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Abstract

This thesis presents two complementary studies performed using data collected with the ATLAS
detector at the Large Hadron Collider at CERN.

The first part documents the absolute calibration of the luminosity scale for pp collisions atp
s = 900 GeV with high-��, based on van der Meer (vdM) beam-separation scans performed in

2018. The visible cross-sections (�vis) associated with several luminosity algorithms are determined,
with systematic uncertainties evaluated in detail, including the impact of non-factorization effects.
An overall calibration precision of 1.85% is achieved, with reference specific luminosity variations
and non-factorization effects as the dominant contributors to the total uncertainty. Consistency across
luminosity algorithms is assessed using the Inner Detector track counting data together with LUCID
inclusive, coincidence, and hit-counting algorithms. The delivered integrated luminosity values
derived for the given dataset are evaluated for two configurations of �� to be used for the elastic
scattering study:

Lint = 925:4� 0:5stat � 20:0sys �b�1; (�� = 50=100 m); (1)
Lint = 501:0� 0:4stat � 10:6sys �b�1; (�� = 11 m): (2)

The resulting total systematic uncertainty on the integrated luminosity amounts to 2.1% and includes
contributions from the calibration procedure, stability of detector response, and consistency cross-
checks.

The second part reports measurements of the total and fiducial W�-boson production cross-sections
and the corresponding ratio of the fiducial cross-sections for W+ and W�. The measurement is
performed using proton–proton collision data collected at a centre-of-mass energy of

p
s = 13.6 TeV,

corresponding to an integrated luminosity of 29 fb�1 recorded by ATLAS in 2022. For this study
W ! ‘� events are used, where ‘ corresponds to an electron or a muon. Fiducial region, defined
by p‘T > 27 GeV, j�‘j < 2:5, pmiss

T > 25 GeV , and mW
T > 50 GeV, is determined by detector and

trigger acceptance. Signal acceptance and correction factors are estimated using the SHERPA 2.2.12
model. The background levels for electroweak and top processes are estimated using a Monte Carlo
simulation, while the multijet background is estimated using a data-driven technique. Experimental
and modeling uncertainties are propagated to the measurement, with dominant uncertainties arising
from the luminosity and jet reconstruction (for the muon channel), and multijet level and luminosity
(for the electron channel). Results are obtained using the Profile-likelihood method. The measured
fiducial cross-sections for W+- and W�-boson production and corresponding ratio are:

�W
+

�d = 4250� 150 pb; (3)

�W
�

�d = 3310� 120 pb; (4)
RW+=W� = 1:286� 0:022: (5)
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Abstract

The quoted uncertainty corresponds to the total uncertainty, including that arising from the lumi-
nosity for the fiducial cross-section, which amounts to about 2.2%. The dominant uncertainty for the
charge ratio arises from uncorrelated multijet background level uncertainties. The measuredW -boson
cross-sections are in good agreement with the Standard Model predictions, based on Next-to-Next-to-
Leading Order in �s (plus NLO in �EW) calculation. Predictions based on the most advanced PDFs
are compared to the fiducial cross-sections as well as the charge ratio. All predictions are compatible
with the measurements within the quoted uncertainties.

Keywords: ATLAS, Standard Model, luminosity calibration, van der Meer, vdM, electroweak boson,
W boson, cross-section measurement, fiducial cross-section
Research field: Physics
Research subfield: High energy physics
UDC number:

x



Sa�etak

Ó îâîj äîêòîðñêîj äèñåðòàöèjè ñó ïðåäñòàâ§åíå äâå êîìïëåìåíòàðíå ñòóäèjå óðà¢åíå êîðè-
ø£å»åì ïîäàòàêà ïðèêóï§åíèõ ïîìî£ó äåòåêòîðà ÀÒËÀÑ íà Âåëèêîì ñóäàðà÷ó õàäðîíà
ó ÖÅÐÍ-ó.

Ó ïðâîì äåëó äèñåðòàöèjå ïðèêàçàíè ñó ðåçóëòàòè êàëèáðàöèjå àïñîëóòíå ñêàëå ëóìè-
íîçíîñòè çà ïðîòîí-ïðîòîí ñóäàðå ó ñèñòåìó öåíòðà-ìàñå

p
s = 900 GeV ñà high-� � êîí-

ôèãóðàöèjîì, çàñíîâàíå íà van der Meer (vdM) ñêåíèðà»èìà ñïðîâåäåíèì 2018. ãîäèíå.
Îäðå¢åíè ñó ìåð§èâè (âèä§èâè) åôèêàñíè ïðåñåöè (� vis) çà ðàçëè÷èòå àëãîðèòìå ëóìè-
íîçíîñòè, óç äåòà§íó åâàëóàöèjó ñèñòåìàòñêèõ íåîäðå¢åíîñòè, óê§ó÷ójó£è è åôåêàò íàðó-
øå»à ôàêòîðèçàöèjå. Ïîñòèãíóòà óêóïíà ïðåöèçíîñò êàëèáðàöèjå èçíîñè 1.85%, ïðè ÷åìó
ñó âàðèjàöèjå ðåôåðåíòíå ñïåöèôè÷íå ëóìèíîçíîñòè è åôåêàò íàðóøå»à ôàêòîðèçàöèjå
äîìèíàíòíè äîïðèíîñè óêóïíîj íåîäðå¢åíîñòè. Êîíçèñòåíòíîñò ðåçóëòàòà ìå¢ó ðàçëè÷è-
òèì àëãîðèòìèìà ëóìèíîçíîñòè ïîòâð¢åíà jå ìåòîäîì êîjà êîðèñòè òðàãîâå ðåêîíñòðóèñà-
íå ó Óíóòðàø»åì äåòåêòîðó, êàî è êîðèø£å»åì LUCID èíêëóçèâíèõ, êîèíöèäåíòíèõ è
hit-counting àëãîðèòàìà. Çà äàòè ñêóï ïîäàòàêà, ïðîöå»åíå ñó âðåäíîñòè èñïîðó÷åíå èí-
òåãðàëíå ëóìèíîçíîñòè çà äâå � � -êîíôèãóðàöèjå, ñà êðàj»îì íàìåíîì êîðèø£å»à èñòèõ
ó ñòóäèjè åëàñòè÷íîã ðàñåjà»à:

L int = 925:4 � 0:5 stat � 20:0 sys �b �1 ; (� � = 50=100 m); (6)

L int = 501:0 � 0:4 stat � 10:6 sys �b �1 ; (� � = 11 m): (7)

Ïðîöå»åíà óêóïíà ñèñòåìàòñêà íåîäðå¢åíîñò çà èíòåãðàëíó ëóìèíîçíîñò èçíîñè 2.1% è
óê§ó÷ójå äîïðèíîñå îä ïðîöåäóðå êàëèáðàöèjå, ñòàáèëíîñòè îäçèâà äåòåêòîðà è ïðîâåðå
êîíçèñòåíòíîñòè ðåçóëòàòà ìå¢ó ðàçëè÷èòèì ìåòîäàìà.

Ó äðóãîì äåëó äèñeðòàöèjå ïðèêàçàíè ñó ðåçóëòàòè ìåðå»à òîòàëíèõ è ôèäóöèjàëíèõ åôè-
êàñíèõ ïðåñåêà ïðîäóêöèjå W � áîçîíà è êîëè÷íèêà ôèäóöèjàëíèõ åôèêàñíèõ ïðåñåêà çà
W + è W � . Ìåðå»å jå èçâåäåíî êîðèø£å»åì ïîäàòàêà èç ïðîòîí�ïðîòîí ñóäàðà íà åíåðãè-
jè ó ñèñòåìó öåíòðà-ìàñå

p
s = 13.6 TeV, ñà ïîäàöèìà ïðèêóï§åíèì äåòåêòîðîì ÀÒËÀÑ

òîêîì 2022. ãîäèíå êîjè îäãîâàðàjó èíòåãðàëíîj ëóìèíîçíîñòè 29 fb �1 . Çà îâî ìåðå»å êî-
ðèø£åíè ñó äîãà¢àjè W ! `�, ãäå ` îçíà÷àâà åëåêòðîí èëè ìèîí. Ôèäóöèjàëíè ôàçíè ïðî-
ñòîð, äåôèíèñàí óñëîâèìà p `

T > 27 GeV, j� ` j < 2:5, pmiss
T > 25 GeV è mW

T > 50 GeV, îäðå¢åí
jå òàêî äà ïðàòè ïîêðèâåíîñò äåòåêòîðà è òðèãåðà. Àêñåïòàíñå è êîðåêöèîíè ôàêòîðè ñó
ïðîöå»åíè êîðèø£å»åì ìîäåëà Sherpa 2.2.12. Íèâîè ôîíà çà åëåêòðîñëàáå ïðîöåñå è ïðî-
öåñå ïðîäóêöèjå òîï êâàðêîâà ïðîöå»åíè ñó êîðèø£å»åì Ìîíòå Êàðëî ñèìóëàöèjà, äîê jå
íèâî ôîíà êîjè ïîòè÷å îä ïðîäóêöèjå ¶åòîâà ïðîöå»åí äèðåêòíî èç ïîäàòàêà. Åêñïåðèìåí-
òàëíå è òåîðèjñêå íåîäðå¢åíîñòè ïðîïàãèðàíå ñó ó êîíà÷íå ðåçóëòàòå ìåðå»à. Äîìèíàíòíè
äîïðèíîñè óêóïíîj íåîäðå¢åíîñòè ïîòè÷ó îä: ìåðå»à ëóìèíîçíîñòè è ðåêîíñòðóêöèjå ¶å-
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Abstract

òîâà çà ìèîíñêè êàíàë ðàñïàäà, êàî è ìåðå»à ëóìèíîçíîñòè è ïðîöåíå ìóëòè¶åò ôîíà çà
åëåêòðîíñêè êàíàë ðàñïàäà. Ðåçóëòàòè ñó äîáèjåíè óïîòðåáîì P rof ile-likelihood ìåòîäå.
Èçìåðåíå âðåäíîñòè ôèäóöèjàëíèõ åôèêàñíèõ ïðåñåêà ïðîäóêöèjå W + è W � áîçîíà, êàî
è »èõîâîã êîëè÷íèêà èçíîñå:

� W +

�d = 4250 � 150 pb; (8)

� W �

�d = 3310 � 120 pb; (9)

RW + =W � = 1:286 � 0:022: (10)

Èçíàä íàâåäåíå íåîäðå¢åíîñòè ïðåäñòàâ§àjó óêóïíå ïðîöå»åíå íåîäðå¢åíîñè, ó êîjå jå óðà-
÷óíàòà è íåîäðå¢åíîñò êîjà ïîòè÷å îä ìåðå»à ëóìèíîçíîñòè, à èçíîñè 2.2%. Äîìèíàíòíà
íåîäðå¢åíîñò çà êîëè÷íèê ôèäóöèjàëíèõ ïðåñåêà ïîòè÷å îä íåîäðå¢åíîñòè ïðîöåíå ìóëòè-
¶åòà êîjà jå íåêîðåëèñàíà èçìå¢ó íåèñòîèìåíî íàåëåêòðèñàíèõ êàíàëà ðàñïàäà. Èçìåðåíè
ïðåñåöè ïðîäóêöèjå W áîçîíà ó ñàãëàñíîñòè ñó ñà ïðåäâè¢à»èìà Ñòàíäàðäíîã ìîäåëà, çà-
ñíîâàíèì íà ïåðòóðáàòèâíîì ðà÷óíó äî Next-to-Next-to-Leading ðåäà ïî � s (óç NLO ïî
� EW ). Òåîðèjñêà ïðåäâè¢à»à çàñíîâàíà íà íàjñàâðåìåíèjèì PDF ñêóïîâèìà óïîðå¢åíà ñó
ñà èçìåðåíèì ôèäóöèjàëíèì åôèêàñíèì ïðåñåöèèìà êàî è ñà ôèäóöèjàëíèì êîëè÷íèêîì,
ïîêàçójó£è êîìïàòèáèëíå ðåçóëòàòå ó îêâèðèìà íàâåäåíèõ íåîäðå¢åíîñòè.

Ê§ó÷íå ðå÷è: ÀÒËÀÑ, Ñòàíäàðäíè ìîäåë, êàëèáðàöèjà ëóìèíîçíîñòè, van der Meer, vdM,
åëåêòðîñëàáè áîçîí, W áîçîí, ìåðå»å åôèêàñíîã ïðåñåêà, ôèäóöèjàëíè åôèêàñíè ïðåñåê
Íàó÷íà îáëàñò: Ôèçèêà
Óæà íàó÷íà îáëàñò: Ôèçèêà âèñîêèõ åíåðãèjà
ÓÄÊ áðîj:
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Introduction

Understanding of the fundamental laws of Nature has progressed over time, turning independent theo-
retical ideas and experimental discoveries in particle physics into the remarkably coherent framework
of the Standard Model. Pieces that once appeared separately - theory of electromagnetism, the weak
nuclear interaction, and the strong force - have gradually merged into a single, uni�ed theory. How-
ever, even with its remarkable success, the Standard Model remains incomplete. This recognition has
motivated the continued development of increasingly sophisticated particle accelerators and complex
detector systems used as experimental tools for studying the laws of Nature. The most powerful ex-
perimental setup to date, where the foundations of the Standard Model can be further strengthened
and new concepts beyond explored, is the Large Hadron Collider (LHC) at CERN. One of its general-
purpose detectors, ATLAS, is designed to test the Standard Model with high precision and to search
for possible signs of phenomena beyond it.

The results presented in this thesis cover two major components of the ATLAS physics programme:
the absolute calibration of the luminosity in proton–proton collisions and the measurement of W-
boson production cross-sections at the LHC. Although these two studies serve different physics ob-
jectives, together they demonstrate the complete work�ow of an ATLAS measurement - from estab-
lishing the absolute luminosity scale to extracting physics observables.

The performance of any accelerator ultimately depends on its ability to produce interactions. This
capability is quanti�ed through the luminosity, which is roughly proportional to the number of in-
teractions produced per unit time. Almost every precision measurement at the LHC relies directly
on the accuracy of the measured luminosity: it sets the overall normalization of all event yields, and
its uncertainty often limits the achievable precision of the measurement. The �rst part of this thesis
describes the luminosity calibration using the van der Meer formalism. The calibration is carried
out using data collected during dedicated data-taking periods under controlled beam conditions, with
the sole purpose of determining the calibration constant with high precision and transferring it to the
physics data used in subsequent measurements. In particular, calibration is performed using special
ATLAS data at a centre-of-mass energy of

p
s = 900 GeV, conducted in 2018 during Run 2. The

luminosity calibration obtained in this thesis serves as a crucial input to the elastic-scattering analy-
sis performed at the same energy. The energy point of

p
s = 900 GeV lies in the transition region

where the rise of the total pp cross-section becomes pronounced. Measurements at
p

s = 900 GeV,
therefore, provide an anchor for understanding how key elastic-scattering parameters evolve with en-
ergy. A precise determination at this intermediate energy helps to constrain soft-QCD models and test
dispersion-relation expectations, while offering sensitivity to signatures of the Odderon, the color-
singlet three-gluon exchange state predicted by QCD.

The W-boson is a cornerstone of the electroweak sector. Precise measurements of its production
cross-sections, charge asymmetries, and decay properties provide stringent tests of perturbative QCD
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Introduction

and electroweak theory. They also constrain parton distribution functions (PDFs), especially the u=d
ratio at low Björken-x, which has wide implications for LHC phenomenology. With the increased
centre-of-mass energy and luminosity in Run 3, ATLAS can achieve a new level of precision in W-
boson measurements. The second part of this thesis focuses on the measurement of the inclusive total
and �ducial production cross-sections of the W� ! ` � � processes, as well as their ratio. Here ` de-
notes an electron or a muon, representing two experimentally clean signatures. These measurements
are performed using proton–proton collision data collected by the ATLAS experiment during 2022
at the increased centre-of-mass energy of

p
s = 13.6 TeV, corresponding to an integrated luminosity

of 29 fb�1 . The analysis is based on pro�le-likelihood (PLH) �ts to the inclusive event yields in the
four single-lepton channels: W+ ! e + �, W + ! � + �, W � ! e � ��, and W � ! � � ��. From these,
the individual cross-sections and the ratio of W+ =W� �ducial cross-sections are extracted with high
precision. An alternative event-counting extraction of the cross-section quantities listed above is also
performed.

The chapters that follow are organized as described below:

• Chapter 1 introduces the fundamental concepts of circular accelerators, including beam dy-
namics, focusing, and collision schemes relevant for luminosity studies. It also provides a
concise overview of the Standard Model, highlighting the theoretical foundations needed to un-
derstand the physics processes discussed later in the thesis.

• Chapter 2 describes the experimental environment of the ATLAS detector, outlining the key
subsystems involved in event reconstruction and luminosity determination. Particular attention
is given to the luminosity detectors and the components most relevant for the studies presented
in this thesis.

• Chapter 3 presents a detailed description of the determination of the absolute luminosity scale
using the van der Meer scan formalism. This chapter places special emphasis on the calibration
of the visible cross-section, which represents the primary contribution of the author.

• Chapter 4 focuses on the measurement of the �ducial W-boson production cross-section atp
s = 13.6 TeV. The event selection, background estimation, and the extraction of the �nal

physics results are discussed, illustrating the application of the calibrated luminosity scale in
a high precision electroweak analysis. This chapter contains the author's contribution to the
gauge boson physics at ATLAS.

Author`s publications related to this thesis:

• G. Aad, ..., V. Maksimovic, et al., "Measurement of vector boson production cross sections and
their ratios using pp collisions at

p
s =13.6 TeV with the ATLAS detector",

Physics Letters B 854 (2024) 138725.

• G. Aad, ..., V. Maksimovic, et al., "Measurement of the t�t cross section and its ration to the Z
production cross section using pp collisions at

p
s = 13.6 TeV with ATLAS detector",

Physics Letters B 848 (2024) 138376.

• R. Hawkings, W. Kozanecki, J. Kuechler, V. Maksimovic, K. Monig, N. Vranjes,
"Absolute luminosity calibration for the 900 GeV 2018 pp dataset with the ATLAS detector",
ATL-COM-DAPR-2024-020 (2024).

• G. Aad, ..., V. Maksimovic, et al., "Determination of the luminosity in pp collisions for elastic
scattering measurements at

p
s = 900 GeV using the ATLAS detector at the LHC", Target

journal: European Physical Journal C (EPJC). Manuscript in preparation.
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Chapter 1

An Overview of the Theoretical and
Experimental Concepts

Particle accelerators are regarded as essential instruments in the exploration of the fundamental laws
of nature. By colliding particles at high energies, access is provided to very small distance scales
where new phenomena can be observed and existing theoretical predictions tested. The advancement
of accelerator technology and the development of particle physics theory have been closely connected.
Each new generation of accelerators has enabled deeper insights into the structure of matter and the
forces that govern it. Circular accelerators, in which charged particles are guided along closed orbits
by magnetic �elds and gain energy by accelerating, are particularly well-suited for reaching very high
collision energies. This chapter �rst introduces the fundamental principles of circular accelerators
essential for understanding luminosity, followed by a brief overview of the Standard Model.

1.1 Principles of circular accelerators

The design and operation of modern high-energy circular accelerators are based on fundamental prin-
ciples of accelerator physics that determine the transverse and longitudinal dynamics of charged par-
ticles. These concepts provide the basis for understanding the performance of large-scale machines,
including the LHC introduced later in Section 2.2. In this section, the main ingredients are reviewed:
transverse dynamics and focusing, longitudinal dynamics, and Radio Frequency (RF) acceleration.
While the RF system is used for accelerating, dipole magnets bend the beam to keep it on a closed
path, quadrupole magnets provide linear focusing in the horizontal and vertical planes, and sextupole
magnets are used to correct chromatic effects1 [1]. These elements are typically arranged in repeating
units called cells; their pattern governs how the beam is transported and focused around the acceler-
ator ring. The term lattice refers to the ordered sequence of magnets and accelerating elements that
make up the ring [2]. A simple example for a lattice element is the FODO cell, which consists of a
focusing quadrupole (F), a drift space (O), and a defocusing quadrupole (D), all of which are repeated
periodically. In the LHC, the arc regions are constructed from long sequences of FODO cells. At

1This effect arises because particles with momenta different from the reference momentum are bent and focused with
slightly different strengths by the quadrupole �elds. If left uncorrected, this momentum dependence would lead to a
spread in the particle trajectories and ultimately result in beam destabilization.

3



1. An Overview of the Theoretical and Experimental Concepts

the same time, the insertions surrounding the detectors are speci�cally designed to provide a focused
beam at the interaction point (IP) of the colliding beams.

1.1.1 Acceleration and beam steering

A fundamental component of any synchrotron and circular accelerator in general is the system used
to accelerate particles. A magnetic �eld can only change particles' trajectories but cannot change the
kinetic energy of the beam; acceleration must therefore be provided by an electric �eld parallel to the
direction of motion of the particles. In the LHC, this is achieved with superconducting RF cavities
operating at a frequency of fRF = 400.8 MHz [3]. An RF cavity is a metallic resonator constructed
to uphold an oscillating electromagnetic �eld at a well-de�ned frequency. The geometry of these
cavities is designed to establish a strong longitudinal electric �eld along the beam axis. RF cavities
operate at a harmonic h of the revolution frequency frev (�11.245 kHz in the LHC [4]). An oscillating
electric �eld de�ned as:

V (t) = V RF sin(! RF t + �) (1.1)

is applied along the beam path, where !RF = 2�hf rev . The oscillating RF �eld alternates between
accelerating and decelerating. When a charged particle travels the cavity at the correct phase of the
oscillation � s, it receives the energy increment �E = qVRF sin � s needed to reach and maintain
the desired momentum, where q is the particle charge, VRF the cavity voltage. Particles with such
a phase are called synchronous particles. In reality, beams consist of a vast number of particles
with the energies spread around the nominal (synchronous) value. For example, a particle with a
slightly smaller energy than the synchronous one, has, of course, lower momentum and arrives later
in phase at the RF cavity. Because of the sinusoidal voltage, a late particle sees a larger accelerating
�eld and therefore gains more energy than the synchronous particle. On the other hand, if a particle
with slightly higher energy arrives earlier, it experiences a weaker accelerating �eld and gains less
energy. In both cases, these particles are driven back to the synchronous energy on the next turn
around the ring. This restoring-to-the-nominal-value mechanism does not return particles exactly to
the synchronous phase. It instead causes particles to oscillate in phase and energy at the frequency [5]:

! s =

s
hqVRF j cos � sj �

2� ~� 2E
; (1.2)

where � is the slip factor, which tells how the revolution frequency shifts with momentum,~� is the
relativistic velocity factor, and E is the total energy of the particle. In longitudinal phase space (�E
versus �), the trajectories of particles undergoing these oscillations are closed ellipses around the
synchronous particle. The limit between stable and unstable motion is described by a curve in the
longitudinal phase space, the RF separatrix. Particles within the RF separatrix remain con�ned and
oscillate around the synchronous phase, whereas particles outside slip in phase until they are lost
from the machine. An RF bucket is the stable region in longitudinal phase space created by the RF
voltage, de�ned by the separatrix. Buckets exist independently of whether particles are present. A
bunch, in contrast, is the actual collection of protons con�ned within a given bucket. The number
of buckets around the ring in the LHC is determined by the machine's properties. Harmonic number
gives the h = fRF =f rev � 35640 possible number of buckets with a 1=fRF = 2:5 ns time-length,
but only every tenth bucket is �lled. This produces a pattern of 3564 possible bunches per beam
with 25 ns spacing [2]. The number of possible bunches is additionally reduced due to the machine
protection and operational reasons, including the abort gap for beam dumping, injection kicker gaps,
and reserved slots for synchronization [6]. As a result, the maximum number of �lled bunches per
beam is 2808, each populated with � 1011 protons and identi�ed by its unique Bunch Crossing
ID (BCID). Such high bunch populations are required, given the extremely small probability that
individual protons will collide within the tiny interaction region.
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For charged particles to follow the circular path, dipole magnets are employed. Their �eld is used
to bend the beams around the ring. The magnetic part of the Lorentz force acts like the centripetal
acceleration: p

q
= B�; (1.3)

where p is the particle momentum, q its charge, B the dipole magnetic �eld, and � the bending radius.
The quantity B� is called the magnetic rigidity, and it is a parameter very important in synchrotron de-
sign. For the LHC, dipoles of 8:3 T bend protons of 7 TeV momentum around a radius of � � 2:8 km.
A charged particle undergoing acceleration emits electromagnetic radiation. In circular accelerators,
the bending of particle trajectories by dipole �elds provides a continuous centripetal acceleration, re-
sulting in energy loss per revolution, known as synchrotron radiation. The energy loss is proportional
to E4=(m4�), which implies that synchrotron radiation is stronger for light particles such as electrons,
but negligible for heavy particles such as protons. Taking into account, for example, electron and pro-
ton masses (me = 0.511 MeV, mp = 938 MeV) at the exact bending radius, the ratio of the radiated
power is proportional to (mp=me)

4 � 10 13.

1.1.2 Transverse beam motion

The interplay of dipole and quadrupole �elds controls the transverse motion of particles in a syn-
chrotron. While dipoles bend the trajectory onto the reference orbit, quadrupoles provide linear
restoring forces that localize deviations from it. The resulting equation of motion in the horizon-
tal plane is (and analogous for a vertical plane):

d2x
ds2

+ K(s) x = 0; (1.4)

where x(s) is the horizontal displacement, s is the longitudinal coordinate, de�ned as the path length
along the reference orbit, and K(s) is the focusing function of the lattice. Longitudinal coordinate
s increases continuously as one moves around the ring, with s = 0 typically chosen at a reference
point such as an IP. After one revolution, s = C corresponds to the circumference of the machine.
Since the accelerator lattice is periodic, K(s + C) = K(s). A quadrupole focuses in one plane while
defocusing in the other. By arranging alternating gradients in a lattice cell (FODO structure), overall
focusing is achieved in both planes. Form shown in Eq. (1.4) is known as Hill's equation [7]. This
equation is directly analogous to the paraxial equation for light rays in a periodic lens system. Just as
a sequence of lenses de�nes how a light beam is focused, a sequence of quadrupole magnets de�nes
how a particle beam is focused. According to Floquet's theorem [1, 8], the solution of Hill's equation
can be written as:

x(s) =
p

" �(s) cos
�
 (s) + � 0

�
; (1.5)

where " is the transverse emittance, �(s) the betatron function (envelope), and  (s) the phase ad-
vance. Emittance quanti�es the phase-space area occupied by the beam. In one transverse plane, it is
de�ned as:

" =
1
�

Area(x; x0); (1.6)

where x is the transverse position and x0 = dx=ds the angle with respect to the reference orbit. In
practice, the often quoted variable is rather a normalized emittance de�ned as:

"N = 
 ~� "; (1.7)

with 
 being the Lorentz factor, and~� =
p

1 � (1=
) 2 the mean velocity of a beam particle in
c�units. Normalized emittance is invariant under acceleration. For the LHC, a typical normalized
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transverse emittance at injection is "N � 3:5 �m. Transverse beam size �(s) at a position s along the
beam pipe is given by:

�(s) =
p

" �(s): (1.8)

Thus, the beam envelope is determined by both the optical lattice (through �(s)) and the emittance
". At the IP, beams are focused to maximize luminosity. The value of the betatron function at the
IP is denoted as �� . A smaller � � corresponds to a tighter focus and smaller transverse beam size.
Reducing �� therefore increases luminosity, but also increases angular divergence, which can affect
detector acceptance and pile-up conditions.

The betatron tune Q is de�ned as the number of transverse oscillations a particle performs per revo-
lution around the ring:

Q =
1

2�

I
ds

�(s)
:

If the tune is close to a rational value Q = m=n, with small integers m and n, the betatron phase
advance aligns with the periodic lattice after n turns. In this situation, small perturbations from magnet
imperfections or nonlinear �elds are reinforced coherently on every turn, leading to large oscillation
amplitudes. Integer tunes are driven by dipole errors, half-integer tunes by quadrupole errors, and
higher-order resonances by sextupoles and other nonlinearities. The strength of a resonance generally
decreases with its order, so low-order rational tunes (e.g. Q = 1=2; 1=3; 1=4) are the most dangerous.
To ensure beam stability, the operational tune values (Qx ; Qy) are chosen to lie between resonance
lines in tune space.

Owing to the close analogy between magnet con�gurations in a circular accelerator and optical lens
systems, the transverse beam-dynamics parameters—such as the Qx ; Qy, � � —are collectively re-
ferred to as the beam optics con�gurations.

1.2 Luminosity

The term "luminosity" (from the Latin "lumen") was borrowed from optics/astronomy and was prob-
ably �rst used in the late 1950s, when storage rings and colliders were �rst being developed. To com-
pare interaction rates at different energies and beam intensities, the physicists needed a normalized
quantity. Hence, "luminosity" was adopted to quantify how "bright" the beams are in terms of pro-
ducing interactions. If the two beams have equal intensities, the number of interactions N observed in
a given time interval is proportional to the instantaneous luminosity L(t). The proportionality factor
is the interaction cross-section �, which represents the probability for a given process to occur:

R(t) =
dN
dt

= L(t) �; (1.9)

where R(t) is the interaction rate (events per unit time), with luminosity having a dimension of
cm�2 s�1 . This relation is valid for any chosen reference process; it is convenient to select one with a
well-de�ned and precisely measurable cross-section, such as the inelastic proton–proton cross-section
� inel . Under this choice, the instantaneous luminosity per bunch crossing (BC) can be expressed as:

L b =
� � f rev

� inel
; (1.10)

where frev denotes the bunch revolution frequency and � is the number of inelastic interactions per
BC. Instantaneous luminosity in a collider is not constant in time, but instead, it gradually decreases.
This decay is primarily driven by reductions in beam intensity and increases in transverse beam size.
Under nominal operating conditions, the dominant contribution to this degradation arises from the
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loss of accelerated particles due to collisions themselves. Other mechanisms, such as intrabeam scat-
tering, residual-gas interactions, and various collective effects, play secondary roles but may become
signi�cant at very high luminosities. An example of the observed decay of the instantaneous lumi-
nosity during a typical Fill2 is shown on the left side of Figure 1.1 as read by one of the luminosity
monitoring systems (see Section 2.4). In most cases, this decrease can be well described by an expo-
nential parameterization:

L(t) = L 0 e�t=� T ; (1.11)

where �T represents the effective luminosity lifetime. This single-parameter model provides a good
approximation of the observed behavior during most physics �lls. Although the exact functional form
of L(t) is not essential for luminosity monitoring, since measurements are summed numerically, it
becomes important for optimizing collider performance. Because the recorded luminosity decreases
with time, there exists an optimal duration for each physics Fill (' 7h).

Figure 1.1: Left: Instantaneous luminosity as a function of time for LHC Fill 6024 in Run 2 during
2017 at

p
s = 13 TeV [9]. Luminosity decay is clearly visible. Right: Total integrated luminosity

delivered by the LHC and recorded by the ATLAS detector in 2024 during Run 3, shown as a function
of day [10].

The integrated luminosity refers to the luminosity collected over some period (e.g., the data-taking
time period), and is obtained as:

L int =
Z

L(t) dt: (1.12)

Unit of integrated luminosity is the inverse barn (b�1 ), where one barn equals 1 b = 10�24 cm2.
However, at collider experiments is more convenient to express Lint in inverse picobarns (pb�1 ) or
inverse femtobarns (fb�1 ), re�ecting the very small cross-sections typical for high-energy processes.
There are several related de�nitions of luminosity. The delivered luminosity represents the total
luminosity provided by the accelerator to the detectors built at the IPs (such as ATLAS, used in this
thesis) during data-taking, encompassing the full beam conditions, regardless of whether the detector
recorded all interactions. The recorded luminosity is the portion of the delivered luminosity that
was actually collected by a detector and written to permanent storage, meaning Lrecorded � L delivered.
Losses primarily result from detector downtime, data acquisition dead-time, trigger properties, and
other factors. An example of the evolution of the total integrated luminosity at the LHC experiment
ATLAS in 2024 is shown on the right side of Figure 1.1. Luminosity determined in experiments
can be distinguished as absolute or relative. The absolute, or true physical, luminosity is obtained

2Fill denotes one complete beam cycle, in the case of LHC starting with beam injection, followed by the operational
period in which collisions are delivered, and ending with beam dump.
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1. An Overview of the Theoretical and Experimental Concepts

from dedicated calibration procedures that directly measure the beam parameters and determine the
physical luminosity scale. The relative luminosity quanti�es the time-dependent variation of the
interaction rate during normal operation, determined from the detector`s counting rates normalized to
the previously established calibrated luminosity.

1.2.1 Colliding bunches luminosity

The luminosity of a collider can be expressed in terms of the properties of the colliding bunches.
Considering two particle bunches with normalized densities �1(x; y; z; t) and � 2(x; y; z; t), the general
expression reads:

L b = K n 1n2 f rev

Z Z Z Z
� 1(x; y; z; t) � 2(x; y; z; t) dx dy dz dt; (1.13)

where n1;2 denotes the number of particles per bunch in the two beams, frev the revolution frequency
of the machine. The prefactor K is a kinematic term that accounts for the relative motion of the beams
and is de�ned as:

K =

r

(~v1 � ~v 2)2 �
(~v1 � ~v 2)2

c2
; (1.14)

where ~v1;2 are the beam velocities and c is the speed of light. For collinear beams traveling at rela-
tivistic speed, K = 2c. The total instantaneous luminosity is de�ned as the sum of the instantaneous
luminosities over nb colliding bunch-pairs at the IP:

L =
nbX

b

L b = n b � hLbi = n b �
h�i � f rev

� inel
; (1.15)

with hLbi being the mean per-bunch instantaneous luminosity, and h�i the interaction rate averaged
over all colliding bunches—commonly referred to as the pile-up3. If the particle densities can be
factorized into independent transverse and longitudinal components, the normalized density becomes:

� i (x; y; z; t) = � ix (x) � iy (y) � iz (z � ct): (1.16)

The longitudinal part cancels in the overlap integral for head-on collisions (beams are collided along
the z-axis), yielding:

L b = n 1n2 f rev

Z
� 1x(x)� 2x(x) dx

Z
� 1y(y)� 2y(y) dy: (1.17)

Bunch densities are often well approximated by Gaussian distributions. For beam i with transverse
widths � ix and � iy , the normalized densities are:

� ix (x) =
1

p
2� � ix

exp
�

�
x2

2� 2
ix

�
; (1.18)

� iy (y) =
1

p
2� � iy

exp
�

�
y2

2� 2
iy

�
: (1.19)

Substituting these pro�les into Eq. (1.17), one obtains:

L b =
n1n2 f rev

2�
p

� 2
1x + � 2

2x

q
� 2

1y + � 2
2y

: (1.20)

3In-time pile-up refers to multiple pp interactions occurring within the same BC as the hard-scattering event of interest.
Out-of-time pile-up refers to signals from interactions in earlier or later BC, recorded due to �nite signal integration time.

8



1.2. Luminosity

For the special case of equal beam sizes, �1x = � 2x = � x and �1y = � 2y = � y, this reduces to:

L b =
n1n2f rev

4�� x � y
: (1.21)

Eq. (1.21) makes explicit the parameters that drive luminosity: a large bunch population product
n1n2, a high revolution frequency, and small transverse beam sizes �x , � y at the IP. This expression
can be further rewritten by expressing the transverse beam sizes in terms of the emittances "x;y and
the corresponding betatron functions �x;y (whose de�nitions are given in Section 1.1.2). Using the
de�nition of the normalized emittances, "x;y

N = 
 ~�" x;y , given in Eq. (1.7) and assuming the round-
beam approximation (�x = � y = �), the luminosity per bunch pair becomes:

L b =
n1n2 f rev

4�� 2
=

n1n2 f rev 

4� " N � �

; (1.22)

where "xN = " y
N = " N and �x = � y due to the round-beams. This further illustrates that luminosity

can be actively controlled through the lattice con�guration (see Sections 2.1 and 1.1.2 for a de�nition
and discussion), in particular by adjusting the value of the betatron function �� at the IPs, which
determines the transverse beam size and focusing strength at the collision region. In addition to these
parameters, the total instantaneous luminosity from Eq. (1.15) can be further increased by increasing
the number of colliding bunch pairs nb. For the most general case, the luminosity expression can be
extended to include reduction factors that account for realistic beam con�gurations.

1.2.2 Luminosity reduction effects

Several factors can reduce the achievable luminosity compared to the idealized case of perfectly head-
on collisions with static Gaussian bunches summed by Eq. (1.21) and Eq. (1.22). Most relevant effects
arise from the �nite crossing angle, transverse offsets between the beams, their combination, and the
so-called hourglass effect due to the variation of the �-function along the longitudinal direction [4,
11].

At colliders, beams are often brought into collision under a small crossing angle �c. For two Gaussian
bunches with longitudinal beam size �z and transverse beam size �i in the plane of the crossing i,
where i = x; y, the reduction factor S(�c) is approximetely given by:

S(� c) �

 

1 +
�

� c� z

2� i

� 2
! �1=2

; (1.23)

which multiplies the nominal luminosity in Eq. (1.21). The reduction increases with both the crossing
angle and the bunch length. The transverse offset between the beam at the IP, for instance, due to
imperfect orbit steering, also reduces the overlap integral. Assuming a static Gaussian displacement
� 0

x and �0y between the two beams, the reduction factor reads:

W(� 0
x ; � 0

y ) = exp
�

�
(� 0

x )2

4� 2
x

�
(� 0

y )2

4� 2
y

�
: (1.24)

Even small offsets of order � 0:1� can cause measurable luminosity loss, which motivates the use of
continuous beam–beam centering during runs. When both a crossing angle and a transverse offset are
present in the same plane (e.g, horizontal), the two effects no longer factorize exactly. The resulting
overlap integral leads to a correction term of the form [11]:

eB 2
A = exp

"
1
2

�
� c� z� 0

x

2� 2
x

� 2
#

; (1.25)
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which partially compensates the luminosity reduction from S and W. This term appears in the general
luminosity expression as an exponential enhancement factor, relevant when both effects coexist. The
hourglass effect arises from the transverse focusing of the beams near the IP, where the �-function
reaches its minimum value �� . If the assumption of factorization (from Eq. (1.16)) between transverse
and longitudinal bunch densities no longer holds, the transverse beam sizes become dependent on the
longitudinal position z along the bunch. This breaks the simple picture described by Eq. (1.21) and
Eq. (1.22). An additional factor, due to the �i ! � i (z) transition, now arises and must be integrated
numerically due to its complexity. Because the beam is continuously focused by alternating focusing
and defocusing quadrupole magnets, the �-function increment can be approximated quadratically
with distance from the IP as:

�(z) = � �

�
1 +

z2

� �2

�
; (1.26)

resulting in a corresponding growth of the transverse beam size, �(z) = ��
p

1 + (z=� � )2, with
� � = �(z = 0). This leads to a reduction of the effective overlap of the colliding bunches, and
consequently of the instantaneous luminosity. Hourglass effect becomes signi�cant when the bunch
length �z is comparable to �� , and is negligible when �� � � z. This effect is smaller compared
to the effect caused by the crossing angle when assuming nominal LHC parameters. As shown in
Figure 1.2, the transverse beam envelope widens more rapidly with z for smaller �� , producing the
hourglass-shaped (if taken both positive and negative solutions) focusing pro�le around the IP.

�0:5 �0:4 �0:3 �0:2 �0:1 0 0:1 0:2 0:3 0:4 0:5

1

1:2

1:4

1:6

1:8

2

z [m]

p
1

+
(z

=
�

�
)2

� � = 19:2 m
� � = 0:25 m

Figure 1.2: Dependence of the factor
p

1 + (z=� � )2 on the longitudinal position z for two optics
con�gurations at ATLAS [12]. The large value �� = 19:2 m corresponds to the high-�� optics used
during calibration runs while the small �� = 0:25 m represents the low-�� optics used in standard
high-luminosity physics operation.

1.2.3 Importance of luminosity

Precision of any measurement in collider physics ultimately depends on the delivered luminosity,
which determines both the achievable statistical accuracy and the sensitivity to rare processes with
small production probabilities. The total number of events observed for a given process can be written
as:

N observed
events = � � ef�ciency � L int : (1.27)

Here, ef�ciency is the overall detection ef�ciency, accounting for the detector acceptance and event-
selection performance, and Lint represents the integrated luminosity accumulated by the collider.
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1.2. Luminosity

While the cross-section is a quantity �xed by the underlying physics and the ef�ciency is determined
by the experimental apparatus, the integrated luminosity is a property of the accelerator and directly
governs the statistical power of all measurements. The instantaneous luminosity is determined in
experiments [13–15] using dedicated detector systems, and its absolute calibration is obtained through
dedicated van der Meer (vdM) [16] beam-separation scans, explained in detail in Section 3.1.

The importance of achieving high luminosity precision becomes especially pronounced when poten-
tial signatures of new physics cannot be accessed through the direct (on-shell) production of heavy
states. In such cases, new interactions may manifest indirectly through subtle modi�cations of exist-
ing observables.

An illustrative example is the measurement of the inclusive W-boson production cross-section mul-
tiplied by the leptonic branching ratio from Eq. (4.1). In this expression, any uncertainty in Lint

propagates linearly to the extracted cross-section, making luminosity calibration one of the dominant
systematic components in precision electroweak measurements. The same applies to a wide range
of processes, including Z-boson, top-quark, and Higgs-boson production. The impact of luminosity
precision on physics measurements can be illustrated using representative examples from Run 1 anal-
yses. Figure 1.3 presents the comparison between measured and predicted differential cross-sections
for Z boson production, evaluated with various theoretical predictions. This �gure clearly shows that
the luminosity uncertainty constitutes a signi�cant fraction of the total error, and that reducing it di-
rectly improves the precision of measurements in constraining theoretical models.

Figure 1.3: Ratio of the measured Z-boson differential cross-section to the several theoretical predic-
tions as a function of the boson rapidity [17].

A similar conclusion can be drawn from measurements of the inclusive top-quark pair production
cross-section, where the luminosity calibration remains one of the leading sources of systematic un-
certainty. Figure 1.4 illustrates ATLAS results for the inclusive t�t cross-section at

p
s = 13 TeV com-

pared with the most precise theoretical predictions available. Even in these high-statistics datasets, the
luminosity term contributes a substantial fraction of the total systematic uncertainty. Improvements
in luminosity determination are directly re�ected in the overall precision of top-quark cross-section
measurements.

Beyond its role in physics analyses, continuous luminosity monitoring is also crucial for machine op-
eration. Because the luminosity decreases exponentially, as described by Eq. (1.11), with time during

11



1. An Overview of the Theoretical and Experimental Concepts

Figure 1.4: Comparison of measurements of the inclusive top-quark pair production cross-section atp
s =13 TeV with theoretical predictions. The experimental uncertainties are separated into statistical

and systematic components, with the latter including the contribution from luminosity calibration.
Adapted from Ref. [18].

a �ll, real-time monitoring enables optimized decisions regarding beam dumps, injection cycles, and
�ll durations, maximizing the delivered and recorded integrated luminosity over a run.

Table 1.1 summarizes the evolution of collected integrated luminosity and corresponding uncertainty
across different data-taking periods of the ATLAS experiment.

Table 1.1: Integrated luminosities with corresponding uncertainties recorded with the ATLAS detector
at the LHC. Only proton-proton datasets are shown.

Dataset
p

s (TeV) Lint [fb�1 ] �L int =Lint Ref.
Run 1 (2010) 7 0.05 3.4 % [19]
Run 1 (2011) 7 5.5 1.8 % [20]
Run 1 (2012) 8 22.7 1.9 % [21]
Run 2 (2015) 13 3.24 1.13 % [22]
Run 2 (2016) 13 33.40 0.89 % [22]
Run 2 (2017) 13 44.63 1.13 % [22]
Run 2 (2018) 13 58.79 1.10 % [22]
Run 2 (2015–18 combined) 13 140.07 0.83 % [22]
Run 2 (Low pile-up 2017) 5.02 0.257 1.6 % [23]
Run 2 (Low pile-up 2017–18) 13 0.335 1.5 % [23]
Run 3 (2022) 13.6 31.4 2.2 % [24]
Run 3 (2023) 13.6 27.6 2.04 % [25]
Run 3 (2024) 13.6 107.9 2.00 % [26]
Run 3 (2022-24 combined) 13.6 166.9 1.90 % [26]
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1.3. A brief overview of the Standard Model

1.3 A brief overview of the Standard Model

Over the past 130 years, particle physics has evolved from the discovery of the electron to the for-
mulation of a uni�ed theory that describes nearly all the known forces of nature. The culmination of
this effort is the Standard Model (SM), a Quantum Field Theory (QFT) [27, 28] that combines Quan-
tum Electrodynamics (QED) [29–31], the Electroweak (EW) theory [32–34], and Quantum Chro-
modynamics (QCD) [35–37] into a single coherent framework. It provides a remarkably successful
description of the behavior and interactions of all known elementary particles, except gravity, whose
effects become relevant only near the Planck scale, MPl � 10 19 GeV [38–40]. A more comprehensive
discussion of the SM and its historical development can be found in Refs. [41–45].

Within the SM, all matter and radiation arise from a small set of quantum �elds. These include spin�1
2

fermions, which constitute matter; spin�1 gauge bosons, which mediate interactions; and a single
spin�0 scalar �eld, the Higgs boson, responsible for generating masses of the elementary particles.
Fermions are grouped according to their electric charge into two groups: leptons (`) and quarks (q).
For every matter particle, a corresponding antiparticle exists with identical mass and spin and opposite
additive quantum numbers, except for neutrinos (�), for which it remains unresolved whether they are
distinct (Dirac) or identical (Majorana) to their antiparticles [46]. More precisely, within the set of
elementary particles, all charged leptons and all quarks have their respective antiparticles. Leptons
carry integer charge, while quarks possess fractional electric charge �1

3 or � 2
3 . Quarks also carry an

additional quantum number, the color charge, which can take three values conventionally labeled red
(r), green (g), and blue (b). They combine into color-neutral bound states known as hadrons: mesons
(q�q) and baryons (qqq or �q �q �q). Gauge bosons mediate the fundamental interactions: eight gluons
(g) transmit the strong force between quarks, the weak interaction is carried by the massive bosons
W + , W �4 , and Z, while the photon 
 mediates the electromagnetic force. Leptons interact through
the weak interaction, and if charged, also through electromagnetism. Quarks, on the other hand,
participate in all three interactions. Fermions occur in three generations of increasing mass. The �rst
generation forms the stable matter of the visible Universe, whereas the second and third consist of
unstable particles that decay rapidly into lighter states. The pattern of replicated generations remains
one of the open questions in the SM. The complete set of elementary particles, together with their
main quantum numbers, is summarized in Figure 1.5.

In QFT, particles are described as quantized excitations of �elds �i (x) that depend on the space–time
coordinates x. Fermions are represented by spinor �elds  (x), while gauge bosons are described
by vector �elds A� (x). The dynamics of a system are determined by the Lagrangian density L, a
function of the �elds and their space–time derivatives @� � i (x). The principle of least action requires
the action integral S =

R
L d4x to be stationary, leading to the Euler–Lagrange equations of motion:

@�

�
@L

@(@� �)

�
�

@L
@�

= 0; (1.28)

for each �eld � in the theory.

De�ning feature of the SM is its high degree of symmetry. According to Noether's theorem [48],
each continuous symmetry of the Lagrangian corresponds to a conserved quantity: invariance under
translations implies conservation of momentum, invariance in time leads to energy conservation, and
rotational invariance yields angular momentum conservation. A generic �eld �(x) transforms under
a symmetry operation U as:

�(x) ! � 0(x) = U�(x): (1.29)
4In the following text, W� bosons are generally referred to as W unless the charge needs to be speci�ed explicitly.
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Figure 1.5: Standard Model particles [47].

If the equations of motion remain unchanged under this transformation, U represents a true symmetry
of the theory. When U is constant, the symmetry is global; if U depends on space–time, U(x),
it is a local or gauge symmetry. The set of such unitary transformations forms a Lie group [49].
Abelian groups describe commuting transformations, while non-Abelian groups correspond to non-
commuting ones. The Poincaré group, which contains translations, rotations, and Lorentz boosts,
governs the space–time symmetries of all relativistic �eld theories. Additional internal symmetries
describe charge, color, and weak isospin. Electromagnetic interactions preserve parity (P ) and charge
conjugation (C), whereas the weak interaction violates both P and C and even the combined CP
symmetry. However, the overall CPT symmetry, where T denotes time inversion, is conserved in all
Lorentz-invariant QFTs [50].

A gauge theory is a QFT whose Lagrangian remains invariant under local transformations of a given
Lie group. The Standard Model is a non-Abelian gauge theory based on the symmetry group:

SU(3)C 
 SU(2) L 
 U(1) Y ; (1.30)

where the indices C, L, and Y refer to color, left-handed chirality, and weak hypercharge, respectively.
Each subgroup governs one sector of the interactions:

• SU(3)C : Quantum Chromodynamics — the strong interaction between quarks and gluons;

• SU(2)L 
U(1) Y : Electroweak theory — unifying the weak and electromagnetic forces;

• Yukawa sector: interactions between the Higgs �eld and fermions that generate fermion masses;

• Higgs sector: dynamics of the scalar �eld responsible for electroweak symmetry breaking.

The complete SM Lagrangian density can therefore be expressed in the form of the following relation:

L SM = L EW + L QCD + L Yukawa + L Higgs: (1.31)

Here LEW and LQCD refer to the gauge interactions of leptons and quarks, LYukawa is related to the
couplings to the Higgs �eld, and LHiggs describes the potential and self-interactions of the scalar �eld.
This structure ensures that all known fundamental forces, except gravity, are embedded within a sin-
gle renormalizable quantum �eld theory. The renormalizability of the SM guarantees that in�nities
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appearing in perturbative calculations can be absorbed into a �nite number of measurable parameters,
ensuring that all physical predictions remain �nite and testable. This property underlies the extraor-
dinary precision with which quantities such as magnetic moments and decay rates can be calculated
and compared to experiment.

In its minimal form, the SM contains 18 independent parameters: six quark masses, three charged-
lepton masses, four Cabibbo–Kobayashi–Maskawa (CKM) parameters [51, 52], three gauge cou-
plings, the Higgs boson mass, and the vacuum expectation value of the Higgs �eld. The CKM
parameters describe the mixing between different quark generations and introduce complex phases
responsible for CP violation in weak decays — an essential ingredient in explaining the observed
matter–antimatter asymmetry in the Universe. Some of these parameters—such as the gauge cou-
plings—are not directly observable but are related to precisely measured quantities, including the
Fermi constant GF , the strong coupling �s, and the Z-boson mass mZ . Once these quantities are ex-
perimentally determined, the SM enables the systematic calculation of scattering amplitudes, decay
rates, and cross-sections using perturbation theory.

Finally, the Higgs sector plays a central role in reconciling gauge symmetry with particle masses.
The mechanism of spontaneous symmetry breaking, discussed later in this chapter, generates nonzero
masses for the W and Z bosons and for fermions through their Yukawa couplings to the scalar �eld,
while leaving the photon massless.

1.4 The Standard Model Lagrangian

The EW sector of the Standard Model uni�es the electromagnetic and weak interactions under a com-
mon theoretical framework. Historically, the electromagnetic interaction was described by QED [53,
54], the �rst successful quantum �eld theory. QED is an Abelian gauge theory based on the U(1)
symmetry group and remains the most precisely tested part of the SM, predicting phenomena such as
the electron's anomalous magnetic moment with remarkable accuracy [55].

A free fermion of mass m satis�es the Dirac equation:

(i
 � @� � m) (x) = 0 (1.32)

which is derived from the Lagrangian density:

L =  (x)(i
 � @� � m) (x): (1.33)

The �rst term describes the kinetic energy of the fermion �eld, while the second represents its mass.
To make the theory invariant under local phase transformations of the form:

 (x) !  
0
(x) = e i�(x)  (x); (1.34)

a gauge �eld A� (x) is introduced, and the ordinary derivative is replaced by a covariant derivative:

@� ! D � = @� � i e A � (x) ; (1.35)

where e is the electric charge of the fermion. The transformation of the gauge �eld:

A � (x) ! A 0
� (x) = A � (x) � @ � �(x); (1.36)

preserves local gauge invariance. The complete QED Lagrangian, including the photon kinetic term
de�ned by the �eld-strength tensor, F�� = @� A � � @� A � , becomes:

L QED = � (x)
�
i 
 � @� � m

�
 (x) � e � (x) 
 � A � (x)  (x) �

1
4

F�� F �� : (1.37)
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Any explicit photon mass term would break local gauge invariance, explaining why the photon must
remain massless. The small value of the �ne-structure constant, � = e2=4� � 1=137, allows for
highly accurate perturbative calculations.

Weak interaction is more complex because it involves both charged and neutral currents and acts only
on left-handed fermions and right-handed antifermions. Following the success of QED, the weak
force was modeled by extending gauge invariance to a non-Abelian SU(2) symmetry [56]. The chiral
components of a fermion �eld are de�ned as:

 L =
1
2

(1 � 
 5)  and  R =
1
2

(1 + 
 5)  ; (1.38)

where  L and  R represent left- and right-handed projections, respectively. Left-handed fermions
appear in weak isospin doublets with I = 1=2 and I3 = �1=2, while right-handed fermions are
isospin singlets (I3 = 0):

�
u
d

�

L

;
�

c
s

�

L

;
�

t
b

�

L

;
�

� e

e

�

L

;
�

� �

�

�

L

;
�

� �

�

�

L

: (1.39)

This chiral structure explains why weak interactions violate parity symmetry.

The Electroweak theory, developed by Glashow, Weinberg, and Salam [32–34, 57], uni�es electro-
magnetic and weak forces under the symmetry group SU(2)L 
 U(1) Y . Below the electroweak scale
(� 246 GeV), this symmetry is spontaneously broken. A new quantum number, the weak hypercharge
Y , is introduced through the relation:

Q = I 3 +
Y
2

; (1.40)

where Q is the electric charge and I3 the third component of weak isospin. The SU(2)L group
provides three gauge �elds Wa� (a = 1; 2; 3), while U(1)Y contributes one gauge �eld B� . The
electroweak Lagrangian for massless fermions and gauge �elds is:

L = i � (x) 
 � D �  (x) �
1
4

W a
�� W a �� �

1
4

B �� B �� ; (1.41)

where
W a

�� = @� W a
� � @� W a

� + g � abc W b
� W c

� ; B �� = @� B � � @� B � ; (1.42)

and

D � = @� � i g
� a

2
W a

� � i g 0 Y
2

B � ; (1.43)

with � a being the Pauli matrices and g, g0 the weak and hypercharge coupling constants. Because
explicit mass terms would violate gauge invariance, all �elds remain massless at this stage. The
generation of particle masses happens through the mechanism of spontaneous symmetry breaking,
explained later in this section.

Strong interaction is described by a non-Abelian gauge theory based on the SU(3)C symmetry
group [36, 58–60]. Quarks appear in three colors—red, green, and blue—represented by the color
triplet �eld:

 f (x) =

0

@
qr

qg

qb

1

A ; (1.44)

where f denotes the quark �avor. The QCD Lagrangian density is given by:

L QCD =
X

f

� (f )
j

�
i 
 � D jk

� � m f
�

 (f )
k �

1
4

Ga
�� Ga �� ; (1.45)
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where

D � = @� � i g s Ga
� (x)

� a

2
; (1.46)

and the �eld-strength tensor is

Ga
�� = @� Ga

� � @� Ga
� � g s f abc Gb

� Gc
� : (1.47)

Here �a are the Gell-Mann matrices (generators of SU(3)), fabc the structure constants, and gs the
strong coupling constant. The �rst term describes quark–gluon interactions and kinetic energy of
quarks, while the second represents gluon dynamics and their self-interaction—an intrinsic property
of non-Abelian gauge theories. Since no gauge-invariant mass term can be written, gluons are mass-
less.

Strength of the strong coupling �s = g 2
s=2� depends on the momentum scale Q of the process. The

coupling decreases with increasing energy, a property known as asymptotic freedom, while at low
energies quarks are con�ned into color-neutral bound states, or hadrons. At short distances, quarks
and gluons behave as almost free particles, whereas at larger scales con�nement prevents them from
existing as free. When produced at high momentum in hard scatterings, they hadronize into jets of
color-neutral particles observed in detectors.

The electroweak theory in its symmetric form predicts massless vector bosons and fermions, contra-
dicting experimental observations. The resolution lies in the mechanism of spontaneous symmetry
breaking (SSB), independently proposed by Brout, Englert, Higgs, Guralnik, Hagen, and Kibble in
the 1960s [34, 49, 61–65]. SSB occurs when the ground state of a system does not share the sym-
metry of its governing equations, leading to the appearance of massive �elds while preserving gauge
invariance. For a complex scalar doublet �eld:

�(x) =
�

� +

� 0

�
=

1
p

2

�
� 1 + i � 2

� 3 + i � 4

�
; (1.48)

the potential takes the form:

V
�
� y�

�
= � 2 � y� + �

�
� y�

� 2
; (1.49)

where � > 0. For � 2 > 0 the potential has a single minimum at � = 0, but for �2 < 0 it acquires
a degenerate ring of minima, as shown in Figure 1.6. Choosing one vacuum con�guration sponta-
neously breaks the symmetry and provides gauge bosons and fermions with mass.

The electroweak Lagrangian containing the scalar �eld is

L =
�
D � �

� y�
D � �

�
� V

�
� y�

�
; (1.50)

where the covariant derivative D� is de�ned as in Eq. (1.46). The vacuum expectation value (VEV)
v =

p
�� 2=� de�nes the minimum of the potential,

� 0 =
1

p
2

 
0

v

!

; (1.51)

which spontaneously breaks SU(2)L 
 U(1) Y to the electromagnetic U(1)em. Expanding around this
vacuum leads to three massive gauge bosons (W� , Z) and one massless photon (A), given by:

W �
� =

1
p

2

�
W 1

� � i W 2
�

�
; (1.52)

Z � = � sin � W B � + cos � W W 3
� ; (1.53)
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Figure 1.6: Higgs potential (2D view) with the +v minimum indicated on the left panel. The left
panel corresponds to �2 < 0, producing a symmetry-breaking vacuum at � = �v, while the right
panel shows the symmetric case �2 > 0 with a single minimum at � = 0. For illustrative purposes,
dimensionless parameters are set to v = 1 and �2 = � = 0:2.

A � = cos � W B � + sin � W W 3
� ; (1.54)

where �W is Weinberg's angle, and tan �W = g 0=g and e = g0cos �W = g sin � W . Substituting �0
into the kinetic term gives the gauge-boson mass expressions:

�
D � � 0

� y�
D � � 0

�
=

g2v2

4
W +

� W �� +
(g2 + g 02) v2

8
Z � Z � + � � � ; (1.55)

leading to
mf =

yf v
p

2
; mW =

g v
2

; mZ =
v
2

p
g2 + g 02: (1.56)

Photon remains massless, while fermion masses arise through Yukawa couplings yf between the
Higgs and fermion �elds. The Higgs boson mass is mH =

p
2�v 2. After nearly �ve decades of

experimental searches, the discovery of the Higgs boson was announced at CERN by ATLAS and
CMS experiments [66, 67].

1.5 Tests and limitations of the Standard Model

Over the past four decades, the Standard Model has been extensively tested at electron–positron col-
liders (LEP, SLC) [68, 69], lepton–hadron colliders (HERA) [70, 71], and hadron colliders (Tevatron,
LHC) [72, 73]. Its predictions have been con�rmed to extraordinary precision, often at the per-mille
level. The model successfully accounts for a vast range of cross-section measurements across more
than ten orders of magnitude, as illustrated in Figure 1.7, demonstrating its robustness and internal
consistency. Despite its success, the SM is believed to be incomplete [74]. Several open issues moti-
vate the search for physics beyond it:

• Gravity: The SM does not incorporate gravitational interactions and is valid only up to the
Planck scale, MPl � 10 19 GeV.

• Dark matter and dark energy: Observations show that ordinary matter accounts for less than
5% of the Universe, while dark matter and dark energy dominate the cosmic energy density. No
SM particle �ts the role of a dark matter candidate.
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Figure 1.7: Summary of several SM total production cross-section measurements performed by the
ATLAS experiment, compared to the corresponding theoretical expectations [76].

• Hierarchy problem: The large gap between the electroweak and Planck scales requires �ne-
tuning of the Higgs mass corrections, hinting at new dynamics at the TeV scale.

• Neutrino masses: The SM neutrinos are massless, contrary to experimental evidence from
neutrino oscillations.

• Matter–antimatter asymmetry: The observed baryon asymmetry of the Universe cannot be
explained by the small CP violation in the SM.

Among possible extensions, Supersymmetry (SUSY) [75] provides elegant solutions to several of
these issues by postulating a symmetry between bosons and fermions. Each SM particle would have
a heavier supersymmetric partner, stabilizing the Higgs mass and providing a natural dark matter
candidate. The minimal realization of this framework, the Minimal Supersymmetric Standard Model
(MSSM), remains one of the most studied alternatives, although no superpartners have been observes
so far.

1.6 Electroweak bosons at hadron colliders

Hadron colliders offer a compelling environment for studying electroweak physics. In such machines,
the production of W- and Z-bosons occurs abundantly through the Drell–Yan (DY) mechanism [77],
offering clean experimental signatures and a means to probe partonic dynamics inside the proton.
The complexity of these processes arises from the fact that hadrons are composite bound states: the
hard interaction is not between the protons themselves, but among their underlying constituents. The
proton is a strongly bound system composed of three valence quarks — two of type u and one of
type d — which are held together by the exchange of gluons, the mediators of the strong interaction.
The continual emission and reabsorption of gluons gives rise to short-lived quark–antiquark pairs that
�ll the proton with a dense background of low-momentum partons, often referred to as the partonic
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sea. The balance between valence quarks, sea quarks, and gluons determines the internal momentum
structure of the proton and hence the probability for a given parton to participate in a hard scattering.

The conceptual framework used to describe these high-energy interactions is the parton model, �rst
formulated by Feynman [78]. In this model, the proton is treated as an ensemble of point-like con-
stituents — quarks and gluons — each carrying a fraction of the proton momentum and interacting
incoherently in short-distance collisions. This perspective proved remarkably successful in explain-
ing the results of deep inelastic scattering (DIS) experiments, which provided the �rst experimental
evidence that nucleons possess an internal quark structure [79]. Within the parton model, these con-
stituents are collectively referred to as partons, a term encompassing both valence and sea quarks as
well as the gluons that mediate their interactions. At suf�ciently high energies, these constituents in-
teract as nearly free particles, allowing QCD to describe the dynamics of hadronic collisions in terms
of parton-level scattering processes.

1.6.1 Phenomenology of proton–proton collisions

Collisions between protons can proceed through several qualitatively different mechanisms, depend-
ing on the nature of the interaction and the momentum transfer involved. From a phenomenological
point of view, these processes can be grouped into two broad classes: elastic and inelastic scattering.

In elastic scattering, the incident protons interact without internal excitation or particle production,
and the total kinetic energy of the system is conserved. The protons remain intact, and only a small
amount of momentum is exchanged. Inelastic interactions, in contrast, involve the dissociation of one
or both protons and the production of secondary particles. Depending on the characteristic momentum
of these products, inelastic processes are further subdivided into soft and hard scattering regimes.

Soft inelastic events, such as diffractive and non-diffractive (minimum-bias) interactions, are dom-
inated by non-perturbative QCD effects. They typically produce large numbers of low-momentum
charged particles, and their theoretical description relies heavily on phenomenological modeling and
event generators tuned to data. Hard scattering events, on the other hand, involve partons that ex-
change large transverse momentum. In this regime, the strong coupling constant �s becomes small
due to asymptotic freedom, and perturbative QCD can be applied to calculate parton-level cross-
sections with good precision.

A schematic illustration of a typical hard scattering process is shown in Figure 1.8. In such events,
the short-distance interaction occurs between two partons, while the remaining components of the
incoming hadrons form so-called beam remnants. The outgoing partons radiate soft and collinear
gluons (and occasionally photons), producing cascades of initial- and �nal-state radiation (ISR and
FSR), collectively referred to as a parton shower. As the process evolves toward lower energy scales,
con�nement sets in and coloured partons recombine into colour-neutral hadrons — a process referred
to as hadronization. These hadrons may subsequently decay into other hadrons or leptons, giving
rise to a complex �nal state observed in the detector. Soft interactions among the proton remnants
and secondary particles lead to additional low-energy activity in the event, collectively known as the
underlying event (UE).

In a hard proton–proton (pp) interaction, the total momentum of the proton P is shared among its
constituent partons. Each parton i carries a fraction xi of the proton momentum, de�ned by pi = x i P.
The momentum transfer Q2 associated with the hard scattering sets the relevant energy scale of the
process. Because the longitudinal momenta of the colliding partons are not directly measurable,
quantities such as the partonic centre-of-mass energy ŝ depend on the momentum fractions x1 and x2

of the two interacting partons.

The probability of �nding a parton of �avour i with a given momentum fraction xi at scale Q2 is en-
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Figure 1.8: Schematic representation of a proton–proton collision. The hard scattering, indicated
by the red circles, corresponds to the short-distance parton–parton interaction producing the primary
high-energy system. Additional QCD radiation, illustrated by the light green circles, arises from
initial- and �nal-state parton showers that precede hadronization. The produced partons subsequently
hadronize, and the resulting hadrons may undergo secondary decays, represented by the dark green
circles. Soft interactions between beam remnants and multiple parton interactions form the underlying
event, shown in purple. Adopted from [80].

coded in the parton distribution functions (PDFs) fi (x i ; Q2). Their evolution with Q2 is described by
the Dokshitzer–Gribov–Lipatov–Altarelli–Parisi (DGLAP) equations, while the x-dependence must
be determined empirically from �ts to data across a wide range of experiments [81]. Figure 1.9 il-
lustrates the regions of the (x; Q2) phase space probed by various measurements, highlighting the
coverage achieved for W and Z production at the LHC.

Determination of PDFs involves global analyses of experimental data using parametrized functional
forms at an initial scale. The �ts incorporate results from �xed-target deep inelastic scattering, Drell–
Yan production, inclusive jet measurements, and electroweak boson production at both the Tevatron
and the LHC. An example from the CTEQ analysis is shown in Figure 1.10, where the parton densities
for various �avours are compared at two characteristic energy scales. At low x, the gluon and sea-
quark densities dominate, while at higher x the proton momentum is largely carried by the valence
quarks.

To quantify the interaction rate between the two hadrons, it is common to use a hadronic cross-section.
The relation between the hadronic and partonic cross-sections is given by:

� A+B!X (� f ; � r ) =
X

a2A; b2B

Z
dxa dxb f a=A(xa; � f ) f b=B(xb; � f ) �̂ ab!X (� f ; � r ); (1.57)
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Figure 1.9: Kinematic coverage in the (x; Q2) plane probed by different experiments. The shaded
regions indicate areas explored by DIS and collider measurements, with the LHC region for W=Z
production marked explicitly [82].

where a and b represent partons within protons A and B with momentum fractions xa and xb, respec-
tively, and �̂ab!X is the hard-scattering cross-section for those partons. The sum runs over all parton
�avours contributing to the process.

Interacting quarks can radiate off gluons, where the probability of emitting a (collinear) gluon in-
creases for decreasing momentum of the radiated gluon, resulting in divergent integrals in the cross-
section calculation. Divergent integrals can be managed by separating the divergent part from the
�nite terms at a factorization scale �f . The divergent terms are absorbed into the PDFs using the fac-
torization theorem [83, 84], leading to an infrared-safe expression of the partonic cross-section, which
can still be calculated perturbatively. The �f is usually taken as the mass of the outgoing system of
particles (�F � m X ). The � r is the renormalization scale, which de�nes the QCD running coupling
and the renormalization constant �s. In the computation of observables such as cross-sections, only a
�nite number of terms can be calculated, which all depend on �r . The renormalization scale is usually
chosen to be equal to the energy scale of the interaction, as this choice eliminates large logarithms in
the loop diagrams and therefore optimizes the convergence of the perturbative expansion. However,
the choice of �r represents a source of uncertainty in the calculation. It is also common to choose the
factorization scale to be the same as the renormalization scale (�f = � r ).

The parton-level hard-scattering cross-section is calculated using perturbative QCD as a power-series
expansion in �s:

�̂ ab!X = �̂ 0 + � s(� 2
R)�̂ 1 + � 2

s(� 2
R)�̂ 2 + O(� 3

s); (1.58)

where the �rst term represents the cross-section calculated at leading order (LO), and each subse-
quent term adds higher-order corrections: the second term adds next-to-leading order (NLO), and the
third term adds next-to-next-to-leading order (NNLO). For processes calculated at LO, no radiative
corrections are added to the initial or �nal states and only the matrix-element computation is present.
In NLO calculations, real emissions (extra partons) or virtual corrections are included, each carrying
a proportionality to �s5. When the perturbative series does not converge because of the presence

5Alongside higher order corrections (NLO, NNLO, etc.) in QCD, higher order electroweak corrections
can be introduced. Generic size O(�) � O(� 2

s ) suggests NLO EW � NNLO QCD..
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Figure 1.10: Parton distribution functions obtained by the CTEQ collaboration corresponding to the
PDF set CT18 [85]. Left panel shows the PDFs evaluated at Q = 2 GeV, while the right one shows
PDFs evaluated at Q = 100 GeV for the parton �avours u, �u, d,�d, s = �s, and g. The gluon distribution
has been scaled as g(x; Q)=5 for visual clarity.

of large logarithms from the phase-space integration of soft and collinear gluon singularities, the
so-called logarithmic resummation technique is used. This technique de�nes a convergent function
in which the individual terms of the original function are rescaled and summed to the �xed-order
contribution to restore convergence. The �rst term of the series represents the leading-log (LL) con-
tribution, the second one the next-to-leading-log (NLL), and so on. The production cross-sections of
main Standard Model processes in proton–proton collisions at the LHC and proton–antiproton colli-
sions at other experiments as a function of centre-of-mass energy

p
s are shown in Figure 1.11.

1.6.2 W-boson production and decay

In proton–proton collisions, the W bosons at LO are produced in the Drell–Yan process of
quark–antiquark annihilation:

u �d ! W + ; d�u ! W � :

At the LHC, W+ bosons are produced with valence u and sea�d quarks, and W� bosons from valence
d and sea �u quarks. Since protons consist of two u and one d valence quark, the total number of pro-
duced W+ bosons is larger. The next largest contribution to W-boson production is from sea c and
s quarks, contributing about 17% for W+ and 23% for W� bosons. Although these are sea–sea pro-
cesses, they dominate the Cabibbo-suppressed process from u and s valence–sea contributions [86].
The �avour decomposition for W production at LO is presented in Figure 1.12. Table 1.2 summa-
rizes the contributing processes to W-boson production at LO, NLO, and NNLO in QCD. Besides
these, higher order corrections include electroweak contributions, as well as mixed QCD–EW terms
of order O(�� s) [87]. The dominant source of electroweak corrections to W- and Z-boson produc-
tion originates from QED �nal-state radiation, interference between ISR and FSR QED, purely weak
corrections due to virtual-loop and box diagrams, and �nal-state emission of lepton pairs. Complete
O(�) electroweak corrections to the pp ! W + X, W ! l� process were initially calculated in
Refs. [88, 89].

The four-momenta of the interacting partons for the W-boson production at LO (Born level) are given
by:
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Figure 1.11: Cross-sections of selected pp and pp collisions processes versus centre-of-mass energyp
s [86].

p�
1 =

p
s

2
(x1; 0; 0; x1); (1.59)

p�
2 =

p
s

2
(x2; 0; 0; �x 2); (1.60)

where the parton masses are neglected, assuming that the partons are exactly collinear with the col-
liding protons. The sum of the four-momenta of the W-boson decay products is de�ned as

ŝ = (p �
1 + p �

2)2 = s x 1x2: (1.61)

Then the mass of the W boson is
ŝ = m 2

W : (1.62)

The total partonic cross-section from Eq. (1.58) is calculated from the matrix element of the pro-
cess [86]:

�̂(ŝ) /
�

GF m2
Wp

2

� 2 ŝ
(ŝ � m 2

W )2 � m 2
W � 2

W
; (1.63)

where the last fraction corresponds to the relativistic Breit–Wigner resonance distribution, which
depends on ŝ. The Breit–Wigner resonance is a peak distribution at mW with width � W .
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Figure 1.12: Parton decomposition of the W+ (solid) and W� (dashed) total cross-sections in pro-
ton–proton and proton–antiproton collisions as a function of

p
s at LO. Individual contributions are

shown as a percentage of the total cross-section in each case [86].

Table 1.2: The different contributing processes to W-boson production at LO, NLO, and NNLO in
QCD [86].

Order Process
� 0

s (LO) q + �q ! W
� 1

s (NLO) q + �q ! W (one-loop corrections);
q(�q) + g ! W + q(�q)

� 2
s (NNLO) q + �q ! W (two-loop corrections);

q + �q ! W + g (one-loop corrections);
q + �q ! W + g + g;
q(�q) + g ! W + q(�q) (one-loop corrections);
q(�q) + g ! W + q(�q) + g;
q + �q ! W + q + �q;
q(�q) + �q(q) ! W + q(�q) + �q(q);
g + g ! W + q + �q

The W-boson decay modes are shown in Table 1.3. The decays are distributed nearly equally between
the three lepton �avours. Since the jet production cross-section at hadron colliders is several orders
of magnitude larger than the W-boson production cross-section (see Figure 1.11), the hadronic decay
modes of the W boson are not suitable for precision measurements, even though their branching ratio
is signi�cantly higher than that of the leptonic decays. Consequently, precision W-boson measure-
ments rely on the leptonic decay channels, where leptons refer primarily to electrons and muons, as
these particles can be directly reconstructed in the detector. Due to its short lifetime, only the decay
products of the � lepton can be observed. Nevertheless, ATLAS has performed a cross-section mea-
surement involving � leptons, which was found to be consistent with the e� and �� results [90]. It
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should be noted that the branching ratio for W ! � � in Table 1.3 does not include the most precise
ATLAS measurement to date [91], shown in Figure 1.13.

Table 1.3: W-boson decay modes [92].

Decay mode Branching ratio [%]
W ! e� 10:71 � 0:16
W ! �� 10:63 � 0:15
W ! � � 11:38 � 0:21
W ! hadrons 67:41 � 0:27

Figure 1.13: Comparison of the measured branching-ratio ratios of other leptonic W decays with
respect to the � channel, showing the ATLAS result alongside those from other experiments. The
vertical dashed line indicates the SM expectation of lepton-�avour universality [91].
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Chapter 2

The Experimental Setup

2.1 Nomenclature

Before discussing the detector device, it is helpful to introduce the terminology used throughout this
thesis. The conventions described below are standard in accelerator and collider physics.

Centre-of-mass energy: Total energy available in the rest frame of the two colliding protons is
expressed by the centre-of-mass energy

p
s, where s is de�ned as:

s = (p 1 + p 2)2 = (p �
1 + p �

2)(p1� + p 2� ); (2.1)

with p�
1 and p�2 denoting the four-momenta of the colliding particles and the Einstein summation

convention used over the Lorentz index � = 0; 1; 2; 3. In the laboratory frame, it can be written as:

s = 2m2
p + 2 (E 1E2 � ~p 1 � ~p2) ; (2.2)

where Ei and ~pi are the particle energies and three-momenta, respectively, and mp is the proton mass.
For symmetric proton–proton collisions with equal beam energies Ebeamand opposite momenta, this
simpli�es to

p
s = 2E beam in the ultra-relativistic limit (Ebeam � m p).

Coordinate system: Standard right-handed coordinate system for the LHC is de�ned as follows:
– the z-axis is taken along the nominal beam direction; – the x-axis points horizontally towards the
center of the LHC ring; – the y-axis points vertically upwards. The x–y plane is called the transverse
plane, while the z-direction de�nes the longitudinal axis. Angles are de�ned in the usual spherical
coordinates: Polar angle � is measured with respect to the beam (z) axis, while the azimuthal angle �
is de�ned in the transverse plane. The A-side of the detector corresponds to the positive-z direction,
while the C-side corresponds to the negative-z direction.

Pseudorapidity: A natural variable to describe particle production in high-energy physics is the
rapidity:

y =
1
2

ln
E + p z

E � p z
; (2.3)

27



2. The Experimental Setup

where E is the particle energy and pz is the component of its momentum along the beam axis. Ra-
pidity is invariant under Lorentz boosts along the beam axis, which makes it particularly useful for
comparing particle production at different collision energies. Since the full energy E of a particle is
often not directly accessible, it is common to use the pseudorapidity, de�ned in terms of the polar
angle � as:

� = � ln tan
�
2

: (2.4)

In the ultra-relativistic limit, where E � m, pseudorapidity � coincides with the rapidity y, which
transforms additively under z-axis boosts. Moreover, collider detectors are designed with approx-
imately cylindrical geometry around the beam axis, such that surfaces of constant � correspond to
nearly uniform segmentation of the detector elements. For these reasons, detector acceptance and
many physics distributions are conventionally expressed in terms of � rather than the polar angle �,
whose transformation law under z-boosts is non-linear and depends on both E and pz.

Angular distances: Scattering angles of particles produced in hadron collisions are often very
small, so it is convenient to describe angular separations in terms of the variable �R, de�ned as:

�R =
p

(��) 2 + (��) 2; (2.5)

where �� is the difference in pseudorapidity and �� is the difference in azimuthal angle between
two particles. This de�nition provides a natural metric in the (�; �) space, which directly re�ects the
cylindrical geometry of the detector. The variable �R is approximately invariant under boosts along
the beam axis and is therefore widely used to quantify angular separations between particles. It plays
a central role in jet reconstruction, in de�ning isolation criteria for leptons and photons, and in the
cone sizes used by clustering algorithms [93].

2.2 The Large Hadron Collider

Large Hadron Collider (LHC) [2] is the largest circular collider built to date, with a circumference
of 27 km. LHC is built and maintained by the European Organization for Nuclear Research (Conseil
Européen pour la Recherche Nucléaire, CERN) and is situated on the French–Swiss border, near the
city of Geneva. The LHC is the most powerful collider ever constructed, as demonstrated by two of
its achievements. LHC design was driven by the objective of maximizing the delivered luminosity
within the practical limits of accelerator technology. With a nominal proton beam energy of 7 TeV
per beam and 2808 bunches circulating in each direction, the design instantaneous luminosity was
set to Ldesign = 1034 cm�2 s�1 . This corresponds to approximately 1 nb�1 of delivered luminosity per
second at full performance, enabling the accumulation of tens of inverse femtobarns per year. During
high-performance operation in 2017, LHC produced up to 1:5 �109 proton–proton collisions per sec-
ond [94], with the peak luminosity of about 2:05 � 1034 cm�2 s�1 . Moreover, it has accelerated beams
to energies of 6.8 TeV each (leading to

p
s = 13:6 TeV), the highest ever reached at a hadron collider.

These two milestones con�rm that the LHC fully realizes its design goal of delivering unprecedented
interaction rates and particle energies. To achieve such performance, the accelerator must operate
under conditions more extreme than those found in outer space. To bend the high-energy particle
beams along the circular trajectory, 1232 superconducting dipole and quadropole magnets made of
niobium-titanium (NbTi), each about 15 m long, are installed along the ring. These magnets must be
cooled to 1.9 K (�271:3� C) using super�uid helium at atmospheric pressure in the cryogenic system,
ensuring the superconducting state necessary to sustain �elds of up to 8.3 T. Beam pipes at the same
time must be evacuated to ultrahigh vacuum levels of 10�10 –10�11 mbar. This prevents collisions
between circulating protons and residual gas molecules, ensuring that the experiments record only
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Figure 2.1: Schematic view of the CERN accelerator complex showing the injector chain that feeds
protons into the LHC.

the intended proton–proton interactions. It is worth noting that the LHC physics programme is not
limited to proton–proton operation: it also includes lead–lead, proton–lead, xenon–xenon, and neon–
neon collisions, which provide complementary insights into the properties of strongly interacting
matter. Most recently, the LHC has also collided protons with oxygen nuclei, as well as oxygen–
oxygen beams [95], in dedicated short runs.

Operation of the LHC is organized into long data-taking periods, known as Runs, separated by ex-
tended Long Shutdowns during which major upgrades and maintenance are carried out. Run 1 (2010–
2012) delivered proton–proton collisions at centre-of-mass energies of 7 and 8 TeV, culminating in
the discovery of the Higgs boson in 2012 [96]. Following the Long Shutdown 1 (LS1), Run 2 (2015–
2018) continued increasing the beam energy to 6.5 TeV, and luminosities above 2 � 1034 cm�2 s�1 atp

s = 13 TeV were achieved, corresponding to more than 150 fb�1 of integrated luminosity deliv-
ered to ATLAS and CMS. Following the second Long Shutdown (LS2, 2019–2021), Run 3 began in
2022, operating at 6.8 TeV per beam with higher luminosity and improved machine stability. The
ongoing Run 3 (2022–2025) is expected to deliver approximately 250–300 fb�1 , paving the way for
the High-Luminosity LHC (HL–LHC) upgrade. The HL-LHC stage is scheduled to start in the late
2020s, which aims to deliver an order of magnitude more integrated luminosity than all previous Runs
combined. Instantaneous luminosity will be increased by a factor of �ve to seven, targeting a design
value of LHL � 7:5 � 10 34 cm�2 s�1 and an ultimate integrated luminosity of 3 ab�1 over its lifetime.
Such performance will enable precision measurements of SM processes and rare-decay studies, and
will signi�cantly extend the discovery reach for new physics phenomena.

Proton beams originate from a hydrogen gas, where protons are extracted, and are subsequently ac-
celerated through a chain of smaller accelerators before injection into the main LHC ring. Figure 2.1
shows a schematic view of the CERN accelerator complex. The �rst acceleration stage is provided
by a linear accelerator (LINAC). Until 2018, this role was ful�lled by LINAC2, which accelerated
protons to 50 MeV. It has since been replaced by LINAC4, a modern accelerator that produces neg-
ative hydrogen ions (H� ) and accelerates them to 160 MeV. Before injection into the next machine,
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these ions pass through a thin carbon foil that strips away their two electrons. Resulting protons are
injected into the Proton Synchrotron Booster (PSB), which accelerates them to 2 GeV. The next stage
is the Proton Synchrotron (PS), a circular accelerator that increases the energy to 25 GeV. Protons
are then transferred to the Super Proton Synchrotron (SPS), which accelerates them up to 450 GeV
and serves as the �nal injector step. Beams are then injected into the LHC and accelerated to sev-
eral TeV using eight superconducting RF cavities per beam, providing a total accelerating voltage of
about 16 MV. In addition to increasing the beam energy, the RF cavities compensate for the small but
continuous energy losses arising from synchrotron radiation and interactions with residual gas. For
comparison, in the former LEP collider (with the same 27 km circumference), electrons at 100 GeV
lost approximately 3 GeV per turn due to synchrotron radiation, requiring substantial RF power to
sustain acceleration. In the LHC, protons at 7 TeV lose about 6.7 keV per turn. Thus, the RF system
both compensates these losses while maintaining longitudinal con�nement of the proton bunches. Fi-
nally, strong quadrupole focusing magnets focus these bunches from the two counter-rotating beams
into collisions at the interaction points. At four of these points (IP1, IP2, IP5, IP8), large detectors —
ATLAS (A Toroidal LHC ApparatuS) [13], CMS (Compact Muon Solenoid) [14], ALICE (A Large
Ion Collider Experiment) [97], and LHCb (Large Hadron Collider beauty) [15] — have been con-
structed to record the products of the particle collisions. The remaining regions comprise machine
elements, including the collimation system (IP3 and IP7), the RF cavities (IP4), and the beam dump
(IP6). The LHC tunnel also hosts several smaller, specialised experiments located close to the main
interaction points. These include TOTEM (TOTal cross-section, Elastic scattering and diffraction
dissociation Measurement at the LHC) [98] and LHCf (Large Hadron Collider forward [99], with
“f” denoting the forward region) near CMS and ATLAS, MoEDAL (Monopole and Exotics Detector
at the LHC) [100] near LHCb, and the more recently installed FASER (ForwArd Search ExpeRi-
ment) [101] and SND@LHC (Scattering and Neutrino Detector at the LHC) [102] in the forward
region downstream of ATLAS.

2.3 General layout of ATLAS

ATLAS is the largest in volume detector at the LHC, measuring 44 m in length, 25 m in height, and
weighing about 7000 t. It is built in a cylindrical geometry around the interaction point, with con-
centric layers of subdetectors specialized for the reconstruction of different particle types or different
properties. Figure 2.2 illustrates the overall layout of the ATLAS detector. From the inside outward,
the major components are the Inner Detector, the calorimeter systems, and the Muon Spectrometer,
all of which are placed within a system of powerful magnets. ATLAS is designed to reconstruct and
identify a wide range of �nal–state particles produced in proton–proton, ion–ion and ion–proton col-
lisions. It is capable for identifying electrons, photons, muons, hadronically decaying �–leptons, and
jets, including those originating from b– and c–quarks. In addition, it reconstructs charged–particle
tracks and interaction vertices with high precision, and measures the missing transverse energy (Emiss

T )
as a signature of neutrinos and other hypothetical weakly interacting particles.

The physics programme of the LHC spans both precision tests of the SM and the exploration of new
physics beyond it. ATLAS was therefore developed as a multipurpose detector, capable of addressing
a wide variety of processes [13]. The central objective is the study of the Higgs boson, whose discov-
ery and characterization formed one of the primary design benchmarks. Different decay modes high-
light different experimental needs. The rare H ! 

 channel requires an electromagnetic calorimeter
with excellent energy and angular resolution, while the H ! ZZ(�) ! 4` channel relies on precise
reconstruction of electrons and muons. Other signatures, such as H ! WW(�) ! `�`�, demand ac-
curate lepton identi�cation and reliable reconstruction of missing transverse energy. Equally impor-
tant are precision studies of electroweak processes. The production of W and Z bosons at very high
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