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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 at
Vs = 900 GeV with high-5*, based on van der Meer (vdM) beam-separation scans performed in
2018. The visible cross-sections (oy;s) 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 3* to be used for the elastic
scattering study:

Ling = 925.4 + 0.540; £ 20.0 ub™!, (8% = 50/100 m), (1)
Ling = 501.0 & 0.4gar & 10.645 ub™', (8% = 11 m). )

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 /s = 13.6 TeV,
corresponding to an integrated luminosity of 29 fb™! recorded by ATLAS in 2022. For this study
W — {v events are used, where ¢ corresponds to an electron or a muon. Fiducial region, defined
by pt > 27 GeV, || < 2.5, p2s > 25 GeV , and m¥ > 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:

of" = 4250 4 150 pb, (3)
o = 3310 4 120 pb, 4)
Ryy+ jw— = 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 measured 1/ -boson
cross-sections are in good agreement with the Standard Model predictions, based on Next-to-Next-to-
Leading Order in o (plus NLO in agw) 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:



Caxerak

YV 0BOj JOKTOPCKO] JINCEPTAIMJU CY IIPEJICTAB/bEHE J[BE KOMILIEMEHTapHE cTy/iuje ypaheHe Kopu-

mhemeM nojaTaka NpukymbeHnx momohy merekropa ATJIAC ma BemumkoMm cymapady xaipoHa
y HEPH-y.

Y mpBOM eIy Aucepraije IMPUKa3aHu Cy pe3yJTard KaJuOpalldje alcoJIyTHE CKaJje JIyMU-
HO3HOCTHU 3a MPOTOH-TIPOTOH Cyjiape y cucreMy Ientpa-mace /s = 900 GeV ca high-3* kon-
dburypanumjom, 3acuosane ua van der Meer (vdM) ckenuparmuma ciuposegernMm 2018. roqume.
Ounpebenu cy mepsbusn (BuybuBn) eukacHu mpecery (Oyis) 338 pasjuduTe aJrOPUTME JIyMU-
HO3HOCTH, y3 JeTa/bHy eBajIyalljy cucTeMaTcKuxX Heoapehenocrn, ykibyayjyhu u edbekar mapy-
mema (axropusamyje. Ilocrurnyra yKynna npenustocT kaaubpanuje nsnocu 1.85%, upu yemy
cy Bapujaiuje pedepeHTHe cruenuduIHe JJYMUHOZHOCTH U edeKaT Hapyliema (pakTopu3aluje
JIOMUHAHTHU JIOTIPUHOCU YKYITHO] Heojpehenoctu. KonsucrentHocT pesyarata mely pa3indun-
THM JITOPUTMUMa, JTyMUHO3HOCTH TOTBphEHa je MeTOIOM KOja KOPUCTH TPparoBe peKOHCTPYHCa-
He y YHyTpalllibeM JeTeKTopy, Kao n Kopuitithewsem LUCTD wMHKIy3UBHUX, KOUHIMICHTHUX U
hit-counting anropurama. 3a gaTh CKyI IoJaTakKa, IPOIEHeHe CY BPEIHOCTH UCIOPYYeHe MH-
TerpaJiHe JIyMHHO3HOCTH 3a JiBe (*-KoHdurypammje, ca KpajiboOM HaMEHOM KOpHUIThema MCTUX
Yy CTY/JUjU €JJaCTUIHOT pacejamba:

Ling = 925.4 + 0540 £ 20.05 pb™"', (6" = 50/100 m), (6)
Ling = 501.0 £ 0.440a¢ £ 10.645 pb™",  (8* =11 m). (7)

[Tpouemena ykymnHa cucreMarcka HeoApeheHoCT 3a MHTErpajHy JyMuHosHOCT u3nocu 2.1% n
YKJbydyje JOIPUHOCE OJ MPOIeype Kaaudparyje, cTaOUIHOCTH OJI3UBa JIETEKTOPA W IIPOBEPE
KOH3UCTEHTHOCTU pe3ysiTara MeDy pasjimauTuM MeTO/aMa.

Y Jipyrom Jiesty aucepTalije IpUKa3aHu Cy Pe3yaTaTi Mepemha TOTaATHUX U (PUIyIja Hux edu-
KACHUX IIpeceKa mpoyKimje W 6030Ha 1 KommaanKa briynnjagsanx epIKaCHIX IpeceKa 3a
W+ u W~. Meperbe je uzBejieno kopunhemeM HojaTaka U3 IPOTOH-TIPOTOH CyIapa Ha eHEePriu-
ju y cucremy nenrpa-mace /s = 13.6 TeV, ca noganuma npukyisbeaum jgerekropom ATJTAC
toxkoMm 2022. TofuHe KOji 0jroBapajy mHTerpasnoj aymunosnoctn 29 fbt. Ba oo Mepeme Ko-
purthenu cy norahaju W — (v, e ¢ o3nadaBa ejeKTpoH win MuoH. Quaynujasnn dhasHu mpo-
ctop, aedurncan ycaopnma pg > 27 GeV, || < 2.5, piss > 25 GeV u m¥ > 50 GeV, onpehen
je Tako Jia MpaTu MOKPUBEHOCT JIETEKTOpa U Tpurepa. AKcenTaHce U KOPEKINOHU (hakTopu cy
nporiebenn Kopuiihemem mozesna Sherpa 2.2.12. Huson dona 3a esiekTpocsabde mporiece u mpo-
1ece POJIYKIMje TOII KBapKOBa IpolleheHn cy kopuiihemeM MonTe Kapiio cumyaruja, 10K je
HUBO (bOHA KOjU TOTU™IE O] IIPOIYKITHje [IeTOBa MPOICHEeH MUPEKTHO U3 MojaTaka. KKciepumen-
TaJHe U Teopujcke HeoapeheHoCcTH Mponarnpane cy y KoHaIHe pe3ysrare Mepema. JloMmHanTHI
JIONPUHOCU YKYITHO] HEOJpe)eHOCTH TMOTHIY OJI: Meperha JIYMIHO3HOCTH U PEKOHCTPYKIIUje Ile-

x1



Abstract

TOBa 3a MHOHCKH KaHaJI paclaja, Kao U Mepemha JIyMIHO3HOCTH U IIPOIeHe MY/ITHIIET (hoHa 3a
eJIeKTPOHCKM KaHaJ pacuaga. Pesyararu cy mobujenn ymorpebom Profile-likelihood merone.
Nsmepene BpennocTr buaynmjagsnnx epuKacHIX peceka npoayknmje W u W™ 6o30na, Kao
1 FhUXOBOT KOJMYIHUKA U3HOCE:

ofV" = 4250 + 150 pb, (8)
op = 3310 4 120 pb, (9)
R+ - = 1.286 £ 0.022. (10)

N3na nHaBejieHe HeoipeheHocTu mpejicTaBbajy YKYITHE IIPOIeheHe Heojipeherocn, y Koje je ypa-
gyHara u HeojpeleHOCT Koja moThude 01 Meperma JIyMUHO3HOCTH, a u3nocu 2.2%. Jommunantna
HeoIpeh)eHOCT 3a KOJMYHUK (DUTYIIjATHIX [IpeceKa MOoTHYe o HeoapeleHocTn mporieHe MyJITH-
1IeTa Koja je HeKopeJsrcaHa m3Mel)y HencTonMeHo HaeJleKTPUCAHUX KaHaJa pacnaja. Vsmepenn
npecernu npojykimje W 603ona y cartacHocTu cy ca npejsubamiuma CTangapHor Mojesa, 3a-
CHOBaHUM Ha neprypbaTuBHOM pauyny jo Next-to-Next-to-Leading pena no oy (y3 NLO 1o
agw ). Teopujcka npegubhama 3acHoBaHa Ha Hajcapemenujum PDF' ckymnoBuma ynopehena cy
ca u3MepeHnM (PUIyIIHIjaJTHIM e(PUKACHUM IIPEceIuuMa, Kao U ca (PULyIHjaJTHIM KOJTUTHIKOM,
1oKa3yjyhu KoMIaTuOuIHe pe3y/TaTe y OKBUPUMa HaBEJICHUX Heo pel)eHOCTH.

Kimpyuane pean: ATJIAC, Cranmapgan Moes, Kaaudparinja gymMuHo3HocTH, van der Meer, vdM,
esekTpociabu 6030u, W 6030H, Mepeibe eduKacHOT Ipeceka, huynujajnn e(uKacHu pecek
Hay4ana obsract: @usnka

Vaka mHaydHa obsract: PusnKa BUCOKUX €HEPrHja

YIK 6poj:
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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, unified 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 workflow 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 quantified 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 first 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 /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 /s = 900 GeV lies in the transition region
where the rise of the total pp cross-section becomes pronounced. Measurements at /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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and electroweak theory. They also constrain parton distribution functions (PDFs), especially the u/d
ratio at low Bjorken-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 fiducial production cross-sections of the W+ — (v 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 /s = 13.6 TeV, corresponding to an integrated luminosity
of 29 fb~!. The analysis is based on profile-likelihood (PLH) fits to the inclusive event yields in the
four single-lepton channels: W+ — ety, Wt — putv, W~ — e v, and W~ — u~ . From these,
the individual cross-sections and the ratio of W /W~ fiducial 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 fiducial 1¥/-boson production cross-section at
\/5 = 13.6 TeV. The event selection, background estimation, and the extraction of the final
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.
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* G. Aad, ..., V. Maksimovic, et al., "Measurement of vector boson production cross sections and
their ratios using pp collisions at /s =13.6 TeV with the ATLAS detector",
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* R. Hawkings, W. Kozanecki, J. Kuechler, V. Maksimovic, K. Monig, N. Vranjes,
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ATL-COM-DAPR-2024-020 (2024).
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scattering measurements at /s = 900 GeV using the ATLAS detector at the LHC", Target
journal: European Physical Journal C (EPJC). Manuscript in preparation.


https://doi.org/10.1016/j.physletb.2024.138725
https://doi.org/10.1016/j.physletb.2023.138376
https://cds.cern.ch/record/2905647

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 fields and gain energy by accelerating, are particularly well-suited for reaching very high
collision energies. This chapter first 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 effects ! [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

I'This effect arises because particles with momenta different from the reference momentum are bent and focused with
slightly different strengths by the quadrupole fields. If left uncorrected, this momentum dependence would lead to a
spread in the particle trajectories and ultimately result in beam destabilization.
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the same time, the insertions surrounding the detectors are specifically 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 field can only change particles’ trajectories but cannot change the
kinetic energy of the beam; acceleration must therefore be provided by an electric field parallel to the
direction of motion of the particles. In the LHC, this is achieved with superconducting RF cavities
operating at a frequency of frr = 400.8 MHz [3]. An RF cavity is a metallic resonator constructed
to uphold an oscillating electromagnetic field at a well-defined frequency. The geometry of these
cavities is designed to establish a strong longitudinal electric field along the beam axis. RF cavities
operate at a harmonic h of the revolution frequency f,., (==11.245 kHz in the LHC [4]). An oscillating
electric field defined as:

V(t) = VRkr SiH(WRFt + ¢) (1.1)

is applied along the beam path, where wgr = 27h f.o,. The oscillating RF field alternates between
accelerating and decelerating. When a charged particle travels the cavity at the correct phase of the
oscillation ¢, it receives the energy increment AE = ¢Vgpsin ¢4 needed to reach and maintain
the desired momentum, where ¢ is the particle charge, Vir 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
field 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 field 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]:

o hqVir| cos ¢4 ¢
° or32E

) (1.2)

where  is the slip factor, which tells how the revolution frequency shifts with momentum, £ is the
relativistic velocity factor, and F is the total energy of the particle. In longitudinal phase space (AE
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 confined 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, defined by the separatrix. Buckets exist independently of whether particles are present. A
bunch, in contrast, is the actual collection of protons confined 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 = frp/frev = 35640 possible number of buckets with a 1/frr = 2.5 ns time-length,
but only every tenth bucket is filled. 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 filled bunches per
beam is 2808, each populated with ~ 10! protons and identified 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.

4
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For charged particles to follow the circular path, dipole magnets are employed. Their field is used
to bend the beams around the ring. The magnetic part of the Lorentz force acts like the centripetal
acceleration:

P~ By, (1.3)
q

where p is the particle momentum, g its charge, B the dipole magnetic field, and p the bending radius.
The quantity Bp 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 p ~ 2.8 km.
A charged particle undergoing acceleration emits electromagnetic radiation. In circular accelerators,
the bending of particle trajectories by dipole fields provides a continuous centripetal acceleration, re-
sulting in energy loss per revolution, known as synchrotron radiation. The energy loss is proportional
to E*/(m*p), 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 (m. = 0.511 MeV, m,, = 938 MeV) at the exact bending radius, the ratio of the radiated
power is proportional to (1m,/m,)* ~ 103,

1.1.2 Transverse beam motion

The interplay of dipole and quadrupole fields 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):
2

%—i—f((s)xzo, (1.4)
where x(s) is the horizontal displacement, s is the longitudinal coordinate, defined 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 defines how a light beam is focused, a sequence of quadrupole magnets defines
how a particle beam is focused. According to Floquet’s theorem [1, 8], the solution of Hill’s equation

can be written as:
(s) = /e B(s) cos(¥(s) + o), (1.5)

where ¢ is the transverse emittance, 3(s) the betatron function (envelope), and (s) the phase ad-
vance. Emittance quantifies the phase-space area occupied by the beam. In one transverse plane, it is
defined as:

1
e = — Area(x, 1), (1.6)
T

where z is the transverse position and 2’ = dx/ds the angle with respect to the reference orbit. In
practice, the often quoted variable is rather a normalized emittance defined as:

en =8¢, (1.7)

with  being the Lorentz factor, and 5 = /1 — (1/7)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 e ~ 3.5 um. Transverse beam size o(s) at a position s along the

beam pipe is given by:
o(s) =+/epB(s). (1.8)

Thus, the beam envelope is determined by both the optical lattice (through 5(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 5*. A smaller 3* corresponds to a tighter focus and smaller transverse beam size.
Reducing 3* therefore increases luminosity, but also increases angular divergence, which can affect
detector acceptance and pile-up conditions.

The betatron tune () is defined as the number of transverse oscillations a particle performs per revo-

lution around the ring:

1 ds
T )

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 fields 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 (Q),, (),) are chosen to lie between resonance
lines in tune space.

Owing to the close analogy between magnet configurations in a circular accelerator and optical lens
systems, the transverse beam-dynamics parameters—such as the @, @,, 5*—are collectively re-
ferred to as the beam optics configurations.

1.2 Luminosity

The term "luminosity" (from the Latin "lumen") was borrowed from optics/astronomy and was prob-
ably first used in the late 1950s, when storage rings and colliders were first 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 /V observed in
a given time interval is proportional to the instantaneous luminosity £(t). The proportionality factor
is the interaction cross-section o, which represents the probability for a given process to occur:

dN
R(t) = = = L(t)o, (1.9)

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

£, = M S (1.10)

Oinel
where f.., denotes the bunch revolution frequency and p 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

6
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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
significant at very high luminosities. An example of the observed decay of the instantaneous lumi-
nosity during a typical Fill? 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)=Loe /T, (1.11)

where 7 represents the effective luminosity lifetime. This single-parameter model provides a good
approximation of the observed behavior during most physics fills. 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).

ATLAS Online Lum;nuaily Filli6024-

o 225 2 160 - ATLAS Online Luminosity 5=13.6 TeV 4
£ 20 LHC Delivered All = ) ]
.S F []LHC Delivered Stable % 140 [ [ Lrc pelivered E
&, 18 [ ATLAS Ready Recorded 8 ¢ []ATLAS Recorded 1
= 16F € 120 F . . =
> c 5 Total Delivered: 125 fb 1
g 145 2 100 - Total Recorded: 118 fo" ]
< 12 % r 1
E 10¢ b S 80 :
— C i) L ]
8- \"‘m E 60 J
= © r 14
6 S 40 1%
4r = r 1
2r 20 |- 48
By 1 I I I I i i R B N BRI DN B
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Figure 1.1: Left: Instantaneous luminosity as a function of time for LHC Fill 6024 in Run 2 during
2017 at /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:

Lot — / L(#) dt. (1.12)

Unit of integrated luminosity is the inverse barn (b~!), where one barn equals 1 b = 1072* cm?.
However, at collider experiments is more convenient to express L, in inverse picobarns (pb~!) or
inverse femtobarns (fb~1), reflecting the very small cross-sections typical for high-energy processes.
There are several related definitions 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 Liecorded < Ldelivered-
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.

7
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from dedicated calibration procedures that directly measure the beam parameters and determine the
physical luminosity scale. The relative luminosity quantifies 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 p; (2, y, z,t) and ps(x, y, z, t), the general
expression reads:

Eb:Knanfrev////pl(may7zvt)p?(x>yaz>t)dxddedt> (113)

where n, » denotes the number of particles per bunch in the two beams, f., the revolution frequency
of the machine. The prefactor K is a kinematic term that accounts for the relative motion of the beams

and is defined as:
~ 9
K = \/<z71 gy BX B (1.14)

where 7  are the beam velocities and c is the speed of light. For collinear beams traveling at rela-
tivistic speed, K = 2c. The fotal instantaneous luminosity is defined as the sum of the instantaneous
luminosities over n;, colliding bunch-pairs at the IP:

£:Z£b:nb-<£b):nb~M, (115)
b

Oinel

with (£,) being the mean per-bunch instantaneous luminosity, and (x) the interaction rate averaged
over all colliding bunches—commonly referred to as the pile-up®. If the particle densities can be
factorized into independent transverse and longitudinal components, the normalized density becomes:

pi(@,y, 2,t) = pic(x) piy(y) piz(z £ ct). (1.16)

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

Ly = 1113 frey / P1(%) pog () dz / P1y(Y) P2y (y) dy. (1.17)

Bunch densities are often well approximated by Gaussian distributions. For beam 7 with transverse
widths o, and o;,, the normalized densities are:

(z) i ( i ) (1.18)
io(T) = ——exp| —— |, .
P 27T0ix P 20—1233
1 1>
Piy(y) = WGXP 557 ) (1.19)
Y Y

Substituting these profiles into Eq. (1.17), one obtains:
ning frev

2 2 /. 2 2
2m\/ 0%, + 05, o1, + 03,

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 finite signal integration time.

Ly

(1.20)
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For the special case of equal beam sizes, 01, = 02, = 0, and 0y, = 0y, = 0, this reduces to:

£b o n1n2frev

= . 1.21
dro,oy ( )

Eq. (1.21) makes explicit the parameters that drive luminosity: a large bunch population product
nins, a high revolution frequency, and small transverse beam sizes o,, o, at the IP. This expression
can be further rewritten by expressing the transverse beam sizes in terms of the emittances ¢, , and
the corresponding betatron functions (3, , (whose definitions are given in Section 1.1.2). Using the
definition of the normalized emittances, ¢’ = fyﬁew, given in Eq. (1.7) and assuming the round-
beam approximation (o, = 0, = o), the luminosity per bunch pair becomes:

n1n2 frev _ ang Jrev Y
4dro? Arey B*

Ly = (1.22)

where €%, = ¢, = ey and 5, = 3, due to the round-beams. This further illustrates that luminosity
can be actively controlled through the lattice configuration (see Sections 2.1 and 1.1.2 for a definition
and discussion), in particular by adjusting the value of the betatron function 5* 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 7n;,. For the most general case, the luminosity expression can be
extended to include reduction factors that account for realistic beam configurations.

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 finite 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 .. For two Gaussian
bunches with longitudinal beam size o, and transverse beam size o; in the plane of the crossing 7,
where ¢ = z, y, the reduction factor S(..) is approximetely given by:

0o 9 -1/2
5(0,) ~ <1+ ( 2605) ) | (123)

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
52 and 52 between the two beams, the reduction factor reads:
(50 2 50 2
W (87, 67) = exp <—@ - M) . (1.24)

2 2
402 4oy

Even small offsets of order ~ (.10 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]:

1 (0.0.69\
ePi = exp [§< 2‘;;) ] , (125)
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which partially compensates the luminosity reduction from .S and . 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 S-function
reaches its minimum value J*. 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 o; — o;(2) 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 S-function increment can be approximated quadratically
with distance from the IP as:

2
B(z) = p* (1 + ;2> : (1.26)
resulting in a corresponding growth of the transverse beam size, o(z) = o*+/1 + (z/5*)2, with
0* = o(z = 0). This leads to a reduction of the effective overlap of the colliding bunches, and
consequently of the instantaneous luminosity. Hourglass effect becomes significant when the bunch
length o, is comparable to 3*, and is negligible when 5* > o,. 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 5*, producing the
hourglass-shaped (if taken both positive and negative solutions) focusing profile around the IP.

2 A \ 4
e =19.2m _,‘
1.8 | |-»- 3" =0.25m =
p " »
A 1.6 " w
= x v
R w v
+ 1.4 w o
— w -(I(
'\
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Figure 1.2: Dependence of the factor \/1 + (z/£*)? on the longitudinal position z for two optics
configurations at ATLAS [12]. The large value 5* = 19.2 m corresponds to the high-5* optics used
during calibration runs while the small 5* = 0.25 m represents the low-3* 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:

Nobserved
events

= o X efficiency X L;,; . (1.27)

Here, efficiency is the overall detection efficiency, accounting for the detector acceptance and event-
selection performance, and L;,; represents the integrated luminosity accumulated by the collider.
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While the cross-section is a quantity fixed by the underlying physics and the efficiency 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 modifications of exist-
ing observables.

An illustrative example is the measurement of the inclusive 1//-boson production cross-section mul-
tiplied by the leptonic branching ratio from Eq. (4.1). In this expression, any uncertainty in Ly
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 figure clearly shows that
the luminosity uncertainty constitutes a significant fraction of the total error, and that reducing it di-
rectly improves the precision of measurements in constraining theoretical models.

M ATLAS PP~ Z
Vs=8TeV, 20.2 fb™

Ratio to data

[ —— Data NNLO QCD + NLO EW
0.9 M stat. O syst. @ CT18A O ABMP16

B _ m MSHT20 [] HERAPDF2.0
- stat. U syst. U lumi 4, NNPDF4.0 A ATLASpdf21

0 0.5 1 15 2 25 3 35
Iyl

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 cross-section at /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 reflected 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
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Figure 1.4: Comparison of measurements of the inclusive top-quark pair production cross-section at
Vs =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 fill, real-time monitoring enables optimized decisions regarding beam dumps, injection cycles, and
fill 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 V5 (TeV)  Lin [b™'] 0Lin/Lint Ref.
Run 1 (2010) 7 0.05 3.4 % [19]
Run1 (2011) 7 5.5 1.8 % [20]
Run1 (2012) 8 22.7 1.9 % [21]
Run2 (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

Over the past 130 years, particle physics has evolved from the discovery of the electron to the for-
mulation of a unified 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, Mp; ~ 101 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 fields. These include spin—%
fermions, which constitute matter; spin—1 gauge bosons, which mediate interactions; and a single
spin—0 scalar field, 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 (v), 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 i% or i%. 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) and baryons (qqq or qqq). 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+, W4, and Z, while the photon «y 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 first
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 fields ¢;(z) that depend on the space—time
coordinates x. Fermions are represented by spinor fields 1(z), while gauge bosons are described
by vector fields A,(x). The dynamics of a system are determined by the Lagrangian density L, a
function of the fields and their space—time derivatives 0,,¢;(x). The principle of least action requires
the action integral S = [ £ dx to be stationary, leading to the Euler—Lagrange equations of motion:

oL \ oC
g (M) T (129

for each field ¢ in the theory.

Defining 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 field ¢(z) transforms under
a symmetry operation U as:

¢(x) = ¢/(z) = Ug(x). (1.29)

“In the following text, W bosons are generally referred to as W unless the charge needs to be specified 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 field theories. Additional internal symmetries
describe charge, color, and weak isospin. Electromagnetic interactions preserve parity (F) and charge
conjugation (C'), whereas the weak interaction violates both P and C' and even the combined C'P
symmetry. However, the overall C'PT symmetry, where 7" denotes time inversion, is conserved in all
Lorentz-invariant QFT's [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)e ® SU(2)p @ 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)¢: Quantum Chromodynamics — the strong interaction between quarks and gluons;

SU(2),®U(1)y: Electroweak theory — unifying the weak and electromagnetic forces;
* Yukawa sector: interactions between the Higgs field and fermions that generate fermion masses;

* Higgs sector: dynamics of the scalar field responsible for electroweak symmetry breaking.

The complete SM Lagrangian density can therefore be expressed in the form of the following relation:
Lsm = Lew + Lgep + Lyukawa + Liges- (1.31)

Here Lgw and Lqcp refer to the gauge interactions of leptons and quarks, Lvykawa 1s related to the
couplings to the Higgs field, and Ly;e.s describes the potential and self-interactions of the scalar field.
This structure ensures that all known fundamental forces, except gravity, are embedded within a sin-
gle renormalizable quantum field theory. The renormalizability of the SM guarantees that infinities

14



1.4. The Standard Model Lagrangian

appearing in perturbative calculations can be absorbed into a finite number of measurable parameters,
ensuring that all physical predictions remain finite 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 field. The CKM
parameters describe the mixing between different quark generations and introduce complex phases
responsible for C'P 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 G, the strong coupling oy, and the Z-boson mass my. 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 field,
while leaving the photon massless.

1.4 The Standard Model Lagrangian

The EW sector of the Standard Model unifies the electromagnetic and weak interactions under a com-
mon theoretical framework. Historically, the electromagnetic interaction was described by QED [53,
54], the first successful quantum field 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 satisfies the Dirac equation:

(iv*0, —m)Y(x) =0 (1.32)
which is derived from the Lagrangian density:
£ =P(x)(iy" 9, — m)v(z). (1.33)

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

() = ¢ (2) = e (a), (1.34)
a gauge field A, () is introduced, and the ordinary derivative is replaced by a covariant derivative:
0, =+ D, = 0,—ieA,x), (1.35)
where e is the electric charge of the fermion. The transformation of the gauge field:
Au(z) — Al(r) = Au(z) — dua(z), (1.36)

preserves local gauge invariance. The complete QED Lagrangian, including the photon kinetic term
defined by the field-strength tensor, F,, = 0,4, — 0, A,,, becomes:

1

Lqrp = V() (i’y“@u—m) Y(x) — e(x) WA (x)Y(z) — 1 w (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 fine-structure constant, « = e*/47 ~ 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 field are defined as:

vp= 50-)%  ad  gn = (14770, (1.38)

where 1, and ¥ represent left- and right-handed projections, respectively. Left-handed fermions
appear in weak isospin doublets with / = 1/2 and I3 = +1/2, while right-handed fermions are
isospin singlets (I35 = 0):

() (e () () () () o

This chiral structure explains why weak interactions violate parity symmetry.

The Electroweak theory, developed by Glashow, Weinberg, and Salam [32-34, 57], unifies electro-
magnetic and weak forces under the symmetry group SU(2), ® 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:

Y
Q =13 + 5 (1.40)

where () is the electric charge and I3 the third component of weak isospin. The SU(2), group
provides three gauge fields W (a = 1,2, 3), while U (1)y contributes one gauge field B,,. The
electroweak Lagrangian for massless fermions and gauge fields is:

_ 1 1
L = iY(x)y"D,yY(x) — ZWSV Wweanr — ZLB’“’BW’ (1.41)

where
W, = 0W —0,Wi + ge™ W, B,, = 0,B, —0,B,, (1.42)
and

a Y
D, zau—ig%Wlf—ig’—B (1.43)

2 H
with 7% being the Pauli matrices and g, ¢’ the weak and hypercharge coupling constants. Because
explicit mass terms would violate gauge invariance, all fields 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 field:

vi(@) = g, (1.44)
v
where f denotes the quark flavor. The QCD Lagrangian density is given by:

T . j 1 a a puv
Locp = > (iq"DIF —my) g — 1 G G (1.45)
f

16



1.4. The Standard Model Lagrangian

where \e
Dy = 0y — igsGule) 7, (1.46)

and the field-strength tensor is
Go, = 0,G — 0,G% — g, [ GG (1.47)

Here \* are the Gell-Mann matrices (generators of SU(3)), f%°¢ the structure constants, and g, the
strong coupling constant. The first 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 oy, = g2/27 depends on the momentum scale () of the process. The
coupling decreases with increasing energy, a property known as asymptotic freedom, while at low
energies quarks are confined into color-neutral bound states, or hadrons. At short distances, quarks
and gluons behave as almost free particles, whereas at larger scales confinement 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 fields while preserving gauge
invariance. For a complex scalar doublet field:

oF 1 (D) +1Dy
o = = — 1.48
(@) (®0> V2 (<I>3+i<1>4 ’ (148)
the potential takes the form:
V(ole) = p2ofe + x(efe)”, (1.49)

where A > 0. For y? > 0 the potential has a single minimum at ® = 0, but for 4? < 0 it acquires
a degenerate ring of minima, as shown in Figure 1.6. Choosing one vacuum configuration sponta-
neously breaks the symmetry and provides gauge bosons and fermions with mass.

The electroweak Lagrangian containing the scalar field is
L = (D@ (Do) — V(old), (1.50)

where the covariant derivative D), is defined as in Eq. (1.46). The vacuum expectation value (VEV)
v = y/—u? /) defines the minimum of the potential,

By = (O>, (1.51)
V2 \v

which spontaneously breaks SU(2); ® U(1)y to the electromagnetic U(1).,,. Expanding around this
vacuum leads to three massive gauge bosons (JW*, Z) and one massless photon (A), given by:

1
”f:I: _ ”71 ~”72

meo \/5( p T2 u)? (1.52)

Z, = —sinby B, + cos Oy W, (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 y? > 0 with a single minimum at ¢ = 0. For illustrative purposes,
dimensionless parameters are set to v = 1 and y? = X\ = 0.2.

A, = cosbOw B, + sinby W7, (1.54)

where 0y, is Weinberg’s angle, and tanfy, = ¢'/g and e = ¢’ cosy = gsinfy . Substituting P
into the kinetic term gives the gauge-boson mass expressions:

2,2 2 2y .2
(DM(PO)T(DM(DO) — %VV;W‘“ + Wzﬂzu + (1.55)

leading to
_ Yrv _ g9v N R 1.56

Photon remains massless, while fermion masses arise through Yukawa couplings y; between the
Higgs and fermion fields. The Higgs boson mass is my = Vv 2Av2. After nearly five 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 confirmed 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, Mp, ~ 10" 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 fits 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 fine-
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 WW- 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
fill 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, first
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 first 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 sufficiently 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 oy 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 final-state radiation (ISR and
FSR), collectively referred to as a parton shower. As the process evolves toward lower energy scales,
confinement 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 final 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 ¢ carries a fraction x; of the proton momentum, defined by p; = x; P.
The momentum transfer (Q* 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 s depend on the momentum fractions z; and x5
of the two interacting partons.

The probability of finding a parton of flavour 7 with a given momentum fraction z; at scale ()? 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 final-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) f;(x;, Q*). Their evolution with Q? is described by
the Dokshitzer—Gribov—Lipatov—Altarelli—Parisi (DGLAP) equations, while the z-dependence must
be determined empirically from fits to data across a wide range of experiments [81]. Figure 1.9 il-
lustrates the regions of the (x, Q%) 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 fits incorporate results from fixed-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 flavours are compared at two characteristic energy scales. At low z, the gluon and sea-
quark densities dominate, while at higher = 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:

OarBox(puf, ptr) = Z /dxadxbfa/A(zaaﬂf>fb/B(xbaﬂf>&abﬁX(/ﬁf7ﬂr)a (1.57)
acA,beB
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Figure 1.9: Kinematic coverage in the (z, Q?) 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 z, and x;, respec-
tively, and 7., x 1s the hard-scattering cross-section for those partons. The sum runs over all parton
flavours 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
finite terms at a factorization scale y;. 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 ¢ is usually taken as the mass of the outgoing system of
particles (i ~ mx). The p, is the renormalization scale, which defines the QCD running coupling
and the renormalization constant «s. In the computation of observables such as cross-sections, only a
finite number of terms can be calculated, which all depend on y,.. 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 p, 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 (1 = ;).

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

a'abﬁx = 5'0 + ozs(/ﬁ%)&l + o@(,u?%)@ + O(Cki), (158)

where the first 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 final 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 «,°>. When the perturbative series does not converge because of the presence

5 Alongside higher order corrections (NLO, NNLO, etc.) in QCD, higher order electroweak corrections
can be introduced. Generic size O(a) ~ O(a?) 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 () = 2 GeV, while the right one shows
PDFs evaluated at () = 100 GeV for the parton flavours u, u, d, d, s = 3, 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 defines a convergent function
in which the individual terms of the original function are rescaled and summed to the fixed-order
contribution to restore convergence. The first 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 /s are shown in Figure 1.11.

1.6.2 ¥/ -boson production and decay

In proton—proton collisions, the W bosons at LO are produced in the Drell-Yan process of
quark—antiquark annihilation:
ud - W, du — 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 ¢ 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 « and s valence—sea contributions [86].
The flavour decomposition for W production at LO is presented in Figure 1.12. Table 1.2 summa-
rizes the contributing processes to I/ -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(aa) [87]. The dominant source of electroweak corrections to - and Z-boson produc-
tion originates from QED final-state radiation, interference between ISR and FSR QED, purely weak
corrections due to virtual-loop and box diagrams, and final-state emission of lepton pairs. Complete

O(a) electroweak corrections to the pp — W + X, W — [v process were initially calculated in
Refs. [88, 89].

The four-momenta of the interacting partons for the 1¥-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 energy
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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 defined as

8= (P +ph)* = sxi20. (1.61)
Then the mass of the W boson is
§=my. (1.62)

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

(1.63)

A GF’ITL%,V)2 s
7(8) o ( ~ ;
V2 ) (8=miy)? —m T,

where the last fraction corresponds to the relativistic Breit—-Wigner resonance distribution, which
depends on 5. The Breit—Wigner resonance is a peak distribution at my, with width I'y.
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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 /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 I/ -boson production at LO, NLO, and NNLO in
QCD [86].

Order Process

ag (LO) qg+q—W

al (NLO) q + g — W (one-loop corrections);
q(q) +g9 — W +4q(q)

o@ (NNLO) g+ g — W (two-loop corrections);
q+ ¢ — W + g (one-loop corrections);
qt+q—=W+g+g;

q(q) + g = W + q(q) (one-loop corrections);
q(q) +g9—W+q(q) +g
qg+q—>W+q+4q

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 flavours. Since the jet production cross-section at hadron colliders is several orders
of magnitude larger than the 1¥'-boson production cross-section (see Figure 1.11), the hadronic decay
modes of the I/ boson are not suitable for precision measurements, even though their branching ratio
is significantly higher than that of the leptonic decays. Consequently, precision I/ -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 7 lepton can be observed. Nevertheless, ATLAS has performed a cross-section mea-
surement involving 7 leptons, which was found to be consistent with the er and pv results [90]. It
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should be noted that the branching ratio for /" — 7v in Table 1.3 does not include the most precise
ATLAS measurement to date [91], shown in Figure 1.13.

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

Decay mode  Branching ratio [ %]

W — ev 10.71 £0.16
W — v 10.63 £ 0.15
W — v 11.38 £ 0.21
W — hadrons 67.41 +£0.27
|||||II\IIIII’IIII|I\III\\II
ATLAS i {s=13TeV, 139"
B(W—pv) I I—':i I
B(W—ev) [
=
kA
B(W—1tv) I Iv * | I
ZPhys. C44 (1989) 15-61 :
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J.Phys.G 34 (2007) 2457-2544, PRL. 68 (1992) 3398-3402 :
DO :
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Figure 1.13: Comparison of the measured branching-ratio ratios of other leptonic W decays with
respect to the 7 channel, showing the ATLAS result alongside those from other experiments. The
vertical dashed line indicates the SM expectation of lepton-flavour 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 /s, where s is defined as:

s = (m +p2)2 = (pf +pg>(pm + pau), (2.1)

with p/ and p} denoting the four-momenta of the colliding particles and the Einstein summation
convention used over the Lorentz index p = 0, 1, 2, 3. In the laboratory frame, it can be written as:

s=2m’+2(E\Ey — Py Pa) (2.2)

where E; and p; are the particle energies and three-momenta, respectively, and m,, is the proton mass.
For symmetric proton—proton collisions with equal beam energies Epean and opposite momenta, this
simplifies to /S = 2Epean in the ultra-relativistic limit (Epeam > m,,).

Coordinate system: Standard right-handed coordinate system for the LHC is defined as follows:
— the z-axis is taken along the nominal beam direction; — the z-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 defines the longitudinal axis. Angles are defined in the usual spherical
coordinates: Polar angle ¢ is measured with respect to the beam (z) axis, while the azimuthal angle ¢
is defined 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:
1 | E+p.
=—In
YoM EC p.’

(2.3)
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where F is the particle energy and p, 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 £ of a particle is
often not directly accessible, it is common to use the pseudorapidity, defined in terms of the polar
angle 6 as:

0
7 = —Intan 3 (2.4)

In the ultra-relativistic limit, where £ > m, pseudorapidity 7 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 1 correspond to
nearly uniform segmentation of the detector elements. For these reasons, detector acceptance and
many physics distributions are conventionally expressed in terms of 7 rather than the polar angle 6,
whose transformation law under z-boosts is non-linear and depends on both £ and p,.

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 AR, defined as:

AR = /(An)? + (A¢)?, (2.5)

where A7 is the difference in pseudorapidity and A¢ is the difference in azimuthal angle between
two particles. This definition provides a natural metric in the (7, ¢) space, which directly reflects the
cylindrical geometry of the detector. The variable AR 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 defining 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 t0 Laesign = 103t cm~2s~1. This corresponds to approximately 1 nb™" 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 x 10° proton—proton collisions per sec-
ond [94], with the peak luminosity of about 2.05 x 10%* cm—2s~!. Moreover, it has accelerated beams
to energies of 6.8 TeV each (leading to /s = 13.6 TeV), the highest ever reached at a hadron collider.
These two milestones confirm 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 superfluid helium at atmospheric pressure in the cryogenic system,
ensuring the superconducting state necessary to sustain fields of up to 8.3 T. Beam pipes at the same
time must be evacuated to ultrahigh vacuum levels of 1071°~10~!! 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 x 10%* cm 257! at
Vs = 13 TeV were achieved, corresponding to more than 150 fb~! 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—!, 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 five to seven, targeting a design
value of Ly ~ 7.5 x 103 cm™2s~! and an ultimate integrated luminosity of 3ab™~" over its lifetime.
Such performance will enable precision measurements of SM processes and rare-decay studies, and
will significantly 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 first acceleration stage is provided
by a linear accelerator (LINAC). Until 2018, this role was fulfilled 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 final 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 confinement 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, IPS, IPS), 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 final—state particles produced in proton—proton, ion—ion and ion—proton col-
lisions. It is capable for identifying electrons, photons, muons, hadronically decaying 7—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)
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 I — 7y 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® — ¢(uly, demand ac-
curate lepton identification 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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Figure 2.2: Schematic layout of the ATLAS detector showing the concentric subdetector systems and
magnet configuration. For the official Run 3 configuration and details, see Ref. [103].
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rates provides stringent tests of the SM and essential calibration channels for detector performance.
Their leptonic decays demand broad acceptance and high reconstruction efficiency for electrons and
muons. The LHC also provides a copious source of top quarks, enabling precise measurements of its
mass, couplings and production properties. Another fundamental part of the ATLAS programme is
the investigation of QCD and proton structure. Since jet cross-sections are very large, they provide
an opportunity to probe PDFs, but they also dominate the background in most searches, requiring ex-
cellent jet energy calibration. Beyond the SM, ATLAS is expected to be sensitive to a wide variety of
new phenomena. Searches for supersymmetry target final states with multiple jets, leptons, and large
missing transverse energy. Heavy resonances such as hypothetical W’ or Z’ bosons would manifest
as high-momentum leptons, requiring accurate momentum resolution. Additionally, there are forward
and diffractive physics programmes, which extend the reach of QCD studies into the very low-z!

The range of physics goals can be expressed as a set of design requirements for the ATLAS detector.
The inner tracking system must combine high granularity with excellent spatial resolution to provide
precise momentum measurements, efficient reconstruction, and the ability to resolve secondary ver-
tices. A finely segmented electromagnetic calorimeter is essential for the measurement of photons
and electrons, while a hermetic hadronic calorimeter ensures reliable jet reconstruction and the deter-
mination of missing transverse energy. The muon spectrometer must be capable of measuring muon
momenta over a wide range, including the multi-TeV domain, with precise charge identification. To
achieve this performance, the entire detector must be highly segmented, radiation-hard, and capable
of withstanding the 40 MHz bunch crossing frequency of the LHC. It must provide nearly complete
coverage in pseudorapidity and azimuth, so that no significant component of an event escapes de-
tection. A flexible multi-level trigger system is necessary to reduce the raw interaction rate while
retaining efficiency for rare physics channels. Table 2.1 summarizes the key performance goals that
guided the design of the ATLAS detector. The subsequent sections summarize the main ATLAS sub-

I'The internal structure of the proton is commonly described in terms of the Bjorken scaling variable
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systems and their respective functions.

Table 2.1: Summary of the general performance goals of the ATLAS detector.

Subsystem Resolution goal Measurement Trigger
/7] range /n] range

Tracking e 0.05% pr @ 1% <25 <25

pr
i 10

Elect.rornagnetlc B _ % © 0.7% <32 <25

calorimeter E VE

Hadronic calorimeter op  50%

L < <

(barrel/end-cap) E VE ® 3% < 3.2 <32

Hadronic calorimeter oE 100%

(forward) NG @ 10% 3.1<n <4.9 3.1<n <49

Muon Irr _ 10% at pp = 1 TeV <27 <24

spectrometer P

Inner Detector

Closest to the colliding beams is the Inner Detector (ID) [104], which provides the reconstruction of
trajectories of electrically charged particles (tracks). It covers the pseudorapidity range |n| < 2.5 and
is immersed in a 2 T solenoidal magnetic field, which bends the paths of charged particles, allowing
their momentum and charge sign to be determined from the curvature. Charged particles such as
electrons, protons, pions, and kaons ionize the detector material, producing signals that are converted
into hits. Reconstruction algorithms then process these hits to build complete particle tracks. A further
role of the ID is vertex reconstruction. Charged-particle tracks are combined to determine common
points of origin. Primary vertex corresponds to the proton—proton collision point, while secondary
vertices arise from the decay of long-lived particles. Accurate vertexing is important for separating
multiple interactions within the same bunch crossing (pile-up). In ATLAS, the transverse position of
the primary vertex can typically be determined with a precision of 10-20 pym. ID consists of three
subsystems:

Pixel Detector [105] consists of several cylindrical barrel layers surrounding the beam pipe, comple-
mented by endcap disks at each end. The original detector included only three barrel layers. In 2014,
an additional innermost layer, the Insertable B-Layer (IBL), was installed at a radius of 3.3 cm, be-
coming part of the detector from Run 2 onward. The detector is constructed of silicon pixel sensors, in
which each pixel is a small (50 x 250 zm?) silicon element that produces an electrical signal when in-
tersected by a charged particle. This fine segmentation offers spatial resolutions of a few micrometers,
enabling excellent separation of nearby tracks. Pixel Detector is used to determine the impact param-
eter, which is the distance of closest approach of a track to the primary vertex. This measurement is
essential for vertexing and for identifying displaced vertices from decays of long-lived particles such
as b-hadrons.

While the Pixel Detector provides measurements with very fine spatial granularity, the Semiconduc-
tor Tracker (SCT) [106] offers coarser resolution but covers a substantially larger active area. Based
on silicon microstrip technology, the SCT provides multiple precision space points for each track,
ensuring robust momentum reconstruction.

Transition Radiation Tracker (TRT) [107] forms the outermost part of the ID, and it acts as an
extended lever arm, supplying many additional measurements of a track over a large radius. It con-
sists of nearly 300,000 thin straw tubes, arranged to cover the || < 2.0 region. TRT also provides
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electron identification using the detection of photons, which are emitted when relativistic particles
cross the interfaces between materials of different dielectric constants. This makes TRT capable of
distinguishing electrons from other charged hadrons.

Calorimeters

Calorimeters [108—110] surround the ID and measure the energies of electrons, photons, hadrons,
and jets, as well as contributing to the measurement of missing transverse momentum. They provide
nearly full solid-angle coverage up to || < 4.9 and are divided into electromagnetic and hadronic
sections:

Electromagnetic Calorimeter (ECal) is a sampling calorimeter, in which dense absorber plates and
active material are arranged in alternating layers. In ATLAS, thin lead plates act as absorbers that
initiate electromagnetic showers, while liquid argon (LAr) is used as the active medium in which the
ionization charge is collected. The electrodes are folded in a "zig-zag" shape, which guarantees full
coverage in azimuth without cracks between modules. It is designed for the precise measurement
of electrons and photons. The barrel region covers || < 1.475, while the endcap sections extend
coverage to || < 3.2.

Hadronic Calorimeter is designed to measure energies of hadrons, jets, and the hadronic component
of tau decays. It consists of three main parts. Tile Calorimeter (TileCal) is a steel/scintillator-tile
sampling calorimeter covering the central region (|n| < 1.7). Hadronic Endcap Calorimeter (HEC)
is located behind the EM endcaps, consisting of copper/LAr modules covering 1.5 < |n| < 3.2. It
measures hadronic showers in the forward region. Forward Calorimeter (FCal) is a compact LAr
calorimeter with copper and tungsten absorbers covering 3.1 < |n| < 4.9.

Muon Spectrometer

Muon Spectrometer (MS) [111] is the outermost tracking system designed to identify and precisely
measure the momentum of muons that escape the calorimeters. It combines two types of chambers
with complementary functions. Precision tracking chambers (Monitored Drift Tubes [112] and Cath-
ode Strip Chambers [113]) provide high spatial resolution, measuring track positions with 80 pm
resolution. Fast trigger chambers (Resistive Plate Chambers in the barrel and Thin Gap Chambers in
the endcaps) deliver coarse position and excellent timing information within nanoseconds, enabling
the online trigger system to rapidly decide whether to record an event.

Magnet system

This system consists of three main components: a central solenoid and large superconducting air-
core toroidal magnets in both the barrel and endcap regions. The solenoid surrounds the ID and
provides the 2 T field for charged-particle momentum measurement at small radius. The barrel and
endcap toroids generate a strong bending power for muons traversing the spectrometer, enabling
precise measurement of their trajectories while leaving most of the detector volume free of material.
Together, these magnet systems provide the necessary bending power to ensure good momentum
resolution for both inner tracking and outer muon measurements.
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Trigger and Data Acquisition systems

The LHC delivers proton—proton collisions at a bunch crossing rate of 40 MHz, corresponding to
about 10 interactions per second. Since it is impossible to record and store all events at this rate, the
ATLAS Trigger and Data Acquisition (TDAQ) [114] system reduces the data flow to a manageable
rate of around 1 kHz, selecting the most interesting events for permanent storage and offline analysis.
This is achieved in multiple stages of event selection, combining fast hardware-based decisions with
more sophisticated software algorithms.

Quality Control and Simulation Infrastructure

The ATLAS experiment must reliably record collision events, ensure high data quality, and build a
trustworthy simulation framework to allow meaningful comparisons between theoretical predictions
and observations. During LHC beam operation, all ATLAS subsystems are coordinated by a cen-
tral run-control framework, which ensures that each component transitions through detector states
coherently. A data-taking run can begin only when every detector element is confirmed to be ready,
and LHC beam conditions are declared stable. Each run is assigned a unique identifier and typi-
cally spans a single LHC fill. Runs are subdivided into luminosity blocks (LBs) of order one minute,
within which the instantaneous luminosity, detector conditions, and trigger settings are considered
constant. If a subsystem experiences a transient problem, only the affected LBs may be excluded
from analysis rather than discarding the entire run. The collection of LBs certified for physics usage
is called the Good Run List (GRL). Events passing the trigger are forwarded to the Data Acquisition
(DAQ) [114-117] system and recorded in raw format at CERN’s Tier-0. Events are organized into
separate streams based on signature type: e.g., EGamma (electrons, photons), Muon, JetTauEtMiss
(hadronic energy or missing energy), CosmicCalo (events originating outside LHC-induced colli-
sions), debugging streams, and others. As data are recorded, they are cataloged, transferred, and
processed through the Worldwide LHC Computing Grid (WLCG) [118]. During active beam colli-
sions, each subdetector is monitored at both the hardware and software levels; reconstructed quantities
are checked in near real-time to detect anomalies. Shifter experts in the control room review and flag
possible issues for further inspection.

In parallel with the data, Monte Carlo (MC) simulation samples are generated for both signal and
background processes. These simulations are crucial for calibration, efficiency estimation, accep-
tance corrections, and the evaluation of systematic uncertainties. The MC simulation workflow typ-
ically encompasses: (i) Hard-scatter / parton-level generation using matrix-element tools such as
POWHEG [119, 120], MADGRAPH5S AMC@NLO [121], or SHERPA [122], often interfaced with
parton-shower and hadronization models implemented in PYTHIAS [123]. (i1)) GEANT4 [124], a
detector-based simulation toolkit, where generated stable particles are propagated through the full
ATLAS geometry, simulating interactions (e.g. energy loss, scattering, hadronic and electromagnetic
showers).

Derivation of the real physics object is obtained for both real and simulated objects. Analysis-level
formats are produced, containing only the relevant reconstructed quantities for physics analyses, Anal-
ysis Object Data (AOD), or reduced data volume focused on variables of interest, Derived Analysis
Object Data (DAOD). The ATLAS software framework Athena holds up virtually all offline and many
online processing tasks: event generation, detector simulation, reconstruction, derivation, and even
portions of the trigger chain. Since data and simulated events traverse essentially identical reconstruc-
tion and calibration pipelines, the same selection criteria, object definitions, and corrections can be
applied consistently in analyses.
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2.4 Luminosity detectors

A precise determination of the luminosity at ATLAS requires multiple dedicated and complementary
detectors. Each system covers different pseudorapidity regions, operates with distinct technologies,
and contributes to the overall precision of the luminosity calibration.

24.1 LUCID

The LUminosity measurement using a Cherenkov Integrating Detector (LUCID) is the primary AT-
LAS luminosity monitor, and one of the dedicated luminosity detectors that are collectively termed
luminometers. LUCID-1, used during Run 1, employed aluminium tubes filled with CyF}o gas as
Cherenkov radiators, each coupled to a photomultiplier tube (PMT), for a total of 20 PMTs per side
at £17 m from the interaction point [125, 126]. Although it provided the reference luminosity for
ATLAS during 2010-2013, the detector suffered from radiation damage to its materials, resulting in
limited long-term stability. LUCID-2 [127] was rebuilt entirely for Run 2, replacing the gas tubes
with quartz radiators. It is designed to provide reliable bunch-by-bunch luminosity measurements
over the full range of beam conditions, from dedicated special scans at low pile-up to high-luminosity
pp and heavy ion physics running. LUCID-2 consists of two identical modules, located symmetrically
at £17 m from the IP, just as LUCID-1. Each module is constructed as a ring of 16 PMTs arranged
around the beam pipe with a radius of 12 cm. Charged particles emerging at very small polar angles
generate Cherenkov light directly in the quartz windows of the PMTs, which is then collected and
read out with nanosecond timing resolution. On the quartz window of each PMT, a 207Bj radioactive
source is deposited. The decay of 2°"Bi through internal conversion produces ~ 1 MeV electrons.
The activity of this source is low enough not to interfere with luminosity measurements, even in the
low-luminosity regime, but sufficiently strong to be exploited for continuous PMT gain monitoring.
This feature ensures stable and calibrated detector response throughout LHC operation. For redun-
dancy and cross-checks, the PMTs are grouped into two independent sub-groups called Bi and Bi2.
These groups are defined symmetrically around the beam pipe, each with similar characteristics, but
read out and analyzed separately, as shown in Figure 2.3. By combining fast timing, high radiation
hardness, and redundant readout, LUCID has established itself as the reference luminometer of AT-
LAS since Run 2. It is worth noting that for Run 3, LUCID has been upgraded to the LUCID-3 [128]
detector, which retains the same basic operating principle as LUCID-2 but features improved radia-
tion hardness and upgraded photomultiplier technology.

PMT base ) 16 photomultipliers

4 temperature
probes

Quick release
attachment

LED fiber
connector

Bi-207 source
Mu metal
magnetic shield

Water cooling pipes

Figure 2.3: Schematic illustration of the LUCID detector, showing the PMTs arranged cylindrically
around the beam pipe. Adopted from [129].
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242 BCM

The Beam Conditions Monitor (BCM) [130] is another central detector for luminosity measurements,
originally designed for machine protection. Its primary role is to provide ultra-fast abort signals to
the LHC in case of abnormal beam losses. In addition, BCM has been used extensively as a reference
luminometer, particularly during the high-luminosity operation of 2011-2013, and continues to pro-
vide powerful bunch-by-bunch luminosity data. The BCM is installed at z = 41.84 m from the IP,
with two sets of four modules mounted symmetrically around the beam pipe at a radial distance of
55 mm. Each module contains 500 pm-thick radiation-hard polycrystalline chemical-vapor-deposited
diamond sensors, oriented at 45° with respect to the beam axis. This tilt maximizes the signal yield
from minimum ionizing particles. The sensors are coupled to very fast front-end electronics, provid-
ing a time resolution of about 0.7 ns. This excellent timing allows the separation of signals originating
from pp collisions from those due to incoming single-beam backgrounds. BCM measures the hit rate
in individual sensors at the level of every single bunch crossing.

2.4.3 Other luminosity measurement systems

In addition to the primary luminometers (LUCID and BCM), ATLAS utilizes additional systems and
methods that contribute to luminosity determination under specific running conditions or serve as
valuable cross-checks.

Minimum Bias Trigger Scintillators (MBTS) [13] are mounted on the inner face of the electromag-
netic endcap calorimeter cryostats, at z = £3.6 m from the IP. Each MBTS station consists of a 2 cm
thick polystyrene scintillator disk segmented into 16 counters, arranged in two pseudorapidity rings
with eight azimuthal sectors. The inner ring covers 2.08 < |n| < 2.76, while the outer ring covers
2.76 < |n| < 3.86. The MBTS was initially designed as a trigger system, and although it can be
exploited for luminosity estimates at low pile-up, its readout does not resolve individual bunch cross-
ings.

Track Counting (TC)?*: An alternative approach to luminosity determination is provided by track
counting, which relies on the central tracking detectors (IBL, Pixel, and SCT). The track counting
method depends on the offline reconstruction of charged-particle tracks in the ID. It therefore yields
average luminosity values over longer intervals, LBs, rather than on a bunch-by-bunch basis.

As briefly introduced in Section 2.3, the calorimeter systems, in addition to their primary role in
measuring particle energies, have also been used for luminosity monitoring through their average sig-
nal readout. In the Tile Calorimeter, a dedicated integrator circuit records the mean photomultiplier
currents from minimum-bias events, providing a signal proportional to the instantaneous luminos-
ity [131]. Similarly, in the LAr calorimeter, the average ionization current readout in the electrodes
offers an independent measure of the luminosity, based on the continuous flux of particles traversing
the detector [132]. However, both methods integrate signals over long timescales and therefore cannot
resolve luminosity on a bunch-by-bunch basis.

Zero Degree Calorimeters (ZDC) [133] are located at 140 m from the IP within the TAN absorbers,
massive shielding blocks that stop neutral particles. ZDC detects neutral particles, primarily neutrons
and photons, emitted at very small polar angles. ZDC plays a prominent role in heavy-ion running
and contributes to specific runs requiring very forward coverage, making it unsuitable for precise
bunch-resolved measurements.

Absolute Luminosity For ATLAS (ALFA) [134] detectors are Roman Pot stations at 240 m from

>The Z-counting technique estimates luminosity from the observed yield of Z — £¢ decays, using the theoretically
well-known Z production cross-section as a reference.
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the IP. They contain scintillating-fibre trackers designed to detect elastically scattered protons at very
small angles. ALFA is used in dedicated high-3* runs to determine the total pp cross-section via
the optical theorem as detailed in Sec 3.2, thereby anchoring the absolute luminosity scale. This
technique inherently delivers only integrated luminosity values over dedicated runs.

Timepix (TPX) [135, 136] detectors have also been deployed in monitoring bunch-integrated luminos-
ity using hit-counting and cluster methods. TPX is a hybrid silicon pixel device installed in several
locations around the ATLAS cavern outside the main detector volume. It operates as a standalone
monitor of the radiation field intensity and the instantaneous and integrated luminosity. More recent
efforts explore Timepix3 [137] devices and the use of thermal neutron counting modes for improved
stability and accuracy.

Figure 2.4 illustrates schematically the relative locations and pseudorapidity coverage of the detectors
discussed in this section, which are close to the IP. Unlike LUCID and BCM, which are capable of de-
livering accurate bunch-by-bunch luminosity information, the other methods available in ATLAS do
not provide such time granularity. These methods, therefore, play a complementary role in providing
important cross-checks. The advantage of having several independent luminosity measurements is
that their mutual consistency provides an important validation of the long-term stability and linearity
of each detector’s response (see Figure 2.5).

ID volume

(Tfrack counting) l\A LUCID
BCM \

Y(m) 4

Figure 2.4: ATLAS luminosity detectors LUCID, BCM, and MBTS are shown at their respective
longitudinal positions z relative to the IP, together with their pseudorapidity coverage.
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Figure 2.5: Ratios of instantaneous luminosity measured by track counting to that measured by LU-
CID (black points), EMEC (red filled triangles), and Tile (blue open inverted triangles) as a function
of the mean number of interactions per bunch crossing (1) measured by the latter algorithms in long
LHC physics fill during 2017 [22]. The lines show linear fits through each set of points. Time pro-
gresses from right to left.
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Chapter 3

Absolute Luminosity Calibration in ATLAS

3.1 Methodology

The interaction rate per-bunch crossing i, inelastic pp cross-section o;,.; and per-bunch instantaneous
luminosity £, are related via Eq. (1.10). Detector measures (with efficiency ¢) the mean number of
visible interaction rates per bunch crossing, (iyis = € p. Corresponding visible cross-section is defined
as Oyis = € Ojnel. Instantaneous luminosity per-bunch is then related to detector observables by:

ﬁb _ Mvisfrev’ (31)

Ovis

where the visible cross-section oy is a calibration constant that links the detector response, through
the measured 1,5 in Eq. (3.1), to the absolute per-bunch luminosity £,. Since f.., is known with ex-
tremely high precision from the accelerator parameters, the accuracy of the luminosity determination
is therefore driven by the precision of o;s. The measured /.5, Obtained continuously from dedicated
luminometer signals, is directly proportional to the instantaneous luminosity, while o;s provides the
proportionality factor established through dedicated vdM calibration scans. Both the detection effi-
ciency € and, consequently, the visible cross-section o,;s depend on the type of colliding particles,
collision energy, and angular and transverse-momentum distributions of the final-state particles. Be-
cause these properties differ for each luminometer and for each specific luminosity algorithm (as
explained in Section 3.4), the corresponding values of o are detector- and algorithm-dependent.

The determination of the absolute luminosity at LHC follows a sequence of well-defined steps:

1. Measurement with luminometers: The first requirement is a dedicated detector system, the
luminometer, which measures event rates.

2. Absolute calibration from vdM scans: Dedicated low-intensity calibration runs are per-
formed, from which the visible cross-section o, is determined.

3. Calibration transfer: Since vdM scans are carried out under special beam conditions (low g,
low luminosity, few isolated bunches, zero crossing angle), the calibration must be transferred
to regular physics conditions. This includes corrections for the change to high-intensity bunch
trains, non-zero crossing angles, etc.
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4. Long-term stability: vdM runs at a given /s typically occur once per year, with occasional
additional sessions under special operating conditions' or when the calibration quality needs
to be re-validated, e.g. due to unexpected detector behavior. Over extended data-taking peri-
ods, additional corrections account for detector aging, time-dependent efficiency variations, and
possible drifts in beam instrumentation. These corrections ensure consistency of the luminosity
scale throughout a long period (~1 year).

In this thesis, the focus is on the determination of o from vdM scans performed in pp collisions at
/s = 900 GeV during Run 2 in 2018. The subsequent steps of calibration transfer and long-term
stability are beyond the present scope. A detailed description of the vdM calibration procedure is
provided in Section 3.6.

3.2 Alternative methods for luminosity determination

Several approaches exist for absolute luminosity calibration in hadron colliders. They differ in the
observables they rely on, the achievable precision, and the experimental conditions required. The most
relevant approaches are the beam-parameter-based method, luminosity determination from elastic
scattering (and the pp total cross-section), and luminosity extraction from well-measured Standard
Model processes. We summarize briefly these approaches for completeness.

First, luminosity can be expressed directly in terms of beam parameters. A simpler approach expresses
the luminosity directly in terms of beam parameters, assuming Gaussian profiles with rms widths
0, 0y, as derived in Eq. (1.21). This provides fast, online estimates of luminosity without dedicated
scans, but it depends a lot on the accurate determination of beam sizes and optics. In addition to
the vdM scan technique introduced in Section 3.1, several other beam—parameter—based methods are
employed to determine the transverse beam sizes:

¢ Profile monitors: Both invasive and non-invasive devices, such as wire scanners [138, 139] and
synchrotron light monitors [140, 141], can provide direct measurements of the transverse beam
profiles at specific locations along the accelerator.

* Beam—gas imaging (BGI): This method, first used at LHCb experiment [142], reconstructs
the transverse beam shapes from the spatial distribution of vertices originating from beam—gas
interactions near the IP. This way, beam sizes can be determined without the need for dedicated
scans.

Although such techniques can offer valuable cross-checks and independent information on beam pa-
rameters, their achievable precision and control of systematics are not competitive with the vdM scan
method.

Other approach exploits the connection between elastic scattering, luminosity £, and the total cross-
section oy provided by the optical theorem, a general result of scattering theory which follows from
unitarity [27]. It states that:

Ot = 41 Im[fa(t = 0)], (3.2)

where f; is the elastic scattering amplitude and t = —p?6? is the momentum transfer squared at small

scattering angles. The differential elastic cross-section is related to the amplitude by 22 = 7 | fo(2)|%.

'During low-energy runs, major machine or detector configurations can change. There is also an early vdM run
performed to establish the scale (commissioning period) after long shutdowns.
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Applying the optical theorem leads to the relations:

167 (dRe/dt)|eo 14 RZ,
1+ p2 Rt ’ 167 (dRy/dt)|i—o’

(3.3)

Otot =

where p is ratio between real and imaginary parts amplitudes of the f. for a small ¢ — 0, and
R, Ry are elastic and total interaction rates respectively. This method is independent of beam
instrumentation, provides both o, and £ simultaneously, and yields the p parameter. Disadvantages
are that it requires measurements at very small ¢ with high-/3* optics, and precise forward detectors in
a harsh radiation environment.

Another method is based on processes whose cross-sections are theoretically well known, such as
W or Z boson production [20, 143—145]. The integrated luminosity L;,; can be extracted from the
expression of the total production cross-section of weak bosons o;; (see Section 4.1). This method
is applicable during regular physics runs without special optics, and can achieve precisions of 2—3%
when efficiencies and acceptances are well controlled. The absolute accuracy of this approach is
limited by the theoretical knowledge of the cross-section, dominated by uncertainties in parton dis-
tribution functions. Acceptance corrections add 1.5-2% uncertainty, and efficiencies require careful
data-driven calibrations. Thus, SM processes are mainly used for relative-luminosity monitoring or
as a cross-check against the vdM calibrations.

3.3 vdM scan formalism

A fundamental beam-parameter-based method for absolute luminosity calibration at colliders is the
van der Meer (vdM) method, introduced by Simon van der Meer in 1968 in the context of the CERN
Intersecting Storage Rings [16].

This technique relates the observed interaction rate from dedicated calibration runs, referred to as
vdM scans, to the geometric overlap of the colliding beams. During these scans, the two beams
are transversely displaced with respect to each other in small, well-controlled steps, either in the
horizontal (x) or vertical (y) plane—referred to as X and Y scans, respectively. By varying the beam
separation in each plane, the overlap of the bunch-density profiles is mapped, allowing the effective
beam widths and corresponding interaction rates to be extracted for each scan step. The visible cross-
section o 1s then determined from these measured quantities, which relates the observed interaction
rate to the absolute luminosity calculated from the beam parameters. These so-called on-axis scans,
performed around the nominal interaction point (60 = 0, (52 = 0), are often complemented by off-axis
scans (see Figure 3.1), in which one coordinate in the non-scanning plane is held at a non-zero offset.
Off-axis scans are used to probe possible transverse correlations between the beams and to study the
non-factorization effect explained later in this chapter.

The procedure is based on the following formalism. If one considers two bunches populated with
ny and ns protons colliding with no crossing angle, within two beams (beam 1 and beam 2) with
normalized transverse density distributions p;(x, y) and ps(x, y) of beam 1 and beam 2, respectively,
that satisfy:

/pi(:r,y) dedy=1, i=1.2, (3.4)

then particle density in each beam is n;p;(x, y). Instantaneous luminosity for a single colliding bunch
pair is proportional to the overlap of the two distributions:

Ly = fomins / / (2, 1) pal, ) dz dy. (3.5)
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Figure 3.1: Illustration of van der Meer scans in the horizontal plane. The top row shows an on-axis
x-scan, where the vertical separation is zero (52 = (). The bottom row shows an off-axis x-scan with

a finite vertical offset ( 52 # 0 ). Each panel corresponds to a different five horizontal separations d,,
ranging from the maximum negative offset on the left to the maximum positive offset on the right.

A key assumption of the vdM formalism is that the transverse bunch density distributions can be
factorized into independent horizontal and vertical components:

With the factorization assumption in place, Eq. (3.5) becomes:

Ly = frevn1no [ / P12() p2e () dw] [ / P1y(Y) P2y (y) dy]. (3.7)

During a vdM scan, the beams are transversely displaced by controlled offsets (d,, 9, ), so the overlap
integral becomes:

ﬁb(5xa5y) = frey N1N2 [/Pu(x) ;021($+5m)d90] [/ply(y) P2y(y+5y) dy]. (3.8)

In Eq. (3.8), the offset 4, is applied only to p,, by convention (similarly for ¢,), since it is defined
as the relative displacement of beam 2 with respect to beam 1. This is mathematically equivalent to
shifting beam 1 instead, as only the relative separation matters. A symmetric form can also be written
as [ prz(z — 8,/2) par(x + 6,/2) dx, which is identical after a change of variables. Let R(d,,d,)
denote the interaction rate for a process with a visible cross-section o measured by the luminosity
detector. It will be then:

R((Sx, 51/) = Ovyis Eb(éw, 5y) (39)

By fixing 6, = 62 (a vertical working point) and displacing beams along the x-axis by ¢,., Eq. (3.8)
implies:

R(6s, 52) = 0yis §y /plx(a:) p2z(x + 0) dz, (3.10)

with 2, being the vertical overlap factor that remains constant during the displacement along the z-
axis, and it is defined as:

Qy = frevnan/ply(y) sz(y+52) dy (311)
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Integration of Eq. (3.10) over the horizontal separation 9, gives:

/Oo R(62,0,) d(8,) = ovis /OO[/OO P12(2) poa (@ + 0z) dg}] d(6,)

o0 —00 o0

0w [l [ | putera d@)] dr,  (G12)

—00 o0

where the order of integration has been swapped. Using the substitution v = x + J,, and the fact that
p2s is normalized ([ po(u) du = 1):

/ R(éx,ég) d((5m> = Oyjs Qy/ plx(l‘) dr = 0y Qy. (3.13)

Eq. (3.13) means that the area under the horizontal scan curve equals o times the vertical overlap
factor (2,,. Dividing Eq. (3.10) by Eq. (3.13) gives an expression in terms of measurable quantities:

R(62, 69 *
/ RS, 00 d(s,) 7=

oo

Doing an analogous derivation for a vertical scan at fixed J, = ¢° yields:
R(8°, 52 ) _ /oo
| rG.aac) -

o0

p1y(y) p2y(y + 0,) dy. (3.15)

[e.9]

After substituting derived Eqgs. (3.14) and (3.15) into Eq. (3.8):

R(89. 40 R(89. 480
Eb(52,52) 1N frev —7s5 (W y) * T o (x’ y) . (3.16)
/ R(5,,82) d(5,) / R(5,,6) d(5,)

This expression summarizes the main feature of vdM scans: the luminosity at any transverse working
point (50 (50) is expressed in terms of bunch parameters n1, ns, fi.y and measured scan integrals and

) Yy
rates. Horizontal and vertical convolved beam sizes are defined as:

[ e ae, L[ Re.as)
Yy = — , Y, = — . 3.17
V2r  R(0,49) "= Vam R(9,0) (3.17)
Eq. (3.16) can be simplified by evaluating it at the point (02, d))) = (0,0) where beams are colliding
head-on, and using Eq. (3.17) definitions yields the standard head-on formulae:

rev 2 EIEE
s J O = T2 R(0,0) . (3.18)

21X, X, | ning

L,(0,0) =

Once o is determined from a dedicated vdM session, the luminosity monitor can provide £ at any
time via Eq. (3.1). A useful quantity that can be directly extracted from the vdM scan data is the
specific luminosity, defined as:

Eb . frev

‘Cs ec — = .
P n1no 2 Zx Ey

(3.19)

This quantity depends only on the convolved beam sizes and is independent of the bunch intensities
or the number of colliding pairs. Comparing the values of L. obtained from different luminometers
and reconstruction algorithms during the same vdM scan, therefore, provide a sensitive cross-check
of the consistency of the fitted beam-size parameters and the overall scan quality.
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3.4 ATLAS luminosity algorithms

One can distinguish the possible outcomes of a single bunch crossing as seen by a luminometer
with two symmetric arms on each side of the interaction point, denoted A and C. Three mutually
inclusive cases can occur: In the first case, a hit is registered on the A side but not on the C side.
In the second case, a hit is registered on the C side but not on the A side. In the third case, hits are
registered simultaneously on both the A and C sides. And let eora, €orc, Eanp denote efficiencies of
these conditions respectively. Based on these outcomes, the commonly used counting algorithms are
defined as follows:

* EventOR: The event is accepted if at least one hit is observed on either side. This corresponds
to the logical union of cases (1), (2), and (3).

* EventORA (EventORC): The event is accepted if at least one hit is observed on side A (or side
C). This corresponds to case (1) for side A and case (2) for side C.

* EventAND: The event is accepted only if both sides register a hit in the same bunch crossing,
1.e. case (3).

The Event counting rate can be converted to iy;s under the assumptions that the number of proton—
proton interactions per bunch crossing follows a Poisson distribution, and that the probability of
detecting a single interaction is independent of the number of interactions that occur in the same
bunch crossing. According to the Poisson distribution, the probability of observing n proton-proton
interactions in a single bunch crossing is:
"o

P(np) = 55 -
where 1 is the average number of interactions per bunch crossing. The use of the Poisson distribution
is justified because each bunch contains a vast number of protons, while the probability for any indi-
vidual proton pair to interact is very small. Under these conditions, the total number of interactions in
a bunch crossing can be modeled as a sequence of many independent Bernoulli trials [146] with low
probability, which converges to the Poisson distribution in the limit. It is convenient to also define
one-interaction exlusive probabilities Poy(1), Pio(1), Poi(1), Pi1(1), meaning, respectively: no hit on
A or C; A only; C only; A and C. These relate to the inclusive efficiencies as:

Y

n!

Poo(1) = 1 — €or, (3.20)
Piy(1) = €ora — €ann, (3.21)
FPy1(1) = eorc — €anp, (3.22)
Py1(1) = eanp. (3.23)

It can be shown that combining relations from Egs. (3.20)-(3.23) for one interaction with expression
Pio(1) + Pp1(1) + Pi1(1) = 1 — Pyo(1) gives the relation between efficiencies:

€OR = €ORA T €ORC — €AND- (3.24)

3.4.1 Inclusive algorithm

Let n be the number of inelastic interactions in a bunch crossing. For a fixed n, EventOR fails only
if none of the n interactions produces a hit on A or C. Since each interaction fails with probability
Poo(1), independence gives:

Pyo(n) = [Po(1)]" = (1 —eor)" (3.25)
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Since the number of interactions n in a bunch crossing follows a Poisson distribution with mean ,
the probability of observing no hit is given by the expectation value of Py(n) with respect to that
distribution:

S) ne—t
Pao(p) = Y Poo(m) ——. (3.26)
n=0 )
which with Eq. (3.25) gives:
_Oo —Mn no_ - = ['u(l_EOR)}n_ —e
POO(M)—geuH(l_EOR) = €M;T = e MR, (3.27)

here Taylor series e* = ano x™/n! have been used. If the visible interaction rate is defined like
pOR = peor, this yields:

Pyo(p) = et — poft = —In(Poo(p)). (3.28)

Experimentally, if Ngyenior number of bunch crossings pass the OR condition out of the total Ng¢
number, then Pyy(¢t) = 1 — Ngyentor/NVpc gives finally:

N ven
PO = — ln(l — M) , (3.29)
Npc

ORA

vis

and pOR€ after replacing OR with ORA/ORC.

vis

with analogous formulae for p

3.4.2 Coincidence algorithm

EventAND condition fails if a bunch crossing produces no coincidence. Equivalently, all n interac-
tions result in configurations that are not 11, i.e., they are in {00, 10, 01}. For a fixed n, the probability
of failure is the sum of three mutually exclusive composite cases:

POO,lO,Ol (n) = Pog(n) -+ Pw(?l) + P01 (n) (330)

Since Pyy(n) = [Pyo(1)]™ is already known, Pjo(n) and Py (n) remain to be calculated. The proba-
bility Pjo(n) corresponds to the situation where, in a bunch crossing with n interactions, exactly k of
them produce a hit on the A side while the remaining n — k interactions produce no hits at all. In this
way, the A side registers activity, but the C side remains silent. So, all permutations with this case
should be calculated like:

n

Pon) =" (Z) [Po()]" [Poo()] "™ = [Pio(1) + Poo(1)]" = [Poo(1)]", (3.31)

k=1
where the Binomial expansion’ formulae have been used. Similarly:

Poi(n) = [Pu(1) 4 Poo(1)]" = [Poo(1)]". (3.32)
Summing Egs. (3.25), (3.31), (3.32) gives:

Poo,10,01(n) = [Pio(1) 4+ Poo(1)]" + [Por(1) + Poo(1)]" = [Poo(1)] " (3.33)

2[Pio(1) + Poo(1)]" = Yy () [Pro(D)]" [Poo(1)] "™
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Calculating expected values of Py 10,01(n) now yields:
Poo10,01(1t) = Z et (A” + B" — C”) = et (e“A +erB — e“C), (3.34)
et n!

with A = Pio(1) + Pyo(1), B = Py1(1) + Pyo(1), C = Pyo(1). Using (3.20)—(3.22) and (3.24),
A =1— €eore, B =1 — €oRra, C =1— €or,
so Eq. (3.34) becomes the compact form:
Poo.10,01 (M) — ¢ HEORC 4 o HEORA _ HCOR (3.35)

which is the probability that a bunch crossing does not satisfy EventAND condition. The measured

value is
NEventAND

Ngc

For a eanp << €ora(c) and equal A-side and C-side efficiencies eora ~ €orc, simplified Eq. (3.35)
combined with Eq. (3.36) gives [147]:

Pooo01(p) = 1— (3.36)

NAND | o (4098 /oSP)dN0 /2 | (o0 [Py (3.37)
Ngc
Here, visible cross-sections defined like €*NP = o2&ND /gy o and €OF = 0O /oy, are used, where

Oinel Tepresents the inelastic cross-section for a given process. There is no closed-form analytic inver-
sion of (3.37) for ANP; in practice, a numerical inversion is used, given the simultaneously measured

vis
pORA and OFC or uOR for a simplified case.

3.4.3 Hit-counting algorithms

HitOR algorithms count the number of detector modules that generate a hit in a BC. The summed
number of hits during Npc bunch crossings is denoted Ny, and the number of modules used for the
hit counting is denoted Nyjoqules- Under the assumption that the efficiency to register a hit in a given
module is independent of the number of hits in other modules, the conversion of event rates to L™
can be done via a formula:

N,
HIT _ (1 — i) . 3.38
MVIS NBCNModules ( )

(the special case Nyjoquies = 1 reduces to EventOR).

3.5 The 2018 900 GeV vdM run

This particular vdM scan session at y/s = 900 GeV forms the central dataset for the present thesis. In
the following, the session overview and the physics motivation are summarized, setting the stage for
the detailed calibration studies that follow.

46



3.5. The 2018 900 GeV vdM run

3.5.1 Motivation

The primary physics goal for measuring elastic scattering using pp data at /s = 900 GeV is to de-
termine parameters such as the total pp cross-section, p-parameter defined as in Section 3.2, B-slope
parameter, which is at small |¢|-region related to the differential cross-section as dog /dt oc e Bl
and the shape of the ¢-spectrum. In order to calculate the p parameter, special optics are required to
enable access to very small ¢-values. The imaginary part of the amplitude is directly related to the
total cross-section via the optical theorem Eq. (3.2). There is also a relation between the p-parameter
and the integral of the total cross-section via dispersion relations shown in Eq. (3.3). A study of en-
ergy evolution of total cross-section and p-parameters might point to possible new phenomena: the
existence of the three-gluon compound that can be exchanged in elastic scattering (allowed in QCD),
and there are strong indications from 8 TeV [148] and 13 TeV [149] elastic data for that. In this case,
there will be a difference at 900 GeV between the pre-LHC prediction of p and the data. Another pos-
sible conclusion that might be obtained from this analysis is a slowing down in the energy of the rise
of the total cross-section. The slower rise does not influence the p-value around 900 GeV; therefore,
there will be no differences at 900 GeV between the pre-LHC prediction of p and the data. Energy
evolution of the elastic—scattering observables (p, o) is shown in Figure 3.2, where experimental
results at higher energies are compared between ATLAS [150] and TOTEM [149], together with other
measurements and theoretical predictions. The region between 100 GeV and 7 TeV exhibits a lack
of experimental data, highlighting the importance of the /s = 900 GeV measurement for improving
the understanding of the energy dependence of these quantities. Available datasets with a center-of-
mass energy of 900 GeV from special runs in 2018, using §* = 100 m and 5* = 11 m optics, will be
used for these purposes. The first one is sensitive to the low-t Coulomb Nuclear Interference (CNI)
region [151, 152], and the second one is sensitive to the high-t slope region. The ultimate goal for
the best precision is the analysis and combination of these two datasets. One of the necessary steps
before any further analysis is luminosity determination. In this purpose, luminosity calibration for the
900 GeV pp collisions, consisting of the vdM beam separation scans in 2018 with 8* = 11 m will be
used.

Q | c 0.16 ey 2507 115 | c El
0.3 LHC zoom 4015 é, L = ATLAS o | LHC zoom |
FE] o ATLAS B r TOTEM 105 b
[k o} [ a Lowerenergy pp
0.2H 200— o Cosmic rays 10 A
= [ —— COMPETE HPR1R2 9%
[ 8000 10000 12000 _ eestemmmmmmme oo i onn o e v 'I_“ [ — FMO 8000 10000 12000
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C [E— KMR
o TOTEM . )y -
C s Lower energy pp 100;
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Figure 3.2: Dependence of key elastic scattering observables (left p parameter, right total pp cross-
section) on collision energy. Adopted from [150].

3.5.2 Session overview

The beam-separation scans that were retained for determining the absolute luminosity scale and its
uncertainty are illustrated in Figure 3.3 and summarized in Table 3.1. Initial van der Meer scans
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Figure 3.3: Instantaneous luminosity as a function of the luminosity block (LB) number for Fills
7299, 7300, 7406, and 7407. Periods of stable beams are indicated by pale blue shading. The ranges
in which vdM scans were performed are shown as green hatched regions, while the Length Scale
Calibration (LSC) intervals are indicated in red hatching. The lower panels display the nominal beam
separation corresponding to the vdM and LSC periods, illustrating the programmed beam-separation
pattern with each vdM scan number indicated on the plot. Integrated luminosity indicated on the plots
is based on preliminary calibration.

were conducted during October 2018 in pp collisions at /s = 900 GeV, using the highest possible
bunch intensity for best statistical precision to offset the reduced specific luminosity, Lgpec, 0vis, and
inelastic interaction rate. However, the October scans were impacted by extremely unfavourable
beam conditions that were eventually traced to a combination of the low beam energy (dictated by
the physics goals), a statistically motivated but excessively large bunch charge, and a too low RF
voltage. These factors led to excessive bunch length, protons drifting to the edges of the RF buckets,
and an anomalously high rate of debunching [153]. The consequences were very large and uncertain
corrections to the bunch-population measurements that will be detailed in Sec. 3.6.2.1, as well as
poorly understood backgrounds to the luminosity signal during the scans (Sec. 3.6.3). A second vdM
session was therefore carried out in November 2018. At that time, reducing the bunch charge by 25%
and significantly raising the RF voltage brought the bunch length within nominal tolerances, almost
completely eliminated debunching, and resulted in significantly more favourable beam conditions
for luminosity-calibration purposes. The vdM scans labeled I, III, IV, V, and VI are used for the
calibration with 150 colliding bunches and 2 unpaired bunch-pairs per beam for estimating beam-gas.
The remaining scans, Scan II from Fill 7299 and Scan VII from Fill 7407, were off-axis. Due to the
issues observed in the October scans, and unless stated otherwise, the November scans (V and VI)
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are used throughout this thesis for correction steps and for the evaluation of systematic uncertainties.
Typical number of protons per bunch for scans I, III, and IV was 1.2 x 10! (1.8 x 10'® per beam) and
for scans V and VI was 0.96 x 10'* (1.4 x 10'3 per beam). All scans were performed using dedicated
vdM-scan optics with 5* = 11 m in order to increase the transverse beam sizes. The total number of
scan steps per plane is 25 across all scans. The requested transverse emittance was 1.8 — 2.5um with
the actual transverse emittance on the lower limits. Maximum beam separation was 60y (0, = 283.3
pm) for all on-axis scans. On the detector side, the LUCID system operated with a reduced set of
PMTs during these runs. A total of nine PMTs were active: four from the Bi subgroup (A9, Al3,
C7, C15) and five from the Bi2 subgroup (A8, A16, C4, C12, C13). This configuration enabled
the definition of nine independent single-PMT algorithms, each identified by its subgroup (Bi/Bi2)
and by detector side (A/C). These algorithms provided additional handles for internal cross-checks
of stability and consistency in the luminosity calibration procedure. Given this configuration, it is
worth noting that the Bi2-based hit-counting algorithms benefited from having more active PMTs
and, therefore, achieved slightly better statistical precision compared to the Bi subgroup.

Table 3.1: Summary of the October and November 2018 900 GeV vdM session.

Scan label 1 111 v \'% VI
Date of run Oct 13 Oct 13 Oct 14 Nov 5 Nov 5
Time of run 03:50-04:29 | 05:45-06:23 | 11:04—-11:44 | 03:17-03:56 | 05:41-06:18
LHC Fill number 7299 7299 7300 7406 7407
ATLAS run number 363514 363514 363516 365218 365219

3.6 Visible cross-section (o0;,) calibration

Visible cross-section, obtained on a per-bunch basis from Eq. (3.18) using the vdM formalism and
the dedicated special runs described in Sec. 3.2, must be calibrated to provide an absolute luminosity
scale. The calibration of the visible cross-section oy is a central step in the vdM analysis, and
requires the application of several corrections and the evaluation of systematic uncertainties in order
to properly determine all variables involved. Calibration procedure can be structured as follows:

* niny : The product of the bunch intensities is determined using the fast beam-current trans-
former (FBCT) or BPTX, normalized to the DC current transformer (DCCT) (see Sec. 3.6.2).
Corrections must account for ghost-charge and satellite bunches, as detailed in Sec. 3.6.2.1.

* L : The raw interaction rates used to compute the luminosity must be corrected for background
contributions, such as noise, beam—gas (Sec. 3.6.3), and for beam-beam optical distortions
(Sec. 3.6.4).

* 0,0, : Nominal displacements used during vdM scans must be corrected for the actual
beam-beam separation. This involves correction for beam—beam deflections that modify the
effective separation during the scans (Sec. 3.6.4), correction for orbit drifts between scan
steps (Sec. 3.6.5), and a length-scale calibration to translate magnet settings into physical
displacements (see Sec. 3.6.8).

* X;, 2, : Convolved beam sizes extracted from the scan curves must be corrected for non-
factorization effects if the beam densities cannot be expressed as simple products of independent
x and y components (Sec. 3.6.7).

These aspects will be discussed in detail in this section.
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3.6.1 Scan curve fitting

The expression for R(0,0) on the right-hand side of Eq. (3.18) corresponds to the special case
89 = 60 = 0. More general expression for a non-zero working point (60 # 0, 62 # 0) is
(R(0,09) - R(62,0)) / R(62,87). For a Gaussian-like density profiles R(0,67) and R(42,0)

x?r 7y
correspond to the horizontal and vertical peak interaction rates (ug;sy and ugsy) respectively, while

R(62,49) is interpreted as the average of these peaks. The resulting formula for o is then written

x Yy

as:
max

2 Zz Zy M\I};:,);: * Hyisyy
ning 0.5 (B 4 pmex)”

vis,y

Ovis = (3.39)
It is evident from the formula above that an accurate determination of both the peak interaction rates
and the convolved beam sizes is crucial in the accurate estimation of the oy;;. These quantities are
extracted from the bell-shaped functions that describe the interaction rate as a function of beam sep-
aration during the vdM scans. Different models of functions have been used for these purposes.
To eliminate variations in the bunch current during the scan, the specific visible interaction rate,
P = pyis/(ning), is fitted instead of i itself. For a simple Gaussian model, the convolved beam
sizes ¥, (u € {x,y}) can be obtained from the peak and area of the scan curve:

plu) o exp| - Ut = / pudu = () V21 S, (3.40)

with i, (1,) being the peak obtained at the mean v, of the Gaussian curve, hence:

1 /,uu(u)du
D= et (3.41)

meaning that the width of the Gaussian curve is exactly the convolved beam size by definition
Eq. (3.17). Real scan curves deviate from a perfect Gaussian (non-Gaussian beam tails, small non-
linearities, and other conditions that break assumptions of the vdM formalism). Fit must therefore (i)
capture the peak accurately and (ii) describe the tails. This is done by multiplying a Gaussian core by
a polynomial in the normalized coordinate:

u—v

—_ (3.42)

£ =

where effective width X°7 is related to the convolved beam size ¥, such that the Gaussian peak—area
identity (3.41) holds by construction, and is for a n'"-order polynomial defined as:

ot = 2, = ) (k- DN, (3.43)

k>2
where ¢, are polynomial coefficients. General case of the Gaussian x n'"-polynomial fit function is

then: i
Cr U — Uy
1+ Zﬁ <—Eeﬁ ) ] . (3.44)

k>2

2
N U — vy
p " (u) = (1) exp [—0.5- ( — )

After substituting with normalized coordintas and analytically integrating Eq. (3.44) term by term
using [ e=€°/2¢2" d¢ = /27 (2n—1)!1, one obtains:

/ PP () du = (1) /27 B
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Most commonly used GPn function for fitting vdM scan curves is GP6, with effective width defined
as:
S =, — =3¢ —15- ¢ (3.45)

Although GP6 provides additional freedom by including sixth-order terms, this very flexibility can
make the fits unstable, especially when scan points fluctuate around the peak or in low-statistics cases
such as the one in the presented study. Such instabilities may bias the extracted peak position and
width, or even lead to non-physical results. For this reason, many analyses switch to the simpler GP4
model, which sacrifices some descriptive power in the tails but offers greater stability and robustness
in estimating the key parameters needed for the luminosity calibration.

GP4+G extends GP4 by adding an extra simple Gaussian term, specifically to better reproduce the
narrow peak region of the scan curve. This improves the description of the central points but at
the cost of introducing more parameters and, in some cases, less stability of the fits. In addition
to Gaussian-polynomial models, another class of functions often used in luminosity calibration is
the double Gaussian. This type of function provides more flexibility in describing the scan curves,
especially when the beam profiles deviate from a single Gaussian shape. The double Gaussian can be
written as:

WPPC () = (i) [f exp (—M) +(1—f) exp (—M)

2 2
207 203

, (3.46)

where 4, (v,) denotes the peak value at the mean position u = v, f is the relative weight of the
first Gaussian component (0 < f < 1), and o1, 05 are the widths of the two Gaussian components.
This functional form is normalized such that u2*%(v,) = pu,(v,). Ultimately, for the analyzed
dataset, the GP4 model with the odd polynomial parameter set to zero was selected as the baseline
fit function. The associated fit-model uncertainty was evaluated by comparing the baseline results
to those obtained with the GP6 model. Figure 3.4 illustrates this comparison on a logarithmic scale
for two different algorithms, highlighting the differences between the two functional forms across the

Scan range.

3.6.2 Beam current measurement

An important part of the absolute luminosity determination in vdM scans is the knowledge of the
number of protons per bunch, n; and nq, for the two colliding beams. Since the observed visible
interaction rate is normalized by the product nyn,, any uncertainty in the bunch populations directly
translates into an uncertainty on o,;;. Beam currents are measured using different kinds of Beam
current transformers (BCT) [4].

The total beam intensity per beam is measured by a high-precision device called Direct Current
Current Transformers (DCCT) [154, 155]. The DCCT provides an absolute measurement of the
integrated beam current by sensing the magnetic field generated by the circulating protons. While
the DCCT measures the total current in a beam, bunch-resolved measurements are required for vdM
scans, because luminosity is evaluated per colliding bunch crossing. These are provided by the Fast
Beam Current Transformers (FBCT) [156, 157], which sample the beam current at the 25 ns bunch
spacing, and the ATLAS Beam Pickup and Timing System (BPTX) [158], which also provides timing
and phase information for the bunches. Unlike the DCCT, both FBCT and BPTX can distinguish
between individual bunch slots but are less precise in their absolute calibration. Nominal bunch
populations at the head-on luminosity block for the two beams are shown in Figure 3.5 as a function
of BCID. A gradual loss of protons from the beam, primarily driven by intra-beam scattering and
other beam—beam effects, is visible when comparing the early (Ix) and later (Illy) scans of the October
session. The DCCT is considered the reference device due to its improved accuracy. To obtain reliable
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Figure 3.4: Specific visible interaction rate, fiis/(nin2), vs. beam separation for the LUCID
Bi2HitOR algorithm. Each plot contains an upper panel with data before (magenta squares) and af-
ter (red circles) background subtraction, together with fits using different model functions; estimated
noise and beam—gas contributions are indicated per scan step. Lower panels show the pull distribu-
tions, i.e., (data—fit) normalized to the statistical uncertainties. Results are shown for the GP4 (red
open circles) and GP6 (black open circles) fit functions. Top row: Scan V in x (left) and y (right).
Bottom row: Scan VI in x (left) and y (right). Results are presented for the same BCID (number
1452).

per-bunch intensities, the FBCT (or BPTX) measurements are normalized to the DCCT value: the
sum of the measured intensities of the nominally filled bunches is rescaled such that it matches the
total beam intensity measured by the DCCT. Differences between the calibrated FBCT and BPTX
values are taken as a source of systematic uncertainty. The raw beam current measurements require
corrections for effects not associated with the nominal colliding bunches:

* Ghost-charge: protons circulating in nominally empty bunch slots, i.e. in RF buckets where no
bunch should have been injected.
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Figure 3.5: Bunch population per BCID measured using FBCT device, with paired bunches indicated
by filled circles and unpaired ones by open circles. Beam 1 is shown in red and Beam 2 in blue. Only
the on-axis vdM scans are shown here, drawn from two distinct fills, and for each scan, the head-on
luminosity block is used. Scans Ix, Iy, IIIx, IIly originate from Fill 7299 of the October vdM session,
while Scans Vx and Vy correspond to Fill 7406 from the November session. A gradual decrease
in bunch population is observed from Scan Ix to Scan Illy, as well as a noticeable difference in the
overall bunch populations between the two sessions.
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* Satellite bunches: protons within the same nominal bunch slot, but captured in neighboring RF
buckets around the central filled one.

Corrections for these effects, as well as their associated uncertainties, are discussed in the following
subsections.

3.6.2.1 Correction for ghost-charge and satellite bunches

The DCCT current includes contributions from both ghost-charge and satellite bunches. Both popula-
tions dilute the effective normalization of the FBCT/BPTX to DCCT, leading to a bias in the derived
number of protons per nominally colliding bunch. During the October fills, the elevated levels of
ghost-charge and satellite contamination introduced significant challenges. This is clearly illustrated
in the time evolution of the per-beam ghost-charge fractions measured by the LHC Longitudinal
Density Monitor (LDM) [159, 160], shown in Figure 3.6. The LDM is an optical device based on
avalanche photodiodes (APDs) [161], which detect visible synchrotron-radiation photons emitted by
beam particles as they exit an LHC magnet. These photon counts, accumulated in 50-ps time bins,
provide a relative measurement of the charge contained in each of the 35640 RF buckets, each 2.5 ns
wide, around the ring circumference. However, the determination of ghost-charge and satellite con-
tent is affected by a fundamental ambiguity: distinguishing light originating from a coasting beam
(which lacks the strong time structure of a bunched beam) from random hits caused by electronic
noise, ambient light, dark counts®, or afterpulses* is intrinsically challenging. The blue markers in
Figure 3.6 show the effect of the simplest baseline correction, which assumes that no particles are
present at the edges of each RF bucket.> In the absence of significant debunching (right side of the
Figure 3.6), this procedure yields a lower limit on the ghost-charge and satellite fractions; in the pres-
ence of a significant coasting-beam fraction, the apparent ghost-charge fraction can become negative
(left side of the Figure 3.6), and therefore nonphysical. A refined analysis, which corrects only for the
dark counts measured in the absence of any circulating beam and for afterpulses, gives the data shown
by the red markers. These represent the best estimate of the ghost-charge fraction, and the same pro-
cedure is applied to measure the satellite fraction. Since the background and afterpulse correction
either may not account for all the sources of parasitic counts or may overestimate the magnitude of
the subtraction, this correction is assigned, somewhat arbitrarily, a systematic uncertainty equal to
half of the shaded area between red and blue markers, where red is the best estimate.

The calibration of bunch-resolved current measurements requires a consistent normalization between
the DCCT (which measures the total beam current with high accuracy) and the FBCT/BPTX (which
provide bunch-by-bunch resolution but are less precise in absolute scale). This normalization is com-
plicated by the presence of ghost-charge and satellite bunches, which affect the DCCT measurement
but are distributed differently across the FBCT and BPTX readouts. For each luminosity block 7, a

normalization factor is defined as:
[DCCT
(A

N; (3.47)

= ]device’
where IP“CT is the total beam current measured by the DCCT, and [{¢Vi® is the corresponding total
current measured by either the FBCT or BPTX, which is a sum over nominally filled bunch currents.
This factor rescales the bunch-resolved intensities measured by either the FBCT or BPTX device to
match the absolute scale of the DCCT.

3Dark counts are believed to originate primarily from thermal noise in the light sensors.

* Afterpulses originate from charge carriers that become trapped in the semiconductor band gap and are subsequently
released, generating secondary avalanches that are indistinguishable from true photon-induced counts.

No particles are expected to remain at the separatrix since this is a line of unstable equilibrium.
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3.6.2.2 Ghost-charge and satellite correction methods

Two approaches are employed: the first is referred to as the "classical method", suitable for low
contamination levels, and the second is referred to as the "alternative method", developed to address
the high ghost-charge observed in the October scans.

Classical method. In the classical procedure, the DCCT measurement is first corrected for ghost

and satellite fractions:
IZ-DCCT’COH _ (1 — g — 51’) . IiDCCT, (348)

where g; and s; are the ghost and satellite fractions of the beam in luminosity block :. The corrected
DCCT current is then used to renormalize the FBCT measurement:

]DCCT,corr
FBCT,corr __ +4 . FBCT,raw
L™ = ~ractmw lin (3.49)

where [; P9 = S T ZF PEOTIAY is the total raw FBCT current for filled bunches, and Iy FROTraw
the raw current for bunch k. An analogous procedure applies for BPTX. This method ensures that,
after correcting for ghost and satellites, the bunch-resolved FBCT/BPTX currents are consistent with
the DCCT absolute scale. However, in the October session, ghost fractions reached up to ~ 13% and
varied significantly in time, making this procedure unstable and introducing large biases in ;.

Table 3.2 summarizes the scan-average ghost-charge and satellite fractions per beam, together with
their net impact on the visible cross-section obtained using the classical method described in this
section. The large effect observed in the October scan session highlights the need for an alternative
procedure, which was therefore developed for this purpose.

Table 3.2: Scan-averaged correction factors for ghost-charge and satellite bunches per beam, and their
impact on 0,;5. These values were computed using the classical method.

Ghost Satellite Effect on
Scan B1 B2 B1 B2 Oois
I 7.5% 7%  0.35% 0.36% 16.00%
m 135% 13% 0.6% 0.6% 34.00%
v 7.5% 8% 0.3% 04%  19.00%
A% 0.3% 0.25% 0.05% 0.06%  0.60%
VI 0.3% 0.26% 0.05% 0.06%  0.60%

Alternative method. To mitigate the instability of the classical method under high contamination,
an alternative normalization scheme was developed. The key idea is to determine the DCCT-to-FBCT
normalization factor early in the fill, when ghost and satellite fractions are still negligible, and to reuse
this factor for the entire scan. For example, in Fill 7299, the reference normalization was determined
at luminosity block 7y = 302, yielding

(1 — Gig — Sio) ]ZDCCT
Aig = JFBCT raw : (3.50)
10
For a later luminosity block ¢, the corrected per-bunch currents are then obtained as:
FBCT,raW
]ilﬂ?’]gBCT,alt _ ik ) IFBCT,raw . [1 _ (Si _ Sio)} . _Aio. (3.51)

]iFBCT,raw 2
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Here, only the relative change in the satellite fraction (s; — s;,) is applied on top of the initial cali-
bration factor A;,, while the ghost-charge correction is effectively frozen at its early-fill value. For
BPTX, which is less sensitive to satellites, only the fixed normalization factor .A;, is applied without
an explicit correction for satellite evolution. The justification for treating FBCT and BPTX correc-
tions differently for the October session stems from the fact that satellites are "picked up" by FBCT
and are partially or totally invisible to BPTX.

Uncertainties. The systematic uncertainty on these corrections is evaluated by varying the ghost
and satellite fractions within the half-range of the shaded uncertainty bands in Figure 3.6. The Novem-
ber scans, with stable and low contamination, are used to define the uncertainty estimate, while the
October scans are considered unreliable for direct evaluation due to the dominance of ghost-charge.

= 18— —r— - T 0.8 -
"E 1 r ATLAS Internal i "E = ATLAS Internal i
3 6: October 2018 900 GeV f B g 0.7 November 2018 900 GeV m
2 {4Fil-7299; beam-1 p"! — 2 - Fill:7406, beam 1 .
[s] [ - o .
S 120 » Afterpulse and background subtracted " = 5 0.6 — o Afterpulse and background subtracted B
g 100 e N i 4§ o050 ; ]
= — ® Baseline'subtracted ,0'. = = — ® Baseline subtracted 7
] - = %] — =
S 8 R =4 % 04" . ]
« = < o — » »0:"0 ]
K = v — < — —
; Gi : = ; 0.3 = ...."--.o'-"..... —
-g 4: o { -g E » s e ScanV : E
© E ‘.0’. & 3 o 0.2 e -
E S - - - 4 = e g 7
2: 3 5 S > B = . e, *elrsse, 3
o- -llg\ & i o E 0.1% hee
Bl .1, My 1 - 3
-2 00:00  01:00  02:00  03:00 04:00 05:00  08:00 8:15 01:30 01:45 02:.00 02:15 02:30 02:45 03:00 03:15 03:30
2018-10-14 (H:MIN UTC Time) 2018-11-05 (H:MIN UTC Time)

Figure 3.6: Left: Time evolution of ghost-charge fraction for beam 1 during Fill 7299 in the October
session. The green vertical line marks the LB used to determine the initial normalization factor.
Red vertical lines delimit the vdM scan intervals. Blue points show the total fraction of the beam
in nominally empty bunch slots with baseline subtraction (overestimated). Red points represent the
same total fraction of the beam but with both afterpulse and background corrections incorporated.

3.6.2.3 FBCT bunch—current offset correction

Even after applying DCCT—FBCT/BPTX normalization and the ghost/satellite corrections of Sec-
tions 3.6.2.1-3.6.2.2, a residual device non-linearity in the FBCT response can bias the per-bunch
luminosity. This manifests as a dependence of the per-BCID visible cross-section, o, on the bunch-
current product nyns. Ideally, o is a detector constant, hence dos/d(n1ny) = 0 is the expected
behaviour. A non-zero slope indicates a remaining intensity-dependent bias in the measurement of
the bunch current (see the left plots in Figure 3.7).

To remove this effect, the procedure outlined in Ref. [22] was used. One can introduce per-beam
offset parameters that absorb the residual FBCT non-linearity around the mean bunch intensities. Use
ni to denote (already DCCT-normalized and ghost/satellite—corrected) bunch population for beam
k € {1,2} and BCID 4, and let 72, be the average bunch population in beam & over the BCIDs used in
the fit. A common visible cross-section is fitted ;s together with two offset parameters by, (k = 1, 2),
by minimizing the following x? distribution:

N\ 2
E : S(Gyis, b1, ba, i, i) _ yno offsi
Vo2 ( B ) ’ (3.52)

no offs,i
i€BCIDs Ao
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Figure 3.7: Comparison of the oy;s dependence on the bunch current product n;ns for the October—
November sessions (top to bottom) without (left) and with (right) the FBCT offset-fit correction ap-
plied.

where S is:
~ ;v oni4br(nh —ny)nb + by - (nh — ng)
S(Uvis> b17 b27 ny, nz) = Oyis 7 i . (353)
n 13
Here " °™" is the per-BCID visible cross-section prior to the offset correction, and Ao ™" its

statistical uncertainty. Eq. (3.52) parametrizes the leading non-linearity as a linear correction in the
deviation of each bunch current from its beam average; the fitted b, capture a small, beam-dependent
re-scaling that flattens the o5 versus nyno trend.

Fitted offsets b; and b, are applied multiplicatively through S to all BCIDs, yielding a corrected,
current-independent estimate of ;. Computed bunch current offsets per beam and each scan are
shown in Table 3.3. Stability of the procedure is validated by comparing the slope of o, versus
nino before and after applying the offset correction: a reduction of the slope towards zero indicates
a successful removal of the residual FBCT non-linearity, which can be clearly observed in the right-
hand plot of Figure 3.7.
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Table 3.3: FBCT bunch current offsets computed for the 900 GeV vdM scans.

2018 Scan | Scan 111 Scan IV Scan V Scan VI

Beam 1 —0.062+0.028 —0.062 =+ 0.035 0.06 £0.028 —0.009 +£0.028 —0.025 £ 0.027
Beam2  0.021 £0.025 —0.007£0.030 —0.05+0.027  0.023 £0.028  0.037 &= 0.028

3.6.3 Beam background subtraction

A precise determination of luminosity during vdM scans requires careful treatment of background
levels, since even small contributions can bias the extracted calibration constants. The primary sources
of background are electronic noise, calibration source signals, and beam-related processes.

Bismuth-source noise. For the LUCID algorithms, the dominant background arises from the em-
bedded Bismuth-207 calibration source. This isotope undergoes radioactive decay, emitting electrons
that pass through the quartz windows of the PMTs and produce Cherenkov radiation, thereby mimick-
ing real collision signals. Secondary background contribution comes from so-called afterglow: these
are delayed photons generated from the de-excitation of nuclei created in hadronic showers following
pp collisions. Unlike the Bismuth decay, which is independent of beam conditions, the afterglow con-
tribution scales with the instantaneous luminosity at each scan point. The combined effect of these
processes is estimated by measuring the rate in the empty bunch slot preceding a colliding bunch,
where no pp collisions are present. Subtracting this rate ensures that only beam-induced activity re-
mains. This method relies on the fact that the detector response in consecutive bunch slots is identical,
apart from the presence of collisions.

Beam-gas interactions. Another important background originates from collisions between beam
particles and residual gas molecules in the beam pipe, leading to signals in the luminometer. These
so-called beam-gas interactions are estimated using unpaired bunches, i.e., bunch crossings where
only one beam carries a particle bunch. Since no actual collisions occur in such bunch crossings,
any recorded signal can be attributed to beam—gas processes (after correcting for the Bismuth and
afterglow noise using the preceding empty slot). By averaging over all unpaired bunches in a fill, an
estimate of the beam—gas background rate for each beam is obtained, which can then be subtracted
from the measured visible interaction rate.

Background-subtracted interaction rate. After accounting for both effects, the background-
subtracted specific visible interaction rate for bunch 7 is expressed as:

i i—1 beam—gas beam—gas
Hvis . Hyis . ny - 'U’ViS7Bl +ng - Iuvis,BQ

i
s, spec =
VIS SPEC T ing  nyng nins '

(3.54)

where the second term subtracts the Bismuth-induced noise (from bunch slot ¢ — 1), and the third term
accounts for the beam—gas backgrounds. The beam—gas contribution for beam k£ = 1, 2 is determined

as:
, 1 bis — Mo
Mgiesejgk—gab _ Z (M) , k = 17 2. (355)

Nunpai n;
unpaired i€unpaired ik

Ghost-charge contamination. In practice, the beam—gas estimate can be contaminated by ghost-
charge, originating from collisions between the main bunch and ghost-charge protons. This effect was
observed in the October scans, where the beam—gas estimate showed a dependence on the beam sepa-
ration (Figure 3.8, left). The most prominent observed peak is correlated with the highest ghost-charge
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level during Scan III. In contrast, the November scans exhibited no such dependence, consistent with
a negligible (or regular) level of ghost-charge (Figure 3.8, right). Consequently, only the November
session scans were considered reliable for estimating the background-related uncertainty.
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Figure 3.8: Example of beam—gas estimation for one BCID: Fills 7299-7300 (left) showing separation
dependence due to ghost-charge; and Fills 7406-7407 (right) showing no such effect, consistent with
a negligible ghost-charge.

Fluctuations in single-PMT algorithms. Single-PMT LUCID algorithms were found to be partic-
ularly sensitive to beam—gas subtraction due to large estimated fluctuations. As shown in Figure 3.9,
these fluctuations are consistent with statistical noise and converge to zero under a constant-fit model,
confirming their negligible physical impact. For consistency across all LUCID algorithms, beam—gas
subtraction was therefore excluded from the final background estimation strategy. Instead, a constant
fit for noise was adopted across all colliding bunch crossings (BCIDs), providing a more uniform
background treatment.

Systematic uncertainty. An alternative approach is to model the background as a constant offset
parameter in the fit of the vdM scan curve. This method does not require the explicit identification of
the background origin, but instead assumes that the background level is independent of the transverse
beam separation. The difference between this method and the direct subtraction approach is used to
derive a systematic uncertainty on the background subtraction.

3.6.4 Beam-beam effects

When two high-intensity LHC beams cross each other at an interaction point, their strong electromag-
netic fields lead to mutual perturbations [162]. These beam—beam interactions manifest in two ways:

* Beam-beam deflection: A transverse electromagnetic deflection of each bunch by the other
when separated. This deflection acts like a small dipole “kick”, leading to an orbit shift at the
interaction point, which changes the nominal separation.

* Optical distortions: Whereby the non-linear focusing of one beam by the other modifies the
local optics. This changes both the effective beam sizes and the shape of the transverse density
profiles, in particular when the separation changes.

59



3. Absolute Luminosity Calibration in ATLAS

lucBi2PMTC12 ScanVly lucBi2PMTC12 ScanVly Background

04410
- n+bg/ peak
uVis u\ggak
7 uggse/ l"'vis
/\_ u Samgas, praa

® BeamGas BCID average |

pO=(-1.18 +/- 2.5) x e-06

W, (10 p)?)

bkgy, peak
[Ciclley ]somavg
o
=Y
&

o

Iy - “‘
| — \. e - L yi “_ L
i . ‘ I P !
-0.01 -0.02 | R ¢ { {

~0.04F—

-0.02

_0_03‘”\“\”‘\“““\“‘\“‘1\5”‘2\ e . ¥ SV S
’ ’ Nominal Separation

15 2
Nominal Separation

Figure 3.9: Estimated bunch-averaged background fraction of ji;s at near-zero separation for the
single PMT LUCID Bi2PMTCI12 algorithm. Left: fluctuations dominated by beam—gas contributions
(blue) compared with stable noise (red). Right: constant fit shows fluctuations consistent with zero,
validating their negligible impact.

Both effects change the apparent overlap integral of the beams and must be corrected to ensure an
unbiased determination of the visible cross-section.

The size of the beam—beam effect depends on the instantaneous bunch parameters, notably the bunch
intensities, the transverse beam sizes, the optics at the interaction point through the 5* values, the
fractional tunes (()), and the beam energy F. A useful figure of merit to quantify the strength of these
interactions is the round-beam equivalent beam—beam parameter £z, defined as:

€= rpNB*
B 4o

, (3.56)

with N = 2(n; + n») the average number of protons per bunch, v = E/m, the Lorentz factor,
0% = 33,5, the effective transverse beam size, and r, = 1.534695 x 10~'® m the classical proton
radius. Figure 3.10 shows the distribution of £z values for the analyzed bunches in all scans. The
average beam—beam parameter ranges between 4.8 x 1072 and 6.1 x 1073, with typical spreads of

about 0.3 x 1073,
Analytical modelling of the beam—beam deflection:

For an on-axis horizontal scan (analogous arguments apply in the vertical plane), the deflection of
one beam due to the other can be treated approximately in the round-beam limit by an angular kick,

e.g. [162]:
21,19 Ax?
0,1 =—L=11- - 3.57
! Y12 { P < 2 E%)} 7 ( )

where 7, is the classical proton radius, n, is the bunch intensity of the opposing beam, ~; is the
relativistic gamma factor of beam 1, Az the nominal transverse separation, and ¥, the convolved
transverse beam size in the z-direction. The induced displacement of beam 1 at the IP, dx;pyy 1, then
scales approximately like:

*

0rrppp1 = Urn % tan(mQ)y), (3.58)

where (), is the horizontal fractional tune of the machine. Beam 2 receives an opposite displacement
of approximately equal magnitude.

Optical distortion ( “dynamic-3”) corrections:

The optical effect arises because one beam’s electromagnetic field acts like an additional, separation-
dependent “quadrupole” component, modifying the effective focusing seen by particles in the other
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Figure 3.10: Distribution of the beam-beam parameter £z for all bunches. The distributions of all
scans are stacked.

Table 3.4: LHC beam parameters and uncertainties for 900 GeV.

Parameter name  Value and uncertainty Correlations assumed

Beam energy E =0.45TeV No uncertainty assumed
Beam 1 B, = 11.00m £ 10% Unc correlated between z and y
Beam 2 By = 11.00m £ 10% Unc correlated between = and y

Fractional tune @; = 0.314 £ 0.002 Unc correlated between = and y, as well as B1 and B2
Fractional tune @y = 0.322 £0.002 Unc correlated between z and y, as well as B1 and B2

beam. Because the overlap integral depends not only on the core but also on the tails of the bunch
density, as the separation increases, particles at larger transverse amplitude contribute more; the force
becomes more non-linear, and the simple linear approximation breaks down.

Simulations are used to model how both the effective 5* and the beam sizes change with separation
(and with beam—beam parameter, beam energy, and tunes). These simulations also account for the
fact that beam profiles may deviate from perfect Gaussians (or from factorization in x and y), and
that collisions elsewhere (in “witness IPs”) produce additional tune shifts which feed back into the
dynamic-/ effect.

Combined impact and systematic considerations:

Because the deflection tends to increase the apparent separation (reducing overlap), and the optical
distortion tends to change beam sizes and focusing, the two effects act in opposite directions on the
determination of the visible cross-section.

Several sources of uncertainty are important in correcting for beam—beam effects:
* Uncertainties in the bunch currents and beam sizes, which enter into the beam—beam parameter
and the analytical expressions for deflection and focusing.
* Uncertainty in 3* and its actual value at the IP.
* Uncertainty in the betatron tunes (), and (), including shifts due to collisions in other IPs.

* Deviations from assumptions: non-Gaussian beam shapes; asymmetries between beams (in size
or intensity); non-zero crossing angles; multiple collision points.
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Figure 3.11: Change in beam separation due to the beam—beam deflection as a function of the sepa-
ration for representative bunches. The black dots show the nominal orbit shift at the separation steps
during the scans, while the coloured lines indicate the effect of varying the beam parameters by +10
of their uncertainty. Top row: Scan V in z (left) and y (right). Bottom row: Scan VI in x (left) and y
(right).

The relevant beam parameters, uncertainties, and assumed correlations are listed in Table 3.4. The
systematic impact of these uncertainties is evaluated later in this section.

The beam—beam deflection shifts the effective orbit of the beams. The corresponding orbit offsets are
evaluated from the Bassetti—Erskine formula [163] and applied to the separation during the vdM scan.
Figure 3.11 illustrates the correction and its parameter dependence. After applying the correction, the
visible cross-section o increases by O(3%) relative to the value obtained after orbit drift corrections.

In addition to centroid shifts, the non-linear focusing from the electromagnetic interaction modifies
the effective optics (“dynamic 5 effect). The correction is evaluated with independent simulations
using COMBI [164] and B*B [165], and parameterized in terms of {5, (), )y, and the separation.
An example is shown in Figure 3.12. The dominant systematic sensitivity arises from uncertainties
on the machine tunes. The correction reduces o,;; by about 1.5-2%, partly compensating the increase
due to the deflection correction.

Table 3.5 summarizes the cumulative effect of the beam—beam corrections. Starting from a baseline
that already includes bunch current, orbit drift, and background corrections, the deflection correction
increases ;s by 2.2-3.1%, while the optical distortion reduces it by 1.5-1.9%. The resulting net
correction ranges from 0.39% to 1.30%, with a systematic uncertainty of about 0.4%. The bunch-by-
bunch reproducibility values listed in the table correspond, from top to bottom, to the results obtained
before corrections, after the deflection correction, and after the full beam—beam corrections.
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Figure 3.12: Luminosity scale factor due to the optical distortion as a function of the beam separation
for representative bunches. The black dots show the nominal values at the separation steps during the
scans. Top row: Scan V in x (left) and y (right). Bottom row: Scan VI in x (left) and y (right).

Table 3.5: Impact of the beam—beam corrections for the LUCID Bi2HitOR algorithm. The scan-to-
scan (S-to-S) consistency is evaluated using the fractional difference between Scans V and VI, and
amounts to 0.6%. S-to-S remains unchanged after applying the beam—beam corrections.

lucBi2HitOR Scanl ScanIll ScanIV ScanV Scan VI
Bunch-by-bunch  0.50% 0.37% 047% 029%  0.55%
Avg. £R [x1073]  6.097 4.775 6.057 5.812 5.956
Bunch-by-bunch  0.48% 0.35% 044% 029% 0.48%

A BB defl. +2.91% +2.31% +2.86% +2.84% +2.83%
Bunch-by-bunch  0.48%  035% 048% 0.28% 0.44%
A Dyn.-beta -1.89% -1.65% -1.84% -194% -1.93%
Total BB +0.96% +0.62% +0.96% +0.85% +0.85%
Total error 039% 037% 039% 039%  0.38%

3.6.5 Orbit drift corrections

Gradual orbit drifts of up to O(10 pm) in the positions of one or both beams have been observed dur-
ing vdM scans. Such drifts change the actual beam separation from the nominal values commanded
by the LHC steering corrector magnets and, if sufficiently large, bias the determination of the over-
lap integrals and/or the peak interaction rate. The dominant effect arises from in-plane drifts (drifts
within the scanning plane), which distort the beam-separation scale. These are corrected by adjusting
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the nominal beam separations at each scan step using interpolated orbit drift measurements. Out-of-
plane drifts (drifts between horizontal and vertical scan peaks) are a subdominant effect, corrected
using differences in orbit drifts at the peaks of the x and y scans. Orbit drift corrections rely on beam
position monitors (BPMs) [166], in particular the DOROS (Diode Orbit and Oscillation System) [167]
devices located inside the closed-orbit bumps used to generate the vdM separations, and the ArcBPM
(BPMs in arcs) [168] devices situated in the LHC arcs outboard of the orbit-bump corrector magnets.

DOROS devices are directly sensitive to the nominal beam separation, while ArcBPMs are not. How-
ever, ArcBPMs can be affected by beam—beam induced displacements during the scans. In both
cases, only points outside the scan are considered for the drift determination. Although the central
scan point at zero nominal separation is theoretically unaffected by beam—beam or calibration effects,
it is in practice influenced by magnetic non-linearities® and is therefore excluded.

For each device, measurements are averaged between “left” and “right” sides and further averaged
over all points in a luminosity block. Beam positions are then plotted as a function of time, defined as
the midpoint of each luminosity block relative to the start of the run. For display purposes, DOROS
and ArcBPM series are anchored to one another at the first measurement point. This does not affect
the drift determination, which depends only on relative changes.

Nominal orbit drift correction is obtained by fitting the DOROS measurements immediately before
and after a scan with a linear function, as displayed on Figures 3.13 and 3.14. ArcBPM measurements,
which show larger scatter, are treated with a two-stage procedure: a quadratic fit is first applied to
points before and after the scan (together with the central point) to obtain a smoothed trend; this is
then used to define the effective positions before and after the scan, which are linearly interpolated.
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Figure 3.13: Orbit drifts for vdM Scans I, III, and IV. Top row: horizontal drifts (DH). Bottom row:
vertical drifts (DV). Solid lines show the linear orbit drift fits for DOROS (black) and ArcBPM (red).
The red dashed line corresponds to the ArcBPM ‘guide’ fit to the filled points, while the red dotted
lines show the fit to ArcBPM data used to extract fast beam position jitter.

6Magnetic non-linearity refers here to the hysteresis effect of the magnetic field response from an ideal. Because the
beams are displaced from the center to the maximum negative separation and then returned, hysteresis effects can prevent
the beam from returning exactly to its original position. This makes the absolute orbit anchor potentially unreliable,
particularly for DOROS, which are located closer to the IP than the corrector magnets.
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Figure 3.14: Orbit drifts for vdM Scans V and VI. Top row: horizontal drifts (DH). Bottom row:
vertical drifts (DV). Solid lines show the linear orbit drift fits for DOROS (black) and ArcBPM (red).
The red dashed line corresponds to the ArcBPM ‘guide’ fit to the filled points, while the red dotted
lines show the fit to ArcBPM data used to extract fast beam position jitter.

In-plane deformation of the scan curves is corrected by adjusting the nominal beam separation Ax(t)
at the time ¢ of each scan point according to:

Ax(t) — Az(t) + dupi(t) — S pa(t) and analogously for z, H <> y, V', (3.59)

where 0y pi(t) is the measured orbit drift of beam & = 1,2. A smaller, but non-negligible, effect
arises from drifts out of the scan plane, which shift the effective working point. This is approximately
corrected by evaluating the relative differences of orbit drifts at the fitted scan-curve peaks t2 and tg:

_ 0 0 _ 0 0
AV =46V (t,) — 6V (t,), AH = §H(t,) — 0H(t,),
with 6V = dy.p1 — dy,p2 and similarly for 6 1. The visible cross-section is then given by:

gw(,ux) gy(ﬂy)
'3 (G.(AH) +G,(AV))

Ovis = 2T 0 (3.60)

where G, (G,) denote the fitted horizontal (vertical) scan functions, and 1, (4,) are the nominal
separations at the scan peaks. In the absence of drift (AH = AV = 0), this expression reduces to the
standard case with non-scanning-plane offsets.
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Table 3.6: Fractional differences of visible cross-section for LUCID Bi2HitOR in vdM scans after
applying ArcBPM- and DOROS-based orbit drift corrections.

Scan# ArcBPM/No DOROS/No DOROS/ArcBPM

I 0.12% 0.83% 0.71%
I -0.12% 0.02% 0.14%
v 0.04% 0.46% 0.42%
v -0.02% 0.29% 0.31%
VI -0.07% 0.32% 0.38%

Large in-plane drifts were observed in Scan I of 2018, as shown on Figure 3.13. Their effect on the
bunch-averaged visible cross-section is summarized in Table 3.6, along with other Scans. Table 3.6
reports the visible cross-section measured with the LUCID Bi2HitOR algorithm in the vdM scans,
shown both without orbit drift correction and after applying corrections based on the ArcBPM and
DOROS readings. The second to fourth columns list the absolute values of o for the uncorrected
case and for the two correction schemes. The next two columns give the fractional deviations of the
corrected values relative to the uncorrected result, while the final column shows the relative difference
between the DOROS- and ArcBPM-corrected measurements. The ArcBPM value from the Novem-
ber session is taken as the nominal reference. All values are corrected for ghost-charge and satellite
population, normalized using the DCCT beam-current measurement, and include background sub-
traction. In general, applying the orbit drift correction reduces the spread of o5 values among scans.

Orbit drifts during a scan are assessed by comparing BPM readings at zero nominal separation directly
before and after the scan. Since the corrector-induced deflections vanish at these points, any observed
difference is attributed to orbit drift. In the analyzed dataset, significantly larger drifts were observed
by DOROS compared to ArcBPM (except in Scan III). After applying DOROS-based corrections to
Scan I, 0 shifted by about 0.83%.

During a scan, DOROS BPMs are sensitive to both corrector-induced movements and beam—beam
effects, while ArcBPMs can also be biased at the ym level by beam—beam deflections and possible
knob leakage’. Midpoints of the scans could, in principle, be used as anchors, but magnetic hysteresis
effects often prevent the beam from returning to the true initial position, particularly at 900 GeV,
where the transverse beam sizes are about three times larger than at 13 TeV. This makes ArcBPM-
based corrections more robust for the nominal determination. DOROS-based corrections, normalized
to ArcBPM values, are instead used to evaluate the systematic uncertainty.

3.6.6 Beam position jitter

On short time scales, the beams do not remain perfectly stable but undergo small, random fluctuations
around their nominal position. These fast variations, referred to as beam position jitter, can influence
the calibration by distorting the measured scan curves. To quantify the effect, the beam positions
recorded by the ArcBPM system at intervals of a few seconds are analyzed. In order to avoid con-
tamination from beam-beam effects, the horizontal jitter is evaluated during vertical scans, while the
vertical jitter is determined during horizontal scans. The time evolution of the measured positions is
approximated with a quadratic function, and the residuals with respect to this fit provide an estimate
of the instantaneous jitter amplitude, as illustrated in Figure 3.15 for Scans V and VI.

7A “knob” refers to a closed orbit-bump, i.e, a predefined combination of steering magnets (correctors) that are
adjusted together to control a displacement of a beam in a correlated manner. Their effects cancel outside the bump
region, so the orbit returns exactly to normal once the last corrector is passed. Correctors, however, never cancel perfectly,
and the real optics deviate slightly from the ideal lattice. The bump is not fully confined and “leaks” outside the intended
interval. This knob leakage appears as a small residual orbit oscillation around the entire ring.
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Figure 3.15: Residuals of the ArcBPM measurements with respect to a second—degree polynomial fit,
used to estimate the fast beam position jitter. Left Scan V, right Scan VL.

The associated uncertainty is assessed through dedicated simulations. Artificial scan curves are gen-
erated by shifting the nominal beam separation of each scan point by a random value drawn from a
Gaussian distribution with a width equal to the measured jitter. The same random offset is applied
coherently across all bunches in a scan to reflect the correlated nature of the fluctuations. By repeat-
ing this procedure for a large ensemble of simulated scans, a distribution of visible cross-sections is
obtained. The width of this distribution defines the uncertainty contribution from beam position jitter.

To make these simulations computationally efficient, the scan curves are fitted with a simplified model
that reproduces the main features of the full fit but requires an order of magnitude less computing
time. Comparisons confirm that both approaches yield consistent results, ensuring that the choice of
the faster model introduces no bias while allowing the uncertainty evaluation to be completed within
practical limits.

3.6.7 Non-factorization effect

The fundamental assumption of the vdM formalism is that transverse bunch densities can be factorized
into independent horizontal and vertical components. While this simplifies the overlap integral, it is
only an approximation. If the true beam distributions are non-factorizable, this assumption introduces
a potential bias in the determination of the visible cross-section o;;. Although the head-on expression
in Eq. (3.18) remains formally valid, the convolved beam sizes must then be computed from the full
two-dimensional distributions. In such cases, the effective convolve beam size is obtained as:

1 [J Ry y(6s,6,)d8,d5,

E2,] =3 R, ,(0,0) : (3.61)

Evidence for non-factorization was clearly observed in Run 1 [147, 169, 170] and Run 2 [22], par-
ticularly in periods when dedicated beam-tailoring techniques in the LHC injector chain were not
applied [171].

When two proton beams collide, the overlap of their spatial distributions defines a region in space
where the majority of primary vertices are produced. This region, known as the luminous region [172],
reflects the convolution of the transverse and longitudinal beam profiles. Its properties (centroid,
widths, and possible x—y correlations) can be directly reconstructed from the distribution of collision
vertices measured by the tracking detectors. The luminous region thus provides experimental access
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to the underlying beam parameters without relying solely on beam instrumentation. At /s = 13 TeV
pp collisions during Run 2 [22], non-factorization effects were studied using reconstructed primary
vertices from the ID. The goal was to go beyond the standard vdM assumption of factorizable beam
densities p;(x,y, z) = piz(x) piy(y) pi=(z), which neglects possible correlations between x and y. In
reality, beam profiles may be tilted or rotated in the transverse plane, making p;(z, y) non-separable.
In this procedure, the three-dimensional luminous region was measured from primary vertex distri-
butions for each scan step. Only high-statistics BCIDs were used, since O(10°) vertices per step are
needed. Each single-beam profile was parametrized as a weighted sum of three 3D Gaussians,

(x,y,2 ij (x,y,z

where each Gaussian G; had an independent covariance matrix. This allowed the model to capture
tilts and x—y correlations, or longitudinal-transverse couplings. Three Gaussians were found to be
the minimum needed to reproduce both the core and the tails of the luminous region. With these beam
profiles, pseudo vdM scans were simulated by computing the overlap integral:

LAz, Ay) = freynine /pl(x, y) po(z + Az, y + Ay) dx dy. (3.62)
Ratio defined as: r
Rap = 2 3.63
NF £g7 ( )

was calculated, where £ is luminosity computed from the simulated vdM scan under the factorization
assumption, and is derived without the factorization assumption and represents the true 3D overlap
integral. This ratio directly quantifies the correction needed to apply to oy. In the /s = 13 TeV
vdM scans, residual non-factorization effects were found to be very small due to dedicated beam
tailoring in the injector chain, yielding corrections of order O(1073) [22]. The fitted scale ratios
were Ryrp = 1.006 £ 0.003 (2016), 0.998 £+ 0.001 (2017), and 1.003 £ 0.003 (2018), indicating
sub-percent deviations from the factorized vdM formalism. The uncertainties were taken as the RMS
spread of Ryr values across the subset of bunches with enhanced vertex readout used for detailed
3D beam—profile fits, while for 2015 a unity correction with a conservative +0.006 uncertainty was
assigned to cover the range between alternative methods.

For the 2018 900 GeV vdM scans, the lower pp cross-section allowed the data acquisition system to
record beamspot information for up to 75 BCIDs, much higher than at 13 TeV. However, the reduced
event rates at 900 GeV limited the number of reconstructed vertices per BCID, preventing a reliable
per-BCID luminous region measurement. To gain statistical power, beamspot data from many BCIDs
were combined under the assumption of uniform beam profiles across bunches. Attempts to fit these
combined distributions with a triple 3D Gaussian model, however, resulted in poor fit quality and
large residuals [173].

To overcome these limitations, a dedicated two-dimensional fit model is developed, the so-called Cou-
pled Model Fit (CMF). This approach parameterizes the interaction rate dependence on horizontal and
vertical beam separations simultaneously, using a Gaussian modulated by the polynomial (analogous
to the GP4 family of functions, but extended to two dimensions [174]). The form used for this study

is:
2,4 ) %
T T M Y T Ky
+ (Zcx( o ) +cyz( . ))] (3.64)

2

M\(z}lfgpec<x y) P - g :

Here, G = G(z,y, {4z, fy, 0s, 0) represents a Gaussian function defined in the  — y plane, where
{tz and p, denote the nominal beam separation at the peak of the  and y scans respectively, and
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o, and o, are the standard deviations of the corresponding one dimensional Gaussians. The term
pr corresponds to the peak amplitude of the function. For stability, all cross-terms are set to zero
while odd-power polynomial parameters (c,3, c,3) were fixed to zero, since they do not contribute
to the overlap integral. An example of such a fit for one BCID in the 900 GeV dataset is shown in
Figure 3.16.

Scan V Scan VI

Figure 3.16: Examples of Coupled Model Fits applied to the November vdM scans. Each fit simul-
taneously models the interaction rate as a function of horizontal and vertical beam separations. Left
Scan V, right Scan VI. BCID is the same for both examples (number 3421).

Although the CMF provides a more realistic description of the scan curves, the increased number of
free parameters led to strong correlations and, consequently, large uncertainties in the overlap integral.
To handle these correlations, MINOS [175] error propagation was employed in the extraction of per-
bunch convolved beam sizes. Even so, about 39 out of 150 BCIDs from the November scans had to
be excluded due to non-convergent fits or large numerical instabilities.

The overlap integral from the CMF was used to determine the per-bunch non-factorizable beam size
product [X,%,] ,- These were compared to the standard factorizable estimates 3, (b) - ¥,(b). The
non-factorization impact is evaluated by comparing the ratio between [¥,3,]| and the product X, - 3,
obtained from the standard factorizable vdM formalism, both averaged over the same set of valid
(i.e. successfully fitted) colliding-bunch pairs. Since an accurate estimation of the ratio Rxp proves
challenging, the fractional difference is used as an uncertainty measure instead of a direct correction.
Figure 3.17 shows the extracted [ExEy} , values and the corresponding Ry distributions, while the
average results are summarized in Table 3.7. To address the larger spread of Ryp values, conservative
estimates derived from linear addition of the mean and its error are utilized as the final uncertainty, as
shown in the last column. For the November session, the non-factorization uncertainty was estimated
at the level of 1%.

Table 3.7: Fractional differences between convolved beam sizes obtained from the CMF and standard
vdM formalism, for the November session.

Scan (|Rnr — 1|) =+ (stat.) = (syst.)
v 0.69 % 0.46 % 1.15%
VI 0.44 % 0.51 % 0.95%
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Figure 3.17: Per-BCID [X,X, ] obtained from the CMF using MINOS for scans V& VI (left) and per-
BCID Ryr values (right).

3.6.8 Length scale determination

The calibration of the length scale, which converts nominal magnet settings into actual transverse
beam separations, is essential for the determination of >, ,. This procedure was not carried out
within the scope of this thesis; instead, the corresponding uncertainty is taken from dedicated analyses
performed by the ATLAS collaboration [22, 176, 177].

The method relies on special length scale calibration (LSC) scans, where one beam is displaced
in a controlled manner to several predefined positions while the luminous centroid is reconstructed
from primary collision vertices in the inner detector. By comparing the nominal magnet-induced
displacements with the measured beamspot positions, a calibration factor is derived for each beam
and scan plane. The procedure, together with corrections for magnetic non-linearities, is described
in detail in Ref. [22]. The resulting contribution to the uncertainty on o.;; amounts to 0.05%, which
represents a marginal contribution to the overall uncertainty.

3.6.9 Emittance growth correction

The convolved beam widths >, and >, are measured during beam-separation scans, each lasting
about 20 minutes, with a typical interval of 20-40 minutes between horizontal and vertical scans.
Since the beam emittances can evolve differently in the two planes, this time dependence can affect
the calibration in two ways. First, changes in the beam width during a scan may distort the scan
curve and bias the determination of X, ,. Second, the fact that the horizontal and vertical scans
are not performed simultaneously means that differences in the evolution of >, and X, between the
respective peak times can bias the extracted visible cross-section.

The beam widths and peak rates are fitted with linear functions, allowing the time dependence to be
parameterized. The emittance growth correction factor is then defined as:

Ovis (tmida tmid)

= ——>——" —1, 3.65
¢ O_Vis<t:r:7ty) ( )

where oy;s(;,t;) denotes the visible cross-section evaluated at times ¢; and ¢;, t, and fy are the peak
times of the horizontal and vertical scans, and t,,;q is the midpoint between them. This fraction
quantifies the bias that occurs when combining quantities that are not measured simultaneously.
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The evolution of the beam widths over consecutive scans within one fill is shown in Figure 3.18,
while Figure 3.19 displays the corresponding change in peak rates. Both quantities increase with
time, reflecting the gradual emittance growth in both planes. The mismatch between the observed
and expected peak-rate evolution introduces a time dependence in the correction, which is treated as
a systematic uncertainty.
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Figure 3.18: Measured convolved beam width as a function of time during consecutive scans in one
Fill 7299. Linear fits are overlaid, with slopes given in the legend. Left per-bunch fits, right bunch-
averaged fit.

Since only one Fill 7299 contained more than one on-axis scan, only Scans I and III are used for the
emittance growth uncertainty estimate. The effect of the peak-rate mismatch is estimated by replacing
the midpoint ¢,,;q with either ¢, or ¢,, yielding the uncertainty contribution:

Ovis (tAaz) — Oyis (fy)
ref

vis

Ace(z/y) =

(3.66)

N | —

Statistical uncertainties from the linear fits are also propagated and reported as Ac. (fit). The correc-
tions are found to be 0.037% for Scan I and 0.031% for Scan III.

Bunch-by-bunch fits give very similar corrections, as all bunches display comparable emittance
growth, as seen in Figure 3.18 (left). Consequently, the correction does not alter the consistency
between scans, nor does it reduce the bunch-to-bunch scatter of o,;s. The emittance growth effect is
therefore small and under control, with a maximum correction of order ~ 0.04%.

3.6.10 Consistency checks

This section evaluates the stability of measurements across individual bunches, reproducibility across
scans, and systematic uncertainty tied to the reference specific luminosity.

The bunch-by-bunch consistency uncertainty is assessed to account for variations in the visible cross-
section, across individual colliding bunches. This uncertainty is quantified using the root mean square
(bbb stat) corrected for the average statistical uncertainty of visible cross-section (00 yis stat)

Obbb,cor = 1/Uvis : \/(O-bbb,stat)2 - <50Vis,stat>2- (367)
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Figure 3.19: Measured peak rate as a function of time during consecutive scans in fill number 7299.
The fitted (solid) and expected (dashed) rates of change are shown on the right. Semi-transparent
lines on the left show per-bunch measurements.
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Figure 3.20: Per-bunch calibrated visible cross-section values for Scans V and VI, assessing bunch-
by-bunch consistency.

If the RMS value is less than or equal to do;s, bunch-by-bunch uncertainty is set to zero. For all scans
I, IIIL, IV, V, and VI, uncertainties are 0.48%, 0.35%, 0.48%, 0.28%, and 0.44%, respectively. The
largest uncertainty from the November scan (0.44% from scan VI) is adopted as the final uncertainty.

The fractional difference in calibrated bunch-averaged o values between scans V and VI from
November sessions provides the scan-to-scan consistency uncertainty, calculated as 0.61%. This
difference, illustrated in Figure 3.20, emphasizes the reproducibility between successive scans. Fig-
ure 3.21 presents the bunch-averaged o, values for all scans, alongside the session averages for
October and November, revealing a distinct session difference and a deviation in scan III due to the
large and difficult-to-assess uncertainty affecting the ghost-charge and satellite fractions, combined
with the pathological single-beam background signal (Figure 3.8, left).
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Figure 3.21: Bunch-averaged, calibrated visible cross-section values for all vdM scans at 900 GeV.
The average values for the October and November sessions are highlighted with orange dashed lines,
and their respective numerical values are indicated. The statistical error bars are smaller than the size
of the markers.

The reference specific luminosity depends solely on beam parameters and serves as a metric for eval-
uating algorithmic stability. Here, deviations in specific luminosity are used to estimate the systematic
uncertainty, which is derived by averaging the relative difference between L. for each algorithm
and the mean across all algorithms over all bunches in each scan. This systematic deviation is calcu-
lated as:

L. (8,0) = (Lspec. (s, D))

a __ ’~spec.
A == o)

where A“(s, b) represents the relative deviation for a given algorithm a, scan s, and bunch b, while
(Lspec.(s, b)) denotes the average across algorithms. The final deviation in Ly is determined by
averaging deviations across scans and bunches. The highest systematic deviation, 0.98%, arises from
the LUCID BiC15 PMT algorithm, which has the largest pull. Figure 3.22 shows the bunch-averaged
deviations in L. for two scans as well as their average. October scans are excluded due to high
ghost-charge contamination.

(3.68)

3.7 Results and conclusions of Chapter 3

The determination of the integrated luminosity for the 2018 pp dataset at /s = 900 GeV with high-3*
optics constitutes a critical input to the elastic-scattering analysis and, more broadly, to the precision
programme at low centre-of-mass energy. The evaluation required dedicated procedures tailored to
the very low-u regime of these runs, where noise, afterglow, and single-beam backgrounds are non-
negligible. In addition, several LUCID algorithms had to be validated or cross-calibrated, since stan-
dard vdM methods were not directly applicable under such conditions.

Noise and background subtraction. At such low pile-up, the contributions from Bi-source noise
and afterglow photons become significant compared to the collision signal. Using the “BCID-1”
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Figure 3.22: Bunch-averaged reference specific luminosity Lg,.. deviations are shown, capturing
systematic differences in algorithm response.

method, these backgrounds were estimated to contribute ~ 16.1% in the 5* = 50/100 m runs and
~ 1.3% in the f* = 11 m runs. The ratio between these two values matches well the ratio of the
average 1 values in the corresponding datasets, consistent with expectations. A systematic uncertainty
of 0.001% was estimated from the difference between the BCID-1 and BCID-2 subtraction methods.
Beam-induced background (BIB) was studied using unpaired bunches. For fills with a large difference
in colliding versus unpaired bunch intensity (ncop/7unp ~ 10), the BIB subtraction produced unstable
or even negative fractions, driven by statistical fluctuations amplified by the large intensity ratio. A
dedicated pseudo-experiment confirmed that in these cases, the BIB estimate was unreliable. For this
reason, only fills with 1.1 /nun, ~ 1 were retained, yielding a BIB contribution of (0.77+0.22)% for
the LUCID Bi2HitOR algorithm. This value was subtracted from all HitOR and EvtOR algorithms.

vdM calibration Luminosity scale is anchored to vdM scans at /s = 900 GeV. Table 3.8 summa-
rizes fractional corrections applied to o per scan; Table 3.9 presents the overall uncertainty break-
down. The final o, is taken from the November 2018 session average using LUCID Bi2HitOR
as preferred algorithm (all standard corrections applied). The total vdM calibration uncertainty is
1.85% . Dominant effects and inputs are:

* Reference specific luminosity and Non-factorization dominate the November-session uncer-
tainty value.

* Beam-beam effects produce the largest correction on average, with relatively modest scan-to-
scan spread.

* Orbit drift corrections vary substantially between scans.
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In October, ghost-charge and satellite corrections could not be evaluated and were found to be over-
estimated by standard methods, and November is used for the final calibration. For emittance-growth
uncertainty, the October session (Fill 7299) is retained because it is the only case with more than one
on-axis scan; the corresponding uncertainty is propagated to the November-based result.

Table 3.8: Summary of the fractional corrections to o applied for all scans at 1/s = 900 GeV.

Correction [%] 1 111 v A% VI
FBCT offset 0.273 1.041 -0.082 0.003 0.002
Orbit-drift (arc BPM) 0.12 -0.12 0.04 -0.02 -0.07
Beam-Beam 1.30 0.71 1.04 0.39 0.38

Emittance growth 0.037 0.031 - - -
Ghost charge & satellite 16.00 34.00 19.00 0.60 0.60

Table 3.9: Overall summary of the nominal o and the systematic uncertainties for 900 GeV. With
"*#" indicating systematic uncertainties taken from the November session only, "**" indicates that
the October session only was used, and cases without any "stars" indicator where a combination of
uncertainties or the largest uncertainty was taken as the final uncertainty.

Algorithm LUCID Bi2HitOR
Final o * 0.85326 mb
Statistical Uncertainty do s * 0.07% (0.00056 mb)
Total Uncertainty 1.85% (0.01579 mb)
Fit model * 0.33%
DCCT normalisation 0.20%
Ghost-charge and satellites * 0.14%

FBCT offset * 0.02%
Background Subtraction * 0.13%
Orbit-Drift correction * 0.35%

Beam Position Jitter 0.14%
Non-Factorisation * 1.15%
Beam-Beam corrections * 0.39%
Emittance growth ** 0.30%
Magnetic non-lin + LSC 0.05%
Bunch-by-Bunch o, consistency * 0.44%
Scan-to-Scan reproducibility * 0.61%
Reference Specific Luminosity * 0.98%

Calibration of EvtAND algorithms. LUCID EvtAND algorithms, by construction insensitive to
the dominant backgrounds, provide an important cross-check but lack a reliable vdM calibration. The
visible cross-section for EvtAND was therefore obtained by cross-calibration to the vdM-calibrated
LUCID Bi2HitOR algorithm, in a low-u dataset ((i) ~ 0.008). A simulation study quantified the
bias introduced by the small-;, approximation, showing a relative difference of 0.78% between recon-
structed and true ;. This was applied as a correction factor to the cross-calibrated oAV, enabling

EvtAND to be used consistently in the stability studies.

Stability and consistency checks. LUCID Bi2HitOR algorithm was chosen as the preferred ref-
erence, being well studied during vdM scans and statistically precise (five PMTs). Its results were
compared to other LUCID algorithms and to track counting (where available) to assess systematic
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Table 3.10: BIB-subtracted absolute integrated luminosity values and fractional difference with re-
spect to LUCID Bi2HitOR algorithm for the main LUCID algorithms. In the last two columns, the
same quantities are reported for the two LHC fills with Inner Detector available (7289, 7282).

Full dataset Dataset for Trk Count
Algorlthm Etot [,U/bil] AE/ET’ef [%] Ltot [,ubil] AE/Lref [%]
LUCID Bi2HitOR 1426.48 4 0.65 / 153.57 £ 0.22 /

LUCID BiEvtOR A 14293 £1.0 0.199 £ 0.085 | 153.66 £0.35 0.06 £ 0.27
LUCID BiEvtOR C 14242 £1.1 —0.164 £0.089 | 153.53 £0.38 —0.02 + 0.28
LUCID BiHitOR 1488.21 £0.74  0.121 £0.069 | 153.71 £0.26 0.10 £ 0.22

LUCID BiEvtAND 1416.5 £ 5.1 —0.70 £ 0.36 150.5 £ 1.7 —20=£1.1
LUCID Bi2EvtAND  1426.5 +4.2 0.00 + 0.30 151514 —-1.32+£092
Track counting 15279 £0.20 —-0.51=£0.19

consistency. BCM data were excluded due to known charge-pumping® effects in the low- regime.
The agreement across algorithms was excellent: for example, track counting was found to be only
0.26% lower than Bi2HitOR in a representative fill, well within systematic expectations. Fractional
differences between LUCID Bi2HitOR and BiEvtOR A/C, BiHitOR, BiEvtAND, and track count-
ing showed flat, unbiased behaviour across luminosity blocks and runs. The largest deviation was
observed for BIEvtAND, amounting to 0.70%, which was conservatively taken as the systematic un-
certainty due to long-term consistency.

Integrated luminosity values. Table 3.10 reports the BIB-subtracted integrated luminosity val-
ues. For the full dataset, Bi2HitOR measured L;,; = 1426.5 4 0.7 ub~!. The differences with
respect to BiEvtOR A/C and BiHitOR are at the per-mille level. The track counting measurements
used for comparison in Table 3.10 were obtained in an independent study that lies outside the scope
of this thesis [178]. For the reduced dataset with Inner Detector availability, track counting gave
Lin = 152.8 & 0.2 ub~!, differing by only —0.5% from Bi2HitOR. This demonstrates that indepen-
dent methods, including one based on central tracking, converge within uncertainties. Integrated lu-
minosity delivered by the LHC is quoted separately for the two optics configurations. With Bi2HitOR
as reference, the results are:

B*=50/100m: L =925.4 % 0.5 & 20.04 b, (3.69)
B*=11m: L =501.0% 044 * 10.64 ub . (3.70)

Systematic uncertainties. Three dominant sources contribute to the total uncertainty:

— vdM calibration: 1.85%,

— Beam-induced background: 0.77%,

— Consistency/stability: 0.70%.

Adding these in quadrature gives a total systematic uncertainty of 2.1%, identical for both 3* datasets.
The statistical component is negligible in comparison (~ 0.05-0.08%).

In summary, the integrated luminosity of the 2018 pp runs at /s = 900 GeV has been determined
with a total uncertainty of 2.1% (vdM alone contributing 1.85%). The analysis required dedicated
background subtractions and cross-calibration methods tailored to the low-/, environment. The LU-
CID Bi2HitOR algorithm, cross-checked with other LUCID algorithms and with track counting, was
established as the baseline reference. When combined with the complementary studies presented

8Trapped charge carriers accumulated during previous irradiation are slowly released and generate spurious pulses
unrelated to actual pp interactions. These fake signals become comparable to the true interaction rate in the low-p regime.
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in this thesis—most notably the detailed vdM calibration analysis and systematic studies of beam-
beam, orbit drift, and non-factorization effects—a coherent and precise luminosity determination is
achieved. This provides a strong foundation for the measurement of the total pp cross-section and re-
lated forward-physics observables at 1/s = 900 GeV, where luminosity represents the leading source
of systematic uncertainty.
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Chapter 4
W-Boson Physics at the LHC

In this chapter, the measurement of the I/ -boson total and fiducial production cross-sections is pre-
sented. The results are obtained using proton-proton data collected with the ATLAS detector during
the first year of the ongoing Run 3 at center-of-mass energy /s = 13.6 TeV. Presented results in-
clude the selection of signal events, evaluation of efficiencies and background contributions, and the
assessment of experimental and theoretical uncertainties.

4.1 W -boson cross-section measurement

Measurements of 1//-boson (as well as Z-boson) production cross-sections at the LHC provide an
important test of perturbative Quantum Chromodynamics (pQCD) [179] and offer constraints on the
PDFs of the proton. These processes are among the cleanest signatures in proton—proton collisions
and serve as standard candles for validating the performance of the detector, the reconstruction of
leptons and missing transverse momentum, and — although not their primary objective — provide an
additional cross-check of the luminosity calibration. The total inclusive production cross-section of
the W boson multiplied by the branching ratio for the leptonic decay channels (where by lepton we
refer to an electron or a muon) can be measured using the following equation:
N — Ny,

Ot X BR(W — lv) = A0 Lo 4.1)
where N is the total number of selected events in data, /V,,, the estimated number of background
events, A and C are the signal acceptance and correction factor respectively, and L;, the integrated
luminosity of the sample used for the measurement. Product of C' and A corresponds to the efficiency
in Eq. (1.27). Acceptance A represents the fraction of generated W -boson decays that satisfy the
fiducial requirements imposed by the detector geometry and the kinematic constraints of the trigger
(for details, refer to Sections 4.3.1 and 4.4.2). The correction factor C' is defined as the ratio of the
number of generated signal events that pass all selection requirements after full reconstruction to the
number of generated signal events that satisfy the fiducial criteria at particle level. The factor C'
thus accounts for the efficiencies of event reconstruction, particle identification, isolation, and trigger
requirements. The acceptance is estimated using Monte Carlo simulations, while the correction factor
is obtained from in-situ measurements, and the results are compared with Monte Carlo predictions.
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The product of total cross-section, branching ratio, and acceptance is referred to as the fiducial cross-
section:

Ofid = Ot X BR(W — (v) x A. 4.2)
It is also useful to study ratios of fiducial cross-sections, such as:
_ wt
Rpp W = T 4.3)
Ofid

By forming the W /W ™ ratio of fiducial cross-sections, measured within the same dataset and under
identical reconstruction conditions, many experimental uncertainties cancel to a large extent. From a
physics perspective, this ratio is highly sensitive to the flavour composition of the proton. In particular,
the W' /W ™ ratio probes the u/d structure of the valence quarks. At LHC energies, this sensitivity
maps the ratio u(x)/d(x) in the low Bjorken-z region, corresponding to the momentum fractions
carried by the partons producing the bosons. Thus, the measurement of ¥ -boson cross-section ratios
provides stringent constraints on PDFs, particularly improving the knowledge of the up- and down-
quark distributions.

Reconstruction of I/ -boson leptonic final states relies on several components of the ATLAS detector.
Electrons are reconstructed from energy deposits in the ECal matched to tracks in the ID, while muons
are reconstructed from combined tracks in the ID and MS, as detailed in Section 4.3.1. Undetected
neutrino in W -boson decays is inferred from the missing transverse momentum, EX', reconstructed
from all calibrated objects and soft activity in the event. The fiducial phase-space match these recon-
struction capabilities and for ¥ -boson production is defined by the following requirements:

* Lepton transverse momentum: pp > 27 GeV,
* Lepton pseudorapidity: |n| < 2.5,
* Missing transverse momentum: p2ss > 25 GeV,

e Transverse mass: m > 50 GeV.

The transverse mass mY is used instead of the invariant mass because the longitudinal momentum of

the neutrino cannot be reconstructed experimentally. It is defined as:

mlf = /20 (1~ cos(de — 0,). (44)

where ¢, and ¢,, denote the azimuthal angles of the charged lepton and the neutrino, respectively.

Background processes originate primarily from Z-boson decays (2 — (¢, where ¢ = e, u, T), top-
quark production (t — Wb, W — (v), the T-lepton decay channel of the W boson (W — 7v —
evv, pvv), and diboson or triboson production (pp — V'V, VVV, where V.= W*, 7). The con-
tribution of these background processes can be estimated from Monte Carlo simulations. Events
originating from semileptonic decays of heavy quarks or from misidentified hadrons reconstructed as
leptons are collectively referred to as multijet processes. Because multijet backgrounds are not well
modeled by MC simulations, they are estimated directly from data using so-called data-driven tech-
niques. A typical approach involves inverting one or more selection criteria to obtain a data sample in
which this background dominates. By extrapolating the observed distributions under variations of the
selection requirements, the number of background events and the shapes of characteristic variables in
the signal region can be determined.

Previous ATLAS measurements of W production have been performed at center-of-mass energies of
2.76 TeV [180], 5.02 TeV [181], 7 TeV [182], 8 TeV [183, 184], and 13 TeV [185, 186]. CMS
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has provided corresponding results at the 7 TeV [187, 188], 8 TeV [189, 190], and 13 TeV [191]
centre-of-mass energies, while LHCb has performed complementary measurements in the forward
region (covering ranges within 2 < 7 < 5) at the 5.02 TeV [192], 7 TeV [193], and 8 TeV [194].
Results presented in this thesis extends these measurements to /s = 13.6 TeV, representing the
first determination of 1¥-boson production cross-section including ratio of W+ and W~ using Run 3
data collected in 2022 by the ATLAS, corresponding to an integrated luminosity of 29 fb~! [24].
The analysis targets the inclusive production cross-section (total and fiducial) of W+ — /*v and
W~ — (~ processes. Measured cross-sections and their ratios are compared to theoretical predic-
tions calculated at next-to-next-to-leading order (NNLO) in QCD, supplemented by next-to-next-to-
leading-logarithmic (NNLL) resummation and next-to-leading-order (NLO) electroweak corrections.
Predictions are obtained using several state-of-the-art PDF sets. In addition, the dependence of the
production cross-sections on the center-of-mass energy is examined to test the consistency of the
pQCD framework across different collision energies.

4.2 Data and simulation

4.2.1 Data samples

This analysis is based on proton—proton collision data recorded in 2022 by the ATLAS detector at a
center-of-mass energy of /s = 13.6 TeV, corresponding to an integrated luminosity of 29.04-0.6 fb~?.
Only events meeting all data-quality requirements are included. Data-quality selection ensures that
only periods with optimal detector and trigger performance are used for physics analysis. Each data-
taking run is certified through a detailed evaluation of the operative status of all relevant subsystems,
including the ID, calorimeters, MS, and trigger. This guarantees that the data sample used in the
analysis is free from detector or trigger inefficiencies that could bias the measurements.

4.2.2 Simulation samples

The production of W and Z bosons is simulated using the SHERPA, version 2.2.12 [195] generator.
Matrix elements (MEs) are calculated at NLO in QCD for up to two additional partons and at LO
for up to five partons, using the COMIX [195] and OPENLOOPS [196-198] libraries. The parton
shower is modeled with SHERPA’s internal algorithm [199] following the MEPS@NLO matching
scheme [200]. The tune parameter settings' provided by the generator authors are applied. The
NNPDF3.0NNLO PDF set [201] is used, and the samples are normalized to NNLO theoretical cross-
section predictions [202]. SHERPA W and Z production samples are composed of three disjoint
sets categorized by their associated jet flavor: W4b, W+-c, and W +light, where “light” refers to
jets originating from light quarks or gluons. This is implemented through three mutually exclusive
generator-level filters, listed in decreasing values of o x BR for each signal channel as follows:
defining (i) events containing no b- or c-hadrons (I +light), (ii) events containing at least one c-
hadron while suppressing b-hadrons, and (iii) events containing at least one b-hadron. These samples
are combined using the appropriate generator cross-sections and filter efficiencies weights to recover
the inclusive W sample. Alternative samples of W and Z bosons are generated with the POWHEG
Box v2 framework [119, 120, 203], providing NLO accuracy for the hard-scattering process and
the leptonic decays (e, p, and 7 channels). These samples are interfaced to PYTHIA 8.307 [123]

"Monte Carlo events with small transverse momentum transfer from initial to final state are generally described by
phenomenological models in MC event generators. These models contain many parameters whose values are a priori
unknown and thus need to be constrained by data. This optimization process is known as tuning, and the resulting
parameter sets are referred to as tunes.
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for parton showering, hadronization, and the modeling of the underlying event, using the AZNLO
tune [204]. The CTIONLO PDF set [205] is employed for the matrix-element calculation, while
the CTEQG6L1 set [206] is used for the parton shower. Final-state QED radiation is modeled with
PHOTOS++3.64 [207, 208]. These POWHEG+PYTHIA samples are employed for the assessments of
the systematic uncertainties and cross-checks.

Top-quark pair (¢t) and single-top production are modeled with POWHEG BOX V2 interfaced to
PYTHIA 8.307, using the A14 parton-shower tune [209]. Matrix elements are computed at NLO preci-
sion in QCD with the NNPDF3.0NLO PDF set. The ¢t samples are normalized to the NNLO+NNLL
cross-section prediction obtained with ToP++ 2.0 [210-216].

Diboson (W W, W Z, ZZ) processes are simulated using SHERPA 2.2.12, including off-shell effects
and Higgs-boson contributions where applicable. Both fully leptonic and semileptonic (one boson
decays leptonically and the other hadronically) final states are included, with matrix elements eval-
uated at NLO accuracy in QCD for up to one additional parton and at LO for up to three partons.
Since a dedicated cross-section calculation for 13.6 TeV is not yet available, the same normalization
K -factors? used in Run 2 analyses are applied, corresponding to K = 0.91.

The effect of multiple interactions in the pile-up (both in the same and the neighbouring bunch cross-
ing) is modelled by overlaying [217] the original hard-scattering event with simulated inelastic pp
events generated by EPOS 2.0.1.4 [218, 219] and PYTHIA 8.307. The events generated with EPOS
used the EPOS LHC tune, while the PYTHIAS8 events used the NNPDF 2.3 LO PDFset [220] and the
A3 tune [221]. The ATLAS detector response is simulated by the GEANT4 [124] with the full sim-
ulation of the ATLAS detector [222]. The events in simulated samples are processed with the same
reconstruction conditions as the ones in real data. The complete list of simulated samples employed
in this study is given in Tables 4.1 and 4.2.

All Monte Carlo samples are produced prior to data-taking using the best available estimates of the
expected pile-up conditions. To match the actual pile-up distribution observed in data, a reweighting
procedure is applied to the simulated events. The pile-up weight for each MC event is derived using
the nominal MC pile-up profile and the (u) distribution from data corresponding to the GRL. Fig-
ure 4.1 compares the pile-up distributions in data and simulation after reweighting.

4.3 Event selection

4.3.1 Object reconstruction

The reconstruction of physics objects in the ATLAS detector is a crucial step in the physics analyses.
This section describes the procedure for transforming detector signals into reconstructed objects,
including charged-particle tracks and primary vertices, electrons, muons, jets, and missing transverse
momentum (p2*). All algorithms are optimized for Run 3 conditions and follow the standard ATLAS
prescriptions.

Reconstruction of tracks and vertices. When a charged particle passes through the ID, it leaves
energy deposits in the silicon sensors — the Pixel and SCT detectors — and in the TRT. The tracking
software reconstructs these signals into helical trajectories, described by a set of five parameters:

2The K -factor is defined as the ratio between the cross-section calculated at a given order (usually the highest possible
available) and the cross-section obtained by the MC generator used for the simulation.
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Table 4.1: Simulated I/ and Z samples used in this thesis, with SHERPA providing the nominal signal
samples. For each sample, the table reports the production cross-section times branching ratio (c:BR),
the applied K -factor, the total number of generated events, and the generator used.

Channel o-BR [pb] K-factor Neyens % 10°] Generator
192902 0.9059 30.650
WE > ev 340225 0.9059 7.450 SHERPA
220132 0.9059 1.750 22.12
193267 0.9059 30.730
W* = 341147 0.9059 7.600 SHERPA
218.007  0.9059 1750 2.2.12
193376 0.9059 30.740
W* v 341131 0.9059 7.600 SHERPA
220519 0.9059 1.740 22.12
19740 0.9340 30.630
7 — ee 303.25  0.9340 6.170 SHERPA
50.841  0.9340 3.520 2.2.12
19742 0.9340 30.690
Z—oup 30448 0.9340 6.140 SHERPA
58.688  0.9340 3.500 22.12
1971.0  0.9340 30.740
7 =7 30253 0.9340 6.150 S
50.655  0.9340 3.510 2.2.12
W+ 5 ey 119120 1.0070 29.930
W+ =ty 119100 1.0070 29.790
W+ 7ty 119020 1.0070 29.880
W~ e 87664  0.9996 19.930
W- — v 87653  0.9996 19.950 ~ POWHEG BOX v2
W- 75 87572 09996 19.950 +PYTHIA 8.307
7 s ee 19988  1.0124 216440
7 ouu 19988 10124 219.120
7 Tt 19967 1.0124 49.940

* The transverse impact parameter, d, represents the distance of closest approach of the recon-
structed track to the beam line in the x—y plane, while the longitudinal impact parameter, z,
denotes the z-coordinate at that point.

* The azimuthal and polar angles, ¢, and 6, describe the direction of the track.

* ¢q/p is the charge divided by the momentum, which determines the curvature direction and

radius of the helix.

The first stage of track reconstruction is the clusters formation. Clusters of adjacent Pixel or SCT
hits are combined into two-dimensional space-points, from which seeds—typically triplets of space-
points that define the initial curvature and direction of a particle trajectory consistent with a helix
pointing to the beam line—are built and used as starting points for the track-finding algorithm. To
identify full tracks, a combinatorial Kalman filter [223] is applied. This algorithm extrapolates each
seed outward through the detector, searching for compatible hits in subsequent silicon layers. At this
stage, many more track candidates exist than real tracks. Because several candidates can share the
same hits, an ambiguity solver is employed to rank them according to a scoring function. Each can-
didate is evaluated based on the number of precision hits, missing (expected but unfound) hits, the
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Table 4.2: Simulated electroweak and top background samples used in this thesis. Leptonic final
states include 7 leptons as well. For each channel, the table reports the production cross-section times
branching ratio (0-BR), the applied K -factor, the total number of generated events, and the generator
used.

Channel o-BR [pb] K-factor Nyyens [%10°] Generator
- 35563972 1.1381 49970 POWHEG BOX V2
85482  1.1381 49.920 +PYTHIA 8.307
T(ichan) 24203  1.0858 5.990
t (t-chan)  39.936  1.1066 8.960
f(s-chan) 13525  1.0872 2990  POWHEG BOX V2
t (s-chan)  2.1455  1.0963 4.990 +PYTHIA 8.307
Wi 30.839  1.10269 9.990
W 390.876  1.10269 9.980
WW — fvgq 51226 001 5.000
WZ - b 2.591 0.91 5.000
WZ - lvgg 92309 091 5.000
WZ - qqlt 35549 0091 5.000
77 5 bbtl 0498 091 4.990
727 < qqtt 17741 091 5.000 SHERPA
77 000 13351 0.91 9.960 2.2.12
WZ sttty 48181 0.91 0.990
vy OS 12618 091 0.800
vy SS 0.0241 0.91 0.080
WZ— ooy 3289 0.91 0.350

track x? [224] of the fit, and the estimated pr, giving preference to higher-quality, higher-momentum
tracks. When a new candidate shares too many hits with an already accepted track, it is rejected.
In dense environments (e.g., for instance, in the core of a 1 TeV jet), multiple charged particles can
strike the same pixel sensors, merging their charge deposits into a single cluster. A dedicated neural-
network (NN) [225] algorithm analyzes the cluster shape, width, charge asymmetry, and incident
angles of nearby tracks to determine whether a cluster originates from multiple particles. If identified
as merged, the cluster may be shared between tracks without penalizing their reconstruction quality.
After ambiguity resolution, the surviving track candidates are refitted precisely in a final smoothing
step. Candidate tracks are required to satisfy quality criteria. Additional selection criteria include cuts
on transverse momentum and pseudorapidity, pr > 400 MeV and |n| < 2.5, as well as on the track
impact parameters: |do| < 2.0 mm and |z sin 6| < 3.0 mm. Using these tracks, interaction vertices
are reconstructed by clustering tracks in z (beam axis) and fitting them with adaptive vertex fitting
algorithms. Due to high pile-up, several vertices may be reconstructed in an event. The primary ver-
tex [226], corresponding to the hard-scatter interaction, is selected as the vertex with the largest scalar
sum of squared transverse momenta of its associated tracks. Tracks used for vertex reconstruction
must satisfy requirements on the transverse (d;) and longitudinal (z,) impact parameters.

Reconstruction and identification of electrons. A particle interacting with the ATLAS calorime-
ter deposits energy across multiple calorimeter cells, which must be grouped to reconstruct the full
energy deposit. This is achieved using the topological clustering (topo-cluster) algorithm. For each
calorimeter cell, a deposited energy to noise ratio Ee/0noise 1S calculated, where if ratio is larger
then 4, a cluster seed is defined. Neighbouring cells with E e /0y0ise > 2 are then added, followed
by all adjacent cells without any energy requirement. Finally, topo-clusters containing multiple local
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Figure 4.1: Comparison of the pile-up distributions (x) between data and simulation after applying
pile-up reweighting in the Z — ee and Z — pup channels. The lower panels display the data-to-
simulation ratios, and the shaded bands indicate the total systematic uncertainty from experimental,
pile-up, and luminosity sources.

energy maxima are split into separate clusters to preserve substructure information.

Electrons are reconstructed by combining topo-clusters in the ECal with tracks in the ID. ECal topo-
clusters are defined as calorimeter clusters with more than 50% of their energy deposited in the
electromagnetic calorimeter, and one or several ID tracks are assigned. Since electrons can radi-
ate bremsstrahlung photons in the ID, which may subsequently convert into e™e™ pairs also leav-
ing tracks, multiple tracks may be associated with the same topo-cluster. When combined, these
matched tracks and clusters form a supercluster, which defines the reconstructed electron candi-
date. Topological clusters in the HCal are also used in this procedure, as true electrons are ex-
pected to deposit no energy in the HCal, therefore reducing number of selected objects. Electron
energies are calibrated using a multivariate regression trained on simulation, with data—MC correc-
tions derived from Z — ete™ events. To distinguish genuine electrons from hadronic backgrounds
or calorimeter noise, a likelihood-based discriminant is built using calorimeter-shape, track-quality,
and track—cluster-matching variables. Different working points (WPs) are defined by varying the
discriminant threshold, LooseLH, MediumLH, and TightLH [227, 228], providing trade-offs be-
tween signal efficiency and background rejection. In this thesis, the TightLH identification (ID)
WP is employed, corresponding to an average electron-identification efficiency of about 80%, as
shown on Figure 4.2. Reconstructed electrons must satisfy pr > 27 GeV and || < 2.47, exclud-
ing the electromagnetic barrel-endcap transition region 1.37 < |n| < 1.52. Additional impact-
parameter selections are applied: |zosinf| < 0.5 mm and |dy/o(dp)| < 5, with o(dy) being esti-
mated uncertainty. To further suppress non-prompt electrons — originating from heavy-flavour de-
cays or photon conversions — from prompt electrons — originating from the primary vertices — iso-
lation requirements are imposed. The calorimeter-based variable E$*?°/pr and the track-based
variable p¥rc°ne30 /1 quantify the energy and momentum activity around the electron within cones
of AR = 0.2 and AR = min{10 GeV/p5, 0.3}, respectively. Electrons in this thesis are required
to satisfy E5"*/pr < 0.06 and p§°*** /pr < 0.06. These isolation requirements define the
Tight_VarRad WP used in this thesis. Additionally, data-driven methods are used to identify fake
electrons — a calorimeter—track combinations misidentified as genuine electrons, most often originat-
ing from hadronic showers (e.g. charged pions), photon conversions, or overlapping energy deposits.
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Figure 4.2: Electron identification efficiency as a function of the (left) p; and (right) pseudorapidity 7
for electrons with p; between 25 and 50 GeV. Efficiencies in data and simulation are shown for three
likelihood-based working points (Loose, Medium, and Tight). The measurements are derived
from 2022 pp collision data at /s = 13.6 TeV, corresponding to an integrated luminosity of 3.4 fb~1,
with total uncertainties indicated by the error bars [229].

Reconstruction of muons. Muons are leptons about 200 times heavier than electrons. Owing to
their large mass, the bremsstrahlung radiation probability scales as 1/ mi, making radiative energy
losses negligible. Since muons do not undergo strong interactions, they traverse both the ECal and
HCal with only minimal ionization energy loss of a few GeV, even across several meters of material.
Consequently, muons might not be absorbed in the calorimeters and escape to the outermost detector
layers. Escaping muons are measured in the MS. Several complementary reconstruction algorithms
are used to identify muon candidates. In this thesis, the Combined (CB) [230] muon reconstruction
is used. In this approach, independent tracks reconstructed in the ID and the MS are matched and
refitted together in a global fit procedure. The fit can dynamically include or exclude individual
MS hits to optimize the track quality. Most CB muons are reconstructed following an outside-in
strategy, starting from the MS track and extrapolating it inward to find a compatible ID track. This
method provides the best momentum resolution and the highest reconstruction purity across the full
detector acceptance. Other algorithms are also used in ATLAS for specific geometrical or kinematic
regions: Segment-Tagged (ST) muons are formed by matching ID tracks to one or more MS track
segments; Inside-Out (I0) muons start from ID tracks and associate them with multiple MS hits;
Calorimeter-Tagged (CT) muons rely on ID tracks linked to energy deposits in the calorimeter, mainly
in regions not instrumented with MS chambers (|n| < 0.1); Muon-Extrapolated (ME) muons are
reconstructed using only the MS track, with a loose requirement on compatibility with the interaction
point (2.5 < |n| < 2.7); and finally, Standalone (SA) muons are built solely from MS information
without requiring an ID track match. The reconstructed muon momentum is calibrated by applying
corrections to both data and simulation, accounting for charge-dependent biases and mismodeling
effects arising from detector geometry, magnetic field description, and multiple scattering. Muon
identification is based on track-quality and hit multiplicity requirements in the ID and MS, with the
Medium WP [231] used in this thesis, which provides an optimal balance between efficiency and
purity while selecting only combined muons. Additional rejection of non-prompt muons is achieved
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through isolation criteria, with this thesis employing the Tight_VarRad working point defined
for muons by pyreone3V /pn < 0.04 and ES?/pr < 0.15. Muons are further required to satisfy
pr > 27 GeV and || < 2.5. The reconstruction, identification, and isolation efficiencies for these
selections are derived using Z — p* ™ events from pp collisions at /s = 13.6 TeV (see Figure 4.3).
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Figure 4.3: Muon reconstruction efficiency as function of 7 for Medium selection (left) [232] and
isolation efficiency as functions of pr for Tight_VarRad isolation criteria (right) [233], measured
in Z — p*p~ events from 2022 data. Black points indicate data, red circles indicate simulation, with
statistical and total uncertainties shown. Lower panels show Data-to-MC ratios.

Jet reconstruction. Jets are reconstructed using the anti-k; algorithm [234], a sequential
clustering algorithm belonging to the generalized k; family. It defines distance measures
d; = min(pr;, pr;) (A%/R?) and dip = prj, where Ay = /(i —y;)? + (i — ¢;)? is an-
gular distance in rapidity-azimuth (y — ¢) space and R is the usual jet-radius parameter. Indices
i and j run over all input objects (particles or topological clusters). The quantity d;; measures the
distance between two objects in (y, ¢) space, while d; 5 represents the distance of object i to the beam,
determining whether it should be merged or declared as a final jet. In this scheme, hard particles are
clustered first, resulting in jets that are circular in the (7, ¢) plane. The anti-k; algorithm is infrared
safe and robust against soft radiation, meaning that the presence of additional low-pr particles does
not significantly modify the reconstructed jet boundaries or kinematics, as soft particles are naturally
clustered into nearby hard jets. This property makes the anti-k; algorithm the standard choice in
ATLAS, implemented through the FastJet [235] package with R = 0.4. The Jet Vertex Tagger
(Jvt) [236] is a discriminant tool used to distinguish jets originating from the primary interaction
vertex from those produced by pile-up interactions. In this thesis, jets with transverse momentum
below 60 GeV are required to satisfy the Tight working point of the neural-network-based Jet
Vertex Tagger (NNJvt) [237], an advanced version of the standard Jvt algorithm.

Missing transverse momentum measurement. Neutrinos and other non-interacting particles es-
cape detection but can be inferred from the missing transverse momentum s [238]. Assuming
momentum conservation in the transverse plane, Y  pr = 0, the missing transverse momentum is
defined as the negative vector sum of the calibrated momenta of all reconstructed physics objects
(electrons e, photons v, muons pu, 7 leptons, and jets):

eu’YuH‘uT?jet

ﬁr}niss _ Z ﬁl’ _ ﬁ%oft' 4.5)
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The soft term includes charged-particle tracks associated with the primary vertex but not linked to
hard objects. An example of the distribution of the pi' is shown on Figure 4.4. Ambiguities between
overlapping objects (e.g. electrons overlapping with jets) are resolved in a dedicated overlap-removing
step. For this result, p%liss is constructed from electrons, muons, and jets, while photons and 7-leptons
are omitted as they are not part of the signal final state. The Tight [239, 240] working point of piiss
reconstruction is used based on NNJvt, requiring forward jets (2.5 < |n| < 4.5) to have pr > 30 GeV

to suppress pile-up contamination.
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Figure 4.4: Distribution of missing transverse momentum reconstructed with the TST algorithm
(Loose WP) in Z — u*pu~ events at /s = 13.6 TeV. Data from 2022-2023 is compared to sim-
ulated events generated with POWHEG and PYTHIA 8 [241].

Overlap removal ensures that electrons, muons, and jets reconstructed from the same detector ac-
tivity are not double-counted. A dedicated procedure is applied after the baseline selection of the
objects, including the isolation criteria, and an independent internal treatment is used in the miss-
ing transverse momentum reconstruction to handle lepton—jet sharing. In this study, the algorithm
removes jets close to electrons, then electrons close to the surviving jets, followed by low-track-
multiplicity jets close to the muons and finally muons close to the remaining jets, with typical angular
requirements of AR < 0.2 for the primary veto step and AR < 0.4 for the secondary veto step.

4.3.2 W-boson physics candidates

Events used in this thesis are selected using single-lepton triggers for electrons and muons, as listed
in Table 4.3. The different triggers are optimized for various kinematic regions by applying distinct
requirements on lepton identification, isolation, and lepton pr. Triggers with lower pr thresholds en-
force tighter quality and isolation criteria to suppress backgrounds, while those with higher thresholds
rely on looser or no such requirements, ensuring high efficiency for energetic leptons. All triggers
are combined using a logical OR to maximize signal efficiency. To guarantee operation in the plateau
region of the trigger efficiency, only leptons with pr > 27 GeV are considered. The lepton that fired
the trigger is required to be geometrically matched to the corresponding offline-reconstructed object
in the n—¢ plane, ensuring consistency between the online and offline selections.
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Table 4.3: Single-electron and single-muon triggers used to select I/ -boson candidates.

Electron triggers Muon triggers
HLT_e26_Ihtight_ivarloose_LIEM22VHI HLT_mu24_ivarmedium_L1MU14FCH
HLT e60_lhmedium_L1EM22VHI HLT mu50 L1IMUI14FCH

HLT e140 lhloose L1EM22VHI

Events must contain exactly one reconstructed and isolated lepton and significant missing transverse
momentum, pis > 25 GeV, arising from the undetected neutrino. To further suppress multijet and

background processes, the transverse mass of the 11 candidate is required to be greater than 50 GeV.

Electron and muon reconstruction, identification, isolation, pr, and 7 requirements are detailed in
Section 4.3.1. For IW-boson candidates, the selections include the trigger requirements listed in Ta-
ble 4.3, together with the additional pITniSS and m thresholds.

4.3.3 Background estimation

Background contributions to the 1//-boson final states can be grouped into two main categories: elec-
troweak (EW) and top-quark processes, which are estimated using MC simulation, and the multijet
background, which is derived from data.

EW category includes single-boson and diboson production processes that can mimic the 1//-boson
signature, while the top background arises primarily from events containing real 1" bosons in top-
quark decays. Dominant EW background originates from W — 7v decays, where the 7 subsequently
decays leptonically and produces a final state with a lepton and missing transverse energy, closely
resembling the signal topology. Additional EW contributions come from Z — ¢{ and Z — 77 events,
in which one of the leptons either escapes reconstruction or fails the identification or isolation criteria,
leading to an apparent imbalance in transverse momentum and hence a fake W -like signature. Such
backgrounds are particularly relevant in regions of high missing transverse energy and are modeled
using MC. Diboson processes, including WW, W Z, and ZZ production, can also contribute when
one of the bosons decays hadronically or invisibly, or when a lepton from a leptonic decay fails
the reconstruction or isolation criteria. Their overall contribution is small due to the lower production
cross-sections compared to inclusive W production. Top-quark backgrounds arise mainly from ¢¢ pair
and single-top (WWt) production, where at least one of the 1" bosons from the top decays leptonically.
These events often contain additional jets from b-quark decays, which distinguish them from the
inclusive W signal. They can enter the selection if these jets fail the b-tagging [242] or are not
reconstructed. Their contribution is modeled using MC simulation and normalized to the theoretical
NLO cross-sections.

The multijet (MJ) background originates from QCD jet production in which hadronic activity is
misidentified as isolated prompt leptons. Its main sources include collimated charged and neutral
pions and non-prompt real leptons from semi-leptonic heavy-flavour decays or in-flight pion decays.
Although such events are largely suppressed by the lepton identification, isolation, and by the pr,

miss

piss and mY requirements, they remain a significant background in 1¥-boson analyses, particularly
under high pile-up, due to their large production cross-section and artificial p'** arising from jet en-
ergy mis-measurements. Processes where a jet is misidentified as a lepton or a non-prompt lepton
passes the selection depend on detailed detector effects, mis-reconstruction, and isolation behaviour
that are difficult to reproduce in MC. Therefore, the MJ contribution is estimated directly from data
using phase-space control regions (CRs) defined by modifying the lepton-isolation and kinematic re-
quirements. These regions allow the separation of event samples dominated by MJ processes from

those dominated by genuine electroweak W production. The strategy is to use a region rich in MJ
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events (anti-isolated leptons) to derive the MJ template shape, and to use leptons with looser kinematic
requirements to fit the MJ normalization to data. Finally, the region with a signal-like kinematics is
used to extrapolate this result to the signal selection. Although the control regions are designed to be
dominated by MJ events, they are not completely free of signal contamination. A small fraction of
genuine /'-boson events can migrate into these regions due to detector resolution effects, imperfect
reconstruction of p2*s or m}Y, or fluctuations in the lepton isolation caused by nearby jet activity and
high pile-up. For this reason, the expected contributions from EW and top-quark processes, estimated
from simulation, are subtracted from the data when building the MJ templates.

In this thesis, four mutually exclusive regions are defined to extract the MJ background, as illustrated
in Figure 4.5. The signal region (SR) corresponds to isolated leptons with nominal py > 27 GeV,
pss > 25 GeV and m} > 50 GeV requirements, while the fir region (FR) and the two control
regions (CR1 and CR2) are obtained by inverting isolation or relaxing kinematic selections to enrich
MJ events and enable a data-driven extrapolation toward the SR.

100

25

Figure 4.5: Schematic illustration of the regions used for the multijet background estimation in the
W — (v analysis, defined in the (p, B2 m}¥) space.

An example with relaxed kinematic requirements (m)' > 0 and p2*5 > 0) is shown in Figure 4.6.
The procedure starts from control region 1 (CR1), which is enriched in MJ events by inverting both
the isolation and the kinematic requirements relative to the nominal selection. In this region, the
data distribution of a given observable O is corrected for the small EW and top-quark contributions,
estimated from simulation. The resulting distribution represents the MJ template and is defined as:

dyiy' (0) = dGaa(0) — diw (0), (4.6)

where d(O) denotes the distribution of an observable O, such as m!/, p or p5. Next step uses
these MJ templates in the FR, which has the same kinematic requirements as CR1 but with isolated
leptons instead of anti-isolated ones. A template fit is performed on the data in FR according to:

ddata(O) TMJ dCRl (O) + apw - dE%(O), (47)
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where the fit parameters 7y;; and agw scale the MJ and EW contributions, respectively, to best re-
produce the data in FR. Although dy{¥ is already corrected for EW contamination, the free parameter
agw allows for small adjustments to the EW normalization to absorb residual MC uncertainties and
prevent bias in the determination of 7y;;. In the final step, the extrapolation toward the signal-like
phase space is performed. The relative change in the MJ yield between the two anti-isolated regions
(CR1 and CR?2) defines the transfer factor:

CR2
g =M (4.8)

"N
where both normalizations are corrected for EW and top-quark contributions by subtraction. This
factor quantifies how the MJ yield changes as one moves from relaxed kinematic selections in CR1
to the tighter selections in CR2. Finally, the MJ yield in the SR is obtained by scaling the fitted MJ
yield in the FR with this transfer factor:

Ny =¢e- Ny (4.9)
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Figure 4.6: Comparison of the transverse mass m)! distributions in the four analysis regions used for
the multijet estimation: The distributions are obtained with relaxed kinematic selections (m}Y > 0,
piss > () used in CR1 and FR.

Nominal single-lepton triggers used in the signal selection, listed in Table 4.3, include isolation
requirements at the trigger level in order to suppress background from non-prompt or misiden-
tified leptons. However, such isolation conditions would bias the composition of events in the
multijet control regions, where the aim is to collect a sample enriched in non-isolated leptons.
For this reason, dedicated support triggers without isolation requirements are used to select
events in the control regions. In this thesis, the triggers HLT_e20_lhvloose_L1EMI15VH
and HLT_e26_idperf_tight_nogsf_L1EM22VHI are used for the electron channel, and
HLT_mu22_L1MU14FCH for the muon channel. A change in trigger selection implies a different
integrated luminosity, since these triggers are subject to different prescales and data-taking condi-
tions. The corresponding luminosities are therefore recalculated using the Z-boson peak counting
method (briefly introduced in Section 2.4.3), yielding £;,; = 19.65 £ 0.26 pb*1 for electrons and
Lin: = 19.69 & 0.19 pb_1 for muons. These luminosity values are used to normalize the simulated
EW and top-quark background contributions that are subtracted from the data in the control regions.
The effective luminosity of the control samples is much smaller than the full dataset (29 fb~!)
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because the support triggers used in the MJ control regions are prescaled and only active for a subset
of luminosity blocks; this luminosity is used solely to normalize the simulated EW/top contributions
in CR1/CR2.

The previously described MJ estimation procedure assumes that the MJ kinematics (both shape and
normalization) do not depend strongly on the tightness of the lepton-isolation requirement. To verify
and, if necessary, correct for this assumption, an additional study is performed in which the isola-
tion requirement is progressively varied from loose to tight isolation. The nominal Tight_VarRad
WP used for electrons and muons is defined in Section 4.3.1. In this study, the track-based isola-
tion variable (cuts on p%°3 /p1) is scanned in several steps while the calorimeter-based isolation,
E5m20 /pr, is kept fixed at 0.06 for electrons and 0.15 for muons. The track-isolation ranges are de-
fined in four slices, moving from looser to tighter isolation, and are finally extrapolated to the nominal
Tight_VarRad WP used in the SR:

Electrons:  [0.24,0.30] — [0.18,0.24] — [0.12,0.18] — [0.06,0.12] — Tight_varRad,
Muons:  [0.16,0.20] — [0.12,0.16] — [0.08,0.12] — [0.04,0.08] — Tight_varRad.

For each isolation slice, the same template-fit procedure described previously is applied to data, yield-
ing the multijet normalization Ny(/;), where I; represents the mean track-isolation value of slice 1.
These values are then fitted with a linear or quadratic function of the isolation variable:

Nus(I) =a+bl or Nyy(I)=a-+bl+cl? (4.10)

and the result is extrapolated to the isolation value corresponding to the signal-region selection.

An illustrative example of the mYW and E%ﬁss in the CR1 , obtained for four different isolation slices,
is shown in Figure 4.7, using nominal trigger selections.
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Figure 4.7: Distributions of (left) transverse mass ij and (right) trasverse momentum p%iss in CR1
for four isolation slices, shown for the W — er channel.

This isolation-scan study thus bridges the gap between the anti-isolated control regions, used to obtain
the MJ shape, and the tightly isolated signal region where the MJ contamination must be estimated.
It quantifies the evolution of the MJ yield with isolation and provides both the extrapolation to the
SR and an associated uncertainty. An example of the linear and quadratic fits is shown in Figure 4.8,
while the multijet yields obtained from the latter are summarized in Table 4.4.
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Figure 4.8: Determination of the MJ normalization in the SR using the nominal method. Each
panel corresponds to one of the four W -boson decay channels: (a) W~ — e, (b) W — etv,
(¢) W= — p~ o, and (d) Wt — ptv. Points show MJ yields obtained from quadratic (solid) and
linear (dashed) fits in control regions defined by successive lepton-isolation slices, plotted versus the
central isolation value of each slice. The quadratic fits describe the isolation dependence of the MJ
yield, and their extrapolation to the tight-isolation WP provides the predicted MJ contribution in the
SR. Results extracted from p*s and m/ fits are shown in black and red, respectively, demonstrating
their mutual consistency.
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miss

Channel my P Combined mean
W= —=ewv |798+121 7.67+1.96 7.9 +1.03
W+ —etv | 624119 6.41+1.89 6.26 £ 1.01
W= = puv|326+0.58 3.66+1.32 3.33 £0.53
W+ — puty | 273 +£0.39 2.87 +1.42 2.74 + 0.37

Table 4.4: Relative event yields (in %) of the estimated multijet background, extracted from quadratic
fits performed in the isolation—scan study described in the text.

4.3.4 Event yields

The evolution of the number of selected events after each successive requirement is summarized in
the cutflow shown in Table 4.5, separately for the W — ev and W — puv channels. The expected
and observed event yields after all selection criteria are summarized in Table 4.6. The predictions
are derived from MC simulations based on the SHERPA generator, which serves as the nominal event
generator for this thesis. SHERPA provides a consistent treatment of matrix elements and parton
showers for both signal and background processes. The event yields reflect the normalization of these
simulated samples to the integrated luminosity of the analyzed dataset after applying all reconstruc-
tion, identification, and kinematic selections described in Sections 4.3.1 and 4.3.2. For the multijet
background, a data-driven estimation is employed, with its normalization constrained from control
regions. Quoted uncertainties correspond to the statistical precision of the MC samples for the elec-
troweak and top-quark processes, while the multijet contribution includes an overall normalization
uncertainty. Comparison between the total predicted yields and those observed in data demonstrates
good agreement within the quoted uncertainties, validating both the selection strategy and the model-
ing of the principal processes.

Table 4.5: Cutflow yields for W — ev, W — uv, and combined W channels.

Step W —ev W —puv Total W
INITIAL 2.63e+09 2.62e+09 5.25e+09
GRL 2.59e+09 2.57e+09 5.15e+09
Primary Vertex cut 2.57e+09 2.56e+09 5.13e+09
At least 1 lepton pr >27 GeV | 1.78e+08 2.04e+08 3.82e¢+08
Exactly 1 lepton pr >27 GeV | 1.70e+08 1.89e+08 3.59e+08
piss > 25 GeV 1.24e+08 1.57e+08 2.81e+08
my > 50 GeV 1.13e+08 1.47e+08 2.61e+08

4.4 Systematic uncertainties

4.4.1 Experimental systematic uncertainties

Luminosity. The uncertainty on the integrated luminosity is obtained from a dedicated calibration
procedure, largely following the methodology described in Chapter 3, and based on the measurements
performed with the LUCID-2 luminometer [24] at /s =13.6 TeV. The resulting preliminary uncer-
tainty on the integrated luminosity for the 2022 dataset is estimated to be 2.2%.
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W-—=ep W+ — ety W= —u v W+ — pty
2/__; K:) 43,650,000 £ 70, 000 55,370,000 £ 80,000 57,760,000 £+ 80,000 74,900,000 %+ 90, 000
W — 7Tl/ 684 000 £ 8 000 819 000 £ 9 000 906 000 £ 10 000 1120 000 £ 10 000
Z — ee 1416 000 £ 4 000 1459 000 £ 4 000 0£0 0£3
Z = up 175+ 42 180 +42 4 638 000 £+ 8 000 4903 000 £ 8 000
Z =TT 88 000 = 1 000 91 000 £ 1 000 107 000 + 1 000 111 000 £ 1 000
Top 863 800 £ 400 905 400 £ 500 802 200 £ 400 843 400 £ 400
4% 93 500 £ 300 97 600 £ 300 98 500 +£ 300 102 800 + 300
Multijjet 4000 000 =1 000 000 4 000 000 =1 000 000 2100 000 £ 700 000 2 200 000 £ 800 000
Total prediction | 51 000 000 & 1 000 000 63 000 000 £ 1 000 000 66 400 000 % 700 000 84 200 000 =£ 800 000
Data 50 748 537 62 610 338 65 053 470 82 360 980
Data/Prediction 0.99 £0.02 0.99 £0.02 0.98 £0.01 0.98 £0.01

Table 4.6: Event yields in data and predicted signal and background after all selection criteria. The
statistical uncertainties are indicated for the electroweak and top-quark processes, while a normaliza-
tion uncertainty is shown for the multijet contribution. Rounding rules from PDG are applied [243].

Lepton trigger. To determine the efficiency of the lepton triggers, clean and well-understood dilep-
ton resonances, such as Z — (¢ and .J/v — ({ are used (with ¢ = e, ). Method employed for this
determination is known as the tag-and-probe technique [244, 245]. One of the leptons from these
decays, referred to as the fag, serves as a reference object with a reliably known origin, as it satisfies
strict identification, reconstruction, isolation, and trigger requirements. This ensures that the event
is a genuine Z — (¢ (or J/¢ — (f) decay and that it has been adequately recorded. The second
lepton, called the probe, is subject only to data-quality and background-rejection criteria. Together
with the tag, it forms a clean lepton-pair candidate. The probe is then used to test the trigger’s per-
formance [246]: depending on whether it matches a fired trigger object, it is counted as a passing or
failing probe. The trigger efficiency is defined as the ratio of the number of passing probes to the total
number of probes. This measurement is performed both in data and in MC samples, and the ratio of

the two efficiencies:

Edata(PT, 1)
SF =
(pTu TI) EMC (pT, 77) )

defines the scale factor (SF), which is applied to simulated events to correct for residual data—-MC
differences. Scale factors are derived in bins of lepton transverse momentum and pseudorapidity to
account for variations across the detector acceptance. For the Run 3 dataset, the associated systematic
uncertainties are evaluated by repeating the measurement with intentional variations of certain com-
ponents in the procedure, such as the background subtraction method, tag selection, fitting model,
and trigger-matching criteria. These variations result in alternative SF values, and deviations from
the nominal SF define the upward and downward systematic shifts assigned as the trigger efficiency
uncertainty.

Lepton efficiency. Data-to-MC efficiency SFs are also obtained in bins of electron pr and 7 for
reconstruction, identification, and isolation criteria. Associated uncertainties for these efficiencies
follow the methodology established in the Run 2 performance study [227], with additional variations
introduced by comparing simulations between Run 2 and Run 3 conditions. As this work was carried
out at an early stage of the Run 3 performance evaluation, dedicated Run 3 systematic uncertainties
for electron efficiency were not yet available at that time. Electron reconstruction efficiency uncer-
tainty quantifies the precision with which tracks are correctly matched to electromagnetic clusters, a
procedure explained in Section 4.3.1. It is estimated by varying the track—calorimeter cluster match-
ing requirements and by comparing different tag-and-probe selections that study reconstruction from
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independent samples (e.g. Z — ee vs. J/1) — ee). The resulting change in the data-to-MC efficiency
ratio defines the reconstruction uncertainty. Additional contributions arise from background estima-
tion in the probe sample and from energy-scale and resolution effects that can shift the invariant-mass
window used in the fit. Identification efficiency uncertainty is determined by repeating the tag-and-
probe analysis with modified identification criteria and alternative background-subtraction and signal-
extraction models. These variations test the likelihood-based discriminant used to separate electrons
from the background. Possible dependencies on pile-up, charge, and event topology are also ex-
amined. Estimation of the systematic uncertainty in the electron isolation efficiency follows a similar
procedure, using alternative background-subtraction methods, different invariant-mass fit models, and
modifications of the underlying-event subtraction applied in the isolation calculation. The latter tests
the stability of the isolation efficiency with respect to the correction for soft energy deposits from
pile-up and underlying-event activity. Systematic uncertainties in the overall data-to-simulation cor-
rection factors are obtained by repeating the measurement under these alternative configurations of
tag and probe selections, background treatments, fitting procedures, etc. The average value is taken as
the nominal result, and the systematic uncertainty is assigned as the spread of the SFs obtained from
the variations.

Electron calibration. The electron energy calibration in ATLAS is derived using a combination of
simulation-based corrections and in-situ data-driven adjustments, following the procedure established
in Ref. [227]. Initial energy reconstruction employs a multivariate regression algorithm that optimizes
the calorimeter response using shower-shape and cluster-position information. The absolute energy
scale is then determined from well-known resonant decays, primarily Z — ee, by aligning the recon-
structed invariant-mass peak between data and simulation. Additional cross-checks using .J/¢ — ee
and radiative Z-boson decays validate the calibration across different energy ranges and detector re-
gions. Systematic uncertainties associated with the calibration originate from several sources. The
dominant contributions arise from the material description in front of the calorimeter, the modeling
of pile-up noise, and the determination of the energy scale and resolution corrections. The impact
of the mismodeling of passive material is evaluated by varying the material distribution in the sim-
ulation within its measured uncertainty. Uncertainty due to pile-up is assessed by modifying the
pile-up reweighting factors and the noise parametrization used in the energy reconstruction. Differ-
ences between the independent methods used to extract the calibration constants—template fits and
Gaussian-sum fits—are taken as an additional systematic component. Energy-scale uncertainties are
also assigned from variations of the pile-up rescaling factors, amounting to about 4 x 10~* in the
barrel and up to 2 x 1073 in the endcap.

Muon efficiency. The determination of muon reconstruction and isolation efficiencies follows a
methodology analogous to that used for electrons, relying on tag-and-probe techniques applied to
samples of Z — uu and J/1) — pp decays. The measurement procedure for Run 3 closely follows
the approach established in Run 2 [230], with adjustments reflecting the updated muon reconstruction
and trigger algorithms. Efficiency SFs are derived as a function of the muon transverse momentum
and pseudorapidity to correct for residual data—simulation differences. Compared to electrons, addi-
tional variations test the dependence on pile-up conditions and detector-alignment configurations.

Muon calibration. The muon momentum calibration aligns the simulated transverse momenta of
combined muons with those measured in data by applying detector-dependent scale and resolution
corrections derived separately for the ID and the MS [231]. The calibration parameters are obtained
from template fits to the invariant-mass distributions of J/v¢ — pp and Z — pu decays, performed
in dedicated (7, ¢) detector regions to account for local variations in magnetic field, alignment, and
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material distribution. Additional constraints on the MS resolution are derived from special align-
ment runs with the magnetic field turned off. The dominant systematic uncertainties arise from the
choice of the invariant-mass window, background parameterization in the .J/1 region, possible non-
linearities between the .J/1- and Z-based scale corrections, and from the imperfect knowledge of the
MS alignment.

Muon TTVA. Track-To-Vertex Association (TTVA) efficiency quantifies the probability of correctly
associating a reconstructed muon to the primary vertex. It is measured using Z — pu events [230],
where the tag muon ensures event purity and the probe tests the TTVA requirement. Corresponding
uncertainty is derived by varying the association criteria and pile-up modeling in simulation, and it
accounts for potential mismodeling of the vertex-association efficiency in dense event environments.
Although typically small, this uncertainty is propagated independently in analyses involving prompt-
muon selections.

Jet energy scale and resolution. Following reconstruction of the jets described in Section 4.3.1, jet
energies are calibrated to correct the detector response and achieve a uniform energy scale across the
calorimeter acceptance. Measured jet energies are corrected to the particle level through a multi-step
calibration procedure [247]. Initial simulation-based calibration accounts for detector response, non-
compensation effects, and out-of-cluster energy losses. Subsequent in-situ calibrations refine the jet
energy scale (JES) using well-balanced events such as vy+jet, Z+jet, and multijet systems, where the
reference object provides an accurate momentum scale. Systematic uncertainties in the JES originate
from the modeling of the calorimeter response, pile-up corrections, flavor composition of the jet
sample, and the in-situ calibration techniques themselves. Each source is evaluated by repeating
the calibration under varied assumptions or alternative MC generators. Jet energy resolution (JER)
is measured in data using dijet balance methods, which use the transverse momentum asymmetry
of back-to-back jet pairs to estimate the detector response resolution. The difference between the
JER obtained in data and simulation defines the JER uncertainty, which is propagated as a smearing
correction to simulated jets. Further uncertainty, obtained from simulation comparisons between Run
2 and Run 3, accounts for changes in detector conditions [248]. A conservative 10% uncertainty per
jet is included to cover possible mismodeling of the NNJvt efficiency in simulation.

Multijet and pile-up. Uncertainties in the missing transverse momentum reconstruction arise from
the modeling of the track-based soft term in the E%i“ calculation (from Eq.(4.5)), evaluated by com-
paring data and simulation in events without genuine missing energy and by varying the soft-term
scale and resolution components parallel and perpendicular to the hard-object direction [239]. Sys-
tematic uncertainties in the multijet background estimation are obtained from the data-driven nor-
malization procedure (explained in Section 4.3.1), by varying the control-region definitions, fitting
methods, and isolation templates used in the extraction. The uncertainty due to pile-up reweighting
is evaluated by varying the average number of interactions per BC in the simulation by +3%, corre-
sponding to the uncertainty in the inelastic cross-section measurement.

Table 4.7 summarizes all experimental systematic uncertainties discussed in this section.

4.4.2 Modelling uncertainties
Theoretical and modeling uncertainties influence the prediction and measurement of the 1/ -boson

production cross-section through several aspects of the event simulation chain. They originate from
the description of the hard-scattering process, the choice of parton distribution functions, higher-order
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Table 4.7: Summary of the relative experimental systematic uncertainties in percent.

do /o W-—=ewv Wrosetv W—pu v Wh—puty
Luminosity 2.2 2.2 2.2 2.2
Electron trigger efficiency 1.2 1.2 - -
Electron reconstruction efficiency 0.3 0.3 - -
Electron identification efficiency 0.2 0.2 - -
Electron isolation efficiency 0.6 0.6 - -
Electron calibration 0.1 0.1 - -
Muon trigger efficiency - - 1.1 1.1
Muon identification efficiency - - 0.2 0.2
Muon isolation efficiency - - 1.0 1.0
Muon TTVA efficiency - - < 0.1 < 0.1
Muon calibration - - 0.2 0.2
Jet energy scale 1.7 1.6 1.6 1.6
Jet energy resolution 0.4 0.4 0.4 0.5
Emiss soft term scale <0.1 <0.1 <0.1 <0.1
EXss soft term resolution 0.2 0.2 0.2 0.3
Electroweak+top background 0.2 0.2 0.2 0.1
Multijet background 2.9 2.4 1.3 1.1
JVT 1.6 1.5 1.4 1.3
Pile-up modeling 1.1 1.2 0.4 0.4

QCD and electroweak corrections, and from the modeling of the parton shower, hadronization, and
underlying event. These effects enter the analysis through two key quantities that link the observed
signal yields to the fiducial and total phase-space cross-sections: the acceptance (A) and the correction
factor (C') (briefly introduced in Section 4.1). Both are defined as:

N fid O — N, reco

N, total7 N; fid 7
where Ngg, Niowl, and N, denote the numbers of events in the fiducial region, total phase space, and
reconstructed level, respectively. The acceptance quantifies the fraction of generated signal events
that satisfy the fiducial selection at particle level, while the correction factor accounts for detector
effects and reconstruction efficiencies within that region. The determination of A and C' is based
on fully simulated signal samples whose event yields are normalized to the generator cross-section
and integrated luminosity of the sample. In addition, simulation-to-data efficiency SFs are applied
to reproduce the measured trigger, reconstruction, identification, and isolation efficiencies observed
in data. While A reflects the extrapolation from the fiducial to the full phase space and depends
primarily on theoretical and PDF modeling, C' captures the detector response and reconstruction per-
formance and is more sensitive to parton-shower and hadronization effects. Both quantities are treated
as independent sources of uncertainty in the extraction of the final cross-sections. The fiducial phase
space for the W — (v process is designed to match the experimental event selection applied at the
reconstruction level, thereby minimizing dependence on theoretical extrapolations. These thresholds
ensure high trigger efficiency and avoid regions of low pp where theoretical predictions become less
reliable. Main sources of theoretical and modeling uncertainties affecting A and C' include variations
of the PDFs and the associated strong coupling «, renormalization and factorization scale variations
to account for missing higher-order QCD effects, EW corrections such as photon radiation and weak-
loop contributions, and uncertainties related to the modeling of parton showers and hadronization.
Additional uncertainties arise from the description of background processes, including top-quark and
diboson production. Among these, the acceptance is most sensitive to PDF and QCD-scale varia-
tions, typically at the few-percent level, whereas the correction factor is affected at the sub-percent

A= 4.11)
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level. Together, these components define the overall theoretical uncertainty propagated to the mea-
sured fiducial and total W -boson cross-sections.

Parton distribution functions. Predictions of WW-boson production depend on the PDFs used
to describe the proton structure. Several NNLO sets are commonly employed, including
PDF4LHC21 [249], CT18 [85], MSHT20 [250], NNPDF4.0 [251], ABMP16 [252], and AT-
LASpdf21[253]. PDF uncertainty is evaluated following the prescriptions of the respective sets:
Hessian variations are used for PDF4ALHC21, CT18, MSHT20, ABMP16, and ATLASpdf21, while a
Monte Carlo replica method is used for NNPDF4.0. The typical PDF uncertainty in the acceptance is
at the level of a few percent, while its effect on the correction factor is subdominant, below the percent
level. To account for possible differences between global PDF fits, an additional envelope uncertainty
from the choice of PDF set is included, considering differences between NNPDF3.0NNLO [201] and
PDF4LHC21.

QCD scale and missing higher-order effects. Uncertainties due to missing higher orders are eval-
uated by varying the renormalization (1) and factorization (ux) scales by factors of 0.5 and 2 using
the standard 7-point prescription®. Variations are performed independently for the matrix-element
ME and parton-shower PS components, and the largest deviation from the nominal prediction is as-
signed as the QCD scale uncertainty. The resulting effect on the C' factor is small (< 0.5%), while
the acceptance A is typically affected at the level of ~ 2-3%.

Electroweak corrections. Higher-order EW effects mainly arise from QED final-state radiation
(FSR) off the leptons, which is modeled using Phot os [207] and treated consistently in the unfolding
procedure. The remaining NLO EW corrections include initial-state photon radiation, weak-loop
contributions, and interference between initial- and final-state photons. Their combined effect on the
W -boson fiducial cross-section is approximately —0.4%, consistent with previous LHC EW working
group studies [254-258]. Higher-order (two-loop) EW terms are negligible, below 0.1%.

Strong coupling constant. The uncertainty related to the value of the strong coupling constant

as(m?%) is assessed using the PDF4LHC21 sets with oy = 0.118040.0010. The corresponding effect

on the fiducial cross-section is evaluated as [249]:

o(as =0.119) — o(as = 0.117)
2 Y

which yields a sub-percent impact on both A and C'.

0%o = (4.12)

Background modeling. The contribution of background processes is small but non-negligible. Fol-
lowing Refs. [248, 259], conservative uncertainties of 5% are assigned to 1 and Z background pro-
cesses, and 10% to diboson (V'V') production. For top-quark backgrounds, modeling uncertainties are
taken as 5.1% for ¢t and 3.5% for single-top production. These variations are propagated through the
analysis to the final measured cross-sections.

4.4.3 Isolation efficiency modeling

The Tight_VarRad isolation WP defined in Section 4.3.1 is used throughout this study to select
isolated electrons and muons. This WP ensures high signal purity by rejecting leptons originating

*(ur, pr) pairs variations (ur/2, ur/2), (2pr, 2ur), (R, 208), (21R, kr), (4R, 1F/2), (HR/2, 1F)
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from hadronic jets or photon conversions while maintaining high efficiency for prompt leptons from
W-boson decays. A dedicated study of the isolation variables defining the Tight_VarRad WP
revealed that the level of agreement between data and simulation depends noticeably on the choice of
Monte Carlo generator. In particular, larger data-to-MC discrepancies are observed when using the
SHERPA generator compared to the POWHEG+PYTHIAS8 (PP8) reference, as illustrated in Figure 4.9.
The figure shows examples of the data-to-MC ratios of the topoetcone20 isolation variable in
events with one or two tightly identified electrons (Tight LH used for electrons, while Medium ID
quality for muons). The SHERPA prediction clearly deviates more from the data than the PPS.

Topoetcone?20 isolation variable Topoetcone20 isolation variable
E - t — T —r 7] E 10° $. T T T T T
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Figure 4.9: Comparison of the data-to-MC ratios of the topoetcone?20 isolation variable for two
different MC generators. (Left) Events with at least one electron satisfying the Tight identification
criteria. (Right) Events with exactly two Tight electrons passing the 7Tight isolation requirement,
selected around the Z-boson mass window 76 < m.. < 106 GeV.

Since the isolation SFs used in the thesis are derived from the POWHEG+PYTHIAS8 sample, the
corresponding systematic uncertainties do not cover the observed discrepancies when switching to
SHERPA. Therefore, additional generator-dependent correction factors—referred to as MC-to-MC
SFs—are introduced to correct the isolation efficiencies in the SHERPA simulation. MC-to-MC SFs
are determined by comparing the isolation efficiencies obtained from the two MC generators. The

isolation efficiency is defined as:

Npass
Eff = & (4.13)

- total ’
Nevt

where NP°%* and Nl are the numbers of events passing the Tight VarRad isolation selection and
the total number of events considered, respectively. All standard corrections and data-to-MC SFs
are applied consistently in both samples, except for the isolation SF itself, which is omitted from the
denominator of Eq. (4.13) to avoid double-counting. The fractional difference between the efficiencies
predicted by PP8 and SHERPA is used to compute the MC-to-MC SEF. Isolation efficiencies and the
resulting MC-to-MC SFs are evaluated separately for electrons and muons using Z — ¢¢ and Z — pup
events. The efficiencies are parameterized as a function of the lepton transverse momentum, pr, since
no significant dependence on pseudorapidity (1) was observed. Figure 4.10 presents the isolation
efficiencies for both generators (top panels) and the derived MC-to-MC SFs (bottom panels). For
both lepton flavours, the SHERPA isolation efficiency is systematically lower than that of PP8, leading

to MC-to-MC SFs slightly below unity at low pr, converging to unity at higher pr.

These additional scale factors ensure consistent isolation efficiency across different MC generators,
thereby improving the accuracy of simulated signal and background samples. The corresponding un-
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Figure 4.10: Isolation efficiencies for electrons (left) and muons (right) from Z — ¢/ events for two

MC generators (top) and the derived MC-to-MC scale factors (bottom) integrated in pseudorapidity
7.

certainties are propagated through the final analysis as part of the overall lepton efficiency systematic
uncertainty.

4.4.4 Control plots

Distributions of the key kinematic variables — lepton pseudorapidity (1), transverse momentum (p%.),
missing transverse momentum (p), and W -boson transverse mass (m%f )— for all four W — /(v
decay channels are shown in Figures 4.11-4.14. Overall, good agreement is observed between the
data and predictions within the total systematic uncertainties, as indicated by the hashed uncertainty
bands. Multijet background shape is obtained from a template fit from the control region as described
in Section 4.3.3. The flat data-to-prediction ratio in lepton 7, distributions demonstrates good mod-
eling (after applying SF as described in Section 4.4.1) of lepton reconstruction, identification, and
trigger efficiencies. A slight excess at high lepton pr is visible (a bit higher in the electron channel),
reflecting observed theoretical miss-modeling of the boson pr, which has only a marginal effect on
the determination of the inclusive and fiducial cross-section. The same behaviour can be observed in
Emiss and transvere mass m distributions.
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Figure 4.11: Distributions of the lepton pseudorapidity 7, for the four W — ¢v channels: (a) W~ —
e v, O)Wt—etv,(c) W~ — u v, and (d) W — ptv. The data are compared to the predictions
with bands indicating the total systematic uncertainty.
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overflow events. The data are compared to the predictions with bands indicating the total systematic
uncertainty.

103



4. W-Boson Physics at the LHC

ATLAS Internal
13.6TeV, 29 b, W - ev
107

10°

10°

"/, Uncertainty

10
14 f -
O 1of .02 27 2 7
8 osf
06 F - 7
30 40 50 60 70 80 90 100 110
ES/[GeV]
@QW™ —e v
s ATLAS Internal Oow - w
10 13.6TeV, 29 b, W - pv Wz
v - veG
Top
107 =\r\:|c|n;e(

10°

*/, Uncertainty

10* -
14 F > 5 7
N i i R
g 1P 55 %
8 osf
0.6 | 5
30 40 50 60 70 80 90 100 110
EMs/[GeV]
QW™= pu o

Data/MC

Data/MC

10°

107

10°

10°

10*

1.4
12

0.8

0.6 |

ATLAS Internal Ow' —ev
13.6TeV, 29 o™, W' . ev B vultijet
|z -n
Top
W - FvBG
W

"/, Uncertainty

5 o

10*

7 7.
30 40 50 60 70 80 90 100 110
ET**/[GeV]
bYWt —= ety
ATLAS Internal Ow - w
13.6TeV, 29 b, W' — v Mz -
v - veG
Top
B Multijet
[\

*/, Uncertainty

14 F

12 F

: W

Vs 4 s
7 %

08 |

06 f

100 110
ErS/[GeV]

30 40 50 60 70 80 90

WT— putv

Figure 4.13: Distributions of the missing transverse momentum p='* for the four W — (v channels:
@W- —= e, (bW —etv, () W™ — u v, and (d) W — ptr. The last bin includes
overflow events. The data are compared to the predictions with bands indicating the total systematic

uncertainty.

104



4.4. Systematic uncertainties

ATLAS Internal Ow -ev ATLAS Internal Ow - ev
13.6TeV, 29 fo, W — ev B Multijet 107 13.6TeV, 29 fol, W' - ev B Multijet
|z -n m,z-n
Top
MW -FvBG ]
|V

"/, Uncertainty

10’

Top
MW - vBG

%

6
10 "/, Uncertainty

10°

10
14 F
O 1o " O 1ok .
= Pl i P el S s “ WSS 7
8 s : : 8 osf :
06 | 06 F
50 60 70 80 90 100 110 120 50 60 70 80 90 100 110 120
m¥/[GeV] m¥/[GeV]
QW™ —e v bYWt = ety
I ATLAS Internal Ow - w ' ATLAS Internal Ow - w
107 b 13.6TeV, 29 W - pv Wz - [ 13.6Tev,29fb%, W' = pv mz -
E MW - vBc 10" v - rvsc
F Top E Top
10° */, Uncertainty 10° ;7 */, Uncertainty

o) - o g
) SOCSS : r, IORCT0 i,
§ 08 / § 08 [ /
0.6 f 0.6 f
50 60 70 80 90 100 110 120 50 60 70 80 90 100 110 120
m¥/[GeV] m¥/[GeV]
COW-—=u v WT— uty

Figure 4.14: Distributions of the transverse mass m?’ for the four W — fv channels: (a) W~ — e 1,
by W — etv, (¢c) W~ — p r,and (d) W — puv. The last bin includes overflow events. The
data are compared to the predictions with bands indicating the total systematic uncertainty.

105



4. W-Boson Physics at the LHC

4.5 Results and conclusions of Chapter 4

4.5.1 Cross-section measurement from event counting

The total and fiducial cross-sections are initially evaluated using the event-counting approach, a con-
ventional method that directly relates the number of background-subtracted signal events to the inte-
grated luminosity through the acceptance and correction factors discussed in Section 4.1. The results
will later be compared with those obtained using the profile-likelihood (PLH) method [260], which
represents a more modern approach taken as the baseline in this thesis. Results are summarized in
Table 4.8. Acceptances and C' factors are obtained from fully simulated SHERPA samples. The uncer-
tainties on the acceptance arise from PDFs, ag variations, QCD scale variations, and parton shower
variations; hence, purely theoretical. Assuming these sources are uncorrelated, overall acceptance
uncertainty is ~ 2.4%. The uncertainties on the cross-sections arise, apart from the acceptance, from
different sources described in the previous section. The overall uncertainty is obtained by taking the
quadrature sum of different sources of uncertainty. Overall uncertainty is lower in the muon channel
than in the electron channel due to a lower level of multijet background (hence a lower impact of
the MJ background uncertainty propagated to the final measurement) and lower lepton identification
uncertainty. Statistical uncertainties are marginal in all channels, as expected.

One can observe that the results between the electron and muon channels (of the same charge) are
compatible within the given uncertainties (excluding the fully correlated luminosity uncertainty). This
also holds for the fiducial cross-sections. The difference in acceptance between positively and nega-
tively charged channels stems from differences in the WW'-boson rapidity distributions (which reflect
differences in ¥ -boson production in a pp collider). Differences in acceptance between the electron
and muon channels due to FSR are marginal. Overall, the precision achieved with the simple corre-
lation model for the total cross-section is 5.4% and 5.1% for W™ and W~ in the electron channel,
and 4.5% and 4.4% for W and W~ in the muon channel. Fiducial cross-sections are measured with
precision in the range 3.6%—4.9%.

Table 4.8: The measured cross-sections using the event counting approach.

ox 5Ustat + 5Usyst + 5Ulumi
W~ —e v W+t — ety
C 0.4445 0.4385
ol [pb] 3379.4 4+ 0.6 £ 140.7 £ 86.5  4346.0 = 0.6 £ 156.2 4 108.2
Acceptance A 0.381 %+ 0.009 0.366 £ 0.009
o™ [pb] 8875.0 1.4 +423.4+£227.2 11874.7 + 1.7+ 523.9 + 295.7
W~ = u o W+ — uty
C 0.5872 0.5933
o [pb] 3306.3 £ 0.5 £ 92.6 £ 84.0 4240.5 £0.5£112.6 £105.2
Acceptance A 0.381 £ 0.009 0.365 £ 0.010
o [pb] 8684.7 +£ 1.2+ 316.1 £220.5 11614.2+ 1.4 +434.1 £ 288.1

4.5.2 Cross-section measurement from PLH
The profile-likelihood method is employed to extract the inclusive and fiducial cross-section results

for the W-boson production. In this approach, a complete statistical model is constructed to relate
the observed event yields in data to the expected signal and background contributions. The likelihood
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function is defined as:

L(ii; p1s,0) =[] Pois(naaa | 1sSe + Bo(6) [ G6:). (4.14)

cEchannels 1€ENPs

where the product runs over all analysis channels ¢ and nuisance parameters (NP). Here, s denotes
the signal strength, which represents the parameter of interest (POI). It scales the expected signal

exp exp

yield and is directly proportional to the measured cross-section, Omeas = s X Oyci» With oy being
the nominal theoretical prediction from the simulated signal sample. The terms S. and Bc(g) corre-
spond to the expected number of signal and background events in each channel c, respectively. The
background normalizations are treated as free parameters that can vary within their prior uncertainties.
These priors are obtained from auxiliary measurements or from theoretical predictions of the corre-
sponding cross-sections, thereby constraining the degree to which the fit can adjust each background
yield. The vector g represents the set of NPs that account for systematic effects, such as detector
calibration, modeling uncertainties, and background normalizations. Each nuisance parameter is con-
strained by a Gaussian term G(6;) centered on its nominal value, with a width corresponding to its
prior uncertainty. The overall likelihood, therefore, consists of a product of Poisson probabilities
(for event yields in each bin and channel) and Gaussian constraint terms for the nuisance parame-
ters. The PLH model is implemented using the TRExF it ter framework, which internally relies on
HistFactory [261] for the construction of the statistical model. The maximization of the likeli-
hood and the estimation of confidence intervals are performed with xRooFit [262, 263]. Theoretical
uncertainties affecting the W signal are incorporated through dedicated normalization factors applied
to the signal templates. These factors are derived by comparing the correction factors C' defined in
Eq. (4.1) for the nominal and systematically varied MC samples, and taking their relative differences.

The same PLH framework is used to extract the ratio of the fiducial cross-sections, Ry +/y-. The
likelihood in Eq. (4.14) is reformulated by expressing the W™ signal strength in terms of the ratio
R+ jw- as follows:

L(itps,0) = ] Pois(naata | Rw+w- pw-S. + Be(6))

ceW+ channels

X H Pois(Ndata | fw - Se + Be(0)) H G(6;)

ceW — channels i€ENPs

where Ry + jy— = piw+/piw- is the fitted POL

Simultaneous profile-likelihood fits are performed across the four single lepton regions, W+ — e*v,
W+ — putv, W= — e, W~ — pu~ . The fitted signal strengths are:

pow = e = 100075035 pw- s = 0.976 75557
Hw+—er = 10001—8831’ Hw+—pw = 09761_882673 :

A good agreement with unity is observed for both the electron and muon channels. The uncertainty
for the electron channel is in the range 4.4%-5.2%, and 3.6%—-3.9% for the muon channel. This rep-
resents an improvement of about ~ 0.5% with respect to the results obtained with the event counting
method presented in the previous section. To assess agreement between the fitted value of a param-
eter and its expected or prior value in the PLH method, a pull plot is constructed. It represents a
set of "pulls" calculated for each NP, where a pull is defined as the difference between the post-fit
(estimated) value and the pre-fit (prior) value, divided by the uncertainty. Analyzing the pulls for
NPs helps check whether the estimated uncertainties are reasonable and to understand constraints
(to determine how much the cross-section measurement constrains the NPs relative to their original,
auxiliary constraints). Figure 4.15(a) shows the nuisance-parameter pulls, and as can be observed, no
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significant pulls can be observed (all values are within 2 standard deviations). Another way of visual-
izing the contribution of the different uncertainty components to the total uncertainty can be obtained
from ranking plots, as in Figure 4.16. The central value shows the pull, and the black line shows the
constraint of the NP in the fit. The blue colour bands correspond to the upper axis; they show the
contribution of the uncertainty to the total uncertainty of the measured observable. The empty boxes
show the pre-fit contribution, while the filled boxes show the post-fit contribution. The ordering of
the NPs in the ranking plot is based on the post-fit impact each NP has on the POI. If the NPs have an
asymmetrical impact, the larger of the variations is taken in the ordering. Thus, the most contributing
uncertainty is shown on top, and the least contributing one on the bottom. As one can observe, lu-
minosity is the dominant uncertainty in the cross-section measurement, followed by multijet-related
uncertainties (for the electron) or jet reconstruction-related uncertainties (for the muon channel). No
significant pulls or constraints are observed. The post-fit NP correlations, which are obtained in the
process of the likelihood minimization, are shown in Figure 4.17.

Separate combined fits for each charge, W+ — (v and W~ — (v are also performed. In these
fits, the uncertainties related to lepton reconstruction and trigger efficiencies, as well as to the energy
scale and resolution calibrations, are treated as uncorrelated between the electron and muon channels.
The multijet background uncertainty is likewise considered uncorrelated. Conversely, experimental
uncertainties associated with jets, missing transverse momentum (E), pile-up, and integrated lumi-
nosity are assumed to be fully correlated between channels. For background processes, the modeling
uncertainties of the electroweak and top-quark contributions are treated as uncorrelated, whereas the
signal-modeling uncertainties are taken to be fully correlated when combining the electron and muon
channels. The resulting combined fit yields:

pw- e = 09787000, pwe e = 0.9787055.
The corresponding NP pulls are shown in Figure 4.15(b).
A single fit sharing one signal-strength parameter across all four channels, W* — (v, gives:
pws e = 0.97875032

The NP pulls are shown in Figure 4.15(c). The combined acceptance, estimated as a weighted average
of two charges, is A = 0.372 4+ 0.009.

The fiducial ratio, oy + /oy -, is obtained from a combined fit to the four /v regions. As most of
the uncertainties cancel out in the ratio, the multijet background uncertainties become the dominant
sources for the T/ boson cross-section ratios, since the multijet uncertainties for W'+ and W~ in each
lepton channel are regarded as independent sources. The result yields:

pow+ [~ = 1.0017G018 .

The signal strength parameter, /s, obtained from the fit, represents the ratio of the measured to the
predicted yields. By scaling the theoretical prediction for the fiducial region with this parameter, o}.°,
the fiducial cross-section ogq 1s determined. The uncertainty on p, is propagated to the uncertainty
on ogq accordingly. To obtain the total cross-section, oy, the fiducial value is extrapolated to the
full phase-space using the acceptance A, which accounts for the fraction of generated events passing
the fiducial selection, as described in this chapter. One can observe that the values of 15 are compat-
ible with unity, indicating that the fits prefer the predicted cross-sections. Table 4.9 summarizes all
measured cross-section results together with their total uncertainties. One can observe that the results
for the total and fiducial cross-sections in four measurement channels match those obtained with the
event-counting method presented in Table 4.8. Statistical uncertainties between the two methods are
also compatible. The results also show full compatibility between the electron and muon channels,
as well as between the two charge states. This agreement holds for both the total and fiducial cross-
sections.
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Figure 4.15: Nuisance-parameter pulls from (a) the four individual W — /v fits, (b) the combined
W*/W— fits, and (c) the inclusive W fit. Points indicate post-fit NP values with uncertainties.

4.5.3 Compatibility and PDF comparison

The compatibility between the electron and muon decay channels of the W~ and W measurements

is evaluated by comparing the combined and individual results, as shown on the left side of Fig-
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Table 4.9: The measured cross-sections using the profile-likelihood method. The quoted errors corre-
spond to statistical, total experimental, and luminosity uncertainties.

Channels

Uﬁd + 5Ustat + 6Usyst + 501umi [Pb]
ot + 5Ustat + 5Usyst + 5alumi [pb]

W~ —=e
3380.5 4 0.61149-2+905

8878.1 = 1.474431+237.6

W+ = ety
4346.7 + 0.611702+1122

11876.6 + 1.7+333.5+306.6

ofid 5Ustat + 5Usyst + doumi [pb]
o' + S0y £ 00gyst = 001umi [pb]

W= —=pu v
3305.5 + 0.5793:2+87:0

8682.6 & 1.2+3305+228.

W — uty
4240.9 4 0.571191+1078

11615.1 4 1.474520+2933

O'ﬁd + 6astat + 50'Syst + 5Ulumi [pb]

W-—=/?( v
3307.8 &£ 0.4724+839

Wt = 0ty

4249.3 4+ 0.4+1124+1048

0% £ §0ga = I0gyst £ 001mi [pb]  8687.8 £ O.Qigﬁgj?ﬁ%gg
W+ = ¢y
7557.0 4 0.5+1945+188.3
20312.0 4 1.4+7329+506.2
W+ /W=

1.28619-921

11624.3 4 1.17435.3+286.7

O'ﬁd + 6Ustat + (5Usyst + 50-1umi [Pb]
o'+ 6Ustat + 5Usyst + 5alumi [Pb]

R+6R

ure 4.18, where the combined results are obtained from simultaneous e — p fits. The figure presents
the measured ratios of the fiducial cross-sections to their respective theoretical predictions. Electron
and muon decay channel results are shown with their respective lepton-flavour-specific uncertainties.
The combined point is displayed with two uncertainty bars: the inner bar reflects the uncorrelated
contribution (comprising the statistical uncertainty and those systematic components that are specific
to a single lepton flavour), while the outer bar shows the total uncertainty, which additionally includes
the systematics that are correlated between the electron and muon channels. A good overall agreement
is observed: the electron and muon measurements are statistically compatible within their uncertain-
ties. This confirms that the reconstruction, identification, and calibration procedures for electrons and
muons are well understood and that any residual differences between the two channels are within
the expected statistical and systematic limits. The right panel of Figure 4.18 compares the measured
fiducial cross-sections with theoretical predictions obtained using different PDF sets. The ratios il-
lustrate the level of agreement between the data and each prediction, allowing a direct assessment of
which PDF set provides the best overall description of the measurement. The two uncertainty bands
around the measured points represent the total uncertainty with and without the contribution from the
luminosity uncertainty, respectively, highlighting the relative impact of the luminosity precision on
the overall measurement accuracy. A complete set of predicted fiducial and total cross-sections for all
considered PDF sets in this thesis is provided in Appendix.

The measured total cross-section is shown as a function of /s, together with the predictions based on
CT14NNLO in Figure 4.19. Good agreement is observed between the data and the prediction. The
largest source of theoretical uncertainties is the PDF uncertainties. Figure 4.20 presents the measured
and predicted W™ /W~ cross-section ratios, compared with theoretical predictions obtained using
different PDF sets. The measured ratio shows good overall consistency with all predictions, indicating
that the data are well described within the current PDF uncertainties. The shaded band represents the
total systematic uncertainty of the measurement. Uncertainties related to the integrated luminosity are
not included, as they are fully correlated among the individual fiducial cross-sections and thus cancel
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Conclusion

In this thesis, studies covering two major components of the ATLAS physics programme are pre-
sented: the absolute calibration of the luminosity from the pp collisions at /s = 900 GeV and the
measurement of 1¥/-boson production cross-sections using pp collision data at /s = 13.6 TeV.

The luminosity scale for the high-3* collisions at /s = 900 GeV is determined using data collected
during van der Meer scans in several fills conducted in October and November of 2018. The cali-
bration procedure encounters several major challenges, including the selection of a robust fit model,
the presence of significant ghost-charge and satellite contamination, and the evaluation of the non-
factorization uncertainty. Noise sources of background and afterglow are subtracted, and the single-
beam background is evaluated using the fills with comparable intensities in colliding and unpaired
bunches. The absolute luminosity calibration is based mostly on the November scan session, while
the October data is employed to determine the emittance growth correction and its associated uncer-
tainty, which is propagated to the total uncertainty of the calibration. Reference specific luminosity
variations and non-factorization effects are the dominant contributors to the total uncertainty across
all scans. On average, the beam-beam corrections constitute the most significant single correction,
though with a relatively small associated uncertainty. The total uncertainty of the calibration proce-
dure yields 1.85%. Calibration constants (and corresponding integrated luminosities) are derived for
several algorithms with sufficient statistics constructed for the LUCID detector. Consistency across
luminosity algorithms is assessed using Inner Detector track counting data together with LUCID in-
clusive, coincidence, and hit-counting algorithms. The integrated luminosity values delivered by LHC
for the 900 GeV 2018 dataset are evaluated for two configurations of 5* to be used for the elastic scat-
tering study:

Ling = 925.4 £ 0.5 & 20.045 pb™ ", (8% = 50/100 m), (4.15)
Ling = 501.0 + 0.450; & 10.645s ub™", (8* =11 m). (4.16)

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 measurement of the inclusive 1/ -boson production cross-section is performed using pp collision
data corresponding to 29 fb~! collected by the ATLAS experiment at the centre-of-mass energy of
Vs = 13.6 TeV. The study is performed using W — (v decay channel, where ¢ corresponds to an
electron or a muon. The cross-sections, as well as the corresponding charge ratio, are also measured
in a fiducial region, defined by p. > 27 GeV, || < 2.5, ps > 25 GeV, and m'Y > 50 GeV. Signal
acceptance and correction factors are estimated using the SHERPA 2.2.12 model. The background
level for electroweak and top processes is estimated using simulation, while the multijet background
is estimated using a data-driven technique. Experimental and modeling uncertainties are propagated
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Conclusion

to the measurement, with dominant uncertainties arising from luminosity and jet reconstruction (for
the muon channel), and multijet level and luminosity (for the electron channel). Total and fiducial
cross-sections for the four single-lepton channels: W+ — ety, Wt — utv, W— — e v, and
W= — p~ v are first determined using a classical event counting approach. The results are then
compared to the results obtained using the Profile-likelihood method, and found to be in excellent
agreement within statistical uncertainties, with an improvement in total uncertainty by about 0.5% in
the PLH method. The PLH method is used as a baseline for the measurement, including combined
W — (v cross-sections as well as the charge ratio. The measured fiducial cross-sections for W= and
W ~-boson production and corresponding ratio are:

ot = 4250 + 150 pb, (4.17)
o = 3310 & 120 pb, (4.18)
R+ jw- = 1.286 £ 0.022. (4.19)

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 measured 1/ -boson
cross-sections are in good agreement with the Standard Model predictions, based on Next-to-Next-to-
Leading Order in o (plus NLO in agw) 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.
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Appendix

The following Table A.10 summarizes the predicted fiducial and total production cross-sections for
the W+ and W~ bosons reported by different PDF sets [265, 266]. Each entry includes the cor-
responding statistical, scale, and PDF uncertainties, while the rightmost columns list the resulting
W /W~ ratios in the fiducial phase space. Theoretical predictions are computed at NNLO+NNLL
QCD and NLO EW accuracy using DY TURBO-1.3.1 [267-270] and RENESANCE-1.3.3 [271, 272].
The QCD and EW corrections are combined following an additive prescription, consistent with the
procedure adopted in Ref. [182]. The associated theoretical uncertainties include variations of the
renormalization and factorization scales (to estimate missing higher-order contributions), the strong
coupling constant o, and the choice of PDFs.

Table A.10: Predicted cross-sections for different PDF sets. Two rows per set: the fiducial cross-
sections ogq (in pb) and the total cross-sections o (in nb). The W /W™ ratio (rightmost column) is
shown for o044 and carries PDF uncertainty only. Uncertainties on cross-sections are (statistical, scale,
PDF).

PDF set Phase space pp — "0, pp — Ty, Wt /W=

CTI18 ora [pb] 3372547010 CRTI TR 4385.387 0100 Tt 1.300 05
o [nb] 892240 IR T 12,0550 000 08 0

CTI8A ora [pb]  3398.851( 40U TR 4364.9970 1008 1.284 000
oot D] 8.96270ROTE AR 12,087 000

MSHT20  opalpbl  3360.94" 0100001 8%  4317.57 00 001 1.28570.7%
oot D] 88667 0NN 11948 00O R

NNPDF4.0 044 [pb] 3463.40T0 1% 09K 0% 445524 T HOSHTOST 12867085
g Nb]  9.069 0RO 00 12194 0000 e 0o

PDF4ALHC21 044 [pb] 3387.04 10 %1084 434591 F0 1 H0-0% 5% 1283705
oot D] 8ITITEAH IR 12,0127 0030 000+ 2%

ATLASpdf21 o4 [pb] 3545.58 01T LLLA22 4579, 1101k L 0%F26% 1 291 TO%
oot [Nb] 933410 AL 12465 0050 0 o

ABMP16  opqlpb]l 3383720000 F00% 433277 00N H0CE  1.28070 8%
oot [nb] 88T IOETIE L9740
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