purity at pp collisions.
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7.3 Multiplicity distribution: Uncertainty propaga-

tion and specific uncertainty sources

The multiplicity spectrum is computed in two steps. First, the Ncorr (evt) quantity is
computed event-by-event using Eq. 6.3. Then, the P (Ncorr) distribution is unfolded. As
a consequence, four uncertainty sources are considered in this measurement, namely :

• Reconstruction efficiency, σreco

• Selection efficiency, σsel

• Purity, σΠ

• Statistical, σstat

First, we generate a random value of each correction following a Gaussian distribution
with parameters µ = C(evt) and σ = σC(evt). We compute an alternative Ncorr following
Eq. 6.3 for each event, as is shown in Fig. 7.11, where C stands for εreco, P and εsel.
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Figure 7.11: Alternative P (Ncorr) from the random variation of corrections values.

Then, the systematic uncertainty in the P (Ncorr) distribution from the corrections is
computed as half of the difference between the nominal distribution and the alternative
ones using Eq. 7.9. The nominal distribution is named P (Ncorr) and the alternative ones
are PC−rdm(Ncorr) where C are the corrections.

σsyst(C) =
|P (Ncorr)− P rdm−C(Ncorr)|

2
. (7.9)

Finally, the total uncertainty in P (Ncorr) is computed by adding in quadrature all
the sources as is detailed in Eq. 7.10. The statistical uncertainty corresponds to σstat =
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√
dNevt

dNch
. The relative systematic uncertainty is shown in Fig. 7.12 together with the total

uncertainty, which includes the statistical uncertainty added in quadrature:

σ(P (Ncorr)) =
√
σ2
stat + σ2

syst(εreco) + σ2
syst(εsel) + σ2

syst(εΠ). (7.10)
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Figure 7.12: Alternative P (Ncorr) from the random variation of corrections values.

The uncertainty propagation of P (Ncorr) uncertainties through the Unfolding proce-
dure is done via the RooUnfold package. According to the documentation 1 uncertainties
of the unfolded distribution are estimated with toys using the IncludeSystematics()
option. It has been checked that the errors of the unfolded distribution are similar to the
ones in the input distribution P (Ncorr).

7.4 Average transverse momentum: Uncertainty prop-

agation

The propagation of corrections uncertainties to the ⟨pT⟩ result is done in two steps.
First, the uncertainty is propagated from the corrections to the pT spectra using the
uncertainty propagation on Eq. 6.6 for each pT bin,

σNcorr =

√(
Ncand

εrecoεsel
σP

)2

+

(
P

εrecoεsel
σNcand

)2

+

(
NcandP

εrecoεsel
· σεreco
εreco

)2

+

(
NcandP

εrecoεsel
· σεsel
εsel

)2

.

(7.11)

1https://gitlab.cern.ch/RooUnfold/documentation/-/blob/master/RooUnfold_user_guide.

pdf
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Figure 7.13: Two distributions from the ⟨pT⟩ uncertainty propagation using MC Toys.

The relative uncertainty of the pT distribution can be seen at Fig. B.48, Fig. B.49,
Fig. B.50 and Fig. B.47. Secondly, the uncertainty is propagated to the ⟨pT⟩ by using an
MC Toy strategy. For each bin of the pT distribution a random value of Ncorr is generated
following a Gaussian distribution with a mean equal to Ncorr and standard deviation equal
to the systematic uncertainty computed using Eq. 7.11. The ⟨pT⟩ of the new distribution
is computed. This process is performed 100000 times for each (Nch, η) bin. After all the
iterations are done, a distribution of ⟨pT⟩ values is obtained as the example shown in
Fig. 7.13. The standard deviation of the ⟨pT⟩ distribution is taken as the uncertainty.

As can be seen in Fig. 7.14 the relative uncertainty in the ⟨pT⟩ measurement in the
full LHCb acceptance is smaller than 2%.
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Figure 7.14: Relative uncertainty of the ⟨pT⟩ measurement in all the LHCb acceptance.

121



Imanol Corredoira Fernández

122



8
Results and discussion

In this section, the final results of the thesis are revealed. First, in Sec. 8.1 the
results for the multiplicity distribution are shown. In that section both the pseudorapidity
integrated result and the pseudorapidity dependent are shown. Secondly, in Sec. 8.2 the
results from the integrated and pseudorapidity dependent ⟨pT⟩ measurement are shown.
In both sections the results are compared with models and the agreement with other
previous measurements is discussed.

8.1 Multiplicity distributions

The final result of the multiplicity distribution for all collision systems in the entire
LHCb acceptance is shown in Fig. 8.1. In Fig. 8.4 the pseudorapidity-dependent results
can be seen.

The multiplicity distribution results are compared with MC generators in Fig. 8.2 for
the integrated η case in all collision systems. The multiplicity range of the comparison
with simulation is constrained due to the lack of statistics in the most high multiplicity
region. In general, PYTHIA shows more agreement with pp data than EPOS-LHC does
with the pPb and Pbp data. Concerning the pPb result, EPOS-LHC underestimates
high multiplicity events by a large amount in a systematic way. When observing pp,
the PYTHIA generator describes reasonably well the observed trend. However, a 10%
difference can be seen at intermediate multiplicities in Fig. 8.2. Finally, for Pbp collisions,
the disagreement is similar to the one in pPb collisions except at high multiplicities.
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Figure 8.1: Multiplicity distribution result for the three collision systems in the full LHCb
acceptance.

The model/data ratio shown in Fig. 8.2 can be compared with the same result from
Ref. [5]. The pPb result shows a similar behaviour; i.e. a 20% overestimation from EPOS-
LHC at Nch ∼ 30 followed by a systematic underestimation that grows with multiplicity.
Regarding the Pbp result the model/data ratio shows a similar behaviour than for pPb
at low and intermediate multiplicity. However, in the high multiplicity range, the under-
estimation is not so strong as for pPb. For pp, the agreement with simulation is better.
However, as seen in Ref. [5] PYTHIA overestimates the multiplicity spectra by 10% in
the intermediate multiplicity region and underestimates the result in the high multiplicity
region.

The P (Nch) results in pseudorapidity bins in Fig. 8.4 can be qualitatively compared
with the dN/dη measurements from Ref. [100] shown in Fig. 8.3. As seen in the ALICE
measurement the pseudorapidity dependence of dN/dη is stronger for pPb collisions than
for pp collisions. This effect is also visible in Fig. 8.4. Moreover, when comparing the
forward (positive η) with the backwards (negative η) in ALICE measurement a stronger
trend is observed in the forward region. In the backward region, there is a plateau in the
pseudorapidity range ηLAB ≃ [2.0, 3.5] where the dN/dη measurement does not change
with η. This agrees with our result where the P (Nch) distributions in the most central bins
of the Pbp result reveal a small difference. As seen in Fig. 8.4 the pseudorapidity depen-
dence of the pPb result (positive η in the ALICE measurement) is stronger than the Pbp
case. It is worth saying that the dN/dη value from our P (Nch) result cannot be directly
compared with the ALICE measurement because of the different Nmin

ch requirement.
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Figure 8.2: Multiplicity distribution comparison with simulation for pPb (top left), Pbp
(top right) and pp (bottom left) collisions. The bottom right plot corresponds to the
multiplicity distribution model/data ratio for all collision systems in the entire LHCb
acceptance.
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Figure 8.3: dN/dη measurement for pp,pPb and PbPb collisions from the ALICE collab-
oration. Figure extracted from Ref. [100] under Creative Commons CC-BY license.
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Figure 8.4: Multiplicity distribution results in pseudorapidity bins for pPb (top left), Pbp
(top right) and pp (bottom).
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8 Results and discussion

8.2 Average transverse momentum

The result for the ⟨pT⟩ as a function of multiplicity integrated in pseudorapidity
for all collision systems can be seen at Fig. 8.5. In this result, the most high multi-
plicity data points from the Pbp result were removed. This will be discussed in the
Chap. 10 section, while the result with those data points included can be seen in Sec. B.8.
The pseudorapidity-dependent measurement is shown in Fig. 8.7. In the closure test at
Fig. 6.35 a systematic deviation of 1 − 2% has been observed in the most central bin,
ηLAB ∈ [2.0, 2.5]. This biases the ⟨pT⟩ result in that bin and changes the pseudorapidity
trend as can be seen in Fig. B.53. For this reason, this bin was not considered. However,
as this only affect the ⟨pT⟩ value, the Nch in the X-axis is still ηLAB ∈ [2.0, 4.8].
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Figure 8.5: Average transverse momentum as a function of multiplicity for Pbp, pPb and
pp integrated in pseudorapidity.

In the result, an increase of the ⟨pT⟩ value with multiplicity is observed in all colli-
sion systems. This is consistent with previous measurements. However, while the ⟨pT⟩
increasing saturates for pPb at high multiplicities this does not happen in Pbp collisions.
Regarding pp data, a hint of saturation is revealed.

According to the most recent measurement published by ALICE collaboration [5].
EPOS-LHC underestimates the ⟨pT⟩ in pPb collisions by a ≃ 5%. Moreover, PYTHIA
8.3 overestimates the ⟨pT⟩ value in pp collisions by a ≃ 4%. This thesis reveals a similar
conclusion by looking at the model/data ratio in Fig. 8.6. In that plot, a 10% overesti-
mation of the ⟨pT⟩ is observed in pp collisions. Moreover, in pPb collision, EPOS-LHC
underestimated the ⟨pT⟩ value by a 5%. However, although the general trend in pp and
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Figure 8.6: Ratio of model predictions to data for all collision systems integrated into
pseudorapidity.

pPb collisions is well reproduced by these Monte-Carlo models, in Pbp the trend is not
well reproduced. In this collision system, a discrepancy of 5%−15% is observed. By look-
ing at the pseudorapidity dependent ⟨pT⟩ measurement in Fig. 8.7 we can obtain more
information about the discrepancy in Pbp data.

Concerning the pseudorapidity-dependent measurement, a pseudorapidity decreasing
of the ⟨pT⟩ value is observed for all collision systems. This η trend is stronger at high
multiplicity events. The result from Pbp data shows that the increasing trend of the η-
integrated result comes from the most central region, ηLAB ∈ [2.5, 4.0], while for the most
forward region, the result achieves a similar value than the pPb one in the high multiplicity
limit. This fact reveals that at large η the pPb and Pbp data show the same trend; i.e.
an increase of the ⟨pT⟩ followed by a saturation at high multiplicity. However, in the less
forward region, a different behaviour in Pbp collisions is observed. This behaviour has
never been observed before in the ⟨pT⟩. A possible interpretation concerning the Cronin
effect will be discussed in the Chap. 10.

When observing the model/data ratio for ⟨pT⟩ in Fig. 8.8 we see that models describe
well the pseudorapidity trend of the ⟨pT⟩ for pPb and pp collisions. In this collision system,
the discrepancy is the same for all η bins. However, for Pbp collisions there is a trend
change in the ⟨pT⟩ measurement when reducing the pseudorapidity. This change is not
reproduced by the EPOS-LHC model.
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Figure 8.7: Average transverse momentum as a function of multiplicity and pseudorapidity
for pp, pPb and Pbp collisions.
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Figure 8.8: Ratio of model predictions to data in pseudorapidity bins. Top left corresponds
to pp, top right to pPb and bottom plot to Pbp collisions.
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9
Prospects for Upgrade 2

9.1 The Upgrade 2 at the LHCb experiment

Alongside the implementation of the current upgrade, a second phase (Upgrade
II, [101], [102] ) is being planned to fully exploit the High Luminosity Large Hadron
Collider (HL-LHC) at the LHCb experiment. The goal is to achieve an integrated lu-
minosity of 300 fb−1 for proton-proton (pp) collisions by the end of LHC Run 5. This
upgrade aims to handle the anticipated high pile-up of pp collisions (∼ 45), requiring
extensive development work to operate effectively in a much higher occupancy environ-
ment. This advancement will greatly enhance the heavy-ion program by significantly
improving performance in nucleus-nucleus collisions across the full centrality range (even
the more central collisions). Additionally, dedicated tracking stations are being designed
to be placed into the LHCb magnet to provide substantially improved resolution for low-
momentum tracks, this subdetector is known as Magnet Stations (MS).

9.2 Temperature dependent measurement of the EoS

at LHCb experiment

Thanks to the LHCb Upgrade II a highly efficient low-momentum tracking will be
possible in central PbPb collisions. Moreover, the addition of the magnet called Magnet
Stations [101] is planned. This subdetector will be focused on very low pT charged par-
ticles, down to 50MeV, increasing the LHCb precision on these measurements. Some of
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these measurements are the effective temperature of the Quark-Gluon Plasma, the speed
of sound or the viscosity in a wide temperature range. These measurements are crucial to
understand the EoS of QCD and will provide valuable insights into the thermodynamics
of the early universe.

Bulk physics refers to the study of collective phenomena in ultra-relativistic nucleus-
nucleus collisions. These phenomena are sensitive to the nonperturbative QCD inter-
actions between soft particles. These nonperturbative interactions can be used to infer
properties of the QGP, such as thermal degrees of freedom or the quantities that charac-
terize the system. Two fundamental quantities are the temperature field T (x, t) and the
velocity field v(x, t), being x the position and t time. The relation of other quantities,
such as entropy density, with the temperature field, is done via the EoS [25], computed
from Lattice QCD. The two main ingredients of this macroscopic description of QCD
matter are the hydrodynamic equations and the initial conditions of T and v.

The evolution equations involve the QCD EoS, and, small viscous corrections from
transport coefficients (shear and bulk viscosities) of QCD. However, the initial transverse
temperature profile modelling (size, shape, fluctuations) is not understood. At the LHC,
most theoretical calculations assume longitudinal (Bjorken) symmetry of the initial tem-
perature profile. This means that T is independent of space-time rapidity. However, the
rapidity (y) density of prompt charged particles, dN/dy, is not constant [103] which means
that longitudinal symmetry is broken. This implies that the final multiplicity is smaller
at large rapidities for the same transverse interaction area. Different temperatures can
be accessed by solving the hydrodynamic equation for different values of dN/dy. In par-
ticular, smaller temperatures at larger rapidity lead to a breaking of Bjorken longitudinal
symmetry. This applies to the range covered by the LHCb experiment in collider mode
(2 < η < 5).

Therefore, the unique forward acceptance of the LHCb experiment allows the study of
the QCD EoS at different temperatures. In this section, the temperature will be assumed
to be the effective temperature, Teff , representing the initial temperature that a uniform
fluid at rest would have if it possessed the same amount of energy and entropy as the
QGP fluid does in the freeze-out state 1. Due to longitudinal expansion and cooling, the
Teff value is generally lower than the initial temperature of the QGP fluid. Nevertheless,
it still characterizes a temperature in the QGP phase. The two quantities studied in this
document will be the average transverse momentum as a function of rapidity, ⟨pT⟩(y),
and the speed of the sound squared, c2s(Teff ). Both of these quantities can be calculated
from the QCD EoS.

The temperature range in the LHCb acceptance is directly related to the ⟨pT⟩(y)
of charged particles [104]. In the following, the computation of this observable from
the EoS and hydrodynamic evolution shown in Fig. 9.1 will be detailed. In order to
make a theoretical prediction of ⟨pT⟩(y), the following steps are done. Starting from the

1The point at which the quarks become bound into hadrons.
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9 Prospects for Upgrade 2

temperature dependence of the entropy density from EoS, s(Teff ), the temperature can
be related to the average transverse momentum as explained in Ref. [104], ⟨pT⟩ = 3Teff .
Then the particle density is computed using the entropy density via the equation,

dN

dy
=
dN

dy

∣∣∣
y=0

· s

20 fm−3
, (9.1)

taken from Ref. [104], where the charged particle density at y = 0 is taken from Ref. [103].
Finally, the charged particle density can be related to a rapidity range using the ALICE
measurement from Ref. [103]. Moreover, the LHCb projection shown in Fig. 9.1 is done
using Pythia Angantyr simulation considering a 80% reconstruction efficiency for charged
particles.
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Figure 9.1: Theoretical prediction for ⟨pT⟩(y) from EoS+Hydro and LHCb projection us-
ing PYTHIA Angantyr. The error bars in the EoS+Hydro correspond to a 2% systematic
uncertainty. The LHCb projection considers Lint = 10nb−1 collected in PbPb collisions
with a centrality range of [0 − 100]%. The error bars on the LHCb projection are the
systematic uncertainty from the pT extrapolation.

Following this argument, the LHCb temperature range can be estimated from the
⟨pT⟩(y) theoretical computation. This estimation gives us a range of Teff ∈ [190, 225]MeV.
The most forward point is not on the plot and had to be extrapolated as the ALICE mea-
surement goes up to y = 4.67.

When computing the EoS+Hydro theoretical prediction shown in Fig. 9.1 two uncer-
tainty sources were taken into account. When transforming dN/dy into y using Ref. [103]
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the uncertainty from the dN/dy measurement was considered. Moreover, a 2% uncer-
tainty is considered in the ⟨pT⟩ value because of the uncertainty in the temperature
determination in the EoS computation from Ref. [25]. From the experimental side, an
important systematic uncertainty will be the extrapolation down to pT = 0 using the
modified Hagedorn function 1

pT

d2N
dpTdy

= A(1+p0/pT)
−n from Ref. [105]. The ⟨pT⟩ extrapo-

lation uncertainty can be estimated by varying the fitted pT spectra as done in Ref. [106].
In this work we consider as a minimum transverse momentum without MS (with MS),
pmin
T = 500MeV (pmin

T = 100MeV). This is a conservative requirement because although
this is the minimum value common to the entire LHCb pseudodapidity range, it could
be lower in the most forward bins (down to pmin

T = 50MeV without MS) [101]. The pT
extrapolation uncertainty is estimated by varying the range of measured spectra fitted
by the Hagedorn function using Pythia Angantyr simulation. The fit was done varying
the pmin

T in 100 MeV. That corresponds to 500MeV to 600MeV in the case of no MS and
from 100MeV to 200 MeV when including MS. Then the systematic uncertainty is esti-
mated as the difference between the ⟨pT⟩ values from each fit. The resulting systematic
uncertainty is found to be 35 MeV without MS and 13 MeV with MS. This means that
the implementation of low-pT tracking via MS could reduce the systematic uncertainty in
a 35− 40%. According to this estimation, the access to low-pT tracks that the MS could
provide would imply a significant reduction of the extrapolation systematic uncertainty.
It is worth mentioning that this uncertainty estimation is conservative for the MS case,
as we assume 100MeV as the minimum pT accessible by MS while it could be down to
50MeV.

Using this Teff range an estimation of the speed of the sound in the QGP, c2s, can
be determined. In Fig. 9.2, the comparison between the EoS speed of sound calculation
and the recent CMS measurement [106] can be seen. The expected LHCb coverage for
this measurement is also shown. The estimated uncertainty in the LHCb prediction is
the systematic uncertainty from the speed of the sound fit extracted from [106], which is
estimated to be 0.010.

Apart from the temperature dependence of the EoS, viscosity coefficients can also
be studied in the same temperature range as shown in Fig. 9.2. Viscosity coefficients;
i.e. shear (η) and bulk (ξ) viscosity are necessary corrections to ideal hydrodynamics in-
cluded in state-of-the-art simulations. However, many simulations assume a temperature-
independent η/s extracted from measurements. This simplification is used despite studies
showing that η/s cannot be constant in QCD matter [107, 108]. As shown in Ref. [109],
rapidity differential anisotropic flow measurements in heavy ion collisions can constrain
the temperature dependence of η/s of QCD matter. In Upgrade II, LHCb will be able
to provide precise measurements of v2 and v3 coefficients as a function of pseudorapidity
and pT in the forward region. Moreover, thanks to the unique coverage of the PID system
at LHCb, an identified particle production measurement can be done. This measurement
can be used to perform vn measurements as a function of rapidity. Hydrodynamics cal-
culations are done as a function of rapidity and its translation to pseudorapidity is not
trivial. The vn(y) measurement would provide valuable information which could be better
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Figure 9.2: Lattice QCD computation for c2s from [25] in the estimated LHCb range
compared with the CMS measurement from Ref. [106]. The uncertainty in the LHCb
projection corresponds to the systematic uncertainty from the speed of the sound fit.

compared with theory than vn(η) measurements. This constitutes a unique advantage for
the LHCb Upgrade II. In addition, lighter collision systems such as OO, XeXe, and KrKr
could be used to provide complementary information.
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Figure 9.3: (left) Different scenarios for the shear viscosity to entropy ratio as a function
of temperature. (right) Resulting v2 coefficient as a function of the pseudorapidity for
each of these scenarios compared with data from PHOBOS [110, 111]. Figures extracted
from Ref. [109].
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10
Conclusions

In this thesis, the multiplicity distribution and the average transverse momentum
multiplicity dependence have been measured in pseudorapidity bins for pp, pPb and Pbp
collisions at

√
sNN = 5TeV in the LHCb experiment. The measurement covers prompt

charged particles with p > 2GeV/c, 0.5 < pT < 8GeV/c and η ranges of −5.3 < η < −2.7
(Pbp), 1.8 < η < 4.3 (pPb) and 2.2 < η < 4.8 (pp), where η is in the nucleon-nucleon
centre-of-mass system.

Data recorded by the LHCb experiment for proton-lead collisions in 2013 and for
proton-proton collisions during 2015 LHC runs was used in this analysis. Prompt charged
particles are defined in simulation using LHC definition [81]. Then, they are measured
using long tracks reconstructed by the LHCb tracking system. These tracks are selected
using a dedicated set of requirements that optimise the Figure of Merit (FoM), which
consists of the product of the significance and the purity. After selection, a set of correction
factors are applied to remove detector effects from the signal candidate sample. These
corrections are reconstruction efficiency, selection efficiency and background subtraction.
A dedicated study is done for each of them as a function of (pT, η, nVeloTracks). The
simulation used in this work is validated by checking that it correctly describes our data.
Concerning the occupancy variables where this requirement is not fulfilled, the simulation
is fixed by re-weighting. Whenever possible, data-driven corrections are computed for
each of the correction factors. Once the corrected signal sample is obtained, the two
measurements are performed. The multiplicity distribution requires a Bayesian Unfolding
to remove remaining detector effects related to bin migration and finite bin size.

Both measurements are performed for the first time in the LHCb experiment for pPb
and Pbp collisions. The average transverse momentum is measured for the first time
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simultaneously as a function of pseudorapidity and multiplicity at the LHC.

Apart from the physics results, a method for estimating prompt charged particle mul-
tiplicity per event has been developed and implemented in the LHCb software as explained
in Chap. 6.10. This method, based on track-by-track correction using simulation, avoids
unfolding and allows for data-driven corrections. It was tested by comparing with the
generator level multiplicity along with other multiplicity proxies used in the LHCb exper-
iment for the first time. The created proxy has probed to be a good approximation for
the generated multiplicity in all collision systems. Additionally, a consistency test called a
closure test was used to determine whether a given multiplicity estimation method works
and how it biases the measurement.

Moreover, in the final part of the thesis, predictions were made concerning the LHCb
Upgrade 2. Taking into account the expected capabilities of the upgrade, particularly in
PbPb collisions where central collisions could be recorded, an experimental prediction was
done. The most relevant calculation is the expected effective temperature range accessi-
ble to the LHCb experiment Fig. 9.1. This range was computed using the QCD equation
of state (QCD-EoS) [25], the rapidity dependence of the charged particle density [104]
and a measurement [103] performed by ALICE collaboration. Based on this calculation,
a comparison between LHCb and CMS was made, showing that a wider effective tem-
perature range is accessible in the LHCb detector. Consequently, during Run 5 of the
LHCb experiment, a temperature-dependent measurement of the EoS parameters could
be performed. The speed of the sound is highlighted as an example in Fig. 9.2. As an
OO1 run is expected to take place in Run3, it would be an excellent opportunity to test
these predictions and perform these measurements ahead of Run5.

Several steps in this analysis were improved compared to previous LHCb results such
as the Ref [112] in this analysis. For example, the definition of a prompt-charged particle
is now aligned with that used in other experiments at the LHC. Overall, the strategy
of the multiplicity spectra measurement is based on reducing the impact of Unfolding.
Although probed to be necessary [4], unfolding is a complicated method that often works
like a black box and can bias results if incorrectly implemented. First, a detailed study of
the corrections was conducted in order to remove all the possible detector effects from the
track sample. This revealed that a multiplicity-dependent study is relevant, especially
for corrections in Pbp collisions. Then, the impact of the Unfolding was evaluated in
the closure test in order to understand if it was needed and how much it affected the
measurement. Here it was observed that the implemented strategy consisting of applying
event-by-event corrections removes an important part of detector effects. The closure test
is crucial in order to ensure that the Bayesian Unfolding is correctly implemented. In this
document, the closure test gives a perfect agreement for all collision systems.

Regarding the average transverse momentum multiplicity dependence measurement
the goal was to have an accurate multiplicity estimator and to assess its bias. In our
field, multiplicity-dependent analyses are fundamental tools to study collective effects.

1The LHCb detector can record central Oxygen-Oxygen collisions.
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However, different analyses measure multiplicity in different ways. In this analysis, some
of the different proxies are compared with each other and with the generated values from
the simulation. Understanding how those estimators related to the generated distribution
helps in the interpretation of the results. Moreover, a multiplicity estimator that has a
one-to-one correspondence with the generated multiplicity in a wide range was developed
in this thesis. This estimator allows for the inclusion of data-driven corrections, so it is
not solely simulation-based. In order to estimate the bias due to our estimator in the
multiplicity classification two closure tests were conducted. The tests showed that the
estimator reproduced the generated multiplicity with a maximum bias of 5%.

Nevertheless, there are areas of improvement to achieve better results. In the mul-
tiplicity spectra results, the cut on the number of primary vertices and the minimum
multiplicity cut removes very low multiplicity events that are usually diffractive. Know-
ing the proportion of these events is important for Monte Carlo generators. Additionally,
by removing these events the final results are not comparable to other collaboration re-
sults, which extend down to 1 in the multiplicity spectra. It is worth mentioning that
other analyses report dN/dη ≃ 5 (see [5]), so this cut makes the dN/dη extracted from our
measurement not comparable to analyses without minimum multiplicity cut. Eliminating
the minimum multiplicity selection cut and the requirement of having a primary vertex
would increase the amount of information obtained from the measurement. Furthermore,
although the truth matching efficiency was shown to be a very small correction (≃ 1%)
in Ref. [70], it is worth studying this correction as a function of multiplicity. Preliminary
studies at LHCb indicate that for high multiplicity events, this correction could be ≃ 3%.

Regarding the average transverse momentum results, the minimum pT requirement
could also be relaxed in the forward region bins. Although it is true that pT = 500MeV
is the minimum pT value common to all the η range, in the most forward bins the LHCb
detector can reconstruct long tracks down to pT = 20MeV. Thus, an interesting extension
of the result could be achieved by decreasing the pT minimum cut in most forward bins
to the minimum. This would significantly increase the available statistics.

Comparing our results to the most recent ones provided by the ALICE collaboration
in Ref. [5] we can observe several things. First, the results presented here expand in a
wider range in P (Nch). For example for pPb collisions there result from Ref. [5] covers
down to 10−4, while in this thesis, we can access until 10−7. This means that we are
accessing less common events, which are more sensitive to rare fluctuations in the nucleon
shape. However, although the studied range is wider, the discrepancy with Monte-Carlo
models is similar as can be seen in Fig. 10.1. The comparison of pp data with the PYTHIA
model shows a 10 − 12% overestimation of the P (Nch) value at intermediate multiplici-
ties. Moreover, a 10% underestimation at low multiplicity is observed consistent with the
ALICE result. The high multiplicity region is better described in our measurement than
in the ALICE results. The reason for this behaviour may correspond to the higher pmin

T

in this study. In general, the smaller the pT the more difficult the modelling is because of
the non-perturbative contribution. It is worth nothing that the pmin

T in Ref. [5] is 150MeV
while in this document is 500MeV. Regarding the pPb result, a ∼ 20% overestimation of
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the P (Nch) result was found in this study when compared with EPOS-LHC at interme-
diate multiplicity. Moreover, a 10% to 15% underestimation of the result is found at low
multiplicity. In addition, the comparison with EPOS-LHC shows a systematic underesti-
mation of the P (Nch) as the multiplicity increases. These are the same conclusions that
show results from Ref. [5]. Finally, although the Pbp result shows a similar discrepancy
with EPOS-LHC than pPb until Nch ≃ 60, at higher multiplicities the model predicts
better the trend.

When comparing our results to those from other experiments as the recent ones from
ALICE collaboration from Ref. [5] the pT range has to be taken into account. In particular,
the minimum pT has a significant effect on the ⟨pT⟩ measurement, as the low-pT part is
where most of the particles are produced. In our study, the minimum pT is larger than
the one considered in Ref. [5] which explains the scale difference between both results.
However, the qualitative behaviour is consistent, the ⟨pT⟩ grows with multiplicity for all
collision systems.

The ⟨pT⟩ results can be compared with the RpPb ones from Ref. [70] shown in Fig. 10.2.
Suppression of the low-pT prompt charge particle production is observed in pPb collisions
in comparison with pp. Moreover, in the intermediate and high-pT region, the suppression
is smaller being almost negligible at pT = 8GeV. Because of this reason, an increase of
the ⟨pT⟩ value in pPb collisions could be expected when comparing it to pp data. A similar
reasoning can be made for Pbp data. Here the suppression in the interesting pT region
(around the average value ∼ 1GeV/c) is smaller, which means that the expected ⟨pT⟩
value will be more similar to the pp result.

In the introduction of the thesis, it has been mentioned how the hadronic structure
and the medium formation can be studied through prompt charged particle measurements.
Figure 10.3 shows a specific theoretical calculation, illustrating how the effects of Color
Glass Condensate (CGC) and Hydrodynamics produce completely different results for the
⟨pT⟩ (y) trend. The two predictions from the CGC model shown in the plot correspond
to two different approaches when modelling particle production within this theory. This
study observes that the ⟨pT⟩ in the CGC model increases when moving towards the
proton fragmentation (positive η) region due to the increasing saturation momentum of
the nucleus, QA.

According to the authors, in hydrodynamics, the ⟨pT⟩ is expected to decrease with
rapidity. This is in agreement with the calculations made in this thesis for PbPb collisions
in Chap. 9. The explanation provided in the paper is that the ⟨pT⟩ the hydrodynamic
model comprises two contributions, the thermal motion at the freeze-out and the col-
lective velocity acquired during the expansion. In pPb collisions the matter density is
strongly dependent on rapidity showing a larger multiplicity on the lead side. Within
the hydrodynamic theory, the flow velocity originates from pressure gradients in the fire-
ball. Moreover, the energy density in the fireball should increase when going to the lead
side. This means that a decrease of the ⟨pT⟩ is expected to decrease with the rapidity
increasing. Disentangling hadronic structure effects from the medium formation is crucial
in small system analyses. This is one of the fundamental goals of this study.

140



10 Conclusions

20 40 60 80

chN

0

0.2

0.4

0.6

0.8
1

1.2

1.4

1.6

1.8
2

) 
m

od
el

/d
at

a
ch

P(
N

 = 5 TeVNNs 
Ap
pA
pp

 [2.0, 4.8]∈ 
LAB

η

>500 MeV/c
T

p

Figure 10.1: Ratio of model predictions to data for pp (top left) and pPb (top right)
collisions at various energies from ALICE. Figure taken from Ref. [5] under Creative
Commons CC-BY license. The bottom plot corresponds to the model/data ratio from
this thesis using LHCb data with a minimum multiplicity of Nmin

ch = 5.

However, in Ref. [117], it has been revealed that including parton fragmentation
modifies the rapidity dependence of the CGC prediction. Although, after including frag-
mentation, some CGC-related models like BUW or DHJ could explain a decreasing trend
on the ⟨pT⟩ (y), the GBW model still predicts an increasing behaviour that does not
explain our data. This suggests that the ⟨pT⟩ (y) still can constrain CGC models. In this
context, more theoretical input is needed.
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Figure 10.2: Nuclear modification factor for the forward and backward region measured
at LHCb [70] and compared with the ALICE [113] and CMS [114, 115] measurements in
the central region. Error bars include statistical, systematic and luminosity uncertainties
added in quadrature. Figure extracted from Ref. [116] under CC BY-NC-ND 4.0 licence.

An enhancement of particle production at intermediate pT; i.e. pT ∈ [2, 5]GeV/c
when comparing proton-nucleus with proton-proton collisions was discovered by Cronin
et. al. at Ref. [118]. Some explanations of the origin of this effect Ref. [119] revealed
that two different regimes are relevant. At low energies, a high-pT particle is produced
incoherently on different nucleons, and the Cronin effect is due to soft multiple initial/final
state interactions. At LHC energies the nucleons are not resolved, and the interaction
with the target is coherent. In that study, the authors predicted a smaller Cronin effect
at LHC energies than at RHIC. This prediction is in qualitative agreement with ALICE
RpPb measurement from Ref. [120] where a small increase (∼ 10%, almost compatible
with zero within uncertainties) of RpPb around pT ∈ [3, 4]GeV/c is observed. However,
the LHCb measurement shown in Fig. 10.2 from Ref. [70] has revealed a stronger increase
of the nuclear modification factor, RpPb ∼ 1.3, in the backward region. This could prove
that the Cronin effect has a strong pseudorapidity dependence. As shown in our study,
in Pbp collisions the ⟨pT⟩ result demonstrates an increasing trend that does not saturate
as in the pPb and pp case. Moreover, this behaviour arises in the less forward bins, which
results in a higher parton x. In this sense, more theoretical input is needed in order to
understand the pseudorapidity dependence of the Cronin effect at LHC energies.

Apart from the Hydrodynamics prediction where the ⟨pT⟩ is expected to decrease
with rapidity, there have been recently some advances concerning the ⟨pT⟩ multiplicity
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Figure 10.3: Average transverse momentum of produced particles as a function of rapidity,
normalised by the average transverse momentum at y = 0. Three different centralities
are shown. Figure extracted from Ref. 10.3 under Creative Commons CC-BY license.

dependence in high multiplicity PbPb collisions. In Ref. [106] the speed of the sound
is measured by fitting the raising trend of ⟨pT⟩ at ultra-central ion collisions, see also
Ref. [121]. To date, the increasing of the ⟨pT⟩ at very high multiplicity events has not
been explained by any alternative model, nor observed in small collision systems, making it
a signature of a deconfined phase of matter. In this study, a rising trend is not observed in
pp or pPb collisions while in Pbp the results are compatible with this behaviour. However,
since these high multiplicity events are rare, more research is needed to reach a conclusion.
Implementing a high multiplicity trigger for pp and pPb collisions could be helpful in order
to collect more statistics for those events. Moreover, the Oxygen-Oxygen data taking is an
excellent opportunity to study the emergence of hydrodynamic behaviours in intermediate
systems (between pPb and PbPb).
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A
Resumo da tese

A.1 Motivación teórica e obxectivos da tese

A forza nuclear forte esta descrita pola teoŕıa cuántica de campos denominada Cro-
modinámica Cuántica (QCD, do inglés ”Quantum Chromodynamics”). Esta interacción
e a responsable da estabilidade do núcleo atómico e da existencia dos hadróns (como o
neutrón e o protón). Os partons, quarks e gluons, son as compoñentes de materia funda-
mentais desta teoŕıa, e son as pezas que conforman os hadrons e os núcleos atómicos. Co
obxetivo de estudar a materia, a súa estructura fundamental e o seu comportamento en
rex́ımenes extremos de densidade de enerx́ıa e temperatura, realizanse colisións hadrónicas
a velocidades relativistas e estudanse as suas propiedades.

Nas colisións de hadróns, ao aumentar a enerx́ıa do centro de masas de colisión
√
sNN ,

supérase a barreira de Coulomb e éntrase no réxime donde as colisión se producen a nivel
partónico. É decir, os que coliden entre śı son as compoñentes dos hadrons e non os
hadrons como sistema. Este réxime, denominado altas e enerx́ıas, é en xeral o que se
estuda no LHC (Large Hadron Collider).

Moitos destes estudos focaĺızanse no estudo das part́ıculas cargadas primarias que se
producen nas colisións protón-protón (pp) e protón-núcleo (pPb). Neste contexto desen-
rolase esta tese donde se estudan algunhas propiedades das part́ıculas cargadas primarias
producidas colisións pp, pPb e Pbp no experimento LHCb do colisiónador LHC situado
no CERN.

Nas colisións hadrónicas a altas enerx́ıas a enerx́ıa inicial do sistema transfórmase
en materia que sale expulsada do punto de colisión a altas velocidades. O proceso de
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formación desta materia, na sua maioria pións, kaons e protóns e un obxeto de estudo da
QCD que involucra tamen o coñecemento da estructura interna dos hadrons. Ata agora,
non hai un modelo que explique todos os aspectos da produción de part́ıculas primarias
nos diferentes sistemas de colisión (dende pp ata núcleos pesados). Polo tanto, estudar
as propiedades da produción de part́ıculas en sistemas de colisión diferentes axuda a
elaborar modelos e a coñecer mellor tanto a estructura interna da materia, como a QCD
en śı mesma.

No marco da QCD, os procesos de produción de part́ıculas pódense dividir en dúas
categoŕıas atendendo a sua enerx́ıa caracteŕıstica. Os procesos duros (do inglés ”hard”)
teñen enerx́ıas superiores a constante fundamental de QCD, ΛQCD, os procesos blandos
(do inglés ”soft”) teñen unha enerx́ıa caracteŕıstica inferior a ΛQCD. As interacións duras
poden describirse usando métodos perturbativos (pQCD), o que quere decir que se poden
calcular con moita precisión. Sen embargo, os procesos blandos non se poden calcular
usando estes métodos, e hai que recurir a modelos aproximados (effective models) [122,123]
ou métodos de calculo numéricos como a Lattice QCD [25]. Estas últimas, as interacións
blandas, son as dominantes no canto a produción de part́ıculas cargadas primarias se
refire nas enerx́ıas do LHC. Por este motivo é importante estudar as propiedades destas
part́ıculas, xa que son relevantes para delimitar os modelos de produción.

Como xa se mencionou, o proceso de produción de part́ıculas nas colisión hadronicas
de altas enerxias esta influenciado pola estructura interna dos hadrons. A través do estudo
comparativo entre colisións pp e pPb podemos ver como os efectos nucleares fŕıos (CNM,
do inglés ”Cold Nuclear Matter”) modifican a estructura interna dos nucleóns [124,125]. A
modificación da estructura interna dos hadrons debido ao feito de formar parte dun núcleo
parametŕızase normalmente nas funcións de distribución dos partons no núcleo (nPDFs,
”nuclear parton distribution functions”) [126–128]. O efecto de saturación ocorre cando
a densidade de gluóns nos nucleóns aumenta ata chegar a un valor máximo no que para
de aumentar e satura. O réxime donde se espera que a saturación ocorra corresponde con
valores baixos da fracción de momento dos partóns x e con núcleos cun número elevado
de nucleóns A [129]. Por esta razón, comparar as propiedades da produción de part́ıculas
primarias nos sistemas pPb e Pbp e de especial relevancia xa que se espera que a saturación
ocorra en pPb de forma mais pronunciada que en colisións Pbp debido ao rango de x ao
que se ten acceso. Para entender esto mellor, definimos pseudorapidez definida como:

η = −ln

(
tan

θ

2

)
. (A.1)

Donde θ e o ángulo da part́ıcula con respecto ao eixo de colisión. Entón, o x dos
partons relacionase coa mesma a través da seguinte ecuación,

x ≈ mT√
sNN

e−η. (A.2)

A diferencia no espazo de fases (x,Q2) que se cubre cos diferentes sistemas de colisión
nos diferentes experimentos pode observarse na Fig. A.1.
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Figure A.1: Kinematic coverage of LHCb and other experiments for pPb or dA collisions
in terms x from Eq. A.2 and q2 ≈ m2

T. The kinematic range is taken from measure-
ments of inclusive charged particle production performed at the ALICE [113], CMS [114],
ATLAS [130], BRAHMS [131], PHENIX [132] experiments.

Nesta situación, a dinámica de QCD pode describirse coa teoŕıa de campos efectiva do
condensado vidrioso de color (CGC, do inglés ”colour glass condensate”) [133]. Entender
estos fenómenos é importante para comprender a interación forte, a estructura da materia
nuclear e tamén para interpretar os datos de colisións de ions pesados AA.

O obxetivo desta tese e medir duas propiedades relacionadas coa produción de part́ıculas
cargadas primarias, a distribución de multiplicidade, P (Nch) e o momento transverso
promedio, ⟨pT⟩. No caso de P (Nch) estudarase en varios bins de η mentras que no caso
do ⟨pT⟩ estudarase a dependencia coa multiplicidade en diferentes bins de η. Ambos ob-
servables mediranse en colisións pp, pPb e Pbp. O rango de momento transverso cuberto
para as part́ıculas cargadas será de 0.5 < pT < 8GeV/c e o rango de pseudorapidez de
2.0 < ηLAB < 4.8.

Como xa se especificou, o sinal neste traballo consiste en part́ıculas cargadas pro-
ducidas directamente na colisión primaria. A definición espećıfica ven dada polo LHC
Minimum Bias and Underlying Event Working Group [81] como:

147



Imanol Corredoira Fernández

Hadrons ou leptons, con unha vida media de τ > 0.3 · 10−10 s, producidos directamente ou
dende desintegracións de part́ıculas de vida mais corta.

Na Tab. A.1 podemos ver unha lista das especies de part́ıculas que caen dentro desta
definición.

Especie Tempo medio de vida
τ(s) cτ(cm)

π± 2.60 · 10−8 780
K± 1.24 · 10−8 371
p± ∞ ∞
e± ∞ ∞
µ± 2.19 · 10−6 65800
Ξ± 1.64 · 10−10 4.91
Σ+ 0.80 · 10−10 2.40
Σ− 1.48 · 10−10 4.434
Ω− 0.821 · 10−10 2.461

Table A.1: Especies de part́ıculas incluidas dentro da categoŕıa de part́ıculas cargadas
primarias.

A distribución de multiplicidade danos a probabilidade de que unha colisión hadrónica
produza un número de part́ıculas concreto Nch e ven definido como,

P (Nch) =
1

NT
evt

dNevt

dNch

. (A.3)

Nesta expresión Nevt e o número de eventos, NT
evt e o número de eventos totais e Nch

e a cantidade de part́ıculas primarias producidas.
O momento transverso promedio para unha multiplicidade dada ven definido pola

seguinte expresión,

⟨pT ⟩(Nch) =

∑
pT

dNch

dpTdη
· pT ·∆pT∑

pT
dNch

dpTdη
·∆pT

. (A.4)

A.2 O experimento LHCb e mostras de datos

O experimento LHCb e un experimento de fisica de part́ıculas de propósito xeral
na rexión dianteira descrito en detalle nas Refs. [42, 48]. Este detector está formado
por diferentes subsistemas e subdetectores. Para a realización do traballo exposto nesta
tese, os subdetectores fundamentais son os involucrados na reconstrución das trazas das
part́ıculas cargadas (tracking) e a reconstrución do vértices primario de interación (VP):
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• VELO: O VErtex LOcator é un detector de silicio que rodea a rexión de interacción
e permite a medida da posición do VP. Ademais é parte fundamental no sistema
de reconstrución de trazas xa que reconstrúe un anaco das traxectoria da part́ıculas
cargadas.

• Tracking system: Os subdetectores TT, IT e OT son os encargados de proveer da
información necesaria para reconstruir as trazas das part́ıculas aos algoritmos de
tracking.

• RICH: Dous detectores de anel Cherenkov (RICH1 e RICH2) capaces de discriminar
entre distintas especies de part́ıculas cargadas.

Nesta tese, faise uso dos datos de collisions pPb e Pbp recollidos en febreiro do ano
2013. Estos datos contan con unha luminosidade integrada de 42.7 ± 1.0µb−1 e 38.7 ±
1.0µb−1, respectivamente, onde as incertezas non están correlacionadas entre as mostras.
Os eventos estan filtrados con un sistema de disparo (”trigger”) que require unha traza
reconstruida no VELO. Sobre estos datos aplicanse outros dous filtros de selecion. O
primeiro seleciona os eventos que conteñen un so VP, e o segundo require que este VP
estea reconstrúıdo dentro de tres desviacións estándar da media da distribución de VP da
mostra total. Esta rexión denomı́nase rexión luminosa, e correspóndese coa rexión onde
se cruzan os feixes. O obxetivo desta selecion e focalizarnos en colisións inelasticas donde
so haxa unha colisión por evento, e ademais reducir o fondo debido a colisións co material
do detector. A mostra de datos correspondente as colisións pp foi recollida no 2015 e
consta dunha luminosidade integrada de 3.49 ± 0.07 nb−1. Os datos selecciónanse cun
sistema de disparo sen nesgo que selecciona os cruces de paquetes do feixe que encabezan
un tren. Esta estratexia tamén evita a contaminación procedente de paquetes veciños.
Ambas mostras de datos, pPb e pp, corresponden a colisións con unha enerx́ıa no centro
de masas de

√
sNN = 5TeV.

Ademais das mostras de datos mencionadas, esta tese utiliza mostras de datos sim-
ulados. Estas mostras usanse para estudar a eficiencia da reconstrución, os efectos da
selecion e a contribución do fondo a nosa sinal. As mostras de simulacion xeranse uti-
lizando xeradores Monte-Carlo. En concreto, a mostra de pp xerouso con PYTHIA8 [30]
mentras que as mostras de pPb e Pbp veñen do xerador EPOS-LHC [36]. Despois de
xerar a fisica das colisións, para estudar os efectos experimentais que mencionamos ante-
riormente e necesario procesar as mostras. As desintegracións de part́ıculas modelizanse
con EvtGen [67], mentres que a interacción das part́ıculas co detector e a súa resposta
realizase usando Geant4 [33, 68], tal e como se describe no documento Ref. [65].

A.3 Medida da distribución de multiplicidade

O paso mais importante da analise e medir a cantidade de part́ıculas cargadas pri-
marias de acordo coa definición que se detallou anteriormente. O analise utiliza as trazas
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longas reconstruidas polo experimento LHCb. Estas trazas son as de mellor calidade do
experimento porque deixan sinal en todos os detectores de trazas do experimento. Na
mostra de trazas reconstrúıdas, aparte de part́ıculas cargadas primarias, pódense atopar
trazas fondo que non corresponden con part́ıculas. Estas clasif́ıcanse nos seguintes tipos:

• Trazas pantasma. Son defectos da reconstrución que non se corresponden cunha
part́ıcula cargada verdadeira. Son especialmente importantes en eventos cunha ocu-
pación do detector alta e a alto pT.

• Trazas clonadas. Tamén son defectos da reconstrución, pero espećıficamente son
parellas de trazas orixinadas por unha única part́ıcula cargada.

• Part́ıculas secundarias. Son trazas producidas por part́ıculas cargadas que non
cumpren os requisitos para seren consideradas primarias segundo a definición an-
terior. Orix́ınanse principalmente en interaccións de part́ıculas co detector e en
desintegracións de part́ıculas primarias.

Co obxetivo de reducir a contribucion do fondo na noso mostra aplicamos unha se-
lecion ao conxunto de trazas. O resumen da selecion pode observarse na Tab. A.2. Ao
aplicar a selecion ao número de trazas longas, obtemos o número de candidatos, Ncand.

pp (2015) pPb (2013) Pbp (2013)
Event

selection
Trigger Hlt1NoBiasLeadingCrossing Hlt1MBMicroBiasVelo Hlt1MBMicroBiasVelo

Bunch crossing type bunch-bunch bunch-bunch bunch-bunch
number of PV 1 1 1
PV position - within luminous region within luminous region

Candidate
selection

Track location TES["Rec/Track/Best"] TES["Rec/Track/Best"] TES["Rec/Track/Best"]

Track type Long Long Long
η 2 < η < 4.8 2 < η < 4.8 2 < η < 4.8
p p > 2 GeV/c p > 2 GeV/c p > 2 GeV/c
pT 0.200 < pT < 8 GeV/c 0.200 < pT < 8 GeV/c 0.200 < pT < 8 GeV/c
IP 0.508 mm 0.508 mm 0.568 mm

GhostP 0.078 0.103 0.109
IsClone False False False

Table A.2: Resumen da selecion aplicada no analise.

Unha cantidade fundamental nesta tese e o número e part́ıculas cargadas primarias
por evento, Ncorr. Esta cantidade calculase a partir do número de trazas longas recon-
struidas no LHCb que pasan unhos filtros de selecion, Ncand. A definición e a seguinte,

Ncorr =
Ncand · Π
εreco · εsel

. (A.5)

Onde Π e a pureza, εreco a eficiencia de reconstrución e εsel e eficiencia de selecion.
Estos factores, son correcions ao número de candidatos que teñen como obxetivo eliminar
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os efectos do detector nos datos para poder obter unha medida fiable. Todos eles se
calculan como funcion de (η, pT,VeloTracks).

A eficiencia de reconstrución ten en conta as part́ıculas non reconstruidas polo de-
tector. Esta calculase usando simulacion para logo correxir as diferencias entre datos e
simulacion usando trazas de muons da desintegracion J/Ψ → µ+µ− no rango 5 < p <
200GeV/c. O resultado de εreco para as colisións pPb pode verse na Fig. A.2, os resultados
para os demais sistemas de colisión podes verse no Chap.6.
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Figure A.2: Eficiencia de reconstrución para datos de colisións Pbp.

A eficiencia de seleccion corrixe pola fraccion de partıculas cargadas primarias elimi-
nadas da mostra de candidatos pola seleccion. Esta estimase usando simulacion, o resul-
tado para pPb pode observarse na Fig. A.3.

Ainda despois de filtrar a nosa mostra de trzas usando a selecion da Tab. A.2 quedan
trzas na mostra que non se corresponden ca sinal que queremos medir. Para substraer esta
contribucion da nosa mostra estimamos a contribucion do fondo a mostra de sinal, esto
denominase pureza da mostra de sinal. O calculo da pureza realizase dividindo o fondo
en clases; part́ıculas secundarias (sec), trazas falsas (fake) e trazas duplicadas (clone).
Para cada unha destas clases, α, estimase a proporcion de fondo na mostra de sinal
usando simulacion, f sim

α . Posteriormente esta fracion corrixese usando unhos factores Rα

calculados usando datos a partir da expresión,

Rα =
1

Ncand

∑
iN

data
α,i

1∑
i wiNcand,i

∑
iwiN sim

α,i

. (A.6)

151



Imanol Corredoira Fernández

3
10

0

0.2

0.4

0.6

0.8

1

se
l

si
m

ε

 [2.2, 2.5]∈ 
LAB

η

Ap, MCsim09k
10<VeloTracks<80
80<VeloTracks<100
100<VeloTracks<120
120<VeloTracks<170
170<VeloTracks<200
200<VeloTracks<240

310
0

0.2

0.4

0.6

0.8

1

 [3.5, 4.0]∈ 
LAB

η

3
10

0

0.2

0.4

0.6

0.8

1

 [2.5, 3.0]∈ 
LAB

η

240<VeloTracks<300
300<VeloTracks<350
350<VeloTracks<400
400<VeloTracks<500
500<VeloTracks<600
600<VeloTracks

3
10

0

0.2

0.4

0.6

0.8

1

 [4.0, 4.5]∈ 
LAB

η

3
10

0

0.2

0.4

0.6

0.8

1

 [3.0, 3.5]∈ 
LAB

η

3
10 (MeV/c)

T
p

0

0.2

0.4

0.6

0.8

1

 [4.5, 4.8]∈ 
LAB

η

Figure A.3: Eficiencia de seleción para datos de colisions Pbp.

Estos factores corrixen polas diferencias entre a simulacion e os datos e para calculalos e
necesario illar cada contribucion ao fondo nos datos. Para isto usamos diferentes algorit-
mos e propiedades das trazas. Para illar unha mostra de trazas falsas usamos a selecion
que se encontra na Tab. A.3.

pp pPb, Pbp
Track type Long Long
η 2 < η < 4.8 2 < η < 4.8
pT 0.5 < pT < 8 GeV/c 0.5 < pT < 8 GeV/c
p p > 2 GeV/c p > 2 GeV/c
GhostP 0.1 < GhostP < 0.4 0.5 < GhostP < 0.9
IsClone True False
IP < 0.568 mm < 0.508 mm

Table A.3: Selecion aplicada para illar unha mostra de trazas falsas nos datos.

Finalmente obtense a fracion de fondo na mostra de sinal para cada clase de fondo,
fα usando a expresión,

fα = Rαf
sim
α , (A.7)

A pureza definese como
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pp pPb Pbp
Common requirements for all sources

Track type Long
η 2 < η < 4.8
pT 0.5 < pT < 8 GeV/c
p p > 2 GeV/c
GhostP GhostP < 0.078 GhostP < 0.103 GhostP < 0.109
IsClone False

Rγ specific requirements
IP < 0.368 < 0.348 < 0.348
DLLeπ >[15, 20, 25, 30, 35, 40, 45, 50, 55, 60]

Rµ specific requirements
IP < 0.368 < 0.348 < 0.348
DLLeπ <15
DLLµπ >[15, 20, 25, 30, 35, 40, 45]

RHadDecay specific requirements
IP > [0.1, 0.15, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8] mm

Table A.4: Selecion aplicada para illar os diferentes fondos de part́ıculas secundarias nos
datos.

Π = 1− (ffakes + fsec + f sim
clone). (A.8)

Os resultados para a pureza do sinal nas colisións pPb podense observar na Fig. A.4.
Usando a Eq. 6.3 podemos calcular o número de candidatos correxidos por evento.

As correcion detalladas anteriormente corrixen os efectos experimentais descritos. Sen
embargo, hai outros que non se podes correxir con factores de correcion e requiren de
métodos estadisticos. Refirome a os efectos de migracion entre bins, ou do tamaño dos
bins no que se calcularos as eficiencias. Para substraer estos efectos utilizamos un Un-
folding Bayesiano que utiliza o metodo de D’Agostini. Este metodo utiliza unha matriz
de resposta, R, que se construe coa simulacion. Despois, aplicase aos datos usando o
algoritmo de D’Agostini implementado no paquete de software RooUnfold. Na Fig. A.5
podemos observar un test de autoconsistencia no que se mostra como a distribución de
multiplicidade despois do Unfolding recupera o valor a nivel xerador usando datos de
simulacion. Esto quere decir que os efectos de detector que non estaban sendo correxidos
agora o estan.

153



Imanol Corredoira Fernández

3
10

60

65

70

75

80

85

90

95

100

[%
]

Π

 2.2, 2.5∈ 
LAB

η

310

60

65

70

75

80

85

90

95

100

 3.5, 4.0∈ 
LAB

η

3
10

60

65

70

75

80

85

90

95

100

 2.5, 3.0∈ 
LAB

η

3
10

60

65

70

75

80

85

90

95

100

 4.0, 4.5∈ 
LAB

η

3
10

60

65

70

75

80

85

90

95

100

 3.0, 3.5∈ 
LAB

η

3
10

(MeV/c)
T

p

60

65

70

75

80

85

90

95

100

Ap, MCsim09k
10<VeloTracks<80
80<VeloTracks<100
100<VeloTracks<120
120<VeloTracks<170
170<VeloTracks<200
200<VeloTracks<240
240<VeloTracks<300
300<VeloTracks<350
350<VeloTracks<400
400<VeloTracks<500
500<VeloTracks<600
600<VeloTracks

 4.5, 4.8∈ 
LAB

η

Figure A.4: Pureza da mostra de candidatos das colisions Pbp.
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Figure A.5: Closure test usando a mostra de simulación MCsim09kMultiplicityDplus de
colisions pPb (esquerda), Pbp (dereita) e pp (abaixo). A gráfica inferior conten a fración
con respecto ao espectro xerado Ngen (en vermello para a dsitribución NUnfold

corr (negro)
and Ncorr (azul) distribution).
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A.4 Medida da dependencia coa multiplicidade do

momento transverso promedio

Para a medida da dependencia coa multiplicidade do momento transverso promedio
usamos o número de candidatos correxidos Ncorr calculado na seccion anterior como clasi-
ficador de eventos. Unha vez clasificados os eventos podemos calcular o ⟨pT⟩ usando a
Eq. 6.1 para cada bin de η. Nas Figs. A.6 podese observar un test de autoconsistencia
usando datos da simulacion. En dita gráfica comparase o ⟨pT⟩ a nivel xerador co ⟨pT⟩
reconstruido unha vez pasado aplicados todos os pasos do análise.
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Figure A.6: Test de consistencia para todos os sistemas de colison (esquerda) sin dividir en
bins de η. Na dereita amósase un exemplo do mesmo test em colisions pPb subdividindo
en rangos de η.

A.5 Resultados e discusión

Nesta seccion mostranse os resultados finais da tese. Primeiro na Sec. A.6 mostranse
os resultados da distribucion de multiplicidade, tanto integrada en η como en diferentes
bins. Ademais, na Sec. A.6.1 comparanse os resultados obtidos con modelos Monte-
Carlo. Despois, na Sec. A.7 ensinanse os resultados para o ⟨pT⟩. Tamen se comparan
estoas resultados cos odelos na Sec. A.7.1.

A.6 Distribución de multiplicidade

Os resultados da distribución de multiplicidade en todo o rango de pseudorapidez
pódense ver na Fig. A.7. Como cabeŕıa esperar, o sistema de colisión mais grande pPb,
Pbp produce un número de part́ıculas maior que pp. Ademais, o resultado correspondente
a Pbpmostra unha multiplicidade maior que pPb. Esto e esperable xa que estamos a mirar
a rexión de fragmentación do núcleo de chumbo, que ten moitas mais nucleóns.
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Figure A.7: Distribución de multiplicidade para todos os sistemas de colision integrado
en pseudorapidez.

A.6.1 Comparación cos modelos

Nas Fig. A.8 mostránse a comparacións dos resultados cos modelos para o resultado
integrado en pseudorapidez. Ademais na Fig. A.9 amósase o cociente entre a predicción e
o resultado da tese. Os modelos non describen de xeito adecuado os datos experimentais,
como ocorre noutras medidas como por exemplo Ref. [5]. A discrepancia que se observa
e similar en todos os sistemas de colision. Os modelos subestiman o resultado a baixa
e alta multiplicidade, e sobreestimano en multiplicidades intermedias. A discrepancia co
modelo e mais grande no caso das colisions pPb e Pbp. O modelo, EPOS-LHC, discrepa
cos datos experimentais da mesama maneira en ambos sistemas de colision ata chegar a
multiplicidades altas, Nch ∼ 60, donde o sistema pPb e o peor reproducido polo modelo.
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Figure A.8: Comparación cos modelos Monte Carlo dos resultados da distribución de
multiplicidade para colisions pPb (arriba esquerda), Pbp (arriba dereita) e pp (abaixo).
Resultado usando todo o rango de pseudorapidez do experimento LHCb.
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Figure A.9: Cociente da distribucion de multiplicidade entre a predicción do modelo e o
resultdo deste traballo. Resultado correspondente a toda a aceptancia de LHCb.
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Figure A.10: Distribución de multiplicidade das colisions pp en bins de η
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Figure A.11: Distribución de multiplicidade das colisions pPb en bins de η
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Figure A.12: Distribución de multiplicidade das colisions Pbp en bins de η
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A.7 Momento transverso promedio

O resultado integrado en pseudorapidez para o ⟨pT⟩ como funcion da multiplicidade
en diferentes sistemas de colision podese ver na Fig. A.13. O resultado en diferentes bins
de pseucorapidez podese ver na Fig. A.14. Neste resultado, non se mostra o bin mais
central correspondente ao intervalo ηLAB ∈ [2.0, 2.5] xa que se observou unha desviación
sistemática de un 2% no closure test na Fig. A.6.
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Figure A.13: Momento transverso promedio como funcion da multiplicidade para collisions
pPb, Pbp e pp. Resultado integrado en pseudorapidez.

Observase un incremento do ⟨pT⟩ con respecto a multiplcidade en todos os sistemas
de colision. Sin embargo, mentras que en pPb e pp o valor satura nun valor maximo
aredor de 950MeV/c, esot parece non ocorrer nos datos das colisions Pbp.

En relación a medida dependende da pseudorapidez observase un decrecemento do
valor do ⟨pT⟩ con η. Esta tendencia e maior a altas multiplicidades, sem ebaego a baixas
a diferencia entre rangos de η e menor. Nas colisions Pbp observase a mesma tendencia
crecente a altas multiplicidades que no resultado integrado. Sen embargo, o incremento
do ⟨pT⟩ a altas multiplicidades parece estar limitado a o rango de η mais baixo. Esto
quere decir que ocorre nas rexións mais centrais.

A.7.1 Comparacion cos modelos

De acordo cos estudos recents da colaboración ALICE [5], EPOS-LHC subestima o
⟨pT⟩ nas colisions pPb nun ≃ 5%. Ademais, PYTHIA 8.3 sobreestima o valor do ⟨pT⟩
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Figure A.14: Resultado do momentto transverso promedio como funcion da multiplicidade
en diferentes bins de η. Mostranse os resultados para colisions pp, pPb e Pbp.

nas colisions pp nun ≃ 4%. Segundo os resultados desta tesis Fig. A.15 podemos chegar
a conclusions similares. Segundo o que podemos ver na Fig. A.15 EPOS-LHC subestima
o ⟨pT⟩ en colisión pPb nun 5%. Ademais nas colisions pp o modelo implementado por
PYTHIA sobrestima o ⟨pT⟩ nun 10%. Nestes dous sistemas de colision a tendencia do
⟨pT⟩ esta ben repdocusida polos modelos, a diferencia rapica no valor do ⟨pT⟩. A principal
diferenza atopamola nas colisions Pbp donde a tendencia coa multiplicidade non está ben
reproducida. Aqui atópanse diferenzas dun 5%− 15%.

A.7.2 Caracterizando o estado inicial nas colisións hadrónicas

Na medida do ⟨pT⟩, utilizamosNcorr como estimador da multiplicidade de cada evento.
Na literatura diferentes estimadores foron utilizados ao longo dos anos para facer este tipo
de medidas. Na Fig. A.16 facemos unha comparacion da relacion coa variable obxetivo,
Nch, de diferentes estimadores. Como se pode observar, o unico que e lineal conNch eNcorr.
Ademais, podese observar unha desviacion da linealidade a alta multiplicidade. Ainda
que estos eventos son raros, para correxir este comportamento no estimador podeŕıase
incrementar a estadistica da simulacion para poder calcular as correcions con un bineado
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Figure A.15: Ratio do resultado do ⟨pT⟩ cos modelos teróricos. Para pp o modelo e
PYHTIA 8, mentras que para pPb e Pbp o modelo e EPOS-LHC.

mais fino a alta multiplicidade.

A.7.3 Proxeccions para o Upgrade 2

Ademais da medidad presentada, e do estudo dos estimadores na caracterizacion
do estado inicial nas colisións hadrónicas tamen se realizaron algunhas proxecions para
colisións PbPb no LHCb.

O experimento LHCb realizara unha actualizacion dos seus sistemas chamado Up-
grade 2. Grazas as melloras que serna introducidas, esperase que o detector sexa capaz de
medir colisións centrais de PbPb a enerxias da orde de TeV no Run5 (ano 2035). Neste
rexime formase o QGP e podemos estudar a ecuación de estado da QCD no rexime donde
os parton son os grados de liberdade do sistema. Nesta tese, fixose un calculo do rango
de temperaturas accesible ao experimento LHCb utilizando a EoS calculada con Lattice
QCD, medidas experimentais do dN/dη e a relacion seguinte

dN

dy
=
dN

dy

∣∣∣
y=0

· s

20 fm−3
. (A.9)

Grazas a isto, podese relacionar un rango de η con un rango de temperaturas como se
pode observar na esquerda da Fig. A.17. Ademais, podemos comparar o potencial do
experimento LHCb no canto a media propiedades da EoS nun ranog de temperaturas en
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Figure A.16: Comparacion de varios estimadores de multiplicidade normalizados coa mul-
tiplicidade a nivel xerador. A linea azul e unha linea recta de pendiente unidade que ten
como obxetivo guiar ao ollo. A grafica da esquerda correspondese con colisións pPb e a
da dereito con Pbp.

comparacion con outros experimentos. Na dereita da Fig. A.17 pode observarse o rango
accesible a LHCb en comparación co acesible a un experimento da rexión central como
CMS.
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Figure A.17: (left) Predicion teórica para ⟨pT⟩(y) usando EoS+Hydro.en comparación
coa predición experimental. (right) Calculo de Lattice QCD para c2s extraido de [25] no
rango de temperaturas estimado para LHCb en comparacion coa medida experimental do
experimento CMS [106].

Neste estudo inclúese tamén unha estimación das incertezas asociadas ao cálculo
teórico e a medida experimental. Con respecto ao calculo teórico amosado Fig. A.17
esquerda en vermello tense en conta unha incerteza dun 2% correspondente ao cálculo da
temperatura na Ref. [25]. Ademais, no eixo X dese mesmo cálculo incluese a interdeza
debido a medida experimental do dN/dη da Ref. [103]. Despois, na proxeción experimental
na mesma figura inclúses a incerteza asociada a extrapolación do espectro de pT ata
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pT = 0MeV. Como se detalla na Ref. [101] no Upgrade II esta planificado instalar un
detector de trazas no imán. Este subdetector denóminase Magnet Station (MS) e estará
especialmente dedicado a reconstrúır trazas de baixo momento transverso. O cálculo da
incerteza da extrapolación f́ıxose tendo en conta dous valores de pmin

T . Por un lado, no
caos de contar coas Magnet Stations (MS) o pmin

T podeŕıa ser de 100MeV. Sen embargo,
sen as MS o pmin

T seŕıa de 500MeV. Como se pode observar na figura, contar coas MS
diminuiŕıa a incerteza nun 35−40% nesta medida. Con respecto a predición experimental
da velocidade do sonido, tense en conta a incerteza asociada ao axuste do que se extrae o
valor de c2s. O valor da incerteza extráese da Ref. [106].
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B
Additional figures

B.1 Cross-check: Dependency of simulation occupancy

distribution and occupancy binning in the cor-

rections

The candidate pT spectra are corrected using a specific binning for efficiencies and
purity. However, for multiplicity this binning is wider than the one used in the final
measurement, it is worth studying if the result depends on the binning scheme in this
variable that is used in the corrections.

Moreover, we have two simulation samples (MCsim09e and MCsim09k), for pPb and
Pbp, where the difference is the multiplicity distribution and binning. The simulation
occupancy variables are reweighted to match the data distribution so in principle this
wouldn’t cause any difference. However, the binning in multiplicity that we use in MC-
sim09e is different from the one used for MCsim09k. This is because the latter has an
event in the high multiplicity region while the other doesn’t. As can be seen in Fig. B.1
the difference between using corrections from both simulation samples in the final result
is less than 1% for pPb and less than 3% for Pbp data.
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Figure B.1: Ratio of the average transverse momentum result using corrections from
MCsim09e simulation and MCsim09k simulation for pPb (left) and Pbp (right) data.

B.2 Occupancy reweighting of simulation samples
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Figure B.2: Occupancy distributions before and after applying the weights for pPb colli-
sions with MCsim09e sample.
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Figure B.3: Occupancy distributions before and after applying the weights for Pbp colli-
sions with MCsim09kMultiplicity sample.
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Figure B.4: Occupancy distributions before and after applying the weights for Pbp colli-
sions with MCsim09e sample.
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B.3 Closure-test in pseudorapidity bins
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Figure B.5: Closure-test by pseudorapidity bin for the Pbp sample.
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Figure B.6: Closure-test by pseudorapidity bin for the pPb sample.
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Figure B.7: Closure-test by pseudorapidity bin for the pp sample.
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B.4 Reconstruction efficiency
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Figure B.8: Fraction of pions (dots) and kaons (squares) as a function of
(pT, η, nVeloTracks) bins in pp collisions from PYTHIA8.
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Figure B.9: Prompt charged-particle reconstruction efficiency using a fraction of species
abundances from EPOS and PYTHIA8 generators. The one using EPOS species fractions
(black) is the one used in this analysis.
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Figure B.10: Cross check. If the sum over all species recovers the total reconstruction
efficiency.
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B.5 Signal purity

B.5.1 Background fractions for secondary particles per kind
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Figure B.11: fγ for pPb collisions.
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Figure B.12: fγ for Pbp collisions.
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Figure B.13: fγ for pp collisions.
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Figure B.14: fµ for pPb collisions system.
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Figure B.15: fµ for Pbp collisions system.
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Figure B.16: fµ for pp collisions system.
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Figure B.17: fHad&Decays for pPb collisions system.
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Figure B.18: fHad&Decays for Pbp collisions system.
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Figure B.19: fHad&Decays for pp collisions system.
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B.5.2 Background data-driven corrections for secondary parti-
cles per kind
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Figure B.20: Data-driven correction factor for fakes in Pbp collisions.
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Figure B.21: Data-driven correction factor for fakes in pPb collisions.
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Figure B.22: Data-driven correction factor for fakes in pp collisions.
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Figure B.23: Rγ for Pbp collisions.
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Figure B.24: Rγ for pPb collisions.
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Figure B.25: Rγ for pp collisions.
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Figure B.26: Rµ for pPb collisions system.
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Figure B.27: Rµ for Pbp collisions system.
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Figure B.28: Rµ for pp collisions system.
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Figure B.29: RHad&Decays for pPb collisions system.
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Figure B.30: RHad&Decays for Pbp collisions system.
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Figure B.31: RHad&Decays for pp collisions system.
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B.6 Effect of each correction in the multiplicity spec-

tra measurement
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Figure B.32: Effect of the corrections applied to the multiplicity spectra of simulation
data. The corrections applied in this plot are simulation-based, they don’t include data-
driven correction factors. The top left plot corresponds to pPb, Pbp is the top right and
pp is located in the bottom plot.
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B.7 Systematic uncertainties

B.7.1 Reconstruction efficiency
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Figure B.33: Example of the fit used to estimate the particle composition systematic for
the reconstruction efficiency. This example corresponds to Pbp collisions and the relative
uncertainty is 3.04%.

B.7.2 Background subtraction

B.7.2.1 Fake tracks
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Figure B.34: Relative systematic uncertainty in the Rfakes due to the proxy purity in pPb
collisions.
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Figure B.35: Relative systematic uncertainty in the Rfakes due to the proxy purity in Pbp
collisions.

193



Imanol Corredoira Fernández

310
0

0.1

0.2

0.3

0.4

0.5

0.6fa
ke

s
/R

pr
ox

y_
de

f
u

 2.0, 2.5∈ 
LAB

η  2.0, 2.5∈ 
LAB

η  2.0, 2.5∈ 
LAB

η

310
0

0.1

0.2

0.3

0.4

0.5

0.6

 3.5, 4.0∈ 
LAB

η

pA:  MD+MU

MCsim09k: 11<evt_nVeloTracks<83

MCsim09k: 83<evt_nVeloTracks<148

MCsim09k: 148<evt_nVeloTracks<210

 3.5, 4.0∈ 
LAB

η

pA:  MD+MU

MCsim09k: 11<evt_nVeloTracks<83

MCsim09k: 83<evt_nVeloTracks<148

MCsim09k: 148<evt_nVeloTracks<210

 3.5, 4.0∈ 
LAB

η

pA:  MD+MU

MCsim09k: 11<evt_nVeloTracks<83

MCsim09k: 83<evt_nVeloTracks<148

MCsim09k: 148<evt_nVeloTracks<210

pA:  MD+MU

MCsim09k: 11<evt_nVeloTracks<83

MCsim09k: 83<evt_nVeloTracks<148

MCsim09k: 148<evt_nVeloTracks<210

pA:  MD+MU

MCsim09k: 11<evt_nVeloTracks<83

MCsim09k: 83<evt_nVeloTracks<148

MCsim09k: 148<evt_nVeloTracks<210

310
0

0.1

0.2

0.3

0.4

0.5

0.6
 2.5, 3.0∈ 

LAB
η  2.5, 3.0∈ 

LAB
η  2.5, 3.0∈ 

LAB
η

310
0

0.1

0.2

0.3

0.4

0.5

0.6
 4.0, 4.5∈ 

LAB
η  4.0, 4.5∈ 

LAB
η  4.0, 4.5∈ 

LAB
η

310
0

0.1

0.2

0.3

0.4

0.5

0.6
 3.0, 3.5∈ 

LAB
η  3.0, 3.5∈ 

LAB
η  3.0, 3.5∈ 

LAB
η

310 (MeV/c)
T

p
0

0.1

0.2

0.3

0.4

0.5

0.6
 4.5, 4.8∈ 

LAB
η  4.5, 4.8∈ 

LAB
η  4.5, 4.8∈ 

LAB
η

Figure B.36: Systematic uncertainty in the Rfakes due to the alternative proxy definition
in pPb collisions.
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Figure B.37: Systematic uncertainty in the Rfakes due to the alternative in the proxy
definition in Pbp collisions.
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Figure B.38: Total relative uncertainty in the Rfakes in pPb collisions.
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Figure B.39: Total relative uncertainty in the Rfakes in Pbp collisions.
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Figure B.40: Total relative uncertainty in the Rfakes in pp collisions.

196



B Additional figures

B.7.2.2 Secondary particles
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Figure B.41: Total relative uncertainty in the Rγ at pPb collisions.
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Figure B.42: Total relative uncertainty in the Rγ at Pbp collisions.
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Figure B.43: Total relative uncertainty in the Rµ at pPb collisions.
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Figure B.44: Total relative uncertainty in the Rµ at Pbp collisions.
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Figure B.45: Total relative uncertainty in the RHad&Decay at pPb collisions.
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Figure B.46: Total relative uncertainty in the RHad&Decay at Pbp collisions.
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Figure B.47: Relative uncertainty of the pT spectra in the full LHCb η range. Only some
multiplicity bins are displayed.

B.7.3 Transverse momentum spectra uncertainty
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Figure B.48: Relative uncertainty of the pT spectra in η bins for pPb data. Only some
multiplicity bins are displayed.
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Figure B.49: Relative uncertainty of the pT spectra in η bins for Pbp data. Only some
multiplicity bins are displayed.
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The study of prompt charged particle production in hadronic 
collisions is a tool to understand particle production in QCD 
and the hadronic structure at high energy. Since the 
observation of collective effects in proton-proton collisions, the 
formation of a thermal medium in small collision systems is also 
an open question. In this context, characterising charged 
particle properties in different systems is crucial for solving 
these discussions. This thesis includes two measurements of 
prompt charged particle production from proton-proton and 
proton-lead collisions at 5 TeV recorded at the LHCb 
experiment. One is the multiplicity distribution and the other is 
the multiplicity dependence of the average transverse 
momentum. These measurements are sensitive to gluon 
saturation and the formation of a deconfined medium. 
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