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Streszczenie

Badania zawarte w niniejszej pracy doktorskiej dotyczj dwoch obszaréow badawczych:
analizy rozpadu mezonu pijknego i rozwoju platformy do monitoringu i kalibracji jednego

z detektorow xladowych. Prace wykonane zosta®y w ramach wspG62pracy LHCb przy
Wielkim Zderzaczu Hadronéw - LHC.

Pierwsza cz;+¢ bada« dotyczy selekcji rzadkiego i dotychczas nieobserwowanego
rozpadu mezonuB? na dwa mezony wektorowd, i K w danych zebranych przez
spektrometr LHCb w latach 2015-2018 (Run 2). Rozpad ten nale»y do rodziny rozpadow
B ! DK, gdzie interferencja pomidzy amplitudami przej+¢ kwarkowych ! ¢
i b! uzachodzjca w2aznie w tych rozpadach, umoxliwia precyzyjne pomiary jednego
z parametrow macierzy Cabibbo-Kobayashi-Maskawy (CKM) - kjta . Liczba spodziewa-
nych przypadkow rozpaduB ! DK rejestrowanych w LHCb jest ograniczona niskim
wspdiczynnikiem rozgadlzienia tych rozpadéw (rzidd0 4 lub mniejszy) i koniecznoxcij
rekonstrucji rezonansowych stanow pozrednich o bardzo krétkim czasie »ycia. Dodanie
nowych procesow, jak np. omawiang? ! D, K , jest zatem korzystne i poprawi
precyzjl pomiaru. Skomplikowana topologia rozpadlB? ! D, K oraz du»a (7)
liczba standw ko«cowych, zawierajjca tak»e czjstki neutralne, skutkuje bardzo ma?;
spodziewani liczbj obserwowanych przypadkéw rozpadu, ktéra ukryta jest w ogromnej
liczbie przypadkéw t2a zycznego i kombinatorycznego. Zadaniem badawczym by2o
opracowanie kryteriéw selekcji przypadkévB? ! D, K z uwzglidnieniem metod
inteligencji obliczeniowej, w tym algorytmoéw takich jak BDT (Wzmocnione Drzewa
Decyzyjne, ang. Boosted Decision Tree), a nast|pnie zwery kowanie ich skutecznozci.
Topologia rozpadu, skutkuje wystpowaniem szeregu stanéw rezonansowych i pozrednich,
ktére powinny zosta¢ zaobserwowane i poddane analizie. Studia te poprzedzajj dysku-
sji o kandydatach na kana?® kontrolny, wzglidem ktérego dokonywany jest pomiar
wspoé2czynnika rozga?jzienia nieobserwowanego dotjd rozpadu.

Druga cz}+¢ pracy badawczej dotyczy rozwoju detektora UT (ang. Upstream Tracker),



Streszczenie

ktéry stanowi czj£¢ uk®adu rekonstrukcji zladow czjstek w zmodernizowanym detektorze
LHCb. Cz;tcij aktywnj detektora sj planarne sensory krzemowe. Detektor UT bjdzie
mie¢ znaczjczjcy udzia® w rekonstrukcji zladow czjstek na®adowanych w obszarze przed
magnesem spektrometru i w wyznaczeniu wierzcho?ka produkcji i rozpadu czjstek d2ugo»y-
ciowych, jakK2i 0. Sygna?y z UT sj tak»e kluczowe dla systemu wyzwalania zapisu
przypadku, ktory powinien w czasie rzeczywistym (ang. online) rekonstruowa¢ tlady
z efektywnozcij bliskj efektywnozxci rekonstrukcji typu o ine (wykonywanej ju» na
przypadkach zapisanych na dyskach, u»ywanej podczas Run 1i 2 w latach 2010 - 2018).
Zadaniem badawczym by2o opracowanie autonomicznej platformy - Vetra, majjcej na
celu kontrol} jakoxci danych rejestrowanych przez detektor i jego kalibracj}. Platforma ta
przetwarza dedykowany odczyt z detektora, w celu wyznaczenia parametréw opisujjcych
jego stan, a tak»e ma podejmowa¢ w sposob autonomiczny cz}+¢ decyzji dotyczjcych jego
pracy. Dodatkowym elementem systemu, jest aplikacja Titania, ktora zosta®a rozwinijta

w celu zapewnienia monitoringu dla detektora UT na podstawie parametréw pracy
sensorow detektora UT, wyznaczonych przez Vetr,.



Abstract

The research covered in this dissertation addresses two areas: the analysis of the decay of
beauty meson,B?, and the development of a platform for the monitoring and calibration

of one of the tracking detectors. This work was carried out in cooperation with the LHCb
collaboration.

The rst part of the study concerns the selection of a rare and so far unobserved
decay of the mesorB? to two vector mesonsD, and K in data collected by the
LHCb spectrometer in 2015-2018 (Run 2). This decay belongs to tBe ! DK decay
family, where the interference between the amplitudes of the ! candb ! u
guark transitions, which occur in these decays, allows precise measurements of one of
the parameters of the Cabibbo-Kobayashi-Maskawa (CKM) matrix - the CKM angle.
The low branching ratio (of the order of10 # or smaller) limits the number of expected
B ! DK decay events recorded at the LHCb. The introduction of new processes, such
as the discusse®? ! D, K , is therefore bene cial and will improve the precision
of the measurement.

The complicated decay topology oBY ! D, K and the large (7) number
of nal states, including neutral particles, results in a very small expected number of
observed decay events, which are hidden in the huge number of physical and combinatorial
background events. The research task was to develop selection criteriaBdr ! D K
candidates, including methods of computational intelligence, such as BDT (Boosted
Decision Trees), which improve the separation of the decay events from the background
and then verify their e ectiveness. Decay dynamics, results in a number of resonance
and intermediate states that should be observed and analysed. This study is followed by
a discussion on candidates for the control channel, with respect to which the branching
fraction of unobserved decay is measured.

The second part of the research work concerns the development of the software
for the Upstream Tracker (UT) detector, which will be a part of the particle's tracks
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reconstruction system in the upgraded LHCb detector (from 2022). The active part of
the detector consists of silicon sensors. Its purpose is to reconstruct the tracks of charged
particles before the LHCb dipole magnet and enables secondary vertices reconstruction
of long-lived particles likeK2 and °. This information is also crucial for the LHCb
trigger system, which is expected to reconstruct particle's tracks in real-time (online)
with an e ciency close to that of the o ine type reconstruction (already performed on
events stored on disks, this system was used during Run 1 and 2 in 2010 - 2018). The
research task was to develop an autonomous platform, Vetra, to control the quality of the
data recorded by the detector and its calibrations. This platform uses a dedicated RAW
data stream to monitor the detector's status and, in future, make autonomous decisions
regarding its operation. An additional component of the system, the Titania application
was developed to provide monitoring for the UT detector based on the performance of
the UT detector's sensors, determined by Vetra.
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Chapter 1
Introduction

The chapter provides a short overview of physical background related to the topic of studies
on CP violation in the beauty and charm sector and basics principles of the Standard
Model of particles.

1.1 The Standard Model

The Standard Model (SM), which was developed over a few decades of twentieh century, is
based on the quantum eld theory and is parameterised under the local gauge symmetry
SUB)c SU@)L U@)v*

The SM of particle physics is the theory that describes the fundamental particles called
fermions, bosons and their interactions. The SM describes three of the four fundamental
forces:

" The electromagnetic force - is responsible for interaction between electrically charged
particles. The weak force and electromagnetic force are uni ed as a single electroweak
force at high energy scales. The messenger of the electromagnetic interaction is the
photon;

" The weak force - is responsible for decays of unstable nuclei through the transition
of a neutron into proton, electron and neutrinos as well as other particles: pions,
beauty and charm mesons and others. The messenger of the weak interaction is the
W =270 boson;

1This overall symmetry pertains to the interactions without accounting for the spontaneous symmetry
breaking leading to massive vector intermediate bosons and BEH mechanism.

13
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" The strong force - binds quarks in hadrons and the protons and neutrons in nuclei.
It is a strong, attractive source at short distances that overcome electric repulsion
caused by the same charge of protons and some quarks. The messenger of strong
interaction is gluon which carries a colour charge.

The SM describes 12 fermions which are grouped into three families (generations).
Each group contain an up- and a down-type quark (Fig. 1.1). Particles from the rst
group have been known to humankind for the longest time. Protons and neutrons are
made from quarks from the rst generation and, together with electrons from the rst
generation of leptons, form atoms. Additionally, all known fermions have antimatter
counterparts. Quarks take part in all known interactions (Fig. 1.2).

Figure 1.1: Visualisation of the content of the proton and neutron [1].

There are six known avours of quarks: up, down, charm, strange, bottom and top.
The Standard Model does not exclude the possibility of further generation and avours,
but strong evidence supporting this has not been presented until this day. Quarks carry
an electric charge, which is of % of the elementary charge for up type quarks (up, charm
and bottom) and % for down type quarks (down, strange, top). The quarks also carry a
colour charge (red, green, blue) which de nes their interaction under the strong force.
Mesons are composed of quarks and anti-quarks. Barions are composed of 3 quarks of a
di erent colour.

Leptons are also grouped into generations consisting of charged particles and corres-
ponding neutrinos. Charged electrons, muons and taons can interact through electro-
magnetic and weak interactions, while the neutral neutrinos interact only through weak
interactions. Neutrinos are massless within the Standard Model; however, the recent

observation of neutrinos and their oscillations provide evidence of their non-zero mass [2].

14
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Quarks and leptons can be organised in a three-fold family structure (a similar
structure can also be created for antiparticles):

2 3 2 3 2 3
4 ¢ Ys. 2 . a2 s, (1.1)
e d S b

h d:
where one can n 0 1

uL,
~ left-handed quark doublet:Q;; = @ “A ,
- i
" right-handed quark singlet:ug;, dg;,
0 1

" left-handed lepton doublet:L; = @A ,
e' i
"~ right-handed lepton singlet:|g;.
There are no right-handed neutrinos in the SM.
The Standard Model is a local gauge theory described within the quantum mechanics
and relativity framework called the quantum eld theory. Each particle is interpreted as
a quantum (point-like) of a respective eld and appropriate transformation properties

under the Lorentz group. The local gauge group of symmetry of the SM is de ned as:
SUB)c SU@)L U@)y; (1.2)

where SU(3)c describes the symmetry of the strong force theory (QCD), an@ is
the eld's colour charge.

The group SU(2).  U(1)y represents the symmetry group of the electroweak inter-
actions, andL and Y refer to the weak interaction's chirality and to the hypercharge.

The Standard Model Lagrangian describes the evolution of a system of discrete
particles, each with a nite number of degrees of freedom. There are several components
of SM Lagrangian:

Lsm = Lkin + LGauge"' I—Higgs + Ly ukawa: (1.3)
The Lki, introduce the massless fermion elds. Thé ki, is de ned as:

Lkin =1 D ; (1.4)

15
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whereD is the covariant derivative that replaced the standard in order to maintain
the gauge invariance de ned as:

D = @+ igsG,La+ igW, Tp+ igB Y; (1.5)

and G, stands for eight gluonsW, areW bosons| , are theSU(3)c group generators
(Gell-Mann matrices), T, are the SU(2), group generators (Pauli matrices),Y is the
U(1)y charge andB is hypercharge boson.
L cauge describes the boson kinetic term:
L cauge = %Ga (G?) %Wd (W) %B B : (1.6)
L niggs introduces Higgs potential and spontaneous symmetry breaking which allows
particle to acquire mass. It is de ned as:

Lhiggs = (1 )Y(r )+ 2(Y)+ji(Y)% (1.7)
where is SU(2) doublet of spin-O complex elds b i = #5), describes quartic

self-interactions among the scalar elds and is vacuum expectation value. The rst term
represent the kinetic energy of the eld and other the mass term. The gauge symmetry
is broken in the Spontaneous Symmetry Breaking (SSB) of the electroweak group to the
electromagnetic subgroup:

SUR)c SU@)L. U@)y! SUB)c U(l)geo: (1.8)

which generate masses of the fermions and bosons. The result of symmetry breaking
is a particle called Higgs Boson.
Finally, the Ly awa describes interactions between the Higgs eld and fermions.

Ly ukawa = Y.ded :qj + YijuTU :qj + Yijlql :?j + h:c; (1.9

where h:c: is hermitian conjugate,Yijd?“?'

are3 3 complex matrices ((j =1;2;3)
which describe the so-called Yukawa couplings between the Higgs doubleand the
fermions.

The two rst terms conserve Charge-Parity CP) symmetry (which is described in

detail in this chapter), and the Ly ykawa Violates CP symmetry. Under SSB, this term

16
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becomed. yass -

Lmass = d; M{dk + ul; MPug + I, M Ly + hies; (1.10)

where:M if';“;' p"—EYijd;“;'

Figure 1.2: Summary of the Standard Model particles and forces [3].

The CP symmetry violation is introduced by an irreducible complex physical phase
in Lyuawa term. From the Lg;, term, one can express the charge current interaction
between the quarks and charge8U(2),_ gauge bosons as functions of the weak interaction
eigenstates:

Ly = p—gQ_'Li W* Q| + he: (1.11)
Expressing it as a function of the mass eigenstates, the formula can be rewritten as:
0 1
du
Lw = p—g(u—;q;ﬁ) W* Vekm %ng + h:c;; (1.12)
b

17
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whereVekm is known as the Cabibbo-Kobayashi-Maskawa (CKM) matrix [2].

1.2 The CKM matrix

The weak force couples pairs of weak quark eigenstates, allowing avour transition. The
weak eigenstates are not the same as the mass eigenstates, and their di erence is described
by the CKM matrix (Eq. 1.12). A down-type mass eigenstate is a superposition of all
three down-type weak eigenstates and can transition to any of them. It means that the
transitions of quarks between generations via avour-changing processes mediated by the
weak charged-current interaction are allowed, see matrix in Eqg. 1.13.

ud Vus Vub

%s°§ %vcd Ves vcb§% § (1.13)

Vias Vs Vi

The d, s and b are avour eigenstates of down-type quarksd®, s° P are weak-
interaction eigenstates andv; ;i = u;c;t;j = d;s;bare the CKM matrix elements. The
CKM matrix elements are complex numbers and transform under th€P into their
complex conjugates as¥j ! V; what opens the possibility for observation oCPV
in the Standard Model. The value ofV; squared describes the probability of quark's
transitions [2]:

0 1

JVud) ] Vus] jVub] 0:974 0227 Q004
%Jvcdj J Ves) jvcbj§ 0:226 Q973 Q041 (1.14)

IVidl  JVis) 1 Viol 0:009 Q040 Q999

where the uncertainties are O(10 3) or smaller. The magnitude of the diagonal
amplitudes indicates that transitions between the same generation are the most likely,
whereas transitions between generations are less probable.

1.3 Limitation of the Standard Model

Undeniably, the Standard Model has been extensively con rmed experimentally theory of
particle physics. However, there is a number of limitations related to well-known physics
aspects. The neutrinos, which are predicted to have zero mass, have a non-zero mass
which has been measured in studies of heavy avour oscillations [2].
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The size of the imbalance of matter and antimatter in the Universe (which is a central
point of the physics program of the LHCb experiment) is also not explained in the SM.
The Standard Model predicts that matter and antimatter should have been created in
equal amounts. Observations of the Universe have showed that either this assumption
is false or in the early Universe existed processed that violated the matter - antimatter
symmetry. One possible solution is that large charge parity violatingdP V) e ects may
have occured in as yet undiscovered physics beyond the SM [4][5].

The approach of incorporating gravity into the SM has not succeeded either. The
Standard Model does not predict and explain the source of the fourth force - gravity.
Moreover, general relativity and quantum theory are well known as incompatible, which
impede the explanation of the phenomenon of gravity [6]. The solution to this puzzle is
particularly hard, since the gravity seems to be a macroscopic phenomenon and is not
related with interaction of any kind - the gravity is just curvature of time-space and is a
purely of geometric nature.

The SM does not explain the particle quantum numbers which are externally provided,
such as the electric charg€), weak isospinl , hyperchargeY and colour, gauge couplings,
CP-violating parameter, quark and charged-lepton masses and three Cabibbo weak
mixing angles and more [2].

The theory that could describe the e ects that the Standard Model does not predict
supersymmetry (SUSY). In SUSY theory, each particle has a super-partngiparticle,
which di ers by half a unit of spin (spin-0 for sfermion and half-spin for gauge elds). If
supersymmetry particles were asymmetry of particles, the particles would have the same
masses as the particles and would have already been discovered. Although the exact mass
scale of SUSY patrticles is unknown, there are predictions of particles with relatively low
mass that modern particle detectors should observe. There is no evidence of the direct
production of SUSY particles to this day [7],[8].

1.4 CPV

In the early Universe, at the large scale of thermal energy, there were an equal number of
baryons and antibaryons created in the process of creating particles (  pp). During

the expansion of the Universe, the temperature decreased as the photon's energy, which
led to a decrease in the number of particles that appears in the pair's creation. Because
of that, the number of baryons and antibaryons in the Universe became stable.
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The process of creation of matter and antimatter in the early Universe is called

baryogenesis. Without any violation of symmetry of matter and antimatter, no baryons

could survive recombination with antimatter.
The size of asymmetry between the matter is aroun#iO °, which means that, for

every 1 antibaryon in the early Universe, there must have beeh® plus one baryon.
As a result of the recombination ofl®® baryons and antibaryons, only one baryon is left.

The source of this asymmetry was widely studied by Andrei Sakhargwvho has

formulated three conditions [9]:

" baryon number violation,
" C-symmetry and CP-symmetry violation,
" interactions out of thermal equilibrium.

Baryon number violation is directly necessary to produce an excess number of baryons
over antibaryons. The departure from thermal equilibrium is necessary since, in thermal
equilibrium, any baryon number violating process is balanced by the inverted process.

The sources ofCP violation in the Universe are currently widely studied. Extensive
studies were performed in beauty [5] and charm [10] sector. These measurements do not
fully explain the observedCP violation, which is a motivation for further searches of

other sources.
There are three di erent types of theCP violation:

" direct CP violation which manifests in the di erence between partial decay width

of process and its complex conjugate, i.g. X ! Y)6 ( X! Y),
" indirect CP violation in the mixing of neutral mesons B B2,B° B?, etc.),

" CP violation in mixing manifests in the interference between direct and indirect

CP violation.

The Standard Model partly explains the size of phenomena @PV. This e ect
in the CKM matrix can be seen through particular parametrisations. For example, in

Wolfenstein parametrisation [11], it can be expressed as:

2Andrei Sakharov (21 May 1921 14 December 1989) was a Soviet and Russian nuclear physicist,
dissident, Nobel laureate, and activist for disarmament, peace and human rights.
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0 , , 1
1 - A 3 i)
Vekm = % 1 72 A 2 §+ o( 4; (1.15)
A 31 i) A2 1
whereA, , are real parameters. TheCPV in the SM using this parametrisation is

accounted in .

The CKM matrix is unitary. Providing unitary condition: P ViV = k (i=uct,
] andk = d, b, s), nine equations may be constructed. Each of them corresponding to a
vector in the ; plane, where = (1 2=2)and = (1 2=2). Because of unitary
condition, these vectors de neUnitarity Traignles (Fig. 1.3).

Figure 1.3: Unitarity Triangles.

Only two of them represent objects which can be studied experimentally,qV,, +
Vcdvcb + th\/tb = 0 and Vusvub + Vcsvcb + Vts\/tb = O .

Vi Vip

= arg VaaViy (1.16)
VedV,

= arg V::Vtc: (1.17)
ViV,

= arg ﬁ (1.18)

s = arg \\Zj:i (1.19)

The other parametrisation, called Standard Parametrisation, describes the CKM
matrix by magnitudes of their elements and weak phases:
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J udJ jVusj JVubJe !

%5°§ % ] Ved J Ves) J Ve §% § (1.20)

jVigie ' Visje T jVi

which illustrates in which processes (processes in which there are quark transitions
corresponding to particular elements of the CKM matrix) individual parameters can be
measured.

The current constraints on the CKM parameters are obtained from the measurement
of the CKM matrix parameters performed by di erent collaborations (LHC: ATLAS,
CMS, LHCb, ALICE and other: Belle, BaBar, CDF) [12]-[13]. These measurements may
provide strong evidence against or in favour of New Physics beyond the Standard Model
(BSM); however, no evidence has been found so far. Especially interested are studies of
di erences between processes described by tree-level diagrams [14] and others a ected
by loops [15]. These studies and a mathematical description of the relationship between
angles of the CKM matrix andCPV are described in Chapter 1.4,

Because of this strict relationship, studies dEP V can be exploited in probing Standard
Model limitations. The LHCb experiment focuses on extended studies of the heavy meson
sector in its physics program. Quark transitions occurring in decays and oscillations of
mesons of this sector are related to the angle of the CKM matrix. Measurement of
the CKM angle in tree-level processes is calldtie standard candlefor the Standard
Model because of very small theoretical uncertainty: = < 10 7 [16]. Any discrepancies
between angle measured in processes with loops and only tree-level processes may
provide strong evidence for the e ects which the Standard Model does not explain. Fig.
1.4 show the recent (2021, [17]) result of the measurement of the CKM matrix parameters
(, . ,JVwl, k, mgand more), including the CKM angle measured using only
tree-level processes (Fig. 1.4-top) and all modes (Fig. 1.4-bottom).

The angle can be probed using several methods. These methods di er in the nal
state, intermediate state and type ofB meson.

1.4.1 The Gronau, London and Wyler method

A method for extracting with the use of amplitude relations was originally proposed
by Gronau, London and Wyler [18]. This method (GLW) was based on the interference
betweentheB ! K D°(b! <cus)andtheB ! K D°(b ! ucs) diagrams
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Figure 1.4: Result of the measurement of the CKM matrix parameter using only
tree-level processes (top) and all possible modes (bottom)[17].

once theD? and the D° mesons decay to theiCP states. In the original proposal, the
direct CP violation and the CKM angle can be extracted via six decay processes:
B ! K DD B ! K Dcp (Dcp denotes that theD® or the D° is seen in aCP
eigenstate) and theirCP conjugate decays. The sensitivity taCP violation is achieved
through the interference of the two quark level processds:! cusandb ! ucswith a
relative phase . If Dcp denotes theCP eigenstate of the neutraD-meson system with
eigenvalueCP =+1 (K*K , * )orCP = 1(Ks ,Ks 9 then:

1
Dcp = 19—z D° DO (1.21)

and, for CP = +1 one can obtain the relations:

p—
2AB ! KDep =AB ! KD +AB ! K D°: (1.22)
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p_
2A(B* | K*Dcp)=A(B* ! K'DY+ AB* ! K*DY: (1.23)

The B ! K D° amplitude is an order of magnitude smaller than thé&8 ! K DO
one because th& D is colour-suppressed whil& D is not. In addition, the CKM

factors suppress this amplitude ratio by about 1/3. That results in the two interfering
amplitudes being very di erent in magnitude:

| 0 * 1 K*DY 1V,
AB ! K D) _ AB ) w8 g1 (1.24)
AB | K D%  A(B* ! K'DY Vo o @

and thus, the interference e ects are limited toO(10%). Above, the a;=& ratio
denotes the relative size of Cabbibo suppressed to allowed amplitudes. Nothing changes
when the CP conjugated nal states are considered, except that the CKM elements must
be complex conjugated. Apparently, theCP-conjugated triangle can also be determined,

and the A(B* | K*DY) is rotated by 2 with respecttoA(B ! K D?) and the
angle can be extracted.

Denoting:
Ar A(B ! K D= A(B"! KDY
A, A(B ! K DO
Ay = AzeZi ;
A3 péA(B I K Dcp) = Ap+ Azel )
A, IOéA(B* | K*Dcp) = A+ Adl ) (1.25)

where is a strong phase di erence.

One has:
(B ! K D% = (B*! K'DOY= A% (1.26)
(B ! K D% = (B*! K*'DY%= A3
and:
— 1 2 2 .
(B ! K Dgp) = 5 ALY AZ 2A A, cos( ) (1.27)
1
(B* 1 K*'Dep) = = A2+ A2 2A;A,cos( + ) :
2 1 2
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The CP violation in all these processes occurs only in:
(B* ! K*'Dcp) 8 (B ! K Dcp): (1.28)
In practice, the direct CP violating e ects will be seen through:
AB* ! K'D%=AB ! K D9 & : (1.29)

If all the corresponding branching ratios are known, one can extract the interference
e ects and thus determine thecog ) and the values of the strong and weak phases.

1.4.2 The Atwood, Dunietz and Soni method

The alternative approach was proposed by Atwood, Dunietz and Soni [19]. They pointed
out that despite the initial decayB ! K D?0iscolour-suppressetlandB ! K D°
is colour allowed, the di erence in the decay ratesdd® ! K *andD®! K *
tends to overcome this tendency. The nal states are indistinguishable and will interfere.
In this method, one can take advantage of the signi cant interference e ects. Here
both contributing decay amplitudes, leading to the same nal statefp, should be
of comparable size (Eg. 1.30), which causes larG® -violating e ects. The di cult to
measure( B ! K DP9)is not required and can be even determined by the experimental

observable.

AB ! K D! K* )°?

AB 1 K DO(1 K+ ) ! (1.30)

In particular, large asymmetries are possible for nal staté, such thatD® | fp
is doubly Cabbibo suppressed, anB® ! fy is Cabbibo allowed. The nal statef
could be for instancefp = K* K2 * | etc.

This approach is also challenging since it is useful only if a couple of di erent channels
are involved, usually with total branching fractions ofO(10 ). An accurate determination

of relevant D-meson branching ratioB(D°® ! f) andB(D° ! f) is also essential.

SWhen a quark from decay of virtual W boson must be combined with an anti-quark, the other
anti-quarks will have the right colour to form a colour singlet only one-third of the time. Therefore,
these decays are colour-suppressed.
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1.4.3 The Giri, Grossman, So er, and Zupan method

The GGSZ method [20] was proposed by Giri, Grossman, So er and Zupan and includes
multibbody D! KZh*h decays wheréh stands for kaon or pion with the analysis of
the Dalitz space (visual representation of the phase-space of a three-body decay involving
spin-0 particle). The binning eliminates the model-dependent systematic uncertainty in
the measurement. The signal yield in each bin is given by:

P ——
I Ni+r2N;+2 NiNi(Gx + sy ); (1.31)

i
wherex = rg(coq g ),y =rg(sin( g ).
Here, N; is the number of events in the'f bin of a avour tagged* D decay sample,
¢ and s; are the amplitude-averaged strong phase di erence betwe®&? and D° over i
bin. The (x ;y ) parameters can be obtained from Eq. 1.31 using maximum likelihood
methocP.

1.4.4 Time-dependent method

Time-dependent method [23] is based on the transition &2 and BY avour eigenstates
to the nal state f. The avour eigenstates ofBY mesons are an admixture of the
physical mass eigenstatefB,i = pjBdi + qiBY% and jByi = pjBdi B where
jpi2 + jgi? = 1. From the di erential decay rates for initially produced B? or BY one can

derive observables - mixing asymmetries and coe cients which are de ned as:

N (t) N¢(t) _ Crcof mst) Sysin( mgt),

f _
Amix (1) = N; (t) + N () B cosh( 25t)+ A; sinh( Zst ,
AT o Ne®  Ne() _ Greod mf)+ Spsin( mst).
0= TR o+ A S
1 r? (1.32)

C = 1712
2r ( ( 29) 2r ( ( 2 s))
Ar = 1+ r2 So=F 1+7r2 ’

2r ((+( +2 ar (+( *2 5
Ar = ( lS'rZ b S = : 15—!’2 .

“It is a procedure which allows identify the initial avour of neutral particle by looking at the avour
at decay, which is de ned by the electric charge of the decay products in the nal state [21].
Sdescription of method can be found in [22]
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whereN indicates the number ofB? or B? mesons decaying to giveh or f nal state.

1.5 Motivation for searching fornew B ! DK chan-

nels

Measurement of the CKM angle provided by the LHCb spectrometer is the most
precise measurement of the angle from a single experiment [14]. This measurement is a
combination of a series of single measurements, and the most precise one is obtained in
the analysis of theB* ! DK * decay, whereD stands for a superposition oD° and

D° mesons reconstructed from the same nal state [14]. However, extended studies of
otherB ! DK type channels, including decays through resonance states, increase the
precision of the measurement. This is the primary motivation for searching for new

B ! DK channels. The expected precision of sensitivity of from time-integrated
measurements (ADS, GLW, GGSZ methods) is shown in Fig. 1.5. For time-depended
studies, there is no such precise prediction, but expected sensitivities drom B ! DK
decay decays are abowt®, 2:5° and 1° after collecting 23, 50 and 300b *, during Run

3, 4 and 5 respectively [24].

Figure 1.5: Extrapolation of sensitivity from the ADS/GLW (left) and GGSZ
(B! DK ,right) The expected Belle Il precision at an integrated luminosity of 50
ab ! is shown by the horizontal grey lines [24].
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Chapter 2
LHCb experiment

The largest accelerator on Earth is the Large Hadron Collider at CERN. The following
paragraph describes the history of CERN and the performance of LHC and LHCb spec-
trometers. The description of all LHCb subsystems is followed by a discussion about the
modernisation of the tracking system and trigger for Run 3 and 4.

2.1 CERN

The European Organization for Nuclear Research (CERN - fr. Conseil Européen pour la
Recherche) was established on 29 September 1954 by 12 countries in Western Europe.
The main motivation was to reclaim European physicists scattered in Europe and other
countries due to World War I1 [25],[26]. The original purpose of CERN was studies of
nuclear physics, but soon it was applied to high-energy physics and other elds of science.
To emphasise the non-military purpose of the laboratory, the CERN constitution prohibits
any military research at CERN. CERN is recognised for high-level studies of particle
physics; however, scientists at CERN perform also advanced studies in astrophysics,
computing, theoretical physics, medical application of physics and more. The central
part of the laboratory is located near Geneva (Switzerland has been chosen due to its
political neutrality), but other CERN facilities are split between Switzerland and France.
Nowadays, more than 17 000 people work in CERN (about 3000 of personnel and 14,000
associated with CERN) as physicists, engineers, administrators, and more [27].
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Figure 2.1: Schematic view of accelerator complex at CERN [28].

2.2 LHC

The Large Hadron Collider (LHC) was built at CERN between 1998 and 2008. It occupies
the LEP (Large Electron Positron collider) tunnel, 175 meters underground with a total
length of 27 kilometres [29]. It is divided into eight straight and eight arc sections. Each
one has a di erent purpose (maintenance of accelerator, cooling etc.). The LHC ring
accommodates 1232 dipoles (15 meters long and 35 tonnes weight, Fig. 2.2, [30]). These
superconducting electromagnets use a current of 11,000 amperes to produce magnetic
eld 8.33 T (power of dipole magnetic eld, about 100,000 times more than Earth's
magnetic eld). Dipoles have to be cooled to the temperature of 1.9 K. Two liquid gas is
used: helium (cooling of dipoles) and nitrogen (powering, prevent for too fast cooling of
materials). The quadrupole magnets (858) squeeze particles closer together before the
collision, which increases the total number of collisions in each cross-section of beams
[31].

The accelerator complex (Fig. 2.1) at CERN is a sequence of devices that accelerate
particles to nominal energy of the LHC (6.5 TeV per beam during Run 2). Each accelerator
increases the particle's energy before injecting the beam into the next machine. The
proton source is a simple bottle of hydrogen gas located in the Linac 2 laboratory [32].
An electric eld strips hydrogen atoms of their electrons to yield protons. Linac 2, the
rst accelerator in the chain, accelerates the protons to the energy of 50 Me¥. Then,
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the beam is injected into the Proton Synchrotron Booster (PSB, [33]), which accelerates
the protons to 1.4 GeV, followed by the Proton Synchrotron (PS, [34]), which increases
energy to 25 GeV. Protons are then injected into the Super Proton Synchrotron (SPS,
[35]), where they are accelerated to 450 GeV (Fig. 2.1). The nal one LHC accelerates
particles (protons and ions) up to the energy of 6.5 TeV per beam and collides them [36],
[37].

Heavy ions are also collided in LHC either as lead lead and proton-lead collisions. The
accelerator, before Upgrade 1 (Run 1 and Run 2, [38]) collided protons up to a center-of-
mass energyp s of 13 TeV with a maximum instantaneous luminosity.L = 103cm 2s !
and heavy ions (Pb - Pb) with a center-of-mass energy of 5 TeV at a instantaneous
luminosity of L = 10%’cm 2s ! [36]. At the nominal beam condition, the beam consists
of 2808 proton bunches per ring, each containint0'* protons, and the frequency of
collision at LHC reached 40 MHz [29].

The collider has four crossing points around which experiments are positioned: LHCDb,
ATLAS, CMS, ALICE, TOTEM, LHCf, MoOEDAL and FASER (from Run 3) detectors
(Fig. 2.3).

Figure 2.2: Diagram showing the cross-section of an LHC dipole magnet with description
[39].
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Figure 2.3: Schematic view of LHCb detector [40], ATLAS [41], CMS [42] and ALICE
[43].

" ATLAS (Toroidal LHC ApparatuS): the general-purpose detector (Fig. 2.3-top
right), designed to search for the Higgs Boson and evidence of theories of particle
physics beyond the Standard Model. The detector is 46 metres long, 25 metres in
diameter, and weighs about 7,000 tonnes. It is the largest at LHC. ATLAS is also
the largest volume particle detector ever constructed. The detector is located close
to the main CERN site in Switzerland [44].

CMS (Compact Muon Solenoid): the Compact Muon Solenoid (CMS) is second
(after ATLAS) general-purpose detector at the Large Hadron Collider (Fig. 2.3-
bottom left). With similar scienti ¢ programs to the ATLAS experiment, CMS
experimented with di erent technical solutions to validate the most important
results of both experiments. A cylindrical coil of superconducting cable generates a
eld of 4T. It 21 metres long, 15 m in diameter, and weighs about 14,000 tonnes
[45].

ALICE (A Large lon Collider Experiment): designed to advanced studies of
products of heavy-ion collisions (Fig. 2.3-bottom right). Each year, after collecting
data during proton-proton collisions, the LHC provides collisions between lead
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ions, recreating an environment similar to the one just after the Big Bang. This
environment is called quark-gluon plasma. Studies of quark-gluon plasma (QGP)
properties are key issues in quantum chromodynamics (QCD) theory. The ALICE
detector weight is a 10,000-tonne, 26 m long, 16 m high, and 16 m wide detector. It
is located 56 m below ground close to the village of Saint Genis-Pouilly in France
[46].

LHCb (Large Hadron Collider beauty): designed to study the heavy avour quark
physics (Fig. 2.3-top left). Currently upgraded [47]. It is extensively discussed in
Sec. 2.3 [48].

TOTEM (TOTal Elastic and di ractive cross section Measurement): is designed

to explore forward physicsby taking precise measurements of protons colliding

at small angles. These processes studies are especially interesting since these
measurements are inaccessible in the other LHC experiments. TOTEM is the most
extended experiment at LHC, and TOTEM detectors are spread across almost
half a kilometre around the CMS interaction point. The sensor is composed of
four-particle telescopes and 26 Roman pots. The telescopes track the particles
emerging from collisions at the CMS interaction point while Roman Pots with
silicon sensors perform measurements of scattered protons [49].

MoEDAL (The Monopole and Exotics Detector at the LHC): experiment focus
on searches for magnetic monopole a hypothetical particle carrying a magnetic
charge. The MoEDEL detector is built from 400 modules, each consisting of a stack
of sheets of nuclear-track detectors. Any monopoles created during collisions at
LHC would break long chains of molecules in plastic nuclear-track detectors and
leave track throughout the whole detector.

Another purpose of the MOEDAL detector is to search for highly ionising Stable
Massive Particles (SMPs), which are not described in the Standard Model and
could provide evidence for New Physics [50].

LHCf (The Large Hadron Collider forward): experiment performs precise measure-
ment of particles thrown forward by collisions in the Large Hadron Collider, which

can mimic cosmic rays. Cosmic rays occur when a particle with high energy hits
the upper part of the Earth's atmosphere. As a result, a cascade of the particle is
created. Studies of these particles are demanding since only a few particles hit the
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Earth. LHCf comprises two detectors that sit along the LHC beamline at 140 metres
on either side of the ATLAS collision point. This location allows the observation of
particles at an angle of nearly zero degrees to the LHC beam direction. Each of the
two detectors weighs only 40 kilograms, is 30 cm long, 80 cm high, and 10 cm wide
[51].

FASER (The Forward Search Experiment): is an experiment that will start col-
lecting data during Run 3. FASER experiment is designed to search for light and
extremely weakly interacting particles which the Standard Model does not describe.
These particles cannot be observed in other LHC detectors. FASER detector is also

designed to detect neutrinos [52].

2.3 Description of LHCb detector

The LHCb detector is designed to study heavy avour physics at LHC and search for
evidence of Physics Beyond the Standard Model [53]. It is a single-arm spectrometer
with a forward angular coverage from approximately 15 mrad to 300 (vertical) / 250
(horizontal) mrad. At high energies, thebb pairs are produced mainly in the same forward
or backward cone; hence the entird geometry of the detector is not required. The
scheme of the LHCb spectrometer is shown in Fig. 2.4.

Most detector subsystems are assembled in two halves, which allow them to move
during maintenance and provide access to the beam pipe. They are referred to as A-side
and C-side.

The LHCDb dipole magnet generates an integrated magnetic eld of about 4 Tm.
During the Run 1 and 2 tracking system consisted of the VErtex LOcator (VELO, [54])
situated around the interaction region inside a vacuum tank, four tracking stations: the
Tracker Turicensis (TT, [55]) - upstream of the dipole magnet and tracking stations
T1 T3 ([56], [55]) - downstream of the magnet. The charged hadron identi cation system
consisted of two Ring Imaging Cherenkov detectors (RICH1 and RICH2, [57]). The
calorimeter system ([58]) was composed of a Scintillating Pad Detector (SPD), a shashlik
type electromagnetic calorimeter (ECAL), a preshower (PS) and a hadronic calorimeter
(HCAL). It identi ed electrons, photons and hadrons as well as energies and positions of
particles. At the end of the spectrometer, there were muon stations [59].
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Figure 2.4: Schematic view of the Run 1 and 2 LHCb detector [48].

LHCb spectrometer covers the pseudorapidity rangg2< < 5! (Fig. 2.5).

Pseudorapidity is Lorentz invariant under boosts along the longitudinal axis; therefore,
it is a commonly used spatial coordinate in particle physics, when cylindrical coordinate
system is of interest.

2.3.1 LHC and LHCb performance

Several parameters vital for the performance of LHC and each detector operating at LHC.
One of them is the pile-up, which is the average number of proton-proton interactions per
bunch crossing. Its magnitude changes over time as the luminosity evolves throughout
the Il 2. The characterisation of the pile-up level during LHC operation is critical for the
experiments since the number of expected vertices depends on the pile-up. The pile-up
at LHC during Run 1 and 2 varied from 1 to 40, but at lower luminosity (at experiments
like LHCb and ALICE), this value was about 1-2. Beams of protons collided at the LHCb
has dimension y 17 mand , 17 m, , 4 cm and contains 18 particles [61],
[62]. The instantaneous luminosity is de ned by number of particles per bunddy, N,

!Pseudorapidity is de ned as: h i

= In tan = ; 2.1
ntan 5o (2.1)

where is the angle between the particle momentum and the direction of the beam axis.
2A |l refer to a lifetime of beams in LHC from injections from SPS to end of the collisions and
removing it to dumping stations.

34



LHCb experiment

Figure 2.5: Angular distribution of bb quarks in collisions atp s =7 TeV (left). Accept-

ance in the pseudorapidity plane for LHCb other LHC experiment (right) [60].

parameters of beam pro le, collision of frequencl and the number of bunchedN, (Eq.
2.2).

_ NiN3

Xy

L fN, [cm 2s 1] (2.2)

Time integrated luminosity (L) becomes the proportionality factor between a number
of expected eventsN ) during this time and respective cross-sections |:

N=L : (2.3)

ATLAS and CMS experiments work on signi cantly higher instantaneous luminosity
than LHCb and ALICE. Lower instantaneous luminosity reduces radiation damage to
detector components and enables precise measurement of vertices and tracks. Instantan-
eous luminosity in LHCb spectrometer remains xed (Fig. 2.6-bottom). The number of
data collected each year strictly depends on spectrometer performance in a year of data
taking. The performance of the LHCb spectrometer signi cantly changed whilst Run 1
and Run 2. During Run 1 (2010-2012), the nominal centre-of-mass energy \B&_S= 7
TeV and p§ = 8 TeV for the 2011 and 2012, respectively. During Run 1, the LHCb
collaboration collected a data sample of 3 fi&. During Run 2 (2015-2018), after the rst
long shutdown (LS1), the nominal centre-of-mass energy was increased to 13 TeV, and
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the LHCb spectrometer collected data corresponding to an integrated luminosity of 6
fbo 1. Maximum instantaneous luminosity at LHCb was order ofLl0®2 cm 2s ! [63].

Figure 2.6: Comparison of the evolution of the instantaneous luminosity for ATLAS,
CMS and LHCb during Il 2651 (top) [48]. The LHCb integrated luminosity in 2010-2018
(bottom) [63].

2.3.2 LHCb's subsystems

During the ongoing upgrade of the LHCb spectrometer [38], detectors: ST, TT, T1-T3
and VELO have been replaced by new ones to sustain higher luminosity and occupancies,
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but the remaining ones will continue to operate during Run 3 and 4. The following
paragraph describes the LHCb spectrometer operating during Run 1 and 2.

Fig. 2.4 shows a schematic view of the LHCb detector. The LHCb spectrometer consists
of a tracking subsystem, the particle identi cation subsystem and muon chambers which

are responsible for measuring muons.

Tracking subsystem

LHCD tracking system [64] aims at e ciently reconstruct track parameters of charged
particles that go through the detector during collisions in the LHC. Tracks of charged
particles in the magnetic eld provided by the LHCb dipole are curved therefore meas-
urement of this curvature allows precise measurement of particle's momentum. Tracking
information is also essential to determine points where particles decay and which particles
originate from the same point (vertex). The former particle tracking system (during Run

1 and Run 2) consists of the Vertex Locator (VELO), the Trigger Tracker (TT) and the
three Tracking stations (T1-T3), and the dipole magnet.

VELO - Vertex Locator

The Vertex Locator has been designed to reconstruct proton-protompf) interaction
point and decay vertex of heavy hadrons, called primary and secondary vertex
respectively [54]. Moreover, the VELO allows for measuring the Impact Parameter (IP)
of charged particle's trajectoried. The Run 1 and Run 2 VELO consisted of two sides
of semi-circular silicon sensors, each 0.3 mm thick (Fig. 2.7). Inside, the small cutout
in the sensor's centre allowed the particle beam to pass through the detector during
LHC operation. Charged patrticles traverse the silicon and generate electron-hole pairs,
and then these generated charges are collected by the detector readout system. Finally,
an analogue signal is converted into a digital signal. During physics data-taking, the
silicon sensors have positioned around the LHC beam at a distance of 8 mm. Before
data taking, VELO halves remained open to prevent the interference with the beam
adjusting procedures. The whole VELO system was placed inside the secondary vacuum,
the sensors were separated from the primary beam vacuum by Radiation-Frequency
(RF) foil - a thin aluminium layer. The VELO detector was composed of two types of
sensors; the rst type was called R-type, which was dedicated to measuringcoordinate

3The Impact Parameter is de ned as a transverse distance of the closest approach between a particle
trajectory and a vertex.
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- distance from the proton beam, and the -type sensors measured the azimuth angle.
The strip pitch varies from 38 m at the innermost region to 102 m at the edge of the
sensor. To mitigate adverse e ects of radiation damage caused by a high radiation dose,
the cooling system, based on CQ cooled all sensors and readout electronics. During
data taking, the VELO sensor's operational temperature was around 8%.. The readout

of the data from sensors was performed by the Beetle front-end ASIC [65].

TT - The Tracker Turicensis

The second silicon tracking detector (TT) was located before the dipole magnet [55].
Information from TT was crucial in reconstructing low-momentum long-lived tracks
as neutralK 2 mesons that decay mostly outside the VELO detector. A long-liveH &
travels up to several centimetres before decaying to pions [2]. TT consisted of two
stations called TTa and TTb, four planes denoted as TTaX, TTaU, TTbhV, and TThX
(Fig. 2.8). The X planes were positioned perpendicular to the beam pipe with strips along
the LHCb y-axis. The U and V stations were also positioned perpendicularly to the beam
pipe but their strips featured, so called, stereo angle tilt by 5° and +5°, respectively
and covered a rectangular area 150 cm wide and 120 cm in height. Silicon microstrip
sensors constitute the total active area, around 8.4 The spatial resolution was about
50 m. Layers were arranged in pairs, separated about 27 cm in tkedirection. The
distance between planes TTax and TTaU, as well as TTbV and TTbX, was around 4 cm
and allowed to reconstruct one spatial point by combining 1-D measurements. The TT
silicon sensors were 500m thick with a strip pitch of 183 m. TT operated during Run
1 and 2 and is substituted by a new silicon UT detector for Run 3 and 4.

The Inner and Outer Tracker

Set of three tracking stations (T1-T3) was situated behind the magnet. These
sub-detectors were removed after Run 2 and replaced by the new Fibre Tracker detector.
The former detector was divided into two parts: Inner (IT [55]) and Outer (OT [56])
Tracker. The inner part of the TT stations (IT) covered the acceptance region close to
the beampipe, where the density of reconstructed particles is the highest; therefore, it
was designed in silicon strip technology. The strip pitch was around 198n, and the
detector's active area was approximately 11 fn The outer part of the TT stations (OT)
is composed of a drift-time detector. It provided acceptance coverage in the outer region
of the tracking stations. Each module was built with drift tubes with diameters of about
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Figure 2.7: The LHCb VELO vacuum tank (top right). A photograph of one side of
the VELO during assembly showing the silicon sensors and readout hybrids (top left)
[66]. Cross-section in thexz plane aty = 0 of the sensors and a view of the sensors in
the xy plane (bottom) [67]. The detector is shown in its closed positiolR= sensors are
shown with solid blue/dashed red lines. The modules at positive (negativ&)are known
as the left or A-side (right or C-side).

Figure 2.8: The TT, detectors schematic view (left). The T1-T3 schematic view (right)
[68].

5 mm and was lled with argon (70%) and CQ (30%). The drift times were below 50 ns.
The largest station covered a sensitive area of 600 cm490 cm. The distance of the
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