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Charged-Particle Distributions and Material Measurements in /s =13 TeV pp
collisions with the ATLAS Inner Detector

by Valentina Maria Martina CAIRO

ATLAS INNER DETECTOR, TRACKING, MATERIAL STUDIES, SOFT QCD, STANDARD MODEL

The Run 2 of the Large Hadron Collider, which began in Spring 2015, offers new challenges
to the Experiments with its unprecedented energy scale and high luminosity regime. To
cope with the new experimental conditions, the ATLAS Experiment was upgraded during
the first long shutdown of the collider, in the period 2013-2014.

The most relevant change which occurred in the ATLAS Inner Detector was the installa-
tion of a fourth pixel layer, the Insertable B-Layer, at a radius of 33 mm together with a new
thinner beam pipe. The pixel services, located between the pixel detector and the semicon-
ductor strip tracker, were also modified. Owing to the radically modified Inner Detector
layout, many aspects of the track reconstruction programs had to be re-optimised.

In this thesis, the improvements to the tracking algorithms and the studies of the material
distribution in the Inner Detector are described in detail, together with the improvements
introduced in the geometry model description in simulation as well as the re-evaluation
and the reduction of the systematic uncertainty on the estimate of the track reconstruction
efficiency.

The results of these studies were applied to the measurement of charged-particle mul-
tiplicity in proton—proton collisions at a centre-of-mass energy of 13 TeV. The charged-
particle multiplicity, its dependence on transverse momentum and pseudorapidity and
the dependence of the mean transverse momentum on the charged-particle multiplicity
are presented for various fiducial phase spaces. The measurements are corrected for de-
tector effects, presented as particle-level distributions and are compared to the predictions
of different Monte Carlo event generators.

New sets of recommended performance figures along with the related systematic uncer-
tainties were also derived for several aspects of the ATLAS tracking, such as track recon-
struction efficiency, fake rate and impact parameter resolution. These recommendations
provide information on appropriate working points, i.e. track selection criteria with well-
understood performance. They apply to physics analyses using Inner Detector tracks in
Run 2 data and are important inputs for other objects based on tracks, such as jets. A
simulation-based method which uses the tracking recommendations to calibrate light-jets
mis-tagged as b-jets it is also presented in the context of the measurement of the cross-
section of the W-boson produced in association with b-jets at 13 TeV.
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Il Run 2 del Large Hadron Collider, iniziato nella Primavera del 2015, permette agli Es-
perimenti di esplorare regioni di energia e luminositd mai raggiunte prima. Al contempo,
pero, gli apparati sperimentali devono essere aggiornati per poter operare in condizioni
sempre pilu estreme.

Per queste ragioni, un quarto strato di rivelatore a pixel, chiamato Insertable B-Layer,
e stato aggiunto nel tracciatore interno dell’Esperimento ATLAS. Al contempo, anche il
tubo a vuoto, in cui circolano i fasci di protoni, & stato sostituito con uno piu sottile del
precedente. La regione dei servizi dei rivelatori a Pixel é stata ugualmente modificata ed
ottimizzata nello stesso periodo. Questi cambiamenti hanno richiesto uno sforzo consid-
erevole della Collaboration ATLAS nella ri-ottimizzazione degli algoritmi di tracciamento
che tenesse conto delle modiche apportate.

In questa tesi viene riportato il lavoro originale dell’Autore per quanto concerne i miglio-
ramenti degli algoritmi di tracciamento e gli studi sulle distribuzione dei materiali nel
tracciatore interno dell’Esperimento ATLAS. L'applicazione di tale lavoro nell’ambito di
analisi di Fisica e a sua volta descritta.

In particolare, gli studi dei materiali nel tracciatore interno hanno determinato un miglio-
ramento nella descrizione dei modelli geometrici nella simulazione dell’esperimento, oltre
che una notevole riduzione delle incertezze sistematiche nella stima dell’efficienza di ri-
costruzione delle tracce, che rappresenta 1'ingrediente principale per le misure di Molteplic-
ita di Particelle Cariche.

Tali risultati sono di validita generale e sono stati usati anche per calcolare valori di rifer-
imento ed incertezze sistematiche per vari aspetti del tracciamento di particelle cariche
in ATLAS. Queste raccomandazioni si applicano ad analisi di fisica che vedono diretta-
mente coinvolte tracce oppure oggetti piti complessi che si basano a loro volta su tracce,
come i jets. Un esempio puo’ essere 1'applicazione di tali raccomandazioni per calibrare
jets provenienti da quark leggeri che vengono erroneamente associati con il quark beauty.
Questa calibrazione & estremamente importante nelle misure di sezione d'urto di pro-
duzione del bosone vettore W in associazione con jets da quark beauty, per le quali rapp-
resenta una delle principali sorgenti di errore sistematico.
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Introduction

The Large Hadron Collider (LHC), the largest accelerator built so far, allowed to reach
major advances in physics already during its first period of operation, started in 2009.
The list of highlights is led by the discovery of the Higgs boson, measured by the ATLAS
and CMS Experiments and announced on 4 July 2012, approximately 50 years after it was
hypothesised.

In the period 2013-2014, during the first long shutdown of the collider, the accelerator
complex was consolidated to allow the energy to be increased and the experiments were
improved to meet the increasingly challenging experimental conditions of the LHC. In the
ATLAS Experiment, a fourth pixel layer, the Insertable B-Layer, was installed in the Inner
Detector at a radius of 33 mm, together with a new thinner beam pipe. The pixel services,
located between the pixel detector and the semiconductor strip tracker, were also modi-
fied. The Run 2 of the Large Hadron Collider began in Spring 2015 at the unprecedented
centre-of-mass energy of 13 TeV and with record instantaneous luminosities, which con-
stantly exceed the design value.

The structure of this thesis reflects the following.

The theoretical aspects are presented in Chapter 1, with a brief description of the key
elements of the Standard Model of Particle Physics and an overview of the soft quantum
chromodynamics. The crucial aspects of the Monte Carlo Event Generator and the tuning
strategies are also described.

The Large Hadron Collider, its main Run 1 performance and Run 2 objectives are shown
in Chapter 2 with a description of the ATLAS Experiment and its components.

The improvements to the tracking algorithms, which were made during the long shut-
down, together with the performance of the upgraded ATLAS Inner Detector and the rec-
ommended benchmark values to be used in the ATLAS Run 2 analyses are presented in
Chapter 3. These recommendations, which provide information on appropriate track se-
lection criteria with well-understood performance, apply to physics analyses using Inner
Detector tracks in Run 2 data and are important inputs for other objects based on tracks,
such as jets.

The material distribution in the revised Inner Detector was thoroughly studied, which led
to an improvement of the geometry model description in simulation as well as to a sig-
nificant reduction of the systematic uncertainty on the estimate of the track reconstruction
efficiency, which constitutes the main ingredient of the charged-particle multiplicity mea-
surements. The material distribution in the forward pseudorapidity region of the Run 2
ATLAS Inner Detector was studied in detail with the Track-Extension efficiency method.
For the first time in ATLAS, this measurement and the related uncertainties were explic-
itly expressed in terms of nuclear interaction lengths. These results are presented in detail
in Chapter 4, together with a brief overview of the other two methods used to study the
central region, namely Hadronic Interactions and Photon Conversions.

In Chapter 5, the charged-particle distributions measured with the ATLAS detector at 13
TeV are presented, with a particular emphasis on the tracking related aspects. The results



2 Introduction

are shown for three different fiducial phase spaces, which include requiring events with at
least one charged-particle with |n| < 2.5 and pr > 500 MeV together with a measurement
performed in the low transverse momentum regime by requiring events with at least two
charged-particles with |n| < 2.5 and pr > 100 MeV and an additional measurement per-
formed in a phase space common to the ATLAS, CMS and ALICE experiments, in which
events with at least one charged-particle with |n| < 0.8 and pr > 500 MeV are selected.

Applications of the tracking performance, described in Chapter 3, are summarised in Ap-
pendix A. In particular, jets from light-flavour quarks are sometimes mis-tagged as jets
from b-quark, and this effect is usually evaluated by means of data-driven techniques.
By using the tracking recommendations, instead, a simulation-based approach can be de-
veloped, which consists in evaluating the systematics on tracks and seeing how much this
affects the mis-tag rate in simulation by using the modified track collection in the b-tagging
algorithms. The measurement of the cross-section of the W-boson produced in association
with b-jets, to which this method will be applied, is also described in Appendix A together
with an overview of the inclusive W-boson cross-section analysis.

Auxiliary distributions related to the Track-Extension efficiency, presented in detail in
Chapter 4, are collected in Appendix B.

The ATLAS Experiment is undergoing a continuous upgrade program aimed at coping
with the high luminosity performance, which will be delivered by the upgraded LHC
during Run 3 and beyond (2020). One of these upgrades consists in the replacement of
the first station of the ATLAS muon end-cap system, Small Wheels, during the second
long shutdown (2018). The New Small Wheel will have to operate in a high background
radiation region while reconstructing muon tracks with high precision as well as furnish-
ing information for the Level-1 trigger. Work on the simulation of the New Small Wheel
chambers layout, together with the validation procedures put in place, is briefly reported
in Appendix C.



Chapter 1

Theoretical and Phenomenological
Foundations

People like you and I,

though mortal of course like everyone else,

do not grow old no matter how long we live...

We never cease to stand like curious children
before great mystery into which we were born.

-Albert Einstein in a letter to Otto Juliusburger-

In this Chapter, a brief overview of the Standard Model of Particle Physics will be
given with particular emphasis on the Soft QCD aspects, which constitute the theoretical
bases of the results presented in this thesis. The Monte Carlo event generators will also be
introduced with a note on validation and tuning strategies.

1.1 The Standard Model of Particle Physics

The Standard Model (SM) of Particle Physics [1-3] is built around mathematical formalisms
to describe three of the four known fundamental forces and all the elementary particles as-
sociated with them. It incorporates the electromagnetic, the weak and the strong forces but
it does not describe the gravitational theory. It is a renormalisable quantum field theory co-
herent with quantum mechanics and special relativity. The Standard Model is furthermore
a gauge theory in which a particle is defined by a local quantum field. If no interaction is
present, the free field is described by only two quantum numbers, the spin and the mass;
if interactions are present, gauge symmetries can be used to describe them: new quantum
numbers classify the type and the strength of force while new particles, force-mediator
vector bosons, are used to propagate the interaction.

The gauge group of the Standard Model is SU(3) x SU(2) x U(1), whose components
and fields will be described in the following.

Elementary particles with spin = 1/2 are known as fermions. According to the spin-
statistics theorem, fermions respect the Pauli exclusion principle [4]. Fermions are further
classified as leptons (electrons, muons and taus and their anti-particles) and quarks (up,
down, charm, strange, top and bottom) and they are organized in three families with iden-
tical quantum numbers and different masses. The charged heavier components of the sec-
ond and third family are unstable and decay into the lighter charged particles of the first
family, which constitute most of the ordinary matter. The four fermions in each family
are distinguished by their charges under strong and electromagnetic interactions: two of
them are quarks, charged under strong interaction (colour being the quantum number of
the strong interaction), and two are leptons, not charged under strong interaction. From
the electromagnetic point of view, the two quarks have charge 2/3 (quark up considering
the first family) or -1/3 (quark down considering the first family), while the two leptons
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FIGURE 1.1: The building blocks of the Standard Model of Particle Physics.
Ref. [13].

have charge -1 (electron e considering the first family) or O (neutrino v, considering the first
family, meaning that neutrinos are neutral under both strong and electromagnetic forces).

Interactions between particles occur by means of the exchange of particles with spin =
1, known as vector bosons: the photon (massless) mediates electromagnetic interactions,
eight gluons (massless) mediate the strong interactions and the Z and W bosons (mas-
sive) carry the weak force. The Higgs boson [5-8], recently observed by the ATLAS and
CMS experiments [9-12], is a massive scalar particle and it is a key building block of the
Standard Model. It has no intrinsic spin, and for that reason is classified as a boson (like
the gauge bosons, which have integer spin). The Higgs boson plays a unique role in the
Standard Model, by explaining why the other elementary particles, except the photon and
gluon, are massive. A problem in the Standard Model theory is that the symmetry of
the electroweak Lagrangian cannot be exact because this would require the weak gauge
bosons to be massless. The solution was the introduction of the Higgs mechanism which
spontaneously breaks this symmetry by introducing an electroweak doublet of complex
scalar fields. A summary of the SM fundamental particles and their properties is shown
in Figure 1.1.

In the following sections, the theory of the Electroweak interactions as well as the per-
turbative Quantum Chromodynamics will be shortly described for completeness, while
more details will be given about the soft Quantum Chromodynamics since the topic is
more strongly related to this thesis.

1.1.1 Electroweak Model

In the Standard Model of Particle Physics, the Weak and the Electromagnetic interactions
have been combined into a unified Electroweak Theory. Although these two forces appear
very different at everyday low energies, the theory models them as two different aspects of
the same force. Above the unification energy, on the order of 246 GeV !, they would merge
into a single electroweak force. Sheldon Glashow, Abdus Salam, and Steven Weinberg

!The particular number 246 GeV is taken to be the vacuum expectation value v = (G x/2) /2

field (where G'r is the Fermi coupling constant).

of the Higgs
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were awarded the 1979 Nobel Prize in Physics for their contributions to the unification of
the weak and electromagnetic interaction between elementary particles.

Mathematically, the unification is accomplished under an SU(2) x U(1) gauge group,
where SU(2) is the non-Abelian group used in the spin algebra, and U(1) is the Abelian
group equivalent to the one used in Quantum Electrodynamics. The quantum number
arising from SU(2) is the weak isospin (similarly to the isospin for strong interactions), I,and
the one arising from U(1) is the hypercharge, Y. They are related to the observed charge of
real particles, ), by the the Gell-Mann-Nishijima equation ) = I3 + Y/2. The correspond-
ing gauge bosons are the three W bosons of weak isospin from SU(2) (W7, Wa, and W3),
and the B boson of weak hypercharge from U(1), respectively, all of which are massless. In
the Standard Model, the W+ and Z° bosons, and the photon, are the results of spontaneous
symmetry breaking of the electroweak symmetry from SU(2) x U(1)y to U(1)en,, caused
by the Higgs mechanism. U(1)y and U(1).y, are different copies of U(1); the generator of
U(1)em is given by Q.

The spontaneous symmetry breaking makes the W3 and B bosons coalesce into two
different bosons: the Zj boson and the photon (7),

v\ _ [ cosbw  sinfy B
Z%) 7 \—sinfy cosly ) \Ws

where 6y is the weak mixing angle. The axes representing the particles have essen-
tially just been rotated, in the (W3, B) plane, by the angle 0y . This also introduces a
mismatch between the mass of the Zj, (M z) and the mass of the W+ (Myy) particles.

My

My = )
d cos Oy

The W; and W3 bosons, in turn, combine to give massive charged bosons

1
V2

The distinction between electromagnetism and the weak force arises because there is
a (nontrivial) linear combination of Y and I3 that vanishes for the Higgs boson (it is an
eigenstate of both Y and I3, so the coefficients may be taken as —I3 and Y): U(1)epn, is
defined to be the group generated by this linear combination, and is unbroken because it
does not interact with the Higgs field.

The existence of the electroweak interactions was experimentally established in two
stages, the first being the discovery of neutral currents in neutrino scattering by the
Gargamelle collaboration [14] in 1973, and the second in 1983 by the UA1 [15] and the
UAZ2 [16] collaborations that involved the discovery of the W [17, 18] and Z [19, 20] gauge
bosons in proton-antiproton (pp) collisions at the converted Super Proton Synchrotron,
for which Carlo Rubbia and Simon van der Meer were promptly awarded the 1984 Nobel
Prize in Physics. In 1999, Gerardus’t Hooft and Martinus Veltman were awarded the Nobel
Prize for showing that the electroweak theory is renormalisable.

W (W1 FiWs).

1.1.2 Quantum Chromodynamics

In the SM, strong interactions of coloured quarks and gluons are described by the gauge
field theory of the Quantum Chromodynamics (QCD) [21, 22]. QCD is the SU(3) compo-
nent of the SU(3)x SU(2) x U(1) Standard Model of Particle Physics: strong interactions
between quarks and gluons are related to the invariance of the Lagrangian under SU(3)
rotations in the colour space. This invariance requires the introduction of 8 gauge fields
corresponding to the 8 gluons.
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Neither quarks nor gluons can be observed as free particles: colour-neutral combina-
tions of quarks, anti-quarks, and gluons are called hadrons and they can be further clas-
sified into mesons (a quark plus and anti-quark) and baryons (three quarks or three anti-
quarks). The hadrons’ constituents are generally referred to as partons.

In a comparison to the electromagnetic force, it must be recognized that the strong force
is very different in nature and this is reflected when trying to define a coupling constant
2 for the strong interaction: the electromagnetic force is infinite in range and obeys to the
inverse square law, while the strong force involves the exchange of massive particles and
it has therefore a very short range.

At subatomic distances, the strong force not only determines the binding of quarks
and gluons inside hadrons, it also determines the cohesion of protons and neutrons inside
atomic nuclei. Hadrons like protons and neutrons are responsible for more than 99% of
the mass of all visible matter in the universe, and that mass is mainly generated by the
strong binding of quarks inside hadrons, rather than by the (generally small) masses of
the quarks themselves.

The restriction of the strong force to subatomic distances is related to two features
called asymptotic freedom and confinement.

As it can be seen in Figure 1.2 and it can be observed by analysing the expression of
the strong coupling constant > at leading order:

227

(33 — 2nf)ln((Q2)/)\2QCD) (1.1)

as(Q) =

at high energy (or high momentum transfers or small distances, i.e. hard processes) a.s(Q)
becomes smaller and it goes to zero at asymptotically high energies (leading to the term
asymptotic freedom) and, as such, it can therefore be treated by means of perturbative QCD
(pQCD) approaches. At low energy (or low momentum transfers or large distance, i.e. soft
processes) as(Q) increases and it prevents the existence of free quarks which can then only
exist in bound states.

1.2 Hadronic Processes in proton-proton collisions

Proton-proton (pp) collisions (and hadron-hadron collisions in general) are extremely com-
plex phenomena owing to the composite nature of the incoming protons and the very
complicated dynamics of the interactions between partons. The partonic content of the
hadrons is energy dependent, continuously changing and, a priori, unknown: the mo-
mentum distribution of those partons is normally parameterised in the so-called parton
distribution functions (PDFs), which are then extracted from experimental distributions
and phenomenological extrapolations. When the two hadrons collide several partons may
interact and be scattered in different directions, according to their momenta. Either the in-
coming or outgoing partons may radiate and all outgoing partons fragment to produce
observable particles: in this chain, both perturbative and non-perturbative QCD processes
are involved.

2A coupling constant is a quantity that determines the strength of the force exerted in an interaction. The
coupling constant in itself is not a physical observable, but it is rather defined in the context of perturbation
theory, which enters predictions for experimentally measurable observables.

3The strong coupling constant, s, is the only free parameter of the Lagrangian of quantum chromodynam-
ics, if the quark masses are considered as fixed. As such, this coupling constant, or equivalently g; = /4ma,
is one of the three fundamental coupling constants of the Standard Model of particle physics, together with
g and ¢’ which indicate the coupling strengths relevant for weak isospin and weak hypercharge, and can be
rewritten in terms of the Weinberg mixing angle tanfw = g'/g and the fine-structure constant o = e?/(47),
where the electric charge is given by e = g sin 6w .
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FIGURE 1.2: Summary of measurements of (@) as a function of the en-
ergy scale Q. The respective degree of QCD perturbation theory used in the
extraction of o, (M o) is indicated in brackets (NLO: next-to-leading order;
NNLO: next-to-next-to leading order; res. NNLO: NNLO matched with re-
summed next-to-leading logs; N3LO: next-to-NNLO). Ref. [23].
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FIGURE 1.3: Pictorial llustration of the components of a hard scattering pro-
cess in a proton-proton collision.

Most of the intervening processes are soft and give rise to low-momentum final state
particles, but occasionally a hard parton-parton scattering occurs through a large momen-
tum transfer. All interesting physics processes, such as Higgs or Vector Boson production,
proceed via hard scatterings, while the soft components of the event, normally referred to
as underlying event (UE), introduce an additional level of complexity.

Thanks to the QCD factorization theorem (Section 1.2.1 and Ref. [24] ), physicists are
able to separate the cross-section of hadron-hadron collisions into two independent terms:
the process-dependent, perturbative QCD calculable short-distance parton cross-section,
and the universal long-distance functions which can be measured with global fits to ex-
periments. This functions include the PDFs, fragmentation functions, multi-parton cor-
relation functions, generalized parton distributions, generalized distribution amplitudes
and many kinds of form factors.
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1.2.1 Hard QCD

Asymptotic freedom, which characterises the QCD at high energies, allows to compute
many features of the hard subprocesses via perturbation theory by using, for instance,
Feynman diagrams.

The factorization formula [25] to compute the cross-section for any process ab — n at
a hadron collider is the following;:

1
o= Z/ dxadfﬁb/fz}zu(xav,UF)fl?Q(xb»NF)dé'ab—m(/‘FaﬂR) = (1.2)
a,b 0

1
1
ZZ/ dﬂfadxb/dq’nffl(%,uF)fg”(%,uF) X 2?|Mab—m|2(q’n;MF,MR)-
ab /0

In this equation, ff};z(x, pr) are the PDFs, which depend on the factorization scale up
and on the momentum fraction Tq(p) of a parton a(b) with respect to its parent hadron
h; d6ap—n(1tF, (tr) is the parton-level cross-section for the production of the final state n
through the initial partons a and b which depends on the momenta given by the final-state
phase space ®,, (d®,, is the differential phase-space element over the n final state particles),
on the renormalization pr and on the factorization pr scales. To obtain the fully differ-
ential parton-level cross-section it is necessary to take the product of the corresponding
matrix element squared | M, | and the parton flux ﬁ with § being the hadronic centre-
of-mass energy squared. The matrix element can be written as the sum of all Feynman
diagrams:

Map—sn = Z Fél?—)n (13)

Any summation over quantum numbers can be moved outside the square, allowing one
to sum over helicity and colour orderings in such a way that in the computation of the
cross-section-section, one can sample not only over phase-space but also on helicities and
colour configurations and the choice determines the starting conditions for the subsequent
parton showering. The integration over the phase-space may contain cuts, which reflect
the acceptance of the detector and also physical necessities, such as a cut on the transverse
momentum of particles produced in the t-channel [26].

For a given PDF set and a choice of unphysical factorization and renormalization scales
(which are not based on first principles but the result of a careful phenomenological pro-
cedure), the cross-section calculated by Eq. 1.2 is fully specified.

1.2.2 Soft QCD

The total cross-section is a measure of the probability that a pair of hadrons undergo any
interaction. As such, it is the sum of the cross-sections of all possible proton-proton inter-
action. Hard QCD events, as described above, constitute only a tiny fraction of the total
cross-section, which is then dominated by events in which a relatively small momentum
transfer occurs (peripheral processes). This is shown in Figure 1.4, in which oy, is orders
of magnitude larger than very abundant hard QCD processes such as the production of
b-quarks [27].

Soft interactions can be either elastic or inelastic. In elastic scattering both protons
emerge intact and no additional particles are produced. Inelastic scattering occurs when
the interaction causes at least one of the incoming protons to dissociate, i.e., the outgo-
ing particles differ from the incoming particles. The first theory of the soft interactions
was formalised by Isaak Pomeranchuck [29], who predicted that if the cross-section scales
logarithmically with the centre-of-mass energy, the cross-sections of proton-proton and
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FIGURE 1.4: Standard Model cross-sections as a function of the collider en-

ergy. Cross-sections are calculated either at NLO or NNLO pQCD, using

MSTW2008 [28] (NLO or NNLO) parton distributions, with the exception

of the total hadronic cross-section which is based on a parametrisation of

the Particle Data Group. The discontinuity in some of the cross-sections at 4

TeV is due to the switch from proton-antiproton to proton-proton collisions
at that energy. Ref. [27].

proton-antiproton should become equal at large energies, as shown in Figure 1.5. Gribov
then introduced the concept of the exchange of a Regge trajectory ensuring such behaviour
[30-33]. The particles on the Regge trajectory are virtual and have the quantum numbers
of the vacuum. The concept of pomeron was, thus, introduced to be the sum of all parti-
cles on a Regge trajectory: in the context of QCD, it can be regarded as a colourless and
flavourless combination of gluons.

Inelastic interactions can be classified in three different categories. If colour charge is
exchanged, the interactions are referred to as non-diffractive (ND). In single diffraction
(SD) a single pomeron is exchanged between the two protons and one of the incoming
protons forms a diffractive system. In double diffraction (DD) a single pomeron is also ex-
changed, but both of the protons form diffractive systems. The exchange of two pomerons
is referred to as central diffraction (CD). Non-diffractive interactions constitute the inelas-
tic process with the largest cross-section. The various components have different multi-
plicities and topologies. The exchange of colour charge in non-diffractive events results in
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FIGURE 1.5: Measurements of the total cross-section in pp and pp scattering

as a function of the centre-of-mass energy. The curves show the results of a

two component fit, in which the first term describes pomeron exchange and
the second describes Reggion exchange. Ref. [34].

a large number of particles being produced at central rapidity *. However, the multiplicity
falls sharply at forward rapidity. In a single-diffractive event, the proton which breaks up
produces particles at high rapidity. The other incoming particle is essentially undisturbed
and has the rapidity of the beam. In a double-diffractive event particles are produced
symmetrically at positive and negative forward rapidity, with fewer particles produced in
the central region. Both non-diffractive and double-diffractive interactions are symmetric
with respect to the beam line.

1.3 Monte Carlo Event Generators

The development of specialised software libraries based on Monte Carlo Methods, Monte
Carlo (MC) event generators, to describe phenomenologically particle interactions began
shortly after the discovery of the partonic structure of hadrons and the formalisation of
QCD as the theory of strong interactions. For hard processes, the main event can be ex-
plained in terms of parton interactions. The primary partons can be directly fragmented
into hadrons to describe final states, but this does not account for the transverse broad-
ening of jets and lepton pair distributions when going to hard interactions. It was under-
stood that the primary partons, being coloured, can emit gluons as in the case of electron
Bremsstrahlung, and that these gluons, unlike the Bremsstrahlung photons, can them-
selves radiate, leading to a parton cascade or shower that accounts for the broadening. It
is clear that hadron formation would occur naturally as the end point of parton showering,
when transferred momentum is low and the corresponding value of the QCD running cou-
pling constant is large. The hadronisation process then becomes non-perturbative, hence

“The rapidity of a particle is defined as y = 1 ln(%’;i) with E and pr, being, respectively, the energy and

the component of momentum of the particle along the beam axis.
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FIGURE 1.6: Inelastic proton-proton collisions classified in three different

categories. Non-diffractive interactions occur when colour charge is ex-

changed between the two protons. In single (double)-diffraction a pomeron

is exchanged between the two protons and one (two) of the protons forms a
diffractive system, which dissociates.

hadronisation models, inspired by QCD but not derivable from it, had to be developed
with a set of tunable parameters to describe the hadron-level properties of final states.

The signal processes of interest are often part of the hard interaction category and thus
can be treated with perturbation models, but, as shown in figure 1.4, the majority of colli-
sions are soft, leading to diffractive scattering or multi-particle production with low trans-
verse momenta. These soft processes need to be simulated but, as in the case of hadronisa-
tion, their non-perturbative nature means that models with tunable parameters to describe
the data are needed. A related phenomenon is the underlying event, the component of the
final state in hard interactions that is not associated with the primary hard-process. The
hard components of these interactions are described by perturbative QCD, but again the
soft component has to be modelled. The same multiple-parton interaction model can serve
for the simulation of soft collisions, provided that there is no conflict between the param-
eter values needed to describe the two phenomena.

As described in details in Ref. [23, 25] and in the references therein, many stages are
needed when simulating a MC event. These steps are summarised below, while a pictorial
representation can be seen in Figure 1.7 (Ref. [35]) and a scheme is shown in fig 1.8:

¢ Random generation of kinematics and partonic channels of a hard scattering process;

e Parton shower, usually based on the successive random generation of gluon emis-
sions (lower energy scale with respect to previous emissions following a perturbative
QCD distribution, which depends on the momenta of all previous emissions);

e Parton showering stops at a scale of ~ 1 GeV, hadronisation models are then used to
convert the resulting partons into hadrons:
stretching a color string across quarks and gluons and breaking it up into hadrons;
breaking each gluon into ¢g pair and subsequently grouping quarks and anti-

quarks into colorless clusters and eventually hadrons;

¢ In the case of pp collisions, it is also needed to describe the collision between the
two hadron remnants by generating the underlying event, usually implemented via
additional 2 — 2 scattering (multi-parton interaction at a few GeV scale);
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y
°

FIGURE 1.7: Pictorial representation of a hadron-hadron collision as simu-
lated by a Monte-Carlo event generator for a tth event. The red dot in the
center represents the hard collision, surrounded by a tree-like structure rep-
resenting gluon Bremsstrahlung as simulated by parton showers. The pur-
ple dot indicates a secondary hard scattering event. Parton-to-hadron tran-
sitions are represented by light green dots, dark green dots indicate hadron
decays, while yellow lines signal soft photon radiation. Ref. [35].
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FIGURE 1.8: The different steps in a Monte Carlo Event Generator: the

hard scattering, completely based on first principles; the parton shower and

the decays, which are partly based on first principles; the beam remnants,

multi-parton interactions, colour reconnection and hadronisation, which are
mainly based on tunable parameters.
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¢ Finally, many of the hadrons that are produced during the hadronisation step are
unstable resonances. Sophisticated models are used to simulate their decay to the
lighter hadrons that are long-lived enough to be considered stable on the time-scales
of particle detectors;

e Since many of the particles involved at all stages of the simulation are charged, QED
radiation effects can also be activated in the event chain at various stages.

Not all these steps are relevant in all processes and, in fact, the majority of events that
constitute the total hadron-hadron cross-section are of soft QCD type and rely more on
phenomenological models, while signal events and their SM backgrounds rely basically
on all the components.

The Leading-Order (LO) multi-parton matrix elements are sometimes used to generate
hard high-multiplicity partonic configurations as additional starting points for the show-
ering (supplemented with some prescription for consistently merging samples with dif-
ferent initial multiplicities) because the soft and collinear approximations that underlie
parton showers may fail to reproduce the full pattern at wide angle emissions which are
important in new physics searches.

MC event generators provide LO cross-sections for the hard process, but a variety of
processes are also available at Next to Leading Order (NLO). When NLO predictions are
available, the ratio of NLO and LO prediction (referred to as k-factor) is taken into account
in complex processes involving, for instance, jet observables associated with a vector bo-
son or high-pr jets containing B-hadrons.

1.3.1 Monte Carlo Validation and Tuning

The results from a Monte Carlo event generator have to be compared with all relevant data
that it is supposed to describe. This process is known as validation. It is essential for the
validation to be global: in order to have a predictive power, the model should describe the
underlying physics and not just parameterise the data. In this sense, validation is impor-
tant to develop models as well as for debugging both code and physics models. The pro-
cedure in which the free parameters of the model are adjusted within their allowed ranges
to improve the description of the relevant data is called tuning and the set of parameters
is defined tune. A set of observables is required for predictive power and to come up with
a generally usable single set of parameters. Depending on the suitability of observables
to the model being tuned, it may or may not be possible to describe all data simultane-
ously. The optimization of MC parameters to the chosen observables may be performed
manually, according to the expected physical behaviour of the models, or by a more auto-
mated method driven by the quality of the fit to data. In any case, some sampling of the
parameter space is typical to observe the generator behaviour in response to parameter
changes. The parameter values typically span a range in which the underlying physical
picture is valid, but scans of more restricted ranges are used to produce a final tune. Since
all simulations lack some known physics effects, the choice of reference data is important
in order to have a generator tune which optimises phenomenological simulation aspects
and do not make up aspects which are described by calculable QCD. The parameter space
of a generic event-generator is usually too big for a complete investigation, even with au-
tomated methods. In fact, a solution is the factorization of the parameters into minimal
sets, which are suitable for each group of observables. For this reason, the tuning of a
Monte Carlo event generator is done in steps, as explained in detail in Ref. [25].
To summarise:
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e Hadronisation and final-state fragmentation: flavour and kinematic structures of the
hadronisation and final-state shower mechanisms are assumed to be universal be-
tween hadron and ete~ collisions. The ete~ observables, such as event shapes,
identified particle rates and transverse momentum spectra, may be described by a
generator without first requiring the tuning of initial-state hadron collider effects.
Thus, observables are used to tune final-state shower and hadronisation parameters.
Typical parameters are a;/Agcp, the InfraRed-Cutoff for the final state showering,
the string tension and fragmentation function parameters for string hadronisation
models, and the gluon constituent mass and cluster momentum smearing in cluster
hadronisation models. The kinematics of light and heavy quark fragmentation are
often treated separately. This permits further factorization to charm- and bottom-
specific observables without compromising the statistically dominant light fragmen-
tation.

e Initial-state parton shower: after a reasonable tune of the final-state parameters is ob-
tained, the initial-state parton shower parameters are tuned. This step is performed
before tuning the soft QCD effects because the goal is to tune the shower to observ-
ables with little Multi-Parton Interaction (MPI) and beam-remnant contamination.
Then, full flexibility of the heavily-parameterized MPI mechanism can be used to
perform the final best fit to data. Some typical observables for initial-state shower
tuning are di-jet azimuthal decorrelations and hadron collider jet shapes. Typical pa-
rameters are the shower o/ A\gcp, the shower InfraRed-Cutoff and the scaling factor
for the o evaluation scale and the starting scale for the parton cascade.

e MPI and beam remnant effects: MPI modelling is the aspect of Monte Carlo mod-
elling which is least constrained by QCD calculation and it is left as the final stage
of the tuning process. Many parameters are related to MPI, with the most important
ones being the minimum transverse momentum p, cutoff/regulator for perturba-
tive 2 — 2 scattering, the parameterization of the scaling of this cutoff with colli-
sion energy, the hadronic matter distribution/overlap and any parameters relating
to colour reconnection of either strings or clusters. The primordial £; width is of-
ten considered as part of this tuning step, as it may affect soft QCD observables.
As MPI models generate multiple scattering from low-x gluons extracted from the
beam-remnants, they are affected by the choice of PDF and for this reason each PDF
requires a specific MPI tune.

A relevant aspect to be noticed is that the observables for MPI tuning are drawn from
events characterised by very low transferred momentum (known as minimum bias events
from the fact that a minimal set of trigger conditions are required at data taking) and
from the underlying event data from as many hadron colliders as possible. Since a key
feature of soft QCD modelling is the scaling of MPI activity with the collider centre-of-
mass energy, having access to a broad range of collision energies is desirable. Current
focus is on the Large Hadron Collider and the experimental tunings place emphasis on it
with the goal of best describing the soft QCD backgrounds to hard-process simulations.
Thus, the work reported in this thesis, which concentrates on measurements of charged-
particle distributions, is of big importance for Monte Carlo developers because it allows
to improve the MPI tuning of Monte Carlo event generators.

The tools commonly used in the generator validation and tuning processes are the
Rivet [36] package for MC validation and the Professor [37] system for tuning. Their
strength is in systematically verifying event simulations and optimizing their parameters,
where required and physically sensible.

Rivet is considered a validation tool because it does not produce the tuning, but it
provides a standard set of analyses by which to verify the accuracy of a given generator



1.3. Monte Carlo Event Generators 15

with a given tuning. Rivet analyses are based on a comprehensive set of computational
tools called projections, which perform standard computations such as jet algorithms, event
shape observables, and a variety of other common tasks.

Then, the Professor tool builds up the output of these analyses by performing the real
tune, i.e. by optimising the generator parameters to best match the generator predictions
to the reference data. The process of generator tuning can be seen as the optimization of
a very complicated function with many parameters. The volume of the parameter space
increases exponentially with the number of parameters and the process is so CPU-intense
even for a single evaluation of the function that any attempt to scan the parameter space
will fail for more than a few parameters. Thus, Professor parameterises the function based
on a non-exhaustive scan of the space: this is an approximation, but its accuracy is sys-
tematically verifiable. The MC parameterization is generated by independently fitting a
function to each of the observable bin values, approximating how they vary in response to
changes in the parameter vector.

Different applications place different emphases on different observables, e.g. LHC [38]
vs. Tevatron [39] data or underlying event vs. soft interactions data. Once a set of ob-
servable has been chosen, it is a matter of logistics to create equivalent tunes for different
PDFs: this permits a more accurate measure of the systematic effect of the PDF choice than
was previously possible. In the particular case of MPI model tuning to soft QCD observ-
ables, this approach has shown that much of the effect of PDF changes can be absorbed
into typical MPI model parameter choices.

Professor is not only used for MC tuning, but also for studies about extra-solar planets
and supersymmetric model phenomenology.

With the LHC operations entering maturity, the demand will be more focused on sys-
tematic uncertainty evaluation, than on tuning, and the Professor tool will still be suitable
for construction of tune-error estimates.

1.3.2 Monte Carlo Event Generator used in this Thesis

Inclusive charged-particle measurements in proton-proton (pp) collisions (presented in de-
tails in the main body of this thesis) provide insight into the strong interaction in the low-
energy non-perturbative QCD region. Particle interactions in soft processes are typically
described by QCD-inspired models implemented in Monte Carlo event generators with
free parameters, which can be constrained by such measurements. An accurate descrip-
tion of low-energy strong interaction processes is essential for simulating single pp inter-
actions as well as the effects of multiple pp interactions at high instantaneous luminosities
in hadron colliders.

The PYTHIA 8 [40] event generator is used as a default to perform the track recon-
struction studies described in Chapter 3. For the Inner Detector Material Measurement
described in Chapter 4 both PYTHIA 8 and EPOS [41] generators are used. In the anal-
ysis of Charged-Particle distributions presented in in Chapter 5 also the HERWIG++ [42]
(only shown in preliminary distributions), and QGSJET-II [43] event generators are used.
Few details about these Monte Carlo generators will be given in the following to help the
reader to gain a general overview, while specific comments, when relevant, will be found
in each analysis section.

e InPYTHIA 8 °, inclusive hadron-hadron interactions are described by a model which
splits the total inelastic cross-section into non-diffractive and diffractive processes.
The non-diffractive part is dominated by ¢-channel gluon exchange. Its simulation
includes multiple parton-parton interactions. The diffractive part involves a color-
singlet exchange. It is further divided into single-diffractive dissociation, in which

SPYTHIA version 8.18x
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one of the initial hadrons remains intact and the other is diffractively excited and dis-
sociates, and double-diffractive dissociation in which both hadrons dissociate. The
simulated sample contains ~22% SD and ~12% DD processes, with the remaining
~ 66% being ND events. To reproduce experimental data, the ATLAS minimum-bias
tune A2 [44] is used, which is based on the MSTW2008LO PDF [28]. It provides a
good description of minimum bias events and of the transverse energy flow data,
a calorimeter-based minimum bias analysis performed with /s = 7 TeV data [45].
An alternative tune, Monash [46], is used for comparison. It uses updated fragmen-
tation parameters compared to A2 and minimum bias, Drell-Yan, and underlying
event data from the LHC to constrain ISR and MPI parameters. In addition, it uses
SPS and Tevatron data to constrain the centre-of-mass energy scaling. It uses the
NNPDEF2.3LO PDF [47]. This tune gives an excellent description of the 7 TeV mini-
mum bias pr spectrum.

In HERWIG++ , inclusive hadron-hadron interactions are simulated by applying a
MPI model for the non-diffractive processes to events without hard scattering. It is
therefore possible to generate an event with no 2—2 partonic scattering, in which
only beam remnants are produced with no additional activity. These types of events
look similar to double-diffractive dissociation, even though HERWIG++ does not
have any explicit model for diffractive processes. Version 2.7.1 is used with a 7 TeV
underlying event tune, UE-EE-5-CTEQ6 [48] with CTEQ6L1 PDF [49], which utilises
colour reconnection and energy dependent MPI minimum pr cutoff. It provides si-
multaneously a good description of both the underlying event and the double parton
scattering data by tuning the deep parton interaction (DPI) effective cross-section.

EPOS stands for Energy conserving quantum mechanical approach, based on Partons, par-
ton ladders, strings, Off-shell remnants, and Splitting of parton ladders. The latest version
3.4 is used, which is equivalent to 1.99 version with the so called LHC tune [50]. It
provides an implementation of a parton-based Gribov-Regge theory [51], which is
an effective QCD-inspired field theory describing the hard and soft scattering simul-
taneously. Hence, the calculations do not rely on the standard parton distribution
functions (PDFs) as used in generators like PYTHIA 8 and HERWIG++ .

QGSJET-II offers a phenomenological treatment of hadronic and nuclear collisions
at high energies, being developed in the Reggeon Field Theory framework [52]. The
soft and semi hard parton processes are included in the model within the semi-hard
pomeron approach. Nonlinear interaction effects are treated by means of pomeron-
pomeron interaction diagrams. The latest model version comprises three impor-
tant updates: treatment of all significant enhanced diagram contributions to the un-
derlying dynamics, including pomeron loops, re-calibration of the model with new
LHC data, and improved treatment of charge exchange processes in pion-proton and
pion-nucleus collisions.

A summary of these Monte Carlo event generators and tunes is given in Table 1.1.
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Generator Version Tune PDF Focus Data From
PYTHIA 8 8.185 A2 MSTW2008LO MB LHC ATLAS [44]
PYTHIA 8 8.186 Monash NNPDF23LO MB/UE LHC Authors [46]
HERWIG++ 2.7.1 UEEE5 CTEQ6L1 UE LHC Authors [48]
EPOS 3.4 LHC - MB LHC Authors [50]
QGSJET-II  1I-04 LHC - MB LHC Authors [43]

TABLE 1.1: Details of the Monte Carlo models used. It should be noted
that the tunes use data from different experiments for constraining different
processes, but only the data which had the most emphasis on each specific
tune are shown. Here "LHC" indicates data taken at /s = 7 TeV, although
Vs =900 GeV data were also included in ATLAS tunes, with much smaller
emphasis. Some tunes are focused on describing the minimum-bias dis-
tributions better, while the rest are tuned to describe the underlying event
distributions, as indicated. For the specific measurements and observables
used in each tune, please refer to the references reported in the last column.
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Chapter 2

The Large Hadron Collider and the
ATLAS Experiment

I'm burnin’ through the sky yeah
Two hundred degrees
That’s why they call me Mister Fahrenheit
I'm trav’ling at the speed of light
I wanna make a supersonic man out of you
Don’t stop me now
I'm having such a good time
I'm having a ball
Don’t stop me now...

-Queen-

In this Chapter, the Large Hadron Collider will be introduced, with a brief report of
the performance reached during Run 1 and during the first Run 2 period. The ATLAS
experiment will also be presented together with an overview of its subdetectors.

2.1 Introduction

The Large Hadron Collider (LHC) [38] is the world’s largest collider. It is located at the
Conseil Européen pour la Recherche Nucléaire (CERN), across the France-Switzerland
border, as shown in Figure 2.1. Two multi-purpose detectors, ATLAS (A Toroidal LHC
ApparatuS) [53] and CMS (Compact Muon Solenoid) [54] were designed and built for a
complete probe of proton-proton and ion-ion collisions, while two specific experiments
LHCb (Large Hadron Collider beauty) [55] and ALICE (A Large Ion Collider Experiment)
[56] are focused respectively on studies of the b-quark and of the heavy ion collisions. The
LHC offers an unprecedented physics potential, from precise measurements of Standard
Model parameters as well as the Higgs boson properties to the search for new physics
phenomena. Furthermore, nucleus-nucleus collisions at the LHC provide a unique op-
portunity to study the properties of strongly interacting matter at extreme energy density,
including the possible phase transition to a colour-deconfined state, referred to as quark-
gluon plasma.

2.2 CERN Accelerator Complex

The Large Hadron Collider is only the last element of the big CERN accelerator complex,
shown in Figure 2.2.
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FIGURE 2.1: CERN Map showing the LHC and the four main experiments:
ATLAS, CMS, LHCb and ALICE. Ref. [57].

The first element is a bottle of hydrogen gas which constitutes the proton source. The
electron are stripped away from the hydrogen atoms to obtain the protons . The protons
are pulsed from the hydrogen bottle for up to 100 microseconds per pulse. Pulses are
repeated again and again until enough protons are produced.

The hydrogen bottle is placed at one end of the Linear Accelerator 2 (Linac 2 ?) which
uses radio-frequency cavities to charge cylindrical conductors. The protons pass through
the conductors, which are alternately positively or negatively charged. The conductors be-
hind them push the particles and the conductors ahead of them pull, causing the particles
to accelerate. Small quadrupole magnets ensure that the protons are arranged in a tight
beam. At the end of the Linac 2, the protons have an energy of 50 MeV and have reached
31.4 % of the speed of light and gained 5% of mass.

With these features they enter the Proton Synchrotron Booster which is made up of
four superimposed synchrotron rings which accelerate protons up to 1.4 GeV (~ 91.6%
of the speed of light) for injection into the Proton Synchrotron (PS). The Booster became
operational in 1972. Before that, the protons were injected directly from the Linac to the
PS, but the number of protons to be injected in the PS was limited by the maximum energy
of 50 MeV achieved by the Linac. With the higher energy at the end of the booster, the PS
can be fed with up to 100 times more protons and this makes the beam much more suitable
for the experiments.

The PS is one of the key elements of the accelerator complex, as it accelerates not only
protons from the booster but also ions for the Low Energy Ion Ring (LEIR). The PS be-
gan operations during 1959. It is 628 m long and it is made of 277 conventional (room-
temperature) electromagnets, including 100 dipoles to bend the beams round the ring.
The accelerator operates up to 25 GeV (99.93% of the speed of light), when the protons are
injected into the Super Proton Syncrotron (SPS) which acts as a link between the PS and
the LHC.

The SPS was switched on in 1976 and a major highlight came in 1983 with the Nobel-
prize-winning discovery of W and Z particles, with the SPS running as a proton-antiproton

'With the total mass of the protons calculated at rest, even though the proton beams are very intense, only
about 2 ng of hydrogen are accelerated every day. The LHC would need around 1 million years to accelerate
1 g of hydrogen!

?Linac 2 started up in 1978, when it replaced Linac 1. It was originally built to allow higher intensity beams
for the accelerators in CERN'’s accelerator complex. Linac 2 will be replaced by Linac 4 in 2020. After Linac
2 was built, Linac 1 was used to deliver ions for experiments at the Super Proton Synchrotron. There was
soon pressure to provide heavier ions to study quark-gluon plasma, so the dedicated Linac 3 was built for
that scope and expected to be operational until 2022.
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FIGURE 2.2: The CERN accelerator complex. Ref. [58].

collider. The SPS has a circumference of 7 km and it accelerates protons up to 450 GeV
(99.98% of the speed of light). In the case of the SPS, 1317 conventional electromagnets,
including 744 dipoles to bend the beams around the ring, are used.

The LHC, the most powerful and largest accelerator in the world, closes the chain re-
ceiving the proton bunches from the SPS. It uses superconducting magnets with a number
of accelerating structures to boost the energy of the particles along the 27 km ring. Two
high-energy particle beams are accelerated to an energy of 7 TeV (nominal value) which
means 99.9999991% the speed of light before they are made to collide. The beams travel
in opposite directions in separate beam pipes (two tubes kept at ultra-high vacuum) and
they are guided around the accelerator ring by a strong magnetic field maintained by su-
perconducting electromagnets. The electromagnets are built from coils of special electric
cable that operates in a superconducting state (efficiently conducting electricity without
resistance or loss of energy). This requires the temperature of the magnets, -271.3 C, to be
lower than in the outer space. To keep this temperature, the accelerator is connected to a
distribution system of liquid helium, which cools the magnets and other supply services.

2.3 The Large Hadron Collider

The Large Hadron Collider [38] was built between 1998 and 2008 and installed in the
27 km long tunnel previously housing the Large Electron Positron Collider (LEP). The
main objective of such an ambitious project was the discovery of the Higgs boson, which
was eventually announced in 2012 [9-12], and the study of rare events at centre-of-mass
energies of up to 14 TeV. The number of events per second, Neyent, generated in the LHC
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collisions is given by Neyent = L - Ocpent, Where gepent is the cross-section of the process
under study and L the machine luminosity, which depends on the beam parameters and
which, for a Gaussian beam distribution, can be written as:

_ Nanbfrev'YrF
4dme, B*

where N, is the number of particles per bunch, n; is the number of bunches per beam,
frev is the revolution frequency, v, is the relativistic factor.

F' is the geometric luminosity reduction factor due to the crossing angle at the inter-
action point which, assuming equal beam parameters for both circulating beam, can be
written as follows:

2.1)

0.0, 2
F=1/ 1+<20*> (2.2)
where 0. is the full crossing angle at the IP, o, the RMS bunch length and ¢* the transverse
RMS beam size at the IP.

The normalized transverse beam emittance, ¢, is a property of a particle beam within
an accelerator defined as ¢, = [3v,¢ where 8 and ~, are the relativistic functions and ¢ is
the emittance. The emittance measures the average spread of the particle coordinates in
position-and-momentum phase space. As a particle beam propagates along the accelera-
tor, the position spread may change, but in a way that does not change the emittance, if
radiation has a negligible effect, as in the case of heavy particles like protons. In a colliding
beam accelerator, keeping the emittance small means that the likelihood of particle inter-
actions will be greater resulting in higher luminosity values. The emittance is inversely
proportional to the beam momentum: increasing the momentum of the beam reduces
the emittance and hence the physical size of the beam. This reduction is called adiabatic
damping. The normalized emittance does not change as a function of energy and so it can
be used to gauge beam degradation if the particles are accelerated. If 3 is close to one then
the emittance is approximately inversely proportional to the energy and so the physical
width of the beam varies inversely to the square root of the energy.
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B* is the value of the § function at an interaction point. The 3 function is related to
the transverse size of the particle beam at the location s along the nominal beam trajectory.
Assuming a Gaussian shape in the beam transverse direction, it can be expressed as o(s) =
V€ B(s) with o(s) being the width of the Gaussian. The /5 function is typically adjusted
to have a local minimum at the interaction points, as can be seen in Figure 2.3, in order
to minimize the beam size and thus maximise the interaction rate. The smaller the beam
size at the interaction point, the faster the rise of the 8 function (and thus the beam size)
farther away from the interaction point. The nominal LHC triplet magnet design is just
compatible with g* = 0.5 m.

A commonly used quantity to indicate the amount of data delivered by the accelerator
and collected by the experiments, thus to measure their performance, is the integrated
luminosity, L;,, defined as the integral of L over a certain time, L;,; = f Ldt.

The search for rare events at the LHC requires both high collision energies and high
beam intensities.

Contrarily to previous hadron accelerators, which collided protons and anti-protons in
a common vacuum and magnet system for both circulating beams, the use of anti-protons
for a high beam intensity machine like the LHC, is made unpractical by the extremely
inefficient anti-proton production mechanism and the need of accumulating these anti-
particles. Two separate proton beams have to be used and to steer two beams of same-
sign charged-particles requires opposite magnet dipole fields for both beams. The LHC
is therefore designed as a proton-proton collider with separate magnet fields and vac-
uum chambers in the main arcs and with common sections only at the intersection regions
where the experiments are located. The two beams share an approximately 130 m long
common beam pipe along the interaction regions (IR).

Together with the large number of bunches (2808 for each proton beam), and a nominal
bunch spacing of 25 ns, the long straight section and the common beam pipe introduce 34
(a total of 136 for the four IR) parasitic collision points for each experimental intersection
region. Dedicated crossing angle orbit "bumps" separate the two LHC beams left and right
with respect to the central interaction point in order to avoid collisions at these parasitic
collision points. In addition, the use of the pre-existing LEP tunnel sets strong constraints
on the LHC parameters: the peak beam energy in a storage ring depends on the integrated
dipole field along the storage ring circumference. Considering ultra-relativistic particles
traveling in a ring, the maximum particle energy (in TeV) can be expressed as £ = 0.00030-
B - R where B is the magnetic field strength (in T) and R is the radius of the collider (in
m). The use of superconducting magnet technology and a peak dipole field of about 8 T,
allows to reach a peak beam energy of about 7 TeV. Due to technical limitations imposed
after the 2008 incident [60, 61], current beam energies are limited to about 6.5 TeV and the
design centre-of-mass energy of 14 TeV will be reached only in the next data taking period
after 2020. A detailed description of the performance limitations of the LHC can be found
in [38] and in the reference therein.

A summary of the LHC parameters is given in Table 2.1.

23.1 Pile-up

The total pp cross-section at the centre-of-mass energies of the LHC and the high lumi-
nosity values make it such that at every beam crossing the detector has to deal with many
simultaneous interactions. These constitute an irreducible background to any physics pro-
cess of interest as well as an experimental challenge. Due to the finite dimensions of a
proton bunch, the vertices of the events are spread over a distribution along the beam line
which can be approximated with a Gaussian with Full Width at Half Maximum of the
order of 10-12 cm. Given the average detector dimensions of an LHC experiment and a
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Nominal Beam Parameters at the Large Hadron Collider

Nominal Energy (protons) 7 TeV
Peak magnetic dipole field 833 T
Design Luminosity 1034 em 2571
Circumference 26.66 km
Revolution frequency 11.246 kHz
Number of bunches per proton beam 2808
Number of protons per bunch (at start) 1.15- 101
Number of collisions per second 600 millions
Minimum distance between bunches ~7m
Bending radius 2803.95m
Circulating Current 0.53 A
Bunch spacing 25ns
Normalized transverse beam emittance 3.75 nrad
B* 0.55m
Total crossing angle (collision point) 285 prad
Beam lifetime 10h
Luminosity lifetime 15h
Radiated Power per beam (syncrotron radiation) ~ 6 kW

TABLE 2.1: LHC nominal parameters. Ref. [38].

bunch spacing of 25 ns, at any moment the experiment sees events belonging to up to 3
bunch crossings. This poses stringent conditions on the detector and its functioning:

e the inner tracker has to be able to discriminate vertices with high resolution, O(1)
mm;

e a complex and robust bunch crossing identification system has to be established.

Every subdetector has a characteristic time window (gate) in which it is active. During
this time window, signals from different events from different bunch crossings accumulate
(pile-up, as normally defined). In addition, other effects can contribute to the event, such as
machine background (beam halo, etc), cavern background (from neutrons and photons),
cosmic rays. Thus, any single event is actually the combination of many bunch crossings,
many events per bunch crossing and many other contributions due to the experimental
conditions. All this makes the pile-up a key feature of the LHC physics. Figure 2.4 shows
a typical event registered by the ATLAS Experiment in which 25 pile-up vertices were
reconstructed from minimum bias interactions.

2.3.2 The LHC performance and future programme

Since the first pp collisions at the end of 2009, the LHC has operated until 2013 (Run 1, at
different values of the centre-of-mass energy /s = 0.9,2.76, 7, 8TeV), with a continuously
increasing instantaneous luminosity. By the time that the Run 1 proton physics run ended,
the total integrated proton-proton luminosity delivered to ATLAS and CMS had reached
nearly 30 fb~!, which permitted the discovery of a Higgs boson. A wealth of lead-lead and
proton-lead collisions was also delivered. After the Long Shutdown 1 (LS1, from March
2013 to March 2015), Run 2 began in June 2015 and the LHC delivered for the first time
proton-proton collisions at a centre-of-mass energy of 13 TeV, the highest to date.

The timeline of the LHC, including High Luminosity LHC (HL-LHC), and ATLAS up-
grade phases can be seen in Figure 2.5.
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FIGURE 2.4: A display of a candidate Higgs boson event from proton-proton
collisions recorded by ATLAS with LHC stable beams at a collision energy
of 13 TeV. The Higgs boson candidate is reconstructed in a beam crossing
with 25 additionally reconstructed primary vertices from the minimum bias
interactions. The candidate event is reconstructed in the 2u2e final state. In
the left display, the red lines show the path of the two muons including the
hits in the muon spectrometer, the green lines show the paths of the two
electrons together with the energy deposit in the electromagnetic calorime-
ter, and the yellow tracks are the remaining charged particles from the Higgs
boson candidate vertex. No jet has been reconstructed with transverse mo-
mentum above 30 GeV. The grey tracks correspond to the charged particles
from the 25 pile-up vertices with transverse momentum above 0.5 GeV and
the colored squares in the lower display correspond to the position of the
reconstructed vertices. As shown in the lego plot on the right, the muons
have a transverse momentum of 29 and 31 GeV, and the electrons 23 and 19
GeV . The invariant mass of the four lepton system is 119 GeV, the dimuon
invariant mass is 69 GeV, the dielectron invariant mass is 42 GeV. This event
falls within the standard mass selection window of 118 to 129 GeV and has
a BDT discriminant response which gives a high probability that this event
comes from a Higgs decay as opposed to a background ZZ* decay. Ref. [62].
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cal luminosity and centre-of-mass energy values.
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Run1 The first period (2009-2010) was devoted mainly to commissioning and establish-
ing confidence in operational procedures and in the machine protection system, laying the
foundations for the physics program which was to follow. Commissioning of the ramp to
3.5 TeV went smoothly and the first (unsqueezed) collisions were established on 30 March.
Squeeze commissioning then successfully reduced 5* to 2 m in all four IPs. The decision
to go for bunches of nominal intensity came in June 2010. This involved an extended com-
missioning period and subsequent operation with beams of up to ~ 50 separate bunches
and in the next steps the number of bunches was further increased. This required to move
to bunch trains with a gap of 150 ns between bunches and the introduction of well de-
fined beam-crossing angles in the interaction regions to avoid parasitic collisions. There
was also a back-off in the squeeze to a §* of 3.5 m. These changes required to set up the
tertiary collimators again and to recommission the process of injection, ramp and squeeze.
A phased increase in total intensity followed, and at each step, few days of running were
necessary to check system performance. At the end of 2010, beams of 368 bunches of about
1.15 - 10! protons per bunch and a peak luminosity of 2.1 - 1032cm2s~! were achieved.
The total integrated luminosity for ATLAS in 2010 was around 0.04 fb~! The beam energy
remained at 3.5 TeV in 2011 and during the year the LHC'’s performance limits were ex-
ploited. After a series of tests, encouraging performances led to the decision to run with
50 ns as bunch spacing. The maximum number of bunches at 50 ns (1380) was reached
by the end of June 2011. The LHC’s performance was increased further by reducing the
emittances and by increasing the bunch intensity. The result was a peak luminosity of
2.4 -10% ecm~2s~!. In ATLAS and CMS * was reduced to 1 m® and with an increased
bunch inttensity, the peak luminosity went up to 3.7 - 103 cm~2s~!. By the end of 2011,
ATLAS registered a total integrated luminosity of ~ 5 fb~1, as it can be seen in Figure 2.6.
At the beginning of 2012, the beam energy was increased to 4 TeV and the bunch spacing
remained at 50 ns. Together with the use of tight collimator settings, the aperture at the
IPs allowed for a more aggressive squeeze to reach 5* 0.6 m, but as a consequence, the
sensitivity to orbit movements increased together with the impedance, which had an ap-
preciable effect on beam stability. Peak luminosity soon came close to its highest for the
year, although there were determined and long-lasting attempts to further improve per-
formance. Integrated luminosity rates were of the order of 1 fb=! per week, with a total
of ~ 20 fb~! registered by ATLAS (proton-proton collisions were extended until Dicember
2012), as it shown in Figure 2.6.

In addition, during Run 1, the LHC also delivered many special runs, such as lead-lead
collisions, special fills for LHCb and also runs with 5* = 1 km for TOTEM?* and the ATLAS
forward detectors. In addition, the period culminated in a successful proton-lead run at
the beginning of 2013, with ALICE, ATLAS, CMS and LHCb all taking data. Considering
the size, complexity and operating principles of the LHC, very good performance was
achieved during Run 1. In 2012 there were ~ 200 days of proton-proton collisions with
36.5% of this time spent in stable-beams conditions.

3 As previously explained, smaller beam size at an IP implies bigger beam sizes in the neighbouring inner
triplet magnets, but careful measurements revealed a better-than-expected aperture in the interaction regions,
opening the way for this further reduction in 3*.

4 TOTEM stands for TOTal, Elastic and diffractive cross-section Measurement. With its detectors spread
across almost 0.5 km around the CMS interaction point, TOTEM is the CERN'’s longest experiment. It has ~
3000 kg of equipment, including four particle telescopes as well as 26 Roman pot detectors. The telescopes use
cathode-strip chambers and Gas Electron Multipliers (GEM) to track the particles emerging from collisions at
the CMS interaction point. Meanwhile, Roman Pots with silicon sensors perform measurements of scattered
protons.
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FIGURE 2.6: Total Integrated Luminosity collected by ATLAS during the
Run 1 of the LHC. Ref. [63].

Run2 After two years of LS1 and several months of re-commissioning activities with and
without beam, in June 2015 the LHC delivered for the first time proton-proton collisions
with stable beams at a centre-of-mass energy of 13 TeV, the highest to date.

An early goal of the experiments consisted in the collection of inelastic pp collisions
with a special LHC configuration, which allows for a very low expected mean number of
interactions per bunch crossing, < p > = 0.005. By exploiting this data-set, inelastic pp
collisions were, in fact, characterised in terms of charged-particle production (see Chapter
5) and underlying event [64].

During the first phases of Run 2 in 2015, the performance of the accelerator was ex-
ploited at the new centre-of-mass energy by gradually increasing the intensity of the beams.
The number of proton bunches increased up to 2244 per beam, spaced at intervals of 25
nanoseconds and the delivered integrated luminosity at the end of 2015 was about 4 fb™1,
as shown in Figures 2.7(a) and 2.7(d). After a short technical stop, from December 2015
to March 2016, the LHC resumed operations with the aim of collecting about 25 fb~! at
the end of 2016, but the excellent performance achieved during the year, allowed the ac-
celerator limits to pushed further. The design value of the instantaneous luminosity was
surpassed in June 2016 reaching up 10% more than the nominal value in October 2016,
as shown in Figure 2.7(c). Some runs were characterised by very long beam lifetime with
each proton beam circulating in the accelerator for more than 30 hours and at the end to
the 2016 data-taking period the recorded integrated luminosity was about 40 fb™!, as it is
shown in Figure 2.7(b), which corresponds to almost a factor of 2 more than the expected
value. The mean number of interactions per crossing (the mean of the Poisson distribution
of the number of interactions per crossing calculated for each bunch) reached an average
value of 13.7 in 2015 and 24.2 in 2016, as shown in Figure 2.7(e).

The 2016 pp data-taking ended on the 26th October and, as it happened in previous
years, the LHC prepared to deliver special heavy-ions runs. After a successful lead-lead
(Pb-Pb) collision run in 2015 at 5 TeV, the accelerator was reconfigured at the end of 2016
for a month-long heavy-ion run, devoted to colliding beams of protons and lead nuclei.
Following a feasibility test in 2012 and an initial month-long run in 2013, pPb collisions
remain a novel mode of operation at the LHC. A first data sample was collected in Novem-
ber at the centre-of-mass energy of 5.02 TeV. One of the first fills also turned out to be the
longest LHC fill ever, lasting almost 38 hours The accelerator was then prepared to deliver
such a collisions at a higher centre-of-mass energy corresponding to 8.16 TeV, the highest
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FIGURE 2.8: ATLAS Experiment. The dimensions and the different subde-
tectors are shown. Ref. [53].

to date for these asymmetric collisions. The energy was lowered again to 5 TeV before the
technical stop period, to allow the ALICE Experiment to collect more events.

The LHC Run 2 also included successful forward-physics runs for the TOTEM/CT-
PPS, ALFA and AFP experiments.

During the 2015-2016 data-taking periods, the LHC operated in stable-beams mode for
60% of its operational time, an unprecedented record as no other energy-frontier accelera-
tor ever reached more than 50% (the Large Electron Positron was in stable beam for about
30% of its operational lifetime).

2.4 The ATLAS Experiment

The ATLAS Experiment [53] is an international collaboration involving 170 institutes spread
all over the world. Given the experimental conditions provided by the LHC (even harsher
in Run 2), ATLAS needs fast and radiation-hard electronics and sensor elements. In ad-
dition, high detector granularity is necessary to handle the particle fluxes and to reduce
the influence of overlapping events. The solid angle coverage is required to be as large
as possible. Good charged-particle momentum resolution and reconstruction efficiency
in the inner tracker are essential and for offline tagging of b-jets, vertex detectors close
to the interaction region are required to observe secondary vertices. Electromagnetic and
hadronic calorimeters have to provide respectively good photon/electron identification
and accurate jet and missing transverse energy measurements. In addition, good muon
identification and momentum resolution over a large range of momenta are fundamen-
tal requirements. Highly efficient triggering on low transverse-momentum objects with
sufficient background rejection, is a prerequisite to achieve an acceptable trigger rate for
most physics processes of interest. The overall structure of the ATLAS detector can be
seen in Figure 2.8. The ATLAS experiment covers nearly the entire solid angle around the
beam interaction point, It is built with an onion structure and the positions of the differ-
ent subdetectors is determined by the particles to be detected and their interaction with
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FIGURE 2.9: Schema of the magnetic system geometry. The eight barrel coils
are visible together with the endcap coils and the central solenoid. Ref. [53].

matter. The Inner Detector used to track charged-particles is the closest detector to the
interaction point and it is placed in a 2 T magnetic field generated by a superconductive
solenoid. Going further out in the detector, an electromagnetic and a hadronic calorimeter
are used to identify, via showering, electromagnetic particles and hadrons and to measure
their energy. The system of hadronic calorimeters lies into a toroidal magnet made by 8
coils which determines the entire ATLAS outer structure. Into this magnetic system and in
the furthermost region from the interaction point, the detectors to trigger and track muons
are found.

24.1 The Magnets

In high energy physics experiments, magnetic fields are used to bend charged-particles
into helical paths. Measuring the curvature radius allows to evaluate the particles’ charge
and momentum. The magnetic system [65] of the ATLAS Detector consists of four different
superconductive magnets: a central solenoid surrounding the Inner Detector region, a
barrel toroid and two end cap toroids which form the outer muon spectrometer. A schema
can be seen in Figure 2.9.

The solenoid

The ATLAS central solenoid [66], shown in Figure 2.10, produces a magnetic field approx-
imatively uniform in the ATLAS central region and oriented along its Z axis. The coil has
a diameter of 2.4 m and a length of 5.3 m. When a 8kA current circulates in the super-
conductive Nb-Ti windings, it generates a 2 T field. To be working, the coil needs to be



32 Chapter 2. The Large Hadron Collider and the ATLAS Experiment

FIGURE 2.10: The ATLAS Detector central Solenoid. Ref. [53].

cooled down to 4.5 K by using liquid helium. To minimize the particle path through inac-
tive material, the cryostat containing liquid helium is coupled together with the one which
con