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1 Introduction

The Standard Model (SM) of particle physics describes the basic building blocks of
matter, the quarks and leptons, and their interactions. So far, it has been very successful
in describing the results of all experiments in the microworld, covering a wide range
of energy of the interactions of all types of particles. Its last missing piece, the Higgs
boson, was recently confirmed [1, 2] in experiments at the Large Hadron Collider [3]
(LHC), a proton-proton and ion-ion accelerator and collider located in the European
Organization for Nuclear Research (CERN). However, there are phenomena that SM is
not able to describe, in particular, dark matter and dark energy, the gravity interaction,
or the excess of matter over antimatter in the universe. Another drawback of the theory
is a large number of free parameters (19, resp. 26 if massive neutrinos are considered!),
whose values cannot be predicted and are established by the experiment.

The search for New Phenomena (NP) beyond the SM can be classified into two
categories: direct search for new particles not existing in the SM, or indirect search for
the new particles by testing SM predictions for known processes when the studied process
is modified by virtual corrections from the beyond-SM particles to the SM Feynman
diagrams. One of the promising fields for the indirect NP searches is the sector of heavy
flavour (HF), the studies of production and decays of hadrons containing heavy quarks,
which I have joined. In particular, I have specialized in the physics of b-hadrons. The
energy release in b-hadron decays (hereafter referred to as B-decays) is large enough to
enable factorization of short- and long-distance effects (perturbatively calculable versus
calculations within soft quantum chromodynamics (QCD)), thus making theoretical
predictions possible and testable.

The experimental tests of the SM predictions typically include studies of interactions
of elementary particles at defined energies, provided by particle accelerators. The
largest collider experiments of the present provide particles at energies up to a few
teraelectronvolts®. HF physics has been studied on all lepton-lepton, hadron-hadron,
and hadron-lepton type collider experiments. The lepton colliders have the advantage
of being able to tune their parameters for very clean B-meson production, providing
almost background-free data, allowing precision measurements of a wide range of the
B-meson decays. However, they have limited access to double-heavy flavoured B-mesons
and to b-baryons. Experiments at hadron colliders do not suffer from this particular
limitation. In addition, they also have the advantage of using huge bb pairs production
cross section, providing better access to rare processes. On the other hand, there is
a large background level from other inelastic collisions. Thus, their HF analyses have
to focus on specific final states that allow efficient selection and that are not buried in
the combinatorial background, formed from a random combination of physics objects
accidentally mimicking the searched processes.

I joint the B-physics group at the ATLAS experiment [4] at the LHC. The experiment
is using same named general-purpose detector and the physics program is broad [5],
ranging from SM measurements including studies of the Higgs boson (and formerly
search for it), top quark, heavy flavoured hadrons, intermediate vector bosons, etc., over
quark-gluon plasma studies in heavy-ion collisions, up to search for non-SM particles
like leptoquarks or those predicted by the supersymmetry theory. The detector is thus
not specifically optimized for the B-physics analyses (unlike other LHC experiment:
the LHCb [6, 7]). In consequence, the B-physics program (see Section 4) is limited to

1SM historically considers only massless neutrinos. However, a straightforward extension of SM is
possible to include the massive neutrinos and their oscillations.

2Throughout the thesis electronvolts are used to as particle energy units. Also, the usual convention
hic = 1 is applied, reporting particle momenta as a product pc and rest mass in terms of the rest energy
mc?.



studies of processes in which the provided results can be competitive to the specialized
B-physics experiments, or at least can provide valuable cross-check of their results.

The thesis is composed of my main contributions to the B-physics analyses at
ATLAS, as listed in the Appendix A, namely the following ones.

e I am one of the principal authors of measurements of the charge conjugation
parity violation (CP-violation, CPV) phase ¢s in B — J/¢¢ decays® [8—11].
It is a precision test of the SM (see Section 5 for more details). I wrote the
core statistical tool (an unbinned maximum likelihood fitter), contributed to the
evaluation of the number of systematic uncertainties and cross-checks, (toy-)Monte
Carlo (MC) simulations, editorial work as well as presentations and defense of
the analysis in front of the ATLAS collaboration. Also, I served as an advisor or
co-supervisor of several bachelors and doctoral students of the analysis team. In
this team, I continue to analyze the latest ATLAS data, though with a stronger
emphasis on the (student’s) advisory role and a few contributions to the systematic
uncertainties evaluations.

« I contributed significantly to the analysis of rare decay BY — K*°u*tpu~ [12],
searching for possible deviations from the SM prediction, which have been observed
by the LHCDb experiment (see Sections 2 and 6 for more details). In particular, I did
part of the editorial work, evaluated several systematic uncertainties, prepared
MC simulations and served as an advisor to one of the principal doctoral students
of the analysis. Currently, I am leading the effort of the analysis of the latest
ATLAS data.

e I also joined the search for exotic structures in the B-decays, namely, I directly
contributed to the search for tetraquark-like structures in the Bo7* system [13]
(more details in Section 7), evaluating a few systematic uncertainties.

An important part of the ATLAS B-physics program is also the preparation of the
measurements to the future stages of the accelerator, namely the High-Luminosity LHC
with upgraded ATLAS detector, but also the preceding phases. I am the main author of
these projections for the analyses of BY — J/1¢ [14] and B® — K**u*p~ [15] decays
and contributed also the other older similar studies [16-18], including those in the
pre-LHC stage [19]. The studies became part of the CERN Technical Design Reports or
Yellow Books [20-25], and the most important outcomes are described in Section 8.

At the early stage of every data-taking campaign, cross-checks of the detector
performance are needed. These typically include measurements of well-known parameters
of particles, such as their rest mass of decay time. I am one of the main authors of
several such analyses monitoring the mass and or decay time of the B*, B® and BY
mesons [26—28], contributing to both statistical interpretation and evaluation of the
systematic uncertainties. I am also coauthor of the method of estimating the effect of
residual misalignment on the ATLAS B-physics measurements [29] (though universally
applicable to any ATLAS analysis).

The first stage of data selection runs online, already during the data-taking itself,
since there is not enough space to store data for all collision events. The system of
these fast selections is called the trigger system. The efficiency and robustness of the
system are obviously crucial for every ATLAS analysis. I am a long-standing member
of the B-physics trigger group, contributing to B-trigger validation and monitoring and
efficiency evaluation [18], as well as leading trigger-related work of several students
(diploma theses, collaboration qualification tasks). My involvement in the subject

3Hereafter, charge conjugation of every mentioned particle and decay is implied throughout, unless
stated otherwise.



resulted in being chosen as a coordinator of the B-physics trigger group in the period of
2012-2014.

My initial involvement, in 2011, was within the collaboration of ATLAS Semicon-
ductor Tracker (SCT), a silicon strip detector that measures the position of the passage
of charged particles born in the collision. During this period, I developed specialized
tests [30-32] of the SCT detector modules and participated in their standard quality
assurance tests [33] and tests with accelerated particles at CERN (testbeam) [34]. In
2003 I entered the ATLAS B-physics group, at that time preparing the B-physics pro-
gram based on Monte Carlo simulations. I joined the group analyzing the feasibility of
rare semileptonic B-decays, with results at the early stage published within conference
proceedings [35, 36]. Within this work, I became one of the principal authors of the
ATLAS B-physics analysis software (SW) framework [37]. The B-physics analyses
at that time also served as one of the test grounds for distributed analysis on the
Worldwide LHC Computing Grid. Later, my activities expanded to the B-physics
trigger development, preparation of the Monte Carlos simulations, and joining other
analyses as the C P-violation studies. The involvement was rewarded by the opportunity
to present summary results of ATLAS B-physics group at a number of conferences
(selected proceedings in [38-43]) and finally by being selected as the coordinator of the
entire ATLAS B-physics group in 2013-2015, during which the whole group published
11 papers [44-55].



2 Flavour Anomalies

Despite the effort and expectations put into the direct searches for New Physics beyond
the Standard Model, no particles incompatible with SM have been found. However,
recently several deviations from SM predictions have emerged in known processes. At
the dawn of the 215 century, neutrino oscillations were (conclusively) observed [56],
confirming that neutrinos are massive. Around the same time, the measurement [57] of
the anomalous magnetic dipole moment of a muon exhibited a 2.7¢ significant deviation
from the SM prediction. This measurement was confirmed in 2021 by an independent
experiment [58] and the combined deviation of the experimental value from the SM
prediction reached a significance of 4.20, slightly below the usual 50 limit to claim
a discovery. However, furthermore, in the last decade, a number of tensions have
appeared in the measurements of decays of heavy flavoured hadrons. Finally, a 7o
deviation from SM is observed in the precise measurement of the W-boson mass [59]. As
this thesis deals with the New Physics search in the B-decays, the next-to-last deviations
are detailed below.

2.1 Flavour Anomalies in the Experiments

The flavour anomalies include several measurements and corresponding SM predictions.
A comprehensive summary of the measurements and SM predictions can be found in
Reference [60]. The anomalies are seen in the following processes:

o Measurements of the branching fractions (BR) and angular parameters in the
Flavour-Changing Neutral Currents (FCNC)-induced transitions b — su™u~ at
the quark level. The deviations with SM predictions were observed in parameters
describing decay angles in the B — K*Ou*yu~ [61] decay or in differential
branching fraction in the BY — ¢u®u~ [62, 63] decay (although a similar tendency
is also seen in the other semimuonic B-decays [64-66]). The precisions of all these
experimental results are dominated by the LHCb experiment, however, with other
experiments contributing non-negligibly to the picture. Tensions had also been
present in the BR of purely leptonic decays B?S) — pp~ [67-69]. However, the
latest CMS result [70] is quite compatible with SM.

e Other tensions are seen in the relative decay rate measurements of tree-level
B-decays including b — ¢/~ v; transitions:

Ry, = BWHe = Her"vr). (1)
) B(Hy, — H.l~v;)

where H, — H. denotes a transition of b-hadron to single hadron with charm
quantum number C' = +1. These transitions include E(S) — Dg:)) , BY — J/v and
Ap — A.. The SM predictions [71-75] for these quantities lie significantly below
unity (roughly in the range 0.24 — 0.33) due to the large effect of T-lepton mass.
The deviations are seen in the combination of the R(D) and R(D*) measurements

from Belle [76-80], LHCb [81-84] and BaBar [85, 86] experiments.

e Until recently, the LHCb experiment had also reported tensions in the lepton-
flavour universality (LFU) tests: the measurements of relative decay rates of rare
decays b-hadrons to muons and electrons:

_ (B = hutp7)
Fn = I'(B — hete™)’ 2)
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where B — h denotes a transition of b-hadron to s-hadron. The transitions
include B — K, B — K*, and Ay, — pK. Due to the lepton flavour universality,
SM predicts these ratios very close to unity [87-90]. The deviations had been
seen in the quantities Rx [91] and Rg- [92]. However, in the fall of 2022,
updated measurements were presented [93, 94], showing perfect agreement with
the SM prediction (and suggesting underestimated systematic uncertainties in the
preceding results).

The deviations of these measurements from the SM predictions range roughly from
20 — 40. Thus, individually, they would not yet be that much significant. However,
combined together and accounting for the fact that the physics processes behind these
decays are correlated, the tensions provide an intriguing and consistent picture. The
main experimental results demonstrating the tensions are shown in Figures 1, while
those that mitigated recently are presented in Figures 2.

2.2 Theory Interpretations of the Anomalies

The theoretical description of the flavour decays requires both weak interactions and
strong dynamics of hadronization described by the QCD. The two processes are taking
place at very different energy scales (IW-boson mass versus b-quark mass). Therefore
a low-energy effective field theory is used. The construction of the Effective Hamilto-
nian follows the Operator Product Expansion technique [95], where the short-range
interactions with heavy fields such as Higgs, top quark, W+, and Z approximately
correspond to point interactions and are encoded in so-called Wilson coefficients C;,
while the remainder of the SM fields is present in a set of local operators O;. For the
b — s transitions, the effective Hamiltonian looks like this:

10
4G L Q
Heop = _Wvﬁ,vmﬂ > (Cio; + Cio;). (3)

In this case, the Hamiltonian is explicitly separated into the left- and right-handed
components.

The amplitudes of exclusive hadronic decays with an initial state I and final state
F' are obtained as:

i

10
AL~ F) = (FIHeall) = =" EVVi 1= 3 (CUFIOU + CUPIOAD). (4

7
The matrix elements for processes with hadrons in the final state are difficult to calculate;
non-perturbative methods, e.g. lattice QCD [88] or QCD light-cone sum rules [87] need
to be used, and the decay has to be described in terms of form factors. This aspect
limits the precision of the SM predictions for the properties of the decays, where the
anomalies are observed. The limited precision is well seen in Figures 1 on top. A more
detailed description of the theory can be found e.g. in Thesis [96].

The tension in the Neutral Current decays can be explained* by a modification of the
b — s operators that include a vectorial lepton current (Og): the corresponding Wilson
coefficient would need a shift by around —25% of its SM value [97-100]. Furthermore,
global analyses including all b — s{~, ¢T¢~ } data indicate also modification of the Wilson
coefficient connected with the axial lepton current (Oj0) and/or hadronic currents with
non-SM like chirality (Of, O},). For more details, see Reference [60]. The input from

“The argumentation includes also the now mitigated anomalies in R(K), R(K*) and B?S) —ptu
decays



the various flavour anomalies can be used to make a global fit to the values of the
Wilson coefficients. Figure 3 shows an example of such global fits, presenting the most
affected Wilson coefficients Cg9 and Cqg.

A number of attempts to explain the anomalies through New Phenomena can be
found. A random selection, far from pretending to be complete, includes Z’, naturalness,
Zee model, or scalar or vector leptoquarks. A summary of the studies can be found, e.g.
in Reference [101].
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Figure 1: Presentation of the most pronounced (and yet valid) flavour anomalies.
References to the experimental results (data) and SM predictions are as follows.

o Top left: Angular parameter P. of the BY — K*9u* i~ decay, depending on the
dimuon invariant mass squared (¢%): LHCb data [61], SM prediction [102, 103].

 Top right: Differential decay rate of B — ¢u*p~—: LHCb data [62, 63], SM
prediction using Light Cone Sum Rules [87, 89, 104] at low ¢® and Lattice
calculations [90, 105] at high ¢2.

o Bottom: R(D) and R(D*) ratios: data of LHCb [81-84], Belle [76-80] and
BaBar [85, 86]. SM prediction and figure taken from Reference [71].
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Figure 2: Presentation of the flavour anomalies that have recently mitigated. The
left column shows the observed anomalies, the right column presents the updated
measurements, now compatible with the SM predictions. References to the experimental
results (data) and SM predictions are as follows.

« Top: Branching fractions of B? — u*u~ and B® — pTu~: combined data of
LHCb, CMS, and ATLAS [106] (left) and the latest CMS measurement [70] (right),
SM prediction [107].

o Bottom left: R(K) ratio in B¥ — K*¢*¢~ and R(K*) ratio in B — K*0¢+/(~:
data of LHCD [91, 92] showing the anomaly, overlaid with data of Belle [108, 109]
and BaBar [110]. SM prediction [87-90], figures taken from Reference [60]. Bottom
right: R(K) and R(K™*) ratios from the updated LHCb measurements [93, 94].
The low/central-¢? regions match those from the previous LHCb measurements
as shown in the figures on left. SM prediction [89].
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Figure 3: Global fits of the Wilson coefficients Cy and Cjo using all the b — s/~
anomalies (top) and using only the LFU plus BY — u* = ones (bottom). The CNF refers
to relative Wilson coefficient contributions from New Physics to the Standard Model
values: C; = CPM + CNP. The fits are provided by several theory groups (ACDMN [111],
AS [112], CFFPSV [113], HMMN [114]), using slightly different parts of the experimental
data, using different statistical frameworks, and having various approaches to form
factors computation and assumptions about non-local matrix elements. The results
show remarkable agreement between the fits of the various groups and indicate a clear
deviation from SM. The figure is taken from a presentation at the conference Beyond
Flavour Anomalies III [115]. However, the fits include also the now mitigated anomalies

in R(K), R(K*) and B?s) — ptp~ decays.



3 ATLAS experiment

The ATLAS experiment [4] uses a general-purpose detector ATLAS (A Toroidal LHC
ApparatuS) placed around one of four interaction points of the LHC. The LHC was
designed to collide protons® at a center-of-mass energy (c.m.s.) /s = (7 + 7) TeV. The
proton beam consists of bunches containing around 10'! protons. The bunches were
supposed to collide with a frequency of 40 MHz, providing in average ~ 23 proton-proton
(pp) interactions in each such a bunch crossing (an event). The design instantaneous
luminosity, which is the number of collisions per second per effective cross section, was
L =10** cm~2s~!. However, the real parameters were slightly different from the design,
starting at half c.m.s. energy in 2010, but rising almost up to the design /s in 2022.
The instantaneous luminosity has quickly reached 75% of the designed value, overcoming
it by a factor of 2x in 2022.

The periods of collisions at the LHC and data-taking by the detectors are divided
into several Runs, as depicted in Figure 4:

o Run 1 data-taking in 2010-2012, with /s = 7 and 8 TeV and luminosity below the
design value. The overall collected ATLAS dataset suitable for physics analyses
corresponds to integrated luminosity6 Liy of (4.9420.3) tb~!. The average number
of interactions (u) grew from 9.1 in 2011 to 20.7 in 2012 [116].

o Run 2 data-taking in 2015-2018, with /s = 13 TeV, but gradually overcoming the
design instantaneous luminosity by the factor of 2x. Liy reached 139fb~! and
(uy was 33.7.

o Run 3 data-taking started in 2022 at /s = 13.6 TeV at 2X nominal instantaneous
luminosity. This period will end in 2025 and is supposed to deliver Li,y =
(200 — 300) fb~1. The () in 2022 was 44.5.

After these periods, the collider and detectors will be significantly upgraded. This
High-Luminosity LHC (HL-LHC) is expected to provide a dataset of at least 3000 fb—!
of pp collisions at up to /s = 14 TeV. The ATLAS Upgrade detector will have to cope
with average 200 pp interactions in bunch crossing.

LHC HL-LHC R
il —
i — | s T
13.6 TeV 13.6-14 TeV

13 TeV
splice consolidation cryolimit .
button collimators interaction inner triplet . -
regions Civil Eng. P1-P5 pilot beam radiation limit installation

energy
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7Tev_ 8TeV

2011 2012 2013 2014 | 2015 2016 2018 2019 2020 2023 2024 2025 2026 2027 2028 2029 IIIIIIIM
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R2E project
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ST — ILumi | _2xnominal Lumi, ALICE - LHCb 2 nominal Luri i uparade
75% nominal I Lumi / Upgrade
-1 integrated [EALURIN
EXxd 190 fb 450107 | [ 4000 b

Figure 4: The past and future stages of the LHC / HL-LHC with expected parameters
of the pp collisions and the total collected datasets. Figure taken from Reference [117].

A hard pp collision with the potential to produce New Phenomena or heavy SM
particles is characterized by a large energy signal in the direction perpendicular to the
colliding protons. Such collisions are relatively rare. Due to the fact that there are more
pp collisions in single bunch crossing, the interesting events are polluted by several soft

SHereafter, the heavy ion collisions at LHC are not discussed, following the scope of the thesis.
SLuminosity integrated over the pure time of collisions delivered by LHC.
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Figure 5: Cut-away view of the ATLAS detector [4]. The dimensions of the detector are
25m in height and 44 m in length. The overall weight of the detector is approximately
7000 tonnes.

pp collisions. This effect is called pileup” and significantly enlarges the electronic signal
occupancy in the detector subsystems (and combinatorial background in analyses).

The ATLAS detector is composed of several layers (as shown in Figure 5) with the
aim of identifying particles coming from the pp collision and measuring their electric
charge and momentum or energy. However, most of the particles of interest (including
the hypothetical ones) quickly decay into lighter ones. The detector is thus designed
to detect the products of these decays. Knowledge of the properties of these daughter
particles and the use of conservation laws allow the reconstruction of the parameters
of the mother particle. The daughter particles need to live long enough to reach the
detector, which basically limits the need of detection to stable particles, neutrons, muons,
charged pions, and the lightest kaons. A general principle of the detection is based on
the characteristic particle interactions with matter via processes such as ionization or
bremsstrahlung of charged particles, nuclear collisions, Compton scattering, photoeffect,
ete™ pair creation from photons, etc. Using these processes (part of) the energy of
a passing particle is transferred to the material of the detector. Various techniques and
detector layouts are then used to transform that energy into a localized electric signal
of magnitude in some way related to the deposited energy.

The ATLAS detector is forward-backward symmetric with cylindrical geometry and
nearly 47 coverage in the solid angle. ATLAS uses a right-handed coordinate system
with its origin at the nominal interaction point (IP) in the centre of the detector and
the z-axis along the beam pipe. The z-axis points from the IP to the centre of the
LHC ring and the y-axis points upward. Cylindrical coordinates (7, ¢) are used in the
transverse xy-plane, ¢ being the azimuthal angle around the z-axis. Pseudorapidity is
defined in terms of the polar angle 6, n = —Intan(6/2).

"Besides this in-time pileup, an additional signal can appear from particles in the preceding pp
collisions, due to the high collision rate (every 25ns) compared to the length of the signal from the
detector electronics. Further background comes from beam-beam interactions (gas in the underground
cavern, beam halo).

11



The B-physics analyses at ATLAS mostly use the information from the tracking
system and the muon detectors, for reasons explained later. These two systems are thus
described in more detail in the following sections.

3.1 Tracking System

The detector layer closest to the pp interaction point is the tracking system [118, 119],
the Inner Detector (ID). Its purpose is to reconstruct the tracks of the charged particles
and measure their momenta and sign of charges. Since the detector is placed inside
a solenoidal magnetic field of magnitude 2 T, the track shape is approximately helix with
a radius proportional to the momentum. The system is composed of three subdetectors.
Closest to the beam and most precise in the determination of the position of the passing
particle are layers of silicon pixel detectors (Pixel). These are then followed by layers of
silicon strip detectors (SCT, very precise only in ¢-direction), and finally straw tube
gaseous detectors (TRT, capable of electron identification). The geometry of the layers
is cylindrical in the barrel® region, while concentric disks are used in the end-cap. Per
track, the detectors typically provide 3 hits in Pixel, 8 hits in SCT, and ~ 30 hits in
TRT. The system is capable of reconstructing tracks with pr 2 500 MeV and |n| < 2.5
with practically 100% efficiency.
The key performance physics parameters are:

e The precision of the measurement of the momentum of particles in the transverse
plane, pp. The expected resolution from the simulations can be roughly expressed
as o(pr)/pr =~ 0.04% - pr[GeV] & 2% [4], but strongly depends on the 7-direction
of flight of the particle. In B-physics, the pr resolution translates to the resolution
of the mass of the reconstructed b-hadrons and their daughter particles. For
illustration, see also the left Figure 6, the average mass resolution of dimuonic HF
decays (B?s), J/1, ete.) is at the level of tenths of MeV, also strongly depending
on n-direction of flight of the b-hadron. The best resolution is around n = 0 in
the barrel region, while the worst resolution is at the end of end-caps at |n| = 2.5,
as illustrated in Figure 26. The resolution of light s-hadrons (as products of
B-decays) decaying into a pair of charged hadrons is at the level of a few MeV.

e Since the relative pp resolution decreases with pr, at around 2 TeV the detector
starts to lose the capability to determine charge sign.

o The precision of the direction of flight of the particle (¢, 6) is at the level of
a milliradian and for B-physics translates to a typical resolution of decay angles
at a level of 2 degrees. The effect on angular B-physics analyses is typically small
or even negligible.

e The precision of the transverse impact parameter dy, the closest distance between
the track helix and the position of the pp collision, the primary vertex (PV), in
the transverse plane, is at the level of a few tenths of micrometers. This quantity
is directly related to the precision of reconstruction of secondary vertices from
b-hadrons, and thus also the precision of measurement of their decay time. For
illustration, the resolution distribution in Run 1 is shown in the right Figure 6.
The distribution emerges from the fact that the resolution strongly depends both
on 1 and pr of the b-hadron. For the case of the plot above, the average proper
decay time resolution is ~ 100 fs.

8ATLAS detector is divided to the barrel and end-cap regions by means of the pseudorapidity: barrel
is the central part of |n| < 1.05, while end-cap |n| > 1.05 surrounds the barrel at each side.
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Figure 6: Left [120]: Dimuon invariant mass distribution for the B? and B signals
from MC simulation of B?S) — putu~. The double Gaussian fits are overlaid. The
two distributions are normalised to the SM prediction for the expected yield with an
integrated Iuminosity of 25fb~!. For a homogeneous detector, the distributions would
be single-Gaussian. Right [9]: Proper decay time uncertainty distribution for data, the
fits to the background and the signal fractions, and the sum of the two fits. For an
homogeneous detector, the distribution would be a J-function.

Before Run 2, the Pixel system was enhanced by a new Insertable B-Layer (IBL) [121,
122], placed just on top of the beam pipe at a radius of 33.5mm (while the first Pixel
layer is at 50.5mm). As a consequence, the resolution in b-hadron proper decay time
measurement has improved by 23% [14].

The lifespan of the ID will end with Run 3 due to the radiation damage. For HL-LHC
the detector will be completely replaced by a new all-silicon detector ITk with a pixel
subsystem [123] surrounded by a strip subsystem [124]. ITk will have a significantly
better granularity to cope with (1) = 200 and thus with an order of more particle tracks
for reconstruction. It will also provide improved mass and proper decay time resolution
(see Section 8.1). A new High-Granularity Timing Detector [125] will improve the pileup
reduction to improve forward object reconstruction, complementing the capabilities of
ITk.

3.2 Calorimeters

The calorimetry system is responsible for the measurement of the energy of the particles
(or jets of particles), providing also spatial information. A particle entering this system
creates a particle shower (electromagnetic or hadronic) through interaction with the
material of the calorimeters, and most of the particles are stopped in this volume.
Exception are muons with energy above a few GeV, and neutrinos. Unlike the tracking
system, calorimeters are capable of detecting neutral particles too.

There are two distinct systems. The electromagnetic (el.mag.) calorimeter, which
utilizes lead/copper as the absorber and liquid argon as the active medium, is optimized
for the measurement of electrons and photons, and contains fine segmentation allowing
to distinguish photons from 7° decays. The hadronic calorimeter, using iron-scintillator
(in barrel) and copper/wolfram-liquid argon (in the end-caps) systems, measures the
energy of hadronic particles that are not fully absorbed in the el.mag. calorimeter. The
resolution of the el.mag. calorimeter can be expressed as o(E)/E ~ 10%/+/E[GeV] &
0.7% , while for the hadronic calorimeter (in the central region of |n| < 3.2) the
resolution is o(E)/E ~ 50%/+/E[GeV] & 3%. The overall coverage of the calorimeters
in |n| direction is up to 4.9.
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The HL-LHC upgrades consist of the upgrade of the readout electronics [126, 127].

3.3 Muon Detectors

The muons spectrometer (MS) is designed to measure the momentum of muons flying
from the calorimetry system. It consists of gaseous tracking detectors, utilizing a number
of technologies: Monitored Drift Tubes (MDT), Thin Gap Chambers (TGC), Resistive
Plate Chambers (RPC), and Cathode Strip Chambers (CSC). The detectors are placed
in a toroidal magnetic field of approximately 0.5 T and 1T (central and end-cap regions).
The system covers |n| < 2.7, although triggering (see Section 3.6) is only available in
In| < 2.4. The tracks reconstructed by the muon system can be combined with the
tracks seen by ID, allowing particle identification and providing a more precise muon—+ID
track. For low-pt muons, it is also possible to connect an extrapolated ID track with
a single signal in the muon detectors when the muon track is not reconstructible. While
the ID precision dominates in the barrel region, in the end-caps the information from
muon detectors improves the resolution in pp (and consequently mass). For illustration,
the J/1 — pp~ mass resolution using ID and/or MS tracks is shown in Figure 7.
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Figure 7: Dimuon invariant mass resolution for CB, MS, and ID muon reconstruction
for J/v — ptu~ events measured in real data as a function of the pseudorapidity of
the highest-pp muon. The figure is taken from Reference [128]. MS: muon-spectrometer
track only. ID: Inner Detector track only. CB: combined ID+MS tracks.

Although ATLAS calorimeters are designed to absorb the majority of hadrons, there
is a small probability that a hadron will either punch-through or decay in-flight to
muons (and neutrinos) and the hadronic ID track would be thus misidentified as a muon.
This is an important effect, especially in the case of studies of rare muonic decays. In
the B(OS) — pTp~ analysis [120] the B — hh decays formed a significant background,
when the fake probabilities reached 0.4% for kaons, 0.2% for pions, and < 0.01% for
protons. Out of these numbers, only a few percent were real punch-throughs, while the
majority of the fakes came from decays in-flight.

Before Run 3, a New Small Wheel detector [129] has been installed, upgrading the
forward muon system. For HL-LHC, further upgrades are planned [130], increasing the
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number of trigger layers, and using new MDTs (also for triggering). Most electronics
will be replaced to handle higher data rates.

3.4 Other Detectors

The ATLAS detector is accompanied by three smaller detectors at high pseudorapidities:
LUCID and ALFA for luminosity measurements, and the ZDC calorimeter measuring
neutral particles.

3.5 Particle Identification

From the above description, it is clear that the ATLAS capabilities in particle identifi-
cation are limited. Missing transverse energy is the signature of neutrinos. The muons
and electrons/photons have dedicated systems allowing them to be identified. Muons,
in addition, can also be identified by their signature in calorimeters [131], though this is
mainly used for trigger purposes. The calorimeters are also capable of identifying heavy
particles by their time-of-flight, but the method is mostly applicable to exotic very-heavy
particles. TRT is capable of electrons identification through transition radiation. The
tracking system itself allows limited hadrons identification via the measurement of
energy loss [132]. However, the method is effective only for low momentum of ordinary
particles: for protons only up to p < 1GeV, while the ability to distinguish kaons and
pions works only up to p < 0.7 GeV. For this reason, B-physics analyses do not attempt
to distinguish different types of hadrons.

3.6 Trigger System

The frequency of collisions and the related data stream is too large to allow storage of
every event. Events are thus filtered by Trigger System [133, 134]. Out of the 40 MHz
rate, only up to 2kHz can be stored, when roughly 10% are available for B-physics
events/triggers.

The Trigger and Data Acquisition (TDAQ) system selecting potentially interesting
events is divided into two main parts: hardware (HW)-based Level-1 (L1) limiting the
output rate to at most 100 kHz, and a software-based High-Level Trigger (HLT) assuring
the final output rate mentioned above:

e The L1 trigger is based on requirements of simple signatures, as are leptons or
jets with transverse momentum/energy above predefined thresholds. The decision
needs to be taken in less than 2.5ps and the subdetectors have to keep full
data in a pipeline for such a period. In Run 2, the L1 system was enhanced by
L1Topo algorithms® [135] allowing for the calculation of simple physics quantities
of combined objects as invariant mass, opening angles, or missing transverse
momentum. The precision of these quantities is significantly limited by the fact
that only the minimal momenta/energies of the objects entering the combinations
are known, not the momenta/energies themselves.

o The HLT trigger is further separated to Level-2 (L2) and Event Filter (EF)!°. At
L2 only partial event data are available, e.g. ID tracks are reconstructed only in
cones around the L1 objects (regions of interest - Rols), while EF operates with
full event information. The HLT algorithms are analysis-like, allowing e.g. to

9Using Field-Programmable Gate Arrays (FPGA) processors.

10A merge of computing farms dedicated to the two levels was made in Run 2, allowing for better
resource sharing and HW and SW simplifications. Rol-based reconstruction continues to be used by
time-critical algorithms.
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reconstruct primary and decay vertices, as well as whole the searched B-decay
trees. Technically, the algorithms are divided into a feature-extraction part (FeX),
which constructs the analysis-like objects, and a hypothesis part (Hypo) that filters
these objects by e.g. their kinematic properties.

The trigger is composed of hundreds of predefined L1+Fex+Hypo filtering algorithms
(triggers | trigger items), which form a trigger menu. It contains trigger items not
only for physics studies but also for calibration and supporting purposes such as trigger
efficiency measurements. However, the menu is not a static list. The items and their
setting need to dynamically react to the variation of the instantaneous luminosity during
data-taking. If the output rate of a particular trigger item is too high (the total L1 or
HLT rate would exceed the global limits), it needs to be switched off or prescaled when
only a predefined fraction of the events accepted by the particular trigger item is passed
for further processing, while the rest is ignored.

In Run 2 a concept of Trigger Level Analysis [136] was introduced. Such an analysis
uses trigger-only objects from the HLT algorithms instead of full offline reconstruction
information. The advantage is that the output storage rate can be up to a few tenths of
kHz.

3.7 Data Processing

The data as taken are organized in lumiblocks (several minutes of data taking under
the same conditions), runs (several hours of continuous pp collisions from a single LHC
fill), data periods (collection of consequent runs at similar conditions as trigger menu,
etc.) and LHC Runs (years of LHC running between technical stops). Moreover, the
stored data are divided into streams devoted to main physics, delayed reconstruction
(which included B-physics), and calibration and monitoring streams. Only data passing
a quality review [137, 138] are suitable for analysis. The first cross-checks are made
online, by shifters during the data-taking, and are based on comparisons of predefined
histograms to their reference. After each run, an expert performs another cross-check.
Several waves of more thorough reviews follow in the next days/weeks, having available
(a fraction of) the reconstructed data. As a result, a Good Run List (GRL) is provided
to the analyzers to avoid including flawed data in their measurements.

The data from the experiment are too large (petabytes per year) to be processed
locally, and thus the processing is run at Worldwide LHC Computing Grid [139]. The
data in RAW format, which encapsulates signals from the electronics, are reconstructed!!
into Event Summary Data (ESD), containing objects as ID tracks, muon tracks, jets,
primary vertices, etc. This intermediate format is then followed by a smaller Analysis
Object Data (AOD/xAOD), originally intended for physics analyses, but nowadays
followed by even smaller derived formats (DAOD) suitable for specific groups of analyses.
All these tasks are performed in the ATLAS software framework ATHENA [140, 141],
while individual DAOD analyses then use a variety of tools, though mostly based on
the ATHENA and on the ROOT analysis framework [142].

3.8 Simulations

Due to the complexity of the detector, readout system, and reconstruction, a simulation
of the full experiment is needed to prepare the physics studies. The full ATLAS
simulation [143] is chained from the following steps:

o Simulation of the pp collisions, using software packages such as PYTHIA8 [144],
HERWIG [145], SHERPA [146], and/or combined with process generators like

" Calibration and detector alignment is performed with the special data streams first.
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MADGRAPH [147] or particle decayers as EVTGEN [148]. At the very end of
the process, a number of filters can be applied to select the desired events. The
result of this process is the genealogy tree of particles created in the collision and
gradually decayed into quasi-stable states (particles reaching the detector).

o In the next step, GEANT4 [149] simulates the interactions of the quasi-stable
particles from the previous step with the matter of the material, i.e. processes
such as ionization, nuclear collisions, etc. The output of this stage is the collection
of energy losses along the path of the particles in the detector. The effect of
possible external magnetic field is included.

e The energy losses are then converted into the expected output signals from the
electronics. This digitization step uses software tailored to the subdetectors. The
result is then an event in a format equivalent to or the same as the real RAW
data from the experiment.

o Hereafter, standard ATLAS reconstruction and analysis follows, allowing to study
desired physics signal signatures in the detector as well as possible background
processes.

Since the full simulation, as described above, is slow (up to several minutes per event),
alternative approaches were developed to speed it up. These are based on a parametrized
description of the detector efficiencies and resolutions (the parametrization is, though,
obtained from the full simulations), merging and replacing the GEANT4 and digitization
(and possibly also reconstruction) steps. Examples of such fast simulation frameworks
are ATLFAST [150] and DELPHES [151].

Despite the complexity of the full simulation chain, differences between real data
and simulations are always present, originating in imprecise physics process simulations
and necessary simplifications in the digitization process. Simulated data thus have to
be confronted with real data using control channels, and corresponding corrections need
to be applied.

3.9 Physics Program

The physics program of the ATLAS experiment is broad, including both SM measure-
ments as well as searches for New Physics. The experiment is divided into physics
groups focusing on Higgs boson, top quark, B-physics, and other Standard Model
measurements, while New Phenomena are directly searched by Supersymmetry and
exotics group. Specific groups are analyzing heavy-ion collisions and preparing physics
studies for the next stages of the experiment.

Another set of groups is providing supporting performance studies for the recon-
structed objects (ID tracks, electrons, photons, muons, tau reconstruction, jets, missing
energy, flavour tagging), developing simulations and physics modeling, studying trigger,
data quality, preparing software, and care about the various subdetectors.
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4 B-physics at ATLAS

4.1 B-Physics Program

The B-physics program at ATLAS dynamically focuses on topical analyses in the
field heavy of flavour physics. The rate of production of bb pairs at LHC in the pp
collisions reaches several millions per second (varies with Ly and +/s), which makes
LHC a B-factory. The precision of reconstruction at ATLAS, as described in Section 3.1,
provides satisfactory performance for a wide variety of HF studies. However, in order to
utilize these facts, the bb events (B-events) need to be efficiently selected by the trigger
system, and the studied B-decays need to be distinguished from the harsh background
coming from pileup and other hard-scattering processes. The former requirement
requires maintaining as low-p thresholds as possible at the trigger level while keeping
the output rate within allowed limits for B-physics. This is reasonably achievable
predominantly with the purity of the muon system (exceptions exist, as described later).
The latter requirement, the suppression of background, pushes the program towards the
studies of B-decays that are fully reconstructable (at the very final state) by the ATLAS
tracking system. Escaping neutrinos or photons or other neutral particles allow for
partial b-hadron mass reconstruction only, which makes distinguishing the signal from
the background difficult (again, there were a few exceptions in the B-physics program,
typically dealing with soft escaping neutrinos or photons).
The B-physics program at ATLAS can be divided into the following categories:

e Rare B-decays: studies of known rare processes that are potentially sensitive to
NP contributions. The decays are suppressed in SM by various mechanisms, while
these might not exist in NP scenarios. The (differential) branching ratio can thus
be significantly modified: BR can be both enhanced or suppressed, or the decay
topology can be significantly different from SM prediction. ATLAS measurements
include FCNC muonic B-decays, lepton flavour universality tests, or search for
lepton flavour violating (LFV) decays. The analyses typically work with a handful
of signal events (if any).

e Precision measurements with B-decays: studies of processes with relatively
high BR, providing large data samples for the analyses (up to hundreds of thousands
of signal events). A precise determination of the properties of the B-decays allows
for a thorough test of the SM predictions. The B-physics group at ATLAS has
studied oscillations of B? and B® mesons or helicity amplitudes in decays of Ay.
The analyses are quite complex, utilizing multidimensional fits to the variables
describing the decays.

e HF spectroscopy: studies of double-heavy flavoured B-mesons as B, search
for new decay modes, for new excited states of b-hadrons, or search for and studies
of exotic states as tetra/pentaquarks. All these measurements put the QCD
predictions for the production cross section, BR, and/or mass spectrum of these
particles into a test.

o HF production: measurement of the production cross section of b/c-hadrons,
including quarkonia (J/1, ¥(25), T, x.). Furthermore, studies of correlations
between b-hadron pairs or of b-hadrons with jets are also performed. The results
of the measurements are compared to QCD predictions (utilizing approaches such
as Non-relativistic QCD or Fixed-order Next-to-Leading Logarithm, production
as a color-singlet- or color-octet-based states) and allow testing simulation of
these processes with standard MC generators. A special subpart of this ATLAS
B-physics program are the analyses of the associated production of HF (typically
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quarkonia) with other objects as W or Z bosons, or di-J/v production. Besides
the QCD tests these analyses also allow to measure the effective cross section of
double-parton scattering, when the two objects are produced from two different
parton pairs. All these measurements help to understand the HF backgrounds in
other non-B-physics ATLAS analyses.

o Validation studies: cross-checks of properties (mass, lifetime) of well-known B-
decays in order to study and validate the reconstruction performance of the ATLAS
detector and/or the base event-selection procedures. These studies typically
include J/¢ — ptp~, BY — J/p(ptp)KY, BY — J/(utpT)¢(KTK™) or
BY — J/y(ut ) K*O (KT 7~) decays, checking the performance in different parts
of the detector.

The results of the ATLAS B-physics group are summarized at ATLAS public web
page [152].

4.2 Data Processing and Analysis Chain

A typical data processing and analysis chain of the measurements in the ATLAS
B-physics group consists of the following steps. The HF events produced in the pp
collision are first selected by the B-physics trigger system, following a base data quality
review as described in Section 3.7. The accepted events are then reconstructed by the
ATLAS offline software (offline reconstruction): hits in the tracking and muon system
are reconstructed into curved particle tracks, energy deposits in calorimeters into jets,
electron and photon objects, and primary vertices are reconstructed from the ID tracks.
Information about all active triggers and their connection to the offline-reconstructed
objects is also made available. The b-hadron decays are searched by trying to reconstruct
their decay vertex (secondary vertex SV) using the ID tracks of the daughter particles
(daughter tracks). This procedure is generally called vertezing. Once the reconstructed
decays are available, a selection procedure follows to suppress combinatorial background.
A statistical analysis of such signal-enriched samples is then performed, and systematic
uncertainties (systematics) are evaluated. The latter steps are supported by full MC and
toy-MC simulations, training the analysis procedures, determining signal efficiencies, or
contributing to the evaluation of systematics.

4.2.1 Heavy Flavour Production at LHC

The total cross section of pp interactions at LHC is around 100mb, out of which
roughly a quarter corresponds to the elastic pp scattering [153-155]. The total cross
section of bb production at LHC at nominal /s is ~ 300 b [156] (see also Figure 8
right), while ~ 30 b are within the limited fiducial acceptance for typical B-physics
analysis (pr > 9GeV, |n| < 2.5) [157, 158]. In the pp collisions at LHC the b-quarks are
created via four mechanisms: flavour creation, flavour excitation, and gluon splitting,
with the latest being the dominant one at LHC [159]. Examples of the Feynmann
diagrams of the three processes are shown in Figure 8 (left). The hadronization process
allows for the production of not only B® and B*, but also for BY, A, and other
heavier /excited states such as B, and even allows for the search for new states and for
penta/tetraquarks. The predominant b-hadrons are roughly produced with the following
ratios: f(Bs) : f(b— baryon) : f(B°): f(B*) ~0.1:0.1:0.4:0.4 (but in reality the
ratios are slightly dependent on pr of the hadrons) [160].
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Figure 8: Left: Cross sections of selected processes versus centre-of-mass energy in
pp collisions. Right: Example Feynmann diagrams for (from top to bottom) flavour
creation, flavour excitation, and gluon splitting. A full list of the leading diagrams can
be found e.g. in Thesis [159].

4.2.2 B-Trigger

The B-physics trigger [161] menu consists of a number of items dedicated to the (groups
of) various analyses, focusing on low-pr muon triggers for reasons mentioned earlier.
The B-trigger items can be categorized as follows:

e Pure dimuon triggers form the core of the B-physics triggers. At L1 the MS is
required to detect two muon thresholds of a few GeV. At HLT the two muons
are confirmed by precision detectors and associated reconstructed ID tracks are
used to check that they come from common decay vertex (vertexing). Finally,
only dimuon candidates out of a certain invariant mass range are rejected. These
triggers collect J/v, ¥(25), T, B?s) — utp~ and B — J/¢X decays as well as
(partly) nonresonant b — sup transitions. The spectrum of such events in real
data is shown in Figure 9.

e Dimuon triggers with B-decays reconstruction are used to further suppress
the HLT rate by trying to reconstruct the full B-decay, i.e. also including the
hadronic tracks seen by ID and constructing the B-decay vertex. The algorithm
is close to the procedures used in the offline reconstruction.

e Multimuon triggers allow searches for 3-muon signatures used for di-onia
production or for LFV 7 — pup decays.

e The Supporting and calibration triggers are devoted to efficiency measure-
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ments of the main B-physics triggers. The efficiency of (B-)triggers could be
evaluated from MC simulations or from real data using the tag-and-probe method:
using known decays as J/1¢ — puTp~ and a single-muon-based trigger, one can
determine the efficiency of detecting the other (non-triggered) muon in the decay.
Other features such as vertexing at HLT are evaluated by using supporting trig-
gers without the vertexing included. These supporting triggers are always heavily
prescaled as the relaxed conditions would lead to unacceptable output rates.

At L1 the lowest possible thresholds for the pr of the two muons were 4 GeV. However,
with the rising average Liy the rate at L1 became too high and higher-threshold triggers
were implemented, combining 4, 6, and 11 GeV thresholds. Furthermore, in Run 1
barrel-only L1 configurations were implemented, collecting only muons in the central
part of the detector where the reconstruction performance is the best. In Run 2 the
Litopo was used extensively. The beam intensity and thus Li, is not constant during
a run, as depicted in Figure 10, but slowly falls from an initial maximum at the start of
data-taking. Such a ”decaying” Liy allows for switching on or lowering prescale factors
of high-rate trigger items towards the end of each LHC fill. B-physics greatly benefited
from this feature, filling a significant part of the output rate of that End-of-Fill (EoF)
period.

In Run 2 dielectron trigger items were introduced to collect B® — K*%eTe™ events
for the R(K™) measurement. Part of them was based on the combination of muon
and electron signatures but had to be prescaled to keep the rate low. The other, more
important part of the dielectron triggers, had a special configuration: they did not rely
on a specific L1 trigger but instead took all events passing any (or large subset of) items
of the L1 menu (i.e. L1 not specifically designed for the B® — K*%eTe™ analysis). Then
searched for the signal decay at HLT.

Often, b-hadrons are present in events triggered by non-B-physics specific triggers,
e.g. jet or single-muon triggers. Also, due to the fact that (anti-)b-quarks are created
mostly in bb pairs, triggering on a specific signal B-decay means that there is also
another B-decay in the same event. Thus it is possible, in general, to search for any
B-decay modes in the collected data, although they would naturally be suppressed by
their BR. Such a parasitic mode would allow for limited analyses of hadronic B-decays.
However, the potential has neither yet been fully studied, nor utilized.

4.2.3 Offline Reconstruction and Vertexing

The B-physics analyses (B-analyses) rely mostly on the b-hadron daughter tracks
reconstruction by the ID and muon identification by the MS. Despite the fact that
the ID4+MS combination improves the pt resolution of tracks in the end-caps, many
B-analyses use ID-track parameters only (for simplicity), utilizing MS just for the muon
identification. In order to ensure high quality and control efficiency of the provided
ID and MS tracks, the corresponding combined-performance (CP) groups provide
recommendations on (muon) tracks selections that B-analyses follow.

A key reconstruction-wise step of the B-analyses is the reconstruction of secondary
B-decay vertex (B-vertex) using the tracks of the daughter particles. This vertexing
procedure finds out a probability, whether a set of tracks could originate in a common
space point (within the uncertainties of the track parameters), and also finds the most
probable vertex position. The lifetime of b-hadrons (mean ~ 1.5ps at ATLAS [162])
prolonged by relativistic effects is long enough for them to fly up to several millimeters
away from the pp interaction, but at the same time is short enough so that they
decay before the first detection layer of the tracking system. The B-physics group uses
a vertexing algorithm based on the Kalman filter approach, VKALVRT [163]. The
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Figure 9: Invariant mass distributions for oppositely charged muon candidate pairs
that pass various dimuon triggers, using 2018 data. Figure taken from public B-trigger
web-page [161].

procedure can be more complicated by the fact that many B-decays include cascades
when the intermediate particles can also have non-negligible decay times. An example of
such a cascade is BY — J/v(utpu~)K(rT7~) decay when the K? meson can fly tenths
of centimeters (for an illustration of the efficiency of reconstructing such long-lived
particles, see Figure 11 left). The VKALVRT software also allows the application of
additional constraints. A typical constraint is on the invariant mass of a subset of tracks
(mass constraint), used e.g. for B — J/v(u ™)X decays: the J/1 mass is known very
precisely and its natural width is ~ 100x smaller than the detector resolution. The
requirement that the invariant mass of the two reconstructed muons matches the world-
average [160] J/1 mass thus significantly improves the resolution of the reconstructed
b-hadron, as illustrated in Figure 11 (right).

The primary pp collision vertices are reconstructed using similar algorithms [164]. In
B-analyses it is important to know the PV in which the b-hadron was born, but since it
decays away from PV, the determination of the associated PV is not trivial. B-analyses
usually use the following methods:

e Select that PV, which is closest to the line extrapolated in the opposite direction
of the reconstructed B-momentum from the reconstructed B-vertex towards the
beam spot (the place where the pp interactions accumulate). The method is also
called a method of minimal 3-dimensional impact parameter and is the most
frequently used by the B-analyses. The rate of selection of wrong PV is below
percent [9].

o Because the beam spot is very narrow in the transverse direction (tenths of
micrometers) but wide in z (centimeters) as depicted in Figure 12, a selection
based on minimal z-distance between PV and B-vertex also usually gives the
correct answer.

e Most of the pp interactions are not hard in the sense of energy released in the
transverse plane. Selecting the PV with the highest sum of p of the tracks out
of which the PV was reconstructed thus also has a high probability of being the
one in which the b-hadron was born.
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Figure 10: The LHC goes through a cycle composed of several phases: the injection
of beams into the rings, the acceleration to the collision energy during ramp, the
preparation of beams for collisions during squeeze and adjust, the phase where collisions
take place during stable beams, the extraction of the beams from the rings during dump,
and finally the ramping down of the magnetic fields. Taken from Reference [138].

All these three methods are illustrated in Figure 12. Since the daughter tracks of the
signal B-decay candidate can be accidentally used in a PV construction, in B-analyses
all the PVs are refitted by removing the signal daughter tracks first.
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Figure 11: Left: The reconstruction efficiency of K candidates in the 7 TeV MC sample
versus the transverse flight distance [165]. Right: B° mass reconstructed with and
without the .J/1 mass constraint using B® — J/¢(u*pu~)K**(K*77) decay candidates
of the control channel of analysis in Reference [12]. A simulation of the control channel
is shown with the filled histograms.

4.2.4 Event Selection

The filtering of events in order to obtain signal-enriched sub-sample of data is typically
using the following variables:

¢ Kinematics of the signal particle candidate or its decay products. Typically pr
above a certain threshold is helping in suppressing combinatorial backgrounds
from the huge amount of low-pr pileup tracks.

o Invariant mass of the signal particle candidate or its intermediate unstable decay
products. The selected mass range typically relates to the detector mass resolution.
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Figure 12: The distribution of PV in 2011 data in the xz-plane [166], illustrating the
beam spot size. The distribution in y-direction is similar to the one in x. The schematic
figure illustrates the three PV selection methods used in B-analyses: minimal impact
parameter dp, minimal Az separation and highest > pr of tracks forming the PV (in
reality the B-vertex is much closer to the line of PVs (colored ellipses) and thus the
three methods often agree on the selected PV).

« Quality of the reconstructed secondary (b-hadron) vertices by means of the x>
per number of degrees of freedom (NDF) of the vertex-fitting procedure. The
position of the decay vertex, or the calculated b-hadron proper decay time (or its
significance!?) can also be a subject of selection.

e Pointing of the b-hadron momentum towards the PV: the angle between the
b-hadron momentum vector and the vector of direction from SV to PV.

o Isolation of the signal particle by vetoing events with close (in terms of the direction
of flight) activity in the tracking system and/or calorimeters.

For precision measurements and production cross section studies, where the expected
amount of signal events is high, a simple cut-based selection is usually used. Although
not having the best performance in signal-to-background (S/B) ratio optimization'?, it
simplifies the control over the selection procedure (cut efficiencies, etc. can be easily
tested on MC simulations). The search for rare or even forbidden processes usually
utilizes multivariate selection techniques such as Boosted Decision Trees or Neural
Networks in order to achieve as good as possible expected signal significance. The
precision measurements often keep a solid portion of background in order to better
control its description, and the optimization procedure rather targets the smallest
expected uncertainty on the physics parameter(s) of interest.

Special treatment needs to be applied for the cases where multiple signal particle
candidates are found in a single event. If they share no common parts (such as recon-
structed tracks), they can be all kept. However, if the candidates are not independent,
usually just one of them is retained for further analysis. The selection is typically
based on the lowest x?/NDF of the SV; other possibilities include the highest pr of the
candidate.

12Pyoper decay time divided by its uncertainty originating from the uncertainties of the reconstructed
ID track parameters.

13The optimized expression is not literally the ratio of the number of signal events to the number of
background events, but the formulas are analysis-dependent.
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4.2.5 Statistical Analysis

A statistical analysis, specific to each B-analysis, is used to extract the physics quantities
of interest. In order to avoid (unintended) bias in the analysis procedures, the quantities
of interest or the relevant part of data are usually blinded, so that preliminary results
are not seen until all analysis steps, including all uncertainties evaluations, are fixed.

The signal separation and extraction of physics parameters are done by fits to relevant
data distributions. While a minimum y? fit to binned distribution is the simplest basic
tool, B-analysis more commonly uses an unbinned (extended) maximum likelihood
(UML) fit [167], allowing for a better description of small data samples. The method
relies on probability density functions (PDF) that describe the probability distribution
of the signal and background components. The typical form of the (log-)likelihood
function is:

N
In £(0) = Z [wi I (3 fo- Folmigtin Qi 0) + 3 fo - Fylmi, i, . ,9))} (5)
1=1 §

b

where F; and F;, are the PDFs of the signal(s) and background(s), which depend on
the physics and nuisance parameters 6 and the observables extracted from data such
as the mass m;, the proper decay time t; or the decay angles €2;. The fractions fs and
f» represent the relative contributions of the signal(s) and the background(s) in the
statistical fit model (the sum of all the fractions is unity). Weight w; can be used to
account for possible detector inefficiencies if necessary. The likelihood is maximized
in terms of 8. When building the whole fit model, it is important to check that the
correlations of the various observables are properly described.

The cross section measurements and searches for new states and decays usually use
invariant-mass-only fits, separating a Gaussian-like signal from a flat-like background.
When the separation of long-lived components is needed, another observable is added:
a (pseudo)proper'* decay time is:

B Lyy M
cpr

t (6)
where pr is the reconstructed transverse momentum of a b/c-hadron and M is its mass.
The transverse decay length L, is the displacement in the transverse plane of the
b/c-hadron decay vertex from the PV, projected onto the direction of the b/c-hadron
transverse momentum. An illustration of projections of such a 2-dimensional (2D)
mass-proper-decay-time fit is shown in Figure 13.

Searches for new decays usually deal with no signal or signals of small significance.
The likelihood allows for the determination of the significance using the likelihood ratio
method [169], as an alternative to evaluation via toy-MC experiments. In case of no signal,
upper limits on the production of the states can be set via an asymptotic approximation
from the profile likelihood formalism based on CLjg frequentist method [170, 171].

Precision measurements are often multidimensional, including decay angles or other
variables. Special cases of such additional variables are per-candidate resolutions of
reconstructed mass or proper decay time. Propagating the known uncertainties of the
particle track parameters (pr, 1, ¢, do, 29) and their correlation matrix, one can calculate
the uncertainty of the invariant mass of a combination of tracks. Similarly, using in

In the analysis of J/v production, the particle can either be produced directly in pp collision (prompt
production) or can come from decays of long-lived particles as b-hadrons (non-prompt component). In
the latter case, the measured J/1 decay time is not related to the J/1 lifetime, but to the lifetime of
the mother b-hadron. Thus the usage of the pseudo prefix.
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Figure 13: Mass (left) and pseudo-proper decay time (right) projections of a 2D mass-
time UML fit of dimuon candidates in the measurement of J/v¢ and 1 (2S5) production
cross section in pp collision data at /s = 7TeV [168]. The signal components for
J/ — ptp~ and (2S) — ptp~ are divided to prompt and non-prompt parts and
shown separately as well as the total signal+background prompt and non-prompt
components.

addition uncertainties of the PV and SV position and their correlations, a proper decay
time uncertainty, individual to each b/c-hadron candidate (thus per-candidate), can be
obtained. Due to the cylindrical geometry of the ATLAS detector, the resolution of the
particle track parameters strongly depends on the n-direction of flight of the particle,
and so do the mass and proper decay time uncertainties. The signal peaks are thus multi-
Gaussian. In the fit model, such peaks can be approximated by double/tripper-Gaussian,
modified Gaussian [157, 172], or Johnson’s SU [173, 174] distributions. Another approach
is to use MC simulation-based templates. However, one can also utilize the known
per-candidate resolutions to construct a multi-Gaussian distribution (each event has
signal Gaussian PDF with width defined by the per-candidate uncertainty) that should
exactly match the data'®. To properly include these new observables (oy,,, 0¢,) into
the likelihood, their distribution for signal and background events must be estimated,
typically using the sideband-subtraction method or SPLOT technique [175]. Otherwise,
one can encounter unexpected biases in the fit parameters [176].

The fact that the UML fits are unbinned complicates the assessment of the quality
of the fit, while in fits utilizing x? minimization the y?/NDF ratio provides the measure
of the quality. Therefore, the validity of an UML fit results is verified by evaluating
x2/NDF of various projections of the fit, or by comparing fitted data with the toy-MC
data generated from the UML fit model.

4.2.6 Monte Carlo Simulations

MC simulations of the signal decays are used to study the efficiency and acceptance
effects: efficiency of the selection, efficiency of trigger and reconstruction, sculpting of
decay angles by the kinematic cuts on the daughter particles, and self-background - the
fake signal candidates in an event where real signal decay is present. The self-background
typically appears as a consequence of a combination of part of the signal decay with
other (random) tracks from the same event, mimicking the signal signature.
Background MC samples are then used to study the rejection of fake signals coming
either from accidental random combinatorics of tracks or from dedicated B-decays

1511 reality a common scale factor is used to scale the uncertainties to account for imperfect estimate
of track parameters uncertainties.
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typically having the same or similar topology as the signal, but differing in the type of
particles (due to the missing hadron identification capabilities of ATLAS). An example
of such a pair of signal-dedicated background is B? — J/¢(utp~)¢(KTK~) and
B — J/(utp)K*O(K+71~) pair of decays, both having two muons plus two tracks
signature. The B? decay can thus easily mimic the BY one (and vice versa). Assigning
kaon mass to the pion track from the B? decay would lead to the deformation of the
fake B candidate invariant mass distribution. MC simulation allows to describe such
effects and include them in the statistical analysis.

B-Physics simulations typically use the PyTHIA-based wrapper PYTHIA8SB [177]
combined with the EVTGEN decayer. PYTHIA is tuned with ATLAS data, using the
CTEQS6L1 set of parton distribution functions [178] and the A14 parameterization [179].
The PYTHIA8B wrapper allows forcing desired signal b/c-hadron decays. Since the
generation and filtering of bb events is slow (up to minutes per event), the wrapper
utilizes several mechanisms to speed up the process by reusing parton part of a previ-
ous simulation (repeats hadronization process) or by re-decaying b-hadrons to reach
desired final state (including kinematic requirements based on typical B-trigger and
ID acceptance). EVIGEN'® is providing a precise description of (not only) B-decays
by accounting for the proper matrix elements of the processes and for the quantum
numbers of the particles involved in the decay tree.

4.2.7 Systematic Uncertainties

The used analysis techniques, approximations, statistical methods, simulations, and
knowledge of the detector performance are always burdened by uncertainties, leading
to systematic uncertainties of the extracted physics parameters. While the list of
systematics is very specific to each B-analysis, the most common ones, together with
their assessments, are listed below.

The luminosity is measured with precision at the level of a few percent [180-
183] and naturally contributes to the uncertainty of the measurements of b/c-hadron
production.

The detector acceptance (the coverage in 7 and the minimum pr on the recon-
structed tracks) significantly affects both the total "seen” production cross section and
the topology of the decays, i.e. the distribution of the b/c-hadron decay angles. The
detector acceptance is evaluated using MC simulations (after corrections for differences
between data and MC, as described later). The limited size of the MC sample, though
significantly larger than the real data, imposes a statistical uncertainty on the extracted
acceptance distributions. Further uncertainties can come from chosen binning or chosen
empirical fit functions used to smooth the acceptance distributions.

The measurements are also affected by trigger and reconstruction efficiencies
or misidentification rates of the various objects such as ID or muon tracks. While
the offline reconstruction efficiencies (tracks that passed trigger and are within the
ATLAS detector acceptance) are close to unity, the trigger ones are lower, especially at
L1 where a few tenths of a percent are typically lost. These efficiencies are known with
a limited precision, which then propagates to the results of a given B-analysis. The
misidentification rates are usually cross-checked with real data using well-known (and
high-rate) decays where such a rate can be measured (e.g. BT — J/¥(uTpu~)K™ to
measure kaon-muon misidentification).

The analysis has to be robust to the event selection. Although it is optimized to
obtain the best possible precision from the data, it needs to be checked that the selection
of events (either in signal or control or normalization regions) does not bias the result,

18T have contributed to this SW framework with the decay model Lb2L11 for the semileptonic rare
decay A — A%t
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i.e. that slight variations of the selection do not lead to inconsistent results. In the case
of the existence of multiple signal candidates (N,nq) in a single event, the procedure
of choosing just one can lead to biases in the measurement too. The related systematics
can be evaluated by keeping all such candidates in the analysis, while weighting them
by a factor of 1/Ncana, and checking the effect on the given B-analysis results.

The statistical fit model is usually only an approximation of the real data distri-
butions, especially as what concerns detector resolution and combinatorial background
components. The systematic uncertainty is evaluated by using alternative fit models, still
fitting the data well (e.g. higher-order polynomials for the combinatorial background,
or the variations of the multi-Gaussian detector resolution description mentioned in the
previous section). The systematics can be obtained either by applying the alternative
fit models on the real data or by generating toy-MC data from the alternative models
and fitting them by the default fit model.

The UML default fit model can suffer from intrinsic biases, the more the fit
model is complicated (from the point of view of a number of dimensions and physics and
nuisance parameters) and the less the amount of data to fit is available. A fit of a set
of toy-MC datasets (toy-data) generated from the fit model is used to obtain this bias.
Ideally, the result (fg¢) of each physics parameter 6 extracted from these toy-data fits
should be distributed following a Gaussian shape with the mean value corresponding to
the physics parameter value used for the toy-MC data generation (fiyit) and the width
of the Gaussian should be equal to the statistical uncertainty of the physics parameter
(0(0)stat) extracted from the fit(s). It is a self-consistency check, presented by a set
of pull-plots: plots of (0gy — Oinit)/0(0)stat that should follow the normal distribution
N(0,1) in the case of no bias. An example of such a plot and its interpretation is shown
in Figure 14.
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Figure 14: Pull distribution of A) parameter in BY — J/1¢ analysis [9], suggesting that
the real value of physics parameter A would be shifted up by ~ 32% of the statistical
error with respect to the A value obtained from the fit on real data. Also, the statistical
error of Aj| in the real data fit will be slightly overestimated, by around 4%.

There are always differences between MC simulations and real data, orig-
inating either in the particle collision generator and particle decays levels, or in the
simulation of detector response. The former, including differences in b/c-hadron pr, 7,
invariant mass, lifetime, decay angular distribution, other activity in the events (pileup,
isolation of signal particles), etc. can be corrected by applying weights calculated
from real data, e.g. on control channels. The detector simulation is corrected by scale
factors provided by the corresponding CP groups. All these corrections have associated
uncertainties that then propagate to the given B-analysis. Sometimes the properties of
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the studies signal or background particles are not known (e.g. initial polarization or
decay angles). In that case, the systematics is evaluated by associating several extreme
(but physical) configurations to the unknown properties and checking the effect on the
whole B-analysis.

The B-analyses are often using external inputs such as BR of control, normal-
ization or dedicated-background channels, or other properties of particles. These have
uncertainties and propagate to the given B-analysis systematics.

Dedicated backgrounds are usually simulated in MC and corresponding PDFs
are plugged into the statistical model (with uncertainties coming from the data-MC
differences and external inputs described above), while combinatorial backgrounds
are often described by empiric PDFs and systematics are connected with those PDFs
alternation.

The residual detector misalignment and precision of knowledge of the magnetic
field in the tracking system impose systematics on the measurement of track parameters.
The former is related to the uncertainty of knowledge of the position and geometry
of the tracking system. As it measures the position of the passing charged particles
with a precision at the level of 10 pm, knowledge of the geometry needs to be known
at a similar level. This is achieved using real data from collisions and cosmic muon
rays, but the procedure has limited precision, leading to the residual misalignment. As
a result, the pp and position of the secondary B-decay vertex can be systematically
shifted. A relatively simple back-on-envelope estimate of the uncertainty can be made
by using known (measured [184]) momentum scale bias from reconstructed invariant
masses of well-known particles as J/¢ and translating it into a bias in measurement
in a given B-analysis. A more sophisticated method [29] measures the biases in real
data and misaligns MC simulations so that the observed biases are similar in size and
structure (see Figures 15). Such a misaligned MC data sample of signal events is then
used to assess the systematics.
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Figure 15: The fitted mean value (the bias) of the impact parameter distribution dy for
different values of 1 and ¢ with 25 bins in each projection. The impact parameter is
calculated with respect to the PV with the track being removed from the determination
of the PV. The left figure shows the real bias in data, while the right figure shows the
simulation of the same effect (nominal MC simulation is flat with zero bias).

Furthermore, a number of stability tests of the results are made, including depen-

dence on the number of PV in the event, period of data-taking, chosen trigger, size of
b/c invariant mass window, kinematic of the signal particle, etc.
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5 CP-Violating B-meson decays

The excess of matter over antimatter observed in our Universe is not explainable within
the Standard Model. The process of dynamical generation of matter over antimatter,
baryogenesis, is conditioned by the existence of C'P-violation [185]. SM has mechanisms
for CPV, which originate from the complex phase in the Cabibbo-Kobayashi-Maskawa
(CKM) matrix [186, 187] describing the charge-changing weak transitions of quarks.
The theory distinguishes three types of CPV in the quark sector:

« CPV in decay, when the amplitude A, of the process M 0 — f is different from
the amplitude A? of the process involving the anti-initial state and the anti-final

state M? — 7

e CPV in mixing, when the composition of mass eigenstates is non-equally con-
tributed by the flavour eigenstates: |My g) = p|M°) + q|MY), |p/q| # 1.

e CPV in interference between decays with and without mixing in the same final state,
M® — M° — f versus M — f, defined by arg(\s) = arg((q/p)(Ar/Af)) # 0.

So far, all measurements of CPV (including kaons, D-mesons, and B-mesons) are
very well compatible with the SM predictions (for a comprehensive summary, see
Reference [160]). However, the size of the CPV is too small, by several orders of
magnitude, to be compatible with the observed matter-antimatter asymmetry [188].
This fact suggests that there should be other than SM sources of CPV. Testing the
CPYV in various processes is thus a promising way to find New Physics effects.

5.1 CP-Violation in B? — J/4¢ Decay at ATLAS

ATLAS has analyzed [8—11] the so-called golden channel BY — J/1¢, measuring
the C P-violating phase ¢s which describes the CPV in the interference between the
direct decay and decay with mixing (see Figure 16). In SM the CPV phase is related

s > s
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Figure 16: Feynman diagrams of B? — J /¢ decay without and with mixing.

to the CKM elements: ¢, ~ —28, = —2arg[—(V4sV};)/(VesV;] and is quite small
(—0.037 £ 0.001) rad [189]. NP processes could contribute to the mixing box diagrams,
potentially allowing for a large deviation in ¢ from SM. The BY — J/v¢ decay is
a decay of the pseudoscalar to two vector particles. Therefore, the final state is an
admixture of C'P-odd (orbital momentum L = 1) and C'P-event (L = 0,2) states.
Moreover, an S-wave decay B? — J/¢ K™K~ nonresonant in the kaon-kaon mass,
contributes to the observed signal. The decay(s) is described by physics parameters
including ¢, direct CPV parameter A\, B%-BY mixing parameters, and finally the
amplitudes and phases of the CP (and S-wave) states. The ¢, phase can be extracted
from the analysis of the time-dependent distribution of the decay angles:

10

d'r ®) (1) ®)
=>_ 0W(t)g™ (01, ¢r, ér) (7)
k=1

dt dQ2
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where ¢ is the B? meson proper decay time and decay angles 07, 17, ¢r are defined in
transversity bases as shown in Figures 17.

+ Z
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O

Figure 17: Illustration of the decay angles between the final state particles in transversity
basis, with 7 and ¢ defined in the J/1 rest frame, while ¢ in the ¢ meson rest
frame.

The data for the analysis are collected by a set of dimuon triggers. Event selection
is cut-based, applying the invariant mass windows of ¢, J/1, momentum cut on the
muon and kaon tracks and the quality of the J/¢ and B? vertex. No cut on the B?
proper decay time is applied to avoid complicated compensation of the cut efficiency and
to keep background data in the analyzed sample to help describe detector resolution.
Almost 0.5 million signal candidates are available in the latest datasample.

For the extraction of ¢ and other physics parameters, an UML fit is used. In
addition to the proper decay time and decay angles, the fit uses per-candidate (mass)
time resolution, B? meson pr, and BY flavour tagging variables (see below). Besides
combinatorial background, dedicated BY and A; backgrounds are included. The mul-
tidimensions and large number of free physics and nuisance parameters make the fit
challenging (stability, intrinsic biases).

An important part of the analysis is the determination of the initial BY meson
flavour (at the time it was born). This knowledge significantly improves the precision
of the measurement (see the comparison of the top two Figures 19), because certain
terms in Equation 7 change signs based on that variable (and thus effectively disappear
in the untagged analysis). Such initial B meson flavour tagging utilizes the fact that
b-hadrons are mostly born in pairs of opposite flavours (from bb pairs). Determining the
flavour of the opposite b-hadron (opposite side tagging) in the event thus determines the
initial signal B? meson flavour. The tagging method is based on semileptonic B-decays,
when the charge of the lepton correlates with the flavour of the b-quark (b(b) — 1~(1).
However, the method is diluted by B-meson oscillations and b — ¢ — [ transitions,
providing only statistical differentiation of the flavour of the signal B? meson. The key
variable of the tagging method is a pp-weighted charge of tracks (¢;) in a predefined
cone AR = \/A¢? + An? around the candidate for the opposite side lepton:

B va tracks gi - (pTi)R <
Qo = N tracks K ( )
Zz’ (pT’L)

with parameters £ and AR optimized to obtain the best tagging performance. In the
analysis, three taggers were used: muon-, electron-, and b-jet-based (the latest relying on
hadronic decays, but using a similar approach). The taggers are calibrated with events
containing self-tagged B¥ — J/1 KT decays, where the flavour is clear by the signal
itself. The calibration allows obtaining, for a given charge @, € [—1, 1], the probability
P(B|Q) that the signal in the event was B or B. An example of such a relationship is
shown in Figures 18. The performance of the taggers is characterized by the following
variables:
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Figure 18: Cone charge distributions, —@,,, for muons, shown for the discrete (left) and
continuous (right) distribution. In red (blue), the normalized B* (B~) cone charge
distribution is shown (corresponding to the right-axis scale). A B™ (B~) candidate
is more likely to have a large negative (positive) value of Q,. Superimposed is the
distribution of the tagging probability, P(B|Q,), as a function of the cone charge,
derived from a data sample of BT — J/¢ KT decays, and defined as the probability to
have a B™ meson (on the signal-side) given a particular cone charge Q,. The fitted
parameterization, shown in black, is used as the calibration curve to infer the probability
to have a B? or BY meson at production in the decays to J/¢¢.

« efficiency €., the fraction of events in which the @, can be constructed,

e the wrong tag fraction w, or dilution D, = 1 — 2w, that demonstrates how much
an ideal asymmetry would be diluted by the wrongly determined flavour,

« combining both above, the tagging power T}, = €, D2.

In the most recent B — J/1¢ ATLAS analysis, 21.2% of events were tagged and the
total tagging power reached 1.75%.

Besides the UML fit, the other challenging aspects of these analyses were the tagging
optimization and the effect of proper decay time efficiency originating in trigger tracking
limitations (muon tracks with large transverse impact parameters rejected). Also, with
the enlarging datasets, detector alignment precision becomes important and uneasy-to-
evaluate uncertainty of the measurement. However, so far the dominant systematics
come from the tagging procedures, accounting for pileup dependence, calibration curves
model, tagging PDFs in the UML fit, and for the difference between BT (calibration)
and BY (signal) kinematics.

The main results of the series of the BY — J /¢ analyses at ATLAS are shown in
Figure 19, presenting the measurement of the CPV phase ¢ and AT'g (the difference of
decay times of the mass eigenstates in BY mixing). The measurement of the CPV phase
¢s is consistent with the SM prediction. A 3¢ tension with the current world combined
value is revealed in the average decay width I's.
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Figure 19: Evolution of the results of the CPV measurement in B? — .J/1)¢ channel at
ATLAS. Contours of 68% confidence level in the ¢s—AT's plane, showing ATLAS results
for pp collision data with /s of 7TeV [11] (top: left not tagged, right with tagging, at
the same data, demonstrating the sole effect of tagging on precision of the analysis),
8 TeV [10] (middle right) and 13 TeV [190] (middle left, partial Run 2 data only as the
latest public ATLAS result). The plots include also combination of the various datasets.
The combination of all tagged Run 1 and Run 2 ATLAS results overlaid with results
from the same analysis of other experiments [191-196] is shown on the bottom figure,
provided by The Heavy Flavour Averaging Group [71]. The SM prediction for 235 and
AT'g are taken from References [189, 197] and neglects possible sub-leading Penguin
contributions.
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6 Rare B-meson decays

The rare b-hadron decays do not occur at the tree level of the Feynman diagrams and
proceed via diagrams with loops or boxes. Possible new particles in the loops can thus
significantly modify the properties of such decay, in particular, the branching fraction
and/or angular distribution of the decay products. The rare decays are thus often
used as probes for NP. The experimental challenge is in their rareness: Extracting
them from the data requires strong suppression of various types of background, leaving
a handful of signal events to observe or have available for potential angular analysis.
Moreover, quite exotic backgrounds can emerge in the analysis, including other known
and yet-unobserved rare decays.

One class of such rare decays are the FCNC transitions, which are especially sensitive
to NP due to several suppression mechanisms in the SM:

e proceed via loops, no tree diagrams,

o presence of small CKM elements (|Vis| = 0.0415 £+ 0.0009, |Vi4g| = 0.0086 +
0.0002) [160],

+ Glashow-Iliopoulos—Maiani (GIM [198]) suppression mechanism in loops with
charm or down-type quarks by a factor of ~ (m?2 —m32)/MZ,,

o and helicity suppression in radiative or leptonic decays by a factor of ~ my, s/My
due to a helicity flip,

while NP can proceed via tree diagrams or some of the suppressions might be missing.
The analyses of rare B-meson decays at ATLAS include (among others) purely leptonic
decays B?S) — ptp~ [67, 120] and semileptonic rare decay B® — K*u*p~ [12]. In the
former case, BR is measured, while in the latter case, an angular analysis is performed.
Examples of Feynman diagrams representing these decays with NP contributions are

depicted in Figures 20.

b - b S
+ +
S
W+ 5(0
bt e [t

t,c,uA J LYV

s —p—L------| e e

Figure 20: Examples of Feynman diagrams for B® — K*0u*pu~ (top) and BY — putpu~
(bottom) decays with New Physics contributions (red color).

6.1 Semileptonic Rare B® — K*°u*u~ Decay Analysis at ATLAS

The semileptonic rare decay B® — K*O(K 7~ )utpu~ proceeds in SM at the lowest order
via penguin or box Feynman diagrams. The BR is of the order of 107 [160], allowing
more detailed studies of the differential decay rate. An anomaly has been observed by
LHCD in the distribution of decay angles as a function of the dimuon invariant mass,
though there is also interest in measurements of the charge asymmetry, differential
branching fraction, or isospin asymmetry. The ATLAS analysis [12] is focused on the
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region of the observed anomaly, in the dimuon mass squared (¢?) range only up to
6 GeV2.

The angular differential decay rate as a function of ¢ and the helicity angles 67,
Ok, and ¢ (see Figure 21) is [199, 200]:

1 dir 9 [30-Fy) _, ,
= — |2 "2 gin?0, + F 0
dI'/dq? d cos 61,d cos O xdpdg? 397 4 sin” O + Fp, cos” O +

—Fp cos? 0 cos 20, + Sssin® O sin? 01, cos 2¢
+54 8in 205 sin 207, cos ¢ + S5 sin 20k sin 01, cos ¢
+Sg sin? O cos 0y + S7 sin 20 sin 0y, sin ¢

1—

+Sg sin 205 sin 267, sin ¢ + Sg sin’ O sin® O, sin 26|,

with FJ, being the fraction of longitudinally polarized K*° mesons and S; being the
angular coefficients, all ¢*> dependent. However, the predictions for S; depend on
hadronic form factors with significant uncertainties at the leading order. Using the
following transformations, these uncertainties at leading order cancel [200, 201]:

2S5 _ 1 S _ So , Si—4578

1-Fy, 1 F, 1i=4568 (10)

P
Fr(l— 1)

Figure 21: Illustration of the helicity decay angles between the final state particles, with
07, defined in the dimuon rest frame, 0k in the K*0 rest frame, and ¢ in the B rest
frame.

The core of the analysis are extended UML fits in ¢ bins, including among the
helicity angles also the invariant mass of B® candidates and its per-candidate uncertainty.
Resonant decays B? — K*0J/1 (see Figure 22 left) and BY — K*%(2S5) are used
as control channels. Event selection is cut-based, optimized on MC simulations, with
a hard minimum cut on the B candidate proper decay time and a strong B° meson
momentum pointing constraint towards the PV. As a consequence of missing hadron
identification at ATLAS and the wide natural width of the K** meson, in around 11%
of cases the BY meson flavour is mistagged!”.

In the dataset of pp collisions at /s = 8 TeV only 342+ 39 signal events are extracted,
as depicted in Figure 22 (right). A fit of the full angular distribution of Equation 9
with so many free parameters would not converge. Therefore, foldings of the angular
distribution were applied, reducing the angular fit parameters to Fy, S3, and one of

1"Both K*° or K*° candidate hypotheses are tested with the two opposite-charge hadronic tracks,
choosing the candidate with invariant mass closer to the K*® nominal mass. But in case of similar
momentum of the two hadronic tracks, both hypotheses can provide candidate with invariant mass
within the natural width of the K*° meson.
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Figure 22: Fits to the K7uu mass distribution for the samples of the control J/yK*°
region (left) and the signal region of ¢> € [0.04,6.0] GeV? (right). The data are shown
as points and the total fit model as the solid lines. The black dashed line represents
signal, the other lines combinatorial and dedicated background components.

S4, S5, S7, or Ss. An example of the folding procedure to extract the P! (resp. Ss)
parameter uses absolute values of the helicity angles ¢ and cosfr (i.e. transforms
¢ — —¢ for ¢ <0and 0, — 7 — 0, for 8 > 7/2). The decay angular differential rate
then simplifies to:

sin? 0 + F, cos® 0k + L gin? Oy cos 20y,

- A

1 d‘r 9 31— Fy)
dI'/dg? dcosfrdcosOdepdg®? — 8x

—Fy, cos? Ok cos 207, + Sz sin? O sin? 0, cos 2¢

4S5 sin 20 sin 01, cos (b] .

However, the foldings lead to a loss of sensitivity to parameters Sg and Sy, the former
related to the forward-backward asymmetry of muons. Since S3 and Fp, are present
in each of the four folding schemes, the measurements with the lowest systematic
uncertainties were taken. Several other measures have been taken to cope with the
low number of signal events: wide ¢ bins of 2 GeV? are used, sequential mass-angular
extended UML fit is applied, fitting the mass distribution independently first, and fixing
its related physics and nuisance parameters in the following mass-angular fit. Moreover,
part of the parameters related to the mass fit is constrained using the fit results on the
control channels.

A challenging aspect of the analysis was also understanding the background processes.
Around 30 dedicated background B-decays were identified and studied as potential
contributors to the collected events, including the S-wave B® — K+n—putpu~. Still, two
other groups of decays were also discovered, B — DX and BT — p*tu~h* (h denotes
charged pion or kaon), creating structures in the decay angles distribution [96] and
resulting in additional systematic uncertainties.

The results of the analysis are summarized in Figures 23, showing the extracted
angular parameters in three ¢? bins and comparing them with the results of other
experiments and theoretical predictions. All measurements are found to be within three
standard deviation of the different SM predictions. The results are also compatible
with the other measurements. The systematic uncertainties mostly originate in the
description of various backgrounds, both dedicated and combinatorial ones.
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Figure 23: The measured values of angular parameters Fr, P, Py, P, P}, P; compared
with predictions from several theoretical groups (CFFMPSV [202], DHMV [102], JC [203,
204]) and with results from other experiments (at the time of publication): LHCb [205],
CMS [206, 207], Belle [208, 209], BaBar [210).
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7 Exotic Multiquark Structures

The constituent quark model describes mesons and baryons as bound ¢qq and gqq states.
However, QCD suggests that more complicated states may exist, in particular, bound
qg-pairs with an excited gluon, multiquark singlet states such as qqqq (tetraquarks either
as compact systems or molecular-like bound states of two mesons) or qqqqq (pentaquarks
again either as compact or bound hadron-meson states)'®. Evidence for a number of
such states has been collected [160], with X (3872) (ucuc tetraquark-like composition)
as the first one observed [211] in 2003 at the Belle experiment. For pentaquarks, several
reports appeared at about the same time, but have been shown to be spurious [212].
The first widely accepted evidence for pentaquarks has been reported by LHCb [213],
where two J/¢p resonances have been observed in Ay, — J/¢ K~ p decays. The ATLAS
experiment contributed to these searches as well [13, 51, 214, 215].

7.1 Search For a Structure in the Bgﬂ'i Mass Spectrum at ATLAS

Recently, the DO collaboration [216] reported an observation of another tetraquark
candidate [217]: a narrow structure X (5568) in BY7* system (with B — J/1¢). The
resonance was supposed to be composed of b, s, u, and d (anti-)quarks. ATLAS was
among the experiments that tried to confirm this observation, using pp collision data
from Run 1. The analysis [13] was targeted to the properties of the final state seen
at DO, searching for the signal in Bo7* invariant mass in the range starting from the
threshold up to 5.8 GeV.

The analysis uses the same selection of BY — J/1¢ candidates as the CPV analysis
described in Section 5, except that additional cut on the proper decay time ¢ > 0.2 ps
is applied to reduce S/B and the BY invariant mass is limited to the signal region of
(5346.6 — 5386.6) MeV. Kinematics of the BY meson is constrained to pp(BY) > 10 GeV.
Hadronic tracks (charged pion candidates) from the associated primary vertex are then
combined with the B? candidates. The invariant mass of the Bo7* system is calculated
as m(J/Y Kt K= %) —m(J/Y KT K™) + mg(BY), where mg(B?) = 5366.6 MeV. This
definition significantly improves the resolution of m(B%7¥*). In average, 1.8 B
candidates are seen in an event and are all retained for further analysis. The distribution
of m(BY7*) is fitted using an extended maximum likelihood method, as depicted in
Figure 24. No signal is observed with properties corresponding to the D0 X (5568)
resonance. A series of fits is performed to scan the whole m(B%7*) range for possible
excesses, but no signal is found either. Thus, upper limits are determined for the number

of ngi signal events and for the relative production rate of a hypothetical resonance
X:
_ o(pp — X + anything) x B(X — B%*) Ny 1

B = 11
px o(pp — BY + anything) Npo x erel(X) (11)

The limits, which account for the relative reconstruction and selection efficiency *°!(X)
determined with MC simulations, are calculated using the asymptotic approximation
from the profile likelihood formalism based on the CL, frequentist method. The upper
limits on px are shown in Figure 25 and do not support the D0 observation. Similar
searches by LHCb [218], CMS [219], and CDF [220] also did not reveal any signal.

8 Even more complicated states of six quarks (qqqqqq) are predicted.
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of the X (5568) structure.
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Figure 25: Upper limits for the relative production rate px at 95% CL (black squares
connected by line) at different masses of a hypothetical resonant state X decaying
to ngi. A Breit-Wigner width as reported by DO is assumed. The expected 95%
CL upper limits (central black dot-dashed line) with +10 (green) and +20 (yellow)
uncertainty bands on px are shown as a function of the assumed resonance mass. No
signal is observed in the scanned mass range.
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8 Future Prospects

Heavy flavour production and decays will be studied using the future facilities as well,
all the more the observed flavour anomalies are currently one of the promising signals
of physics beyond SM. Relatively recently (in 2018) Belle II experiment [221, 222],
a new generation ete” B-factory at the SuperKEKB collider, has recorded the first
data and will overcome its predecessor, Belle experiment [223] at KEKB, by providing
10x larger integrated luminosity (by 2027). In the field of hadron colliders, it is the
High-Luminosity LHC with the upgraded ATLAS, CMS, and LHCb detectors, and
possibly also the Future Circular Collider (FCC) [224], where HF physics will also take
place. The ATLAS B-physics program provided important results from Run 1 and
Run 2, and data are currently being taken in Run 3, anticipating 2x larger dataset than
collected up to now. Similar HF analyses will run also at the High-Luminosity LHC
with the Upgraded ATLAS detector. Within the ATLAS B-physics group, HL-LHC
projections of the expected precision of a few fundamental B-physics analyses [14, 15,
225, 226] were performed. Two of them include the channels BY — J/¢¢ [14] and
BY — K*0u* = [15].

Although an obvious improvement at HL-LHC comes from the increased luminosity
and b-hadron production cross section, thus larger number of b-hadrons produced in the
pp collisions, other improvements are related to the upgrade of the detector subsystems,
as described in Section 3. On the other hand, an increased number of pp collisions in
single bunch crossing will put stress on the trigger system, resulting in a need to tighten
the trigger selection criteria.

8.1 ATLAS Upgrade Performance

The replacement of the tracking system with the all-silicon I'Tk detector would signifi-
cantly improve the precision of measurement of the momenta of the charged particles as
well as the impact parameter. This will thus result in better resolution of the b-hadron
invariant mass and the decay time. The improvements are illustrated in Figures 26
and 27. The invariant mass resolution shrinks by 30%, while the proper decay time
resolution shrinks by 21%, compared to the Run 2 ATLAS detector with already installed
IBL. Also, it is observed that the proper decay time resolution does not deteriorate with
the increasing pileup. These studies, evaluating the improvements in the reconstruction
of basic physics quantities, were one of many that contributed to the decision about the
design of the ITk geometry (position and inclination of the detector layers, pixel size).

8.2 Projections of B - K*°utpu~ and B? — J/v¢¢ Analyses

The projections of the B-physics analyses account for the effects of the improved detector,
for the increased integrated luminosity, b-hadron production cross section, and pileup,
and evaluate the expected precision of the measurements under three trigger scenarios
(optimistic, middle, and conservative). The optimistic one, requiring muon pt thresholds
at 6 GeV, is close to the conditions in Run 2 and Run 3. The choice of the scenarios
is based on considerations discussed in the ATLAS Phase II TDAQ Technical Design
Report [23]. As the trigger system for HL-LHC does not yet exist, the trigger algorithms
are emulated by offline selections.

In both analyses, toy-MC is used to evaluate the expected precision of the physics
parameters of interest. The starting point for the evaluation is the results from Run 1.
Monte Carlo simulations and real data are used to estimate the number of signal and
background events. On the basis of those numbers, toy-MC data are produced. The
analysis procedures then exactly follow the real analyses from the existing ATLAS
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Figure 26: BY mass resolution oyass(B) as a function of the BY meson pseudo-rapidity
in the decay channel BY — y*pu~, comparing the performance from MC simulations for
Run 2 and HL-LHC. Taken from Reference [16].
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shown, comparing the performance in Run 1 (ID), Run 2 (IBL) and upgrade HL-LHC
MC simulations. Taken from Reference [14].

measurements. Systematic uncertainties are divided into several groups: those dependent
on real data (e.g. fit-model systematics) are assumed to reduce as with the square root
of the relative integrated luminosities, while the ones depending purely on the amount
of MC simulations are neglected. Systematics depending on external measurements are
treated case by case (either unchanged or, when backed up by new facts since the Run 1
analyses, reduced).

The results indicate that we can expect an improvement in the precision of the physics
parameters of interest by 9x-20x (BY — J/1¢), respectively 5x-9x (B® — K*0u*pu~),
as illustrated in Figures 28 and 29. Hence ATLAS Upgrade is expected to observe
nonzero ¢5 and confirm (or reject) the Pf anomaly.
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Figure 29: Projected ATLAS HL-LHC measurement precision [15] in the P} parameter
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Both the projected statistical and the total (statistical and systematic) uncertainties are
shown. While the HL-LHC toy-MC were generated with the DHMV central values of
the F, and Pi(l) parameters, in these plots the central values are moved to the ATLAS
Run 1 measurement for better visualization of the improvement in the precision.
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9 Conclusions

Testing the heavy flavour sector of the Standard Model is a promising tool in the search
for New Physics. The thesis summarizes the main analyses of the B-physics group at the
ATLAS experiment, to which I have contributed significantly. This includes analyses of
C P-violation in BY — J/1¢ decay, a search for exotic structures connected with heavy
flavour, as well as a probe of the properties of semileptonic rare B-meson decays. The
first topic attempts to find an answer to the question of the superiority of matter over
antimatter in the Universe. The search for and studies of exotic structures allows for
the tests of the Quantum Chromodynamics. The last topic of rare decays is connected
with the so-called Flavour Anomalies, a set of signs of tension between Standard Model
predictions and the experimental results. Although the most pronounced measurements
of the anomalies come from specialized experiments on heavy flavour physics, the
B-factories, experiments at general purpose detectors such as ATLAS or CMS also
contribute to some of these observations of tensions. At the same time, especially
accounting for that many of the anomalies are/were only seen on a single (LHCb)
experiment, independent measurements from other experiments such as ATLAS provide
a valuable cross-check. The importance of the cross-checks is enhanced by the recent
disappearance of several of the flavour anomalies.

The ATLAS heavy flavour analyses are, so far, compatible with the SM predictions,
with a few deviations slightly below the 30 level. With the upcoming datasets from
Run 3 or High-Luminosity LHC, the increased number of events would eventually allow
determining whether those signs of deviations indicated real discrepancy from SM, or
whether they were just statistical fluctuations. Accounting also for prospects of other
future experiments at LHC and ete™ B-factories, B-physics will remain an exciting
field of research.
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A Publications Forming the Habilitation Thesis

A.1 Search for New Physics Effects in Rare and CP-Violating B-
Meson Decays, Search for New States

The list below contains papers in reviewed journals where I am one of the main authors
within the ATLAS Collaboration:

« G. Aad, ..., P. Reznitek, ... et al. (ATLAS Collaboration), Measurement of the
C P-violating phase ¢ in B — J /¢ decays in ATLAS at 13 TeV, Eur. Phys. J.
C 81.4 (2021) p. 342, arXiv: 2001.07115 [hep-ex]

« G. Aad, ..., P. Reznitek, ... et al. (ATLAS Collaboration), Measurement of the
CP-violating phase ¢s and the BY meson decay width difference with B — J /¢
decays in ATLAS, JHEP 08 (2016) p. 147, arXiv: 1601.03297 [hep-ex]

e G. Aad, ..., P. RezniCek, ... et al. (ATLAS Collaboration), Flavor tagged time-
dependent angular analysis of the BY — J /¢ decay and extraction of AT's and the
weak phase ¢s in ATLAS, Phys. Rev. D 90.5 (2014) p. 052007, arXiv: 1407.1796
[hep-ex]

e G. Aad, ..., P. Reznicek, ... et al. (ATLAS Collaboration), Time-dependent
angular analysis of the decay BY — J/1¢ and extraction of ATy and the CP-
violating weak phase ¢s by ATLAS, JHEP 12 (2012) p. 072, arXiv: 1208.0572
[hep-ex]

« M. Aaboud, ..., P. Reznicek, ... et al. (ATLAS Collaboration), Angular analysis
of Bg — K*ut ™ decays in pp collisions at /s = 8 TeV with the ATLAS detector,
JHEP 10 (2018) p. 047, arXiv: 1805.04000 [hep-ex]

e M. Aaboud, ..., P. Reznitek, ... et al. (ATLAS Collaboration), Search for
a Structure in the Bor™ Invariant Mass Spectrum with the ATLAS Experiment,
Phys. Rev. Lett. 120.20 (2018) p. 202007, arXiv: 1802.01840 [hep-ex]

A.2 Projections of the B-Physics Analyses for the Future Stages of
the LHC and the ATLAS Experiment

An important part of the B-physics analyses were also studies of the expected perfor-
mance and projected results for the future stages of the LHC: the Upgraded ATLAS
experiment at the High-Luminosity LHC. I am one of the main authors of these analyses
within the ATLAS Collaboration. The latest ones

e G. Aad, .., P. Resnitek, ... et al. (ATLAS Collaboration), B} — K*Ouu
angular analysis prospects with the upgraded ATLAS detector at the HL-LHC,
ATL-PHYS-PUB-2019-003, 2019, URL: https://cds.cern.ch/record/2654519

e G. Aad, .., P. Reznicek, ... et al. (ATLAS Collaboration), CP-violation
measurement prospects in the BY — J/y¢ channel with the upgraded ATLAS
detector at the HL-LHC, ATL-PHYS-PUB-2018-041, 2018, URL: https://cds.
cern.ch/record/2649881

became part of the collection of all such studies from LHC experiments published as the
CERN Yellow Report Monograph CERN-2019-007 [21]. Results of the preceding studies
of mine, including in addition expected trigger efficiencies, can be found in the Technical
Design Reports for the Phase II Upgrade of the ATLAS TDAQ system (ATLAS-TDR-
029 [23]) and for the ATLAS Inner Tracker Pixel Detector (ATLAS-TDR-030 [24]). All
the papers are thoroughly reviewed within the ATLAS collaboration.
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A.3

Performance of the B-Meson Decays Reconstruction

Studying the performance and features of reconstruction of b-hadron decays is the usual
first step of all the B-physics analyses. Results of such analyses, in which I am one of
the main authors, can be found in the following public materials reviewed within the
ATLAS collaboration.

G. Aad, ..., P. RezniCek, ... et al. (ATLAS Collaboration), BT mass reconstruction
in Bt — J/¢YK* decay at ATLAS at 13 TeV pp collisions at the LHC, ATLAS-
CONF-2015-064, 2015, URL: http://cds.cern.ch/record/2114830

G. Aad, ..., P. Reznicek, ... et al. (ATLAS Collaboration), Study of alignment-
related systematic effects on the ATLAS Inner Detector tracking, ATLAS-CONF-
2012-141, 2012, URL: http://cds.cern.ch/record/1483518

G. Aad, ..., P. Reznicek, ... et al. (ATLAS Collaboration), Measurement of the B9
and BY lifetimes in the decay modes B — J/YK® and B — J /¢ in ATLAS,
ATLAS-CONF-2011-092, 2011, URL: http://cds.cern.ch/record/1363779

G. Aad, ..., P. Reznicek, ... et al. (ATLAS Collaboration), Observation of the
BY and BY mesons in the decays B — J/YK" and BY — J/¢¢ in ATLAS,
ATLAS-CONF-2011-050, 2011, URL: http://cds.cern.ch/record/1341815

N. Kanaya, A. Krasznahorkay, H. Kurashige, C. Omachi, P. Reznicek, Perfor-
mance study of the level-1 di-muon trigger, ATL-PHYS-PUB-2009-045, 2009, URL:
http://cds.cern.ch/record/1167941

A.4 Analysis Tools for ATLAS B-physics Group

The reconstruction software of the ATLAS experiment provides data which encapsulates
basic physics-like objects. In order to perform the analysis of the data, complex analysis
software is needed. I was one of the developers of these analysis tools for the whole
ATLAS B-physics group. Their description can be found in the following conference
proceedings:

o P. f{ezniéek, C. Anastopoulos, E. B-Thacker, J. Catmore, S. Dallison, F.

Derue, B. Epp, P. Jussel, A. Kaczmarska, L. d. Mora, H. v. Radzievwski, T.
Stahl for the ATLAS Collaboration, Physics analysis tools for beauty physics in
ATLAS, J. Phys. Conf. Ser. 119 (2008) p. 032003, Proceedings, 16th International
Conference on Computing in High Energy and Nuclear Physics (CHEP 2007):
Victoria, Canada, September 2-7, 2007
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