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1 Introduction

Particle physics tries to answer some of the fundamental questions of

our Universe: what are the basic building blocks of matter and what

is the nature of the forces acting between them? The current theory

of elementary particles and interactions is the Standard Model that

combines three out of the four fundamental interactions. The unified

quantum theory of electromagnetism, weak and strong interactions

provides a surprisingly good description of the observed phenomena

in various particle physics experiments performed in the last hundred

years. Additionally, particle physics helps to understand the processes

transpired in the early Universe before the atoms could form.

The Standard Model consists of elementary particles characterized

by their intrinsic angular momentum, spin. The matter particles are

fermions with spin one-half and are divided into three generations of

leptons and quarks. Ordinary matter is made up from particles of

the first generation: the up and the down quarks building up the

protons and neutrons inside the nucleus of every atom that is sur-

rounded by the electrons. The interactions between the elementary

particles are mediated by integer spin bosons. These are the massless

photon, the massive W and Z bosons and the gluons of the strong

interaction carrying charge themselves. The picture became complete

with the discovery of the Higgs boson in 2012 that is important for

understanding the origin of the mass of the elementary particles.

In the experiments particles are accelerated to high energies and col-

lided with each other in order to achieve high energy densities provid-

ing access to interactions acting at very small distances. The measured

quantities are inclusive and differential cross sections of different pro-

cesses identified in the complex detector systems of the experiments.

The cross section is an effective area that quantifies the probability of

an interaction to occur between the beam and the target particles. It
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can be generalized to the probability of specific types of events and

compared to the cross sections calculated in the theoretical framework

of the Standard Model.

High-energy particle and nuclear physics experiments are performed

at large laboratories like the European Organization for Nuclear Re-

search (CERN), Fermi National Accelerator Laboratory (Fermilab)

and Brookhaven National Laboratory (BNL) where the largest accel-

erators can reach the highest collision energies at present. In this

thesis, I present studies of collisions of protons and lead nuclei at the

Large Hadron Collider (LHC) at CERN recorded by the Compact

Muon Solenoid (CMS) experiment. Studies of lead-lead (PbPb) and

proton-lead (pPb) collisions and their comparisons to proton-proton

(pp) collisions provide a unique opportunity to study the properties

of the strong interactions and nuclear matter at extreme conditions.

2 Motivation

Heavy-ion experiments at BNL found that a strongly interacting me-

dium is formed in nucleus-nucleus collisions that behaves like an al-

most perfect liquid. An important property of these collisions is the

initial geometry characterized by the impact parameter of the two in-

coming nuclei also called as centrality. Particle production depends

on the centrality of the collisions that is used to estimate the average

number of binary nucleon-nucleon collisions and the average number

of participating nucleons in each event class. The cross section of hard

processes such as electroweak boson or jet production are expected to

scale with the number of binary nucleon-nucleon collisions.

The energies reached at the LHC opened up the possibility to study

the production of the high mass electroweak bosons in proton-nucleus

and nucleus-nucleus collisions for the first time. The production of

Z and W bosons represents an important benchmark measurement
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because it is expected to depend only on the initial geometry of the

collisions and not to be modified by the hot and dense medium pro-

duced in the collisions. The Z bosons decaying to electron and muon

pairs are of particular interest because the leptons do not participate in

the strong interaction thus pass through the medium freely. This pro-

vides an opportunity to verify the scaling properties of hard processes

in heavy-ion collisions and to use Z bosons as a reference to processes

modified by the hot and dense medium, such as jet production.

However, Z bosons can be modified by the initial conditions of the

collisions such as the isospin effect and the modification of nuclear par-

ton distribution functions. The distribution of the quarks and gluons

in the nucleus is a necessary non-perturbative input to the theoretical

calculations of high-energy processes and can shed light on the nature

of nuclear binding at high energies. Precise measurements of weak

boson production at the LHC can constrain the nuclear modification

of parton distributions in a new phase-space region with high energy

scale and low parton momentum fraction.

3 Experimental methods

The CMS experiment collected large amount of PbPb collision data

at a nucleon-nucleon center-of-mass energy of 2.76 TeV in 2011 and

reference pp data at the same center-of-mass energy along with pPb

data at 5.02 TeV in 2013. I participated during both data taking

periods in the data quality monitoring and in the developing of the

event selection for pPb collisions.

The event selection of minimum bias collisions is necessary

in order to have a clean sample of inelastic hadronic collisions. Back-

grounds such as beam-gas collisions and other beam related back-

ground events are removed together with electromagnetic collisions

by the following event selection criteria:
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• a reconstructed primary vertex in the vicinity of the beam with at

least two tracks attached,

• at least 3 deposits in the forward hadronic calorimeters each with

more than 3 GeV energy on both sides of the detector,

• more than 25% of the tracks with good quality if the event has

more than 10 tracks.

The classification of these minimum bias events into centrality clas-

ses is done using the sum of the transverse energy deposited in the

forward calorimeters. In pPb collisions I have used specific regions of

the forward calorimeters in order to decrease the bias of the centrality

selection and also studied the number of tracks as a centrality measure.

I estimated the average number of participating nucleons

and the number of binary nucleon-nucleon collisions in each central-

ity class using two different mapping procedures in order to connect

the Glauber model simulation with measured quantities. In the first

method I used Monte Carlo event generators with the simulation of

the Glauber model and of the detector response that allow estimation

of the number of participating nucleons in each event class. In the

second method the measured multiplicity or transverse energy distri-

bution is fitted with negative binomial distributions convoluted with

the number of binary nucleon-nucleon collisions in the Glauber model.

I have been the coordinator of the group responsible for these studies

and centrality reconstruction in heavy-ion collisions also preparing for

the 2015 data taking.

I determined the Z boson production cross section by counting

the number of Z boson candidates in the event sample, subtracting the

background, correcting for acceptance, efficiency and resolution and

then normalizing by the integrated luminosity of the analyzed data.

The event sample is selected by a single muon trigger in each collision

system that requires a muon with a relatively high transverse momen-

tum (pT). Reconstructed muons are required to have pT > 20 GeV/c
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in order to suppress the background and pseudorapidity of |η| < 2.4

to be in the muon detector coverage of CMS. The number of Z boson

candidates is determined by counting the oppositely charged muon

pairs that have an invariant mass within the 60–120 GeV/c2 mass

range. The background from other electroweak and QCD processes

is estimated by the number of electron-muon and same-charge muon

pairs and found to be at the percent level.

I calculated the corrections to the observed Z boson yield using

simulated events from Monte Carlo generators including the full sim-

ulation of the CMS detector. The simulated events are processed

through the trigger emulation and the same event reconstruction as

the data. The acceptance is calculated by taking the ratio of gener-

ated events where both muons pass the kinematic selection over all

generated Z boson events. The efficiency is defined as the number of

reconstructed and selected Z boson events divided by the number of

generated events that pass the acceptance requirements. Both the ac-

ceptance and efficiency are calculated as a function of the rapidity and

the transverse momentum of Z bosons. Because of the relatively low

resolution of the dimuon pT an unfolding is performed by constructing

a response matrix based on the generated and reconstructed Z boson

pT in simulation.

I have performed various checks to determine if the simulation de-

scribes well the detector response. The primary vertex position and

the average event multiplicity distribution in data is used to reweight

the simulation. The efficiency of single muons is calculated with tag-

and-probe technique applied both on data and simulation in order to

determine small correction factors to the simulation. I estimated sys-

tematic uncertainties for every component of the analysis. The largest

systematic uncertainty comes from the luminosity calibration in pp

and pPb collisions and the minimum bias event selection efficiency in

PbPb collisions.
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I calculated the Z boson production cross section as a function of

transverse momentum and rapidity. Furthermore I studied the event

centrality dependence in PbPb collisions and the forward-backward

asymmetry computed in pPb collisions where the normalization un-

certainty of the luminosity cancels. The analysis of electron pairs have

been performed in a similar way where I also assisted. I completed

the combination of the results in the two decay channels with the best

linear unbiased estimate method in the common kinematic region of

the measurements and prepared the publication.

4 Results

My main results are summarized in the following points:

1. I estimated the number of participating nucleons and the number of

elementary nucleon-nucleon collisions in different event classes us-

ing two different methods for connecting the Glauber-model quan-

tities with experimental observables. I found the average values to

be the same using measured particle multiplicity in different parts

of the detector even though different type of events are selected in

each centrality class [1, 2].

2. I showed that the yield of Z bosons in PbPb collisions does not

depend on centrality after scaling by the average number of binary

nucleon-nucleon collisions in each centrality class. This confirms

the geometrical scaling of hard processes in heavy-ion collisions.

I have drawn the same conclusions when calculating the nuclear

modification factor using the Z boson production cross section in

pp collisions at the same center-of-mass energy [3, 4].

3. I measured the Z boson yield as a function of transverse momentum

and rapidity in PbPb collisions and found that it agrees with the

theoretical expectations and the measured cross section in pp col-
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lisions. This demonstrates that possible initial state nuclear effects

are small and within the experimental uncertainties [3, 4].

4. I determined the inclusive Z boson production cross section in pPb

collisions, that agrees with the pp theoretical calculation scaled by

the number of nucleons in the Pb nucleus. This confirms that at

first approximation the Z boson production scales with the number

of binary nucleon-nucleon collisions also in pPb collisions [5, 6, 7].

5. I measured the rapidity differential cross sections of Z bosons in

pPb collisions that shows some deviations from the pp theoretical

calculations in the forward and backward regions and this effect is

enhanced when calculating the forward-backward asymmetry. The

results tend to agree better with the presence of nuclear effects

though the statistical precision of the measurement does not al-

low a definitive statement. These new experimental data allow for

better constraints of the nuclear parton distribution functions in a

previously unexplored region of phase space [5, 6, 7].

These results were also presented at various international conferences

where I represented the CMS collaboration [8, 9, 10, 11].
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