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Chapter 1: Introduction

Particle physics studies the fundamental particles and forces that constitute matter and ra-
diation in Nature. The eld of particle physics has made tremendous progress since the middle of
the 20" century, both experimentally and theoretically. The progress culminated in the Standard
Model of particle physics (SM), the theory that successfully describes three fundamental forces
(the electromagnetic, weak, and strong forces) and all known elementary particles.

However, a few dense clouds hang over particle physics today. Enormous efforts have so far
failed to unify the Standard Model with general relativity, which successfully describes gravity.
The SM does not explain dark matter, dark energy, or the matter-antimatter asymmetry observed
in the universe.

Experiments at the Large Hadron Collider (LHC) have been searching for new physics
beyond the SM. The LHCb experiment is designed to indirectly search for new physics, through
precise measurements to test SM predictions in the areas of avor physics and CP violation.

This dissertation describes my work as part of the LHCDb collaboration, in a study of semi-
tauonicB; meson decays to test SM predictions, and in electronics development for the Up-
stream Tracker of the upgraded LHCb detector. Chapter 2 gives a theoretical overview of the
SM, CP violation, and lepton avor universality. Chapter 3 introduces the LHC and the LHCb

experiment. Chapter 4 describes in detail a study of semitalghimeson decays at LHCb to



test lepton avor universality. Lastly, Chapter 5 describes in detail the development of readout

electronics for the Upstream Tracker to upgrade the LHCb detector.



Chapter 2: Theory

2.1 The Standard Model

The Standard Model of particle physics (SM) [1-10] is a relativistic quantum eld the-
ory that successfully describes three fundamental forces (the electromagnetic, weak, and strong
forces) and all known elementary particles in Nature.

The fundamental particles of the SM include twelve spin-1/2 fermions, four spin-1 gauge
bosons, and the spin-0 Higgs boson. The fermions are the primary constituents of all known
matter in the universe, and the bosons are the mediators of forces or interactions.

The fermions include six avors of quarks (up, down, charm, strange, top, and beauty
quarks), three charged leptons (electron, muon, and tau) and their neutrino counterparts (electron
neutrino, muon neutrino, and tau neutrino). They are arranged into three generations, for both
the quarks (u; d), (c;s), and(t;b)) and the leptons(é; &), (; ), and(; )). The three
generations of fermions are essentially similar but have increasing masses, with the possible
exception of neutrinos ¢; ; ), whose absolute masses are small and not yet determined.
Most of ordinary matter is made of rst-generation fermions: the protons and neutrons are made
of up and down quarksu(d), and atoms are made of protons, neutrons, and electepn3ite
much heavier fermions from the second and the third generations are unstable and decay into

the rst-generation fermions. The pattern of the fermions' three generations and their particular
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masses are yet to be explained.

The gauge bosons are force carriers that mediate three fundamental interactions between
particles. The massless photon) Carries the electromagnetic force. The massWeand Z
bosons carry the weak nuclear force, which governs radioactive decays. The massless gluons
(g) carry the strong nuclear force, which con nes quarks into hadrons and binds protons and
neutrons together. The Higgs boson is the only scalar boson, and it serves the unique role in the
SM to explain how all fermions (except possibly the neutrinos) andthendZ bosons acquire
masses.

Figure 2.1 summarizes the elementary particles and their properties, including the mass,
charge, and spin of each particle. Each fermion has an anti-matter counterpart, e.g. the elec-
tron (e ) versus the positrone{). Unless speci ed, both the particle and the anti-particle are
referenced at the same time.

The SM relativistic quantum eld theory is described using the Lagrangian eld theory for-
malism. According to Noether's theorem, any symmetry of a physical system would correspond
to the conservation of a physical quantity. A eld theory whose Lagrangian is invariant under
local gauge transformations is referred to as a local gauge theory. The SM is a local gauge theory
withtheSU(3). SU(2),  U(1), symmetry group, which corresponds to the conservation of
color, left-handed chirality, and weak hypercharge.

The Lagrangian of a free, relativistic, and massive spin-1/2 particle is

I-free = (X)(l @ m) (X); (2-1)

where (x) is a Dirac spinor, is the Dirac matrix, and = Y °. This Lagrangian is invariant



Figure 2.1: Summary diagram of the fundamental particles and their properties [11]. Each parti-
cle's mass, charge, and spin are listed.

under a global(1) transformation (x) ! €9 (x), whereqand are constant. But it is not
invariant if theU(1) transformation is localized, i.e.!  (x).
A spin-1 eld A (x) can be introduced to interact with the fermion and provide the desired

local gauge symmetry. With the covariant derivative de ned as

D (x)=(@ IigA (x)) (x); (2.2)

the eld transformsa#&\ (x)! A (x)+ @ . The new Lagrangian,

L= ()@ D m) (X)= Liee + gA () (x)  (X); (2.3)



is invariant under th&(1) local gauge transformation.
With the eld strength tensor dened a8 (x) = @A @A , the kinetic term for
propagating eldA |,
1

ZF X)F  (X); (2.4)

is gauge invariant and can be added to the Lagrangian above. The nal Lagrangian becomes
: 1
Leeo = (00 @ m) (x) ZF (F (x)+aA (x) (x)  (X): (2.5)

This is the Lagrangian of quantum electrodynamics (QED). The last tpr(x) (x) (%),
describes the interactions in electromagnetism. The electric charge for an electron is (the
elementary charge). The electromagnetic eld is mediated by a massless, spin-1 gauge boson —
the photon.

As shown, QED is an abelian gauge theory wit{L) symmetry. Similarly, the formula
of describing symmetries with gauge theories is applied to the electroweak interaction and the
strong interaction, using the non-abelian gauge theory known as Yang-Mills theory [12].

Quantum chromodynamics (QCD) describes the strong interaction between quarks and
gluons. Itis alocal gauge theory with tB&J(3). symmetry group [4,5], in which there are three
so-called color charges and eight massless gauge bosons, the gluons. The strength of the strong
interaction is parameterized by the strong coupling constant, which decreases at higher energy
(smaller distance) and increases at lower energy (larger distance). As a result, the color-charged
guarks and gluons cannot be isolated, and quarks are bound to form color-neutral hadrons.

Lastly, the electroweak theory uni es the electromagnetic and the weak forces. Itis a non-



abelian local gauge theory with tisJ(2),  U(1),, symmetry group [1-3], whele denotes left-
handed chirality and denotes weak hypercharge. The electroweak gauge bosons are the photon,
the W , andZ bosons. The Higgs scalar eld is responsible for the spontaneous symmetry
breaking of theSU(2),  U(1), group [6-10], and it generates the masses of all fermions and
theW andZ bosons. Nearly fty years after its proposal, the Higgs boson was discovered in

2012 [13, 14], crowning the spectacular success of the SM.

2.2 The electroweak force and CP violation

In the SM, the weak interactions between the three generations of quarks are described by
the Cabibbo-Kobayashi-Maskawa (CKM) mechanism [15, 16]. The violation of charge conjuga-
tion parity symmetry, known as CP violation, is allowed by the presence of a single irreducible
phase in the CKM matrix. Precision measurements of the CKM parameters and CP asymmetries

in beauty and charm systems also serve as a powerful probe for physics beyond the SM.

2.2.1 The CKM mechanism

The SM has a universal weak coupling strength for quarks and leptons, but the quarks'
weak eigenstates differ from their mass ( avor) eigenstates. The quarks' weak eigenstates are

related to their mass eigenstates by the unitary CKM maixy:



1
d Vud Vus Vub d
Therefore, the CKM matrix enters the SM Lagrangian interaction term for quarks' coupling with

W bosons, such that the weak charged-current vertices involving quarks are given by

101
Vud
, 1
B it 50 Bve v E%E @

td Vts th

In the Wolfenstein parametrization [17], the CKM matrix is written in terms of four real

parameters,, A, , and

1 2 A3 i)

N

Vekm = 1 A 2 +O( %), (2.8)

A 31 i) A2 1

where =sin ¢ 0:225and ( is the Cabibbo angle [15]. The parametéas associated with
the single irreducible phase in the CKM matrix, which is the only source of CP violation in the

quark sector of the SM.



The unitarity of the CKM matrix leads to relations between the matrix elements, such as

VuaVip + VeV + ViaVyy = 0; (2.9)

which correspond to triangles in the complex plane, known as the CKM Unitarity Triangles.

2.2.2 CP violation phenomenology

CP violation was discovered rst in the kaon system, later in the B-meson system, and
most recently in charm decays. The effect arises from the interference between two contributing
amplitudes with different strong and weak phases, where the CP-even strong phase is common
to the particle and antiparticle decays while the CP-odd weak phase has the same magnitude but
opposite signs. CP violation requires at least two different strong and weak phases. There are
three possible CP-violating effects: direct CP violation in decay, CP violation in mixing, and CP
violation in the interference between mixing and decay.

Direct CP violation in decay can be measured in the decay rate difference between a parti-
cle and an antiparticle to their corresponding charge-conjugate nal statesAesg.! f) 6
jA(B®! f)j. The direct CP violation observablécp, is the relative size of the decay rate

difference:

Acp = (B°! f) (B°! f)

© (B°! f)+ ( B! f)° (2.10)

For instance, a relatively large CP asymmeir = 0:.083 0:004[18] is observed between

theB®! K* andB°! K * decays.



CP violation in mixing arises from the difference in transition rates between a neutral meson
to and from its antiparticle, e.gA(B°! B°% 6 A(B°! BP9 . Mixing results in a difference
between the mass eigenstates and the avor eigenstates of a neutral meson. They are related to

each other by
iBLi=pB® +qB°; jByi=pB® qB°: (2.11)

The Schroedinger equation for the time evolution of the avor eigenstates can be written as
0 1 0 1

g iBOi i jBOi
ia% gz(m 53 E: (2.12)

B B

Mixing results in differences in the eigenvalues for the 2 matrices, M and , due to their

non-zero off-diagonal elemeni$,, and ;.. It can be shown that

q_(M 3) |
P 2My %12). (213)

If jg=p & 1, the mass eigenstates cannot be CP eigenstates under any choice of phase conven-
tions, and CP violation in mixing occurs. This effect can be measured, for example, in the decay
rate asymmetry of semileptonic processes that only occur due to mixing. Feynman diagrams for
B°-B° mixing are shown in Figure 2.2.

CP violation can also arise from the interference between decays with and without mixing
(Figure 2.3). This effect happens when the parameter (q=p A(B°! f)=A(B°! f) 6

1. Importantly, measurements of such effects may provide direct measurements of the relative
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Figure 2.2: One-loop box diagrams BF-B ° mixing.

phases of the mixing and decay amplitudes.

Figure 2.3: Interference betwe&?" decays with and without mixing.

Measurements of various CP-violating processes provide stringent tests of the SM, which
requires all observed CP violations to be described by the single irreducible phase in the CKM
matrix. Because any deviation from this prediction will indicate physics beyond the SM, CP

violation is a powerful interferometry probe for new physics.

2.3 Lepton avor universality

One fundamental feature of the SM is known as lepton avor universality (LFU). LFU re-
quires that the three generations of charged leptens @nd ) behave identically to each other,
apart from their mass differences. Speci cally, all avors of leptons have identical couplings to
the gauge bosons and have different couplings only to the Higgs boson (i.e. different masses).
Therefore, within the SM, the differences between decays involving an electron, muon, or tau
can be only due to the different lepton masses.
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The differences in decays due to lepton masses can be calculated, and improved theoretical
calculations would allow for experimental tests with more precise measurements. Because LFU
is a fundamental feature of the Standard Model, any deviation from LFU would be unambiguous
evidence for new physics. Similar to measuring CP violations in the quarks sector to probe for
new physics, testing LFU in the leptons sector is another important area of avor physics.

There are many theoretical models beyond the SM (BSM) that predict LFU violation. BSM
theories such as supersymmetry predict additional Higgs bosons, which could have different
couplings to leptons and violate LFU. Charged Higgs bosons would couple preferentially to the
heavier charged leptons and cause LFU violation. Many BSM theories also predict additional
bosons known as leptoquarks. Carrying both lepton and baryon numbers, the leptoquarks would
couple directly between leptons and quarks, and can result in LFU violation [18, 19].

In recent years, LFU has been subjected to increasing scrutiny in semileptonic b-hadron

decays [20], which serve as a powerful and relatively “clean” laboratory for LFU tests.

2.3.1 Semileptoni® decays

Semileptonic decay refers to when a hadron decays into one or more hadrons, a charged
lepton, and a neutrino. In the SM, semileptoBicdecays happen with! ¢ orb! u
transitions, via rst-order weak interaction mediated by Weboson. For example, as shown by
the Feynman diagram in Figure 2.4bguark can decay into @aquark and a virtuaw  boson,
which in turn decays into a charged lepton and a neutrino. Under the strong foroeubek
forms a hadron with other “spectator” quarks.

Theoretically, semileptonic decays are much simpler than fully hadronic processes because
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Figure 2.4: Feynman diagram for semileptoBiclecays in the SM.

the leptonic and the hadronic part can be factorized, while experimentally they are challenging
because the neutrinos are not directly detected. SemilepBouiecays have been extensively
studied to determine the CKM matrix elemejis,j andjV,yj [21].

The semileptonic decay of & meson into theX ~  nal states can be factorized into its
leptonic and hadronic parts, wheXe denotes the recoiling hadron. The matrix element,

can be calculated by summing over the helicity states of the medator

1 X ‘
M = P3GV L, H (2.14)
w
where |, = 1 for theW boson's 1 andO helicity states, and( w) = 1 for its scalar

helicity state. The leptonic and the hadronic tensbrs, andH * , are de ned as

L,= (whij @ ° joi; (2.15)

HX= (w)hXjc I bjBi: (2.16)

The leptonic tensor can be calculated perturbatively according to electroweak theory. Its

result is precisely known and dependent only on the lepton masthe virtualW  (  system)
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mass-squared?, and the angle between thé andX in the rest frame of the virtuaV . The
hadronic tensor, however, is dif cult to calculate due to the non-perturbative QCD describing
bottom and charm quark bound states.

To incorporate QCD effects, the hadronic matrix element can be written as a sum of com-
ponents with functions af?, which are known as form factors. For a vectorthe form factors

can be parameterized such that

2i

hXjc (1 ®°)bjBi = — pk V()
2my —9Q Ao(d)
g (2.17)
(mp + my) quQ A1(q)
2 2
L @p M Mg A

+
(mg + my)

¢

where the momenta & andX arep andk respectivelyP = p+ k,Q = p Kk, and the four
form factors are/ (o), Ao(c?), A1(P), andA,(P).

As an example, for a spin-1 hadref, the hadronic tensdrl ¥ can be written in terms
of non-zeroH?, HY, H; andH helicity components, where the superscripts denote the spin-1
hadron's 0 and 1 helicity states and the subscripts denote e boson's scalar and vector

helicity states. The hadronic tensor helicity components can be expressed in terms of the form

factors as:
Ha() = 4—2”18""2_2(“2” Ao(cf); (2.18)
1 4m3 jpx ()i’
H - p _ B A 2
o(qz) . @ Mg + My 2() 219

+(mg + my)(m3 mg ) AF) ;
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2mg jpx ()]

T V(); (2.20)

H (o) =(mg + mx)Ai(cf)

wherejpy (¢?)]j is the momentum of the hadrof in the rest frame of th& meson, andang is
theB meson mass.

The differential decay rate as a functioncpf after integrating ovetos , is

d _ GZjVei® ipx (P)i m. ? m- 3m? ., .
d 5603 m2 1 I (1+2_q2) H3+H2+Hg+2—q2H§. (2.21)

The form factors can be estimated based on various theoretical models or via lattice QCD
calculations. TheB! meson's semileptonic decays and form factors are further discussed in

Chapter 4.

2.3.2 Status of LFU tests in semileptoidcdecays

The recent measurements and SM predictions for some LFU observables i tran-

sitions are shown in Tables 2.1 and 2.2, where the observables are ratios of branching fractions

R(D)=Br(B ! D° )=Br(B ! D° ) (2.22)
R(D)=BrB® )1 p&9 H=pr(B® )1 DFI . (2.23)
R@A=)=Br(Bf ! J= * )=Br(BX! J= * ); (2.24)
R({)=Br(g! ¢ )=Br( ! ¢ ) (2.25)

The measurements &(D) andR(D ) are shown in Figure 2.5, and the world average is

currently 3.2 standard deviations above the SM prediction. The LHCb Collaboration has mea-
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Table 2.1: Measurements B(D) andR(D ) compared with the SM predictions.

Experiment R(D) R(D ) Note
BABAR 0:440 0:058 0:042 0332 0:024 0:.018 [22]
Belle 0:375 0:064 0:026 0293 0:038 0:015 [23]
LHCb 0:336 0:027 0:030 [24]
Belle 0:302 0:030 0:011 semileptonic tag [25]
Belle 0:270 0:035%98  hadronic decay [26]
LHCDb 0:285 0:019 0:029 hadronic decay [27]
Belle 0:307 0:037 0:016 0283 0:018 0:014 semileptonictag [28]
LHCb 0:441 0:.060 0:066 0281 0:.018 0:024 [29]
SM predictions 0:298 0:004 0254 0:005 [30]

Table 2.2: Measurements 8(J= ) andR( ¢) by the LHCb experiment compared with the
SM predictions.

R(J=) R( ¢
Measurements 0:71 0:17 0:18[31] 0:242 0:026 0:040 0:059[32]
SM predictions 0:2582 0:0038[33] 0:324 0:004[34]

suredR(J= ) with data collected in 2011 and 2012, and the measured value is in excess of the
Standard Model predictions by approximately 2 standard deviations. A new measurement of
R(J= ) with a larger data set collected between 2016 and 2018 will be an important update to

the tests of LFU, to be discussed in detail in Chapter 4.
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Figure 2.5: The measurementsRfD) andR(D ) compared with the SM prediction [35].
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Chapter 3: The LHCb experiment

3.1 The Large Hadron Collider

The Large Hadron Collider (LHC) at CERN is the world's largest and highest-energy par-
ticle collider. Designed to achieve record-high energies and luminosities by colliding opposite
beams of protons near the speed of light [36], the LHC currently operates at the center-of-mass
energy of 13 TeV in proton-proton collisions at 40 MHz. The LHC uses a series of supercon-
ducting magnets to bend and control the beam orbit, with superconducting radio-frequency (RF)
cavities to accelerate the beams. The machine extends 27 kilometers in circumference in its tun-
nel at about 100 meters underground, outside of Geneva, Switzerland. It can also collide beams
of heavy ions, such as lead ions, during special runs.

The source of protons is given by a bottle of hydrogen gas, which is stripped of electrons
by an electric eld (in a duoplasmatron) to produce a proton plasma. The protons are energized
by a series of linear and circular accelerators, including the Proton Synchrotron and the Super
Proton Synchrotron, up to 450 GeV. Finally, two opposite beams are accelerated by the LHC up
to 6.5 TeV per beam and brought to head-on collisions. There are four interaction points (IPs) on
the LHC where the accelerated beams collide.

The LHC enables physicists to conduct cutting-edge particle experiments. Four main ex-

periments are situated at the IPs, including ALICE, ATLAS, CMS, and LHCb. The ALICE
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experiment focuses on studying quark-gluon plasma by measuring heavy-ion collisions. The AT-
LAS and CMS experiments can directly search for new particles produced at the highest energies
using their general-purpose particle detectors, with which the Higgs boson was discovered in

2012.

3.2 The LHCb experiment

The Large Hadron Collider Beauty (LHCb) experiment is designed to measure the decays
of beauty and charm hadron produced at the LHC. Using precision measurements to test SM
predictions in the areas of avor physics and CP violation, LHCb indirectly searches for new
physics beyond the SM.

Beauty or charm quarks are mainly pair-produced via gluon-gluon fuggdn qqg at the
LHC, because of the proton's parton distribution functions (PDFs). One of the two fusing gluons
from the two colliding protons is likely to have much higher energy, which results igdipair
produced in a highly-boosted center-of-mass frame. Consequently, the heavygcgvairs are
mainly produced along the directions of the beams, in the so-called forward region with high
rapidity as shown in Figure 3.1.

Therefore, the LHCb detector was designed to instrumentéjsif the solid angle in the
forward region on one side of the IP, but accept a large fraction of beauty and charm hadrons (e.g.
25% of all bb pairs) produced. In comparison, the ATLAS and CMS general-purpose detectors
cover a much larger solid angle around the IP, in the central region and partly the forward region.
The highly boosted beauty or charm hadrons would also have relatively large decay lengths from

the IP and be more easily measured. The LHCb detector uses a combination of sub-detectors to
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Figure 3.1: The angular distriqution bib pairs produced with respect to the beam axis for simu-
lated proton-proton collisions ats = 14 TeV [37]. The LHCb acceptance is shown in red.

provide pattern recognition and discriminate different types of particles. The LHCb detector is
often described as a single-arm forward spectrometer covering the pseudorapidit® range
5.

The LHCDb detector is shown in a cross-sectional view in Figure 3.2. The LHCDb coordinate
system has theaxis pointing along the beams with the IPzat 0 m, they axis pointing upward,
and thex axis pointing to the left when looking along theaxis.

The Vertex Locator (VELO) provides precise tracking near the IP, which enables recon-
struction of primary vertices (PVs) from inelastic proton-proton collisemd$secondary vertices
from decays of hadrons such as beauty and charm hadrons away from PVs. The dipole magnet
bends the trajectories of charged particles to enable momentum and charge measurements. A se-

ries of tracking detectors measure and reconstruct tracks of charged particles that travel through
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them. A particle identi cation (PID) system provides information to distinguish and measure
different species of long-lived particles. More details of the sub-systems are discussed in the

following sections.

Figure 3.2: Cross-sectional view of the LHCb detector [38]. Zlais points to the right along
beams, and the IP is at= 0 m.

3.2.1 Tracking system

The Tracking system consists of the VELO surrounding the IP, the Trigger Tracker (TT)
located upstream of the dipole magnet, and three tracking stations (T1, T2, and T3) located
downstream.

The VELO is a silicon-strip detector designed to reconstruct primary vertices (PVs) from
inelastic proton-proton collisions and secondary vertices from decays of hadrons such as beauty
and charm hadrons away from PVs. It has a series of silicon-strip stations located closely along
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the beam vacuum pipe, in half-disk shaped modules as shown in Figure 3.3 [39]. Each module
is made of two silicon-strip sensors, referred to as R arsgknsors. The R sensor has strips
arranged to measure the radial coordinate, and teensor has strips arranged to measure the
azimuthal coordinate. The silicon strips' separation distances range38am102 m, and the

hit resolution can vary from0to 28 m. The sensors were designed to be radiation tolerant and
extend as close to the beam pipe as possible. The two halves of the detector are retractable, and
they move away from the beam pipe when the beams are not yet stable to minimize radiation

damage.

Figure 3.3: Schematics of the VELO showing the series of stations and the open and closed
positions.

The dipole magnet provides an integrated magnetic eld up to 4 Tm. Charged particles are
bent by the magnetic eld as they travel across the detector. Momentum (and charge) measure-
ments are made from the curvatures of their trajectories, which are reconstructed from hits in the
Sensors.
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The TT is located upstream of the magnet, and it has four planes of silicon-strip sensors.
The silicon strips' separation distanceli83 m, and the hit resolution is approximaté&® m.

Two TT planes have strips arranged vertically, while the other two have strips rotate8 by
about thez axis to measure hits positions in thelirection.

The rest of the tracking system includes the T1, T2, and T3 tracking stations, located down-
stream of the magnet. They have silicon strips around the beam pipe and gaseous detectors made
of straw tubes for the larger area further from the beam pipe.

The hits from the tracking system are used by pattern-recognition algorithms to reconstruct
tracks and vertices. Tracking information is further processed with Kalman Itering for track
tting to obtain the best estimate of tracking parameters. The Kalman lter takes into account
the effects of multiple scattering and energy loss in the detector material. The track reconstruc-
tion algorithms can occasionally create fake tracks by combining unrelated hits, known as ghost
tracks. To reject ghost tracks, tracking information is combined to estimate a ghost probability
per track and further used in of ine analyses.

The performance of the LHCDb tracking system is shown in Figure 3.4. The typical mo-
mentum resolution is abot35% 0:55% The impact parameter (IP) resolution i =

14 m+ 35 m=pr with transverse momentupy in GeV.

3.2.2 Particle identi cation system

The particle identi cation (PID) system provides information to distinguish and measure
different species of particles. The sub-detectors include two ring-imaging Cherenkov detectors,

an electromagnetic calorimeter (ECAL) and a hadronic calorimeter (HCAL), and a muon system.
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Figure 3.4: Momentum resolution as a function of track momentum (left), and IP resolution as a
function of inverse transverse momentum (right), with the kinematic distributions of tracks from
typical B mesons at LHCb shown below.

Electrons, muons, kaons, pions, protons, and photons interact with the sub-detectors dif-
ferently. Their signatures are used for pattern recognition to distinguish them from each other.
For example, an electron leaves hits in the trackers and is stopped in the ECAL. A muon, about
200 times more massive than an electron, leaves hits in the trackers but penetrates through the
calorimeters to reach the muon system.

The two ring-imaging Cherenkov detectors (RICH1 and RICH2) are used to identify charged
hadrons. Cherenkov radiation happens when a charged particle travels in a medium with a ve-
locity greater than the speed of light in that medium. Photons are irradiated in a cone around
the charged particle with a particular angle depending on the velocity. Velocity measurements
from the RICH are combined with momentum measurements from the tracking system to esti-
mate the masses of the charged hadrons and identify kaons, pions, and protons. Figure 3.5 shows

the schematics for the RICH1 and RICH2 detectors. Figure 3.6 shows the measured Cherenkov
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angle as a function of particles' momenta.

Figure 3.5: Schematics for the RICH1 and RICH2 detectors [40].

Figure 3.6: The measured Cherenkov angle as a function of particles' momenta [41].

The calorimeters are used to measure the energies of charged and neutral particles. The
ECAL measures electrons, photons, and neutral pions by absorbing their energy in electromag-
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netic showers. The HCAL measures charged and neutral hadrons by absorbing their energy in
hadronic showers.

The muon system consists of ve muon stations (M1-M5) to identify and measure muons.
Muons of interest at LHCb are minimum ionizing particles, which can penetrate through the
entire detector. The stations are made of multi-wire proportional chambers to detect muons. Iron
absorbers are used in between the stations to lter hadrons.

Information from different PID sub-detectors is used by PID algorithms to construct PID
variables. Likelihood estimates are made based on different particle hypotheses, and the differ-
ence between likelihoods for a given particle is used for discrimination. The likelihood informa-
tion from sub-detectors is linearly combined for a given particle hypothesis. The differences in
logarithmic likelihood (delta-log-likelihood) for different particle hypotheses are calculated and
referred to as the DLL variables. For example, the variable DLLmu is the delta-log-likelihood
between muon and pion hypotheses, and it is used to identify muon candidates. Another type
of PID variables use neural networks to assign probabilities for particle hypotheses and are re-
ferred to as the ProbNN variables. Neural networks take into account the correlations between
sub-detectors and generally lead to better performance over DLL variables, as shown in Figure
3.7. For instance, to identify muons with a signal ef ciency of ab®f4 the background rejec-
tion rate is abou?0%for DLLmu and85%for ProbNNmu. Figure 3.8 shows the ef ciencies of

identifying kaons and protons with rates of misidentifying pions and kaons.
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Figure 3.7: Background rejection rate versus signal ef ciency for the DLL and ProbNN variables,
derived from data control samples and simulations for muons (left) and protons (right)

Figure 3.8: Ef ciencies of identifying kaons (a) and protons (b and c), with rates of misidentifying
pions (a and b) and kaons (c) as a function of momentum [40].

3.2.3 Trigger system

The trigger system is designed to identify and save only events of interest from the 40 MHz
LHC collisions. As shown in Figure.3.9, the trigger system consists of a low-level trigger and two

high-level triggers. The low-level trigger (LO) uses hardware information from the calorimeters
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and the muon system to initially identify events of interest at an output rate of about 1 MHz. The

high-level triggers (HLT1 and HLT2) are software-based and reconstruct tracks, vertices, and
full events to make more advanced trigger decisions at a rate of about 12.5 kHz. Therefore, the
trigger system is able to carry out selections for events at high ef ciencies, using precise tracking,

vertexing, and particle identi cation information.

Figure 3.9: The LHCb trigger scheme with hardware and software triggers.

3.2.4 Simulation and data framework

Simulated data are extensively used for physics analysis and detector calibration at LHCDb.
The Monte Carlo (MC) simulations are generated using a set of software packagesa p42]
is used to generate the hard-scattering, parton shower, and hadronization processes in high-
energy proton-proton collisions. ThevEGEN package [43] simulates the decays of heavy
avor particles includingB mesons, and theHdTOS package [44] simulates nal-state radi-
ation. GEANT4 [45, 46] is used to simulate long-lived particles' transportation and interactions
within the LHCDb detector. The 8uss software [47] integrates the above packages to produce
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simulation samples. ThedLE software package [48] is used to digitize the simulated events
and produce the same data format as the real data from the detector. GbrE\doftware
package [49] applies the trigger decisions, and tReBEL software package [50] performs full

of ine event reconstruction. Lastly, theAYINCI software package [51] is used to reconstruct
candidate decays and calculate addition variables for physics analysis. Both data and simulation
samples are processed on the Worldwide LHC Computing Grid before of ine analysis.

The LHCb experiment has collected several large data sets, for an integrated luminosity of
3fb at7-8 TeV during the LHC Run 1 between 2010 and 2012, and for an integrated luminosity
of 6 fbo ' at 13 TeV during the LHC Run 2 between 2015 and 2018. Using these data sets, a large
number of measurements in avor physics and CP violation have been successfully performed.
With the start of the LHC Run 3 in 2022, LHCb will collect much more data in the coming years

with its newly upgraded detector. The LHCb upgrade is discussed in detail in Chapter 5.
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Chapter 4: Study of semitauorl8y decays

4.1 Theoretical background

This study is carried out to measure the ratio of branching fractions:

Br(B; ! J= *
Br(By ! J= *

R(J= ) = (4.1)

N | N

as a test of lepton avor universality (LFU), which is a fundamental feature of the Standard
Model. Deviation from LFU would be unambiguous evidence for new physics.

The LHCb Collaboration has measur&®{J= ) to be 0:71 0:17(stat)  0:18(syst)
with the LHCb Run-1 dataset collected in 2011 and 2012 [31], utilizing the muonic decays of

L andJ= ! %  to reconstruct the semilepton&; decays. The measured

value is in excess of the Standard Model predictions [33,52, 53] by approximately 2 standard de-
viations. Compared with the LHCb Run-1 dataset, the Run-2 dataset is about twice the integrated
luminosity at nearly twice the center-of-mass energy. Therefore, a new measurerRé¢dt of
with the LHCb Run-2 dataset collected between 2016 and 2018 will be an important update to
the tests of LFU.

In addition to the discussion in Chapter 2, some necessary theoretical background for this

study is brie y reviewed. The following sections discuss semilept@jicdecays, th&8! ! cc
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form factors, and the technique fB rest frame approximation.

4.1.1 SemileptoniB; decays

TheB! meson is a bound state of an anti-beauty qulykagd a charm quarkc). It has
a relatively large mass of 6.274 GeV, compared with ligBtenesons such as thi&" meson (a
bound state ob andu) with a mass of 5.279 GeV. THg; meson's mean lifetime is 0.510 ps,
which is shorter than those of lightBrmesons (such &* with a 1.638 ps mean lifetime).

As discussed in Chapter 2, the SM semileptdjc decays at the tree level are described
by the Feynman diagram in Figure 4.1. Theuark decays via the weak interaction int@ a
quark and a virtuaW* boson, which in turn decays into a charged lepton and a neutrinoc The
guark and the spectatoquark form acc bound state, such as the meson. In beyond-the-SM
(BSM) theories with a charged Higgs boson or a leptoquark, semilepBgnitecays can happen

as described by the Feynman diagrams in Figure 4.2.

Figure 4.1: Feynman diagram for semileptoBit decays in the SM.

4.1.2 B!! ccform factors

As discussed in Chapter 2, the semileptonic decayBf aneson into thé&X ™ nal states

can be factorized into the leptonic and hadronic parts, wKedenotes the recoiling hadron. The
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Figure 4.2: Feynman diagrams for semileptddjcdecays in BSM theories with a charged Higgs
boson or a leptoquark.

hadronic matrix element can be written in terms of form factors to incorporate QCD effects.

For a spin-1 hadroX such asl= , the hadronic tensor helicity components can be written
in terms of form factors as shown in Equations (2.18-2.20), where the four form factoféagie
Ao(cF), Ax(cf), andA(cp).

The differential decay rate as a functionggfis given by Equation (2.21), whejpx (¢?)j
istheJ= momentum in thd; rest frame, andhg is theB! mass.

TheB! ! ccform factors have been calculated using theoretical models, without suf -
cient experimental data to provide input. Monte Carlo simulatiordlof cc decays are gener-
ated using various form factor models. B ! decays, the initial simulation for this study
was produced using the Ebert-Faustov-Galkin (EFG) model [53] and the Kieselev model [54].
ForB! ! . decays, the Wang-Wang-Lu (WWL) model [55] is used.

More recently, theB} | J= form factors have been precisely determined for thedtll

range using lattice QCD (LQCD) [56], a non-perturbative method for numerical calculations of
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QCD by discretizing space-time on a lattice. These results signi cantly improve the modeling of
B ! J= semileptonic decays.
The BGL parametrization [57] is used to describe the LQCD results in the helicity basis by

linear combinations of the original form factors:

— 2 .
() = mv(q2)1 (4.2)
f(of) =(ms + my) Ay (FF); (4.3)
2. .2
P = T RN ) S mp e A @)
F2(F) =2 Ao(cf): (4.5)

The so-calledz-expansion, based on analyticity and unitarity, is used for model-independent

parametrization of the form factors, agtlis mapped to a new variabie

P —— I
P T R T T

wheret, = (mg + mp)? and the physicadf ranges from 0 tdg = (mg, my )? [58]. The

form factors are expanded into a power seriez:in

1 b

Pi(cf) i(dto) el @D

Fi(cf) =

where the pole functionB; and outer functions;(c?; ty) are de ned in [58].
The LQCD results in BGL parametrization withexpansion truncated at= 3 are given

by [56]. They are used to reweight the aforementioned simulatioBg of J= decays, which
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is further described in Section 4.11.1.

4.1.3 B rest frame approximation

SemileptonidB decays can be described in terms of three kinematic quantities in the rest
frame of theB meson: the invariant mass of the four-momentum transfer to the leptonic system
o =(ps Px)? the charged lepton enerdy , and the “missing” mass of the neutrino system
m2. =(ps Px P)? wherepg, px p are the four-momenta of tH& mesonX hadron, and
charged lepton respectively. Although tBerest frame cannot be directly determined in proton-
proton collisions, a rest frame approximation technique was originally developed at LHCb [24]
to approximate the rest frames of semileptddidecays and estimate the kinematic variables.

The technique uses the approximation that alongzthgis, the proper velocity of the

B is equal to that of the visible nal states (denotedYgs Therefore, the B momentum along

thez-axis can be estimated as

(pe)s = z—f(pv)z; (4.8)

wheremg is theB! mass, andny andpy are the reconstructed invariant mass and momentum
of the(J= ) * system in this study. The tot&8l momentum is then calculated using tBg

ight direction, which is determined from the reconstructeg decay vertex and its associated
PV.

p— p
jpej =(ps), l+tan? = %(p\()Z 1+tan? ; (4.9)
Y

where is the angle between th&! ight direction and thez-axis.
The rest frame kinematic variables can be then calculated using the estiBjatetb-

mentum, including the missing mass?,c = (pPs, Px= p )2, the momentum transfer
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¢ = (ps. Psx )% the muon's energf , and theB! candidate's proper decay time. The
resolutions on the estimatedt.... , E , andc? in simulation are shown in Figure 4.3.
The distributions of the estimated rest frame variables for the simubted J= *
andB! ! J= * decays are shown in Figure 4.4. BecauseBpe J= ( *! )
decay have three unobserved neutrinos, the missing mass is non-zero. The muon frorh the
* decay is likely to have lower energy than that from #g& ! J= * decay. The

semitauonic decay tends to have a larger momentum transfer to the leptonic system than the

semimuonic decay.

Figure 4.3: The resolutions on the estimated rest frame variailgs, E , andg? in simulation
[59].
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Figure 4.4: The distributions of the estimated rest frame variabfes , E , andc? for the signal
and normalization simulations.

4.2 Analysis overview

The study analyzes data collected by the LHCb experiment in 2016, with selection for a
sample containing events from the signal m&je ! J= * , normalization modé3; !
J= * ,and several backgrounds.

With muonic decays of* ! andJ= ! *  thesignalmod&;! J= *
and normalization modB! ! J= * share the same visible trimuon nal states (two paired
muons and one unpaired muon). They are differentiated in the rest frame variables, including the
missing mass squared? . , the momentum transfer squaregd the unpaired muon's energy in

theB/ rest frameE , and theB! candidate decay time. These variables are calculated using the

rest frame approximation technique described in Section 4.1.3.
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The relative yields of signal, normalization, and backgrounds are determined with a max-
imum likelihood t to the distributions oim2..., ¢?, E , andB} decay time, using templates
derived from MC and data control samples.

The leading background is from inclusive decay®88f B*, andBs mesons int@d= and
hadrons, from which a charged particle (e.g. pion, kaon, proton, or electron) is misidenti ed as a
muon. The muon misidenti cation rate is relatively low due to the powerful particle identi cation
system at LHCb. But because the production cross sections of the Igjhtersons are at least
two orders of magnitude larger than that of 8¢, the muon misidenti cation background is
a signi cant component in the select®f candidate sample. The lightBr mesons, however,
have lifetimes about three times longer than that ofBlilemeson, therefore thB; candidate
decay time is an important t variable. The misidenti cation background is modeled using a
data-driven control sample of events with and a track not identi ed as muon, as described in
Section 4.6.

There are several backgrounds with trimuon nal states fBjmdecays, which are mod-
eled with Monte Carlo simulations of various decay modes. The feed-down backgrounds in-
clude B! semileptonic decays with a heavy charmonium state such(2S) or ., and the
heavy charmonium further decays downJto . The other backgrounds froByY decays include
B! J=D ¥ X decays, in which the D meson decays leptonically or semileptonically.

Additionally, there are two different combinatorial backgrounds. (e + ) combina-
torial background is formed betweenJa from a b-hadron decay and a muon from a separate
decay. This is modeled with Monte Carlo simulations of the inclugiyg ! J=X decays,
whereX represents the recoiling hadron system. The other combinatorial background is due to

random muon pairs forming combinatordsd candidates, and it is modeled using data from the
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upper sideband @i= candidate invariant mass distribution.

4.3 Data sets

The study uses data that the LHCb experiment collected in 2016, corresponding to an
integrated luminosity of 1.67 fid, in proton-proton collisions at the center-of-mass energy of
13 TeV. The LHCb experiment also recorded an integrated luminosity of 3.90irfl2017 and
2018, which will be added in the future to this study.

The Monte Carlo (MC) simulations of the signal, normalization, and various backgrounds
have been produced.YPHIA [42] is used to generate the hard-scattering, parton shower, hadroniza-
tion, and decay processes in high-energy proton-proton collisious GEN [43] simulates the
decays of heavy avor particles includirig mesons. BVEGPY [60] is the dedicated genera-
tor for the hadronic production @&; mesons. GANT4 [45,46] is used to simulate long-lived
particles' transportation and interactions within the LHCb detector.

Both data and simulation samples are processed on the Worldwide LHC Computing Grid
before of ine analysis. The simulation samples are summarized in Table 4.1. The samples are
adjusted for detector running conditions, with subsample size proportional to the yearly integrated

luminosity.

4.4 Selection

4.4.1 Pre-selection

To select candidates & ! J="" decays, the events are required to rst pass the
LHCb trigger and stripping selections fd= ! *  candidates that are detached from the
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Table 4.1: The simulation samples produced for the analysis, adjusted for detector running con-
ditions with subsample size proportional to the yearly integrated luminosity.

Type Decay mode Number of events Notes
Signal B! J= 7 11 M EFG model
Normalization Bl ! J= * 15M EFG model, full simulation

B! J>= 7 40 M tracker-only simulation
Feed-down B! (2S) ° 6 M Kieselev model

B! (29) * 1M Kieselev model

B! (25) ° 3M EFG model

B! (29) * 3M EFG model

B! a ° 6 M WWL model

Bi! o ° 6 M WWL model
Double-charm B! ! J=D 3M

Be! J=D "7 3M cocktail

BI! J=D Ky 3M
Combinatorial B%! J= X 12 M cocktail

Bs! =X 2M
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primary vertex (PV). Both muon candidates' tracks should not originate from the primary vertex
(PV) and have signi cant impact parameters with respect to the PV. This is done by calculating
the increase in the primary vertex t> when including this track. The IP2 with respect to

any PV must be larger than 4. The two opposite-charged muon candidates are required to have
pr > 500MeV and to pass a loose particle identi cation (PID) selection for muons. The log-
likelihood difference between muon and pion hypotheses, DLLmu, is required to be larger than

0.

4.4.2 Main selection

The dimuon system is required to be a galsd candidate. The distance of closest ap-
proach (DOCA) of the two muons determined in a t should have & 30. The vertex t from
the track parameters should havé < 9 to reduce the combinatorial background. The vertex
location is required to be separated from the PV location by at least three standard deviations.
With theJ= mass resolution of approximately 13 MeV, the measured invariant mass &f the
candidate is required to be within 55 MeV of the tidze mass. The candidate is also required
to be associated with signatures for the hardware and software dimuon triggers, which identify
J= ! * candidates for LHCb detector to save data for the event.

TheJ= candidates are then combined with muon candidate tracks toBgrecandidates.
The invariant mass ofl€ + ™) combination must be less than B¢ mass, due to the missing
neutrino energy in reconstructing signal and normalization decays.

To reduce combinatorial background, tire and * are required to have a small DOCA

and not be in opposite directions in the XY plawmeg() > 0:8). There is a small probability
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for a muon track from thé= to be mis-reconstructed as two same-sign muons and lead to a
fake trimuon candidate. This background is rejected by requiring the angle between the unpaired
muon and the same-sign muon to be not close to zero in the lab figoeg)(> 0:9997. The

wrong pair of opposite-sign muons can be chosen in the decay reconstruction, when it has an
invariant mass consistent with tlle . These events are removed by requiring the unpaired

muon and the opposite-sign muon to have an invariant mass not within 50 MeV &f timeass.

4.4.3 Isolation algorithm

To reduce the backgrounds from partially reconstructed b-hadron decays which produce
more than three charged tracks, a multivariate isolation algorithm is used for identifying tracks
associated with the signBl meson [24]. The algorithm is a boosted decision tree (BDT) trained
with simulation samples. Associated tracks frBni D © events and unassociated tracks
fromB°! D * events after excluding the signal decay are used for the training. The input
variables include the track's IP? with respect to the PV and the secondady ( *) vertex,
transverse momentum, the angle between the track angk-the® momentum, and the signi -
cance of separation between the PV andXhe * vertex or thel= * + track vertex. Figure
4.5 shows the distributions of the maximum isolation BDT score for the normalization mode and
the muon misidenti cation background. The selected candidate events have a maximum isolation

BDT score of 0.2.
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Figure 4.5: The distributions of the maximum isolation BDT score for the normalization mode
and the muon misidenti cation background [61].

4.4.4 Muon PID

Because the leading background is due to muon misidenti cation, a tight PID requirement
on the unpaired muon is important to the analysis. But the standard PID algorithms, such as
DLLmu and neural-network-based ProoNNmu, have been found to strongly depend on the trans-
verse and total momentum of the track [59]. With a softer mpiodistribution from the signal's
tau decay, a tight requirement using standard PID would be much less ef cient for the signal
decays than the normalization channel. The resulting distortion ip;thspectrum also makes
modeling harder with nite data control samples.

A custom multivariate algorithm for muon PID was developed by [59] to improve back-
ground rejection without strong dependence on the tm@achkn semileptonic B decays. The
uBoost method [62] implemented in the TMVA package [63] is used to train a BDT classi er
with a constant selection ef ciency as a function of mygnandP. The so-called uBDT clas-
sieristrained usingd ! D() simulation, with muons tracks as the signal and other tracks

from the simulation as the background.
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The threshold for the uBDT score to be used in the selection is optimized using simulation

samples. The gure of merit (FoM) used for optimization is de ned as

FoM = pﬂ (4.10)
(mis-1D)

where the ef ciency (signa) is evaluated from the signal and normalization simulations, and the

ef ciency (mis-ID) is evaluated using an incluside simulation with misidenti ed accompa-

nying tracks. The FoM as a function of the muon uBDT cut is shown in Figure 4.6. Therefore, a
uBDT score greater than 0.65 is chosen as the unpaired muon's PID requirement, in addition to a

loose selection of DLLmu greater than 2.

Figure 4.6: The optimization gure of merit (FOM) as a function of the muon uBDT cut.

4.5 Signal and normalization modeling

ThesignalB; ! J= * andnormalizatioB; ! J= * decays are modeled with

MC simulation. The simulation uses the Ebert-Faustov-Galkin (EFG) model [58fdr J=
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form factors, and is later reweighted according to lattice QCD results [56]. The details of the
form-factor reweighting are described in Section 4.11.1.

The signal and normalization have different topologies and kinematics which lead to dif-
ferent characteristics in the rest frame variables, as shown in Figure 4.4. The normalization mode
BI ! J= * hasonly one neutrino, so a small missing mass peak around zero is expected.
The signal mode8; ! J= * with = * has three neutrinos, which lead to a
non-zero and broader missing mass distribution in the reconstructed events. The normalization
mode tends to have lowef and higheE than the signal. The decay time distributions of the
candidates from both modes follow the exponential distributioB bidecay time.

Based on the LQCD prediction fdR(J= ) = 0:2582(38)[33] and the world-average
branching fraction foBr( * ! ¥ ) = 0:173937(384)18], the expected ratio of signal
to normalization events is approximately 0.045, before corrections for differences in detection

ef ciency.

4.6 Misidenti cation background

The production cross sections of lighB2mesonsB * ; B®; Bs) are more than two orders of
magnitudes larger than that of the doubly-heByymeson. The largest background comes from
inclusive decays of lighte8 mesons tag)= + hadrons, where a pion or kaon is misidenti ed as
a muon. This background is referred to as the misidenti cation (mis-ID) background. Although
the muon misidenti cation rate is relatively low due to the powerful particle identi cation system
at LHCD, the large production cross sections of liglBemesons result in a signi cant number

of misidenti ed events passing the selection for the nominal data sample.

44



A data control sample of inclusi®@ ! J= X decays is used to model this background.
The sample is created by combinidg candidates with a track that fails muon identi cation
while repeating the signal reconstruction. This control sample has unpaired candidate tracks
enriched in pions, kaons, protons, electrons, and ghost tracks. A ghost track is wrongly recon-
structed from hits in the detector that are aligned but not formed by a real particle.

To represent the mis-ID background in the nominal data sample, the data control sample
needs to be reweighted according to the probabilities of different tracks passing the muon PID
requirement. Weights are produced through an unfolding procedure that identi es tracks by their
probabilities of passing the muon PID requirement, using the PID rates derived from calibration
samples. The procedure is described in more detail in Section 4.6.3.

The PID calibration samples and tools have been developed by the LHCDb collaboration for
analyses that require PID calibration input [64]. Events are selected from data to build high-purity
samples of muons, electrons, pions, kaons, and protons (gg.!la *  sample for muons, a
D%! K * sample for pions and kaons). The sPlot method [65] is used to statistically subtract
background contributions from these events, which are weighted to reproduce the kinematic and
PID variables of particles of interest. These samples are then used to measure the ef ciencies for

various PID selections and misidenti cation rates.

4.6.1 Ghosttracks

TheJ= + hadron control sample contains some fraction of “ghost” tracks, which are re-
constructed tracks from segments of different tracks and do not correspond to real particles. This

class of tracks needs to be accounted for during the unfolding and weighting procedure. Without
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a sample of ghost tracks to select from data, we model the PID ef ciencies for ghost tracks by
using inclusiveJ= simulation with tracks whose hits fail to be truth-matched with simulated

particles.

4.6.2 PID sorting

The candidate tracks in the control sample are sorted into six different categories: pion-
enriched, kaon-enriched, proton-enriched, electron-enriched, muon-enriched, and ghost-enriched.
This is done by applying PID sorting criteria to the candidate tracks.

First, the tracks identi ed by the neural network ProbNN as ghost candidates are sorted
into the ghost-enriched category. Second, the remaining tracks which are identi ed by ProbNN
as electron candidates are sorted into the electron-enriched category. Third, the remaining tracks
which have a signi cant log-likelihood for the muon hypothesis are sorted into the muon-enriched
category. Fourth, the remaining tracks which pass a ProbNN requirement for kaon candidates
and have a signi cant log-likelihood difference of kaon over proton hypotheses are sorted into
the kaon-enriched category. Fifth, the remaining tracks which are identi ed by ProbNN as proton
candidates and have a signi cant log-likelihood difference of proton over kaon are sorted into the
proton-enriched category. Lastly, all remaining tracks are sorted into the pion-enriched category.

These PID sorting criteria have been optimized to produce relatively pure enriched sub-

samples. They are summarized in Table 4.2, in the form of a Iter ordered from top to bottom.
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Table 4.2: The PID sorting criteria for categorizing the mis-ID data control samples, in the form
of a Iter from top to bottom.

Category PID sorting criteria

ghost-enriched ProbNNghost0:2

electron-enriched ProbNNe 0:1
muon-enriched DLLmw 2
kaon-enriched ProbNNk 0:1 & (DLLk-DLLp) > 2

proton-enriched  ProbNNp 0:1 & (DLLp-DLLk) > 2

pion-enriched None of the above

4.6.3 Unfolding

The LHCDb PID calibration samples and tools are used to measure the probabilities of iden-
tifying and misidentifying a given track [64], in the form of ef ciency histograms binned in total
momentum, pseudo-rapidity, and track multiplicity.

The average number of tracks in the tagged categories should be related to the true num-
ber of each species by the probability matrix in Equation 4.11, wR¢fe ! B) denotes the
probability of identifyingA asB:

1

0 1 0 10
N P( ! » P(K! 7 P(ghost! 7) N
ENK Eé P( ! K) PK! R) P(ghost! K) Eém _

P( ! ghHos) P(K ! gHos) P(ghost! gHos)  Nghost

(4.11)

But the exact solution of matrix inversion is not practical due to statistical uctuations. In-
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stead, an iterative unfolding method using the RooBayesUnfold tool [66] provides a more stable
solution. With the control sample sorted into six enriched categories and the matrix of proba-
bilities from PID calibration samples for identifying or misidentifying six species of tracks, the
unfolding decomposes the control sample into components representing each species. The muon

mis-ID probabilities are subsequently applied to each component to obtain the overall weights.

4.6.4 Muon uBDT efciencies

Many of the input variables used in the muon uBDT algorithm are not included in the stan-
dard PID calibration samples. These additional variables are normally used as input to PID algo-
rithms, whose outputs are saved in the standard processed samples. To evaluate the probabilities
of misidentifying muons using the muon uBDT, the PID calibration samples were re-processed to
include all input variables. The muon uBDT is then applied of ine to the re-processed samples.
With the muon uBDT output available, the re-processed samples are then used to produce the

mis-ID ef ciencies histograms for the unfolding.

4.6.5 TheB™! J=K * peak

The mis-ID background contains the fully reconstrudBsd! J=K * decays in which
the kaon is misidenti ed as a muon. Because these decays have no neutrinos and are fully recon-
structed, their distributions peak in invariant mass, missing masg; andihe invariant mass of
theJ= + track system can be recomputed after assuming the kaon hypothesis for the unpaired
muon candidate track. The invariant mass distribution can be subsequently drawn in a stacked

histogram with the unfolding weight for each species. The peak 8Bdm! J=K * decays
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is prominently seen around ti&" mass. Since the peak is due to true kaons, it is used as an
important reference to check the unfolding results. The stacked contributions of the unfolding-
weighted invariant mass distributions is shown in Figure 4.7, and most of the peak is shown to be
the kaon componentin red. This reference is used to optimize the PID sorting criteria and correct

the over-estimation of ghost tracks from previous iterations of unfolding.

Figure 4.7: The stacked contributions of unfolding-weighted invariant mass distributions for each
species: kaon (red), pion (magenta), ghost (grey), muon (blue), proton (yellow), and electron

(cyan).

4.6.6 Decay-in- ight contribution

Pions and kaons can decay in- ight with a small change of angle in the lab frame, and
lead to real muons registering signatures in the muon stations. Approximately half the rates of
muon misidenti cation from pions and kaons are found to be due to decays in- ight [59]. When
this happens between the tracking systems upstream and downstream of the magnet, tracks are
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misreconstructed as muons, but with incorrect momentum.

Because the mis-ID data control sample is selected from tracks that fail muon identi cation,
all tracks in this sample have no signature in the muon stations. Therefore, the data control
sample is not affected by decay-in- ight misreconstruction and does not fully model the nominal
data sample.

A smearing procedure was developed as in reference [59] to model the momentum misre-
construction of decay-in- ight pions and kaons. Simulated samples of pions and kaons which are
misidenti ed as muons are used to build a library of true momentum vs misreconstructed momen-
tum ratios. The pion and kaon components from the unfolding are then randomly modi ed by
the momentum ratios, and the rest frame variables are recomputed with the smeared momentum.
This creates a smeared mis-ID template to be used in the t. Figure 4.8 shows the distributions of
missing mass and muon energy in comparison between smeared (in red) and unsmeared (in blue)
mis-ID background models from the mis-ID data control sample. The peakHfoin J=K *

decays are shown to be broadened by the smearing.

Figure 4.8: The distributions of missing mass and muon energy for the smeared (in red) and
unsmeared (in blue) mis-1D background models from the mis-ID data control sample. The peaks
fromB* ! J=K * decays are shown to be broadened by the smearing.
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4.7 Combinatoria(J= + ) background

The(J= + ) combinatorial background is formed betweedra from a b-hadron decay
and a muon candidate from a separate decay. Because the proton-proton collisions pboduce
pairs, one b-hadron decay is accompanied by its partner anti b-hadron. With the requirement of a
signi cant impact parameter from the PV, the combinatorial muon is generally produced by the
partner b-hadron.

This background is modeled with Monte Carlo simulation8gf ! J=X decays. By
isospin symmetryB, ! J=X decays should have the same kinematics asBthelecays.
Therefore, thé3 4. simulations are suf cient for modeling this combinatorial background.

The simulation includes a cocktail of many B decaysito, (2S), ¢, and . The
fraction ofB° andB? in the model is xed according to the production cross sectior3gf and

BS-

4.8 Combinatorial * + ) * background

The( * + ) * combinatorial background is due to random combinations of muons
forming fakeJ= candidates. Because the randomly combined opposite-charge muons do not
have correlated kinematics or share the same parent particle, their invariant mass distribution
has no resonance structure. We can therefore model this background using data from the upper
sideband of thd= candidate invariant mass. While the signal selection requiresandidate
mass to be between 3040 MeV and 3150 MeV, the upper sideband sample is selected from 3150

MeV to 3190 MeV. The lower sideband is not used to avoid selectinglreatlecays with large
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nal-state radiation from muons.

TheJ= candidate invariant mass distribution is t with a double-sided Crystal Ball func-
tion for theJ= signal component and an exponential decay function for the combinalerial
background component. The yield of the combinataial background in the signal region is

estimated from the number of background events withinJthecandidate mass window.

Figure 4.9: Fitto thé= candidate invariant mass spectrum. The signal componentisinred,
the combinatorial= background is in blue, and the data is in black. The lower panel shows the
residual distribution.

4.9 Feed-down (2S) and . backgrounds

The feed-down backgrounds inclu8& semileptonic decays with a heavy charmonium
state such as(2S) or ., which further decays down t&= . The signi cant feed-down channels
include (2S)! J= ,and ¢ 12(1P)! J=

ForB; ! (2s) * andB; ! (2S) * decays, simulations are produced using
both the EFG and Kieselev form factor models to build templates for this background. The
distributions of rest frame variables for both models are shown in Figure 4.10, in comparison
with the normalization mode.

52



Figure 4.10: The distributions of rest frame variables for EFG (blue) and Kieselev (red) models
of B ! (2S) * decays, in comparison with the normalization mode (black)

ForB; ! & ¥ andB]!  * decays,simulations are produced using the WWL
form factor model [55] to build templates for this background. The distributions of rest frame
variables for both decay modes are shown in Figure 4.11, in comparison with the normalization

mode.

Figure 4.11: The distributions of rest frame variablesBpr! ., * decays with the WWL
form factor model, in comparison with the normalization mode (black). The decay withP)
is in blue, and the decay with;(1P) is in red.

4.10 Double charm background

The other backgrounds froB; decays includ&8! ! J=D * X decays, in which the
D meson decays leptonically or semileptonically. They are modeled with MC simulations of

two-bodyB;} ! J= D () decays and quasi-two-bo®} ! J= D . decays. Additionally, the
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three-bodyB! ! J= DK decays are simulated with a phase space model. The distributions of

rest frame variables for these decays are shown in Figure 4.12.

Figure 4.12: The distributions of rest frame variablesBgr! J= DX decays, in comparison
with the signal mode (dashed red). The two-body mode is in blue, the quasi-two-body mode is in
violet, and the three-body mode is in green.

4.11 Corrections to simulation

Corrections are applied to the simulated data to improve their modeling of real data. They
include form factor corrections to signal and normalization modes, lifetime acceptance correc-

tions, and production multiplicity corrections to all simulations in a data-driven way.
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4.11.1 Form factor corrections

The MC data for the signalmodg&! ! J= * andnormalizatonmodB! ! J= *

are originally simulated with the EFG model fBrf ! J= form factors. Recently published
lattice QCD results provide signi cant improvement to the modeling of form factors [56]. The
LQCD form factor results provided in the BGL parametrization [57] have been implemented
in the Hammer tool [67] for reweighting simulated data samples. The Hammer tool is used to
reweight simulation samples to any implemented description of the hadronic matrix elements,
using the true four-momenta of the particles as input. Using the Hammer tool, the signal and
normalization MC samples are reweighted according to the LQCD results. The distributions of
o? and missing mass for normalization MC in the original EFG model and reweighted LQCD

results are in Figure 4.13, where the corrections are shown to range up to approximately 20%.

Figure 4.13: The distributions af and missing mass for normalization MC in original EFG
model (blue) and reweighted LQCD results (red). The lower panels show the ratios.
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4.11.2 Lifetime acceptance corrections

The MC simulations are affected by the mis-modeling of lifetime acceptance of the LHCb
detector. To capture the correlations between lifetime acceptance and missing momentum in the
partially reconstructed decay, a correction is made using data and MC samples of partially recon-
structedB®! J= (K ! K* ) decays, where the pion track is not used in reconstructing the
candidate.

The J= K * pair is reconstructed with kinematic and vertexing requirement$ for!

J= K * decay. The is selected without vertexing requirement such that the invariant mass of
(3= K * ) iswithin theB° mass window, to be used to model the missing momentum. For the
data sample, the invariant mass distribution of Bfecandidate is modeled with a double-sided

Crystal Ball function, and the background is modeled with an exponential function. The tresult

is shown in Figure 4.14.

Figure 4.14: Fit to the invariant mass spectrum(@ K * ) to extractB® ! J= (K !
K* ) decays

The sPlot method is used to generate weights from the t to statistically subtract the back-
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ground. With the background-subtracted data sample and the simulation sample, a 2D histogram
of decay time correction factor and momentum fractgdn )=p(B*) is produced as shown in

Figure 4.15.

Figure 4.15: Lifetime acceptance correction factors as a function of decay time in 4 bins of
missing momentum fraction (with relevant range shown in the green band)

4.11.3 Production multiplicity correction

The MC simulation is known to mis-model the production multiplicity of events, with a
smaller average number of tracks produced than the real data. A boosted decision tree reweighter
[68] is trained using the simulation sample of the normalization mode and a normalization-rich
data control sample. The samples are required to pass selections designed to enrich normalization

events in data, with missing mass less than zero, decay time less than 1.5 ps, and isolation BDT
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score less than 0.2. The BDT reweighter optimizes the splitting of multi-dimensional regions to
produce weights (instead of simply binning data into histograms).

The corrections are made as a function of the event track multiplicity, nTracks, and the
number of degrees of freedom for tting the primary vertex, PVYNDOF. The comparisons before

and after reweighting are shown in Figure 4.16.

Figure 4.16: The comparisons in nTracks and PVYNDOF between simulation (in blue) and data
(in orange), before and after reweighting

The potential need for correctir®)! production kinematics is reviewed. The LHCb Col-
laboration has performed a measuremer pfproduction using data recorded in proton-proton
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collisions at the center-of-mass enel%y_z =8 TeVwithB! ! J= * decays [69]. Thd]
transverse momentum and rapidity distributions of the background-subtracted data are found to
be in good agreement with those of the simulation produced by thgenerator BCVEGPY.

Therefore, no major correction is expected for Bje production kinematics.

4.12 Fit strategy and results

A maximum likelihood estimation t is used to measure the parami{ge= ), with the
probability density function (PDF) templates derived from simulations and data control samples.
The distributions are binned in missing mass, candidate decaydfyendE , for data and sim-
ulation samples passing the selections described in Section 4.4. The relative fractions of different
components are allowed to vary in the twith some constraints, to maximize the likelihood func-
tion with Poisson distributions in every bin. The tis performed using the HistFactory package
as part of the RooFit and RooStats framework [70—72]. The numerical minimization for the tis

performed using the MINUIT library [73].

4.12.1 Fit variables binning

The t variables missing mass, decay ting, andE allow for good discrimination of
signal, normalization, and backgrounds. Because these four-dimensional distributions cannot be
easily modeled with analytical functions, histogram templates are good representations for the
underlying PDFs. The tis therefore performed in a binned maximum likelihood estimation
procedure using the HistFactory package.

Because the ROOT data analysis framework allows for histograms up to three dimensions,
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the  andE are binned into a categorical variald€d?; E ) to handle the effectively four-

dimensional distributions. The binning de ned f8(c?; E ) is shown in Figure 4.17.

Figure 4.17: The binning de ned for the categorical variable?; E ) [61].

4.12.2 Templates projections

The ttemplates for signal, normalization, and each background are shown in Figures 4.18

to 4.24, projected in the t variables missing mass, decay time Zxg; E ).
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Figure 4.18: Fit template projections for the signal mode (red) compared with the normalization
mode (blue).

Figure 4.19: Projections of the t templates for the mis-ID background (yellow) compared with
the normalization mode (blue).
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Figure 4.20: Projections of the t templates for the feed-ddsn ! (2S) * background
(violet) compared with the normalization mode (blue).

Figure 4.21: Projections of the ttemplates for the feed-d@®yn! .2(1P) * background
(green) compared with the normalization mode (blue).
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Figure 4.22: Projections of the t templates for the double-ch&jn! J= DX background
(green), modeled with a combination of two-body and quasi-two-body decays.

Figure 4.23: Projections of the t templates for tt2% B*;B?) ! J= X combinatorial back-
ground (orange) compared with the normalization mode (blue).
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Figure 4.24: Projections of the t templates for the* + ) * combinatorial background
(orange) compared with the normalization mode (blue).

4.12.3 Form factor uncertainty variations

Although the LCQD form factor calculations are expected to be state-of-the-art results, the
uncertainties in the form factor parameters must be accounted for. The BGL expansion param-
eters' uncertainties are used to vary the normalization template by plus and minus one standard
deviation, using the Hammer reweighting tool. Out of the fteen expansion parameters, three
are determined to be sensitive with respect to the shape uncertainties of this study by comparing
their variation templates with the nominal template. The three parametea§,a¢, andag?
described in Section 4.1.2. These variation templates are then used by HistFactory to linearly
extrapolate for shape variation parameters. The form factor uncertainty variations are found to

signi cantly improve the goodness of the t, particularly in the high&¢t?; E ) = 7 bin which
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is dominated by the normalization mode. Further development in the reweighting has been done
to fully account for the correlations between form factor parameters when applying the uncer-

tainty variations.

4.12.4 Data and simulation comparison

The agreement between data and simulation is further studied with the cocktail of simu-
lations weighted by their relative fractions determined by the t. The distributions of various
tracking and vertexing variables in data and simulation are found to be in good agreement in the
normalization-rich region described in Section 4.11.3.

TheJ= * system's vertex t 2 and ight distance from the PV are shown in Figures
4.25. Thel= candidate vertex t 2 and IP 2 with respect to the PV are shown in Figures 4.26.
Both the paired muon and the unpaired muon's fRvith respect to the PV are shown in Figures

4.27.

Figure 4.25: Comparison between data and simulation fodthe* system's vertex t 2 and
ight distance from the PV.
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Figure 4.26: Comparison between data and simulation fodtheandidate vertex t 2 and IP
2 with respect to the PV.

Figure 4.27: Comparison between data and simulation for the paired muon and the unpaired
muon's IP 2 with respect to the PV.

4.12.5 Fitresults

The t has been performed on the full 2016 data, with projections of the t variables shown

in Figure 4.28.
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Figure 4.28: The results of the t to the full 2016 data, projected in the t variables. The lower
panels show the residual distributions.

The t yields 1224 256 signal events and5315 510 normalization events, where
the uncertainties are statistical. The raw numbers of events for all components from the t are
summarized in Table 4.3. The study remains blind forRifé= ) value to avoid introducing bias
before nalizing the measurement, by blinding the selection ef ciency ratios between the signal
and normalization modes. The rest of the Run-2 data, including data taken in 2017 and 2018,

will be added in the future to this study before unblinding ®({@= ) measurement.

4.13 Systematic uncertainties

The sources of systematic uncertainties in this study are discussed in this section. While
the study remains blind for the(J= ) value to avoid introducing bias before nalizing the mea-
surement, the systematic uncertainties can be estimated with respect to the ratio of signal vs
normalization yieldsRyieiq . The systematic uncertainties BYieq are summarized in Table 4.4,

with the statistical uncertainty listed for comparison. Some systematic uncertainties have been
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Table 4.3: The raw numbers of events for each component from the tto 2016 data.

Component Number of events Notes

BX! J ¥ 1224 256

B:! J= ° 15315 510

Bi! J=DX 527 187 Half =D (), halfJ=D s
BX! (2S) * 0 3

BXr1 ¢ 0y Half o, half
mis-ID background 5349 208

(J= + *)comb. background 2940 189

( *+ ) ™ comb. background 1166 Fixed

estimated, while others will be evaluated in future studies.

The signal and normalization simulation samples have been reweighted according to the
LQCDresultsfoB; ! J= form factors. The LQCD results specify correlation matrices for z-
expansion coef cients in the BGL parametrization. The correlated uncertainties associated with
each z-expansion coef cient have been implemented in the reweighting, to generate alternative
weights for form factor variations. In the nominal t, several shape uncertainty parameters from
form factor variations for the normalization mode are oating. To estimate the systematic un-
certainty associated with the LQCD form factor variations, alternative ts are performed with
different shape uncertainty parameters xed to the nominal t value. The quadrature difference
in tuncertainties between oating and xing the parameters is evaluated as a systematic uncer-
tainty.

The templates derived from simulations have shape uncertainties due to the nite simula-

tion samples. Guided by the Run-1 analysis, the simulations are produced with suf cient sample
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Table 4.4: Summary of systematic uncertainties on the ratio of signal vs normalization yields,
compared with the statistical uncertainty.

Source of uncertainty oRyieiq Value ( 10 ?)

Bi! J= " form factors 0:824
simulation statistical uncertainty 0:659
mis-ID decay-in- ight smearing 0:382
B! J=DX modeling 0:227
BI! (2S)'" modeling 0:061
mis-1D unfolding TBD
simulation corrections TBD
other background modeling TBD
Statistical uncertainty 1:448

sizes to keep this systematic uncertainty comparable with the expected statistical uncertainty.
In particular, the normalization simulation includes an additional sample of 40 M events with a
“tracker-only” detector con guration that saves computing power. This sample will be used to re-
duce the systematic uncertainty associated with the template nite statistics in future studies. The
statistical uncertainty of the templates due to the nite simulation samples used in this study is
accounted for by the Barlow-Beeston method [74] implemented in the HistFactory package, with
a nuisance parameter re ecting the number of MC events in each bin. The systematic uncertainty
is evaluated as the quadrature difference in t uncertainties with and without the Barlow-Beeston
method enabled.

TheB; ! (2S)* simulations according to the EFG form factor model are used in the
nominal t. An alternative t is performed using the Kieselev model, and the shifRjrq is

taken as the systematic uncertainty.
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TheB! ! J=DX background is modeled using a combination of two-bdd{p () and
guasi-two-bodyl=D  nal states. An alternative tis performed by constraining its yield to
(221 0:3)% of the number of normalization events, according to previous LHCb and ATLAS
measurements [75-77]. The systematic uncertainty associated with modelByy theJ= DX
background is estimated as half the shifReq .

The mis-ID background modeling uses a set of PID cuts to sort the candidate tracks and an
iterative unfolding method to reweight by track species. The systematic uncertainty associated
with modeling the mis-ID background can be evaluated in future studies with an alternative un-
folding procedure. The mis-ID template also uses the smearing procedure described in Section
4.6.6 to model the momentum misreconstruction of decay-in- ight pions and kaons. In the nom-
inal t, the shape parameter proportional to the difference between the unsmeared and smeared
templates is allowed to oat. The systematic uncertainty associated with decay-in- ight smear-
ing is evaluated using the quadrature difference in t uncertainties between oating and xing
the smearing shape parameter.

The (J= + *) combinatorial background is modeled with a combination of simulation
samples. The systematic uncertainty associated with modelingithet *) background can
be evaluated by future studies, such as tting the model to a combinatorial background enriched
data control sample.

The( * + ) * combinatorial background is modeled with data in the upper sideband
of theJ= candidate invariant mass distribution. The systematic uncertainty associated with its
yield can be evaluated using an alternative tto fhe candidate invariant mass distribution.

The simulation corrections for production multiplicity are done by reweighting to a normalization-

rich data control sample. The selection for the normalization-rich data sample can be varied to
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produce alternative correction weights. The systematic uncertainty associated with this simula-

tion correction can be evaluated using the alternative correction.

4.14 Prospects

The main analysis framework fét(J= ) measurement with the LHCb Run-2 data set has
been developed in this study, and the data recorded in 2016 has been analyzed. The rest of the
Run-2 data set, including data recorded in 2017 and 2018, will be analyzed in future studies using
this analysis framework. The analysis will remain blind until the full Run-2 data set is analyzed
and the LHCDb collaboration's internal review and approval process is complete.

The LHCb Run-1 data set was recorded at center-of-mass-energies of 7 and 8 TeV for an
integrated luminosity 08:2fb *. The Run-2 data contains a much larger samplB ohesons,
at the center-of-mass-energy of 13 TeV for an integrated luminos#6db ®. Because the b-
guark production cross-section at 13 TeV is approximately double that at 7 TeV [78], the Run-2

data set should have abdut gg;g : = 3:5times the Run-1 sample size. As aresult, the statistical

uncertainty of the Run-2 measurement is expected to be approximatelgm%ﬁ') 0:53) that
of the Run-1 measurement.

The systematic uncertainties were dominated by form factors and limited simulation sample
size in the Run-1 measurement. The LQCD form factor results and the much larger simulation
sample size will signi cantly improve these systematic uncertainties in the Run-2 measurement.

Therefore, theR(J= ) measurement with the LHCb Run-2 data set will be an important

test of lepton avor universality irB! decays.
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Chapter 5: Development of readout electronics for the Upstream Tracker in

LHCb Upgrade-|

5.1 The LHCb Upgrade-I

5.1.1 Overview

The LHCb experiment has collected data sets for an integrated luminosgytof® at
center-of-mass energies of 7-8 TeV in Run 1 and an integrated luminogitytof at 13 TeV
in Run 2. With these data sets, a large number of precision measurements in avor physics have
been successfully performed. Because many measurements at the core of the LHCb physics
program remain limited by their statistical uncertainties, the need to collect much larger data sets
is paramount for LHCb in Run 3 and beyond. Therefore, the LHCb experiment will operate at a
leveled instantaneous luminosity®f 10°* cm ?s !, about ve times that of the previous runs,
and aim to collect a total integrated luminosityadf fb * by 2030.

To handle the much higher instantaneous luminosity, the LHCb detector will need to oper-
ate at a much higher readout rate. The original readout rate was limited to 1 MHz due to the LO
hardware trigger based on measurements from the calorimeters and the muon stations. The solu-
tion is to remove the hardware trigger and read out the entire detector at the LHC proton-proton

bunch crossing rate of 40 MHz. This would allow a software-only trigger system to operate at
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