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ABSTRACT

This dissertation presents a study of the BY — ]/ ¢ decay performed with the
CMS experiment and aimed at measuring the CP-violating phase ¢. This weak
phase parametrizes the CP violation in the interference between direct B meson
decays to a CP eigenstate via b — ccs transitions and decays through mixing
to the same final state. The Standard Model of particle physics relates ¢ to
the elements of the Cabibbo-Kobayashi-Maskawa matrix, which are precisely
constrained by global fits to experimental data. Due to its clean theoretical
prediction, the CP-violating phase ¢ is extremely sensitive to new-physics
effects that can modify its value via the contribution of non-SM particles to the
BS—ES mixing. Thus, the precise measurement of this phase is a powerful test to
either establish physics phenomena beyond the Standard model or put stringent
constraints on them. Moreover, by analyzing the B — J/\ ¢ decay rate, several
other interesting physics parameters can be measured, such as the decay width
difference AT between the light and heavy B mass eigenstates, the average
decay width T, the mass splitting Ams, and the CP observable |A| that describes
the amount of direct CP violation in the process. Therefore, this measurement
consists also of a comprehensive test of the phenomenology of the BY system.

To measure the physics parameters, a time-dependent and flavor-tagged
angular analysis of the BS — J/1 ¢ decay rate is performed. The measurement
is based on a sample of 48500 reconstructed B — J/b¢$ — ptp~ KHK-
events collected in proton-proton collisions at /s = 13 TeV, corresponding to
an integrated luminosity of Liy; = 96.4 b . Compared to the previous CMS
measurement at /s = 8 TeV, this analysis benefits from the increase in the
center-of-mass energy from 8 to 13 TeV that nearly doubles the BY production
cross section. Events are collected with a trigger that requires a J/{p — ptu~
candidate plus an additional third muon, which is exploited to infer the flavor of
the B meson at production time. A novel opposite-side muon tagger based on
calibrated deep neural networks has been developed to maximize the analysis
sensitivity. A high tagging power of ~10%, corresponding to a tagging efficiency
of ~50%, is achieved, aided by the requirement of an additional muon imposed
at the trigger level.

The CP-violating phase ¢ is measured to be:

¢s = —11 £ 50 (stat) £ 10 (syst) mrad ,

in agreement both with the Standard Model predictions and the absence of CP
violation in the decay-mixing interference. These results are significantly more
precise than those from the previous CMS measurement at 8 TeV. This analysis
also represents the first CMS measurement of the mass splitting Am and the
direct CP observable |A|. The results are further combined with those obtained
by CMS at /s = 8 TeV, yielding ¢ = —21 + 44 (stat) £ 10 (syst) mrad.



SINTESI

Questa tesi presenta uno studio del decadimento B — J/U ¢ effettuato con
I'esperimento CMS e mirato alla misura della fase debole ¢s. Questa fase
parametrizza la violazione di CP nell’interferenza tra decadimenti diretti di
mesoni BY in autostati di CP e decadimenti allo stesso stato finale attraverso
oscillazioni di sapore. Il Modello Standard della fisica delle particelle mette
in relazione ¢ con gli elementi della matrice Cabibbo—Kobayashi-Maskawa,
i quali sono precisamente determinati da fit globali ai dati sperimentali. Data
la sua precisa previsione teorica, la fase ¢ € estremamente sensibile ad effetti
di nuova fisica, che possono modificare il suo valore tramite il contributo di
nuove particelle alle oscillazioni di sapore. Pertanto, la misura precisa di questa
fase € un potente test per indagare fenomeni fisici oltre il Modello Standard.
Inoltre, analizzando il decadimento BY — J/\ ¢ & possibile misurare diversi
altri interessanti parametri fisici, come la differenza di ampiezza di decadimento
AT tra gli autostati di massa del mesone Bg, I'ampiezza di decadimento media
I's, la differenza di massa Amg, ed il parametro |A| che descrive la quantita di
violazione di CP diretta nel processo. Pertanto, questa misura consiste anche in
un test globale della fenomenologia del sistema BY.

L'estrazione dei parametri fisici viene eseguita attraverso un’analisi angolare
dipendente dal tempo del decadimento BS — J/1 ¢ e del sapore iniziale del me-
sone BY. La misura si basa su un campione di 48500 eventi di segnale ricostruiti
in collisioni protone-protone a /s = 13 TeV, corrispondenti ad una luminosita
integrata di Lin; = 96.4fb™ . Rispetto alla precedente misura eseguita da CMS a
V/s = 8 TeV, questa analisi beneficia dell’aumento dell’energia del centro di mas-
sa che praticamente raddoppia la sezione d’urto di produzione del mesone BY.
Gli eventi sono raccolti con un trigger che richiede un candidato J/{ — ptp~
ed un terzo muone addizionale, il quale viene sfruttato per dedurre il sapore
del mesone B? al momento della sua produzione. Al fine di massimizzare la
sensibilita dell’analisi, e stato sviluppato un nuovo algoritmo di fagging muonico
basato su reti neurali calibrate. L’algoritmo raggiunge un elevato potere di tag-
ging di circa il 10%, corrispondente ad un’efficienza di tagging del 50%, come
conseguenza della richiesta del muone aggiuntivo imposto a livello di trigger.

La fase responsabile della violazione di CP & misurata ¢s = —11 £ 50 (stat) =
10 (sist) mrad, in accordo sia con le previsioni teoriche che con l'assenza di
violazione di CP nellinterferenza tra decadimento e oscillazione di sapore.
Questi risultati sono significativamente pit1 precisi di quelli della precedente
misura effettuata dalla collaborazione CMS a 8 TeV. Questa analisi rappresenta
anche la prima misura della differenza di massa Amg tra gli autostati di massa
del mesone B? e del parametro [A| da parte dell’esperimento CMS. I risultati
sono stati ulteriormente combinati con quelli ottenuti da CMS a /s = 8 TeV,
ottenendo ¢s = —21 + 44 (stat) £ 10 (sist) mrad.
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INTRODUCTION

In modern physics, the Universe is described as composed of particles, point-like
entities that interact with each other through fundamental forces and give rise
to more complex structures. The Standard Model of particle physics (SM) is
the most successful description of how these elementary particles and their
interactions are related to each other. As of today, the SM has been tested
extensively and withstood all experimental tests exceptionally well. Despite its
overwhelming successes (to say one, the Higgs particle was predicted more
than fifty years before its actual discovery), the SM is not a complete theory of
fundamental interactions, as it leaves unexplained several known phenomena.
To name a few, the abundance of dark matter in the Universe, the gravitational
interaction, the origin of neutrino masses, and the large asymmetry between
matter and antimatter. These and many other arguments motivate the need for
a new, more fundamental, theory to describe the observed Universe.

In particular, the origin of the matter-antimatter asymmetry in the Universe is
one of the most long-standing unsolved problems in modern physics. Antimatter
particles share the same mass as their matter counterparts but have opposite
physical charges (color charge, weak isospin, as well as electric charge), and
when they come in contact, they annihilate one another. It is hypothesized that
the Universe during its first instants was composed of almost equal amounts
of matter and antimatter, leaving open the question of how the observed asym-
metry was generated. As noticed by Sakharov half a century ago, the combined
violation of the parity (P) and charge conjugation (C) symmetries, that is the
violation of the CP symmetry, is one of the three essential conditions to pro-
duce an imbalance between matter and antimatter, the other two being the
violation of the baryon number and interactions out of thermal equilibrium.
CP symmetry was believed to be one of the fundamental conservation laws
until its violation was discovered in 1964 in the decays of neutral kaons by
Cronin and Fitch, resulting in a Nobel Prize for its discoverers. At the time
only three quark types were known (up, down, and strange) and no existing
theory could explain the CP violation (CPV) observation. In 1973, Kobayashi
and Maskawa successfully provided an explanation within the context of the SM
by generalizing the two-dimensional Cabibbo matrix into the three-dimensional
Cabibbo-Kobayashi-Maskawa (CKM) matrix, allowing the inclusion of a com-
plex non-trivial phase. This led to the hypothesis and subsequent discovery of
the third family of quarks and another Nobel Prize.

The amount of CP violation in the SM, however, is not sufficient to explain
the observed matter-antimatter asymmetry. For this reason, the search for CP-
violating phenomena is of broad and current interest in high energy physics. The
Large Hadron Collider (LHC) at CERN is the most powerful particle accelerator
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ever built and therefore presents unprecedented opportunities for the study of
CP violation and the search for new physics. One of the large experiments it
services is CMS, a general-purpose detector able to measure different types of
particles and their properties by exploiting its many sub-systems.

Within this theoretical and experimental context, this dissertation presents a
new study of the BY — ]/ ¢ decay aimed at measuring the CP-violating phase
¢s. This weak phase parametrizes the CP violation in the interference between
direct BY meson decays to a CP eigenstate via b — cCs transitions and decays
through mixing to the same final state. The SM relates ¢ to the elements of the
CKM matrix, which are precisely constrained by global fits to experimental data,
assuming unitarity of the CKM matrix. Due to its clean theoretical prediction,
the CP-violating phase ¢ is extremely sensitive to new-physics effects that
can modify its value via the contribution of non-SM particles to the B%-B?
mixing. The precise measurement of ¢ is therefore a powerful probe to search
for beyond Standard Model effects, study the phenomenology of CP violation,
and shed additional light on the mystery of the origin of the matter-antimatter
asymmetry.

THESIS OUTLINE

The thesis is structured as follows. Part I gives a brief overview of the theoretical
background and physics motivations behind the analysis. The SM is covered in
Chapter 1, the phenomenology of flavor physics and CP violation is presented
in Chapter 2, while the B = J/ decay and the phase ¢ are discussed in
Chapter 3. Particular attention is given to the derivation of the SM prediction
for ¢ and the parameterization of the B = J/bod decay rate.

Part I reviews the experimental setup used to perform the analysis. Chap-
ter 4 is dedicated to the description of the Large Hadron Collider and CMS
detector, while Chapter 5 reviews the CMS trigger system, the algorithms used
to reconstruct the physics objects, and the basic concepts behind Monte Carlo
simulations.

Part III discusses the procedures and techniques used to collect and prepare
the data sample for the actual measurement. A general overview of the analysis
is given in Chapter 6, while the candidate reconstruction and selection proce-
dure are described in Chapter 7. Subsequently, a detailed description of the
development of the flavor tagging algorithms used to infer the initial flavor
of the B meson is given in Chapter 8, where a brief review on deep neural
networks is also presented.

Finally, Part IV presents the CP violation measurement on the selected
BS — J/1 ¢ data sample. Chapter 9 briefly reviews the maximum-likelihood
estimation method, before describing in details the fit model and presenting the
results. Particular attention is also given to the discussion of resolution and ac-
ceptance effects. The description of relevant systematic uncertainties is presented
in Chapter 10, which is followed by the final discussion of the measurement
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results in Chapter 11, where also the combination with the previous CMS results
is covered. The thesis concludes in Chapter 12 with a summary of the results
and a brief discussion of future prospects of the analysis.

PUBLICATIONS AND BIBLIOGRAPHIC REFERENCES

The analysis presented in this dissertation refers to the official CMS measurement
of the CP-violating phase ¢ performed at a center-of-mass energy of 13 TeV. The
preliminary manuscript is available in Ref. [1], which has been submitted to the
journal “Physics Letters B” in July 2020. As a consequence of the journal review
process, the results presented in this dissertation may end up being different
from the ones of the would-be published article. The results here reported have
been first presented in Refs. [2] and [3]. This work is also documented in the
internal analysis notes [4] and [5]1.

OWN CONTRIBUTIONS

The measurement presented in this thesis contains contributions from a team of
several people, each contributing to various aspects of the analysis. Within such
a group, I developed the flavor tagging framework, devising a new approach to
estimate the mistag probability on a per-event basis by exploiting a deep neural
network. I also gave major contributions to the development of the selection
framework, the definition of the maximum-likelihood fit model, and the study
of several sources of systematic uncertainties. I also curated the combination
with the previous CMS measurement. Besides the data analysis, I extensively
contributed to the CMS internal documentation and review process. In addition,
I am also part of the ATLAS-CMS-LHCb cross-experiment combination group
in charge of combining the three collaboration results and provide the world-
average values for all the relevant parameters described in this work.

UNIT CONVENTION

Through this dissertation, the “natural units” convention is implied, unless
stated otherwise, i. e., the speed of light in vacuum (c) and the reduced Plank
constant (h) are normalized to unity. Accordingly, both masses and momenta
are measured in GeV.

FOOTNOTE CONVENTION

This work makes extensive use of footnotes. Whenever Arabic numerals might
cause misunderstandings, footnotes are labeled with upper case Roman numer-
als.

1 These analysis notes are not publicly available.






Part I

THEORETICAL BACKGROUND

In modern physics, the Universe is described as composed of parti-
cles, point-like entities that interact with each other through funda-
mental forces and give rise to more complex structures. The Standard
Model represents our best understanding of how these particles and
three of the four forces are related to each other. Despite being consis-
tent, precise, and very successful, the SM is not a complete theory of
fundamental interactions, as it leaves some phenomena unexplained.
Among these, the origin of the matter-antimatter asymmetry in the
Universe is one of the most long-standing unsolved problems in
modern physics. As noticed by Sakharov half a century ago, the
violation of the CP symmetry is one of the essential conditions to
explain the observed imbalance between matter and antimatter in
the Universe. The amount of CP violation in the SM, however, is
not sufficient to explain the observed matter-antimatter asymmetry.
For this reason, the search for CP-violating phenomena is of broad
and current interest in high energy physics. The following chapters
provide a summary of the Standard Model theoretical framework,
and a brief description of the phenomenology of flavor physics and
CP violation relevant for this dissertation. The CP-violating phase ¢,
which measurement is the main result of this work, is also presented.






THE STANDARD MODEL OF PARTICLE PHYSICS

The Standard Model of particle physics (SM) [6-12] is the most successful
description of elementary particles and their interactions. It has been tested
extensively and has so far withstood all experimental tests exceptionally well.
This chapter presents the content of the SM and a summary of its mathematical
description.

1.1 THE STANDARD MODEL PARTICLE CONTENT

In the SM, matter and its interaction are described by twelve spin 1/2 particles,
called elementary fermions, their antifermions, twelve gauge bosons, and one
scalar Higgs boson. Elementary fermions are further classified into six leptons
and six quarks, according to how they interact.

The quarks carry color charge, therefore they interact via strong interaction.
As a consequence of the color confinement phenomenon, quarks are very strongly
bound to one another, forming color-neutral particles called hadrons containing
either a quark and an antiquark (mesons) or three quarks (baryons). Recently
there have been also various experimental evidences for bounded states of four
and five quarks [13-15]. Carrying electric charge and weak isospin, quarks also
interact via electromagnetic and weak interactions. Two types of quarks exist:
up-type (u, c, t) and down-type (d, s, b), which have an electric charge of +%e
and —%e, respectively.

Leptons do not carry color charge and can be divided into charged leptons
(e, 1, 1), with electric charge of —1e, and neutrinos (ve, vy, V), which are
neutral and interact only through weak interaction.

Both quarks and leptons are divided into three generations with increasing
mass’.

In the SM, gauge bosons are the force-carrying particles that mediate the
strong, weak, and electromagnetic fundamental interactions. All gauge bosons
have spin 1 and they are classified according to the force they mediate:

¢ The strong interaction between color charged particles (i. e., quarks) is me-
diated by eight massless gluons (g), which also interact among themselves
as they have an effective color charge.

* The weak interaction between elementary fermions (i. e., quarks and lep-
tons) is mediated by the W*, W~ and Z massive bosons, with the latter

1 This may not hold for neutrinos, as their mass has not yet been determined.
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being electrically neutral and the W bosons having an electric charge of
+1e and —Te, respectively.

¢ The electromagnetic force between electrically charged particles is mediated
by the massless neutral photon .

1.2 FIELD CONTENT AND THE STANDARD MODEL LAGRANGIAN
1.2.1 The Standard Model field content

The mathematical description of the SM relies on global Poincaré space-time
symmetries and the local gauge invariance of its Lagrangian Ly under the
transformation of the symmetry group:

SU3)c@SUR)t@U(1)y. (1.1)

Gauge bosons are structured in adjoint representations of the corresponding
gauge groups. The octet of gluons G for the SU(3)c group established the
interactions of quantum chromodynamics (QCD) by acting on SU(3)¢ triplets
of quark. The electroweak (EW) gauge bosons are represented by the SU(2);
triplet W; and the singlet B, of U(1)y.

Elementary fermions appear as right- and left-handed spinors. The left-handed
electron (er), muon (pur) and tau (tr) together with the associated neutrinos
(Ve,1, Vu,1y Vr,1), form SU(2); doublets, whereas right-handed neutrinos are
sterile (non-interacting) particles, which are not included in the minimal version
of the SM, leading to the right-handed SU(2); singlets (eg, Hgr, Tr). Accordingly,
left-handed up (u), charm (c) and top (t) quarks form SU(2); doublets with
their associated down-type down (d), strange (s) and bottom (b) quarks. The
right-handed quarks form six SU(2); singlets. All elementary fermions are
charged under U(1)y.

The picture is completed by the scalar Higgs field, which contains two neutral
and two electrically charged components that form a complex doublet of SU(2); .

The field content of the SM is summarized in Tab. 1.1.

1.2.2  The quantum chromodynamics sector

The QCD Lagrangian can be described by:

LQCD — $1‘YHDLL11) o 1G(1}J.VG(1

i e, (1.2)

where

* 1) is a generic massless quark spinor field;

e yH are the Dirac matrices [16];



1.2 FIELD CONTENT AND THE STANDARD MODEL LAGRANGIAN

Table 1.1: The field content of the Standard Model of particle physics.

Particle Field Spin

(), ©) G
Quarks 4/ S/ L LY

UuRr CR tr 1/2
dR SR bR 1 / 2
Ve Vi Ve
Leptons < e ) < m ) ( T ) 1/2
L L L
€R UR TR 1/2
Gy
Gauge bosons Wh
Bu
b+
Higgs-doublet 0 0
o7/
* D, is the covariant derivative, defined as
i
Du:au"’igs?‘aGﬁ» (1.3)

where A, are the Gell-Mann matrices [17] and g is the QCD coupling
constant;

* Gy, is the field tensor of the gluonic fields Gy, defined as
Gly =0.G$ —3vG5 — gsfabc GRGS, (1.4)

with the last term being responsible for the gluons self-interaction and
fabe being the structure constants of SU(3)c.

The QCD coupling constant is found to increase with decreasing energy, leading
to both quark confinement and QCD asymptotic freedom. Therefore the strong
force between quarks is an interaction that becomes weaker at smaller distances
and that becomes stronger as the quarks move apart, preventing the separation
of an individual quark.

9
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1.2.3 The electroweak sector

The Lagrangian of the electroweak sector of the SM is:

LEW = Lgauge + Ltermion » (15)

1 . 1
Cguuge = —7FinFHY = 7Bun B, (1.6)
Lfermion = E}_,Ri'yuDuﬂr’}_,R ) (1.7)

where

. Fim, and B,y are the gauge field tensors of SU(2); and U(1)y, respectively,
defined as

Fl, =0, W — 3, W} + geT W Wk | (1.8)
B,y = 9,By — 3By, (1.9)

with W}, being the SU(2)-gauge field triplet, B, being the U(1)y-gauge
field, and eVU* being the three-dimensional Levi-Civita symbol;

* D, is the covariant derivative for the SU(2); ® U(1)y SM gauge theory,
defined as

. T ¢
D, =0, —ighiW, — 1g'§Bu,
with g and g’ being the coupling constants of the SU(2)r and U(1)y

interaction, respectively, and Ttand Y being the gauge group generators;

. tbiL are the left-handed fermion fields withi=e, u, T, ve, v, Vo, u, ¢, t, d,
s, b.

. 11)}q are the right-handed fermion fields withi=e, u, T, u, ¢, t, d, s, b.I

Mass terms for all fields in the form of mgpyp, m3B,B* or mi, W, WH are
strictly forbidden?, as these would directly spoil the gauge symmetry. In the SM
the masses of charged elementary fermions and gauge bosons are generated
through electroweak spontaneous symmetry breaking (SSB), in the so-called
“Higgs mechanism”.

II There are no right-handed neutrinos, nor left-handed antineutrinos.
3 myg, mp, and my, would be the masses of the particles represented by the fields 1\, B, and W,,,
respectively.
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1.3 THE HIGGS MECHANISM

In the SM the masses of gauge bosons are generated by spontaneously breaking
the corresponding gauge symmetries. The term spontaneous means that the
symmetry is not broken explicitly by the interactions, but rather by the asym-
metry of the state of lowest energy, referred to as the vacuum state. According
to the Goldstone theorem, the spontaneous symmetry breaking (SSB) creates
massless bosons, so-called “Goldstone bosons” [18]. If the broken symmetry
also corresponds to a gauge symmetry, then the associated Goldstone boson
and the massless gauge boson combine to form a massive gauge boson. This
is the famous Higgs mechanism, elaborated in 1964 independently by Peter
Higgs [19, 20], Robert Brout and Frangois Englert [21], and by Gerald Guralnik,
Carl Hagen, and Tom Kibble [22]*. The simpler way to implement the Higgs
mechanism is to add to the theory a weakly coupled spin-0 particle with a
potential that is minimized at a non-zero field value. Such a field spontaneously
breaks the electroweak SU(2); ® U(1)y symmetry, giving mass to the gauge
bosons, while the masses of the charged elementary fermions are generated by
“Yukawa couplings” to the newly introduced scalar field.

The simplest choice for the new scalar field is a single complex scalar doublet,

the “Higgs field”:
b+
¢ = 60 (1.10)

The Higgs Lagrangian can be then written as:

LHiggs = (Du(b)T(Dud)) - V(d)Td)) + Lyukawa » (1.11)

where the covariant derivative is

i o1
Du:au—igTiWL—Eg’Bu, (1.12)
and Lygkawa i the Yukawa Lagrangian, which describes the generation of
charged elementary fermion masses®. The only renormalizable model where a
complex scalar field acquires a nonzero value is the Mexican-hat model, with
potential:

V(o) = 1w dTd +Ad ), (1.13)
where unitarity requires the constants A and u? to be real and stability demands
A to be positive. The parameter p? is chosen negative, in order to realize the
spontaneous symmetry breaking

SU2)L @ UMy =5 U(1)aep, (1.14)

4 As such, the Higgs mechanism is also called the BEH (Brout-Englert-Higgs) mechanism, or
EBHGHK (Englert-Brout-Higgs-Guralnik-Hagen—Kibble) mechanism.
5 The Yukawa Lagrangian is described in Section 1.3.2.
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where U(1)ggp is the gauge symmetry group of the electromagnetic interactions.
This inevitably leads to a degenerate non-zero vacuum state of the Higgs field:

HZ V2

fh = —
Pro=—> =, (1.15)

with v = \/E . In order to have an electrically neutral vacuum, only ¢° can
contribute to the vacuum expectation value (VEV) of the Higgs field, leading to:

1 (0
(d)o = 7 (v> (1.16)

Expanding around the minimum of its potential and applying a convenient
gauge transformation, called “unitary gauge”, the scalar doublet can be written
in the form

0
_ 1] 0
d(x) = 5 . , (1.17)
v+ H(x)

where H(x) is a real scalar field, called the Standard Model Higgs boson field,
that represent radial excitations of the Higgs VEV.

1.3.1 Boson masses

The bosonic mass Lagrangian £, can be obtained by expressing the Higgs
Lagrangian in Eq. 1.11 in the unitary gauge, omitting the kinetic, interaction and
Yukawa terms®:

2
Cm = —AH + 5 {2 (W)  + (WR)*] + (Wi —g/BY) . (118)

The bosonic fields can be rotated, without loss of generality, into the physical
states:

1 .
Wi = 7 (W, FiW5) (charged currents), (1.19)
Z,, = cos GWWi —sinOwBy (neutral current), (1.20)
An =sin GWWi +cos Ow By (photon), (1.21)

6 Interaction terms are those with more than two fields.
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where 0yy is the so called “Weinberg angle”, which is related to the coupling
constants g and g’ as:

cos Oy = 9 ,
/92 +g 12
, (1.22)
Sil’l eW - \/% .
9°+g
After this rotation, the mass Lagrangian is given by:
1
Lm = —AH> + miWiwW H 4 zmzzzuz”, (1.23)
where
e the first term gives the mass of the Higgs boson as:
my = V2A02 = /—2u2, (1.24)

¢ the second and third term are the mass terms for the W and Z gauge
bosons, from which the masses are given by:

mw = 2 (1.25)
2
mz = 2\/g +g Tcos Oy | (1.26)

The cosine of the Weinberg angle, defined in Eq. 1.22, can therefore be expressed
in terms of myy, and my as:

g _mw
/92+9/2 myz

The photon field A, remains massless after the rotation 1.21.

cos By = (1.27)

1.3.2 Fermion masses
In the SM the fermion masses are generated via Yukawa couplings in the Yukawa
Lagrangian

3

LYukawa = Z [ijrLidﬂRj + YE@‘%QE) + Y{%@(bq%] +h.c ) (128)
i,j=1

where
* iand j are flavor generation indices;

* lri, q%;, and q¥; with i =1,2,3 are the right-handed lepton, down-type
quark, and up-type quark singlets, respectively;

13



14 THE STANDARD MODEL OF PARTICLE PHYSICS

* Ly = (vii, Li)Tand Qri = (q¥, q&,)T with i = 1,2, 3 are the left-handed
lepton and quark doublets, respectively;

e ¢ is the Higgs doublet with ¢ = io,¢* being its complex conjugate’;

e YO Y and Y4 are 3 x 3 complex matrices, called “Yukawa coupling
matrices”, that describe the coupling between the Higgs doublet ¢ and
the fermions.

LEPTON SECTOR In the unitary gauge® the lepton sector of the Yukawa
Lagrangian is given by:’

1 v+H —

Lytrowa = —< > Y Y4l +he., (1.29)
V2 ) -

L)=¢e, T

where the mass terms for the charged fermions are the ones proportional to

the VEV (v) of the Higgs doublet. However, since the matrix Y! is in general

nondiagonal, the fermion fields ¢; = {1i + {ri (i = e, 1, T) do not have definite

masses. The Lagrangian in Eq. 1.29 can also be written in matrix form as

1 v+H\—
dhnn, = (Ut +he, 130

where {1 and {r are the arrays of charged lepton fields defined as

er €R
€L = wr |» ER = UR | - (131)
TL TR

In order to construct fields with a definite mass, the Yukawa matrix Y¢ needs
to be diagonalized through a biunitary transformation as

Y= ViIYVE ) with Y =ylsy (i =e 1), (1.32)

where Y is a real diagonal matrix with yf (i = e, u,T) as diagonal elements
and Vf_)R are two appropriate 3 x 3 unitary matrices.

7 03 is the second Pauli matrix.

8 See Eq. 1.17.

9 From Eq. 1.29 onwards the generation indices are explicitly labeled after the corresponding three
generations of elementary fermions.



10

11

1.3 THE HIGGS MECHANISM

After the diagonalization in Eq. 1.32, the Lagrangian can be written as:

H\—

Yukawa ﬁ

¢ ¢ (1.33)

YiVir, Yi 57,1

=— > e — > SLUH,
i=e,n,T f i=e,u,T \/Z
where

e eg
U=Vite=|w |, k=Vitr=|u, (1.34)

T TR

are the left- and right-handed components of the charged lepton fields
U =, + 1 (1= e, 1) with definite masses

£
YV

V2

Primes are used to distinguish the fermionic fields with definite mass, hereafter
“mass eigenstates”, from the ones with well-defined transformations under the
electroweak gauge group, hereafter “flavor eigenstates”. The theory does not
put any constraint on the couplings y¢, which are free parameters and can only
be determined experimentally.

In principle, the transformations in Eq. 1.34 should affect the leptonic charged

my = i=e 1. (1.35)

weak current, as they effectively rotate flavor eigenstates into mass eigenstates.

However, this is irrelevant for charged leptons, as the massless neutrino fields

can be freely redefined to absorb the previously mentioned flavor rotation'?, so
that the flavor and mass eigenstates of charged leptons coincide:
I, = VoYM = ViyR VI = vyt (1.36)

where j}}, is the leptonic charged weak current written in matrix form!! and the
massless neutrino fields vi = (ver, Vur, V+1)T have been transformed as

vi = vi = Vv (1.37)

to reabsorb the flavor rotation of the charged lepton fields.

It can also be shown that neutral weak currents do not depend at all on the
unitary matrices relating flavor to mass eigenstate, therefore, the expression of
the leptonic charged and neutral weak currents in terms of flavor eigenstates is
the same as that in terms of mass eigenstates.

Any linear combination of massless fields is also a massless field. This implies that in the SM
the neutrino flavor eigentates coincide with the mass ones, which is observed to be not true in
Nature, as neutrinos mixing and oscillation phenomena are well established.

The leptonic charged weak current can be derive from the EW Lagrangian defined in Eq. 1.5.

15
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QUARK SECTOR  For quarks, the discussion follows the same reasoning made
for leptons. The corresponding Yukawa coupling matrices are diagonalized via
biunitary transformations as

y’d — Vf_leVgT with Y{jd = y{iéij (i,j =d,s,b),

n Wy At . n u .o (138)

Y™ = VYtV with Yi; = yi 6 i, =w,c,t),
where V' and Vf_i’R are four appropriate 3 x 3 complex unitary matrices. As
for the leptons, the following arrays are also defined to allow the Lagrangian to
be written in matrix form:

dr dr ur ur
qg =1 st |>» ql% =1 sr |>» qlLL =|lcL|> qllzL =]lcr |- (1~39)
br br tr tr

After the change of basis in Eq. 1.38, the quark Yukawa terms in the unitary
gauge are:

k v+H)\ |—= —
L?{Eil;wa - \/2 q]/_dY/dq]/zd + q’LuY“q{gu +h.c.
v —_— -
=—("5 )| X viaflad+ X waffari| +he,
i:d,S,b i:u,c,t
where
df I af I
at =Vi'at = [s{ |, k' =VR'aR = | sp |
b! b/
- R (1.41)
CI/Lu:VETqEE el |, q{quZVETQEE et |
t’L t]’2

are the left- and right-handed components of the quark fields with definite
masses

d
Yiv .
my = (i=d,s,b), (1.42)
V2
yi'v
my = W (G =u,c,t). (1.43)

As in the case of leptons, the y¢ and y“ couplings are not predicted by the
theory and must be obtained experimentally.
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For quarks, their mass eigenstates do not coincide with the electroweak ones,
since the transformations in Eq. 1.41 cannot be reabsorbed as in the case of
leptons. The quark charged weak current can be derived from the electroweak
Lagrangian in Eq. 1.5 and written in matrix form as:

Mg = afvtal =g Vi Vit =gty ViTVE gt (144
—

flavor eigenstates mass eigenstates =Vckm

Equation 1.44 shows that the quark charged weak current does not depend
separately on the matrices V}* and V£, but only on their product

Verm = VEVET. (1.45)

The matrix Vcxv is the Cabibbo-Kobayashi-Maskawa (CKM) matrix [23, 24]
and contains the information of the physical effects of quark mixing.

The CKM matrix is particularly relevant for this dissertation as it is one of
the only two sources of CP violation in the SM!? and it is described in detail in
Chapter 2.

12 The other being the PMNS matrix [25, 26], describing the neutrino mixing. Evidence of CP

violation in neutrino oscillations has been recently reported by the T2K Collaboration [27].

17






FLAVOR PHYSICS AND CP VIOLATION

The concept that physical systems are invariant under some transformations
(“symmetries”) plays an important role in the fundamental description of nature.
Continuous symmetries1 lead to conservation laws as for Noether’s theorem [28],
while discrete ones are of high interest in modern particle physics.

The Standard Model of particle physics has three natural discrete near-
symmetries: parity (P), charge conjugation (C), and time reversal (T). Composed
symmetries, such as CP and CPT, can also be constructed. As one of the three
Sakharov’s conditions for baryogenesis [29], CP violation (CPV) is an essential
ingredient for explaining the observed baryon asymmetry in the Universe. The
violation of the CP symmetry has been observed in kaons [30], B mesons [31, 32],
and D mesons [33]%. Evidence of CPV in neutrino oscillations has been recently
reported by the T2K Collaboration [27]. In the SM the only discrete symmetry
observed to be exact is CPT. In fact, the CPT theorem states that any Lorentz
invariant local quantum field theory with an Hermitian Hamiltonian must have
CPT symmetry [36-38]. An immediate consequence of the CPT theorem is that
if CP is violated then also T must be violated, in order to preserve CPT.

This chapter presents the discrete symmetries of the SM and a summary of
the CPV phenomenology in B mesons.

2.1 DISCRETE SYMMETRIES IN THE STANDARD MODEL

P-sYMMETRY The parity transformation inverts the spatial coordinates and
momenta, as:
P:(x,y,z) = (=%, =y, —2z),
P: (px, Py, Pz) = (=Px, =Py, —Pz),

where the parity operator P is unitary. This symmetry is conserved by the
electromagnetic and strong interactions. However, it is violated maximally in
weak interactions [39, 40].

(2.1)

c-sYMMETRY The charge conjugation transformation switches all particles
with their corresponding antiparticles, inverting all additive quantum numbers
as:

C: ) = [b), (2.2)

Examples of continuous symmetries: time translation, spatial translation, spatial rotation, Poincaré
transformation.

Only the first observation for each species is cited. For a full list of CPV observations see Refs. [34,
35].
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where the charge conjugation operator C is unitary. This is maximally violated
in weak interaction: left-handed fermions have different couplings to W and Z
from right-handed ones; right-handed neutrinos do not interact with any other
particle and are not included in the minimal version of the SM. C is conserved
by all the other fundamental interactions.

T-sYMMETRY The time reversal transformation reflects the time axis, as:
T:t— —t. (2.3)

This is a near-symmetry of the SM Lagrangian®. Contrary to P and C, the time
reversal operator T is antiunitary. The T-symmetry is (slightly) violated together
with CD, as for the CPT theorem. T violation has been observed also directly in
decays of B® meson [41].

cr-sYMMETRY The CP symmetry is the combination of the parity and charge
conjugation symmetries. In other words, CP symmetry states that the laws of
physics should be the same if a particle is switched with its antiparticle while its
spatial coordinates are inverted. Within the Standard Model, CP is violated at
tree level in flavor-changing charged currents of the weak interactions (FCCC).
This type of interaction is described in the following section.

2.2 FLAVOR-CHANGING CURRENTS OF THE WEAK INTERACTION

In the Standard Model, FCCC are mediated by the W' and W~ bosons. Their
coupling is described by the Lagrangian

Sws = =305 | S WGy (1 -0 + F Woly (1-)et | @9

where

e ¢4 are either the quark or the lepton fields:

u d
" =|c ¢l =15 (quarks),
t b
(2.5)
Ve e
oY = Vu e = T (leptons);
Ve T

3 In macroscopic systems a preferred direction of time exists. An evident example is the expansion

of the Universe.
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Figure 2.1: Graphical representation of flavor-changing charged currents mediated by a
W (left) and W~ (right) bosons. The strength of the interaction is propor-
tional to Vqqs and V¢ /.

e v> = iy%y1y2y3y* is the so called “fifth” Dirac matrix;

e 1(1—+7) = Py is the left-handed projection operator.

As discussed in Section 1.3.2, the quarks flavor and mass eigenstates do not
coincide. For the quark sector, Eq. 2.4 can be rewritten in terms of the mass
eigenstates using the CKM matrix Vcxy defined in Eq. 1.45:

L(\:i;irk = —% Z WIﬁ{YHPLVﬁ d)' + Z W;ajy”PLV;.ui . (26)
i,j )

It is easy to see in Eq. 2.6 that up- and down-type quarks, from different
generations i and j, couple with each other with strength proportional to the
elements Vj; of the CKM matrix. A graphical representation of FCCC interaction
vertices is shown in Fig. 2.1.

2.3 THE CKM MATRIX

As discussed in the previous section, the CKM matrix is of central importance
to describe FCCC interactions®. The CKM elements are defined as:

d Vud Vus Vub d’
s|=|Vea Ves Veo |]|s'|> (2.7)
b Via Vis Vip b’

where on the left are the down-type quarks flavor eigenstates® and on the right

the CMK matrix along with the mass eigenstates. As described in Eq. 2.6, the

probability of a transition from one quark i to another quark j is proportional to
2

Vg™

IV Hereafter, the subscript CKM will be dropped in the most crowded equations.
5 But also to describe some flavor changing neutral currents phenomenology, e. g. flavor oscillations
(see Section 2.4).
6 The choice of use down-type quarks is a convention. Other conventions are equally valid.
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The current best determination of the magnitudes of the CKM elements is [34]:

0.97370 4+ 0.00014  0.2245 +0.0008 0.00382 =+ 0.00024
[Vexml = 0.221 +0.004 0.987 4+ 0.011 0.0410 £0.0014 | - (2.8)
0.0080 +0.0003  0.0388 & 0.0011 1.013 +£0.030

It is immediate to see that the CKM matrix is nearly diagonal, with off-diagonal
terms being very small and diagonal terms very close to one. This is reflected by
the suppression of transitions between different quark families.

2.3.1 CKM parametrizations

The CKM matrix is a unitary 3 x 3 complex matrix and as such it has n? = 9
degrees of freedom, which can be reduced down to four, by reabsorbing five
quark phases. Two of the most common CKM parametrizations are the so-called

“Standard” representation and the one developed by Wolfenstein [42].
The Standard representation uses three Euler angles 0;; = (012, 023, 0713) and
one CP-violating phase 5:

1 0 0 C13 0 5136715 Ci2 s12 O
VCKM: 0 C23 S$23 0 1 0 —s12 c12 O
0 —S823 (€23 —513616 0 C13 0 0 1
(2.9)
€12€13 $12€13 size P
= _512(:23_‘:125‘23513ei(S (:12(:23_5125235136ié §23C13 )
) 5

$12523 —C12C23513€"®  —C12523 —S712C23513€'®  €23C13

where cosines and sines of the angles 0;; are denoted ci; and s;;, respectively.
Due to the CPV phase § appearing in several elements of Vcxwm, CP violation is
expected in all three generations of quarks.

On the other hand, the Wolfenstein representation is based on the observed
hierarchy among the parameters and is obtained by expanding the CKM terms
in powers of A = s12 ~ 0.23. At the order A3 the CKM matrix is:

1— A2 A AN (p —1in)
Vekm = —A — A2 AN +0(AY), (2.10)
AN (1—p—in) —AA? 1

where A, p and 1 are real parameters of order unity (A ~ 0.79, p ~ 0.14,
1 =~ 0.36 [34]). In this parametrization CP is violated if | # 0. An alternative and
widely used convention for the parameters p and 1 is:

2 2
p=p<1—)‘2+o(7\4)>, n=n<1—7‘2+o(>\4)>. (2.11)
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2.3.2  The unitary triangles

The unitary condition of the CKM matrix’ leads a set of nine equations. The
first three are constrains on the diagonal terms:

> v =) IVl =1, (2.12)
k i

which imply that the sum of the couplings of any of the up-type quarks to all
the down-type quarks is the same for all generations (weak universality). The
remaining six constrains can be written as:

D Vi Vi =0 with fixed 1,3, (2.13)
k

> Vi;Vi =0 with fixed j, k. (2.14)

These relations can be represented as six triangles in the complex plane, each
of which called a “unitary triangle”, with area equal to half of the Jarlskog
invariant [43]®:

J = Im(Vy Vep Vip Vi) = €12€73¢23812813523 8in 8. (2.15)

It is immediate to notice that ] # 0 if CP is violated with & # (0, 7t). The current
best determination of the Jarlskog invariant is ] = (S.OOfgzég) x 107> [34].
Of particular interest for the measurement presented in this dissertation is the
so-called “BY unitary triangle”:
Vi Vie + Ves Vep + Vis Vi, =0, (2.16)

s Yub

with angles:

vtsvj:b Vtsv‘:(b Vusv'ljb
K = I?) a ——= 1D —=a —_ . 2.17
s — arg < V Sv*b b S rg VCSV: y 'Ys rg Vcsvé( ( )

Note that the angle (35 is defined with Vi, in the numerator, in contrast with
other unitary triangles where the angle 3 is defined with Vi4 in the denominator.
This generate a relative minus sign between B and . This B unitary triangle
is shown in Fig. 2.2.

7 V'V =VV* =1;.
8 All unitary triangles have the same area.
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Figure 2.2: Constrains and global fit results for the B unitary triangle. The red hashed
region of the global combination for the vertex position corresponds to 68%
confidence level (CL). Figure from Ref. [44].
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24 NEUTRAL B MESONS MIXING

Neutral K, D, and B?S) mesons are produced in particle colliders in states with
well-defined quark content (flavor eigenstates). These are not however eigenstate
of the effective, time evolution (weak) Hamiltonian, so that they may evolve in
time to their antiparticle, formed by opposite flavor quarks. This phenomenon.
known as flavor oscillation or flavor mixing, is mediated by flavor-changing neutral
currents (FCNC). An example of leading mixing diagrams for the BY meson is
shown in Fig. 2.3.

This section discusses the oscillations of B mesons, as it is the case relevant
for this dissertation, but the same formalism can be used to characterize the
mixing phenomenology of the other neutral meson species.

241 Mass and flavor

A general state of the BY system can be described as a superposition of the two
flavor eigenstates
W(t)) = |BS(t)) + [B2(t)) (2.18)

with time evolution governed by the Schrodinger equation:

0 0
4 <’BS (t)>> _H (’BS (t)>> . (2.19)
dt\[B2(1)) BO(1))
The effective Hamiltonian H can be split using 2 x 2 Hermitian matrices, as

i
H=M-=T
2 )

where:

¢ M is Hermitian and it is associated with off-shell dispersive intermediate
states (e. g. box diagrams);

e 1T is antihermitian and associated with on-shell absorptive intermediate
states (e.g. B — nfn— — BY).

Diagonal and off-diagonal terms of M and T are associated with the flavor-
conserving transitions B < BY (B = BY?) and with the flavor-changing tran-
sitions BY < BY (BY < BY), respectively. The CPT theorem also requires the
diagonal terms of H to be equal, which leads to:

CPT < , (2.20)

where Mj; and T} are elements of the M and I matrices, respectively.

25



26

FLAVOR PHYSICS AND CP VIOLATION

S ——p—r— "AANAAN—P—— b
wW—
BO<  t,c,uy At,c,u > BS
W+
B —at—hAAN—e—
S > - - b
t,c,u
BY < wW- w+ > BY
b — 5 e < 3

Figure 2.3: Leading order diagrams for B{-BY mixing.

2.4.2 Mass eigenstates

The light and heavy mass eigenstates BL™ are given by the eigentates of the

effective Hamiltonian H and are described by a superposition of flavor states as:
[Bs) =p[BS) +a[BL),
[B') =p[BS) —a[B2),
where p and q are complex coefficients obeying the normalization condition
Ip> +Iq|* = 1. The mass and decay width of the light (heavy) mass eigenstate

BL (B! are indicated with My (My) and . (Ty), respectively. According to the
Schrodinger equation, the time evolution of the mass eigenstates is described by:

LA ([BS () _ (ML—3T 0 |BS (1)) ) (222)
dt\[B(v)) 0 My—3nh/) \[BY'(1)
where the 2 x 2 matrix has been obtained by diagonalizing H in the (|B} ), |BE!))
basis:

Q 'HQ = <ML_2FL 0 ) with Q = (q p). (2.23)
0 Mu —5TH P —q

(2.21)

From Eq. 2.23, the ratio of the complex coefficients p and q is given by:

q_ /w ) (2.24)
P My, =22
The time evolution of the mass eigenstates is finally given by:

‘BE’L(t)> _ e—iMH,Lt—%rH,Lt|B?sL(t)> X (225)
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MASS EIGENSTATES PROPERTIES The average mass (width) ms (I) and the
mass (width) differences Am; (Als) of the two mass eigenstate can be defined
as:

M M
ms = % =M1 =My, (2.26)
T+ T
Is = Hz =Ty =T, (2.27)
Amg = My — M, (2.28)
AT =T, —Ty. (2.29)

For BY mesons the approximation I'; < My, holds, which leads to

Amg ~ 2IMy,], (2.30)
ATs ~ 2|l 2| cos (2.31)
q M3,
RIPORN jada F25 (2.32)
p M,

where ¢ = arg (—M,/T72) is the relative phase between the off diagonal terms
M, and I'12. An important consequence of this approximation is that

‘g’ ~1, (2.33)

which is supported by both experimental results and theoretical predictions [34]°.

The ratio q/p, can then be expressed in terms of a complex phase as:

9 < e—idm

; 2.34
. (2.34)

where ¢p1 = arg (Mj2), which can be further expressed in terms of CKM

elements as: .
q VisVib

P B V’Eksvtb

—e M (2.35)

where My, (VJ:‘Sth)2 has been used, since the top quark is the dominant
contribution in the mixing diagrams (Fig. 2.3) [45].

9 Iq/p\Bg = 1.0003 £ 0.0014 (experiment), \q/plBg = 0.999989 + 0.000001 (theory) [34].
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2.4.3 Time evolution of the flavor eigenstates

Using Egs. 2.21 and 2.25, the time evolution of the flavor eigenstates can be
described as:
BO(1)) = g (1)[B) + 1g_(1)[BY),
B B g (2.36)
[BI(1)) = 9+ (1)[BS) + 9-(1)[BL),

where g, (t) and g—(t) are time-dependent coefficients defined in terms of the
light and heavy time-dependent mass eigenvalues:

g+(t) = e_imste_%t[ cosh(—A25t> Cos<7A“215t) —isinh(—Azst> sin(anlst)} ,

g—(t) = e—imste—t [— simh(%) sin(%) +icosh<%) cos(%)} .
(2.37)
From Eq. 2.36 the probability that a particle produced as BS (BY) at t = 0 has

oscillated to a BS (BY) after a time t can be calculated as:

2
|(BY(0)[BY(1))]” = ]p lg- (1)1,
a (2.38)
[(B(0)[BO(1))]* = ]g g (0,
with s
Igf(t)l2 _ ¢ 3 [COSh(A;SJc) —cos(AmSt)] . (2.39)

It is worth to notice that the mixing probabilities for B and B? in Eq. 2.38 do
not have to be equal, as the ratio |q/p| does not have to be equal to one. This is
one of the sources of CP violation (indirect CPV) that is discussed in Section 2.5.

In summary, the BY meson flavor eigenstates oscillate with frequency Amg,
modulated by an exponential decay of time constant 1/Ts, modified by the
decay width AT. The current world-average values for ms, Amg, I's and Al are
reported in Tab. 2.1.

Table 2.1: World-average values for variables describing the B system.

Variable World-average [34]  Unit

ms 5366.88 + 0.14 MeV
Amg 17.74940.020  hps™!
s 0.6600 +£0.0016  ps~!

AT 0.085 4 0.004 ps~!
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25 CP VIOLATION IN B MESONS

To better describe CPV, the following amplitudes are defined for a given B(()S) — f

transition where a neutral BY or B® meson decays into a final state f:
0 A Y
Ar=(fH[BS),  Ar=(f|H[B),
< 0 A £ ylmo
Ar=(TH[BY) ), A¢ = (TH[BY,)).
Since a generic final state can always be redefined by a phase transformation
Ify — e'*|f) without changing any physical observables, in describing CPV
it is useful to use rephasing-invariant quantities, such as |A¢|,

Another quantity invariant under phase redefinition and useful to parametrize
CPV is the complex parameter A¢, defined as:

(2.40)

qAs
Af=——. 241
=24 241)
Using the mixing formalism presented in Section 2.4.3, the time-dependent
2
decay rate FB?S)_H:(‘[) = ’<f’H)B?S) (t)>) of an initial state B?S) to decay into f

after a time t, and the corresponding ng : _ ¢(t) rate, can be expressed as'’:

1 ATt ATt
AL Tt (s) , (s)
FB?S)_HC(t) |Af] H—Cfe lcosh( 2 + D¢ sinh 2
(2.42)
+ Cs cos(Am(s)t) —S¢ s'm(Am(s)tﬂ ,
2
. CalPl T e Als)t (ATt
FB?S)—ﬁ(t) = |Ag] q‘ 1+Cfe lcosh( > + D¢ sinh >
(2.43)
—Cy cos(Am(s)t> + S¢ sin(Am(S)tﬂ ,
with 5
1T—1A 2Im(A 2Re(A
sz|7f|2, sszfz) and sz—ei(fz). (2.44)
T+ Al T+ A T+ [Agl

CP is violated if Eq. 2.42 and 2.43 are different, which is the case if either A¢ or
|q/p| are different from one. CPV effects can be classified in various categories,
depending on how they affect these variables.

As the discussion is identical for B® and B mesons, the decay width and decay width (mass)
difference are indicated with I' 5y and Al'5) (Amy)), respectively.

Kfl and |q/p|.
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FLAVOR PHYSICS AND CP VIOLATION

2.5.1 CP violation in decay

Direct CP violation occurs when the decay rate of a B(()S) to a final state f and

the decay rate of the CP-conjugated process E?S) — f are not equal, i. e.:

As

AL AT (2.45)

If the final state is a CP eigenstate, A¢ can be expressed in terms of A¢ and A5 as:

q Az
Ar =nepdF 2.46
f nCPpAf (2.46)
with
|f) = CPIf) =ncplf), (2.47)

where ncp = £1 is the CP eigenvalue of f. Eq. 2.46 shows that, assuming
lq/pl =1, CP violation in decay is equivalent with a deviation from unity of [A¢/.

The amplitudes can be factorized in their magnitude |A¢|, their strong phase
term e'9, and their weak phase term el® as:

As = [Asletl0F®)

_ . (2.48)
Ag = Adet®¢),

where the amplitudes and strong phases are invariant under CP!!. Since physical
observables are proportional to |Af|2, to produce measurable CPV at least two
interfering amplitudes are needed!?:

A = |A; |ei(91+¢1) + |A2|ei(92+¢z) ,

K?: |A]|ei(e17¢1) +|A2|ei(927¢2) ) (249)
CP violation can be then measured from the difference in the rates as:
2 — 2 . '
A¢|” = [Az]” = —4IA1]IA,] sin(01 — 0,) sin(d1 — d2). 250)

Equation 2.50 shows that in order to generate observable direct CPV the follow-
ing requirements are needed:

1. at least two interfering amplitudes,
2. at least two different weak phases, so that sin($p1 — $2) #0,

3. at least two different strong phases, so that sin(6; —0,) # 0.

In absence of a weak phase from the CKM matrix, A¢ and K? are the same complex number in
the Standard Model.

12 With only one amplitude |A¢[? is identical to |Kf|2.



2.5 CP VIOLATION IN B MESONS

The largest possible direct CPV occurs when two amplitudes of equal magnitude
have a strong and weak phase difference of 71/2. Direct CPV is the only type
allowed for charged mesons, as they are not subject to mixing.

Direct CP violation has been discovered in kaons decay [46—48], and later
observed in B [31, 32] and D [33] mesons decays.

2.5.2 CP violation in mixing

CP can be violated in mixing when the probability of the transition B?S) — E?S)

is different from the one of E?S) — B(()S):

’<B?S)(O))§?S)(t)>’2 ) ‘<§?S)(O)’B?S)(t)>’2. (2.51)

By using Eq. 2.38, the previous inequality can be rewritten as:

2 2
P 2 q 2
- _ - _ 2.52
'q\ 9 (@)l #'p‘ 9- (P, (2.52)

showing that CP is violated in mixing if:

‘]‘j] A1 o ldl#pl. (2.53)

Assuming no direct CPV, this leads to a deviation from unity of [A¢| in the
Standard Model. CP is conserved in B mesons mixing to a high degree, since
lq/p| ~ 1 [34], but it has been observed to be violated in K° oscillations [30].

2.5.3 CP violation in the interference between decay and mixing

If the final state is accessible by both B? 6) and E? s) CP can also be violated as a
result of the interference between the decay of mixed and unmixed B mesons in
the same final state:

0 RO

Notable examples of such final states are CP eigenstates. This type of CPV is
generated by a non-zero complex phase of A¢:

Im(A) £0. (2.55)
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Using Eq. 2.42 and 2.43, and assuming |q/p| ~ 1", the time dependent CP
asymmetry can be expressed as:

rﬁ?s)—n‘(t) —Tgo (1) _ S¢sin(Amt) — Cy cos(Amt)

0

(s)
f - AT : AT :
FB?S)_)f(t) + FB?S)_H:(t) COSh(Tt> — Df Sll’lh(Tt)

acp(t) = (2.56)

Here, S¢ o< 2Im(A¢) and D¢ oc —Re(A) probe CPV in decay/mixing interference,
while C¢ ox T — |?\f|2 is sensitive to direct CPV.

CP violation in the interference of mixing and decay has been observed in K°
and B® mesons [35, 49].

GOLDEN MODES Decays where all leading diagrams carry the same CP-
violating phase are called golden modes and satisfy |A¢| = |A¢|, so that there is no
direct CP violation. Mathematically this lead to [A¢| = 1, simplifying Eq. 2.56 to:

Im(A¢) sin(Amt)

. 2.57
cosh(2]1) + Re(A¢) sinh (A1) (2.57)

acp(t) =

In golden modes involving B mesons, the CP-violating phase can be easily
computed, as the phase of A¢/Ay is trivially extracted from the phase of the
CKM elements and the phase of q/p can be computed from Eq. 2.35.

XIII This is the case for B® and B mesons.



CP VIOLATION IN BY = J/¢ ¢

The B(S) — J/U ¢ decay is of particular interest to study CP violation in the
interference of mixing and decay since the predicted complex phase ¢$$¢° (here-
after ¢;) is one of the most theoretically clean CPV observables in the Standard
Model. This process is characterized by a CP eigenstate of |/ ¢ in the final
state, where ¢ refers to the ¢(1020) strangeonium resonance, accessible to
both BY and B¢, with and without mixing, as schematically represented in
Fig. 3.1. The Feynman diagrams of the dominant tree-level amplitude and
the higher-order penguin contribution are shown in Fig. 3.2. This process
is relatively rare, with a branching ratio of B(BS = J/d) ~ 1073 [34]. In
the measurement presented in this dissertation, the decay is reconstructed
in the final state where the ]/ and the ¢ mesons decay to two muons and
two charged kaons, respectively. The branching ratio for this final states is
B(J/Y» — pwru ) -B(d — KTK™) = 0.06-0.5 = 0.03 [34], leading to a total
branching ratio of:

BB = J/pd = ptu  KTK)~3-1075. (3.1)

This chapter describes the CP violation phenomenology of this decay and the
mathematical tools useful to probe it experimentally.

Figure 3.1: Schematic representation of the possible paths of B mesons to the J/{ ¢
final state.
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S
(a) Tree-level amplitude.
S
r ¢
S
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C
1/
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(b) Tree-level amplitude with mixing. In the box diagram
only the leading terms, related to the top quark, are
shown. An alternative mixing diagram is shown in

Fig. 2.3.
/b
b
0
B P T
S > S

(c) Higher-order loop amplitude (“penguin”). This con-
tribution will be neglected in this dissertation.

Figure 3.2: Relevant Feynman diagrams for the B — J/i ¢ decay. The process is
dominated by the tree amplitude with or without mixing.



3.1 THE CP-VIOLATING PHASE &g

3.1 THE CP-VIOLATING PHASE g

The decay amplitude Ay /¢ can be written in terms of the tree (t) and penguin
(pq) contributions as [34]:

AfCP = (V:bvcs)t+ Z (V;bvqs)pq
q=u,c,t
= (V:bvcs)(t _pC _pt) + (Vzbvus)(pu _Pt)
= (V::kbvcs)T + (vz,bvus)P )

(3.2)

where T =t —pc —pt, P = pu — pt, and the following unitary relation has been
used to reduce the number of CKM combinations: V{ Vi, = — V&, Vs — Vi Vi
In Eq. 3.2, the T and P contributions carry different weak phases, with the latter
being suppressed by a factor “loop x A2” where “loop” refers to a 0(0.2-0.3)
penguin versus tree-suppression factor and A ~ 0.23 is the Wolfenstein expansion
parameter. The penguin transitions that carry different weak phase, with respect
to the tree-level one, are therefore suppressed by a factor 0(0.01).

By neglecting the penguin contributions, B — J/1 ¢ can be treated as a
golden mode decay. In fact, penguin transitions are predicted to change the value
of ¢ only by about ~0.05° [50], a shift orders of magnitude smaller than the
current experimental precision on ¢ (~2° [35]). Under this assumption there is
no direct CP violation, as only one amplitude contribute to the decay:

‘Afcp

= ‘A&p

, withfecp=J/ V. (3.3)

According to Eq. 2.57, the CP asymmetry in golden modes is completely char-
acterized by the real and imaginary components of A¢.,. It is worth to notice
that, for neutral B meson decays, the golden mode assumption is equivalent to
|Atep| = 1 since |q/p| ~ 1 in very good approximation'. To ease the reading, the
following definitions will be used hereafter:

Mo =Ny frpe =1, (3.4)

unless otherwise specified.
Using Equations 2.47 and 2.49, the tree-amplitudes A¢ and A can be expressed
as: o
Ar= |Agletrel®p

Af =n¢lAsletfPe 0 39

where Op and ¢p are the decay strong and weak phases, respectively, and n¢ is
the CP eigenvalue of the final state.

In the BY — J/¥ ¢ decay, the CP eigenvalue n¢ is not uniquely determined,
as the final state is a mixture of CP-even and CP-odd eigenstates. This is a

1 See Section 2.5.2.
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36  CP VIOLATION IN B =7/ ¢

consequence of the process being a decay of a pseudo-scalar meson with spin
0 to two vector mesons with spin 1, allowing three values of the final-state
orbital momentum. Indeed, the spins in the final state can be pointing parallel,
orthogonal, or opposite, leading to an orbital momentum of { = 2, 1 and 0,
respectively, to conserve the spin 0 of the initial state. Knowing this, the CP
eigenvalue of the final state can be calculated from the value of the orbital
momentum ¢{ as:

CPIJ/b &) =nsl] /b ) = (=) ]/ b) - (3.6)

The A¢/Ay ratio is then equal to:

Kf —2idp V::ksvcb
— = =N 7
A nre Ney e (3.7)

cs 'cb

where the amplitudes have been expressed in terms of the associated CKM
contributions to the tree-level transition:

A= V. Vi,
o ¢s cb (3.8)
Af = nfvcsvcb .
Using Eq. 2.35 and 3.7, A can be written as:
A Vis Vi ViV, ;
)\:ﬂﬁ :T]f< is tb)( cs (>:kb> :T]feild)s, (39)
pAs Vtsvtb Vcsvcb

where ¢s = dnm + 2¢p is the phase associated to the CP violation in the
interference between decay and mixing of B — ]/ ¢. Using the properties of
the complex argument, the CP-violating phase ¢ can be computed as?:

V..V VIV
0, = —org (g g
ts tb Ycs Vchb

VCS V;:kb

=-2 {arg <—tsib> — 71]
VCSVcb

=—-2pBs—2m

= —2f5,

where (35 is the B unitary triangle angle defined in Eq. 2.17.
Equation 3.10 is very important, as it connects the CP-violating phase to one
of the angles of the B unitary triangle, which can be determined very precisely

2 The periodicity in 27t of complex phases has been used in the last passage.



3.2 THE BS —7/1V b DECAY RATE

by a CKM global fit to experimental data. The current best determinations of
—2f3 are from the CKMfitter Group and UTfit Collaboration:

b — 2B, — —36.9675042 mrad  (CKMfitter [44]) (3.11)
—37+2 mrad  (UTfit [51]) (3.12)

which provide extremely precise predictions for ¢,. Through this dissertation,
the CKMfitter result will be used as SM prediction for comparisons, although
using the UTfit result would lead to identical conclusions.

Using Eq. 2.57, the time-dependent CP asymmetry for the decay of a BY meson
to a ]/ ¢ final state is given by :

~ Teog /o (t) —TBo g/ ¢ (1)

acp(t) =
< B0 7/ ¢ () +Too—y /o ()

—M sin ¢ sin(Amst) (3.13)

cosh(—Agst) +1¢cos ds sinh(—A;‘t>

3.2 THE B(S’ —7/V b DECAY RATE

In this section, the differential decay rate used in the analysis of BY — J/1 ¢ —
wtu~ KTK™ events is described.
From Eq. 2.42 the time dependent decay rates are:

dr(B® — J/b ¢) 2 1y ATt ) ATt
it oc |Agl 1—}—7Ce cosh 5 +n¢D sinh 5

+ Ccos(Amgt) — ¢S sin(Amgt)

)

_ (3.14)
dr(B; ;I/llﬂb) x IAfIZLLCe_rSt [cosh(?) +n¢D sinh<A23t>
— Ccos(Amgt) +n¢eSsin(Amst) |,
where the coefficients C, S and D here are defined using Eq. 3.9 as:
1P _ 2Wsings o 2Alcosds ’ (3.15)

I N (N YE 1+ A2
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with the [A| = T assumption dropped® and 1 factorized out. It is worth to notice
that the decay rates in Eq. 3.14 are invariant under the following simultaneous
transformations:

d)s A 7T_¢s»
Al < —Als.

(3.16)

In this dissertation Al is assumed to be positive, as measured by the LHCb
Collaboration in Ref. [52].

Equation 3.14, depends on the CP eigenvalue of the final state n¢, which in
turn depends on the final-state orbital momentum as:

ne= (=" for £=0,1,2. (3.17)

For a given event the orbital momentum of the final state is unknown, however
the different CP eigenstates can be separated statistically, by performing an
angular analysis on the final-state particle system.

3.2.1 The transversity basis

The different CP eigenstates of the final states can be separated by exploiting the
different angular distributions of the final-state particles. In this dissertation, the
BS — ]/ ¢ decay amplitude is decomposed using the transversity basis [53].
This basis is defined by three different polarization states, each related to the
spin projections alignment. The three polarization amplitudes, shown in Fig. 3.3,
are:

¢ the CP-even amplitude Ay, corresponding to the longitudinal polarization,
where the spins are both aligned to the vector mesons momenta;

¢ the CP-even amplitude A, corresponding to the parallel transverse polar-
ization, where the spins are parallel to each other;

¢ the CP-odd amplitude A |, corresponding to the perpendicular transverse
polarization, where the spins are perpendicular to each other.

Each amplitude of the transversity basis is associated with a corresponding
strong phase, identified as 8o, 8, and §|, which does not change sign under CP.
The three amplitudes obey the following normalization condition:

Aol +IA LR+ |Ay)* =1. (3.18)
The three amplitudes of the transversity basis model the resonant B(s) = J/bo

decays. However, in any realistic data sample, a small contribution from non-
resonant B — J/pK*K™ and BS — J/Uf(980) — ptp~ KTK™ decays is

3 The assumption |A| = 1 is directly tested in the measurement.
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Figure 3.3: Schematic representation of the polarization amplitudes of the J/1{ ¢ system
in the transversity basis. The black circle represents the B(S) meson, while the
straight lines and the short arrows represent the final-state vector meson
momenta and spin orientations, respectively.

always present. These scalar processes are taken into account by including an
additional S-wave amplitude Ag, with an associated strong phase 0s, in the
decay model.

In the transversity basis angular distributions of the decay products are
described as a function of three decay angles © = (61, VT, @T) [53]. The angles
01 and @ are, respectively, the polar and azimuthal angle of the u* in the rest
frame of the J/1 meson, where the x-axis is defined by the B? direction and
the xy-plane is defined by the plane of the ¢ — KTK™ decay. The angle VP is
computed in the ¢ rest frame between the K™ momentum and the negative J /1
momentum direction. The three angles are shown in Fig. 3.4.

3.2.2 The BS — J/\ & differential decay rate

By rewriting Eq. 3.14 in the transversity basis one can describe the differential
decay rate of BY — J/b ¢ — puru~ K*K™ in terms of proper decay time and
angles of the transversity basis as [54]:

d'r(By)

10
“doq ~Otla o} Oileyt)-gi(O), (3.19)

i=1
where:

¢ O; are time-dependent functions:

ATt
Oi(a, t) = Nje st [ai COSh(AESt) + by sinh< 25 >

(3.20)
+ ¢y cos(Amgt) + dj sin(Amgt)

b
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¢ rest frame
Yr
K,
K+ 'ﬁl/u/
— d)\.{
Py

J/y rest frame

Figure 3.4: Definition of the three angles of the transversity basis 6, {1, and @t
describing the topology of the B — J/ ¢ — p"p~ KK~ decay. Figure
from Ref. [1].

with Nj, ai, bi, ¢i, and d; defined in Tab. 3.1,
¢ g; are the angular functions defined in Tab. 3.2,

¢ x= (d)S) Als, Ts, Amg, |)\|) |AO|) |AJ_|) ‘AH|) |AS|) 00, 6||> o1, ds) is the set
of physics parameters,

¢ the coefficients C, S, and D in Tab. 3.1 are defined as in Eq. 3.15:

1 2| si 21
Czi”z’ SZ_M and D:_”LS;"S. (3.21)
1+ 1+ Al T+ [A|

The coefficient C measures the amount of direct CP violation, and it is equal
to zero if |A| = 1. The coefficients S and D are sensitive to CP violation in the
interference between decay and mixing, with S being more sensitive to small ¢s,
which is the case in the Standard Model. The S coefficient is mostly present in
terms proportional to d;, which are dependent on the flavor of the B¢ meson.

Equation 3.19 describes the model for the BY — J/U ¢ meson decay, the
model for BY — ]/ ¢ is obtained by changing the sign of the c; and d; terms
in Eq. 3.20.
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Table 3.1: Time-dependent terms of the BS — J/\ ¢ differential decay rate model. The

terms with i = 1, 2, 3, 7 are each related to one of the amplitudes, while
the others describe interference terms. All amplitudes included in the N;
coefficients definition are evaluated at t = 0. The coefficients C, S and D are
defined in Eq. 3.21.

i Ni ai bi Ci di

1T A 1 D C -S

2 A 1 D C -

3 JALP 1 -D C S

4 ‘A‘|||Al| CSin(5L—5”) SCOS(éL_én) Sin(éL—éﬂ) DCOS(&L—éﬂ)

5 |A0||AM cos(6|| —60) Dcos(6|| —60) Ccos(6|| —50) —Scos(éu —60)

6 |AollALl Csin(6, —8g) Scos(6; —dg) sin(d, —6p) Dcos(d, —&p)

7 Asl? 1 -D C S

8 ‘AS”AH‘ CCOS(5||—65) Ssin 5” —55) COS(5||—55) Dsin(éH —55)

9

[As|lA L] sin(6, —08s) —Dsin(6; —ds) Csin(d, —8s)
10 |As||Ao| CCOS(50—55) SSiI’l(éo—és) COS(50—55)

Ssin(6, — dg)
D sin(60 - 63)

Table 3.2: Angular terms of the BQ — J/U ¢ differential decay rate model. The transver-

sity basis angles are defined in Fig. 3.4.

=

gi (01, ¥T, @T)

2cos2 P (1 —sin? 07 cos? @)
sin? Y7 (1 — sin? 07 sin? @)
sin? VT sin? 0T
—sin? P sin 207 sin @
sin 2T sin? O sin 20T

sin 2\ sin 201 cos @t

Wi 5‘“5‘

(1 —sin? 07 cos? @)
% 6sin T sin? O sin 20T

O 0 NN o G AW N =

% 6 sin 1 sin 20T cos @1
$v3cos (1 —sin? 07 cos? @7)
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3.3 STATE-OF-THE-ART

The CP-violating phase ¢s was first measured by the Fermilab Tevatron ex-
periments [55-59], and then at the LHC by the ATLAS, CMS, and LHCb ex-
periments [60-69], using B — J/1 ¢, BS — ]/ £5(980), and BS — J/phth-
decays, where h = 71, K. Measurements of ¢ in Bg decays to P(2S)$p and DDy
were performed by the LHCb Collaboration [70, 71].

With the same analysis used to extract ¢, several other parameters of the
differential decay rate model can be measured, with I, ATy being the most
common choices. The available theoretical predictions for the physics parameters
of Eq. 3.19 are reported in Tab. 3.3, while the most recent world-average values
are reported in Tab. 3.4. The strong phase 8¢ is not reported, as the general
convention [56, 58] is to set it at zero, since only phase differences are physically
meaningful (see Tab. 3.1). The two-dimensional world average contours for ¢
and ATl are shown in Fig. 3.5, from which it is clear that the experimental
uncertainties on ¢ are significantly larger than the theoretical ones. A more
updated picture of the two-dimensional contours for ¢ and ATl, including the
latest preliminary results from ATLAS [63] and CMS [1] (this dissertation) and
the latest AT’y theoretical prediction, is presented in Fig. 3.6.

34 NEW-PHYSICS CONTRIBUTIONS

New physics (NP) can modify ¢ via the contribution of beyond Standard Model
(BSM) particles to the BY~B? mixing diagrams shown in Fig. 2.3 [72, 73]. These
effects can be parametrized by a general modification of the off-diagonal matrix
element of the mass matrix M, in terms of an arbitrary complex parameter Ag:

s LA
Miz = MY|Aglet®s . (3.22)

In this formalism, any As # 1 corresponds to new-physics effects, with the
absolute value affecting Amg and the complex phase modifying ¢, as:

Amg =2|MY (Al (3.23)
bs = oM+ b5 (3.24)

Experimental results can be used in conjunction with SM predictions to
obtain bounds on the complex parameter Ag. The most recent result of such an
investigation is shown in Fig. 3.7, which shows good agreement between the
SM global fit and As = 1+ 0i. The constraint due to the mass difference Amy is
denoted by the orange ring and its size is mostly due to theory uncertainties,
while the purple region represents the constraint on the imaginary part of
As stemming from ¢ measurements. Since ¢ in the SM is predicted very
precisely, the bounds on ¢4 are mostly limited by experimental uncertainties.



3.4 NEW-PHYSICS CONTRIBUTIONS

In this formalism, new-physics effects are still allowed to modify ¢ by several
degrees [73, 7414, providing strong motivations to improve the measurement of
¢s, as any reduction of the experimental uncertainties directly leads to better
sensitivity for BSM effects.

Table 3.3: Available theoretical predictions for the physics parameters describing the
Bg — J/U ¢ decay rate.

Parameter Prediction Ref.

ds —36.96 T ¢amrad  [44]
AT 0.09140.013ps™'  [75]
Amg 18.77 +£0.86 hps~ ! [75]
Al ~1 SM

Table 3.4: World-averages for the physics parameters describing the BY — ]/ ¢ decay
rate. The strong phase 9 is not reported, as the general convention [56, 58]
is to set it at zero. The S-wave parameters As and b5 are not reported, as no
world-averages are available for these observables (at the time of writing).

Parameter World-average Ref.
bs —51 + 23 mrad [35]
AT 0.08540.004 ps~'  [35]
s 0.6600 + 0.0016 ps—'  [34]
Amg 17.749 £0.020 hps~ ! [35]
Al 1.01240.017 [34]
|Aol? 0.5199 + 0.0035 [34]
A7 0.228 4 0.007 [34]
A2 0.245 £+ 0.004 [34]
5| 3.10 £ 0.06 rad [34]
51 2.9+ 0.4 rad [34]

4 The weak phase ¢ is predicted to be ~ 2°
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Figure 3.5:
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CMS 19.7 fb !

CDF 9.6 fb!

Cb 4.9 fb!

ATLAS 19.2 fb!
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Two-dimensional (¢g, Al's) contours at 68% confidence level of the ATLAS,
CMS, CDEF, and LHCb results, together with their combined contour, and the
Standard Model predictions from Ref. [44, 73]. The plotted Als prediction is
not up to date with the most recent (and precise) result (Ref. [75]). Note that
the LCHDb result here presented includes final state different from J/{pK+K™.
This figure does not include the results presented in this dissertation [1]
and the latest ATLAS preliminary result [63]. Figure from Ref. [35]. A more
updated, yet preliminary, picture of the two-dimensional (¢s, Al's) contours
is presented in Fig. 3.6.
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Figure 3.6: Two-dimensional (¢, Al's) contours at 68% confidence level of the latest
results from ATLAS, CMS, and LHCb, together with the Standard Model
predictions from Ref. [74, 75]. Figure from Ref. [63].
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Figure 3.7: Constraint of the NP parameter As. The constrain due to the mass difference
Amg is denoted by the orange ring, while the constrain due to ¢ by the
purple region. The red area shows the combined fit to experimental data.
Figure from Ref. [74].
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EXPERIMENTAL SETUP

In order to characterize the Bg — J/b ¢ decay rate, a complex
experimental setup is required. B mesons need to be produced in
large quantities and their decay products reconstructed with high
precision. The Large Hadron Collider is the most powerful particle
accelerator ever built and is able to collide protons at a center-of-mass
energy of 13 TeV at a rate of over one billion collisions per second. It is
located at CERN, the largest particle physics laboratory in the world.
During the data-taking periods of interest for this work, the LHC has
produced approximately 4 - 10'? B mesons at the interaction point
around which the Compact Muon Solenoid apparatus is located.
The CMS detector is a large general-purpose detector, consisting of
several sub-systems to measure different types of particles and their
properties, for a total of over 124 million readout channel. This huge
stream of information is combined in sophisticated reconstruction
algorithms to obtain a full event description that can be analyzed to
perform physics measurements. The following chapters provide a
brief review of the experimental environment of the LHC and the
CMS detector, as well as the techniques and algorithms used at CMS
to reconstruct the physics objects of interest for this work.






THE CMS DETECTOR

The analysis presented in this dissertation is based on a data sample of
BY = J/U ¢ — putu~ KHK™ candidates collected in proton-proton (pp) collisions
provided by the Large Hadron Collider (LHC) and collected by the Compact
Muon Solenoid (CMS) experiment.

At the time of writing, the LHC is the largest and most powerful particle
accelerator ever built, while CMS is a general-purpose detector made up of
several sub-systems for measuring different types of particles and their prop-
erties. The LHC is located at the European Organization for Nuclear Research
(CERN), near Geneva, whose main function is to provide particle accelerators
and other infrastructures needed for particle physics research. Several important
achievements in the field of particle physics have been made by experiments
at CERN, such as the discovery of weak neutral currents in the Gargamelle
bubble chamber [76], the discovery of the W and Z bosons by the UA1 and
UA2 experiments [77, 78], the discovery of direct CP violation in the NA48
experiment [48], the determination of the number of light neutrino families
by the LEP experiments [79-82], and the discovery of the Higgs boson by the
ATLAS and CMS experiments [83, 84].

This section describes the experimental setup of the LHC and CMS experiment,
with particular attention to the sub-systems of most interest for this analysis.

41 THE LARGE HADRON COLLIDER

The LHC is a dual-ring hadron accelerator, storage ring, and collider operated by
CERN and situated in the 26.7 km tunnel formerly built for the Large Electron-
Positron Collider (LEP)!, at a depth between 45 m and 170 m underground on
the French-Swiss border near Geneva. The LHC is designed to accelerate protons
and heavy-ions? to energies up to 7 TeV and 2.76 TeV per nucleon, respectively.
The machine was commissioned in 2008 and the first particle collisions were
achieved in 2010. Since only pp collisions are used in this analysis, the following
description only considers protons.

1 The LEP was an ete™ accelerator and collider operated by CERN from 1989 and 2000. The
machine serviced four detectors: ALEPH, DELPHI, L3, and OPAL.
2 Predominantly lead nuclei.
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4.1.1 Acceleration chain

Before being injected into the LHC, protons are pre-accelerated by the accelerator
chain shown in Fig. 4.1. The proton source consists of a bottle of molecular hydro-
gen gas, where an electric field is used to strip hydrogen atoms of their electrons
and a duoplasmatron creates the first beam with an energy of 90 keV [85]. Sub-
sequently, the protons are accelerated in four stages by the LINAC2, the Proton
Synchrotron Booster (PSB), the Proton Synchrotron (PS), and the Super Proton
Synchrotron (SPS), to energies of 50 MeV, 1.4 GeV, 25 GeV and 450 GeV, respec-
tively. The PS also arranges the beam in groups of protons called “bunches”,
each containing ~1.15-10"" protons. Each bunch is injected in the LHC with a
frequency of 40 MHz, corresponding to a time separation of 25 ns. During the
data-taking periods of interest for this analysis a maximum number of bunches
of 2556 in each direction was achieved.

The beams are accelerated in the LHC from 450 GeV up to 6.5 TeV!l by
resonant waves of EM fields generated in eight radio-frequency (RF) cavities per
beam, at the rate of 16 MeV per turn. The acceleration process takes around 20
to 25 minutes and the time period for which the LHC has bunches circulating is
called “fill”. A fill is typically maintained for several hours, up to thirty. Around
the beam pipes, 1232 dipole superconducting magnets are installed to bend the
beams into a circular trajectory. Additionally, quadrupole and higher multipole*
magnets are used to focus the beam despite the electromagnetic repulsion of the
protons. At the interaction points of the LHC, the beams can be confined to a
diameter in the order of ~10 um. A cross section of an LHC dipole magnet is
shown in Fig. 4.2.

The center-of-mass energy of a collision of the two proton beams is equal to

\/g = 2Epeam » (4.1)

though the energy available to the hard parton scattering is smaller and depen-
dent on the amount of energy carried by the involved parton. The beams are
made to collide at four interaction points (IP) around the LHC ring, where the
following main detectors are located:

ALICE, a dedicated detector to study heavy-ion physics [88],

ATLAS, a general-purpose detector [89],

CMS, a general-purpose detector (thoroughly described in Section 4.2),

LHCD, a low luminosity detector dedicated to heavy flavor physics [90].

The ATLAS and CMS experiments have similar physics programs, which are
achieved with different strategies in the detector layout. The main difference

III This is slightly less than the final design energy of 7 TeV per beam.

4 Sextupoles and octupoles.
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is that the ATLAS superconducting solenoid houses only the tracking system,
while in CMS also most of the calorimeter system is present inside the solenoid
volume. The overall performances of the two detectors are similar when averaged
over a large amount of different analysis scenario’. Since this analysis concerns
heavy flavor physics phenomenology the LHCb experiment is a prime candidate
for comparisons, however, the ATLAS detector is more similar in terms of phase
space and absence of a dedicated hadronic particle identification (PID) system.®

4.1.2  Particle production

At every bunch crossing, only few of the protons actually collides. In the
majority of the cases, particles merely graze each other in what is called an
elastic collision, in which the proton structure is unaltered. Most of the physics
of interest occurs only when a proton undergoes an inelastic (hard) collision in
which its fundamental constituents (i. e., quarks and gluons) interact with the
ones of another proton. The rate of events for a given process is given by:

dN
——=Lo 42
d _t ) ( )
where o is the process cross section and L is the LHC instantaneous luminosity.
The instantaneous luminosity measures the ability of a particle accelerator to

produce interactions and can be calculated from the beam parameters as [91]:

N % Np frevyrF

[ =
4menB*

(4.3)
where Ny, is the number of particles per bunch, ny is the number of bunches
per bean, frey is the revolution frequency, vy is the relativistic Lorentz factor,
F is a reduction factor due to the inclined beam proﬁle7, €n 1s the normalized
transverse beam emittance, and * is the beta function at the interaction poin’c8 .
The design instantaneous luminosity of the LHC is 1034 ecm—2s~ !, which has
been exceeded in the 2017 and 2018 runs by a factor of ~2 [92]. The nominal
luminosity described by Eq. 4.3 is typically achieved only at the start of a fill and
decays over time due to collisions and beam losses. At the LHC the luminosity

Performance on individual analyses may differ.
At the LHC the CP-violating phase ¢ is studied by ATLAS, CMS, and LHCb, with comparable
precision on single-channel measurements. However, the LHCb experiment is able to exploit

different decay channels.
1

F is defined as F =2 [1 +(0c02/ 26*)2} 7, where 6. is the crossing angle at the interaction point,

07 is the RMS bunch length and o™ is the transverse RMS beam size at the interaction point.

The transverse emittance describes the spread of the particles in the position-momentum phase
space, while the beta function characterize the size of the beam at the interaction point. The
transverse beam size at any location s is given by o(s) = \/enp(s), where 3(s) = p*[1 + (s/B*)2].
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Figure 4.3: Cumulative measured luminosity versus day delivered by the LHC to CMS
during the 2017 (left) and 2018 (right) pp run at 13 TeV. Figure from Ref. [93].

decrease by a factor of 1/e over a time interval called “beam lifetime”, which in
the 2017 and 2018 runs was equal approximately to 15 hours.
Following Eq. 4.2 total number of events for a given process is given by:

N:Ji?dt:GJLdt:GLim, 4.4)
where Lin; is the so-called “integrated luminosity” that describes the total
number of collisions in a given time interval. The total inelastic pp cross section
at /s = 13 TeV is estimated to be ~70 mb'X, which corresponds to an average of
~30 collisions per bunch crossing in addition to any event of interest [93]'°. These
uninteresting inelastic pp collisions are referred to as “pileup”. The measured
luminosity values delivered by the LHC to CMS during stable beams and for
proton-proton collisions in the data-taking periods considered in this work are
shown in Figs. 4.3 and 4.4, while the mean number of interactions per bunch
crossing is shown in Fig. 4.5.

BOTTOM QUARK PRODUCTION AT THE LHC At the LHC bottom quarks are
predominantly produced in pp — bbX interaction through gluon-gluon fusion,
quark annihilation, flavor excitation and gluon splitting. The leading order and next-
to-leading order Feynman diagrams for these processes are shown in Figs. 4.6
and 4.7.

The predicted NNLO bb production cross section in pp collisions at
Vs =13 TeV is o(pp — bbX) ~ 500 ub [94], while its estimated value as a
function of the center-of-mass energy is shown in Fig. 4.8. The total number of

The value of oPP ~ 70 mb is the “CMS recommended” value for CMS analyses [93].

inelastic
Processes of interest typically have a very small cross section, as such it is extremely rare than

more than one occurs in the same bunch crossing.
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Figure 4.7: Next-to-leading order Feynman diagrams for bb pair production: flavor
excitation (left and middle-left) and gluon splitting (middle-right and right).

bb pairs produced in the 2017 and 2018 data-taking periods can be calculated

with Eq. 4.4, as:

Nyp = 0(pp — bbX) - Lint #5.5-10"3, (4.5)

where the integrated luminosity values reported in Fig. 4.3 are used!!. Mind
that this is the total number of bb pairs produced in pp collisions and not the
number of those produced in the CMS geometrical acceptance.

For a description of the data samples used for this analysis, and respective luminosity values see

Tab. 7.4 in Section 7.2.2.
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Figure 4.9: Overview of the CMS detector and its sub-systems. Figure from Ref. [96].

42 THE CMS DETECTOR

The Compact Muon Solenoid is a large general-purpose apparatus for investi-
gating proton and heavy-ion collisions provided by the LHC at high energies
and high instantaneous luminosity [96]. It is located at the opposite end of the
LHC ring from the main CERN site, near the city of Cessy, at about 100 m
underground. CMS is constructed in 15 circular slices that surround the LHC
beam pipe in a cylindrical form of 21 m overall length and 15 m diameter. With a
total weight of about 14 000 t, it is the heaviest LHC detector. An overview of the
CMS detector and its sub-systems is shown in Fig. 4.9. At the time of writing, the
CMS Collaboration is composed of over 5000 scientists, engineers, technicians,
and students from around 229 institutions from more than 50 countries.

COORDINATE SYSTEM To describe the positions and directions, CMS adopts
a coordinate system centered at the nominal LHC collision point, with the x-axis
pointing inward to the center of the LHC ring and the y-axis pointing upward.
The z-axis is tangent to the beam with a direction that completes a right-handed
coordinate system. A mixture of cartesian, cylindrical, and spherical coordinates
is used in this dissertation depending on the cases. The azimuthal angle!? ¢ is
measured in the x-y plane (often called “transverse plane”) relative to the x-axis.

12 Not to be confused with the transversity angle ¢.
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Figure 4.10: Illustration of the CMS coordinate system (left) and the relation between
the pseudorapidity n and the polar angle 0 (right). “Jura” refers to the
mountain range near CERN. Figures from Ref. [97].

The transverse plane is used to define the transverse momentum pt and energy
Et, which are extremely convenient in a detector with cylindrical symmetry
such as CMS. The polar angle 0 is measured from the z-axis and it used to define
the pseudorapidity, as:

n= —lntan<g> . (4.6)

The pseudorapidity is typically preferred over the polar angle 0 as the rate
of particle production at hadron colliders is approximately constant as a func-
tion of 1 since pseudorapidity differences are Lorentz invariant under boosts
along the longitudinal axis. Illustrations of the CMS coordinate system and the
pseudorapidity relationship with the polar angle are shown in Fig. 4.10.

421 Overall design

The CMS sub-detectors are arranged radially around the beam axis, envelop-
ing the interaction point completely in the azimuthal direction and providing
good coverage in the polar one!®. The detector is divided into a barrel compo-
nent and two endcaps, which typically correspond to different type of detector
technologies.

SUPERCONDUCTING SOLENOID The core feature of CMS is a large super-
conducting solenoid of 12.5 m length and 6.3 m internal diameter [98], which
is used to generate a uniform 3.8 T magnetic field inside the solenoid. The
magnetic field is used to bend the trajectory of charged particles, enabling the
measurement of their momenta and charge sign. The solenoid is composed
of four layers of coiled superconducting NbTiX!V cooled down to 4.6 K with

13 The exact pseudorapidity coverage depends on the individual sub-detectors, ranging from
Inl < 2.4 for the muon system up to [n| < 5.2 for the forward hadronic calorimeter.
XIV The same technology is used in the LHC magnets.
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liquid helium, conducting a nominal current of 19.41 kA. At the time of writing,
the CMS magnet is the most powerful single magnet ever built, storing a total
energy of 2.6 GJ in its field. The solenoid surrounds the tracking and calorimetry
systems in order to not add dead material in front of them. It is complemented
with a 12500 t iron return yoke in which the magnetic field saturates to a value
of 1.8 T. The return yoke has the dual purpose of reducing the intensity of the
magnet field on components far from the magnet and guiding the magnetic
field outside the bore of the magnet. A mapping of the magnetic field generated
by the superconducting solenoid is shown in Fig. 4.11.

sUB-sYSTEMS LAYOUT The tracking system is placed in the most inner part
of the detector to achieve the best possible spatial resolution and provides an
accurate measurement of the charged particles momenta, charge, and trajec-
tories [100-103]. The tracker is surrounded by the calorimetry system which
comprises a lead tungstate crystal electromagnetic calorimeter (ECAL) [104] and
a brass and scintillator hadron calorimeter (HCAL) [105]. The ECAL detects par-
ticles that interact electromagnetically, such as electrons, positrons, and photons,
whereas the HCAL is designed for detecting charged and neutral hadrons, i. e.,
protons, neutrons, pions, and kaons. Finally, outside the solenoid, gas detectors
that make up the muon system are installed between the layers of the return
yoke15 [106]. A transverse slice of the CMS detector and its sub-system is shown
in Fig. 4.12. The following sections present further details of each sub-detector,
while the trigger system and physics objects reconstruction are described in
Chapter 5.

4.2.2 Tracking system

The CMS tracking system (“tracker”) is installed close to the interaction point
and it is entirely based on silicon semiconductor technology [100, 101]. It is
designed to provide precise and efficient measurements of the momenta, charge,
and trajectories of charged particles, as well as an accurate reconstruction
of primary and secondary vertices'®. Since this analysis makes use only of
data collected between 2017 and 2018, this section describes only the CMS
Phase-1 tracker, comprising the upgraded inner pixel detector installed in March
2017 [102, 103].

As the innermost detector, the tracker faces a highly challenging environment.
At the design luminosity of the LHC, on average up to 10° particles hit the
tracker every 25 ns bunch crossing, which implies a rate density of 1 MHz/mm?
at r = 4 cm, 60 kHz/mm? at r = 22 cm and 3 kHz/mm? at r = 115 cm.

The iron return yoke has the additional purpose of absorbing most of the particles different from
muons.
The vertex reconstruction procedure is described in Section 5.2.1.
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the CMS detector at a central magnetic field of 3.8 T. Figure from Ref. [99].
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Figure 4.13: Sketch of one quarter of the CMS Phase-1 tracking system, in r-z view,
showing the tracker pixel (PIXEL), inner barrel (TIB), inner disk (TID),
outer barrel (TOB), and endcap (TEC) subsystems. The pixel detector is
shown in green, while single-sided and double-sided strip modules are
depicted as red and blue segments, respectively. Figure from [109].

To keep the hit occupancy!” below 1%, the tracking system consists of high-
granularity pixel detectors up to 16 cm in radius, while microstrip detectors
are used in the outer region with reduced flux. In total, the tracking system
covers a pseudorapidity region up to n| < 2.5, has a length of 5.4 m, a diameter
of ~2.4 m, and an active silicon area of about 200 m?, making it the largest
silicon tracker ever constructed!®. All tracking components are cooled down to a
temperature of —10 °C to improve radiation hardness. The overall used material,
comprising also support structures, cables, and cooling system, is optimized
to keep the material budget to a minimum. Depending on the pseudorapidity
region, the total material budget of the Phase-1 tracker is equivalent to 0.4-1.5
radiation lengths'® [108]. A schematic view of the Phase-1 tracker is shown in
Fig. 4.13.

PIXEL TRACKER The inner pixel detector covers a pseudorapidity region
of n| < 2.5 in the innermost region of the tracker, and by extension of the
CMS apparatus, where the flux of particles produced is higher. It consists of
four layers in the barrel region at radii of 2.9, 6.8, 10.9, and 16.0 cm, and three
fan-shaped disks on each endcap at distances of 29.1, 39.6, and 51.6 mm from
the center of the detector. The pixel detector is built from 1856 segmented
silicon sensor modules, each consisting of a sensor with 160 x 416 pixels, for a
total of 124 million readout channels. Each pixel has a size of 100 x 150 pm?,
which amounts to a total net active area of the pixel tracker of 1.9 m2. This high
granularity allows to resolve large amounts of particles in high pileup conditions
and to precisely reconstruct tracks and vertices in three dimensions. The spatial

17 The occupancy is defined as the fraction of sensors hit at each bunch crossing.

18 At the time of writing

19 The radiation length X is defined as the mean distance over which the energy of a high-energy
particle is reduced by a factor of 1/e: —dE/dx = E/Xo.
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Figure 4.14: Layout of on quadrant of the CMS Phase-1 pixel detector. The four barrel
layers are indicated with L1, L2, L3 and L4, whereas the three endcap disks
with D1, D2, and D3. Figure from [103].

resolution of the inner tracker in the r-¢ plane and z direction is 10 pm and
20 pm, respectively [103]. Within a given layer, the modules are overlapped to
minimize holes in the acceptance?’. The inner pixel detector layout is shown in
Fig. 4.14.

STRIP TRACKER The outer part of the tracking system consists of silicon
microstrips organized in four different sub-systems and covers the radial region
between 20 and 116 cm where the occupancy decreases. It is composed of a
total of 9.3 x 10° microstrip sensors, for a total active area of ~198 m?2. The
tracker inner barrel (TIB) has a length of 1.4 m and consists of four layers of
320 pum thick microstrips sensors, covering radii up to 50 cm The TIB sensors
are installed parallel to the beam axis and are purposely misaligned by a tilt
angle of 100 mrad to allow the measurement of the z coordinate. The TIB is
complemented by the tracker inner disks (TID), consisting of three disks at each
endcap, installed from 80 to 90 cm in the z direction. The TID uses 320 pm thick
microstrip sensors mounted radially on the disks. The TIB and the TID provide
up to four hits for a traversing charged track, each with a spatial resolution of
23-35 um, up to n| < 2.5.

The inner tracking system?! is surrounded by the tracker outer barrel (TOB) in
the central, and by the tracker endcaps (TEC) in the forward regions. The TOB
covers the region 50 < r < 116 cm and extends to z = £1.2 m, corresponding to
the pseudorapidity region | < 1.6. It is composed of 500 um thick microstrip
sensors, organized in six layers, and provides up to six r-¢ hits with a single
point resolution of 35-53 um. The TECs consist of nine disks, each composed of
four to seven rings of silicon microstrip detectors with a thickness ranging from
320 pm to 500 pm. The microstrips are placed radially, providing up to nine hits
per charged track up to n| < 2.5.

The tracking performance is discussed in Section 5.2.1, where also the track
reconstruction and vertexing algorithms are described.

20 This applies also to the outer tracker layers.
21 The inner tracking system comprises the pixel tracker, the TIB and the TID.
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Figure 4.15: Cross section of one quadrant of the CMS calorimetry system showing the
locations of the HCAL barrel (HB), endcap (HE), outer (HO) and forward
(HF) calorimeters. The radial numbers indicate pseudorapidity values.
Figure from Ref. [96].

42.3 Calorimetry system

The CMS calorimetry system surrounds the tracker and is mostly enveloped
by the solenoid in order to minimize the dead material in front of it. Its main
purpose is the precise energy measurement and full absorption of all parti-
cles except for muons and neutrinos. It is divided into two sub-detector with
complementary detection strategies. The ECAL measures photons and charged
particles, mostly electrons, and positrons, whereas the HCAL detects strongly
interacting particles, such as protons, neutrons, pions, and kaons. In order to
provide a reliable measurement of missing transverse energy associated with
neutrinos, the calorimetry system is fully hermetic in the pseudorapidity region
| < 5. An overview of the geometrical layout is shown in Fig. 4.15.

42.3.1 Electromagnetic calorimeter

The ECAL is a high granularity homogeneous and hermetic calorimeter consist-
ing in 61200 lead tungstate crystals (PbWO,4) mounted in the barrel part (EB),
closed by 7324 crystals in each of the two endcaps (EE) [104]. The EB has an
inner radius of 129 cm and covers the pseudorapidity region n| < 1.479, while
the two endcaps cover 1.479 < [n| < 3.0 and are placed at a £314 cm distance
from the interaction point. In addition preshower detectors (ES) are installed in
front of the endcaps in the region 1.653 < |n| < 2.6 to deal with their reduced
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Figure 4.16: Transverse section through the ECAL, showing the geometrical configura-
tion of the ECAL barrel (EB), endcap (EE), and preshower (ES) detectors in
terms of the pseudorapidity. Figure from Ref. [110].

granularity. They consist of a 20 cm thick sampling calorimeter?? composed of
two alternating layers of lead absorber planes and silicon microstrip detectors.
An overview of the ECAL geometrical configuration is shown in Fig. 4.16.

Lead tungstate is characterized by a high density (p = 8.28 g/cm?), a short
radiation length (Xo = 0.89 cm) and a small Moliére radius® (Rym = 2.19 cm).
Moreover, the scintillation decay time is very short, such that 80% of the light
being collected during a single 25 ns bunch spacing. The crystals in the EB
have a front cross section of 2.2 x 2.2 cm? and a length of 23 cm, corresponding
to ~26 radiation lengths, and a granularity of An x A¢ ~ 0.017 x 0.017. The
EE crystals have slightly different dimensions with 2.86 x 2.86 cm? front cross
section and a length of 22 cm. Scintillation light is produced when the crystal is
traversed by charged particles or photons and, before readout, it is amplified
by avalanche photodiodes (APD) in the EB and vacuum phototriodes in the EE.
The average yield for a particle of E = 1 MeV is ~4.5 photoelectrons. Since the
number of scintillation photons emitted by the crystals and the amplification of
the APDs are both temperature-dependent, a cooling system is installed to keep
the crystal temperature stable at 18.00 £ 0.05 °C.

The ECAL’s main purpose is, in combination with the tracking detector, to
identify electrons and photons and to facilitate high-resolution energy measure-

A sampling calorimeter is a detector where the absorber material and the scintillating material
are interleaved. The absorber material induces a hadronic shower and the scintillating material
samples the shower along its length.

The Moliere radius of a material describes the scale of the transverse dimension of electromagnetic
showers. It is defined as the radius of a cylinder containing on average 90% of the shower’s
energy deposition. Two Moliére radii contain 95% of the shower’s energy deposition.
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ments. Its energy resolution has been measured in electron test beam and found

to be [96]:

og 28% 12%
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c NG ® - 903 %o | (4.7)
where E is in GeV and @ is the squared sum operator. The three terms in Eq. 4.7
refer to the stochastic, noise, and irreducible components of the resolution,

respectively.

4.2.3.2 Hadronic calorimeter

The HCAL is a hermetic sampling calorimeter that has the purpose of mea-
suring the energy of charged and neutral hadrons, enabling a basic division
of the particle types and the measurement of missing energy associated with
neutrinos [105]. The HCAL consists of four different sub-detector systems: the
HCAL barrel (HB), endcaps (HE), forward (HF), and outer (HO). The HCAL
geometrical configuration has been already shown in Fig. 4.15.

The HB and HE consist of alternating layers of non-magnetic brass absorber?*
and plastic scintillators. Traversing particles create showers in the brass layers,
which induce detectable light in the subsequent scintillators. The scintillation
light is then guided by wavelength-shifting fibers to the readout system, where
it is read by hybrid photodiodes. The HB has a length of 9 m, an inner diameter
of 6 m and covers the pseudorapidity region n| < 1.4. It is segmented in 2304
towers for a granularity of An x A¢ ~ 0.087 x 0.087. The HE covers a range of
1.3 < In| < 3.0 and follows a similar structure as the barrel.

The HF is located at a £11 m distance from the interaction point, has a
length of 165 cm and covers the range 3 < n| < 5. Its purpose is to improve
the hermicity of the HCAL system in order to reinforce the measurement of
the missing transverse energy. Due to the high radiation environment in this
region of about 100 Mrad/year, the HF is made of more robust quartz fibers as
active material and steel absorber plates and is read out by radiation-resistant
photomultiplier tubes. The HCAL is completed by the HO, a single layer of
10 mm thick scintillators, corresponding to 1.4 interaction length, covering the
barrel region n| < 1.26. Its main purpose is to absorb the tails of the hadronic
showers, leaking through the barrel calorimeters, using the solenoid as absorber.
The total thickness of the ECAL+HCAL calorimeter system is about 12 and 10
interaction lengths in the barrel and endcaps, respectively.

The energy resolution of the HCAL has been measured to be [111]:

EVE
where E is in GeV, with a typical readout noise of 200 MeV.

oe _110% _ oo as)

24 Non-magnetic materials are chosen as the HB and HE are immersed in the 3.8 T magnetic field.
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424 Muon system

The CMS muon system constitutes the outermost component of the CMS ap-
paratus and is designed to reconstruct the momenta and charge of muons over
a wide angular range up to [n| < 2.4 [106]. Ideally, the only detectable parti-
cles surviving the calorimetry system are muons®, due to their long lifetime
(T ~ 2.2 ps) and scarce interaction with matter?®. The muon system is inter-
laced with the magnet return yokes and is composed of three different types
of gaseous detectors. An overview of its geometrical configuration is shown in
Fig. 4.17.

In the barrel region (n| < 1.2) a total of 250 drift tube (DT) chambers are
organized into four layers, called “stations”, housed in five cylindrical sections
called “wheels”. Each DT chamber consists of three “superlayers” (SL) of four
stacked cells, filled with a mixture of Ar/Co;. The central SL measures the z
coordinate while the other two r-¢. The outermost station does not contain the
z-measuring planes. The single point resolution of the DT system is measured
to be 80-120 um [112].

In part of the barrel (0.9 < In| < 1.2) and endcap (1.2 < | < 2.4) regions,
where the flux of particles is higher and the magnetic field is stronger and
inhomogeneous, cathode strip chambers (CSC) are chosen for their radiation
hardness and fast response. The CSC are multi-wire proportional chambers,
which use gas under strong electric fields as active and amplification medium.
Each endcap is equipped with four CSC stations, for a total of 540 chambers.
The CSCs are positioned perpendicular to the beam axis and overlap in ¢ to
avoid gaps in the muon acceptance. A CSC consists of six layers, each capable
of measuring all three spatial coordinates (r-¢-z). The spatial resolution of a hit
in the CSC system is 40-150 um [112].

The muon system is completed by a trigger system based on resistive plate
chambers (RPC) that covers the pseudorapidity range 0.0 < In| < 1.9. RPCs
consists of two parallel gas chambers operated in avalanche mode and can
achieve a time resolution of a few nanoseconds, which allows assigning the
muon system readout to a bunch crossing with rates up to 1 kHz/cm?. With
respect to DTs and CSCs, RPCs have a coarser spatial resolution of ~1 cm.

The efficiency for reconstructing hits and track segments originating from
muons traversing the muon system is in the range ~94-99%, with a timing
resolution of ~1.4 ns [112]. The momentum resolution for muons up to 100 GeV
is ~1% in the barrel and ~3% in the endcaps [112]. The muon reconstruction is
described in Section 5.3.

Neutrinos do not interact with CMS and are not measurable.
Muons do not annihilate with ordinary matter and do not decay via the strong force. They can
only decay via the weak interaction into an electron and two neutrinos.
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Longitudinal r-z cross section of one quadrant of the CMS detector with
the muon system highlighted. The DT and CSC stations are labeled MB
(“Muon Barrel”) and ME (“Muon Endcap”), respectively. RPC stations are
mounted in both the barrel and endcaps of CMS, and labeled RB and RE,
respectively. Figure from Ref. [112].
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At the design instantaneous luminosity of L ~ 103* cm~2s~!, the LHC provides
approximately 107 pp collisions per second [110], which are typically grouped
in time around the 40 MHz bunch-crossing rate!. The term event is used to
refer to all the collisions, and corresponding physics processes, occurring in a
given bunch crossing. Considering the full information from all sub-detectors,
the storage size of an event in CMS is of the order of 1 MB [113], which leads
to a data output for the CMS detector of ~40 TB/s, an amount impossible to
store and process in a viable way. Moreover, only a few of the produced events
contain exciting physics, with the majority of them being of scarce interest. The
CMS data acquisition (DAQ) and trigger systems are designed to reduce the
acquisition rate by a factor of ~10°, by selecting only a small fraction of the
events for storage and further analysis [114-118].

After an event is selected for permanent storage, the ~135 million readout
channels?, of the CMS detector need to be combined into a finite number of
“physics objects”, which can be used to perform physics analyses. This procedure
is called physics object reconstruction and, together with the trigger, is the
cornerstone of every CMS physics results.

In this chapter, a brief description of the CMS trigger system and the pro-
cedures used to reconstruct the physics objects is given. A short summary of
the Monte Carlo (MC) techniques used to generate the simulated samples used
thorough this work is also presented.

51 TRIGGER AND DATA ACQUISITION

To select the fraction of events of interest, i. e., those which exhibit signatures
compatible with the CMS physics program, a two-level trigger system is used,
where the “Level-1” (L1) trigger operates on fast-response data from the calorime-
ters and muon detectors, whereas the “high-level” trigger (HLT) has access to a
rough reconstruction of the complete event.

The “Level-1” (L1) trigger consists of custom hardware trigger processors and
is used to reduce the rate down to 100 kHz. It has a maximum processing time
of 4 us, in which it needs to decide if an event should be passed to the HLT
system or permanently discarded. Due to the extremely tight time constraint,
the L1 trigger only exploits partial information from the calorimetry and muon

The number of collisions per bunch crossing is around 30, as shown in Fig. 4.5.
The number of readout channels has increased from ~75 to ~135 millions with the installation of
the upgraded Phase-1 inner pixel tracker.
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Figure 5.1: Overview of the CMS L1 trigger system, to be read from top to bottom. Data
from the HCAL and ECAL calorimeters are processed first regionally and
then globally. Hits from the RPC, CSC, and DT chambers are processed either
via a pattern comparator or via a system of segment- and track-finders and
then passed to a global muon trigger. The information from the calorimeter
and muon triggers is combined in a global trigger, which makes the final
trigger decision. The DAQ reads data from various sub-systems for offline
storage. Figure from Ref. [119].

systems to construct “trigger primitive” objects consistent with muons, electrons,
photons, jets, and global sums of transverse and missing transverse energy. An
overview of the CMS L1 trigger system logic is shown in Fig. 5.1. Data from
the calorimeters and muon detectors are processed first regionally and then in
the global trigger, which makes the final trigger decision. Accepted events are
passed on to the HLT, via the data acquisition system (DAQ).

The HLT is a software-based trigger system that runs on a processor farm
consisting of around 22 000 CPU cores. The maximum processing time for an
event in the HLT is constrained by the 100 kHz L1 rate to be around 220 ms. The
trigger decision is based on a rough reconstruction of the full event that exploits
also complex information from the tracking system. The particle candidates
built by the HLT fast reconstruction algorithm are called “trigger objects”. The
data processing is structured in several so-called “HLT paths”, each consisting
of algorithms that run in parallel targeting different typologies. An event is
immediately accepted for storage and further analysis if it is accepted by at least
one path. On the other hand, events are rejected as soon as it is established that
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Figure 5.2: Schematic overview of the CMS DAQ and trigger systems. The trigger (left),
data acquisition (center), and detector control systems (right) work in parallel
to select and collect events. Figure from Ref. [96].

no path will accept them. The processing benefits from the sharing of objects, as
an object only needs to be reconstructed once for use in several paths. During
the LHC Run-2, the maximum sustainable HLT output rate was slightly above
1 kHz. The HLT used to collect the candidate events used in this analysis is
described in Section 7.1.

The CMS DAQ system is closely integrated with the trigger system and is
responsible for collecting and processing the data from all sub-systems [117,
118]. It is designed to read out a fraction of the sub-detectors at 40 MHz and
the full CMS output at the L1 trigger rate of 100 kHz. Considering an event size
of about 1-2 MB, the DAQ needs to be able to sustain an input rate of up to
200 GB/s. A schematic representation of the CMS DAQ system is presented in
Fig. 5.2.

Events accepted by the trigger system are permanently stored for further
analysis, which involves the full event reconstruction. A brief description of the
physics object reconstruction of most interest for this work is presented in the
next sections.

5.2 RECONSTRUCTION OF PHYSICS OBJECTS

The reconstruction of physics objects is the procedure in which the readout of
all the CMS sub-detectors is combined to form hypotheses of stable particles in
terms of momentum, energy, flight trajectory, and particle type. At CMS, this is
performed with the so-called “Particle Flow” (PF) reconstruction algorithm [107],
which relies on the high granularity of the CMS sub-detectors and allows signals
from various sub-systems to be correlated. The PF algorithm is briefly described
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in the next sections, particular attention is given to the object of most interest

for this work, that is interaction and decay vertices and muons®.

5.2.1 The Particle Flow algorithm

The purpose of the PF algorithm is the reconstruction and identification of
individual particles by combining measurements of all CMS sub-detectors in a
global reconstruction of all physics objects in the event. The PF algorithm can be
structured into three consecutive steps. First, information from the sub-system
is collected to form so-called “PF objects”. These comprise tracks of charged
particles in the tracking system, clusters of energy deposited in the calorimeters,
and tracks in the muon detectors. Next, the PF objects are spatially correlated
with a link algorithm. Last, particle hypotheses are inferred and complex objects,
such as vertices, jets, and missing energy, are computed.

TRACK AND CLUSTER FINDING Tracks are reconstructed iteratively start-
ing from hits in the tracking system using the so-called “Combinatorial Track
Finder” [120], an adaptation of the combinatorial Kalman filter [121-123]. Track
candidates are extrapolated starting from seeds of pairs or triplets of hits in
the outer layers of the tracker, with compatible inner hits assigned using the
tit quality of the expected flight path. The iterative approach starts by recon-
structing tracks with very tight criteria (e.g. large momentum), leading to a
moderate tracking efficiency and a small fake rate. Next, the hits unambiguously
assigned to the tracks found in the previous step are removed and new tracks
are reconstructed with slightly looser criteria, increasing the efficiency. This
procedure is repeated until the desired efficiency and fake rate is achieved.

The calorimeters energy deposits are clustered separately in the ECAL barrel
and endcaps, in the HCAL barrel and endcaps, and in the two ECAL preshower
detectors. Cells with deposited energy above a given threshold are used as
clustering starting points, and neighboring cells are iteratively added.

Tracks in the muon system are obtained in two steps. First, hits in the DT and
CSC sub-detectors are clustered in track segments. Next, these segments are
used as seeds for pattern recognition techniques exploiting information from the
full muon system readout. The resulting PF objects are called “standalone-muon
track”. More details on the reconstruction of muons are given in Section 5.3.

LINK ALGORITHM  The link algorithm is the core of the PF reconstruction and
connects the tracks and clusters reconstructed in the previous step by testing
their compatibility with distance measurements. Although the link algorithm
can test any group of objects, the number of pairs considered is restricted only
to the nearest neighbors in the n-¢ plane to reduce computing time.

Other physics objects scarcely used in this analysis, such as electron, photon, jets, and missing
energy, are just briefly mentioned. For a full description of the PF algorithm see Ref. [107].
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Tracks reconstructed in the tracker are linked to ECAL and HCAL barrel
clusters in the n-¢ plane, and ECAL endcap and preshower clusters in the x-y
plane. This is achieved by extrapolating the tracks from their last measured hit
in the tracking system to the cluster’s area in the calorimeter. If several clusters
are linked to the same track or vice versa, then only the link with the smallest
distance in the n-¢ plane is kept. Links between HCAL and ECAL clusters are
established in a similar manner.

Finally, extrapolated tracks from the tracking system and segments in the
muon detector are linked together to form muon track candidates as described
in Section 5.3.

PARTICLE AND VERTEX RECONSTRUCTION The last step of the PF algorithm
consists of forming particle hypotheses by using the PF objects reconstructed
in the first step and the geometrical links evaluated in the second one. The
procedure iteratively identifies physics objects in the following well-defined
order, removing at each step the associated PF objects:

1. Muons are identified by a track in the tracking system linked to a track in
the muon detectors. The expected energy deposited in calorimeter clusters
is estimated and subtracted for further steps.

2. Electrons are identified by a track in conjunction with an ECAL cluster, and
no HCAL deposits. To account for the emission of bremsstrahlung photons,
energies of ECAL clusters compatible with the extrapolated tangent of the
track are also considered in constructing the electron hypothesis.

3. Charged hadrons are identified by linking the remaining tracks to one or
more calorimeter cluster. Geometrical ambiguities are resolved by compar-
ing energy and momentum information. Track momenta that significantly
exceed their linked calorimetric cluster and are related to weak activity
in the muon system, are identified as low-quality muons. No attempt is

made to distinguish between different species of hadrons®.

4. Neutral hadrons and photons are identified by calorimeter clusters that are
not associated with tracks in the tracker.

A general overview of the different interactions of these particle types has been
already shown in Fig. 4.12 in Chapter 4.

The vertex reconstruction is performed entirely by the tracking system, which
distinguished between primary interaction vertices (PV) and secondary decay
vertices (SV). PVs result from pp interactions and are found within a cylinder
of few millimeters around the beam axis, while SVs are related to the decays

Some species of charged hadrons are identifiable by exploiting the energy loss dE/dx of particles
traversing the inner tracker [124]. However, this method is proven to be viable only for particles
with momentum lower than 1 GeV. As such, this approach is not included in the PF algorithm
and will not be further discussed.
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of particles with relatively long lifetimes, such as b-hadrons. The vertex re-
construction procedures consist of three steps. First, reconstructed tracks are
selected with quality criteria regarding their fit quality during the track finding
procedure as well as their number of hits in the tracking system. Next, selected
tracks are clustered using a deterministic annealing algorithm [125] based on
their distance of closest approach to the interaction point (beam spot) in the
longitudinal direction. This typically results in an arbitrary number of collision
vertices per bunch crossing which depend on the instantaneous luminosity of
the LHC and the inelastic cross section. Finally, the position of each vertex is
determined using an adaptive fit procedure [126].

The collection of particle candidates reconstructed by the PF algorithm is then
fed to higher-level object reconstruction algorithms in order to build higher-level
physics objects such as jets, tau leptons, and missing transverse energy°.

5.3 MUON RECONSTRUCTION

The PF algorithm reconstructs muons using information from both the tracking
system and the muon spectrometer. The following three different types of muons
can be reconstructed depending on which sub-detector information is used:

* Standalone muons are reconstructed by clustering hits in each DT or CSC
chamber to form track segments, which are then used as seeds for the
pattern recognition exploiting all DT, CSC, and RPC hits along the muon
candidate trajectory. This type of muons typically has high purity, but also
low precision in their momentum measurement. Since the tracking system
is very efficient, standalone muons originating from collisions are very
rare (~1%) and most of them are cosmic ray muons traveling through the
muon systemé.

® Tracker muons are reconstructed starting from inner tracks with
p1 > 0.5 GeV and total momentum p > 2.5 GeV with at least one matched
muon segment in the muon detectors. Multiple scattering processes with
the detector material are taken into account in the track extrapolation to
the muon system. The kinematic information of tracker muons is entirely
estimated from the inner track, while the muon segment provides only the
information on the particle type. Typically muons of this type have good
purity, high reconstruction efficiency, and their momenta are measured

with high precision”.

5 As these objects are not used in this work, the respective reconstruction procedures are not
described.

6 The muon system acceptance is ~10° times larger than the one of the silicon tracker.

7 Purity heavily depends on the kinematic region of interest. In the case of this analysis, where
muons for flavor tagging are selected down to ~2-3 GeV, tracker muons are significantly affected
by misreconstructed light hadrons. See Chapter 8 and Appendix A, for more details.
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® Global muons are build by extrapolating standalone-muon tracks inwards
to the tracking system®. A link to an inner track is established if it yields a
high compatibility as determined by a Kalman filter approach. The muon
track is then refitted combining information from both sub-systems, thus
improving the measurement of the muon momentum. This type of muons
has high purity, while their reconstruction efficiency heavily depends on
the muon momentum, reaching a plateau for pt > 8 GeV.

For muons with momentum below 10 GeV the tracker muon reconstruction
is more efficient than the global muon one, as muons are less likely to pen-
etrate through more than one muon detector layer. Overall, about 99% of all
muons produced within the geometrical acceptance of the muon system are
reconstructed either as tracker muons or as global muons. Standalone muons are
typically not considered. An example of a collision event in which four muons
were reconstructed is shown in Fig. 5.3.

54 EVENT SIMULATION IN CMS

As in almost every physics analysis, this work makes a wide usage of simulated
events to develop the various procedures and methods used to extract the
physics results. In particular, simulations are used to parametrize acceptance and
resolution effects, and to model background processes. The specific simulated
samples used in this analysis are reported in Section 7.3.

At CMS, the simulation of pp collision events is performed in multiple steps.
The interaction of the two protons is view as a hard-scattering process of two
constituent partons (i. e., gluons and quarks) using the so-called “factorization
theorem”, in which all possible parton combinations are factorized [128]. The
cross section o(pp — X|4/s) of a generic hard-scattering process pp — X at a
given center-of-mass energy of /s, is computed as:

1
olpp = X|Vs) = Y J 8(‘1)' — X| V5, ug, H%) f(x1, ug) f(x2, uf) dxy dxz |
1,j= q9,9,9

(5.1)
where the sum is performed over all possible parton combination (i,j), x; is the
fraction of the total hadron momentum carried by the parton i, ¢ is the parton-
level cross section at the reduced center-of-mass-energy s = /x1x2s, f(xi, u%) is
the parton distribution function of the parton i that carries a momentum fraction
xi at a given factorization scale urX, and pg is the renormalization scale that

This approach is called outside-in and is opposite to the one used in reconstructing tracker muons
(inside-in).

Interactions with q2 < H]zc are absorbed in the parton distribution function, whereas those with
q% > u are contained in G.
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Figure 5.3: Longitudinal r-z (top) and transverse r-¢ (bottom) views of a collision event
in which four muons were reconstructed. The green curves in the inner
cylinder represent tracks reconstructed in the inner tracker, those extending
to the muon system represent tracks of muon reconstructed using hits in
both the inner tracker and the muon system. Three muons were identified
by the DTs and RPCs, the fourth one by the CSCs. Short black stubs in the
muon system show fitted muon-track segments. Short red horizontal lines
in the r-z view indicate positions of RPC hits. Energy depositions in the
ECAL and HCAL are shown as red and blue bars, respectively. Figure from
Ref. [127].
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Figure 5.4: Schematic representation of the factorization in a hard-scattering process
between two hadrons. Figure from Ref. [129].

defines the scale for the strong interaction coupling constant osX. A schematic
representation of this factorization is shown in Fig. 5.4.

Parton distribution functions describe the probability of a parton to carry a
certain momentum fraction of the initial hadron and depend on the type of
the scattering parton and the total momentum q? transferred in the interaction.
They are implemented in the simulation by Monte Carlo event generators
which model each aspect of an event up to a given perturbation order [130].
Probabilistic processes, such as particle decays, are generated with set physics
parameters, typically corresponding to the current world-average values, and
with appropriately distributed random variables.

Above the QCD renormalization scale, i. e., when q? > p3, the strong coupling
constant is sufficiently small to allow QCD perturbative calculations. In these
regimes, the parton showering approach is used to describe the evolution of
QCD processes to a cutoff value by recursively adding g — qq and q — qg
splitting. At the renormalization scale, perturbation approaches cannot be used
any longer and phenomenological methods are implemented to proceeds with
the event description. The simulation continues until only stable particles remain,
forming the final-state content of the event.

Additional stable particles are added to the final state as a result of the
following residual contamination effects: multiple-parton scattering within the
same pp interaction, interaction between particles produced in the hard process
and remnants of the underlying event!!, and pileup interaction. At CMS, the
effect of pileup is accounted for by overlaying the hard-scattering process to
simulated minimum bias events, where the pileup multiplicity per event is based
on the distribution observed in real data.

X Typically pur = pg is chosen.
11 Underlying events are the remnants of scattering interactions, not directly related to the hard
process.
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Figure 5.5: Sketch of a proton-proton collision from an event-generator point of view.
Figure adapted from Ref. [131].

A schematic representation of a proton-proton collision from an event-
generator point of view is shown in Fig. 5.5.

The response of the CMS detector and its sub-systems, given a set of simulated
final-state particles, is simulated in the following steps. First, the final-state
particles are propagated in a full simulation of the CMS detector using the
GeaNT4 package [132], which models the propagation of particles through matter
taking into consideration all types of interactions with matter, the production
of secondary particles, and the influence of electromagnetic fields. Next, the
readout of all sub-systems is simulated in the digitization step. At this point, the
simulation consists of a collection of hits in the tracking and muon systems,
and energy deposits in the calorimeters, resembling the detector response for
a real collision. Finally, simulated samples are reconstructed using the same
software as for collision data and can be analyzed with common analysis tools.
Typically, the simulated samples contain also information on the simulated
quantities, such as momenta, trajectories, decay time values, as well as ancestor
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histories, for the majority of the simulated particles of interest. This enables the
development of analysis procedures over labeled data.

TECHNICAL DETAILS The simulated samples used in this work are produced
using the pyTHIA 8.230 Monte Carlo event generator [133] with the underlying

event tune CP5 [134] and the parton distribution function set NNPDF3.1 [135].

Final-state photon radiation is accounted for with prOTOS 215.5 [136, 137]. The
b-hadron decays are modeled with the EviGeNn 1.6.0 package [138].
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Part II1

DATA SAMPLE PREPARATION

The measurement of the CP-violating weak phase ¢ is based on
a time-, angular- and flavor-dependent analysis of the BS — ]/ ¢
decay. In order to extract the physics parameters of interest, a large
and pure data sample of candidate events must be collected and
prepared. The probability of producing a B — ]/ ¢ decay is very
small. Approximately, only one bunch crossing every million pro-
duces a B meson that decays into the desired final state and only
a small fraction of B mesons is actually contained in the CMS ge-
ometrical and kinematic acceptance. As such a multi-step selection
procedure is needed to collect a large enough data sample with
good purity. In this work, events are first selected by the CMS trig-
ger system and later by offline optimized requirements. However,
simply collecting the BY candidates is not enough, as several key
properties of each decay need to be evaluated with high precision.
The two fundamental quantities needed to measure the CP asym-
metry are the B decay time and flavor at the production time, each
requiring dedicated tools, that need to be developed. The following
chapters are dedicated to the description of the analysis strategy,
the event selection procedure, and the flavor tagging algorithms.
Once the data sample is defined and each event is characterized,
the CP-violating weak phase ¢ can finally be measured using an
unbinned maximume-likelihood fit.






ANALYSIS OVERVIEW

The goal of the analysis presented in this dissertation is to measure the properties
of the B — ]/ ¢ decay, when reconstructed in the final state where the ]/
and ¢ mesons! decay to two muons and two charged kaons, respectively.

The differential decay rate for this process is described by Eq. 3.19, where the
main physics parameters of interest are the CP-violating weak phase ¢, the
decay width (mass) splitting Al's (Ams), the average decay width I, and the
direct CPV observable [\l Additionally, the transversity amplitude magnitudes
Ai = (IAol, IALL, |A)|), their respective strong phases &; = (80, 51, 5|), and the
S-wave magnitude |As| and strong phase s are measured® in order to correctly
model the data.

Equation 3.19 assumes the knowledge of the BY meson flavor at production
time, which is usually not known and not inferable from the final state (as
it is accessible from both B and BS mesons). In this analysis, the initial B?
flavor is inferred on a probabilistic basis, by exploiting semileptonic b — u=X
decays of the other b-hadron in the event, under the assumption that b-quarks
are produced in bb pairs. The principles and the development of this “flavor
tagging” technique are described in detail in Chapter 8.

The ¢s measurement here presented is based on a data sample corresponding
to an integrated luminosity of 96.4fb~ ', collected with the CMS experiment in
proton-proton collisions at /s = 13 TeV in 2017-2018. Candidates are selected
in two steps, first online by the CMS trigger system and then by offline selection
requirements optimized to enhance the signal significance. The specific trigger
used in this analysis requires a J/{ — putp~ candidate plus an additional
muon, which is used to infer the initial flavor of the Bg meson, assuming that
it is produced in the semileptonic decay of the other b-hadron in the event.
A combination of rectangular cuts is then used to obtain the final sample of
65500 B — J /1 ¢ candidates. This selection procedure is described in detail in
Chapter 7. A schematic representation of a generic BY = J/ b — utu~ KFK—
event used in this analysis is shown in Fig. 6.1.

The extraction of the physics parameters of interest is achieved through a
maximume-likelihood fit to the data sample. The main fit inputs are the variables
needed to parametrize the B — J/i ¢ decay rate, these are the B proper

1 The ¢ mesons refers to the ¢(1020) resonance.

These parameters are defined in Equations 3.10, 2.29, 2.28, 2.27, and 2.41, respectively.
More specifically, A and d( are not measured as the former is defined in terms of the other

amplitudes as IA” 2=1— |Ao|2 —|A l|2 and the latter is set to zero following a general convention.
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Figure 6.1: Schematic representation of a generic BY — J/b ¢ — ptu~ KHK™ event
used for this analysis. The three triggered muons are indicated with a black
border. The primary and secondary vertices are indicated with “PV” and
“SV”, respectively. The tag muon is used to infer the BY meson flavor at
production time.

decay length4, the three transversity angles, and the flavor tagging decision®.

The following auxiliary variables are also used to improve the fit performances:
the B decay length uncertainty is included to better model the decay length®,
the mistag probability is included to enhance the tagging performance’, finally
the BY meson invariant mass is included to improve the signal/background
discrimination. Time and angular efficiency functions are also included in the
fit to take into account the distortions introduced by the detector acceptance
and selection requirements. The fit model, efficiency parametrization, and fitting
procedure are described in detail in Chapter 9.

Various systematic effects can affect the extraction of the physics parameters.
These range from biases in the fitting model to limited statistics of the simulated
samples. The evaluation of systematic uncertainties is discussed in Chapter 10.

Finally, the results and their combination with the previous CMS measurement
at /s = 8 TeV are presented in Chapter 11.

4 The proper decay length is defined in as the proper decay time multiplied by the speed of light ¢
and measured with Eq. 8.1.

5 The flavor tagging decision is defined in Eq. 8.1.

6 The main reason to include the decay length uncertainty is to avoid the so-called “Punzi
bias” [139].

7 The reason for this improvement is explained in Section 8.1.1.



6.1 IMPROVEMENT WITH RESPECT TO PREVIOUS CMS RESULTS

6.1 IMPROVEMENT WITH RESPECT TO PREVIOUS CMS RESULTS

The CMS Collaboration already measured the CP-violating phase ¢ in proton-
proton collisions at /s = 8 TeV [64]. With respect to this previous result,
this work presents a different strategy and several improvements. Due to the
complexity of the measurement, it is impossible to mention all the changes and
improvements. Some of the most relevant ones are:

* Higher center of mass energy of the proton-proton collisions, resulting in a
higher production cross section for bb pairs (see Fig. 4.8).

* New tagging focused trigger, which requires an additional muon on top of
the J/\{ candidate. The trigger used in the previous work required only a
]/ candidate displaced from the luminous region.®.

® Physics parameters Ams and [A] free to float. In the previous result Amg
and [A| were constrained to the world-average and one, respectively. The
constraint on |A| was, in particular, one of the leading sources of systematic
uncertainty.

e New method for evaluating the mistag probability, which employs using a
calibrated deep neural network.

* Only muon tagging algorithm used, in contrast with the previous result where
both muon and electron tagging techniques were used’. This approach
reflects the fact that the data sample used in this work is enriched of
muons in the opposite side as a consequence of the trigger choice.

® Dedicated term in the fit model to account for the peaking background from
BO — ]/ K*(892)° — utpu~ KT 7. In the previous result, only the combi-
natorial background was considered in the fit model.

* Proper decay length efficiency included in the fit model, while in the previous
work it was not added as the efficiency was observed to be flat.

» Additional sources of systematic uncertainties investigated.

Among these improvements, the most important change is the trigger used
to collect the data. By requiring an additional (third) muon at HLT level, the
fraction of flavor-tagged events is greatly enlarged. In this work the tag decision
is provided for ~50% of the selected events, roughly six times higher than in
the previous result (=~ 8%). However, this comes at the cost of a reduced number
of signal events selected at trigger level, as the B(b — p) ~ 10% inclusive
branching ratio needs to be taken into account. As a result, this work is based
on a similar number of B candidates as the earlier one, even if the pp — bb

8 The trigger used in this work does not require a displaced ]/ candidate.
9 Both methods are based on semileptonic b — {~X decays of the other b-hadron in the event.
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cross section has doubled and the integrated luminosity is five-time larger. This
leads to an improvement in the uncertainty in quantities that are sensitive to
flavor information, such as ¢, while the uncertainties in those that do not use
tagging (such as Al) are not improved with respect to the 8 TeV result, as they
depend mostly on the raw number of events.



CANDIDATE SELECTION

To perform a precise measurement of the CP-violating phase ¢, a large and
pure sample of BY — J/1 ¢ decays is needed. However, only a small fraction of
the proton-proton collisions provided by the LHC contains a BS meson, with the
majority of them being impossible to trigger. Moreover, only a small part of these
BY mesons decay into ]/ ¢ inside the CMS detector geometrical acceptance.

The ensemble of techniques used to reconstruct and select a data sample for a
given process is called “candidate selection”. Its main goal is to maximize the
signal statistics, while at the same time reducing the contamination from back-
ground sources. In doing so, several figures of merit can be defined, depending
on the type of signal needed. A common choice used also in this work, is the
“signal significance”, defined as:

N .
S=——"8_ (7.1)

+/Nsig + Nbig

where Ngjg and Npyg are the number of signal and background candidates,
respectively.

This chapter describes the selection procedures for the definition of the data
sample used in the measurement.

7.1 TRIGGER SELECTION

Events! are required to be collected in good experimental conditions, i. e., when
the LHC and all the CMS subdetectors were in proper conditions to perform
physics measurements. This certification is performed by the CMS Data Quality
Monitoring and Certification group and applied to the data sets used in this
analysis.

As explained in Section 5.1, only a fraction of pp collisions are selected by
the CMS trigger system to be recorded for further analyses. In this work a
high-level trigger optimized for the detection of b-hadrons decaying to ]/
mesons, together with an additional muon potentially usable for flavor tagging,
is used:

HLT_DimuonO_Jpsi3p5_Muon?2. (7.2)

This HLT is seeded by triple-muons L1 seeds that require at least three
muons, with the minimum pt requirement on the highest pr and second-
highest pt muons of pt > 5 and 3 GeV, respectively, and their invariant mass

1 The term “event” is used to indicate a recorded and reconstructed bunch crossing, see Chapter 5.
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Table 7.1: L1 trigger selection requirements for B — J/\ ¢ — ptpu~ KK~ candidates.
The highest pt and second-highest p muons are indicated with p; and uy,

respectively.
Variable Requirement
Min. number of muons 3
prm1) >5 GeV
prm2) >3 GeV
m(pyp2) <9 GeV

m(prp2) < 9 GeV. There is no pt requirement on the additional muons at L1.
Momenta cuts are the most common selection criteria in high energy particle
physics, as they reduce background from soft processes and restrict the kine-
matic acceptance to the region of interest. The L1 selection requirements are
summarized in Tab. 7.1.

At HLT level, the three muons are required to be within the CMS muon system
geometrical acceptance [n| < 2.5 to ensure good reconstruction properties. Two
of these muons must have pt > 3.5 GeV, be oppositely charged, form at least
one ]/ candidate with an invariant mass in the range 2.95-3.25 GeV, and have
a probability to originate from a common vertex larger than 0.5%'. The vertex
fit probability represents the probability that the observed x? for a correct model
exceeds the x? value of the vertex fit. Low-quality vertex fits can be rejected with
a requirement on this quantity. The third muon is required to have pt > 2 GeV.
The HLT algorithms do not use L1 information, as such, there is not a direct
relationship between the L1 muon objects and the HLT ones. The HLT selection
requirements are summarized in Tab. 7.2.

Events that pass the trigger selection are stored for further analyses. As
explained in Section 5.1, HLT algorithms do not run on the same particle
candidates used for the offline analysis, but “trigger objects”, which are particle
candidates built from a fast reconstruction algorithm. This algorithm trades
precision in the reconstruction for speed in the execution of the code, to allow
the trigger system to run fast enough to keep up with the stream of data. In
order to avoid biases due to the trigger selection, all three trigger objects need to
be matched to the respective muon candidates used in the analysis. In practice,
the trigger matching consists of requiring the trigger object to lie in a cone
centered on the direction of the muon candidate pt. The size of the cone in the

n-¢ plane is equal to AR = \/An? + A2 = 0.1.

II All combinations of the three muons are tried.
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Table 7.2: HLT_DimuonO_Jpsi3p5_Muon2 selection requirements for B - J/vd —
puhu~ KTK™ candidates. The J/{ candidate is formed by a pair of oppo-
sitely charged muons u* and p~ that pass the listed requirements. The muon
not used to form the J/{ candidate is indicated with p3. The three muons are
not required to have a direct relationships with the ones in Tab. 7.1.

Variable Requirement
m(w)l <25
pr(p®) > 3.5 GeV
Pr(M3) > 2 GeV
m(utp) € [2.95, 3.25] GeV
]/ vertex prob. > 0.5%

7.2 OFFLINE RECONSTRUCTION AND SELECTION

Events that pass the HLT selection are further analyzed offline. The offline analy-
sis is performed on the full event reconstruction and it allows more optimization
flexibility. The offline analysis is performed with a combination of several soft-
ware packages, the main ones being: the CMS Offline Software (cmssw) [140],
ROOT [141], T™MvA [142], and RooF1t [143]. cMssw and RoOT form the general
analysis framework, while TMva and RooFiT are used for multivariate analysis
(MVA) and fitting, respectively.

7.2.1 Selection requirements optimization

The numerical values of the selection requirements (hereafter “cuts”) used in
the reconstruction have been optimized with the help of a Genetic Algorithm
(GA), available as part of the TMva package. The GA is a random-based clas-
sical evolutionary algorithm that aims at optimizing a set of properties called
“genomes”, the cut values in this case, by maximizing a given fitness function. In
this application, the signal significance, defined in Eq. 7.1, is used as the fitness
function. In analogy with evolutionary biology, a set of cut values is called
“individual”, while the ensemble of individuals at a given iteration of the GA is
called “population”. The GA is an iterative process and proceeds as follows:

1. Initialization: the algorithm starts by assigning a set of initial cut values
defined by the user, then the values are changed randomly within a prede-
fined n-dimensional matrix of allowed ranges?®, to generate the individuals
of the starting population.

3 Also set by the user.
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2. Evaluation and selection: at each iteration each individual is evaluated using
the fitness function and the worst-performing ones are discarded (in this
application the sets of cut values with the lowest signal significance).

3. Reproduction: the surviving individuals are copied, crossed-over and mu-
tated to create another population. The cross-over procedure combines
several individuals, while mutations change the value of some cuts of
some individuals randomly following a Gaussian distribution.

The evaluation, selection, and reproduction steps are repeated until the fitness
function is maximized and the best configuration of selection cuts is achieved.
The following selection variables are optimized: transverse momenta and pseu-
dorapidities of all the final-state particles, B meson transverse momentum,
x? probability of the B vertex fit, and BY proper decay length. In defining
the allowed range values, particular attention is paid to at least reproduce the
hardness of the selection at HLT, as not to introduce threshold distortions. The
best configuration of offline selection requirements is described in the text and
reported in Tab. 7.3.

7.2.2 Candidate reconstruction

The reconstruction of BS candidates is obtained by combining J/1 — p*u~ and
¢ — KTK™ candidates.

First, ] /) mesons are reconstructed using a pair of opposite-charge muons?,
with pt > 3.5 GeV and In| < 2.4, if compatible with originating from a common
vertex’. Muons are required to be reconstructed as global muons, as described
in Section 5.3. The J/1{ candidates are selected if their invariant mass is within
150 MeV of the world-average value®.

Then, ¢ meson candidates are constructed from pairs of tracks with opposite
charge, with pt > 1.2 GeV and [n| < 2.5. Tracks must satisfy the high-purity
requirement described in Ref. [120], and not being associated with the muons
forming the J /1 candidate; their invariant mass must be within +10 MeV of the
world-average ¢(1020) meson mass’, assuming the charged kaon mass for both
particles®.

Finally, BS meson candidates are constructed by combining the selected ]/
and ¢. The ”BS vertex”, also called “decay vertex” or “secondary vertex” (SV), is
obtained by fitting to a common vertex the two muon and two kaon tracks. The
B(S) invariant mass is then computed with a kinematic fit, where the invariant

4 As a consequence of the trigger matching procedures, these two muon candidates are the same
two selected at HLT.
5 The vertexing procedures are described in Section 5.2.1.

6 M = 3096.900 +0.006 MeV [34].
7 MY 020) = 1019461 +0.016 MeV [34].

8 MY =493.677 +0.016 MeV [34].
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Table 7.3: Final selection requirements for Bg —J/P ¢ — utu~ KTK™ candidates. The
selection on the variables indicated with a dagger symbol (') have been
optimized with the GA, as described in Section 7.2.1.

$(1020)

Candidate Variable Requirement
HLT_DimuonO_Jpsi3p5_Muon2 v
Event PV found v
Good conditions v
Trigger match v
pr(BS) > 11 GeV
0yt
BO S ]/ ct(BY) > 70 um
0
Oct (Bs ) < 50 Hm
BY vertex prob.T > 2%
m(ptu  KTK™) € [5.24, 5.49] GeV
Muon reconstruction Global
J/Ab — uus pr(w)f > 3.5 GeV
)l <24
‘m(u+u_)—m}v/'ib‘ < 150 MeV
Track quality High-purity
T
b — KK 1DT(K)T > 1.2 GeV
n(K) <25
’m(Kﬂc) —mwa. ‘ <10 MeV
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mass of the J/\{ candidate is constrained to the world-average value, while the
mass of the ¢ candidate is left free to float, as its natural width is larger than
the mass resolution’. BY candidates are selected if the invariant mass is in the
5.24-5.49 GeV range and the four-track vertex fit probability is higher than 2%.

PRIMARY VERTEX SELECTION The reconstruction and identification of the
primary interaction vertex (PV) are of foremost importance for this analysis,
as it is needed to measure the proper decay length. Due to the high instanta-
neous luminosity of proton-proton collisions delivered by the LHC at the CMS
interaction point, several primary vertices, corresponding to different collisions
taking place in the same bunch crossing, are reconstructed in each event. The
reconstruction of the primary vertices per event is described in Section 5.2.1.
The distribution of the number of primary vertices is shown in Fig. 7.1. Several
approaches can be used to identify the primary vertex which generated the B®
meson. In this work, the vertex that minimizes the so-called “pointing angle” is
chosen. The pointing angle is defined as the angle between the B> momentum
direction and the line connecting a given PV to the BY decay vertex. Another
popular approach is selecting the vertex with the highest transverse momenta,
calculated as the sum of the pt of each track linked to the vertex. However, the
pointing angle method is proven to be a more precise method for this analysis.
Simulations are used to study if the PV selection procedure introduces any bias
in the measurement: in about 96.5% of the events, the selected PV is also the
closest one to the point of origin of the BY meson. The impact on the final results
of choosing a different vertex in the remaining cases is estimated by fitting the
simulated samples using always the closest PV and comparing the results with
the ones obtained from the reference fit. No relevant bias is observed, hence no
systematic uncertainty is assigned.

PROPER DECAY LENGTH MEASUREMENT The proper decay length (“ct”) is
measured in the transverse plane, using the selected PV, as:
mw.éi, . ny
ct=c—0s 7 , (7.3)
PT

where c is the speed of light, m¥2- is the world-average B? mass'® and L,y is
the reconstructed transverse decay length:

I—xy = Hﬁcy (SV) - f'xy (PV) ” ) (74)

with ¥y, (SV) and Ty (PV) being the secondary and primary vertex positions in
the transverse plane, respectively. The proper decay length is measured in the

9 TW& o) = 4249 +0.013 MeV [34].

10 mWa = 5366.88 & 0.14 MeV [34].
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Figure 7.1: Distribution of the number of primary vertices reconstructed in the selected
events. The average peak instantaneous luminosity is ~ 15-20 Hz/nb de-
pending on the data-taking period [93].

transverse plane as the vertex position resolution in the x-y plane is significantly
higher than the one in the z direction.

The proper decay length uncertainty is obtained by propagating the uncer-
tainties in the decay length and the pt of the B candidate, as:

2 2
oee=eny () (222 z
ny PT
where the first term is by far dominating. The typical values of the quantities in
Eq. 7.5 are Lyy ~ O(mm), or,, ~ 80 pm and o} /pT ~ 1%, with the uncertainty
in measuring the transverse decay length in turn is dominated by the spatial
resolution on the position of the secondary vertex. The primary vertex is deter-

mined with significantly better precision as it is typically reconstructed using
more tracks.

DECAY LENGTH SELECTION REQUIREMENTS A selection cut of ct > 70 um
for BY candidates is required in order to reduce the prompt background!!. This
type of background is related to processes produced in proximity of the primary
vertex and with negligible lifetime. These events can pollute the data sample
when the BY candidate is constructed by combining a prompt J /1 meson with
two random charged tracks with an invariant mass in the ¢ mass region. Since
the amount of prompt J/1 mesons is orders of magnitude higher than the ones
produced in BS — ]/ ¢ decays, a non-negligible amount of these events can
survive all the other selection requirements. A requirement on the minimum
decay length is the easiest way to reduce such a background since genuine B?

11 The requirement on ct is optimized with the procedure described in Section 7.2.1.
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mesons have a relatively long average lifetime of Tgo ~ 1.5 ps, which makes them
travel O(mm) before decaying. With respect to the previous CMS result [64],
here the ct cut is used mainly to reduce background and not to reproduce
the HLT selection, since in this work the HLT does not include a displacement
requirement on the J /1 candidate. The proper decay length distribution, without
the ct > 70 um cut, is shown in Fig. 7.2. Figure 7.3 show the invariant mass
distribution of BS candidates before and after the ct cut, with all other selection
requirements applied 2.

Additionally, the ct uncertainty is required to be lower than 50 pum, to exclude
candidates with high uncertainty on the vertex position. Its distribution is shown
in Fig. 7.4.

MULTIPLE CANDIDATES In about 2% of the events more than one candidate
is selected. In these cases, the candidate with the highest vertex fit probability
is chosen. The impact of this criterion on the measurement has been evaluated
by re-performing the analysis taking the candidate with the lowest vertex fit
probability. No relevant bias is observed, hence no systematic uncertainty is
assigned.

DATA SAMPLES A total of 65470 BS — J/P ¢ — prp~ KTK™ candidates
are selected, divided into 25220 and 40250 candidates for the 2017 and 2018
data-taking periods, respectively. These data samples can be further split into
sub-periods, according to the corresponding technical conditions of the CMS
detector and the LHC machine. The integrated luminosity and selected number
of events for each data-taking period are reported in Tab. 7.4. The later part of
the 2017 data, corresponding to the data-taking period 2017-F, shows a slightly
lower event rate with respect to the other periods. This is a consequence of
an observed drop in tracking efficiency due to inactive pixel detector modules
caused by a powering issue related to radiation-induced damage in the DC-DC
converter ASICs [144]. This issue was promptly investigated and mitigated in
subsequent data-taking periods.

The J/1 and ¢ mesons invariant mass distributions for the selected candi-
dates are shown in Fig. 7.5, where the latter is observed to be asymmetric as
expected from a mass spectrum described by a relativistic Breit-Wigner dis-
tribution with spin 1. A CMS event display of a candidate event used in this
analysis is also shown in Fig. 7.6. It is worth noticing that the invariant mass
distribution of J/1 candidates is practically background-free, which is not the
case for BY and ¢ candidates. This observation suggests that the majority of
J/b candidates are genuine and most of the BY — J/1 ¢ background comes
from either combination of prompt J/1 and two random charged tracks or
BO — J/p K*(892)° — putu~ KTn~ decays where the pion is assumed to be a
kaon candidate.

The cut on ct is optimized simultaneously with the others, as explained Section 7.2.1. Figure 7.2
is just for visualization purpose.
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Figure 7.2: B — J/\{ ¢ — ptp~ KTK™ proper decay length distribution in the selected
data sample before the ct > 70 um selection requirement. All other selection
cuts are applied. The ct values can take negative values due to the uncertainty
in its measurement. The red dashed vertical line represent the ct > 70 pm
selection requirement.
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Figure 7.3: B — J/{ ¢ — ptp~ KTK™ invariant mass distribution in the selected data
sample before (left) and after (right) the ct > 70 um selection requirement.
All other selection cuts are applied.
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Figure 7.4: Proper decay length uncertainty distribution in the selected BY — J/{ ¢
data sample.

Table 7.4: Data sets used to perform the ¢s measurement. For each data-taking period
the integrated luminosity and the number of selected candidates are also
reported. The number of candidates is rounded to the nearest ten.

Data set L [fb_] ] Number of candidates

2017-C 9.6 7100
2017-D 4.3 3100
2017-E 2.3 6890
2017-F 14.5 8130
Total 2017 36.7 25220
2018-A 14.0 2710
2018-B 7.1 4 880
2018-C 6.9 4510
2018-D 31.7 21150
Total 2018 59.7 40250

Total 96.4 65470
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Figure 7.5: Invariant mass distribution, after all the selection requirements, for the
J/ Wb (left) and ¢ (right) candidates. The x-axis ranges for each distribution
correspond to the selected mass windows.

7.3 SIMULATED DATA SAMPLES

Simulated events are used to estimate the time and angular efficiency, a core
component of the fit model?, and to train the various MVA methods used in
the flavor tagging algorithms!?. Three different types of simulated BS — J/¥ ¢
samples are produced:

* Regular B — ]/ ¢ decays, which are used in all steps of the analysis,
from the optimization of the tagging tools to the development of the
tit model. These samples have been generated with values of physics
parameters close to the world-averages ones. Hereafter, these samples will
be indicated only as “simulated BY = J/U samples”, without further
specification.

o B‘S) — ]/ ¢ decays, where Al is forced to be equal to 0 ps*] , which are
used to measure the time and angular efficiency. The Al's = 0 condition is
equivalent to setting the same mean lifetime for all the CP components of
the final state, allowing the decoupling of the time and angular components
of the efficiency15 . These samples are referred to as “BY = J/ ¢ (ATs =0)”
hereafter.

* BY — J/¥ ¢ decays where no selection filters are applied at generation
level and no reconstruction is performed. This sample is also used in
the efficiency measurement. The absence of generation filters, such as

13 See Section 9.2.3 and 9.2.4.

14 See Chapter 8.

15 If AT # 0, different CP eigenstates would have different mean lifetime, leading to different time
evolution of the angular components. This would make impossible to measure the time and
angular efficiency separately.
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CMS Experiment at the LHC, CERN
Data recorded: 2018-Jun-11 17:23:0
Run / Event / LS: 317683 / 314645083

H* from J/Y

Figure 7.6: Event display of a BS — J/b ¢ — utu~ KTK™ candidate event used in the
CPV analysis. The red lines represent muons candidates reconstructed in
the muon system, while the yellow lines represent charged tracks recon-
structed in the tracking system. The red boxes represent hits in the muon
DT chambers. Figure from Ref. [145].



7.3 SIMULATED DATA SAMPLES

asking that the final-state particles are contained in the CMS geometrical
acceptance, is essential to avoid biases. This sample is generated with the
same physics parameters as the Bg — J/¥ ¢ (AT = 0) sample. All other
samples are produced requiring the final-state particles inside the CMS
geometrical acceptance.

The following additional samples of other processes are also simulated:

e B - J/p K¥892)° and /\% — J/W K™ p samples, which are used to study
and model background sources,

e BT — J/ K* samples, which are used in the development of the flavor
tagging algorithms,

* J/P — utp~ samples, which are used to study the proper decay length
resolution.

The simulated processes and the number of generated events are summarized
in Tab. 7.5. All MC samples are produced with the procedure described in
Section 5.4.

In this work, the most critical usage of simulated samples is the parametriza-
tion of the time and angular efficiency functions. Figure 7.7 and 7.8 show the
comparison between distributions of the proper decay length and the three
transversity angles in BS — J/1 ¢ data samples selected in data and MC. In
the data sample, the background is subtracted with the sPlot technique [146],
using the invariant mass as discrimination variable. This technique allows re-
constructing the distributions of a given variable, independently for signal and
background, without making use of any a priori knowledge, by exploiting the
information available for the discriminating variable and using it to assign a
weight to each event.

An overall good agreement is observed for all variables. The comparison is also
repeated with similar results using the sideband background subtraction technique.
Residual differences will be treated as a source of systematic uncertainty in
Chapter 10.

99



100 CANDIDATE SELECTION

Table 7.5: Simulated processes and number of generated events for each year of data-
taking conditions. The number of events simulated with the 2017 and 2018
data-taking conditions is indicated with N29!7 and N23'8, respectively. Num-
bers are rounded to the closest million. Charge conjugation is implied.

Simulated process N2O17 .10 N2918 .10°
BS = J/ b 76 73

B — J/b b (ATs = 0) 66 107

BY — J/U ¢ (no filters) 78

BT — J/Y KT 24 24

B® — J/ K*(892)° 67 55

AY = /WK™ / 74
J/b — whu— 29 250
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Figure 7.7: Comparison between the distributions of selected BY — ]/ ¢ decays in
2017 data (black) and simulated B(S) — ]/ ¢ events (red). In the data sample,
the background is subtracted with the sPlot technique, using the invariant
mass as discrimination variable. The pull distributions between the two
distributions in each bin are shown in the lower panels.
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Figure 7.8: Comparison between the distributions of selected BY — ]/ ¢ decays in
2018 data (black) and simulated B(S) — ]/ ¢ events (red). In the data sample,
the background is subtracted with the sPlot technique, using the invariant
mass as discrimination variable. The pull distributions between the two
distributions in each bin are shown in the lower panels.






FLAVOR TAGGING

The determination of the flavor at production time of the B? meson! is an

essential ingredient to measure the CP violation in BY — J/1 ¢ decays, since
the terms more sensitive to ¢ in the decay rate model (Eq. 3.14) require the
flavor information?. In practice, if no flavor information is available, there is no
sensitivity to the last two terms of Eq. 3.14.

As the final state is a CP-eigenstate, accessible to both B and B?, the initial
B¢ flavor is not deducible by studying the final-state particles. The ensemble
of techniques used to infer the flavor of a given particle is called “flavor tag-
ging”3 . Deducing the initial flavor is trivial in decays of charged mesons, e. g.
in BT — J/{ Kt decays where the flavor of the B is given by the charge of
the kaon, but way more complicated for neutral ones. Neutral b-mesons can
still be tagged in some decay channels exploiting the final state, for example,
the flavor of the B® meson in B® — ]/ K*(892)° — p*u~ K*n~ decays can be
inferred from the charges of the final-state hadrons. However, in the case of
BY — J/b ¢ — utu~ KTK™ the final-state particles contain no information at
all on the initial BY flavor and indirect techniques must be adopted.

In this work, the B? flavor at production time is determined with an opposite-
side muon tagger, a popular technique that applies very well to the muon-
enriched data sample. The tagging algorithm is based on machine learning
techniques exploiting several properties of deep neural networks (DNN) to
improve tagging performance by predicting the mistag probability on a per-
event basis.

This chapter presents the fundamentals of flavor tagging in hadron colliders
and describes the development of the opposite-side muon tagging algorithm. A
brief introduction to DNNSs is also given.

8.1 FLAVOR ALGORITHMS FUNDAMENTALS AND DEFINITIONS

Flavor tagging techniques (also called “taggers”) work on a probabilistic basis
and needs to be carefully optimized to ensure high performance. To facilitate
the description of tagging techniques, several conventions and definitions are
used in this chapter. The following discussion applies to all types of taggers.

1 Charge conjugation are implied thorough the chapter unless stated otherwise.
2 These terms change sign between decays of initial BY and BY mesons.
3 Not to be confused with “b-tagging”, which are techniques used to identify b-jets.
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The flavor tagging decision is assigned event by event and it is defined as:

+1 for B,
Etag =4-—1 for E, (8.1)

0 if no tagging decision is made.

Events are therefore first classified as “tagged” or “untagged” (UT), depending
on the outcome of the tagging decision. A further classification can be made on
whether the tagging decision matches the true flavor of the signal b-meson. If the
inferred flavor is equal to the true flavor, events are classified as “rightly tagged”
(RT), otherwise, they are referred to as “wrongly tagged” (WT) or “mistagged”.

These categories can be used to construct several figures of merit, which help
developing tagging algorithms. The most common ones are the tagging efficiency,
the mistag rate* and the tagging power.

The tagging efficiency is defined as the fraction of tagged events (Erag = £1),
regardless of the correctness of the inference, as:

(8.2)

where N,z and Nyt are the numbers of tagged and total events, respectively.
These quantities can also be defined as a function of the tagging decision as:

Ntag = Ngr + Nwr, (83)
Ntot = Nrr + Nwt + NyrT. (8.4)

Practically, one wants to maximize the tagging efficiency to have access, for as
many events as possible, to the flavor sensitive terms of the BY — J/1 ¢ decay
rate model, however, the tagging decision is not foolproof, as the inference is
made only on probabilistic terms. The fraction of tagged events for which the
tagging decision is wrong is called mistag rate and it is defined as:

Nwr _  Nwr
Ntag  Nrr+ Nwr

wtag _= (85)

The higher the mistag rate, the larger is the performance loss.
The tagging efficiency can be rescaled into the so called tagging power in order
to take into account the fraction of mistagged events, as:

2
Prag = €tag (1 — 2Wtag) " = €tagDing (8.6)

where Dy, is the tagging dilution, a measurement of the performance degradation
due to mistagged events. Equations 8.5 and 8.6 define quantities averaged in a

4 Also called mistag fraction.
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given data set. The tagging dilution and the tagging power can also be evaluated
on a per-event basis as described later in Section 8.1.1.

The tagging power is the most used figure of merit in optimizing tagging
tools, as it directly measures the statistical power of the tagged sample. It is
constructed starting from the true and observed tagging asymmetries, which
are respectively defined as:

~ Ng —Ng Ng —Ng
Atag = M and Atag = ﬁ y

_ (8.7)
Ng +Ng

where the “tilde” (~) indicates true quantities in contrast with measured ones.

The observed number of B and B events can be expressed as:

Ng = egNp(1 —wp) + egNgws, .
Ng = egNg(1 — wpg) + egNpwsg,

where ¢ (¢8) and wp (wg) are the tagging efficiency and the mistag fraction for
in the case of a genuine B (B), respectively. In the typical case where the tagging
performance does not depend on the initial flavor, that is if eg = €5 = €tag and
WB = WE = Wrag, the observed asymmetry becomes:

EDtag

—_—— - -
Py — o8I 20Ny = NB) ) 3 (8.9)
Etag(NB +Ng)

Mistagged events effectively dilute the tagging asymmetry by a factor
Diag = 1 — 2wrag. Neglecting the dilution’s uncertainty, A,g is measured with a
statistical uncertainty of?:

1— Atza

g
Ny — 8.10
O—Atag EtagNtot ’ ( )

where Ny is the total number of events, as defined in Eq. 8.4. Using Eq. 8.10,
the uncertainty on the true asymmetry can be evaluated as:

2
O~ o GAtag _ ] o Atag ~ ] _ 1 (8 11)
Aws Dig V/€tagNtot Diag £tathzag Niot v/ PragNeot ’ .
\—v—/

Eptag

where | /1 —Af, ~ 1 is assumed.

The uncertainty on Aty is obtained by propagating the uncertainty on Ng and Ng in the
Atag definition reported in Eq. 8.7 (left). The number of events is assumed following a Poisson
distribution.
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The tagging power is, therefore, an effective efficiency, constructed in such a
way that a data sample with tagging power Py, holds the same statistical power
of a perfectly tagged sample (i. e., Wiag = 0) with €tag = Prag. Two immediate
consequences of its definition are:

Wiag = 0.5 ¢+ Prag = 0, (8.12)
Wtag = 0 < Ptag = Etag - (813)

The standard approach in the development of flavor tagging tools is to carefully
balance tagging efficiency and mistag rate in order to maximize the tagging
power.

8.1.1 Flavor tagging with per-event mistag probability

Tagging performance can be greatly improved by assigning a per-event mistag
probability (weyt) instead of using an average mistag rate. This approach allows
making full use of every single event by exploiting the dilution as a weight in
the final fit model®. The effective tagging power ﬁtag is defined as the sum of the
tagging powers of each individual event, as”:

Ntag Ntag ] Ntag
) 2 2
Ptag = Z Pevt = Z €evt Doyt = N Z Divt s (8.14)
evt evt 4 tot “evt
" Ntot

where the “evt” subscript indicates per-event quantities. Accordingly, an effective
dilution and an effective mistag rate can be defined as:

~ P
Dtag = 2 ) (815)
etag
~ 1 ]/)\tag
=_|1—4/ == A1
wtag 2 Etag ) (8 6)
where the total efficiency erg = :\I,’tag €evt = Niag/Niot is equivalent to the

averaged one defined in Eq. 8.2. The average tagging dilution Dy, already
introduced in Eq. 8.6, can also be defined in terms of Dyt as:

Devt - (8.17)

See Section 9.2.1.

The sum can be extended to Nio by defining Deyt as equal to zero for untagged events. The
efficiency of a single event eeyt = 1/Niot does not depend on the event index and is treated as a
constant term.
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The tagging dilution variance can also be introduced to describe the spread of
the Deyt distribution in a given event sample and is defined as:

1 Ntag
2
Diag N E (Devt ptag)
tot evt
Ntag Ntag Ntag
1 5 1 5 2
= Z r‘Dev’t + Z Dtag Z DthDtag
Ntot ot Ntot
evt evt evt (8 18)
Ntag 2 2Dtag Ntag N
= Niot Dtag = Ntotg Nta; Zth * Devt
=g Disg =2eugDiyg
Ntag

Equation 8.18 can also be used to demonstrate that, by construction, the
effective tagging power ﬁtag is larger, or at least equal, to the average one defined
in Eq. 8.6:

Ntag
Z Dezzvt = Gthag + Etathzag = Ptag . (819)
——

evt

1
Niot

Ptag =
:Ptag

The performance improvement, compared to the averaged approach, is given
by G%mg. The larger the variance of the dilution distribution, the larger the
performance enhancement. This translates to the necessity of, not only evaluate
Wevt, but also maximize the variance of its distribution, that is separate as much
as possible right- and wrong-tag muons.

8.2 DEEP NEURAL NETWORKS

Deep learning (DL) is a broad family of learning techniques based on artificial
neural networks (ANN) attempting to model data with complex architectures
combining different nonlinear transformations.

8.2.1 Artificial neural networks

Artificial neural networks are computing systems, vaguely inspired by the
biological neural networks, composed of connected elementary computational
nodes called “artificial neurons”. Each neuron has several inputs and produces
a single output which is sent to multiple other neurons. The network consists
of weighted connections, each connection providing the output of one neuron
as one of the inputs to another neuron. Neurons are organized in layers, where
each neuron is connected only to neurons of the immediately preceding and
immediately following layers. The first layer, which receives the data, is called
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Figure 8.1: Schematic representation of an Artificial Neural Network with one hidden
layer. The inputs of the network are indicated x;, while the output of the

i-th neuron in the j-th layer is indicated with y!. The weights between the
i-th neuron of the k-th layer and the j-th neuron of the next (j + 1) layer are
indicated with wk.. The bias term is assigned an index of zero. The output of
the network is indicated with yann. The naming and index conventions are
slightly different from what is used in the text and refer only to this figure.

“input layer”, while the last layer is called “output layer”. All the other layers
are called “hidden”, as they are not accessed from outside the network. A
schematic representation of an ANN is shown in Fig. 8.1. An ANN with multiple
hidden layers is called a “deep neural network” (DNN). In this work, DNNs are
considered only for binary classification tasks, in which methods are optimized
to predict one of two classes (e.g. signal/background, right-/wrong-tag) for a
given example of input data.

ARTIFICIAL NEURONS Mathematically a neuron is a function f of the input
vector X weighted by a vector of weights W, that produces an output y. This can
be expressed as:

y="f(X) =¢(X-w+b), (8.20)

where b is a bias vector and ¢ is the so-called neuron “activation function”.
The weights and bias are randomly initialized and optimized through learning
processes. Numerous activation functions can be considered, each with its ad-
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output

Figure 8.2: Plot of the ReLU function near x = 0.
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Figure 8.3: Schematic representation of an artificial neuron with ReLU activation func-
tion. Figure from Ref. [149].

vantages and different mathematical properties. In this work, the only activation
function used in hidden layers is the rectified linear unit (ReLu), defined as:

R(x) = max(0, x), (8.21)

and plotted in Fig. 8.2. As one of the most popular modern activation func-
tions, the ReLu has several mathematical justification [147] and it has been
demonstrated to improve the training of deeper networks [148]. A schematic
representation of a neuron with ReLU activation is shown Fig. 8.3. Neurons
in the output layer require special handling and their activation function is
described later in the text®.

LAYER TYPES Artificial neurons can be arranged in several different types of
layers, which are used to tackle different types of tasks. All DNNs used in this
work are built from a combination of Dense and Dropout layers.

8 Equation 8.22.
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Figure 8.4: Artificial neural network with two hidden layers before (left) and after (right)
applying dropout during the training phase. Figure from Ref. [151].

Dense layers are regular deeply connected layers where each neuron is con-
nected to all the neurons of the previous and following layers. Dense layers are
the most common type of layers in ANNs and DNNS, they can be arbitrarily
large and are easily combined one after the other. The number of neurons in
each layer and the total number of layers are hyperparameters to optimize
case-by-case.

Dropout layers randomly set the input to zero with a given frequency called
“dropout rate”. They are typically applied after other types of layers as regular-
ization tools to avoid overfitting the model [150, 151]. Dropout layers are only
active during the training phase’ and no values are dropped during inference.
A schematic representation of a DNN with dropout is shown in Fig. 8.4.

ouTrUT The last layer in a DNN is responsible to produce the output score
of the model and it is built differently from the others. The standard structure
for an output layer in multiclassification tasks consists in one output neuron
for each class with a softmax activation function [152]'°. The multidimensional
softmax function is used to normalize the output of the network to a probabil-
ity distribution over the predicted output classes, based on the Luce’s choice
axiom [153]'!, and it is defined as:

e*t

W fori:],...,K (822)
j=1

o(2); =

The training process is described in Section 8.2.2.

In the case of binary classification a single output neuron with sigmoid activation is mathematically
equivalent to two neurons with softmax activation.

Luce’s choice axiom states that the probability of selecting one item over another from a pool of
many items is not affected by the presence or absence of the other items. Mathematically, it states

that the probability P(i) of selecting item i from a pool of j items is P(i) = Zwviv_ , where w are a
i)

set of weights, so that if P(i) > P(j) for the set (i,j), then P(i) > P(j) for all sets (i,j,...,n).
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where Z = (z1,...,zx) is the input vector of the last layer and K is the number
of output classes. In practice, Eq. 8.22 takes an input vector of dimension K and
normalizes it into a probability distribution consisting of K probabilities in the
interval [0, 1] that add up to 1. A neural network is called “calibrated” if the
output probability associated with the predicted class reflects its true posterior
probability. Typically, simple ANNs produce well-calibrated probabilities on
binary classification tasks [154], while more complex DNNs are found to be
poorly calibrated [155].

8.2.2  Neural networks training

Learning (or training) is the process through which a network is optimized
by analyzing training examples. In practice, this is achieved by adjusting the
weights of the model to minimize a given loss function. In this work only
supervised training is considered, where methods are optimized to produce a
desired output for each given input.

LOSS FUNCTIONS The loss function used in all DNNs considered in this work
is the so-called “cross-entropy”, which for a single event is defined as:

K
Lcg = — Z tilog(si), (8.23)

i=1

where t; and s; are the truth label and network output score, respectively, for
each of the K classes. In supervised learning, the truth label is always 1 for
the true class and 0 for the others. The cross-entropy can be interpreted as the
negative log-likelihood for the conditional probability P(t|5) of the true class t
given the output §.

OPTIMIZERS One of the simplest optimizer used to minimize the loss function
is the so-called “Stochastic Gradient Descent” (SGD), an iterative algorithm that
searches for the minimum of a function by taking steps proportional to the
negative of the function gradient. The stochastic approximation replaces the
gradient, typically calculated from the entire data set, with an estimate calculated
from a subset usually called “batch” in DL applications. At each iteration SGD
updates the vector of weights W, according to the gradient of the loss function

Q, as:
w—=w—aVQ(Ww), (8.24)

where « is the learning rate, typically set by the user, and Q is evaluated in a
given batch, usually constructed randomly.

Many improvements on the basic stochastic gradient descent algorithm exist,
in particular, to adjust the learning rate that, being fixed in SGD, may be
problematic for complex training applications. A popular SGD extension is the
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so-called “momentum method”, which includes the previous update (Aw) and
uses it to determine the next one as [156]:

W — W — aVQ(W) + AW, (8.25)

where {3 is an exponential decay factor between 0 and 1. Momentum has been
used for decades to improve the training convergence speed.

Another popular SGD extension is Adam, an adaptive learning rate optimiza-
tion algorithm specifically designed for training deep neural networks [157].
While stochastic gradient descent maintains a single learning rate in all itera-
tions, Adam computes individual learning rates for each weight using the first
and second moments of the gradient. The method is computationally efficient
and well suited for problems that are large in terms of data or parameters.

OVERFITTING AND REGULARIZATION Due to their complexity, deep neural
networks are prone to overfitting, that is situations when the model adapts too
well to the training data set and perform poorly outside of it. Overfitting can be
detected by evaluating at each iteration the loss function in a validation data set.
When the performance of the validation data set starts to decline it means that
the model is no longer learning general features, but only specific characteristics
of the training data set, which degrades the network generalization capabilities.
An example of learning curves for underfitted and overfitted models are shown
in Fig. 8.5.

The most direct way to reduce overtraining is to use larger training data sets or
to simplify the model. However, these approaches are not always feasible, hence
other regularization methods have to be used. Two very popular techniques,
often used in conjunction, are the already described dropout and the early stopping.

Dropout randomly simplifies the model in each training iteration, forcing the
network to not favor any specific feature, but to learn general properties. The
dropout rate is the key hyperparameter to optimize in order to reduce overfitting
without losing performance. Early stopping is the practice of stop the learning
process after a given number of iterations during which no improvements on the
validation loss have been made. A graphical representation is shown in Fig. 8.6.
Due to its simplicity and straightforwardness, early stopping is a staple of the
modern training of DNNSs.
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Figure 8.5: Learning curves for underfitted (left), overfitted (middle) and well fitted
(right) models.
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Figure 8.6: Graphical representation of the early stopping regularization method.
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Figure 8.7: Schematic overview of various flavor tagging techniques. Same-side taggers
exploit the properties of particles produced in the hadronization of the
reconstructed (“signal”) b-meson (in this case a B® meson). Opposite-side
taggers exploit the decay products of the other b-hadron (hy, in the figure,
“OS b-hadron” in the text) in the event, under the hypothesis of bb pair
production. Figure adapted from Ref. [158].

8.3 TAGGING STRATEGIES

Flavor tagging can be achieved with a plethora of different techniques depending
on the specific characteristics of the detector and the physics process of interest.
Two complementary approaches can be defined depending on which side of
the event is exploited: same-side (SS) and opposite-side (OS) taggers. A schematic
overview of various SS and OS techniques is shown in Fig. 8.7.

8.3.1 Same-side tagging

Same-side techniques take advantage of the flavor correlations between the
signal b-meson and nearby particles produced in its hadronization. In the case
of the formation of a B meson, the bottom antiquark bounds with a strange
quark from a ss pair, leaving an isolated s quark. In about half of the times, the
strange antiquark hadronizes into a K™, whose charge can be used to infer the
flavor of the B meson with the tag decision logic:

tag . 0
K* — signal B}

K- 28, signal BY
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In the case of a signal B® meson, analogous techniques can used exploiting
charged pions and protons.

Same-side methods all require the identification of soft hadrons, which makes
them experimentally more challenging than the opposite-side counterpart, which
usually exploits leptonic decays. As such, SS taggers have been so far imple-
mented in full-fledged analyses only by experiments with hadron particle identi-
fications capabilities, such as CDF [159] and LHCb [69, 160, 161]. The feasibility
of SS kaon tagging for B mesons with CMS is currently under active study:.

8.3.2  Opposite-side tagging

Opposite-side techniques exploit the decay products of the other b-hadron
present in the event (hereafter “OS b-hadron”), relying on the fact that b-quarks
are predominantly produced in bb pairs'2. To obtain the highest possible tagging
efficiency, OS taggers do not fully reconstruct the OS b-hadron, but instead
exploit inclusive flavor-sensitive processes, where only a few decay products
need to be actually analyzed. Once the flavor of the OS b-hadron is known, the
tag decision is simply given by charge conjugation as:

tag . —
OSE ; s%gnal b ‘ (8.26)
OSb — signal b

LEPTON TAGGING The most popular and performing opposite-side technique

is “OS lepton tagging”, where semileptonic b — €X (£ = e, u) decays of the

OS b-hadron are exploited. The tag decision is then given by the charge of the

lepton (hereafter “OS lepton”), which is correlated with the flavor of the b-quark
as:

0St~ - 0Sb 2% signal b

- . (8.27)
0S¢+ — 0Sb =5 signal b

Opposite-side lepton tagging is affected by several sources of dilution, the
most prominent being:

e cascade decays of the OS b-hadron, where b — ¢X — X’ chains produce
leptons with opposite charge correlation with respect to the expected one;

e leptons from pileup interactions (PU leptons) and fake leptons (consisting
mostly in misidentified light hadrons and photons), which have no charge
correlation with the flavor of the OS b-hadron;

* double gluon splitting, where two pairs of heavy quarks are produced
(bbbb or bbcc) and the selected OS lepton comes from a heavy quark
uncorrelated with the signal b-meson;

12 See Section 4.1.2.
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* mixing of the OS b-hadron, which reverses the correlation between the lepton
charge and the OS b-hadron initial flavor.

The background!® from cascade decays can be reduced by studying in detail
the kinematic properties of the OS b-hadron decay, while contamination from
PU and fake leptons can be reduced with selection requirements. Double gluon
splitting and mixing of the OS b-hadron are, however, almost irreducible back-
grounds, that inevitably dilute all taggers based on the opposite-side approach.
These two effects combined set a lower limit for the mistag rate of OS techniques
at w{gé“ ~ 15% (thag ~ 0.5). In practice, average mistag rates for OS lepton
tagging techniques are about wi,g ~ 30% (thag ~0.15).

The maximum tagging efficiency for OS lepton taggers is limited by the
semileptonic branching ratio B(b — {X) ~ 20% [34] and further reduced by
OS hadrons that decay outside the CMS acceptance. However, data samples
enriched of additional leptons, such as the one used in this work, can lead to &ag
values higher than the semileptonic hadron branching fraction. As an example,
if an additional lepton is required at trigger level and then it is always used for
flavor tagging, the tagging efficiency would result et = 100%, as each event in
the data sample is tagged.

Even without much optimization, lepton taggers are well-balanced techniques,
with good tagging efficiency and moderate mistag rates. As such, they are
usually the first choices in most flavor dependent analyses.

JET TAGGING “OS jet tagging” is another popular opposite-side technique,
where charge correlations in the fragmentation of the OS b-hadron in b-jets are
exploited, by combining the charges of the b-jet components in the so-called “jet
charge”. The jet charge is usually computed as a pr-weighted sum, in order to
exploit the higher pt of the b-quark products, as:

Quet = Yipti- Qi
: 24 P]ﬁi

where 1 is an index that runs over the b-jet components and k is a weighting
exponent to be optimized (usually of the order of unity). The jet charge can
also be computed with more sophisticated methods, such as with deep neural
networks that exploit more complex charge correlations between the jet compo-
nents. Typically, the flavor of the OS b-hadron is then determined from the sign
of Qjet with the tag decision logic:

(8.28)

. tag . —
Qosjet <0 — OSb —» signal b (8.29)

Qosjet >0 — OS b 8, signalb

Here and through this chapter, background refers to dilution sources that can produce a tagging
muon and not the background for BY — J/{ ¢ decays.
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The sources of dilution discussed for lepton tagging techniques apply also for

jet taggers, with the exception of cascade semileptonic decays and fake leptons.

Usually, taggers have higher tagging efficiency than their lepton relatives, but
also higher mistag rate, which combined may lead to an overall lower tagging

power4.

84 OPPOSITE-SIDE MUON TAGGING FOR BS —=7/Vb o

Opposite-side muon tagging is the flavor tagging technique used in the analysis
presented in this dissertation. The choice of using only this tagger is motivated
by the selected muon-enriched data sample, which provides at least one muon
candidate for each event that can be used for tagging. However, the HLT selection

does not assure that the additional muon is actually from the OS b-hadron.

As such, additional selection requirements need to be used to ensure good
performance, as described in Section 8.4.2. No other techniques are used, as their
inclusion would lead to a negligible performance improvement in this specific
data sample®®.

8.4.1 Flavor tagging strategy

The muon tagging algorithm developed for the BS — J/1 ¢ CP violation analysis
is an opposite-side lepton tagger with per-event mistag probability. As such, the
tagging inference is performed through three key steps:

1. tagging muon selection,
2. tagging decision, which following Eq. 8.27 is given by:

OSu~ — 0Sb —% signal B

C ° (8.30)
oS put - 0Sb =5 signal B? ’

3. per-event mistag probability estimation.

The muon selection procedure has the role of reducing the dilution sources while

ensuring a large tagging efficiency, in order to maximize the final tagging power.

On the other hand, estimating the mistag probability on an event-by-event basis
maximizes the performance by exploiting the individual tagging power of each
event, as described in Section 8.1.1.

In CMS, this has been observed in preliminary internal studies. Similar observations can also be
made from the tagging performance quoted in two most recent ¢ results by ATLAS [62, 63]. In
both cases, the jet tagging algorithms have the highest tagging efficiency, but also the highest
effective mistag rate.

The combined tagging power of the OS electron and OS jet taggers is estimated to be more than
one order of magnitude smaller than the one of the OS muon tagger, in the selected data sample.
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The algorithm is developed on simulated BY — ]/ ¢ events'®, where the true
initial B flavor is known from MC information (“MC truth”), and calibrated
on a data sample of self-tagging B — J/{ K* decays, where the charge of the
kaon is related to the charge and flavor of the BT meson. The correction for the
so-called “simulation bias” [162] is implied in all the simulated samples'”.

8.4.2 Tagging muon selection

In understanding the tagging muon selection procedure, it is important to
remember that, due to the trigger used, each event presents at least one muon
candidate in addition to the two from the signal J/{ — p"p~ decay. As such,
if no additional selection requirement is applied, the tagging efficiency should
be e ~ 100%XVH. While this approach ensures the highest possible tagging
efficiency, it is not ideal, as it leads to a high mistag rate (wtag ~ 40%) and poor
overall tagging power (Pig ~ 3.5%).

To reduce the dilution, the tagging muon candidates are selected with a
combination of reconstruction and quality requirements. All candidates need to
be reconstructed by the Particle Flow algorithm and have a matching track in
the tracking system. The tracking information provides a precise measurement
of the muon charge. Tracks linked to the reconstructed signal b-meson decay are
explicitly excluded from consideration. All tagging muon candidates are also
required to pass the HLT kinematic requirements of pt > 2 GeV and | < 2.4.

SELECTION OPTIMIZATION The tagging muon selection is optimized with a
multidimensional grid scan on the selection cut values, to maximize the tagging
power. All selection configurations within 5% of the best one are considered
equally good and the one that maximizes the tagging efficiency is chosen. The
distributions of the selection variables in simulated BS — J/U ¢ events are
shown in Fig. 8.8, while the chosen configuration is reported in Tab. 8.1, and
discussed hereafter. In ~3% of the events more than one tagging muon candidate
pass all the selection requirements, in these cases, the one with the highest pr is
chosen.

The MC samples are described in detail in Section 7.3.

In flavor tagging, “simulation bias” refers to the phenomenon for which the flavor composition of
the unconstrained side in simulated events where a specific process is forced (e. g. BY = J/U )
differs from that which would be observed in a generic bb production. This bias can be easily
corrected by reweighing a portion of the events as described in Section 3.4.2.2 of Ref. [162]

The tagging efficiency, in the case where no additional selection is applied, is not exactly 100%
since a small fraction of trigger muon objects does not end up to be reconstructed as muon by the
Particle Flow algorithm.
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Figure 8.8: Distribution of the tagging muon selection variables in simulated
B — J/b ¢ — uTu~ KK~ events for right-tag muons (black line) and
wrong-tag muons (red line). based on generation information. All selection
requirements reported in Tab. 8.1 are applied. Histograms are not stacked.
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Table 8.1: Optimized selection requirements for tagging muon candidates. Tracks as-
sociated with the reconstructed b-meson are explicitly excluded from the
pool of candidates. The output score value of the DNN against light hadrons
(DALIHA) discriminator is indicated with s, onp- This variable is defined
later in the text and described in detail in Appendix A. All requirements are

optimized.
Variable Requirement
Muon reconstruction Global muon
PT > 2 GeV
ml <24
|d.| <1lcm
ARy ¢ (1, BS) > 0.4

DALIHA discriminator score  Smuonip > 0.21 (Loose WP)

RECONSTRUCTION Tagging muon candidates are required to be reconstructed
as global muons by the PF algorithm, as described in Section 5.3, and to have a
distance from the direction of the signal b-meson momentum in the (1, ¢) plane
of AR > 0.4.

PILEUP MITIGATION The largest reducible source of dilution, by far, are
muons originating in pileup interactions. Luckily, this background can be greatly
reduced by exploiting differences in the longitudinal impact parameter (d,)
distributions between muons from OS b-hadrons and PU muons. The 3D impact
parameter (dyy.) of a track is defined as the distance of closest approach with
respect to the selected primary vertex. As shown in Fig. 8.9, the d, distribution
for tagging muons clearly shows two different trends:

* muons originating from b-hadrons are Gaussian distributed around d, ~ 0,
as the majority of them come from the PV,

¢ on the other hand, muons that are not associated to b-decays show two
components: a Gaussian core, associated to prompt muons, and a very
large flat component, associated with muons from pileup interactions.

Therefore, the number of pileup muons can be greatly reduced with a require-
ment on the maximum absolute value of the longitudinal impact parameter. In
this algorithm, tagging muon candidates are required to have |d,| < 1 cm.

FAKE MUON MITIGATION In the CMS detector hadrons are usually detected
by being completely absorbed in the ECAL and HCAL. However, light hadrons,
such as kaons or pions, can also decay in flight into muons or travel enough
through the calorimeters and the solenoid to leave a signature in the muon
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Figure 8.9: Distribution of the impact parameter in the longitudinal direction for tagging
muon candidates originating from b-hadrons (black line) and from any other
source (red line). Data extracted from Bg = J/p ¢ — utpu™ KTK™ simulated
events using MC truth. No other selection is applied to the tagging muon
candidate, with the exception of the HLT kinematic requirements.

system. Due to the enormous amount of particles produced in pp collisions, the
number of hadrons misreconstructed as muons is not negligible, especially at
low pt values. Through the years, the CMS Collaboration has developed several
muon discriminators, which are able to reduce this type of background by a
combination of selection requirements on the quality of the muon reconstruction.
However, due to the very low momentum of the muons used by this tagging
algorithm, no existing muon discriminator was found to be suitable for the task.
As such, a new discriminator based on deep neural networks has been developed
using the Keras library [163] within the TMvA toolkit. This discriminator, called
“DNN against light hadrons” (DALIHA) in the following, uses 25 input features
related to the muon kinematics and reconstruction quality and is trained with
3.5 x 10° simulated muon candidates of which 2.5 x 10° are misreconstructed
hadrons!®. The development of this discriminator is described in detail in
Appendix A. Tagging muon candidates are required to pass a working point of
the DNN output that has an efficiency of ~98% for genuine muons and ~33%
for misreconstructed light-flavor hadrons when evaluated using global muon
candidates. This working point is referred to as “Loose working point”, due to
its high efficiency for genuine muons and corresponds to a requirement on the
output score of smyonp > 0.21.

19 As described in Appendix A, the genuine muon data sample is reweighed by a factor of 0.1 to
balance the training data set.
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TAGGING PERFORMANCE The average tagging performances obtained, after
the optimized tagging muon selection requirements are applied, are reported in
Tab. 8.2, alongside the performance at each step of the selection procedure (cut

flow).

Table 8.2: Average flavor tagging performance in simulated BY — J/W ¢ — ump~ KTK~
events when different additional selection requirements are applied to the
tagging muon candidate. The B — J/1 ¢ candidates are selected with the
same selection requirements used for the CPV analysis and described in
Chapter 7. “HLT kinematics” stands for offline pt and In| requirements that
reflect the selection at HLT level on the additional muon (“no additional
selection” scenario). “ID” refers to requiring both the muon candidate to
be reconstructed as a global muon and to pass the score requirement on
the DALIHA discriminator. The numerical values of the various selection
requirements are reported in Tab. 8.1. In all the scenarios, the muon candidate
needs to be reconstructed by the Particle Flow algorithm and to be linked to a
track reconstructed in the tracking system.

Selection requirements ftag  Wiag Ptag
HLT kinematics 98% 40% 3.6%
Kinematic + ARy ¢ 93% 40% 3.7%
Kinematic + AR, ¢ + ID 80% 38% 4.5%

Kinematic + ARy, ¢ + ID + d; (final) 52% 32% 6.6%

8.4.3 Per-event mistag probability

The evaluation of the mistag probability of each event greatly enhances tagging
performance, as described in Section 8.1.1. In this algorithm the mistag prob-
ability is predicted with a DNN, hereafter called “muon tagger DNN”, that
also further discriminates right- and wrong-tag muons. The model has been
developed using the KErAs machine learning library within the TmvA toolkit
and it uses 14 input features related to the muon kinematics and surrounding
activity.

The main advantage of using a DNN is the possibility to exploit the properties
of the output score to directly predict the mistag probability with very high
accuracy. As described in Section 8.2, the softmax function can be used as
activation function in the network output layer to obtain the probability of the
two classes given the input of the output layer Z = (z1,z;), as:

(21, 22)1 = —©
oz 2h = o om

€ 16—12—26 * with o1+o,=1. (8.31)
o(z1, 22)2 =

er1 + e*2
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In this model the right-tag muons are defined as class-1, while the wrong-tag
ones are defined as class-2*X. However, while the softmax function output can
be interpreted as a probability distribution?!, it is not guaranteed that it is equal
to the true probability distribution of the classes.

The cross-entropy loss function can be used, in conjunction with softmax
outputs, to produce well-calibrated networks, as it can be interpreted as the
negative log-likelihood for the conditional probability P(t]5), where § is the
model output score vector and t the classes truth labels. In supervised learning,
where the class labels are known, the truth label vector is typically one-hot
encoded, that is every entry of t is equal to 0 but the one corresponding to the
true class, which is equal to 1. The output score vector § contains at every entry
the corresponding predicted class probability.

In binary classifications the cross-entropy of a given event is equal to:

—1 if t=(1,0
o e R (8.32)

—log(1 —s71) ift=(0,1)

where § = (s1,s2) the normalization relationship s; + s, = 1 has been used.
When evaluated on a data set of size n the cross-entropy becomes:

n

Ldataset *Z [—t1,ilog(s1,1) — (1 —t1,1) log(T —s1,1)] . (8.33)

i=1

The smaller the total cross-entropy in Eq. 8.33 is, the better the predicted proba-
bilities resembles the true probabilities. Since predicting the mistag probability is
of primary interests, the muon tagger DNN is optimized by minimizing £dafaset,
Once the model is trained, the mistag probability can be calculated as

Wevt = 1 =57, (8.34)

where complement to one of s7 is used, instead of s;, since the TMva framework
provides only the output score of the class labeled as Signal, which in this case
corresponds to right-tag muons.

8.4.3.1 Training data set

The DNN model is trained on B — J/i ¢ — utu~ K¥K~ events simulated
in the 2018 data-taking conditions. The BY meson is identified using MC truth
and selected with requirements on the generated momenta and pseudorapidity
values. Muons from J/{ — p*u~ decays are required to be generated with
pT > 3.5 GeV and [n| < 2.4, while the BS meson is required to have pt > 10 GeV
and n| < 2.5. This selection, summarized in Tab. 8.3, ensures signal b-mesons in

Class-1 (right-tag muons) corresponds to the TMva Signal class, while class-2 (wrong-tag muons)
correspond to the TMva Background class.

The softmax output satisfies the properties of a probability o; € [0, 1] and Zf o= 1.
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the same kinematic region of the BS candidates used in the CPV analysis. The
tagging muon candidates are selected with the same requirements described in
Section 8.4.2.

A total of 562582 muon candidates are selected for training, out of which
169 226 are muons that carry the wrong flavor information (“wrong-tag”). The
data set is then further split into training, validation and testing subsets with
respective fractions of 50%, 25% and 25%. The training data set is used to train
the DNN model, the validation data set is used to evaluate the performance at
each training iteration (also called “epoch”) to control overfitting and trigger
early stopping, while the testing data set is used to evaluate the performance
and overtraining after the training is finished.

Table 8.3: B selection requirement for the muon tagger DNN training data set. All
requirements are applied to the generated quantities.

Variable Requirement
Gen matched v
Prligen)  >35GeV
N(1gen) | <24
pr(Bge) > 10GeV
Bl <25

8.4.3.2 DNN input features

The muon tagger DNN combines several input features in order to discriminate
right-tag muon from wrong-tag ones and infer the mistag probability. A total
of 14 variables have been chosen for their discrimination power against various
dilution sources.

KINEMATICS
* pr:muon transverse momentum
* 1: muon pseudorapidity

Information on the muon candidate kinematics are helpful in discriminating
kaons and pions misidentified as muon. In fact, light hadrons are produced
for the most part in the forward region and with softer momenta compared to
muons from b — p~ X decays, as shown in Fig. 8.10a. Since these variables do
not carry flavor related information they are mostly helpful to identify muons
from dilution sources with weyt ~ 50%.
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HADRON DISCRIMINATOR
® SmuoniD: output score of the DALIHA discriminator

The output score of the muon discriminator is added for the same reason as the
kinematic variables, that is to discriminate misidentified muons that carry no
flavor information (Weyt ~ 50%).

IMPACT PARAMETER

* dyy: signed muon impact parameter in the transverse plane
¢ d,: muon longitudinal impact parameter

* 0(dyy): uncertainty on dyy

* o(d,): uncertainty on d,

The impact parameter is very sensitive to the nature of the decay process that
generates the muon candidate. High values of the transverse impact parameter
are associated with decays far from the primary vertex, such as decay in flight
of light hadrons or decay of long-lived b-hadrons, while low values are associ-
ated with decays of c-hadrons and other short-lived species. Moreover, muons
associated with small impact parameters are more likely of the correct flavor tag
if originating from OS B® mesons, as this species is subject to time-dependent
flavor mixing??. While, in theory, the same reasoning applies also to BY mesons,
their high oscillation frequency makes it practically impossible to use this type
of information.

On the other hand, the impact parameter in the longitudinal direction is
a strong discriminating variable against muons from pileup interactions, as
already described in Section 8.4.2 and shown in Fig. 8.9. In combination with
other variables, d, can also help in identifying prompt hadrons misidentified as
muons, since they have a small impact parameter.

In summary, the impact parameter distribution is made up of several different
components that depend on the specificity of the muon origin, which are difficult
to disentangle using only the d,, distribution. Hence, the various components
of the impact parameter make good candidates to be included in a multivariate
method. The uncertainty on the impact parameter is also given to improve its
modeling.

SEPARATION

* ARy, ¢ (1, B): distance in the n-¢ plane between the muon and the signal
b-meson momentum.

The angular separation between the tagging muon candidate and the signal
b-meson is used in the selection as a veto for the same-side activity and can be
used by the muon tagger DNN to construct more complex variables that relate
the muon features to the BY flavor.

22 Bottom quarks hadronize into a BO meson ~40% of the times [34].
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ISOLATION

¢ Iso,: muon isolation, defined as

S .+ T+ max (o, ST+ T, Er =055 e pT)

P

Iso, = (8.35)

where

— ) h+ P is the sum of the transverse momenta of the charged tracks
linked to the same vertex as the muon and contained in a AR,; ¢, < 0.4
cone around the muon momentum;

- 2> poEr and } | Er are the sum of the transverse energies of the
neutral hadrons and the photons, respectively, contained in the
ARy, ¢ < 0.4 cone;

- Zh?u pT is the sum of the transverse momentum of the charged tracks
associated with pileup interactions, contained in the AR,, 4 < 0.4 cone,
and —0.5 ZhﬁJ pris the so-called “AB” correction for contamination

from PU neutral particles®.

The muons isolation is a variable widely used to separate muons produced in
the decay of light hadrons, as they are more likely to be surrounded by particles
from the hadronization of the light-quark jet and from muons produced in
the decay of heavy quarks. This feature is therefore useful in discriminating
b — p~ X direct decays from b — ¢X — p*X’ cascade decays, which are related
to mistag probabilities >50%.

SURROUNDING ACTIVITY To further study the muon surrounding activity, a
jet-like object (hereafter “muon cone”) is constructed from all the Particle Flow
candidates contained in a AR;, ¢, < 0.4 cone, centered in the muon momentum,
with pt > 0.5 GeV, n| < 3 and d, < T cm™V, Unless stated otherwise, the
tagging muon is assumed to be part of the cone.

The following variables are defined combining the muon and muon cone
properties:

* p{"e total transverse momentum of the muon cone, evaluated as the sum
of the transverse momenta of its components,

o prel = plt . (pOn¢ — FH): muon Pt projected on the cone axis, after subtract-
ing the muon momentum,

The estimation that the amount of Et carried by PU neutral hadrons and photons combined
is half the sum of pt of the PU charged hadrons comes from the fact that the majority of the
hadrons produced in pp collisions consists in pions and, due to isospin symmetry, the production
ratio between charged pions and neutral pions is 2:1. Charged PU particles can be more easily
removed, since they are not associated with the PV.

A home-made cone is used instead of jet objects since these are not reconstructed in the kinematic
region of interest.
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* ARy, ¢ (1, cone): distance in the n-¢ plane between the muon and the cone
- 25
axis*,

® E,/Econe: ratio of the muon energy to the cone energy?®,

All these variables have been proven to be helpful in separating direct semilep-
tonic decays (b — p~X) from cascade ones (b — cX — pn™X’) [162, 164].

CONE CHARGE

* Qcone: cone charge, computed as?’:

Zgone pT i Q1

ne = QuTcmne —— 8.36
Qcone = Qu Toone, (8.36)
where Q,, is the charge of the tagging muon, used as multiplicative factor to
remove the dependence of Qcone On the tagging decision?®. The cone charge is
constructed following the same general strategy of the jet tagging techniques
described in Section 8.3.2 and it helps identifying the OS b-hadron flavor.

The distributions of the 14 input features of the muon tagger DNN are shown
in Fig. 8.10.

FEATURE PREPROCESSING The input features are preprocessed in order to
increase the performance of the DNN method. The variables are first scaled
in the range [—1, 1], then their distribution is transformed into a Gaussian
(“Gaussianisation”)? and finally normalized again. The scaling is helpful to
the training process because it ensures that both positive and negative values
are used as inputs, which makes learning more flexible, and that the network’s
regards all features to a similar extent without favoritism. Gaussianisation is
found to speeds up learning and to improve the convergence properties when
combined with a Gaussian random initialization of the model weights. The
preprocessing procedures are handled with the TmMva toolkit.

8.4.3.3 DNN model optimization, training, and performance

The DNN model is built with the Keras library and trained within the TMva
framework. In order to construct the network with the best right- vs wrong-tag

The cone axis is defined as the direction of the total momentum of the cone.

Since the tagging muon is not removed from the cone, E, /Econe values of one are possible.
Since the tagging muon is not removed from the cone, Qcone values of one are possible.

The muon tagger DNN task is to discriminate right- and wrong-tag, not identifying the flavor of
the OS b-hadron.

Gaussianisation proceeds in two steps: first the input distribution is transformed into a uniform
distribution using its cumulative distribution function. Next, the inverse error function is used to
transform the uniform distribution into a Gaussian with zero mean and unity width. For more
detail see the TMva Users Guide found in Ref. [142].
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Figure 8.10: Muon tagger DNN input features distributions for right- (blue) and wrong-
tag (red) tagging muon candidates. The distributions are normalized. The
TMVA plotting tool automatically calls class-1 (in this case right-tag) “Signal”
and class-2 (in this case wrong-tag) “Background”. However, this naming
scheme is not related to any other definition of signal and background
given in this dissertation.
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separation, several hyperparameters related to the DNN structure are optimized
with a grid scan. The parameter configuration that maximizes the area under the
Receiver Operating Characteristic (ROC) curve, with no observable overfitting, is
chosen. The ROC curve is a graph that illustrates the ability of a binary classifier
at all classification thresholds, with the area under the curve (AUC) being
a widely used proxy to measure the overall performance®. Between equally
performing models, the simpler one is chosen. The tested values in the grid scan
and the chosen best parameter configuration are reported in Tab. 8.4.

The optimal configuration is found to be three Dense layers of 200 neurons,
each followed by a Dropout layer with a dropout rate of 40%. The activation
function of the neurons in the Dense layers is the ReLU. The model weights
are optimized with the Adam optimizer using a batch size of 1024 events®!. The
loss function is the cross-entropy, to ensure the best probability prediction. The
maximum number of training epoch is 50, however, to avoid overfitting the
training is stopped early after 10 epochs with no accuracy improvement, and
the model with the smaller loss is kept. The number of epochs, batch size, and
optimizer learning rate are mildly optimized by testing different values with the
chosen model. The full list of training hyperparameters is reported in Tab. 8.5.

Table 8.4: Muon tagger DNN model hyperparameters, optimized through grid scan,
and their tested values. The values belonging to the optimal configuration are
underlined.

Hyperparameter Tested values

Number of Dense layers (2, 3, 4, 5]
Neurons for each layer [100, 150, 200, 300]
Dropout probability (0.1, 0.2, 0.3, 0.4, 0.5]

Table 8.5: Muon tagger DNN training hyperparameters.

Hyperparameter Value

Optimizer Adam
Optimizer learning rate 0.001
Batch size 1024

Number of training epochs 50
Early stopping epochs 10

30 A perfect classifier has an AUC of 1, while one that randomly guesses has an AUC of 0.5.
31 The batch size is the number of training examples used for a single gradient step during the
training process.
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MUON TAGGER DNN PERFORMANCE The performance of the trained model
is evaluated in a test data set statistically independent from the training and
validation samples. The ROC curve for the trained model and the output score
distribution are shown in Fig. 8.11. No signs of overfitting are observed when
comparing the output distributions obtained from the training and testing data
sets.

Since the inner workings of a neural network are typical of difficult interpre-
tations, it is not possible to study how the input features are combined by the
muon tagger DNN and what are the prominent properties of the various sources
of dilution. However, the output score distribution shown in Fig. 8.11b can be
still qualitatively commented, remembering that the output score s4n, is equal
to 1 — weyt. The network is clearly able to partially identify tagging muons that
carry no flavor information, such as muons PU and fakes, by clustering them
around weyt ~ 50%. This is a very helpful feature, as now the flavor inference
on these events can be ignored in the final fit to extract the physics parameters.
The network is also able to recover the correct flavor inference of a portion of
mistagged events, by assigning a mistag probability higher than 50%. These are
likely muons from cascade decays, as it is the only identifiable dilution source
that uniquely inverts the flavor correlation. Lastly, most of the right-tag muons
are grouped around weyt & 20%, which makes sense for tagging muon from
b — u~ X decays, as w?gfo,“ ~ 15% is the lower boundary for the average mistag
rate due to mixing of the OS b-hadron2.

In summary, the muon tagger DNN is able to partially separate the various
dilution sources by exploiting their different properties. It is also able to directly
predict the right-tag probability s4n, and by consequence the mistag probability
as

Wevt = 1 — Sdnn - (8.37)

The predicted mistag probability can finally be used to re-weight the flavor
inference and better exploit the data.

8.4.3.4 Mistag probability calibration

The muon tagger DNN is constructed specifically to directly predict the mistag
probability. The softmax activation function ensures that the output score can
be interpreted as a probability, while the cross-entropy loss function allows
the model to be optimized to produce the true probability distribution of
the input classes. However, this alone does not guarantee that the trained
DNN is calibrated [155]. Moreover, the ultimate goal of the muon tagger DNN
is to predict weyt on BY — ]/ ¢ data collected in pp collisions, not in the
simulated events where the model was trained. Due to unavoidable simulation

The small fraction of events with weyt < 15% are likely well-reconstructed muons with small
transverse impact parameter, which is correlated to lower mixing probabilities, or muons from
decays of charged b-hadrons, which do not oscillate.
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mismodeling, it is not guaranteed the predicted mistag probability is equal to
the one observed in data.

For these reasons, weyt is calibrated in data using self-tagging B™ — J/{p K+
decays, where the charge of the final-state kaon unambiguously determines
the flavor of the BT meson3®. This calibration strategy is possible because
opposite-side tagging techniques are expected to be independent of the signal
b-meson species. This assumption is tested by comparing the calibration in
BY — J/W¢ and BT — J/P KT simulated decays. Possible differences are
treated as systematic uncertainties, as described in Section 10.8. The calibration
is performed separately for the 2017 and 2018 data samples.

CANDIDATE SELECTION BT — J/{ KT candidates are selected with a proce-
dure similar to the one used for the B — J/1 ¢ decay. The same trigger and ] /1
candidate reconstruction requirements as for the B signal sample are applied.
A charged particle with pt > 1.6 GeV is assumed to be a kaon and combined in
a kinematic fit with the dimuon pair to form the B* candidate. Candidates are
selected if their invariant mass is in the range 5.10-5.65 GeV. A total of ~1.4 M
BT — J/P K* candidates are selected, out of which about half are flavor tagged.
Their J/{ K* invariant mass distribution is shown in Fig. 8.12.

MISTAG MEASUREMENT For each tagged B — J/i K" candidate the muon
tagger DNN is used to estimate the probability of it being mistagged. The B™
events are then divided according to their predicted weyt into 100 equal bins
and the number of right- and wrong-tag events are separately counted in each
bin to measure the corresponding wWmeas as:

1
i WT
Wmeas = N%NT + N}{T ) (838)
where 1 is the bin index.

The number of B signal events in each bin is obtained with a binned likeli-
hood fit to the J/{ K* invariant mass distribution in the 5.10-5.65 GeV range.
The Bt — J/{ K* signal distribution is modeled with two Gaussian distribu-
tions with the same mean, while the background is parametrized with a linear
function and a complementary error function. An example of one of such fits is
shown in Fig. 8.13. Uncertainties on the events counts are obtained from the fit
and propagated to the bin measured mistag.

MISTAG CALIBRATION The predicted mistag probability is calibrated by
fitting the measured mistag fractions with the linear function

Wmeas = A + b- Wevt - (839)

33 Charge conjugation is implied.
34 The BY meson selection requirements are described in Section 7.2 and summarized in Tab. 7.3



Figure 8.12: Invariant mass distribution for B* — J/1 K™ candidates for mistag proba-
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The calibration fits for the 2017 and 2018 data samples are shown in Fig. 8.14,
while calibration parameters are reported in Tab. 8.6. In both data samples,
the measured mistag is predicted very accurately by weyt, with calibration
parameters statistically compatible with a unit slope and zero offset.

The calibration of the muon tagger DNN output is also verified with the
same procedure using an independent sample of simulated B — ]/ ¢ and
B+ — J/P K+ events, where the reconstructed B? and B* mesons are matched
to the generated ones to find their true flavor at production time. In this case,
the number of events in each weyt bin is simply counted using the generation
information and no fit to the invariant mass distribution is performed. The
results of the calibration fits are reported in Tab. 8.7 and shown in Fig. 8.15.

In general, the measured mistag probability is predicted very accurately by
Wevt OVer the entire range for all the examined simulated and data samples. In
all cases more than 90% of the tagged events falls in the weyt = [0.1, 0.5] interval.
Residual differences are well approximated by the linear calibration with slopes
close to unity and offsets consistent with zero. The normalized xZ/d.o.f. values
for all fits are below two.

It is observed that at very low and very high values of weyt the measured
mistag fractions consistently diverge from the predicted ones. This is likely due
to the muon tagger DNN model being slightly overfitted at the edges of the
mistag distribution where the training statistic is lower®. This is not considered
an issue given that it concerns only a small fraction of events and is found to
not affect the measurement results. It is observed that the calibration for the
B — J/W K" (2017) samples is in slight tension with the others. This is likely
due to the fact that this is the sample further from the training one, as both the
data-taking conditions and decay channel are different. Differences in the mistag
probability calibration between the B — J/i ¢ and B* — J/1 K* samples,
as well as possible variations from linearity of the calibration function and
the statistical uncertainties in the calibration fits, are considered as systematic
uncertainties and described in Chapter 10.

Table 8.6: Results of the calibration fit of the per-event mistag probability weyt on
B — J/¥ K™ decays. The fitted model iS Wmeas = @+ b - Weyt.

Data sample a b
2017 —0.0010+£0.0040 1.012+0.013
2018 0.0031 £0.0031 1.011£0.010

35 See Fig. 8.11.
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Figure 8.14: Results of the calibration of the per-event mistag probability weyt on BT —
J/W KT decays from the 2017 (top) and 2018 (bottom) data samples. The
vertical bars represent the statistical uncertainties. The solid line shows the
linear calibration fit to data (solid markers). The pull distributions between
the data and the fit function in each bin are shown in the lower panels.
Figures from Ref. [1].
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Figure 8.15: Results of the calibration of the per-event mistag probability weyt on sim-
ulated BY — J/P ¢ (top) and BT — J/P K+ (bottom) decays in different
data-taking conditions: 2017 (left) and 2018 (right). The vertical bars repre-
sent the statistical uncertainties. The solid line shows the linear calibration
fit to data (solid markers). The pull distributions between the data and the
fit function in each bin are shown in the lower panels.
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Table 8.7: Results of the control calibration fits of the per-event mistag probability wevt
on simulated BY — J/ ¢ and BT — J/P K" decays. The fitted model is
Wmeas = @ + b - Wevt.

MC sample a b

BO — J/b ¢ (2017)  —0.0019 £0.0025 1.0042 + 0.0082

BO — J/b ¢ (2018)  0.0010+0.0028  1.0552 + 0.0090
B+ — J/WK* (2017) —0.0146 +0.0038  1.107 +0.012
B+ — J/pK* (2018) —0.0032+0.0036  1.074 +0.012

8.4.4 Final tagging performance

The final tagging performance is evaluated on the same B* — J/{ K* data
samples used for the mistag probability calibration. The total tagging power,
when using per-event mistag probability, is equal to the sum of the tagging

power of each individual tagged event, as°:

=~ 1
Plag = > Pet==— 3 (1—2wew)?, (8.40)

N
vt tot

where 1/Ny represents the tagging efficiency of a single event. However, this cal-
culation is possible only in a pure sample of b-decays, in this case, BT — J/(p K*.
In a realistic data sample, where background is present, Eq. 8.40 is approximated
by the sum of the tagging power of each individual weyt bin® as

/lstag = Z Peyt >~ Z Ppin = Z Ebin“ - 2(1)bin)2 y (841)
bin

evt bin

where wpi, = Ng\i}} / N‘g;g is the bin mistag fraction and epi, = N{’;Ig‘/ Niot is the

fraction of tagged B* candidates contained in the bin. All numbers refer only
to B™ — J/U K™ signal events. Accordingly, the total tagging efficiency can be
evaluated as:
Etag ~ ) Ebin- (8.42)
bin
Simulated B — ]/ ¢ and B* — J/1 K+ events have been used to verify that
the total tagging power evaluated with Eq. 8.40 and Eq. 8.41 are in agreement
within statistical uncertainties.
The final tagging performance measured in the BT — J/{ K* data sample
with Eq. 8.41 is reported in Tab. 8.8. For comparison, the tagging performance
obtained using the average mistag rate wi,g = Nwr/Niag, hence with no usage of

36 The “hat” indicate the effective tagging power (see Eq. 8.14).
37 The same binning used on the mistag probability calibration is used.
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per-event information, is reported in Tab. 8.9. A tagging efficiency of ~50% and
a tagging power of ~10% are achieved in both the 2017 and 2018 data samples.
Per-event mistag probability is found to increase the muon tagging performance
by ~50% compared to the averaged approach, where only the muon charge was
exploited®. The calibrated mistag probability distribution, as measured in the
Bg — J/W ¢ data samples, is shown in Fig. 8.16.

Table 8.8: Calibrated opposite-side muon tagger performance evaluated using
BT — J/W K™ events in the 2017 and 2018 data samples using the per-event
mistag probability approach. The tagging efficiency etg and the total tag-

ging power P, are computed with Eq. 8.42 and Eq. 8.41, respectively. The

effective mistag rate (Wtag) and effective tagging dilution (@mg) are defined
in Eq. 8.16. The quoted uncertainties are statistical only. The performance
obtained averaging the mistag rate are reported in Tab. 8.9.

Data sample  tag [%0] Wtag [%] @tag ﬁtag (%]
2017 457 +0.1 27.1£0.1 0456+0.002 9.6+0.1
2018 50.9+0.1 273+£0.1 0.4544+0.002 10.5+0.1

Table 8.9: Averaged opposite-side muon tagger performance evaluated using
BT — J/W K™ events in the 2017 and 2018 data samples. The tagging effi-
ciency erag, mistag fraction wiag, and tagging power Pi,g are computer with
Eq. 8.2, Eq. 8.5, and Eq. 8.6, respectively. The quoted uncertainties are statisti-
cal only. The performance obtained with the per-event approach are reported
in Tab. 8.8.

Data sample  etag [%] Wiag [70] Diag Prag %]

2017 (N0 weyt) 45.8+£0.1 30.7+0.2 0.385+0.004 6.8+0.1
2018 (no weyt) 51.0£0.1 30.8+0.2 0.384+0.003 7.5+£0.1

38 Note that the tagging efficiency is not affected by the per-event approach.
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Figure 8.16: Mistag probability distribution as measured in the selected BS = J/bo
data samples. The calibration described in Section 8.4.3.4 is applied. No
background subtraction is performed.






Part IV

THE MEASUREMENT

The CP-violating phase ¢ and the other physics parameters are
finally estimated by performing a time-dependent and flavor-tagged
angular analysis of the BY — J/1 ¢ decay rate on the selected data
sample. The experimental data are described by probability density
functions that model the distribution of the input observables for the
signal and background components. Maximum-likelihood estimation
methods are used to extract the parameter values that best describe
the data sample. The analysis is completed by the evaluation of the
systematic effects induced by the assumptions made in the fit model
as well as in the analysis methods. Finally, the sensitivity on ¢
is maximized by statistically combining the measurement results
with those obtained by the CMS collaboration at /s = 8 TeV. The
following chapters are dedicated to the description of the fit model
and the studies performed to estimate the systematic uncertainties.
The resolution and acceptance effects that need to be taken into
account to obtain unbiased results are also discussed, as well as the
combination strategy.






FITTING PROCEDURE AND RESULTS

The physics parameters that govern the BS — ]/ ¢ decay are extracted with an
unbinned multidimensional extended maximum-likelihood (UML) fit to the combined
2017+2018 data sample. In order to properly model the decay rate described
in Eq. 3.19, the following observables are used as input: the three decay angles
© = (671, YT, @T) describing the event topology in the transversity basis, the
flavor tag decision &g, the calibrated mistag probability weyt, the proper decay
length of the Bg candidate ct, and its uncertainty o.¢. The BS candidate invariant
mass mpo is also used to discriminate signal from background.

The mistag probability and proper decay length uncertainty are included to
take into account the dilution factors described in Section 9.2. From the UML
fit, the following physics parameters of primary interest are determined: ¢s,
AT, Ts, Amg, Al 1L, the squares of amplitudes IALIZ, IAOIZ, IASIZ, and the strong
phases 9|, 61, and 65, where s is defined as the difference 65 — & RS

ASSUMPTIONS AND CONVENTIONS  With respect to the decay rate described
by Eq. 3.19 the number of free parameters is reduced by two. The value of
8o is set to zero*, since only phase differences are physically meaningful, and
the normalization relationship Aol® +1A L2+ ‘A” ]2 =1 is used in redefining

]AH }2 =1- |A0|2 —|A LIZ. The value of Al is also constrained to be positive,
based on the LHCb measurement in Ref. [52]. The fit input observables, the
main physics parameters extracted and the conventions used are summarized
in Tab. 9.1.

This chapter describes the construction of the final fit model and presents
the results obtained on the combined 2017 and 2018 data samples. Particular
attention is given to the various resolution and acceptance effects that have been
taken into account in order to obtain unbiased results. A brief introduction on
maximum likelihood estimation is also given.

1 The flavor tagging decision &tag is defined in Eq. 8.1.

II These parameters are defined in Equations 3.10, 2.29, 2.27, 2.28, and 2.41, respectively.
III The transversity basis is described in Section 3.2.1.

4 This follows a general convention first used in Refs. [56, 58].
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FITTING PROCEDURE AND RESULTS

Table 9.1: Summary of the UML fit input observables, main physics parameters to be
determined and used assumption. The rows of this table carry no meaning.

Input observables  Fitted parameters Constraints
eT/ -LI)T/ oT ¢’S/ AFSI rsr Amsr |>\| Ars >0
2
ct, Oct, Mpg AL Al IAsEE A" =T—1A0l? —IA L
Etag, Wevt o), 0.1, 0s1 60 =0,0s, =bs—01

9.1 MAXIMUM LIKELIHOOD ESTIMATION

The experimental data are described by a probability density function (PDF), which
describes the distributions of all the observables. A PDF is a function that
represents a continuous probability distribution and can be used to infer the
probability of a continuous random variable x of falling in a given range [a, b]
of the phase space as:

b
J f(x)dx =Pla<x<b). 9.1)
a
Unlike the simpler probability functions, the output of a PDF is not a probability
value. By definition, probability density functions can only assume positive
values and are normalized to unity.

The likelihood function measures the goodness of fit of a statistical model to
a sample of data given the values of some parameters, typically unknown. It
is constructed from the joint probability of the sample, as a function of the
unknown parameters®. The likelihood of a set of parameters 6, given a set of
n observations X = (x1,...,xn) that are distributed following a PDF f(X, 0), is
defined as the product of the PDF values for each event as:

L(01%) =] ] x:,0). 9.2)

i=1

The likelihood function is maximized by the combination of model parameters
values for which the joint probability of all the observables is maximal [165]°.
The approach of maximizing £ to estimate the parameters 0 is called maximum
likelihood estimation (MLE):

dL(6]%)

0 = areg max L g|1%) « =
g (61%) 6

=0. (9.3)
g

Since the likelihood is a function of the model parameters, and not of the observables, it is not a
PDF and it is not normalized.
It is not guaranteed that the likelihood function has a maximum.
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If the product in Eq. 9.2 is performed over all the events in the data sample,
not collected in histograms, the MLE is referred to as unbinned. Unbinned MLEs
are more precise but also computationally heavier than their binned counterpart.

The common practice in MLE is to minimize the negative log-likelihood (NLL)
function, which is defined as:

—InL(6 Zlnf xi,0). (9.4)

Because the natural logarithm is an monotonic function, maximizing the log-
likelihood is equivalent to maximizing the likelihood, with the advantages of
dealing with sums instead of products in the derivative in Eq. 9.3. The problem is
ultimately transformed into a minimization, as optimizers in statistical packages
usually work by minimizing the result of a function, instead of maximizing it.

In this work NLL functions are constructed with the RooFrr library [143] and
minimized with MINUIT minimization framework [166].

9.1.1 Extended term

Regular ML estimation uses only shape information, as the PDF of each event
is normalized. If the number of events in the sample is of interest, the extended
maximum likelihood (EML) method [167] can be used to vary the normalization
of the PDF as well, assuming that the number of events n is itself a random
variable governed by Poisson statistics.

In this assumption the likelihood and NLL functions become:

. e—vvn eV n
L3, 81%) = — = va Xi, 0 (9.5)
—InL(v,0|%) :v—Zln[vf(xi,é)] + const. , (9.6)

i=1

where v is the expected number of events. If v is independent of 6, its estimate
is equal to the number of observed events:

d[—lnﬁ(

dv - ;

(9.7)

<\—‘
2
Il
3

9.1.2 Uncertainties evaluation

The uncertainties on the best values of the model parameters can be estimated
by expanding the NLL around its minimum 6 = 6, where the first derivative
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is zero. Restricting, for the sake of simplicity, the discussion to a model with a
single parameter (i. e. 6 = 0), the NLL can be described as”:

. df(e) o 1.d2f(0) 502 a3
—InL(0) =f(0) =~ f(O —— 1 (0—0)+= 0—0 0—0 .
0 £(0) = 110) = 1(8) + =55 | (0-0)+3 =g | (0-012+0((0-0)°)
| S
=0
9.8)
Using Eq. 9.8, the likelihood function at the minimum can be evaluated as:
~ _1 d2£(e) (976)2 N

If the shape of the likelihood is sufficiently Gaussian around its maximum, that
is if the higher order terms can be neglected, Eq. 9.9 can be expressed as:

(0-8)2

L£(0)~ Lmax € 2%, (9.10)

where cré is the variance of 9, estimated as:

—1

5 (azlnﬁ(e) A) ) ©.11)
0

% = 202

and Lmax = eln £(8) — £(0).
From Eq. 9.10 it immediately follows that the NLL near its minimum is
approximated by the parabolic expression:

A2
—InL(0) = —lanaX%—M, (9.12)
20
which satisfies the following important relationships:
—InL(0 4 0p) = —InLomax + 0.5, (9.13)
—InL(0£200) = —In Lpmax + 2.0 (9.14)

If the NLL is not parabolic, then 0+ 0g is not a good estimate for the limits
of the 68% (10) confidence interval (CI). In these cases the standard approach is
to construct the confidence intervals with the relationships reported in Equa-
tions 9.13 and 9.14, as illustrated in Fig. 9.18. This method typically produces
asymmetric errors.

MULTI-PARAMETERS MODELS In the case of a model with multiple parame-
ters, the approach is the same as described above. The NLL is expanded around

7 The dependence on the observables x is dropped from the following equations for simplicity.
8 This construction does not guarantee adequate coverage.
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Figure 9.1: Confidence intervals (CI) construction for ML estimators with non-parabolic
NLL function. The construction procedure for the 68% and 95% ClIs is
indicated by the dashed and dotted lines, respectively.

its minimum and the second derivatives are used to estimate the uncertainty on
the parameters and the covariance between them.
In practical terms, an Hessian matrix H is constructed from the second deriva-

tives of the log-likelihood function, as’:
T 021n £(6) 9.15)
v 00;00; | ’ ’

which is then used to calculate both the parameters uncertainty and the covari-
ance, as:

Op; = (H_1)ﬁ) (9 16)
cov(0;,0;) = (H*1)ij ,

where (H™') is also called “covariance matrix”.

As in the monodimensional case, this method is accurate only if the NLL is
parabolic near the minimum. If not, the method described above can be extended
to define the boundaries for the 68% or the 95% confidence intervals for each
parameterlo.

In this work, the uncertainties on the fit parameters and the correlations
between them are evaluated with the Minos and Hesse methods, respectively,
as implemented by the Minurr fitting framework [168].

9 Hjy; indicates the elements of the Hessian matrix H.
10 More details on the exact procedures are contained in the MiNuIiT documentation [168].
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9.2 EXPERIMENTAL EFFECTS

An accurate parameterization of the transversity angles, the proper decay length,
and the flavor information is not sufficient to properly fit the BS — ]/ ¢ decay
rate in data. In order to not only obtain unbiased results but also to improve the
performance, any distortion due to the reconstruction and selection procedures
needs also to be taken into account. These experimental factors can be divided
into resolution and acceptance effects.

Resolution distortions are caused by the finite precision of measurements
of the various observables, typically leading to a dilution of the observed CP
asymmetry and reducing the statistical power of the analysis. Lifetime resolution
and mistagged events are by far the dominant effects, whereas the resolution on
the angular variables can be neglected as it is observed to be smaller than the
angular structures to resolve!l.

Acceptance effects are caused by the reconstruction and selection of the
candidates and alter the shape of the variable distributions. In order to avoid
bias in the results, they are taken into account in the fit model by dedicated
efficiency functions.

9.2.1 Flavor tagging dilution

Mistagged events directly dilute the observed CP asymmetry by a factor
Dtag =(1 _zwtag) .

The origin and estimation of the tagging dilution are extensively described
in Chapter 8. This effect is incorporated into the fit model by modifying the
time-dependent functions O; of the differential decay rate model'? to include
the flavor tagging information, as:

I
Oi(a, t) = Nje st [ai Cosh<A25t) +by sinh<A25t>

+ Ciatag(] - 2wevt) COS(Amst) (917)

)

+ di‘itag(] — 2Weyt) sin(Amst)

where the tagging decision &g and the per-event dilution Deyt = (1 — 2Weyt)

are applied to each of the c; and d; terms!3.

The resolution on the three transversity angles is measured, using simulated events, to be ~30
mrad.

The O; functions have been first defined in Eq. 3.20.

The c; and d; terms change sign between BS = J/b ¢ and Eg — ]/ ¢ decays, as can be seen
from Eq. 3.14.
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9.2.2  Decay length resolution

In order to properly resolve the flavor oscillation of the B9-BY system, the proper
decay time!* resolution needs to be significantly smaller than the oscillation
period T = 2mt/Amg ~ 350 fs.

Being able to properly observe the BY oscillations is of primary importance in
this analysis, as the part of the decay rate most sensitive to ¢ is the asymmetry
between the BY and BY decays, which is roughly given by'®:

acp(t) oc sin ¢ sin(Amst) . (9.18)

The impact of the decay time resolution (hereafter indicated with 8¢) can be
estimates assuming a Gaussian resolution function, as [169]:

meas oo / | _%tzl) / _stamd
acp (t) = J acp(t )\/2715 e t dt'=e 7 acp(t), (9.19)
0 t

From Eq. 9.19 follows that the decay time resolution effectively damps the flavor
oscillations amplitude, and by consequence the observed CP asymmetry, by a
dilution factor equal to:

2
2 Amg
—d%

Diime = € 1 2. (9.20)

In analogy to the tagging dilution, the sensitivity on ¢ is directly proportional
to DtimeXVI-

The decay time resolution distribution in the selected BY — J/\ ¢ data sample
is shown in Fig. 9.2. The typical & values are of the order of 50~80 fs, which
correspond to dilution factors of about 0.4~0.7. However, since the decay time
resolution is evaluated on a per-event basis, the effective dilution factor is likely to
be higher, in analogy with the per-event mistag probability reasoning presented
in Section 8.1.1.

ANALYSIS SENSITIVITY Taking into consideration all dilution factors, and
neglecting background, the overall sensitivity on ¢ can be expressed as:

Sd)s X Dta\thime\/m> (921)

which can be used to compare different experimental strategies. As an example,
the ratio of Sy, as evaluated for this work to the one evaluated for the previous
CMS result [64] is roughly equal to 531)3; Tev Sﬁ)sTeV A 3.5XVI

14 The proper decay length ct and the proper decay time t differ only by a factor c. As such,
sometimes these two terms are interchanged depending on what unit of measure is more suitable
for the discussion.

15 See Eq. 3.13.

XVI This is only true as a first approximation, as some terms of the decay rate are not directly related
to the BS mixing. These terms are however less sensitive to ¢s and can be neglected in this
discussion.

XVII This work: Diag = 0.46, Dijme = 0.55, etag ~ 0.5. Ref. [64]: Diag & 0.40, Diime ~ 0.45, etag ~ 0.08.
The number of Bg candidates is assumed equal, which is the case in a first approximation.
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Figure 9.2: Decay time resolution distribution in the selected Bg — J/Ub ¢ data sample,
evaluated as 8¢ = =<t7<t. The k¢ scaling factor, roughly equal to ~1.2, is
discussed in the text in Section 9.2.2.1.

9.2.2.1 Resolution estimation

The proper decay length uncertainty, measured in each event is (Eq. 7.5):

\/ op 0\ 2 o\ 2
Ot = ct <Y> + <F’T) . (9.22)
I—xy PT

As explained in Section 7.2.2, the dominant part in Eq. 9.22 is the term related to
the uncertainty in measuring the decay length Ly, which in turn is dominated
by the uncertainty on the measurement of the position of the secondary vertex.
The measured o distribution in the selected BY — J/\ ¢ data sample is shown
in Fig. 7.4, with average values of the order of 15-20 um. In this work, the
measured ct uncertainty is used to estimate the ct resolution on a per-event
basis. It is worth remembering that the ct uncertainty and the ct resolution are
not the same quantity. The former is a per-event estimate of the uncertainty in
measuring ct, while the latter is the main parameter of the resolution function
(Eq. 9.19) that needs to be convolved with the original ct distribution to obtain

the measured onel8.

PROPER DECAY LENGTH UNCERTAINTY CORRECTION To account for any
underestimate or overestimate of the proper decay length uncertainties, a scaling
factor k. is introduced as constant multiplying o¢¢ in the fit model. The scaling
factor can be determined by comparing event-by-event the measured o, with

18 This reasoning assumes a flat efficiency.
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Figure 9.3: Proper decay length distribution around ct ~ 0 cm of BS — J /1 ¢ candidates
as reconstructed in J/{ — pwTu~ simulated events (left) and in the data
sample (right). In both cases the BY — J/1 ¢ analysis trigger and offline
reconstruction steps are applied, with the exception of the requirement on
ct.

the difference between the measured and true proper decay length. Typically
this can be achieved either in simulations, where the true ct is known from MC
truth, or in data exploiting prompt J/1p mesons that have a lifetime comparable
with zero.

In the context of this analysis, k¢ cannot be reliably determined in data, as the
trigger selection strongly suppresses the prompt background. The requirement of
a third tagging muon, combined with the other selection requirements, is found
to systematically reduce any background source not related to b-hadrons from
bb pairs. This has been cross-checked in simulations, by applying the trigger
and offline reconstruction in simulated J/\p — p*u~ events. Figure 9.3 shows
the ct distribution for reconstructed B — J/\b ¢ — pu*u~ K¥K~ candidates in
]/ — utu~ simulated events!” and in the data. Both samples are constructed
applying the analysis reconstruction procedure described in Chapter 7, except
for the requirement on ct XX Tn both cases, the observed distribution is found to
be compatible with a sum of exponential distributions convolved with Gaussian
resolution functions. The prompt component is found to be too suppressed to be
properly modeled. For this reason, only BY — ]/ ¢ simulated events are used
to estimate k., with the Gaussian resolution functions fitted in data (Fig. 9.3b)
only used to roughly cross-check the obtained values and to evaluate a related
systematic uncertainty?!.

19 See Section 7.3 for more details on simulated samples.
XX Selection requirement on the proper decay length: ct > 70 pm.
21 See Section 10.6.
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Figure 9.4: Proper decay length pull distribution as measured in simulated BS — J/¢ ¢
events for 2017 (left) and 2018 (right) data-taking conditions. The entries
of the distributions are calculated as (ct — ctgen)/0ct, where ctgen is the
generated ct value of the selected B meson. For each data-taking period,
the scaling factor k¢ is defined as the RMS of the resulting distribution.

The scaling factor k. is estimated separately for the 2017 and 2018 data-taking
conditions as the RMS of proper decay length pull distribution:

Ket = RMS(W‘) (9.23)
ct — p . .

ct

The resulting distributions are shown in Fig. 9.4. The scaling factor k. is
measured to be 1.25 and 1.15 for the 2017 and 2018 data-taking conditions,
respectively, while the central values are compatible with zero within 0.05. These
values are roughly compatible within +10% with the values observed in data.

The resolution scaling factor is also evaluated as a function of the proper
decay length. The procedure is the same as above but performed in several bins
of ct. The results of this study are shown in Fig. 9.5. The value of k. is found
to increase with increasing values of ct, especially after ct ~ 0.2 cm. In the final
tit model, the resolution scaling factors for the two data-taking periods are fixed
to their averages, as the majority of events are found to be well described by
such values. The effect of the k¢ dependence on ct is treated as a systematic
uncertainty, as described in Section 10.6.

PROPER DECAY LENGTH RESOLUTION FIT MODEL The proper decay length
resolution is included in the fit model through a Gaussian resolution function
which makes use of the scaled per-event o as:

_ 1 ct

2
G(ctyoct) =e 7(@) = e_7<KctUct> i (9.24)

In the final fit Eq. 9.24 is then convolved with the B — J/bo decay rate,
effectively smearing the ct distribution.



22

23

9.2 EXPERIMENTAL EFFECTS

l L P L L P 1H\ L P L

\—2 -1 -2 -1
10 10 ot fem] 10 10 ot fom]

(a) 2017 simulations. (b) 2018 simulations.

Figure 9.5: Dependence on ct of the resolution scaling factor k., as measured in
simulated BS — ]/ ¢ samples. The markers represent the k¢ value as
evaluated in each ct bin, while the red line represents a 4-th order polynomial
fit to the experimental points.

The o.¢ PDF is also included in the fit model. It is parametrized as the sum of
two gamma distributions, each defined as:
—(oct—1)
(e e
ry) By ’

where I'(y) is the gamma function I'(y) = (y —1)! and p, y and 3 are three shape
parameters??. The o, distribution obtained in BY — J/ ¢ simulated events is
shown in Fig. 9.6 with the fit results overlayed. In both distributions, structures
are clearly visible in the pulls. This is interpreted as residual differences between
the observed distributions and the fit model, enhanced by the very high statistics
of the MC samples. At the level of statistics available in the data, these structures
should not be visible?> and are not considered an issue.

(9.25)

9.2.3 Proper decay length efficiency

The efficiency in reconstructing a BY — J/i ¢ candidates depends on the
decay length of the B meson. Especially at large ct values, the efficiency in
reconstructing secondary decay vertices is expected to decrease [120, 170].

The proper decay length efficiency (“ct efficiency”) is estimated using simu-
lated BY — J/\ ¢ events, as:

N(ct)

e(ct ,
(et) o« N(Ctgen) ® G(ct, 0ct)

(9.26)

These shape parameters are not related to other quantities indicated with the same symbols. This
applies to all PDF described in this chapter.
See Fig. 9.16c later in the chapter.
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Figure 9.6: Proper decay length uncertainty distribution as measured in 2017 (left) and
2018 (right) BY — J/U ¢ simulated events. The two colored dashed lines in
each plot represent the two gamma distributions.

where

* N(ct) is the ct distribution as measured in B — ]/ ¢ simulated samples*
with Al =0,

® N(ctgen) is the ct distribution as generated in BY — J/Wb ¢ simulated sample
where no geometrical acceptance filter is applied at generation level?®,

* G(ct,0.¢t) is the Gaussian resolution function defined in Eq. 9.24.

The proper decay length efficiency is estimated in several bins of ct separately
for the 2017 and 2018 data samples.

The acceptance histograms are then parametrized in the 0.007-0.5 cm ct range
with the following function:

4
e(ct) = ae P°t. Z ciTi(ct) (9.27)

i=1

where T, are the Chebyshev polynomials of the first kind and a, b, and c; are a
set of parameters to be optimized. Higher order polynomials have been tested
and found to not improve the parametrization.

The efficiency histograms and the obtained efficiency functions are shown in
Fig. 9.7. As expected the proper decay length efficiency decrease with increasing
values of ct.

24 The trigger selection and offline reconstruction procedure is applied.
25 This is equivalent of using a e "=t distribution.
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Figure 9.7: Proper decay length efficiency functions as evaluated in 2017 (left) and 2018
(right) B(S) — ]/ ¢ simulated events. The solid line represents the fit results
(Eq. 9.27) to the efficiency values (solid markers) in the various ct bins.

9.2.3.1 Efficiency validation

The procedure used to estimate the proper decay length efficiency is validated
by measuring the lifetime of the BT — J/i K control channel in data.

Efficiency functions are evaluated in BT — J/i K™ simulated events and then
used to fit the ct distribution in data. Eight different data-taking periods are
considered, each with the number of B™ candidates comparable with the one of
signal candidates in the BY sample used in the analysis?®. The results of the fits
in the eight data samples are reported in Tab. 9.2. In all cases the results are in
good agreement with the world-average B™ meson lifetime, with differences no
larger than 1.6 standard deviations, showing no large bias or instabilities during
the data taking.

The measured efficiency functions are also cross-checked in simulations in
the regular BY — ]/ ¢ simulated samples®’. The measured ct is divided by the
efficiency functions and the obtained distributions are found to be in excellent
agreement with an exponential with a time constant equal to the B? lifetime
value set in the simulation.

9.2.4 Angular efficiency

The reconstruction and selection procedures distort the shape of the angular
distributions of the final-state particles. As such, in order to obtain unbiased

The data-taking periods are the same reported in Tab. 7.4.
These are the regular B(S) — ]/ ¢ simulated samples, not the ones with Als = 0 used to estimate
the efficiency functions.
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Table 9.2: BT — J/¢ KT lifetime measurement in different data-taking periods. The data
sets are the same reported in Tab. 7.4. The quoted uncertainties are statistical
only. The pull with respect to the world-average value cty vkt = 4911+
1.2 um [34] are also reported. The quoted uncertainties are smaller than the
world average because no systematic uncertainty is considered.

Data sample ctg+_j/qx+ [wm] Pull wrt. WA [s.d.]

2017-C 493.8+2.4 +1.0
2017-D 494.8+3.5 +1.0
2017-E 494.7+2.3 +14
2017-F 489.5+1.7 0.7

2017 (total) 492.9+1.1 +1.1
2018-A 489.3 +2.0 —0.8
2018-B 4957 +2.7 +1.6
2018-C 4892+ 1.4 ~1.0
2018-D 4932413 +1.2

2018 (total) 492.78 +0.97 +1.1

results, the angular efficiency needs to be taken into account in the final fit
model.

The angular efficiency is defined as the ratio of the observed 3D distribution
of the three variables cos 61, cos\1 and @7 to the true angular distribution:

N(cos O, cos P, @T)

. 9.28
Ngen(cos 6T>COS¢‘T>(PT) ( )

€(®) = e(cos 01, cos P, @T)

In analogy with the ct efficiency, N(©) is measured in Bg — J/U¥ ¢ simulated
samples generated with Al = 0 to disentangle angles from time evolution,
while Ngen () is extracted from the generation information of the B = J/ o
samples where no geometrical acceptance filter is applied. All the other MC
samples are simulated requiring the final-state particles to be generated inside
the CMS geometrical acceptance. While this is not an issue for reconstructed
events, it can cause border effects when generation information is used, as
reconstructed events can migrate in and out the geometrical acceptance due to
finite resolution in the determination of the track positions.

EFFICIENCY PARAMETRIZATION Angular efficiency functions are con-
structed separately for the 2017 and 2018 data samples with the following
procedure.

First, Eq. 9.28 is evaluated as a 3D ratio histogram obtained from the N(©)
and Ngen (0©) distributions. Several binning combinations have been tested, eval-
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uating both the computational time of the procedure and accuracy. The optimal
configuration is found to be 70 bins for cos 01 and cos 1, and 30 for ¢, for a

total of 147000 bins.
Next, the efficiency is parametrized, as

@) = ) crrmbLim(®), (9:29)
1, k,m

where ¢y 1 m are coefficients obtained projecting the efficiency histogram on a
orthogonal basis constructed from spherical harmonics and Legendre polyno-
mials defined by the elements by  m (©). The basis elements and the projection
coefficients are respectively defined as:

sin(met) if m<0

b1 k,m(0) =P (cosO7) - Py (cos ) - { cos(met) if m>0 (9.30)
1/2 ifm=0
and N
1 = T btk m (Xb)
Cliym = 5 — > ok , (9.31)
[PR{EIPE S Ve
where

* PI™ are the associated Legendre polynomials of degree i and order m**VIIl,

* b is an index that run over all the 147000 bins of the efficiency histogram,

* by, m(xp) is the basis element evaluated in the center x of the bin b,

hy, and V;, are the height and the volume of the bin b, respectively,

HPFHZ is L2 norm of the associated Legendre polynomial P

This basis is chosen because it is the simplest orthogonal basis for functions
of three angular variables. The optimal maximum value of the degree of the
polynomials 1 is found out to be 6, after testing all the values between 3 and
12XXX Higher degree polynomials are found to only increase the computational
time without improving the efficiency description. This procedure is repeated
separately for the 2017 and 2018 samples.

The projections of the acceptance histograms and the respective efficiency
functions are shown in Fig. 9.8. The shape of the efficiency functions is very
similar between the two samples. A similar observation can be made on the ct
efficiency functions shown in Fig. 9.7, indicating no major acceptance difference
between the two years of data-taking.

XXVIII In Equations 9.29, 9.30 and 9.31 the polynomials degree 1i is indicated with 1 and k.
XXIX For a polynomial of degree i, the order m can only assume integer values 0 < m < i.
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Figure 9.8: Projection of the angular efficiency histograms as evaluated in 2017 (left)
and 2018 (right) BY — J/1 ¢ simulated events. The red line represents the
respective projection of the efficiency function ¢(®). The same binning used
in the efficiency estimation procedure is used (70 bins for cos 01 and cos T,
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9.3 FIT MODEL

The fit model is composed of probability density functions describing the signal
(Psig) and background (Ppyg) components. The signal and background PDFs are
formed as the product of functions that model the invariant mass distribution
and the time-dependent decay rates of the reconstructed candidates. In addition,
the time and angular efficiency functions are included in the signal model.
The event PDF is defined as:
N Npkg

p=_S8p, 4 "Ep 9.32
Ntot sg"‘ Ntot bkg » ( 3)

where

Psig = e(ct) e(O) |f(O,ct| o) @ G(ct, 0ct) Psig(mBg) Psig(Gct) Psig(atag) y (9:33)
and*

Pbkg = Pbig(€0s 01, @T) Ppg(cos Y1) Phg(ct) Poxg(Mpo) Pokg(0ct ) Pokg (Etag) -

(9.34)
The corresponding negative log-likelihood is equal to3!:
Nevt
—Infl = —Zln Pi +Nt0t_Nth lnNtot. (935)
i=0

The yields of signal and background events are free to float parameters indicated
with Ngig and Npyg, respectively, with their sum being Niot. The number of
candidates selected in data is indicated with Nyt = 65470. The second and third
terms of Eq. 9.35 are related to the extended term described in Section 9.1.

The PDF f{ (O, ct| «) is the differential decay rate function f(©, ct| ) defined
in Eq. 3.19, modified to include the tagging information, as explained in Sec-
tion 9.2.132. All assumptions listed in Tab. 9.1 are used.

The efficiency functions ¢(ct) and ¢(®), the ct resolution function G(ct, o)
and the signal o distribution have been already defined in Sections 9.2.3, 9.2.4
and 9.2.2.1, respectively. The other PDFs in Egs. 9.33 and 9.34 are described in
the following sections and summarized in Tab. 9.3.

In the next section, fits performed in simulated samples and data sidebands
are presented for validation and visualization purposes. Unless stated otherwise,
they should not be intended as pre-fits. The fit to data procedure, completed of a
list of pre-fitted and fixed components, is described in detail in Section 9.4.

The angular background is factorized in Pbkg(cos O, 1) Pbkg(cos VP), as it is observed in simu-
lations that the correlation between cos {1 and the other two angular observables is small.

The constant term Z{\lev‘ In1i is omitted.
Here, o = (d)S) AFS) rS) Amsy P\ly ‘AO‘) ‘AJJ)
rameters.

Al

s 1Asgl,y 89, 5”, 51, bg) is the set of physics pa-
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Table 9.3: Summary of the distribution models used to parametrize the signal and
background distributions in Eq. 9.32. The sum of two distributions is indicated
with “2x”. “Decay rate model” indicates that the variable is described by the
BS — J/\ ¢ differential decay rate defined in Eq. 3.19. The tagging decision
distribution is not explicitly reported and it is defined in Eq. 9.37. Unless
stated otherwise all the distributions are independent and do not share any
parameter. The definition of combinatorial and peaking background is given
later in the text in Section 9.3.2.

Variable Signal Combinatorial bkg. Peaking bkg.
mpo Johnson’s Sy Exponential Johnson’s Sy
ct Decay rate model 2 xExponential Exponential
] Decay rate model Legendre polynomials Legendre polynomials
Oct 2xGamma 2xGamma Same as signal

9.3.1 Signal model

The signal model has been developed in BY — J/ ¢ simulated samples. Several
choices of the PDFs have been tested for all the variables. The chosen functions
are the ones found out to best model each individual variable in the simulated
events.

INVARIANT MASS The signal mass is modeled using a Johnson’s Sy distri-
bution [171]. This PDF is obtained from transforming a normally distributed
variables x to

X —z=v+5sinh™" <X;“> , (9.36)

where v, A and p are parameters left to float. With respect to the Gaussian
distribution, the Johnson’s Sy distribution can be asymmetric if the vy is different
from zero. The B? invariant mass spectrum in the simulated samples, and
corresponding fit, is shown in Fig. 9.9.

TAGGING DECISION The signal tag decision®® PDF is constructed so that the
probability for an untagged event is 1 — et and the probability of an event
tagged as B(S) (ﬁg) is EtagNBg/Ntag (EtagNﬁg/Ntag), where Nig = NBQ + Ngg is
the total number of tagged events. Mathematically it is defined as:

T— €tag if &tag =0

%Etag(] :l:Atag) if ‘Etag ==+1,

Psig ( Etag) = (937)

33 The tagging decision &tag is defined in Eq. 8.1.
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Figure 9.9: Invariant mass distribution in simulated Bg — J/U ¢ samples. The solid line
represents the Psig(mgg) fit results.

where Ay is the tagging asymmetry computed as:

N(((—vtag :+])_N((Z—vtag =-1)
N(Etag :+])+N(£tag :_]) .

Atag =

Both Etag and Atag are free parameters of the fit model. The tagging asymmetry
is expected to be very small, as there is no reason for observing a measurable
flavor asymmetry in the selected data sample. The measured values in the final
fit to data are AZY!” = (—0.8£1.1)-102 and AZS'® = (—1.50 +0.84) - 102
for the 2017 and 2018 data samples, respectively, both compatible with zero.
The background tagging decision PDF is defined in the same way>*, as such, it
will not be described in Section 9.3.2. The tagging asymmetry is found to be

compatible with zero also for the background component.

9.3.2  Background model

The background PDF contains two terms, one related to the dominating com-
binatorial background and another to model the peaking® background from
BY — J/WK*(892)° — utu~ K*m—, where the pion is mistaken as a kaon can-
didate. Another contribution to the peaking component of the background is
the /\% — J/WK™p — pu~ K p channel where the proton is mistaken as a
kaon candidate. However, this particular contribution is not included in the

34 Psig(étag) and Pbkg(atag) have independent parameters.
35 This component is referred to as peaking since its invariant mass spectrum is not flat or monotonic.
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background model, as it is estimated to have a negligible effect on the fit results
compared to the systematic uncertainties discussed in Chapter 10.36>%

The combinatorial background model has been defined in the data mass
sidebands 5.24-5.28 GeV and 5.45-5.49 GeV, and it is mostly left free to float
in the final fit to data. On the other hand, the peaking background model has
been defined using MC samples of generated B® — ]/ K*(892)° reconstructed
as B — J/U ¢ and it is fixed in the final fit to data. The final fit procedure,
completed of a list of pre-fitted and fixed components, is described in detail in
Section 9.4.

INVARIANT MASS The background invariant mass PDF Pbkg(mgg) is mod-
eled with an exponential distribution and a Johnson’s Sy distribution for the
combinatorial and peaking contributions, respectively. The peaking background
invariant mass distribution is shown in Fig. 9.10a; the peaking structure is clearly
visible. Figure 9.11 shows the invariant mass distribution as measured in the
BY — J/1 ¢ data sample, alongside the fit of the full mass model®. Overall, the
invariant mass spectrum is found to be well described by the mass PDF. The
yields of the signal and combinatorial background are left free to float, while
the yield of the peaking background is fixed to the value estimated in Eq. 9.39.

PROPER DECAY LENGTH The background decay length PDF Py, (ct) is de-
scribed by the sum of two exponential distributions for the combinatorial back-
ground, while a single exponential distribution is used for the peaking com-
ponents. The ct distribution as measured in the data sidebands is shown in
Fig. 9.12, while the one estimated for the peaking background is shown in
Fig. 9.10b.

PROPER DECAY LENGTH UNCERTAINTY The background ct uncertainty for
the combinatorial component is described with the same model used for the
signal, that is a sum of two gamma distributions®. The o distribution mea-
sured in the data sideband is shown in Fig. 9.13. With respect to the distribution
measured in simulation*’, which resembles the signal component, a larger right
tail is observed.

The expected number of /\% — J/W K p events in the selected BS — J/i ¢ data sample is
estimated to be around ~200 from simulations, depending on assumptions. A direct search of
these decays in the BS — J/1 ¢ data sample has been performed to no success, leading to set an
upper limit of 31 events at 68% CL.

Other contributions, such as the one from resonances decaying into pions (e.g. BS —
J/W £o(980) — putu~mt7), are also found to be negligible using simulations.

Note that this is a monodimensional fit to the invariant mass distribution and not a projection of
the full fit.

The gamma distribution is defined in Section 9.2.2.1.

Shown in Fig. 9.6.
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events, representing the peaking background from B® — /1 K*(892)°. The
solid lines represent the fits of the peaking background components of
Pokg(mpo) (left) and Pyig(ct) (right). The shape of these distributions are
fixed in the final fit.

X%NDF = 1.261

3500

3000

2500

Events / 2.5 MeV

2000

1500

1000

500

Pull

5.25 53 5.35 5.4 5.45

mJ/g py) (Gev)

Figure 9.11: Invariant mass distribution for B(S) — J/¥ ¢ candidates in the data samples.
The solid line represents the P(mgpo) fit, the dashed green line corresponds
to the signal, the dotted red line to the combinatorial background, and
the long-dashed magenta line to the peaking background from B® —
/b K*(892)°.



164

FITTING PROCEDURE AND RESULTS

2/NDF = 40.761470/49.000000

E
QO q?
]
o
<
=1 2
< [
s L
g
) El
2 E
c — 1
@ -
TR ®
V
0"
E & %
o L *
| | | L L RNTRINA A R l l

4E
3 2

0
a2

-4

0.05 0.1 0.15 0.2 0.25 0.3 035 0.4 0.45 0.5
Bs ct (cm)

Figure 9.12: Proper decay length distribution as measured in the data mass sidebands
5.24-5.28 GeV and 5.45-5.49 GeV. The red line represents the fitted com-
binatorial component of Ppig(ct), which is defined as the sum of two
exponential distributions (dotted lines).

The peaking background component of Ppyg(0ct) is set equal to the distribu-
tion observed in data for the signal*!. This choice is motivated by the fact that
the proper decay length uncertainty is found to be modeled too optimistically in
simulated samples, that is a lower value of o, on average is found, with respect
to what observed in data. The signal distribution is chosen as the model for the
peaking background component of Pyis(0ct) since the final-state topologies of
BS = J/b ¢ — putp~ K*K~ and B® — J/1 K*(892)° — putu~ K+tm~ decays are
very similar, presenting two muons and two charged tracks belonging to the
same displaced vertex.

ANGULAR BACKGROUND MODEL The background model for the angular
variables is factorized as:

Pokg(©) = Ppig(cos 01, @1)Pprg(cos ), (9.38)

where the Py (cos 01, @) and Ppyg(cosr) are constructed as linear combi-
nations of Legendre polynomials of order i = 2, 4 and 6. The combinatorial
background component of Py, (©) as measured in the data mass sidebands is
shown in Fig. 9.14, while the peaking background component, as measured in
BO — J/1 K*(892)° simulated events, is shown in Fig. 9.15.

k
41 Le., PP (0ct) = Peig(0ct).

bkg



9.3 FIT MODEL 165

. 10 o
3 ™ 3 e
) C %] E
T 2500 2 a0
g E [ =
w E i) E
2000~ E
E 2500
1500/ — 2000
E 1500/
1000~ E
E 1000
500[— E
= 500F—
ofs o
4 4
2B % ; ) ; 2E il ¢ 5% ¢
DE * & 2E % ¢ ¢ s [
0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035 0.004 0.0045 0.005 0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035 0.004 0.0045 0.005
Bs ct Err (cm) Bs ct Err (cm)
(a) 2017 data sample. (b) 2018 data sample.

Figure 9.13: Proper decay length uncertainty distribution as measured in the data mass
sidebands 5.24-5.28 GeV and 5.45-5.49 GeV. The red line represents the
fitted combinatorial component of Pbkg(crct), which is defined as the sum
of two gamma distribution (dotted lines). (fix)

Events/(0.02)
Events/(0.02)
\‘HH?HHT‘H\

—

&
T
r

3
TTTT T TTIT 77T
——

Pull
Pull

08 1
cos(y,)

0.8
cos(8,)

(a) cos 01 (combinatorial background). (b) cospT (combinatorial background).

Events / (0.0628319 rad )

Pull

E] -2 -1 0 i

o, (ra?i)
(c) @7 (combinatorial background).

Figure 9.14: Angular distributions for B‘S) — J/U ¢ candidates reconstructed as mea-
sured in the data mass sidebands 5.24-5.28 GeV and 5.45-5.49 GeV. The
solid line represents the projection of the combinatorial background com-
ponent of the Ppyg(O) fit.



166 FITTING PROCEDURE AND RESULTS

Events/(0.02)
I
Events/(0.02)
T \\T\
— -
R
—

3
ARANRRRRNRRRRNENEE

—.—
HHTHH‘

Pull
Pull

08 06 04 02 [ 0.2 0.4 0.6 0.8 1

cos(y,) ) cos(6,)

(a) cos B1 (peaking background). (b) cospt (peaking background).

Events/ (0.0628319 rad )

Pull

3
@, (rad)

(c) @71 (peaking background).

Figure 9.15: Angular distributions for Bg — J/U ¢ candidates reconstructed in B® —
]/ K*(892)° simulated events, representing the peaking background from
BC — J/K*(892)° — ptp~ KTz . The solid line represents the projection
of the peaking background component of the Py, (©) fit.



42
43

9.3 FIT MODEL

PEAKING BACKGROUND YIELD ESTIMATION The expected event yield for
the peaking background is estimated, separately for the 2017 and 2018 data
samples, using simulated samples of known integrated luminosity, as:

data MC [“?natta
Npeak = Npeak £MC ’ (939)

int

where ng’égk is the number of reconstructed BS — J/U ¢ candidates in the

BO — ]/ K*(892)° simulated samples and Li; are the integrated luminosity
values of the respective samples. Using the values of £83% reported in Tab. 7.4,
the peaking background yield is estimated to be 1150 and 1640 events for the
2017 and 2018 data sample, respectively. No statistical uncertainty is given, as
these yields are fixed in the final fit. A systematic uncertainty related to the

precision of this estimate is described in Section 10.3.

9.3.3 Fit model validation

The fit model is validated by performing several UML fits to BY = J/bo
simulated samples.

The decay rate model defined in Eq. 3.19 is validated by fitting the generation
information of the large*? BY — J/1 ¢ simulated sample where no acceptance
filters have been applied. Since the fit is not performed on reconstructed events
no resolution or acceptance effects are taken into account. The assumption and
conventions reported in Tab. 9.1 are used. The extracted physics parameters are
found to be in excellent agreement with the simulation values.

The signal fit model, defined in Eq. 9.33, is validated by fitting the regular
BY — J/U ¢ simulated samples, as they represent a simulation of the expected
signal in data. The results for all the physics parameters are found to be in
good agreement with the simulation values. These fits also provide a cross-check
for the efficiency functions evaluated in the B — J/U ¢ (ATs = 0) simulated
samples.

The full fit model is validated with multiple fits to pseudo-experiments. Since
this validation is also used to assess one of the leading systematic uncertainties,
the related description is postponed in Chapter 10.

CORRELATIONS BETWEEN FIT COMPONENTS The correlations between the
different fit components are studied in both data and simulation and found to be
overall negligible. The only significant correlation is found to be in data between
the B mass and its proper decay length, which is measured to be ~1% and
found to have no impact on the final results**. The other correlations are found

The number of fitted events is roughly 8.5 millions.
This has been studied with pseudo-experiments with a procedure similar to the one used to
evaluate the model assumptions systematic uncertainty described in Section 10.2.1.

167
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to be of the order of ~1%o., the same order as expected for random correlations
in a sample of the same statistics as data.

94 FIT PROCEDURE

The physics parameters are extracted with an unbinned extended maximum-
likelihood fit performed simultaneously in the 2017 and 2018 data samples.
The joint likelihood function shares the decay rate model, the invariant mass
PDFs, the peaking background model, and the lifetime and angular components
of the combinatorial background model between the two samples. The yields
of the signal and background components are measured separately in each
data sample, as is the tagging efficiency. The efficiency functions, P(o.¢) PDFs,
tagging decision PDFs, and k¢ factors are also specific to each data sample.

Due to the complexity of the model, the fit cannot be performed in a single
step and several cycles of pre-fits are used to determine the starting values of
the various parameters describing the individual distributions. In what follows,
a distribution is indicated as “pre-fitted” if the starting values of its parameters
have been determined with pre-fits and then left free to float in the final fit. On
the other hand, if the parameters are not free to float in the final fit, but instead
fixed to what obtained in the pre-fits, the PDF is referred to as fixed.

The combinatorial component of the background PDF is pre-fitted to the
data mass sidebands, while the peaking component is fixed, except for the o¢¢
PDF, to the results of the UML multidimensional fit to the B® — ]/ K*(892)°
simulated samples*. The peaking background event yield is also fixed to the
value estimated with Eq. 9.39. Due to their instability in the final fit, the signal
and background components of the decay length uncertainty PDF are fixed to
the ones obtained from a two-dimensional fit together with the invariant mass
PDF. The only distributions that are not pre-fitted are the differential decay rate
F(@, ct|«) and the tag decision PDFs P(&t,). The pre-fitted, fixed, and shared
PDFs are summarized in Tab. 9.4.

After all the cycles of pre-fits, the UML fit to the combined 2017+2018 data
samples is finally performed.

9.5 FIT RESULTS

The results of the fit with their statistical uncertainties are given in Tab. 9.5.
Statistical uncertainties are obtained with the MiNnos method from the increase
in —log £ by 0.5 . The statistical correlation matrix obtained with the Hessg
method is reported in Tab. 9.6. The CP-violating phase ¢ is found to be weakly
correlated to the other physics parameters, with the largest correlation being 22%
with [Al. The measured number of B — J/{ ¢ — ptu~ K¥K~ signal events

This fit is performed on MC samples of generated B® — ]/ K*(892)° — ptu~ K*n~ events
reconstructed as B(s) = J/Wd — putum KTK™.



9.5 FIT RESULTS 169

Table 9.4: List of pre-fitted, fixed and shared parameters, functions and distributions.
The “pre-fitted” column indicates PDFs for which the parameter starting
values have been determined with pre-fits and then left free to float in the
final fit. On the other hand, the “fixed” column indicates distributions for
which the parameters are fixed to what obtained in the pre-fits. Finally,
the “shared” column indicates if PDF is shared between the 2017 and 2018
data samples in the joint likelihood. The “comb” and “peak” subscripts
indicate quantities related to the combinatorial and peaking components
of the background, respectively. The combinatorial background PDFs are
pre-fitted in the data mass sidebands. The peaking background PDFs are
pre-fitted in the B® — J/{ K*(892)° — utu~ K¥7~ simulated samples. The
dashes (—) indicates inapplicable conditions (e. g. Ppeak(0ct) is set to be equal
to Psig(gct))-

Object Pre-fitted Fixed Shared
(O, ct| ) v
e(ct)e(O) — v

Ket — v

Nsig v

Psig(mpo) v v
Psig(0ct) v v

Psig (&tag)

N comb v

Pomb(Mge) v v
Peomb (Ct) v v
Peomb (0ct) v v

Peomb (©) v v
Peomb ( ‘itag )

Npeak v v
Ppeak(Mpo) v v v
Ppeak(ct) v v v
Poca(0ct) = = =
Ppeak(©) v v v
Ppeak ( Etag) v v v
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from the fit is 48 500 & 250. The distributions of the input observables and the
corresponding fit projections are shown in Fig. 9.16.

Overall, the fitted model is found to describe well the distribution of the
input observables, although some minor discrepancies are observed. The fit
projection to the proper decay length (Fig. 9.16b) shows a small discrepancy in
the low ct region, while the one to cos 0t (Fig. 9.16d) exhibits a slight left-right
asymmetry. The impact on the final results of these effects is estimated, and
taken into account, in the so-called “model assumption systematic uncertainty”,
described later in Section 10.2.1. In both cases the effect is minimal*. The fit
projection to the invariant mass (Fig. 9.16a) shows a mismodeling in the left tail
around 5.33 GeV, which however is not observed in the one-dimensional mass fit
(Fig. 9.11). Upon further investigation, it has been observed that the signal and
background yields obtained in the one-dimensional fit are slightly different from
those obtained from the final fit, which is the cause of the distortions seen in
the P(mpo) component of the fit model. The impact on the final results of these
effects is taken into account in both the “model assumption” and the “peaking
background” systematic uncertainties, described in Sections 10.2.1 and 10.3
respectively, which estimate the possible biases in the assumptions made in the
mass and peaking background fit models. The impact on the total uncertainty
on the final results is found to be negligible®.

The CP-violating phase ¢, is measured with a statistical uncertainty
of 50 mrad, half the one obtained in the previous CMS measurement at
/s = 8 TeV [64], which was based on a similar amount of B candidates. This re-
flects the new trigger strategy which drastically improves the tagging efficiency
at the cost of a reduced number of signal events. Notably, the improvement in
the precision on ¢ roughly reflects the sensitivity improvement estimated with
Eqg. 9.21. At the same time, the statistical precision on parameters that do not
benefit from the tagging information, such as Al; and T, is comparable to that
of the previous measurement. It is worth mentioning that the number of B¢
candidates selected in this work is similar only accidentally to the one of the
previous CMS measurement. With respect to the previous measurement, the
BY — J/U ¢ data sample in this work is collected with five times the integrated
luminosity at a center-of-mass energy that roughly doubles the pp — bb produc-
tion cross section. These improvements are almost perfectly counterbalanced by
the fact that the HLT used in selecting the data samples requires a third muon,
which cost a factor of ten due to the branching fraction B(b — p) ~ 10%.

This analysis also represents the first measurement with the CMS experiment
of the mass difference Amg between the heavy and light B mass eigenstates
and of the direct CP observable |A|.

The fit results are discussed more in detail in Chapter 11, where the combi-
nation with the earlier CMS result at a center-of-mass energy of 8 TeV is also
presented.

45 See Tab. 10.3 and Tab. 10.9.
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The vertical bars on the points represent the statistical uncertainties. The
solid line represents a projection of the fit to data (solid markers), the

dashed line corresponds to the signal, the dotted line to the combinato-

rial background, and the long-dashed line to the peaking background
from B® — J/ApK*892)° — ptu~ KTm~, as obtained from the fit. The
distribution of the differences between the data and the fit, divided by
the combined uncertainty in the data and the best fit function for each
bin (pulls) is displayed in the lower panel. Figure from Ref. [1] as of 30

November 2020.
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Table 9.5: Results of the fit to data for the physics parameters of most interest. The
quoted statistical uncertainties are obtained from the increase in —log £ by
0.5. The results are converted to the units of measure used by the Particle
Data Group [34].

Parameter Fit value Stat. uncer.
¢ [mrad] —11 +50
AT [ps—] 0.114  +0.014
Amg [hps~'] 1751 o

Al 0.972  £0.026
Ts [ps—'] 0.6531 +£0.0042
|Aol? 0.5350 +0.0047
AL 0.2337  +0.0063
Asl? 0022 8407
5 [rad] 318 +0.12
5 [rad] 2.77 +0.16
551 [rad] 0221 *30%

Table 9.6: Statistical correlations between the main physics parameters of interest as
evaluated with the Hesse method. The lower half of the matrix is not reported

as it is symmetrical. Correlations larger than 0.5 are underlined.

Aol® AL AP 5 81 8si e AN Amg N s
IAOIz +1.00 —-0.61 +0.15 —-0.01 —-0.01 —-0.09 —-0.32 +0.63 —0.01 0.00 —0.01
|A¢|2 +1.00 —-0.11 —0.06 0.00 +0.06 +0.42 —-0.71 +40.02 —0.01 +40.01
|Ag |2 +1.00 —0.07 —0.02 —0.44 +40.15 0.00 +40.03 —-0.03 —-0.02
) I +1.00 +40.27 —-0.02 —-0.03 +0.01 —0.01 —0.06 —0.02
o1 +1.00 —-0.10 +0.02 —-0.01 +0.68 —0.18 —0.09
Os | +1.00 —0.05 —-0.04 —-0.05 +0.05 +0.03
I's +1.00 —0.48 +0.03 —0.02 0.00
AT +1.00 —0.02 0.00 —0.02
Amg +1.00 —-0.14 —-0.19
Al +1.00 +40.22
ds +1.00




SYSTEMATIC UNCERTAINTIES

This chapter describes the various sources of systematic uncertainties induced
by the assumptions made in the fit model and in the analysis methods. In this
work, the general approach in regards to biases is to treat them as systematic
uncertainties, instead of using the information to correct the results or the fit
model. The numerical values of the systematic uncertainties on the physics
parameters are summarized at the end of the chapter in Tab. 10.9.

PSEUDO-EXPERIMENTS Most of the systematic uncertainties are evaluated
using Monte Carlo pseudo-experiments, that is sets of pseudo-data (“toys”) gener-
ated following a given distribution and then fitted with the “nominal” fit model
defined in Eq. 9.32. It is important to note that the model used to generate the
toys does not have to be the same used to fit them. Typically, the extracted
physics parameters are compared with the input values of the toys to construct
pull distributions (i.e., the difference divided by the combined uncertainty).
In absence of biases or other systematic effects, the pull distribution for each
parameter should follow a Gaussian distribution with a central value equal to
zero and unity width. Deviations from this expectation are typically used to
assess the magnitude of systematic effects. Unless stated otherwise, the pseudo-
experiments mentioned in this chapter are always generated to be statistically
equivalent to the combined B? — J/1 ¢ data sample and always fitted with the
nominal model defined in Eq. 9.32. Each study is performed with one thousand
pseudo-experiments.

10.1 FITTING PROCEDURE
10.1.1  Fit bias

Possible biases arising from the fitting procedure are evaluated generating
pseudo experiments from the fitted model in data (hereafter “nominal-model
pseudo-experiments”), that is with the parameters fixed to the final fit results,
and fitting them with the nominal model defined in Eq. 9.32. The obtained
pull distributions of the fitted parameters are shown in Fig. 10.1. In absence of
biases, that is if the fit reproduces on a statistical basis the set values, the pull
distributions are expected to be centered in zero. A Gaussian function is used
to fit the pull distribution of each parameter and the estimated central value
is taken as the corresponding systematic uncertainty, if different from zero by
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more than its error!. The central values are reported in Tab. 10.1. Most of the
parameters show a fit bias around 10-20% of the respective statistical uncertainty.
When considering the total systematic uncertainty, the fit bias is found to be the
leading source of systematic uncertainty in the measurement of the CP-violating
phase ¢s. At the current level of precision, the fit bias is still negligible with
respect to the total uncertainty on the final results. However, this may not be the
case in future measurements, where the magnitude of statistical and systematic
uncertainties could be comparable.

This study also represents a validation of the fit model and was performed
before the actual final fit to the data samples.

To avoid double-counting this uncertainty, whenever pseudo-experiments
are used to evaluate other systematic uncertainties, the model bias is always
subtracted. In these cases, the procedure used is to compare the corresponding
pull distributions to those obtained with the nominal-model pseudo-experiments.
If the central values of the two pull distributions differ from each other by more
than their combined uncertainty, the difference is taken as the corresponding
systematic uncertainty. In other words, systematic uncertainties are evaluated
only if

|uref - FL|

/ 52 2
O-Href + O—H

where ¢ is the central value of the nominal-model pseudo-experiments pull
distribution and p the central value of the pull distribution of the study in
question. This condition is applied separately to each parameter.

>1, (10.1)

10.1.2 P(oct) uncertainty

As described in Section 9.4, in the fit to data the proper decay length uncertainty
PDF is fixed to the one obtained from a pre-fit. This means that the same data
sample is used twice and the final statistical uncertainties may be underestimated.
The uncertainty on the estimation of P(o.¢) is propagated to the final results by
sampling this distribution one thousand times, using the parameter uncertainties
obtained from the pre-fit accounting for correlations. With each sampled P(o+)
the fit is repeated and the standard deviation of the obtained physics parameter
distributions is taken as the systematic uncertainty. The P(o¢¢) uncertainty is
found to be the leading source of systematic uncertainty for the mass difference
Amg.

This systematic uncertainty is assigned if |u|/o,, > 1, where pu and oy, are the central value
estimate and its uncertainty.
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Figure 10.1: Pull distributions of the physics parameters as obtained from the one
thousand pseudo-experiments generated to test the fit bias. Each pull is
computed as the difference between the fit result and the simulation set
value, normalized by the statistical uncertainty on the extracted parameter.
The solid lines represent a Gaussian distribution fit. The central values
as obtained from the fits are reported in Tab. 10.1 and used to assess the
systematic uncertainty.
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Table 10.1: Central values of the pull distribution obtained from the one thousand
pseudo-experiments generated to test the fit bias. The estimated values
and their uncertainties are obtained from a Gaussian distribution fit. The
respective plots are shown in Fig. 10.1.

Parameter Pulls central value

ds —0.158 £ 0.031
AT —0.139 £ 0.034
Ams 0.000 & 0.036

Al —0.135 £ 0.041

s 0.123 +0.033
IAol? —0.041 £ 0.032
A2 0.193 +0.033
Agl? 0.105 %+ 0.035

5 0.170 & 0.048

5. 0.103 + 0.039
551 0.076 + 0.032

10.2 FIT MODEL
10.2.1  Model assumptions

Several assumptions made in defining the fit PDF are tested as a possible source
of bias by generating pseudo-experiments with different PDF hypotheses and
fitting them with the nominal model. The pull distributions with respect to the
input values are used to evaluate the systematic uncertainty, as described in
the “model bias” paragraph?. The following assumptions are tested: signal and
background invariant mass models, background proper decay length model, and
background angular model. The tested hypotheses are reported in Tab. 10.2 while
the resulting systematic uncertainty are reported in Tab. 10.3. The assumptions
made on the background model are found to be one of the leading sources of
systematic uncertainty on the direct CPV observable |A|, while the ones made on
the mass PDF are found to affect significantly the phase 8.

10.2.2  Different mistag probability distribution in signal and background

The fit model does not contain a dedicated term to describe the mistag proba-
bility (weyt) distribution, under the assumption that it is the same for both the
signal and background component. The impact on the results of this assumption

2 Section 10.1.1.
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Table 10.2: List of the alternative hypotheses used in evaluating the model assumptions
systematic uncertainty. The distributions used in the nominal model are
indicated with “nominal”. The sum of two or three distributions of the same
type is indicated with 2x and 3x, respectively.

PDF Nominal distribution Alternative distribution
Psig (mBg ) Johnson's Sy 3xGaussian
Phig (mpo) Exponential Chebyshev polynomials
Pbkg(ct) 2 xExponential Nominal+Gaussian with @ =0
Ppig(©)  Legendre polynomials ~ Nominal+asymmetric terms

Table 10.3: Summary of the systematic uncertainties related to the model assumptions.
The dashes (—) mean that the corresponding uncertainty is either not applica-
ble or not evaluated (see the text for details). The total systematic uncertainty
is obtained as the quadratic sum of the individual contributions.

ds  ATe  Amg Al Te 1Aol* |ALI® IAsl® & 5. 8sL

[mrad] [ps*1 ] [’nps*1 ] [ps*1 ] [rad] [rad] [rad]

Signal mass PDF — - — — — —  0.0008 — 0.017 0.019 0.011
Background mass PDF — — — — 0.0003 —  0.0005 0.001 — — —
Background ct PDF — — — 0.0023 — — — 0.001 — — —
Background angular PDF — — — 0.0040 — — 0.0008 0.001 — — —

Total uncertainty — — — 0.0046 0.0003 — 0.0013 0.001 0.017 0.019 0.011

is evaluated with pseudo-experiments generated with a PDF where different
signal and background P(weyt) distributions are used. These distributions are
measured in data, by using the BY candidate invariant mass signal and side-
bands regions, and separately modeled using the Kernel Density Estimation
method [172, 173]. The pull distributions are used to evaluate the systematic
uncertainty, as described in the “model bias” paragraph. This systematic uncer-
tainty is found to be relatively small for all the physics parameters.

10.3 PEAKING BACKGROUND

The peaking background model is fixed in the final fit to that measured in
B® — J/ K*(892)° — putu~ K*n~ simulated samples.

The systematic uncertainty related to the fixed event yield is evaluated by
repeating the fit using a different yield value obtained from a B® — ]/ K*(892)°
control sample in data. The alternative yield is evaluated as:

Ndata
N data —N MC B°

peak peak NMOC ) (102)
B
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where Ngégk and NII\S/[S are the numbers of B — J/ ¢ — pTpu~ KTK~ and B® —

]/ K*H(892)° — utu~ KT~ candidates reconstructed in the B® — ]/ K*(892)°
simulated sample, respectively, and N%%ta is the number of B® — ]/ K*(892)° —
nwhu~ KTt~ decays reconstructed in the data samples. Using Eq. 10.2 a peaking
background yield of 2100 events is estimated for the combined data sample.
This yield is found to be ~25% lower than the one estimated on simulations and
used in the nominal fit®. The fit is repeated using this value and the difference
with respect to the nominal result is taken as the systematic uncertainty.

A systematic uncertainty is also assigned to the proper decay length modeling
by forcing the B® lifetime to match the world-average value, repeating the fit,
and taking the difference from the nominal result as the systematic uncertainty.

The peaking background systematic uncertainties are reported in Tab. 10.4
and found to be relatively small for all the physics parameters

Table 10.4: Summary of the systematic uncertainties related to the peaking background.
The total systematic uncertainty is obtained as the quadratic sum of the
individual contributions.

s Ay Amg Al N 1Al 1AL JASE 5y 51 851

[mrad] [psq ] [hps*] ] [psq ] [rad] [rad] [rad]

Event yield 0.3 0.0008 0.011 <10~* 0.0001 0.0005 0.0002 0.003 0.005 0.007 0.011
Lifetime constant <10~!" <10=* 0.001 <10~* 0.0001 <10~% <107* <1073 <103 <103 <1073

Total uncertainty 0.3 0.0008 0.011 <10~* 0.0002 0.0005 0.0002 0.003 0.005 0.007 0.011

104 S-P WAVE INTERFERENCE

The fit model does not take into account the difference in the mgk invariant

mass dependence between the P-wave from the BS — J/1 ¢ decay and the S-

wave from non-resonant BY — J /A K*K~ and B — J/ f5(980) — purpu~ KHK—

decays. Since mgy is not fitted, this may cause biases in the physics results.
The amplitude dependence on mkk can be expressed as:

Ai(mgk) = Ayt(mgx ), (103)
As(mgk) = Aso(mkk),

where i = (0, ||, 1), and n(mkx) and o(mkk) is the mass dependence
parametrization of the P- and S-wave amplitudes, respectively, and are as-
sumed normalized to unity in the selected mkk range. To properly model this
dependence, the invariant mass of the kaon system should be parametrized for
the signal and background components in the fit model. If mkk is not fitted,

The peaking background yield in the nominal fit is estimated from the luminosity information of
BO — J/P K*(892)° simulations to be ~2800 events.



10.5 EFFICIENCY PARAMETRIZATION

as in this analysis, the decay rate terms related to the interference between the
P and S wave, i.e., the terms in Tab. 3.1 with 1 = 8, 9, 10, are modified by an
effective coupling factor ksp. The value of ksp can be evaluated by integrating
the amplitudes over the selected mgk range [my, ma]?, as:

m;
J AiAg m(mgk) o(mgk) dmgk = ksplAiAs]. (10.4)
my
Since m(mkk) and o(mgg) are normalized in [m;, m,], the \Ailz, AiAj‘ and
|As|? terms do not require any corrections:
my
J ATA; m(mgk) me(mik) dmik = [AiA;],
m
ma i (10.5)
| AsAs otmic)otmice) dmi = AP
m

The effective coupling factor is computed to be ksp = 0.54, assuming that the
P-wave is described by a relativistic Breit-Wigner distribution and the S-wave
amplitude by a constant. Different S-wave lineshapes are found leading to very
similar values of ksp, with a variation no larger than ~2%. In general ksp is
observed to be mostly dependent on the mass range and not on the specific
lineshapes used.

A systematic uncertainty is evaluated by generating pseudo-experiments
with ksp = 0.54 applied to the i = 8, 9, 10 terms in Tab. 3.1 related to the S-
and P-wave interference. Pull distributions are used to evaluate the systematic
uncertainty, as described in the “model bias” paragraph. The only parameters
whose total uncertainty are affected significantly by this approximation are [Ag 2
and Amg.

10.5 EFFICIENCY PARAMETRIZATION
10.5.1 Angular efficiency

The precision on the angular efficiency parametrization is limited by the number
of MC events used to estimate the efficiency functions. A related systematic
uncertainty is estimated by generating one thousand efficiency histograms by
randomly sampling the reference one. Each time the fit to data is repeated after
reestimating the efficiency function and the RMS of the obtained physics param-
eter distributions is taken as the systematic uncertainty®. The CPV observables
s and |A| are particularly affected by this systematic uncertainty.

In this analysis: mj ; = m‘g'?i 020) F 10 MeV.
The RMS is used, instead of the standard deviation obtained by a Gaussian fit, to take into
consideration more conservatively outliers in the distribution.
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The angular efficiency is also heavily affected by differences between data and
simulation. A dedicated systematic uncertainty is studied in Section 10.7.

10.5.2  Proper decay length

The finite MC statistics used in parametrizing the ct efficiency is propagated to
the final results by varying the parameters of the efficiency function within their
statistical uncertainties accounting for correlations. The RMS of the distribution
of each extracted physics parameter is taken as the corresponding systematic
uncertainty.

The choice of the efficiency model is tested by repeating the fit using the
efficiency histogram, instead of the smooth efficiency function, and taking the
difference from the nominal result as the uncertainty.

The uncertainty values are reported in Tab. 10.5. The proper decay length
efficiency is found to be the major source of systematic uncertainty for the two
observables most relying on its precise parametrization, that is Al's and T.

Table 10.5: Summary of the systematic uncertainties related to the proper decay length
efficiency parametrization. The total systematic uncertainty is obtained as
the quadratic sum of the individual contributions.

ds AT, Amg Al Ns 1Ao®  IALP JAs? 3 51 8sy

[mrad] [ps_] ] [hps_1 ] [ps_‘ ] [rad] [rad] [rad]

Simulation statistics 0.2 0.0025 0.001 0.0001 0.0014 0.0006 0.0009 <1073 <103 0.001 0.001
Efficiency model 0.3 0.0057 0.001 0.0001 0.0017 0.0013 0.0022 0.001 <103 0.002 0.002
Total uncertainty 0.3 0.0062 0.001 0.0002 0.0022 0.0014 0.0023 0.001 0.001  0.002 0.002

10.6 PROPER DECAY LENGTH RESOLUTION

Two systematic uncertainties related to the proper decay length resolution are
evaluated.

First, the impact of possible differences between the scaling factor k. in data
and simulation are evaluated by varying k¢ by +10%, repeating the fit, and
taking the largest difference from the nominal result as the uncertainty. The
10% window is estimated from a data-to-simulation comparison of the observed
Gaussian distribution. As discussed in Section 9.2.2.1, the data cannot be reliably
used to estimate k., hence only a rough comparison can be performed.

Next, the impact of assuming that k. is independent of the proper decay
length is tested by parametrizing k. as a function of ct. As shown in Fig. 9.5,
in fact the scaling k¢ increase at very large values ct. A related systematic
uncertainty is assigned with the same methodology used to evaluate the “model
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assumption” systematic uncertainties®, using the k¢ (ct) parametrization as an
alternative hypothesis.

The values of the two uncertainties are reported in Tab. 10.6. The parameters
most impacted by these systematic uncertainties are the CP-violating phase
¢s and the mass difference Ams. However, in both cases, the estimated sys-
tematic effects are negligible with respect to the statistical uncertainties on the
parameters.

Table 10.6: Summary of the systematic uncertainties related to the proper decay length
resolution. The dashes (—) mean that the corresponding uncertainty is either
not applicable or it was not evaluated. The total systematic uncertainty is
obtained as the quadratic sum of the individual contributions.

ds ATy Amg Al N Aol IALP JAs® 8 8L sy

[mrad] [ps*1 ] [hpsq ] [ps*1 ] [rad] [rad] [rad]

Data/simulation difference 2.5  0.0008 0.015 0.0009 0.0005 0.0007 0.0009 0.007 0.006 0.025 0.022
Dependence on ct 2.5 — 0.014 0.0012 0.0002 — — 0.001 0.001 0.001 —

Total uncertainty 3.5 0.0008 0.021 0.0015 0.0006 0.0007 0.0009 0.007 0.006 0.025 0.022

10.7 DIFFERENCES BETWEEN DATA AND SIMULATIONS

The efficiency parametrization is found to be very sensitive to the muon and
kaon ps, and BY meson pseudorapidity distributions. Since the efficiency is
parametrized entirely on MC samples a systematic uncertainty is assigned to
cover the differences between data and simulation in each of these variables. The
effect is evaluated by reweighting the simulated distributions in each variable to
agree with the data. These weights are then applied to the simulated samples
used to estimate the ct and angular efficiencies, which are then recomputed. The
fit is repeated in each case and the differences from the nominal result are taken
as the systematic uncertainty. The three individual systematic uncertainties are
reported in Tab. 10.7.

The pr of the muons is observed to be modeled extremely well in simulations
and the related uncertainty is found to be negligible. On the other hand, small
differences between data and simulations are observed for the kaon pt and B
meson pseudorapidity distributions. The respective systematic uncertainties are
found to be negligible for the physics parameter of more interest, such as ¢ and
AT, but quite large for the squared amplitudes |A()|2 and |A LIZ. For these two
parameters, the difference between data and simulations is in fact the leading
source of systematic uncertainty.

6 See Section 10.2.1.
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Table 10.7: Summary of the systematic uncertainties related to the difference between
data and simulations. The rows indicated the reweighted distribution. The to-
tal systematic uncertainty is obtained as the quadratic sum of the individual
contributions.

ds ATy Amg Al e IAol* AL 1Asl? 51
[mrad] [psq] [’hpsq] [psq] [rad] [rad]

ds1
[rad]

3 ©8 o

.
.
(

(
(
B

)

wh o) 01 <107% <1073 <1074 <10~% 0.0001 <10~% <10-3 0.001 <103
0
S

) 0.1 0.0005 0.003 <107% 0.0002 0.0031 0.0021 0.004 0.002 0.007

K*t,K™) 0.6 0.0006 0.003 0.0003 0.0002 0.0032 0.0020 0.005 0.006 0.003
n

0.018

<1073

0.022

Total uncertainty 0.6 0.0008 0.004 0.0003 0.0003 0.0044 0.0029 0.007 0.007 0.007

0.028

10.8 FLAVOR TAGGING

Several sources of systematic uncertainties related to the flavor tagging tech-
niques are considered.

The statistical uncertainties associated with the weyt calibration are propagated
to the final results by varying the parameters of the mistag probability calibration
curves within their statistical uncertainties. For each variation, a new calibration
curve is produced and the data are refitted. The RMS of each fitted parameter
distribution is then taken as the corresponding systematic uncertainty.

The effect of assumptions on the calibration function shape used to fit the
calibration data is tested by repeating the fit using a third-order polynomial’
and taking the difference with respect to the nominal results as the systematic
uncertainty.

Finally, the effect of the assumption that the tagging algorithm applied to
BY — J/W ¢ and BT — J/PK* channels has the same mistag calibration is
tested by measuring the differences in calibration parameters between the two
channels in simulated samples and propagating it to the final results.

The values of the individual uncertainties are reported in Tab. 10.8. The
systematic uncertainties related to the flavor tagging are found to be negligible
for all physics parameters. This is a remarkable result when taking into account
that more than half of the BY candidates are flavor tagged.

Table 10.8: Summary of the systematic uncertainties related to flavor tagging. The total
systematic uncertainty is obtained as the quadratic sum of the individual
contributions.

ds ATy Amg Al s Aol* 1AL JAsIE

S51

ds1

[mrad] [psq ] [’hpsq ] [psq ] [rad] [rad] [rad]

Calibration statistics <10~3 <10=% 0.001  0.001 <10~% 0.0003 <104 <1073 <10~3 0.002 0.001
BO/B* difference <10~% <1074 0.001 <104 <104 <1074 <10~ <1073 <1073 0003 <1073
Calibration model 05 <10~* 0.006 0.0001 <10~* 0.0001 <10~% <1073 0.001 0.006 <103

Total uncertainty 0.5 <107* 0.006 0.0002 <10™* 0.0003 <107* <1073 0.001 0.007 0.001

7 In the nominal fit the calibration function is a first-order polynomial.
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109 SUMMARY OF SYSTEMATIC UNCERTAINTIES
The systematic uncertainties are summarized in Tab. 10.9. The precision on
the majority of the physics parameters is found to be statistically limited, with
most of the systematic uncertainties being a fraction of the statistical ones.
Notable exceptions are the squares of amplitudes IAO\2 and |A LIZ, for which
the systematic and statistical uncertainties are comparable, and the squares of
the S-wave amplitude IASIZ, whose uncertainty is dominated by the systematic
effect due to the S-P-wave different mxx dependence not being accounted for
in the fit model. The final systematic uncertainty on the CP-violating phase ¢
is estimated to be 10 mrad, one-fifth of the statistical one.
Table 10.9: Summary of the systematic uncertainties for the physics parameters. The
dashes (—) mean that the corresponding uncertainty is either not applicable
or it was not evaluated (see text for details). The total systematic uncertainty
is obtained as the quadratic sum of the individual contributions. Statistical
uncertainties are also presented to ease comparisons. The names of the
various sources are defined in the text.
bs AL Amg Al o AP IALP AP 8 su sy
[mrad] [ps*]] [’hps*]] [ps*]] [rad] [rad] [rad]
Statistical uncertainty 50  0.014  0.10  0.026 0.0042 0.0047 0.0063 0.0077 0.12 0.16 0.083
Model bias 7.9 00019  —  0.0035 0.0005 0.0002 0.0012 0.001 0.020 0.016 0.006
P(0ct) uncertainty <107' 0.0019 0.028 0.0004 0.0008 0.0006 0.0008 0.001 0.001 0.002 0.005
Model assumptions - - — 0.0046 0.0003 —  0.0013 0.001 0.017 0.019 0.011
Sig./bkg. weyt difference 3.0 — — — 0.0005 — 0.0008 — — — 0.006
Peaking background 0.3 0.0008 0.011 <10~* 0.0002 0.0005 0.0002 0.003 0.005 0.007 0.011
S-P wave interference — 0.0010 0.019 —  0.0005 0.0005  — 0.013  —  0.019 0.019
Angular efficiency 3.8 0.0006 0.007 0.0057 0.0002 0.0008 0.0010 0.002 0.006 0.015 0.015
ct efficiency 0.3 0.0062 0.001 0.0002 0.0022 0.0014 0.0023 0.001 0.001 0.002 0.002
ct resolution 3.5 0.0008 0.021 0.0015 0.0006 0.0007 0.0009 0.007 0.006 0.025 0.022
Data/simulation difference 0.6~ 0.0008  0.004 0.0003 0.0003 0.0044 0.0029 0.007 0.007 0.007 0.028
Flavor tagging 05 <107* 0.006 0.0002 <10~* 0.0003 <10~* <10~ 0.001 0.007 0.001
Total systematic uncertainty ~ 10.0  0.0070  0.032  0.0083 0.0026 0.0049 0.0045 0.016 0.028 0.045 0.048







FINAL RESULTS AND COMBINATION

The final results of the CP violation analysis are reported in Tab. 11.1. After
adding the systematic uncertainties in quadrature the following value of the
CP-violating phase ¢ is measured:

¢s = —11 £ 50 (stat) £ 10 (syst) mrad,

which is consistent with both the SM prediction $p3M = —36.96 7922 mrad [44]
and with no CP in the interference between decay and mixing in B — J/ ¢
decays (¢s = 0 mrad). The decay width difference between the two B‘s) mass
eigenstates is measured:

AT = 0.114 + 0.014 (stat) 4 0.007 (syst) ps ',

a value consistent with the latest SM prediction AFSM = 0.091 4 0.013 ps~' [75].
These measurements are both consistent with the latest world-average val-
ues [35]:

¢y = —51 £+ 23 mrad,
ATV =0.08540.004ps ™.

The CP observable [A| is measured to be [A| = 0.972 £ 0.026 (stat) £ 0.008 (syst),
consistent with no direct CP violation in B — ]/ ¢ decays (J]A| = 1) and the
world average value |]A[*"* = 1.012 4+ 0.017 [34]. The average decay width B{ mass
is determined to be I’y = 0.6531 4 0.0042 (stat) 4+ 0.0026 (syst) ps~', consistent
with the current world-average value I'*® = 0.6600 & 0.0016 ps~' [34]. The mass
difference between the heavy and light mass eigenstates of the BY meson is
measured to be Amg = 17517 8:(1)8 (stat) & 0.03 (syst) hps~!, consistent with the
theoretical prediction AmSM = 18.77 + 0.86 hps~' [75], and in slight tension
with the current world-average value Am¥4 = 17.749 +0.020 hps~' [34]. The
difference between the measured and world-average values of Amg divided by
the combined uncertainty is —2.30. The uncertainties in the measurement of all
these parameters are dominated by the statistical component.

The comparison between the results of this measurement, the world-average
values, and the theoretical predictions are summarized in Tab. 11.2. It is worth
to mention that this analysis represents the first measurement with CMS data of
the mass splitting Am and of the direct CP observable |A|.
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Table 11.1: Final results of the CPV analysis. The physics parameter values are extracted
with the UML fit to the combined data sample as described in Chapter 9.
Statistical uncertainties are obtained from the increase in —log £ by 0.5,
whereas systematic uncertainties are described in Chapter 10 and summa-
rized in Tab. 10.9. The values are converted to the units of measure used by
the Particle Data Group [34].

Parameter Fit value Stat. uncer. Syst. uncer.
¢ [mrad] —11 +50 +10
AT [ps™'] 0.114  +0.014 +0.007
Amg [hps~'] 1751 319 +0.03
Al 0.972  +0.026 +0.008
Ts [ps~ '] 0.6531 +0.0042  +0.0026
Aol 05350 +0.0047  +0.0049
A2 0.2337 +0.0063  +0.0045
Asl? 0.022  *+3:908 +0.016
5 [rad] 318 £0.12 +0.03
6 [rad] 277 +0.16 +0.05
85 [rad] 0.221  *+5983 +0.048

Table 11.2: Comparison of the results of this measurement with the available world-
average values [34, 35] and theory predictions [44, 75]. For the measured
values the quoted uncertainties are obtained as the quadratic sum of the
statistical and systematic components. The dashes (—) represents unavailable

quantities.

Parameter

Measured value

World-average

Theory prediction

¢ [mrad]
AT [ps~1]
Amg [hps~ ]
Al
Ms [ps™']
Aol
AL
Al
8 [rad]
o [rad]
0s [rad]

—11+51
0.114£0.015
17.51 £0.10
0.972 £0.027
0.6531 £ 0.0050
0.5350 £ 0.0068
0.2337 £0.0077
0.022£0.018
3.18+£0.12
277 £0.17
0.221 £ 0.089

—51+23
0.085 £ 0.004
17.749 £ 0.020
1.012+0.017

0.6600 £ 0.0016
0.5199 £ 0.0035
0.245 £ 0.004
3.10+0.06
29+£04

—36.96 342

0.091 £0.013

18.77 £0.86
1




11.1 COMBINATION WITH PREVIOUS CMS RESULTS

Table 11.3: Summary of the results obtained from CMS at 8 TeV [64].

Parameter Value Stat. uncer. Syst. uncer.
b [mrad] —75 + 97 + 31

AT [ps~'] 0.095 +0.013 +0.007

Is [ps™'] 0.6704 +0.0043 +0.0055
Aol 0510  +0.005 +0.011
A2 0.243  +0.008 +0.012
Asl? 0.012  +0.009 +0.022

o [rad] 348 +0.09 +0.68

51 [rad] 2.98 +0.36 +0.66

ds 1 [rad] 0.37 +0.12 +0.18

11.1 COMBINATION WITH PREVIOUS CMS RESULTS

The results presented in this work are in agreement with the earlier CMS result
at /s = 8 TeV, which can be found in Ref. [64] and are reported in Tab. 11.3. As
mentioned before, both measurements are performed with a similar number
of events, with the one at /s = 13 TeV having a larger fraction of flavor
tagged events due to the trigger strategy. This leads to an improvement in the
uncertainty in quantities that require tagging, such as ¢, while those whose
precision depends on the raw number of events, such as Al'; and T, are not
improved relative to the 8 TeV result. This conclusion applies only to statistical
uncertainties, while the improvement on the systematic ones depends on the
parameter.

The results presented in this work and those obtained by CMS at 8 TeV are
finally combined. The combination is performed using Best Linear Unbiased
Estimator (BLUE) method [174, 175] as implemented [176, 177] in the ROOT
analysis package. BLUE is one of the most widely used combination methods
and it is based on the Gauss—-Markov theorem [178]. Provided that the estimates
are unbiased, the BLUE method guarantees that the combined result has the
smallest variance and that is unbiased, i.e., when the procedure is repeated
several times the mean of all combined results equals the true value of the
observables!.

The following observables are used in the combination: ¢, Al, T, IAOIZ,
A llz, IAS\Z, 8, 81 and 85, . Notable absences are the mass splitting Amg and
direct CP observable |A|, which were not measured in the previous CMS work?.
The two sets of results are combined using their respective statistical and sys-
tematic correlation between matrices. The statistical correlations between the
parameters obtained in each measurement are taken into account as well as the

1 This holds only if all the inputs are consistent with the underlying multidimensional PDE.
2 In the previous CMS result the mass splitting Ams was constrained to the world-average value,
while the direct CP observables |A| was fixed to 1.
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correlations of the systematic uncertainties discussed in Section 10. Different
sources of systematic uncertainties are assumed to be uncorrelated. The sys-
tematic uncertainty correlation between the parameters of the 8 TeV result is
assumed to be zero. This assumption has been found to not impact the results in
a noticeable way. Since the muon tagging, the efficiency evaluation, and a large
portion of the fit model are different in the two measurements, the respective
systematic uncertainties are treated as uncorrelated between the two sets of
result®. The statistical correlation between the two measurements is zero as the
data samples are independent. In the case of asymmetric uncertainties, the larger
one is used.

The combination results and their uncertainties are reported in Tab. 11.4. The
combined results for the CP-violating phase and lifetime difference between the
two BY mass eigenstates are:

¢s = —21 + 44 (stat) £ 10 (syst) mrad,
AT = 0.1032 4 0.0095 (stat) & 0.0048 (syst) ps .

The two-dimensional ¢-Als likelihood contours at 68% confidence level (CL)
for the individual and combined results, as well as the SM prediction, are shown
in Fig. 11.1. The combined results are in agreement both with the SM predictions
and with no CP violation in the interference between decay and mixing in
BS — J/¥ ¢ (¢s = 0 mrad). The other parameters show good agreement with
the theoretical predictions and with the world-average values.

Table 11.4: Result of the combination between the 8 and 13 TeV results. The combination
is performed with BLUE, assuming no correlation between the two sets of
results.

Parameter Fit value Stat. uncer. Syst. uncer.

&g [mrad] —21 +44 +10

AT [ps™'] 0.1032 +0.0095  +0.0048
s [ps~'] 0.6590 +0.0032  +0.0023
Aol 0.5289 =+0.0038 +0.0041
A2 0.2393 +£0.0050  +0.0037
Agl? 0.016  +0.006 +0.013
5 [rad] 319 £0.12 +0.04
5, [rad] 278  +£0.15 +0.06
55 [rad] 0.238  +0.078 +0.046

3 This assumption is tested by repeating the combination assuming that the “model bias” systematic
uncertainty (the leading systematic uncertainty on ¢ys) is fully correlated between the two sets of
measurements. The impact on the combined results is found to be negligible.
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Figure 11.1: The two-dimensional likelihood contours at 68% CL in the (¢, Al) plane,
for the CMS 8 TeV (dashed line) [64], 13 TeV (dotted line), and com-
bined (solid line) results. The SM prediction is shown with the diamond
marker [44, 75]. The contours are obtained with a likelihood scan, where
only statistical uncertainties are taken into account. The contours for the
individual results are obtained with likelihood scans, which are used to
obtain the combined contour. The contours only account for the statistical
uncertainty and the correlation between the two scanned variables. Figure
from Ref. [1] as of 30 November 2020.
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SUMMARY AND OUTLOOK

This dissertation presents a time-dependent and flavor-tagged angular analysis
of the B — J/1 ¢ decay rate performed with the CMS detector at the LHC
using a sample of 48 500 reconstructed B = J/b ¢ — utu” KHK— signal events
collected in proton-proton collisions at /s = 13 TeV and corresponding to an
integrated luminosity of i = 96.4fb™'. Events are selected with a trigger that
requires a J/{ — ptu~ candidate plus an additional third muon, which is
exploited to infer the flavor of the BY meson at production time. An original
opposite-side muon tagger based on calibrated deep neural networks has been
developed to maximize the analysis sensitivity and to directly estimate the
per-event mistag probability. A high tagging power of ~10%, corresponding
to a tagging efficiency of ~50%, is achieved, aided by the requirement of an
additional muon in the signal sample imposed at the trigger level. The systematic
uncertainties related to the flavor tagging algorithm are found to be negligible
for all the physics parameters. The detailed tagging performance is reported in
Tab. 8.8, while the respective systematic uncertainties are presented in Tab. 10.8.

The CP-violating weak phase ¢, responsible for CP violation in the interfer-
ence between decay and mixing of BY — J/U ¢, is measured to be:

$s = —11+50 (stat) £ 10 (syst) mrad,

consistent both with the Standard Model predictions ¢ = —36.96 7542 mrad,
the world average-value ¢ = —51 =23 mrad, and the absence of CP violation
in the decay-mixing interference (¢ = 0 mrad).

The decay width (mass) difference Al's (Ams) between the BY meson mass
eigenstates, the average decay width I, and the |A| parameter, describing the
amount of direct CP violation, are measured to be:

AT = 0.114 + 0.014 (stat) 4 0.007 (syst) ps ',
Amg = 17517820 (stat) + 0.03 (syst) hps ',
I's = 0.6531 4 0.0042 (stat) 4 0.0026 (syst) ps ',
Al = 0.972 £ 0.026 (stat) £ 0.008 (syst).

The results are in agreement with the Standard Model and can be used to further
constrain possible new-physics effects in the decay and mixing of B mesons. A
complete list of measured physics parameters, as well as comparisons with the
world-average values and theory predictions, is given in Tabs. 11.1 and 11.2.
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The results presented in this dissertation are further combined with those
obtained by CMS at /s = 8 TeV, yielding a value for ¢ of:

$s = —21 44 (stat) £ 10 (syst) mrad ,

significantly more precise than the one from the previous CMS measurement. A
complete list of the combined results is given in Tab. 11.4.

12.1 oOUTLOOK

Although both the measured and combined value of the CP-violating phase ¢
are consistent with the SM prediction, the interest in more precise measurements
remains high. The uncertainty in the measurements of the most interesting
physics parameters is largely dominated by the statistical component, meaning
that further studies with larger data samples will be able to undoubtedly improve
the precision on ¢, and the other parameters of the BS — J/Wb ¢ decay. Moreover,
the tagging strategy used in this analysis prioritizes flavor-sensitive parameters,
such as ¢s, [Al, and Amg, while being less optimal for measuring Al and T
with high precision.

For these reasons, the CMS Collaboration is currently working on extending
the current work by exploiting a data sample collected with a non-flavor-dedicated
trigger in the full Run-2 collision data. This trigger sets no requirements on the
opposite-side b-hadron, resulting in a high number of selected events which can
then be flavor tagged with multiple techniques, such as lepton and jet taggers.
This strategy is complementary to the one used in this work and the two are
planned to be used in conjunction to maximize the analysis sensitivity. This
study is expected to improve significantly the precision of the measurement of
all physics parameters and provide more stringent constraints on new-physics
contributions.

Combinations of results from multiple experimental collaborations are also
used to perform world averages and further probe physics beyond the SM. An
uncertainty of o4, ~ 20 mrad on the CP-violating weak phase ¢ is expected
from the combination of the Run-1 and Run-2 results from the ATLAS, CMS,
and LHCb collaborations.

The analysis of the BS — J/1 ¢ decay is expected to be statistically limited in
all future projections. As such, significant improvements are expected for the
planned HL-LHC and Phase-2 CMS upgrades. A projection of sensitivity on ¢
using the Phase-2 CMS detector in a Line = 3 ab~ ! data sample is available in
Refs. [179, 180]. Figure 12.1 shows the simulated proper decay length uncertainty
of the Phase-2 CMS detector and the ¢-Al’ sensitivity at the end of Phase-2. The
sensitivity on ¢ is expected to be in the 5-6 mrad range, which improves the
current world average uncertainty by a factor of five and will either establish
new-physics effects or put very stringent constraints on them.
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Figure 12.1: a): proper decay length uncertainty distribution in 2012 data (blue) and
Phase-2 MC (red) samples. The better performance of Phase-2 with re-
spect to 2012 data is due to the upgraded Phase-2 tracker. Note that the
performance in 2012 data does not represent that of this work, as the
upgraded Phase-1 pixel tracker was installed in the meanwhile (see Sec-
tion 4.2.2). b): ¢ and Al sensitivity in Phase-2, as obtained from MC
pseudo-experiments. The contour combines statistical and systematic un-
certainties. The black cross represents the SM expectation (the prediction
on Al is not up-to-date). Figure from Ref. [179].
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MUON DISCRIMINATOR AGAINST LIGHT HADRONS

Long-lived light hadrons, like kaons and pions, can either decay in flight into
muons or survive the calorimeter system to leave a signal in the muon spectrom-
eters, and therefore being reconstructed as muons by the Particle Flow algorithm.
If selected in a lepton flavor tagging algorithm, these fake muons degrade the
tagging performance, by carrying no charge correlation with the signal b-meson.

The “DNN against light hadrons” (DALIHA) discriminator is an MVA method
that combines variables related to the muon kinematics and reconstruction
quality and is specifically trained to discriminate soft muons from b-hadrons
from fake muons from light hadron.

A.l TRAINING CANDIDATES

The DNN is trained with simulated muon candidates reconstructed as global
muons by the Particle Flow algorithm. Training candidates are extracted from all
the MC samples listed in Tab. 7.5, with the exception of the for AY — J/ P K™ p
data sets. Different simulated processes are used to ensure a training data set as
unbiased as possible, with respect to the specific signal b-meson decay.

To avoid biases due to generation filters, all tracks associated with the specific
simulated process are explicitly excluded by the training data set!. All training
muons are therefore also opposite side muons. The specific simulated process?
is identified using generation information and selected with requirements on
the generated momenta and pseudorapidity values. Muons from J/{ — ptu~
decays are required to be generated with pt > 3.5 GeV and | < 2.4, while the
signal b-meson is required having pt > 10 GeV and |n| < 2.5. This selection,
summarized in Tab. A.1, ensures signal b-mesons in the same kinematic region
of the BY candidates used in the CPV analysis.

Training candidates are required to have pt > 2 GeV and [n| < 2.4. All selected
candidates are required to be matched to a gen particle with the following
selection:

\/Anﬁ’gen +AG2 o < 0.12, (A1)
gen _ _pu
PL_Pr <03, (A2)
PT

1 For example in B(S) — ]/ ¢ events the two muons from the J/p — pTp~ decay and the two
tracks from the ¢ — K™K~ decay are excluded.
2 The simulated process refers to the specific decay forced in each simulated event (see Tab. 7.5).
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In case of multiple gen candidates the one that minimize AR, ¢ is chosen.
Muon candidates matched to genuine gen muons are denominated Signal, while
candidates matched to other species (mostly kaons and pions) are denominated
Background or Fakes. To improve the performance in flavor tagging algorithms,
Signal muons are also required to originate from a b-hadron ancestor. The
selection requirements used to construct the training data set are summarized
in Tab. A.2.

The total number of genuine and fake muon candidates selected across all
data samples is 6 626 306, and 451 973, respectively.

Table A.1: Signal b-meson selection for the DALIHA discriminator training data set. All
requirements are applied to gen quantities.

Variable Requirement
Gen matched v

Pritgen)  >35GeV

[ (gen)| <24

PT(Bgen) > 10 GeV

n(Bgen)| <25

Table A.2: Selection requirements for the DALIHA discriminator training data set.

Object Requirement
Muon reconstruction Global muon
Muon track quality High Purity
PT > 2 GeV
ul <24
ARy ¢ < 0.12

Gen matching ApT,gen /pt < 0.3

. . tched t
Signal definition matched 1o a gen muon

has a b-hadron ancestor

Background definition not matched to a gen muon




A.2 INPUT FEATURES

TRAINING DATA SET The data set is split into training, validation and testing
subsets with respective fractions of 50%, 25% and 25%. The training data set is
used to train the DNN model, the validation data set is used to evaluate the
performance at each training epoch and trigger early stopping, while the testing
data set is used to evaluate the performance and overfitting of the trained model.
In order to balance the Signal:Background ratio in the training data set, all Signal
muons have been assigned a weight of 0.1.

A.2 INPUT FEATURES

The DNN model uses several variables related to the muon kinematics and
reconstruction quality as input features. These are’:

® pr! the muon transverse momentum,
¢ 1): the muon pseudorapidity
e PFiso: the muon relative isolation?,

¢ muoSegmComp: a measure of the track’s compatibility with the muon
hypothesis

* muoChi2LM: the similarity measure of Local Momentum®,
* muoChi2LP: the similarity measure of Local Position®,

o muoGIbTrackTailProb: the probability of the x? of the muon’s global track
fit being larger than the one observed,

o muoTimeAtlpInOut: time of arrival at the interaction point for muons
moving inside-out assuming 3 =1,

o muoTimeAtlpInOutErr: uncertainty in the time of arrival at the interaction
point for muons moving inside-out assuming § =1,

¢ muoGlbDeltaEtaPhi: squared difference in 1 and ¢ of the stand alone muon
track and the tracker track on the common surface during track matching,

¢ muolValFrac: number of valid hits of the inner track divided by the total
number of hits and missing hits of the inner track,

e muoLWH: amount of tracker layers with hits,

3 As these are very technical variables, only a brief description is provided.

4 The isolation is evaluated as in Eq. 8.35.

5 A scalar measuring the differences between the momentum vectors of the stand-alone muon track
and of the tracker track.

6 A scalar measuring the differences between the position of the last hit of the tracker track and the
first hit of the stand-alone muon track.
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* muoValPixHits: amount of valid hits in the pixel detector,

o muoNTrkVHits: amount of valid hits in the tracker,

¢ muoVMuHits: amount of valid hits in the muon system,

* muoNumMatches: number of muon stations containing matched segments,

e muoVMuonHitComb = vDT/2+vCSCax + VRPC, where vDT is the number
of valid hits in the drift tubes, vCSCax max is the number of valid hits in
the cathode strip chambers limited to a maximum of 6 hits per station and
VRPC is the number of valid hits in the resistive plate chambers,

o muoTrkKink: output of the kink algorithm applied to the global muon’s
inner track,

* muoGIbKinkFinderLOG = log(2 + glbKinkFinder) where glbKinkFinder is the
output of the kink algorithm applied to the global muon’s track,

o muoOuterChi2: x* of the muon outer track divided by the number of
degrees of freedom of the fit,

o muolnnerChi2: x* of the inner track divided by the number of degrees of
freedom of the fit,

o muoTrkRelChi2: sum of x? estimates of the hits in the tracker with respect
to the global muon track,

» muoStaRelChi2: sum of x? estimates of the hits in the muon system with
respect to the global muon track,

o muoGNchi2: x? of the global muon track divided by the number of degrees
of freedom of the fit,

e muoQprod: product of the tracker track’s charge and the standalone muon
track’s charge.

The input features distributions for genuine muons and fakes are shown in
Figures A.1 and A.2.

FEATURE PREPROCESSING The input features are preprocessed in order to
increase the performance of the DNN method. The variables are first normalized
in the range [—1, 1], then their distribution is transformed into a Gaussian
(“Gaussianisation”) and finally normalized again. The normalization is helpful to
the training process because it ensures that both positive and negative values
are used as inputs, which makes learning more flexible, and that the network’s
regards all features to a similar extent without favoritism. Gaussianisation
is found to speed up learning and to improve the convergence properties
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Figure A.2: DALIHA discriminator input features distribution for genuine muons (blue)
and fakes (red). Part 2.



A.3 DEEP NEURAL NETWORK MODEL AND TRAINING

when combined with a Gaussian random initialization of the model weights.

All preprocessing is handled with the TmMva toolkit and all input features are

preprocessed except for muoQprod since this variable can assume only two values
(£1).

A3 DEEP NEURAL NETWORK MODEL AND TRAINING

The DNN consists of a KEras model trained within the TMvA framework. In
order to define the model with the best Signal vs Background separation, the DNN
hyperparameters are optimized with a grid scan. The parameter configuration
that maximizes the area under the Receiver Operating Characteristic (ROC) curve,
with no observable overfitting, is chosen for the definitive model. Between
equally performing models, the simpler one is chosen. The tested values in the
grid scan and the best configuration are reported in Tab. A.3.

The optimal model is found to be three Dense layers of 200 neurons, each
followed by a Dropout layers with 20% dropout probability. The activation
function of choice is ReLU, while the loss function is the cross-entropy.

The model is trained using the Adam optimizer and a batch size of 1024 events.
The maximum amount of epochs is 40, however, to avoid overfitting the training
is stopped after 10 epochs with no accuracy improvement, and the model with
the smaller loss is kept. The full list of training hyperparameters is reported in
Tab. A4.

Table A.3: DALIHA discriminator model hyperparameters optimized through grid scan
and their tested values. The values related to the optimal configuration are

underlined.
Hyperparameter Tested values
Number of Dense layers 12, 3, 4, 5]

Neurons for each layer  [100, 150, 200, 300]
Dropout probability ~ [0.1, 0.2, 0.3, 0.4, 0.5]
Optimizer [Adam, SDG]

A4 RESULTS AND PERFORMANCE

The trained model ROC curve and the output score are shown in Fig. A.3. No
signs of overfitting are observed at the chosen hyperparameters configuration
when comparing the output distributions from the testing and training samples.
Three working points are defines as a function of the Signal efficiency: Loose,
Medium and Tight. The working points efficiency and score cut values are
reported in Tab. A.5.
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Background rejection versus Signal efficiency
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Figure A.3: DALIHA discriminator performance plots: ROC curve (top) and normalized

DNN output score (bottom) for genuine muon (blue) and fakes (red) in the
training sample (markers) and in the test sample (histograms).



A4 RESULTS AND PERFORMANCE

Table A.4: DALIHA discriminator training hyperparameters.

Hyperparameter Value
Signal weight 0.1
Background weight 1.0
Optimizer Adam
Optimizer learning rate 0.001
Batch size 1024

Number of training epochs 40
Early stopping epochs 10

Table A.5: Working point for the DALIHA discriminator. The efficiency for genuine
muons and fakes are evaluated on global muon candidates in the test sample.

Working Point Score Genuine muons efficiency Fakes efficiency
Loose SmuoniD > 0.21 98% 33%
Medium SmuoniD > 0.40 95% 23%

Tight SmuonID > 0.45 20% 19%
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