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Abstract

The LHCD experiment is designed to perform flavour-physics measurements at the Large
Hadron Collider. In the Standard Model (SM) of particle physics the transitions between
quarks of different flavour are ruled by the Cabibbo-Kobayashi-Maskawa (CKM) matrix
and involve violation of the CP symmetry. This sector can provide stringent test of the SM
internal consistency and includes excellent probes for indirect search for physics beyond
the SM.

In this Thesis, the time-dependent CP asymmetries of the B°— 7f7~ and
BY— K*K~ decays are measured, as well as the time-integrated CP asymmetries of
the B— K™n~ and B?— 7t K~ decays, using a sample of p-p collision data collected
with the LHCb detector at a centre-of-mass energy of /s = 13 TeV, and corresponding
to a total integrated luminosity of 5 fb™'. The results are compatible with previous
determinations of these quantities from LHCb, except for the CP-violation parameters
of the BY — KT K~ decays, that show a discrepancy exceeding 3 standard deviations
between different data-taking periods. The status-of-the art of the investigations being
conducted to understand the discrepancy is documented.

The measurement of the CKM matrix element |V;| using exclusive semileptonic decays
of the BY meson is also reported in this Thesis, using a sample of p-p collision data collected
with the LHCb detector at a centre-of-mass energy of 7 and 8 TeV, and corresponding to
an integrated luminosity of 3 fb™'. The measurement involves the parametrisation of the
hadronic form factors proposed by Caprini, Lellouch and Neubert, and leads to

|Vas| = (41.4 £ 0.6 (stat) £ 0.9 (syst) & 1.2(ext)) x 1073,

where the first uncertainty is statistical, the second is systematic, and the third is due to
limited knowledge of the external inputs. This measurement is compatible with the world
averages obtained from decays of Bt and B® mesons and constitutes the first measurement
of |V| at a hadron collider and the absolute first one with decays of the B? meson. The
analysis also provides the very first measurements of the branching ratio and form factors
parameters of the signal decay modes.

The study of the characteristics ruling the response of an electromagnetic calorimeter
(ECAL) to profitably operate in the high luminosity regime foreseen for the Upgrade II of
LHCD is reported in the final part of this Thesis. A fast and flexible simulation framework
is developed to this purpose. Physics performance of different configurations of the ECAL
are evaluated using samples of fully simulated B° — nt7~ 7 and B® — K*%ete™ decays
produced in p-p collisions at a centre-of-mass energy of 14 TeV and at an instantaneous
luminosity up to 1.5 x 103 ecm2s7!. The study sets the target for the resolution in
measuring the time of arrival of particles on the ECAL to be between 10 and 20 ps, in
order to recover performance similar to those registered by LHCb during the Run 2. The
effects of time resolution and different segmentations of the ECAL on the recovery of
bremsstrahlung photons and on the electron-pion discrimination are also studied. The
results reported in this Thesis are used to guide the development of the future ECAL
and are reported in the Framework Technical Design Report of the LHCb Upgrade 11
detector.
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Introduction

If we accept the view

of complete symmetry between
positive and negative electric charge
so far as concerns

the fundamental laws of Nature,

we must regard it rather as an accident
that the Earth, contains

a preponderance of negative electrons
and positive protons.

P. A. M. Dirac,
Nobel Lecture, 12/12/1933

The discovery of antimatter was a triumph for both theoretical and experimental

physics |1,2]. This breakthrough was based on the exact symmetry — predicted and
observed — between a fundamental particle, the electron, and its counter-part with equal
mass and opposite electrical charge, the positron. The same idea was immediately extended
to all elementary particles, so much so that, in the conclusion of its Noble Lecture, P. A.
M. Dirac imaged the existence of stars made of positrons and negative-charged nuclei |3].
However, the current observations strongly exclude the existence of such objects in the
visible universe [4]. In facts, the macroscopic dominance of matter over antimatter is still
an evident and unresolved question, in our understanding of the cosmos [5-10].
So far, the fundamental symmetry between matter and antimatter has always been
confirmed, except for a relatively small phenomenon, called CP violation. This effect was
discovered, quite unexpectedly, in 1964 [11]. Since then, CP violation effects have been
found only in the charged currents of the weak interactions of quarks. According to the
best description to date of the elementary particles and their interactions, namely the
Standard Model of particle physics (SM) [12}/13], the only source of asymmetry between
matter and antimatter is due to a single complex phase in the so called Cabibbo-Kobayashi-
Maskawa (CKM) matrix [14,/15]. The elements of this matrix rule the coupling, namely the
fundamental transitions probabilities, between quarks of different flavour [16]. Anyway, it
is also well known that the CP violation caused by the CKM matrix alone is not sufficient
to quantitatively explain the observed abundance of matter over antimatter |17-20]. This
evidence manifests a substantial limit of the Standard Model and call for more insight in
the CP-violation and CKM-matrix sectors.

In general, to test the existence of physics beyond the Standard Model (BSM), two
complementary approaches are possible. The first one consists in the direct search for the
signature of new kind of particles or interactions. The second one is an indirect approach,
which is based on the refined verification of the consistency of the SM predictions. Even



if the latter method does not straightforwardly proof the presence of new particles and
interactions, it takes advantage from a peculiar aspect of the quantum realm: the mere
existence of high-energy phenomena may affect even processes where such energy is
not available. More rigorously, transition probability results from the amplitudes of all
the consistent Feynman diagrams [21], and Feynman diagrams with loops may involve
contributions from virtual processes, whose energy scale is not limited by the energy of
the initial state. The amplitudes of diagrams with loop transitions are usually small when
compared to those from tree-level diagrams, where no physics beyond the SM is expected.
However, in some cases, the amplitudes from loop transitions are relevant, thanks to the
specific values of the CKM matrix elements involved. Furthermore, the indirect search
for new physics within the CKM sector benefits from another feature of this matrix: the
SM assumes it to be unitary. This condition constrains the elements of the matrix, and
such relations can be experimentally tested. Since a multitude of different decay processes
are connected to the quark-flavour transitions, numerous experimental results can be
combined to check the unitarity of the CKM matrix. This diversification reduces the
issues related to eventual systematic effects of the measurements, and drastically increases
the precision of the SM-consistency tests. This kind of studies are usually referred to as
tests of the Unitary Triangles.

The Chapter (1| of this Thesis provides details about the concepts outlined so far.
It starts with the discussion of the CP-violation phenomena and then describes their
implementation within the SM framework. The Chapter is also oriented to introduce the
specificities of the physics cases whose measurements are documented in the subsequent
Chapters. It shows how the CP violation observables can be combined to produce tests
of the Unitary Triangle, and explains the connection between the magnitude of the
CKM-matrix element and directly observable decay rates.

The measurements conducted in this Thesis are obtained using data collected by the
LHCb experiment, operating at the Large Hadron Collider (LHC) at the CERN laboratory
in Geneve. The LHCb detector is the subject of Chapter [2l The detector is characterised
by high performance of particle identification and reconstruction, which are fundamental
features for its ambitious physics programme, mainly focused on flavour physics. In
particular, LHCD is optimised to maximise the collection of hadrons containing b and ¢
quarks. The high energy proton-proton collision of the LHC give LHCb a unique role in
the sector of the B? meson and beauty baryons.

The Chapter [3| concerns the measurements of the CP violation observables in
the B— ntnr~, B® - KtK~, B" - K™n~ and B? — 77K~ decays, also called
B?S) — hh/~decays. Because of the absence of the ¢ quark in the final states, the tree
level contributions to the amplitudes of these processes are reduced, and loop topologies,
also called “penguin” topologies [22], are relevant. The LHCb collaboration published
the leading measurements in this sector to date |23,[24]. That analysis utilises the p-
p collision data collected at centre-of-mass energies of 7, 8 and 13 TeV from 2011 to
2016, namely the Run 1 and the first half of the Run 2 of LHCb, and corresponding
to a total integrated luminosity of 5fb™!. Now 4 more inverse femtobarn are available
thanks to the data collected in 2017 and 2018. The analysis reported in this Thesis
aims to measure the parameters related to the time-dependent and time integrated CP
asymmetries of the B?s) — h*h/~decays with the full Run 2 dataset. The 2015-2016 data
are also analysed again after a reprocessing for consistency check. Several experimental
effects are considered and calibrated. The final results are obtained with simultaneous



unbinned maximum-likelihood fits to all the final-state samples. All the aspects of the
measurements are accurately investigated to test their robustness against any eventual
systematic effect, differentiating the various data-taking periods. They include: the
calibration of the determination of the flavour of the B mesons at their production and
the calibration of the error in measuring their decay time, the accurate determination of
the signal reconstruction efficiency as a function of the decay time, the determination of
the differences in the reconstruction efficiencies of the charge-conjugated final states, the
accurate modelling of all the components contributing to the final-state samples.

The Chapter |4 reports the first measurement of the magnitude of the CKM matrix
elements called V,, from the exclusive B — D u*v, and BY — D*~ "y, decays. This
is the first measurement of this quantity at an hadron collider. The analysis also aims to
provide the first determinations ever of branching fractions and form factors of the signal
decay modes. An important role is also played by the B® — D~ u*v, and B — D*~pty,
decay modes, which are used to normalise the signal yields. The selection of the same
final states as for the signal (D~ (— KTK 7~ )u*v,) permits eventual systematic effects
in the determination of the selection efficiencies to be abated. The analysis strategy is
complicated by the not reconstructible final-state neutrinos. Hence, a corrected version of
the invariant mass and a proxy variable for the momentum transferred to the leptonic final
state are used. Simulated samples are employed to describe the distributions of these two
quantities, after applying data-driven corrections. The whole analysis strategy is finally
validated considering a further final state of the normalization channels (D~ — K*n~7")
to measure a ratio of branching fractions compatible with unity and form factors compatible
with the current world averages for the semileptonic B° decays.

The Chapter [5| illustrates studies for the future Upgrade II of the LHCb experiment.
In the Run 5 a factor 40 enhancement of the maximal instantaneous luminosity will be
available at the LHCD interaction point. This condition aims to drastically increase the
amount of collected statistic to reach unprecedented precision in all the aspects of the
flavour-physics field [25]. At the same time, it poses critical challenges for the realisation
of new sub-detectors capable to operate in such a demanding environment. Two factors
will be critical: the deterioration of the experimental systems because of the high radiation
dose to be absorbed, and the increased occupancy, namely the extremely large number
of particles to be reconstructed and distinguished. This Chapter is dedicated to the
Electromagnetic Calorimeter (ECAL). At this stage of the detector development, one of
the essential issues is delineating the target characteristics of the future apparatus. The
essential parameters are: the energy resolution, the segmentation i.e. the granularity of
the detector elements, and the time resolution. In particular, the last feature is new at
LHCDb and is considered fundamental to resolve the many p-p collision vertices expected in
Run 5 conditions. For this reasons, various simulation studies, concerning different physics
cases, are conducted. This Thesis focuses on B — 77~ 7% and B® — K*%e*e™ decays.
They are related to crucial ECAL tasks: the neutral pion reconstruction, the recovery
of bremsstrahlung photons, and the electron-pion discrimination. A new simulation
framework is developed to estimate the ECAL response to Run 5 conditions, and compare
it with the performance achieved in Run 2. Since this is one of the very first approaches
to this matter, the current ECAL reconstruction algorithms are reproduced. The effect of
using time information is evaluated, providing preliminary, but already effective, results
that are used in the Framework Technical Design Report of the LHCb Upgrade II.






Chapter 1

CP violation and CKM matrix

1.1 The CP violation phenomena

The weak interaction maximally violates P and C' symmetries. However, combining the
two transformations, left-handed particles are substituted with right-handed antiparticles.
Hence, the laws of the nature would be exactly the same for matter and antimatter,
if CP were an exact symmetry. CP-violation effects in the weak interaction can be
experimentally searched for in a variety of processes |[4]. On the one hand, the study of
the decays of hadrons probes CP violation in flavour transitions. On the other hand, the
study of electric dipole moments may find sources of CP violation in flavour-conserving
interactions. Besides, the search for CP violation in the neutrino oscillations may provide
further insight in the lepton behavior. Finally, thanks to the discovery of the Higgs boson,
searches for CP violation are becoming feasible also in this sector.

So far, CP violation effects have been observed only studying bound states of a quark
and an anti-quark, called mesons. The violation of CP symmetry can manifest itself
in tree ways: CP violation in the decay, in the mizing, and in the interference between
mixing and decay. The latter two are possible only for pseudoscalar neutral mesons, whose
time evolution is marked out by the phenomenon of flavour mixing. The former, instead,
occurs also for charged mesons and, according to the SM, is expected also for baryons. A
formal description of the CP violation categories is reported in Section [1.1.4] after the
introduction of the formalism of the neutral meson mixing (Sections [1.1.141.1.3)).

As an overview, Tab. resumes the status of the CP violation observations for
pseudoscalar mesons and A baryons. The neutral mesons which carry null flavour quantum
numbers (for instance the 77(’)) are not considered, because they are their own antiparticle
and have definite CP eigenvalue. Hence, the CP violation signature is just the decay
in a final state with opposite CP eigenvalue. However, the decays of these mesons are
dominated by the electromagnetic and the OZI-suppressed strong interactions, where CP
violation has never been observed.

1.1.1 Motivations for the neutral meson mixing

The quark model [16] predicts the existence of meson-antimeson pairs with null electric
charge and whose distinction relays only on the opposite flavour quantum numbers.
Four such systems, composed by pairs of flavour eigenstates, are observed in nature:
K- K° D°-D° BY-B° B%-BY. In the following, they are generically referred to as M°-



Table 1.1: Summary of the CP violation observations [|4,26]. A five standard deviation (o)
significance threshold is indicated with a v ; several such observations in different channels are
required for a W . The symbol Xencodes a current lack of CP violation observations. Particles
that do not undergo oscillations may manifest CP violation only in the decay.

K’ K= D* B A0

decay/mixing interf. v/ - —

W

X

A
decay v X X
mixing w - -

A
X X

x %
|
%S

AIXNE
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M systems. Charged mesons are always flavour eigenstates, because the information
coming from their mass and electric charge allows their flavour content to be determined
unambiguously. On the contrary, the neutral mesons can be experimentally studied both
observing or not observing their flavour quantum numbers, namely with flavour-specific
or flavor-non-specific processes. Three reaction categories can be recognized!:

A)

flavour-specific production reactions, like those mediated by the strong interaction;
for instance:

D**(cd) — D°(cu) + 't (ud),
D*~(ed) — D°(cu) + n~ (ud),
p(uud) + p(wud) — B~ (ub) + B°(bd) + 7 (du),

where the electric charges of the final state pions determine the flavour of the
neutral mesons. The neutral mesons studied in this thesis are produced by high
energy proton-proton collisions (details are in Chapter . In this environment,
a sure flavour determination at production is not feasible; nevertheless a flavour
tag can be associated to the neutral meson candidates with an adequate statistical
accuracy [29-32]. Briefly, in processes like:

p+p—B +B+K"+X

information about the flavour of the B? meson is carried by both the B~ and the
K™ mesons, originated by the hadronization of the second b and s quarks in the
event. Even if it is not always possible to identify them among all other particles
(X) produced in the collision kinetic and topological considerations can lead to an
acceptable mistag rate.

flavour-specific absorptions or decays; flavour conserving interactions can constrain
the possible absorption processes, depending on the flavour of the neutral meson in
the initial state. For instance:

K'+p— KT +n; K+ p»5T + 7
K+ psKt+n, K'+p— Xt+1%

IThis classification is useful for the study of flavour at hadron colliders, and it will be frequently exploited
in the next. Anyway, other classifications are possible, as for example the distinction between active
and passive flavour measurements, which is necessary to treat the neutral mesons systems as Bell’s
systems [27}28].
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Figure 1.1: Tree-level Feynman diagrams for B® — D~ u*v, (left) and BY — D~ 7" (right)
flavour-specific decays.

These processes are particularly useful for neutral kaons, whose interactions with the
ordinary matter can be experimentally studied thanks to their relatively long life-
time. In the B meson sector, instead, only flavour-specific decays can be exploited.
Examples are available for both semileptonic and hadronic weak charged-current
transitions:

B(bd) — D™ (ed) + put + v,
B°(bd) — D™ (cd) + 7" (du),
B%(bd) — K™ (3u) + 7~ (ud).

According to the SM, the first two reactions are dominated by the tree-level
Feynman diagrams (Figure , and the electric charge of the final-state muon or
pion fixes the flavour of the initial state. The last reaction will be described in detail
in Section [L.3l

C) Decays of opposite flavour eigenstates into common final states are also observed.
The weak transition to common CP eigenstates are remarkable for this thesis. Some
examples are:

K’ & ntr & KY, K’ &t 7% & K°

B & ntn™ « B, B < K*K~ + BY;

A more formal definition of flavour-specific and flavour-non-specific decays will be given in
section [I.1.3] The key point here is that the processes of type A and B permit the flavour
of a neutral meson to be observed at the instants of its creation and decay, respectively.
The processes of type C, instead, do not depend on the sign of the flavour quantum
numbers.

1.1.2 The two-state system

Several examples of two-state quantum systems can be identified. Some pedagogical ones
are: the ammonia molecule, a half-spin particle in a static magnetic field, the polarization
of light and even a double slits apparatus [33]. In general, they can be treated as follows.

By definition, any state of the system is the superposition of two orthonormal basis
states:

(1)) = [1)er(t) + [2)ea(2), (1.1)

7



where the time-dependent coefficients are the amplitude of the two base states:
c1(t) = (1|(t)), co(t) = (2]10(t)). The evolution of the system is given by the pair of
coupled equations:

ch(;{(;t) :Hllcl(t) + ngcg(t), (12)
idC;t(t) — Hyyer(t) + Hapen(t), (1.3)

where the H;; terms are the matrix elements of the Hamiltonian, H, of the system. A
general proposition of quantum theory [33] states that, in a given base, the Hamiltonian
matrix element H;; is proportional to the amplitude that —under the physical conditions
described by H- a base state |i) will transform to a base state |j) during an infinitesimal
time dt. Hence, the off-diagonal matrix elements rule the transition between different base
states, while the diagonal matrix elements are related to the evolution without transitions.

The uncoupled case The simplest two-state system is provided by two base states
which cannot evolve into each other:

H12 = H21 = 07

which produce a diagonal Hamiltonian. Therefore, the Equations (1.2)) and (1.3]) correspond
to two independent Schrodinger equations and the time evolution of the system is given
by:

() = [1)age™ 1" + [2)boe "2, (1.4)

where a and b are integration constants, which has to be determined from the initial
conditions. For example: |¢(t = 0)) = |1) implies ag = 1, by = 0, [(t)) = [1)e"*H11 and
there is no chance to observe the state |2), at any time. In other words, the base states of
a diagonal Hamiltonian are independent or uncoupled. The Hamiltonian matrix elements
are in general complex numbers. In case of Hermitian Hamiltonian (H = H') the diagonal
matrix elements are real and Hy; and Hay are the constant energies of the base states,
that coincide with the masses of the base states in the special case of particles at rest.

On the contrary, if the matrix-elements of a diagonal Hamiltonian are complex, the
evolution of the system is given by:

, 1 A 1
[(t)) = [1)age” Mrrte 2Tt 4 |2)pye Mzt T2t (1.5)

where M;; = ReHy, 1';;/2 = ImH;; with ¢ = 1,2. Thus, the real part of the matrix
elements still provides the energy of the base states, while the total probability to observe
the system decreases with the time:

()| ()[* = age™™" + boe™"2",

This corresponds to base states which can disappear like particles which decay [34}35].

A paradigmatic case. When His # 0 and Hs; # 0 the variation per time unit of the
amplitude of the state |1) depends also on the amplitude of the state |2), and viceversa,



hence the two base states are coupled. It is instructive to study the two-state quantum
system with a real symmetric Hamiltonian:

M A :
H—(A M) with A # 0.

The Hamiltonian is Hermitian, so the probability to observe the system is constant in
time, and its symmetry will correspond to a symmetrical behaviour of the base states |1)
and |2). Usually, the base states corresponds to physical states, which can be alternatively
observable. Nonetheless, it is always possible to perform a formal change of basis to
diagonalise the Hamiltonian of the system, and then exploit these new, uncoupled states
to get the time evolution of the original coupled states. Solving the characteristic equation
det(H — 1w) = 0 the two eigenvalues are

wy =M+ |A w_=M—|4|,
and the equations H|+) = wy|+) provide the following eigenstates:

1 1
+) = E(H) +12)), == E(!U —12)). (1.6)

The solution of the Schrédinger equations ([1.2))-(/1.3)) is
W(t» _ ’_|_>a0€—i(M+\A|)t + ‘_>boefi(M—|A\)t’ (1_7)

where the eigenstates |+) and |—) correspond to specific mixtures of the original eigenstates
|1) and |2). The time evolution of these mixtures is analogous to the one for the uncoupled
case (compare Equations and ) Therefore, a system prepared in one of the
eigenstates reported in Equation (1.6) would evolve in a stationary way. Besides, the
difference between the energies of the two uncoupled eigenstates is w, —w_ = 2|A|, and
the two eigenstates are orthogonal (+|—) = 0, as required by the spectral theorem.

To study the time evolution of the system, two kinds of initial conditions are explana-
tory:

1) if [(t =0)) = |+), then ag = 1, by = 0 and |c;1(¢)|? = |c2(t)]* = 1/2, therefore the

probability to observe |1) or |2) is the same and does not depend on time;
2) if |¢(t = 0)) = |1), it is useful to write the initial basis as a function of the eigenstates
1 1

1) \/5(!+>+|—>), 2) \/5(|+>— =)

Equation (I.7) with ¢ = 0 provides: ag = by = 1/4/2, thus the system evolves
according to

L ~ 1, |
|’¢(t)> = ’1>§ (e—zw+t + 6—zw7t) + |2>5 (e—zw+t _ e—zw,t) 7

where the base state |2) has appeared, even if it was not present in the initial state.
The time-dependent probabilities to observe the base states are

(L (E)]* = cos®(JA]),  [(21(1)]" = sin®(JAf2),

and it is evident that each one oscillates with period 27/|A|. Moreover, the two
oscillation have a constant phase difference, such that the total probability to observe
the system is 1 at any time.



1.1.3 Neutral mesons as a two-state system

The states of definite flavour |M°), |M°) are considered now as the basis states. They are
antiparticle of each other:

CP|M°) = |M%) e CP|M°) = |M°)e "M, (1.8)

where &), is an unobservable real number?. The CPT symmetry® forces the diagonal
elements of the Hamiltonian to be equal: Hy; = Hyy = H [36]. Moreover, the neutral
mesons are observed to decay, therefore a not-Hermitian Hamiltonian is necessary to
describe them as a two-state system®. Hence, the Hamiltonian describing the system can
be written as

H Hy, ; M M, v (T Ty
(i )= Q, W) 58 ) 0

where M and IT' are Hermitian, their diagonal elements M and I' are real and their
off-diagonal elements are complex conjugated of each other.

Before calculating the time evolution of the system, it is interesting to look at the
perturbative expansion of the Hamiltonian matrix elements. According to Ref.s [36,[39]:

(M°|H Hy | M° MC|Hy|j){j| Hw|M°
My, = M°+Z | Hw|5) (| Hw| >, Myy = Z< |Hw|j) (G Hw| >’
P mppo — My P mppo — My

(MO Hyy [) (| Hw | M°) (MO[Hw |j) (| Hw | M°)

My, = My, =
; ; mpo — m; ’ = Z Mppo — M 7

P =21 Y [(f[Hw|MO) Ppy, iy =21 ) ( MO!HW\fo\HW!MOWf,

f f

Tor =21 Y (MO|Hw|f){f|[Hw|M )ps,  Top =21 Y |(f|Hw|M)|*py,
f f

where Hy, stands for the Hamiltonian of the perturbation, which rules the coupling of the
flavour eigenstates. In the SM, the expansion of the element My, (Mas) is connected to the
self-coupling box diagrams reported in Figure [[.2] that contribute to stationary evolution
M° — MP°. Instead, the expansions of M;, and My, contain the amplitudes responsible
for the coupling between the two opposite flavour eigenstates (M° <> M?) due to the box
diagrams of Figure that are called dispersive (or off-shell) virtual transitions. The
elements I'15 and I'y; lead as well to meson-antimeson coupling, but they proceed through
common virtual decay modes (M ¢ f <> M?), that are referred to as absorptive (or
on-shell) virtual transitions. The elements I';; and I'yy correspond to the application of

2The arbitrariness of £3; correspond to the fact that antiparticles are defined up to a pure phase. Hence,
it would be possible to chose {3 = 0, without loss of generality [36]. We keep this notation to be formally
consistent with [4].

3Dissertations, which do not assume CPT invariance, are also possible [4], but they are beyond the scope
of this thesis.

4The following description actually neglects the internal structure of the neutral mesons. This is the same
as assuming that the timescale of the interaction which produces the meson oscillations and decays is
much larger than the timescale of the interaction, which rules their internal structure. This description
was originally inspired by the work of Weisskopf and Wigner [37,(38].
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Figure 1.2: Box Feynman diagrams, which contribute to the stationary evolution of neutral
mesons. The case of B® meson is illustrated as an example. The notations ¢ and ¢’ stand for
any up-type quark. The top quark contribution is actually the one which dominates the loops.

_ q _ _ Wt _
b d ph—— ——— ]
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Figure 1.3: Box Feynman diagrams, which generate the dispersive transitions, which responsible
for the flavour oscillations. The case of B meson is illustrated as an example. The notations
q and ¢ stand for any up-type quark. The top quark contribution is actually the one which
dominates the loops.

the Fermi’s golden rule to the flavour eigenstates (M® — f). In conclusion, the flavour

eigenstates are coupled if and only if absorptive or dispersive transitions happen, implying

that Hy, allows for the change of the flavour quantum numbers by one unit to happen.
The calculation of the eigenvalues provides

wi = H + \/HisHoy = M + Re(Aw/2) — i [T+ Im(Aw)],

wp = H — \/HipHy = M — Re(Aw/2) — & [T — Im(Aw)],

where

Aw = wy —wp = 2/ (Miz — iT1s) (M, — iT%,).

The respective eigenstates are:

| M) = |M°)p + |M°)q, (1.10)
| M) = |M°)p — |M?)q, (1.11)

My, — i
PP +lgP=1, 1=, TR (1.12)
p My — 5T

According to equation ([1.4)), the evolution of the system is given by

with

[(t)) = |My)age ™Ete /2 4 | My )bgemitte =t /2, (1.13)
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where the real and imaginary parts of wg () correspond to the mass and the decay rate of
the eigenstate | M), respectively. The splitting between the two cases is ruled by Aw:

mZ:mMo:I:Am/Q, P]L{:FMOZEAF/Q,

with
map = M, Am = Re [Aw], [y =T, Al = —2Zm [Aw].

For these reasons, the Hamiltonian eigenstates are usually called mass eigenstates or
lifetime eigenstates. It is not evident, at this point, whether the eigenstate with higher mass
is also the eigenstate with longer lifetime, or not. It depends on the actual values of the
complex numbers My, ['15. According to the convention adopted here, Am = myg — my,
is positive, and the subscripts stand for heavy and light. However, the sign of AI' must be
taken from the experiments [36]. In the case of B?, the heavier mass eigenstate is also the
one with the longer lifetime, thus AI' =I'y — ', < 0. The same nomenclature is used for
B} and BY, even if in this case the current measurement of AT is still compatible with
0. In the case of neutral kaons, the eigenstates are usually distinguished by their very
different lifetime. So they are called K? and K¢, where the subscripts stand for longer
and shorter lifetime, respectively. Experimentally the mass of the K7 is heavier than the
mass of the K.

In general, the two mass eigenstates and are not guaranteed to be
orthogonal,

(My|My) = |]9|2 - \Q|2 #0&

g‘#l,
p

and the following paragraphs show that such condition is strictly connected with CP
conservation or violation. The time evolution of the system is also studied in both cases.
In order to do it, it is useful to note that if the system is in a pure M° or M state at
t = 0 Equation (|1.13]) provides a = b = 1/(2p) or a = b = 1/(2q), respectively. Given that,
and substituting the mass eigenstates according to and , it is easy to get

q

My (1)) = 1M)g.(0) = [F1°)g (1) (1.14)
| M0y (£)) = | M)g, () — |M°>g<t>§, (1.15)

with .
g+(t) = 5 (e’m”{te’trf’/2 + e’imLte’trL/Q) ) (1.16)

By definition, the ket [Mpuys(t)) (|Mnys(t))) stands for the state of the neutral meson
system at a generic time ¢, if at ¢ = 0 it was a pure flavour eigenstate |M°) (JMY)).

~—

The neutral mesons with CP conservation. The Hamiltonian conserves CP if and
only if [CP, H] = 0 or equivalently H = (CP)'H(CP). In this case the following identity
holds:

My — il = Hys =
(MO|H|M°) = (M°|(CP)"H(CP)|M°) = (M°|H|M°)e "% =
Hype ™ = (Mjy — §T,)e™ ™ (1.17)

12



The comparison® between equation (1.17) and Equation (1.12)) shows that, if CP is
conserved, (q/p)? = ¢ and the mixing factor ¢/p is a pure arbitrary phase. This
implies that

lg/p]> =1 |p|* = |g|* = 0 = (M| My), (1.18)

My | Mysle®m
ISP T'o]etor

is real <> sin(¢nr — ¢r) = 0. (1.19)

As a result, in the CP-conserving hypothesis, the mass eigenstates are orthogonal and
the phase difference between the dispersive and the absortive matrix elements is null. To
facilitate the following considerations, £y, = 0 is assumed, making both M5 and I'y5 real.
The Hamiltonian eigenvalues become

(JJH:M“‘MlQ—%(F—l—FlQ), WL:M—Mlg—%(F—Fm), (120)

where the mass and decay-rate splitting clearly coincide with the non-diagonal matrix
elements Am = My and AI' = I'15, respectively Besides, the choice &y, = 0 implies
p=q=1/ V2, and the mass eigenstates are also CP eigenstates:

|My) =

(1M7) +[M7)) (M) = — (|M°) = [M7)). (1.21)

1 1
V2 V2
It is instructive to look at the time evolution of the system with two different initial
conditions:

o If at ¢t = 0 the system is in a pure mass eigenstate
|Y(t =0)) = |My), then (0= I, by=0, and at any later time
[W(t)) = |My)e mete et = L (|MO) + | MP)) emmete=Trt, Hence, the time-
dependent rates to observe t?”/né mass and the flavour eigenstates are

[(My, — My;t) =e 'ttt (M, — My;t) =0, (1.22)
1 — 1
(Mg, — M%) :Ee*FLt, (Mg, — M°;t) = §e*m. (1.23)

As expected the probability to observe M, decreases with decay-rate I';, and there
is no possibility to observe My. Besides, the relations in the second line confirm
that M, is an equal mixture of M° and M° at any time. The total probability to
observe the system is the same as the probability to observe My,

(M, — M%t) +T(My, — M°t) = e "1t = T'(My, — My;t). (1.24)
Analogous results can be obtained switching the subscripts L and H.

e If at ¢ = 0 the system is in a pure flavour eigenstate [¢(t = 0)) = |M°), Equa-

tion (T.14)) holds, ag = by = 1/+/2 and

1 : 1 .
| MO s (1)) = | M) —=e~mete MLt p | My) —emate Tut, (1.25)
phys NG NG
S At first sight, Equation (1.19)) seems to imply that the observable quantities Am and AT’ would depend
on the arbitrary phase M. However, one can show [36] that also the Hamiltonian matrix elements do

depend on €™ in such a way that the observable quantities are e*™-independent. Of course, this is
true even when CP is not conserved.

13



Therefore:

1

D(MO = Myst) = (My M yuya() = 5T, (1.26)
1

D(MO = Mig;£) =| (M| MCpuys (0))F = ST, (L.27)

with the transition rates to the mass eigenstates following their respective decay rate.
The total probability to observe the system is the average of these probabilities:

D(M® — My;t) +T(M° — My;t) = % [e et et (1.28)

The probabilities to observe or not a change of flavour are
(M — M°%t)=|g_(t)]* = % [e7 "t et — 27 cos(Amt)] (1.29)
D(MY — M°%t) =g .(t)] = i [e7"et + et 4 27T cos(Amt)] (1.30)

respectively, where an oscillatory interference term is present. The oscillations have
constant period 27/Am, and their amplitude is damped by the exponential factor
e T, Analogous results can be obtained switching M° and M?°.

The neutral mesons without CP conservation. If CP is not strictly conserved, the
mixing factor ¢/p may alter the mass and decay-time splittings, and therefore the time
evolution of the system. Furthermore, CP violation may arise, even if |¢/p| = 1, either
directly in the decay or when an interference occurs between mixing and decay. Details
are now provided.

First of all, if the system is prepared in a pure flavour eigenstate at time ¢ = 0, the
evolution rate into the same flavour at a later time is the same as in the case where CP is
conserved,

D(M® — M®%t) = T(M® — M%t) = g+ (t),

instead, in general, the flavour oscillation rates can be different:

q

p

p 2
. > (1.31)

In other words, when |g/p|?> # 1 the probability of a flavour oscillation is not equal to
the probability of the CP-conjugated process. This can be experimentally checked with
semileptonic decays, which add a constant factor, i.e. their branching fraction, to the two
probabilities above. Secondly, if CP is not conserved, the mass eigenstates are no more
guaranteed to be CP eigenstates. Furthermore, it is not possible to distinguish them by
their decays into CP eigenstate, as was tacitly assumed in the previous paragraph. It is
possible, anyway, to predict the time evolution of the neutral-meson system, but the decay
to a final state has to be included in the description. In order to do that, the following
amplitudes have to be considered:

Ap = (f|Hw|M"), Ay = (f|Hw|M°),
Aj = (flHwIM®),  Aj= (f|Hw|M°),

<F(M° — M%) = |g-(t)["

) 4 (r(MuMO;w:\g(t)F

where f is a generic final state with CP|f) = |f)e*s with the arbitrary phase €/ explicitly
reported once more. This notation permits some meaningful, particular cases to be defined:

14



e if the flavour eigenstate M is directly coupled with a given final state frg, but it is
not coupled with the CP-conjugated final state frs, and the opposite happens for
M, the decays M — frg and M — fpq are said flavour-specific (see Section .
Using the notation just introduced:

Afs 70, Afps #0 and Appg = Az

frs

— 0. (1.32)

However, the wrong-sign decay-rates I'(M® — fpq:t) and I'(M° — fpg;t) are not
necessarily null, when the flavour mixing is allowed.

e When the final state is a CP eigenstate, one can assume: f = f = fcp and the
formal substitutions Ay = Ay = Ay, Ay = Af = Ay, are allowed.

e If CP is a symmetry of Hy,, then:
[Arl = |Afl  and A = |Ayl; (1.33)
while this is not guaranteed, when CP is violated.

If at t = 0 the neutral meson system is in a flavour eigenstate M°, the decay rate to a
generic final state f, at any later time t, is

2

DM = ft) = (1 Hig | MOy (8)) 2 = \Am(t) - Lasq-(0)

q _
Ay (O + ] L.

—2Re {Afg+( )%flfg- (t)} :

where the three terms are associated with a decay without oscillation, a decay after
an oscillation, and the interference between the two cases, respectively. The following
definitions

g Ay - 1 _q f - 1
= T, A = T A’: —_— A’:—, ]_34
p Ay Py T pAf Y 39
are useful to write the following general time-dependent decay rates:
DM® = fit) = [Agl* (lg+ (O + A Plg- (O — 2Re[Args (t)g- (1)), (1.35)
2
r 1 q 3 3\ *
D(M° — fit) = |Af ) (lg-()1 + Afl*lg+(0)]* — 2Re[Apg()g” (1)), (1.36)
2
LM — fit) = (Ig-@F + X Plas (0 — 2Re[Args (t)gZ (1), (1.37)
DOM® = fit) = [Agl*  (lg+OF + A fllg- ()] — 2Re[Arg (t)g-(1)], (1.38)
where
—I't AT
gLV = 62 [cosh (775) + cos (Amt)] , (1.39)
—I't AT
g1 (t)g£(t) = —62 {Sinh (775) + isin (Amt)] : (1.40)



Combining these expressions, the time-dependent decay rates of neutral mesons can be
written:

o Tt AT . AT
LMY = fit) = [A7 (L4 M) [cosh (7t> — A7 sinh (7?5) (1.41)
+C'y cos (Amt) — Sysin (Amt)],

? Tt AT AT
1 %)~ h(=—t) — A% sinh ( =
(1+1|Af]%) [cos ( t) ¢ sin < 5 t) (1.42)

D(M" — fit) = |Ag]*

p
q

2 2
—C'y cos (Amt) + Sysin (Amt)],
with TRe(\)) WL 2Tm()\;)
A _ TEREWNf — 1A MmAf
Y A A e VA v A
and by construction
(AST)* +(Cp) + (8" = L. (1.44)

The next sections analyze the concepts introduced here, providing further insight to the
meaning of the parameters A", Cy, Sy.

1.1.4 (P-violation categories

In the previous Section it is shown that CP conservation implies various requirements.
However, none of them alone is sufficient for CP conservation. In other words, CP violation
may be present, even if some of those conditions are actually satisfied. Depending on the
satisfied conditions, different C'P-violation categories can be distinguished. They can also
be quantified by specific asymmetries, which are going to be introduced.

CP violation in the decay As seen in (|1.33)), if

|Ap/Af| # 1,

then CP violation occurs. This implicates that the decay rate of a process is not equal to
the decay rate of the C'P-conjugate process:

(M — f) #T(M — f).
Hence, this is called “CP violation in the decay” and is measured by

A /AP -1

=4 7 1.45
A AT (1.45)

CcP

For flavour-specific decays, it corresponds to the asymmetry of the right-sign decay-rates

P = F(]FAJEFS)_F(M_)JCFS) (1.46)
(M = frg) +T(M = frs)’

as one can deduce from Equations (|1.35) and (1.38)), noting that Ay, , = S‘fps = 0. This is
the only possible source of CP violation for electrically charged particles and for baryons,
whose mixing is not allowed.
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CP-violation in the mixing. As mentioned in (|1.18)), when

la/pl* # 1,

the Hamiltonian which rules the evolution of the system cannot conserve CP. In particular,
it does not conserve CP in the mixing, namely the probabilities of the C'P-conjugated
flavour oscillation processes are different (see Equation (1.31))):

D(M° — M°t) #T(M° — M°%¢).

According to the SM —and in most of its reasonable extensions [4]— the charged-current

semileptonic neutral meson decays M = (%X are flavour-specific (Ay-x = Aprx = 0)
and do not manifest CP violation is the decay (|As+ x| = |As-x|). Hence, CP violation
in the mixing is usually measured by the asymmetry between the decay rates of the
oscillation-induced (wrong-sign) semileptonic decays

P(M° — 7X) =T (M° = ¢~X) 1—|q/p|*
D(MO — (+X)+T(M° — (-X) 1+|q/p|*’
which is easily obtained from the Equations (1.36)) and (T1.37)), where again ;- x = Apt+ x =

0. In the cases of BY and BY mesons, the CP violation in mixing is currently measured to
be compatible with 0 with very high precision [4]:

Agp = (1.47)

A, = —0.0021 +0.0017 & \q/p|a = 1.0010 £ 0.0008;
A%, = —0.0006 % 0.0028 AN lq/p|s = 1.0003 £ 0.0014;

and consistent with the SM predictions [4]
Al = O [(me/my)?sin B] < 107°, 4 = O [(me/my)?sin ] S 1074

CP-violation in the interference between mixing and decay. CP violation can be
observed even if the conditions |A;| = |A;| and |¢/p| = 1 are satisfied. This may happen
because of the interference of decay without mixing M° — f, and decay with mixing,
M — M° — f. Such decays are necessarily flavour-non-specific, namely both M° and
M? are directly coupled to f. If CP is not conserved the two time-dependent decay rates
are different:

D(M® g0y = fit) # T(MP a0y = 1)

In absence of CP violation in both mixing and decay, this corresponds to the condition [4]:

arg(As) +arg(Ap) # 0. (1.48)

All the decays to CP eigenstates are flavour-non-specific, thus the following time-dependent
asymmetry is used to quantify the CP violation:

F(MO — fcp;t) — F(MO — fcp;t)
F(MO — fcp;t) + F(MO — fcp;t)‘

fep (t) =

For B mesons, |¢/p| = 1 can be assumed [4], therefore, exploiting the Equa-
tions (1.41)) and ((1.42), the time-dependent asymmetry is:
A (1) = Stopsin(Amt) — Cy,, cos(Amt)
Jert) ™ Cosh(AT't/2) — ARY sinh(AT't/2)

(1.49)
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The negligible CP violation in the mixing also implies |A\¢|> = |A;/A;|?, and therefore
C}.p = Acp measures the CP violation in the decay, for BY and B? mesons. By virtue
of that, if the CP violation in the decay is also neglected, the remaining conditions to
observe CP asymmetry are Am # 0 and Sy, # 0, where the former corresponds to the
pulsation of the asymmetry oscillations and the latter is the amplitude.

In conclusion, for BY and BY mesons, the parameter S; measures the CP violation in
the interference between mixing and decay. According to the definitions in , the
condition for this kind of CP violation is:

Im<)‘fcp) #0

which is the same as (1.48)), but for decays to CP eigenstates.

1.2 (P violation in the Standard Model

All the observations in the CP violation sector are currently consistent with the predictions
of the Standard Model [4]. In the SM, CP violation arises because the Yukawa couplings
—i.e. the parameters which rule the interactions of the Higgs field with the electroweak
eigenstates of quark and leptons— are complex numbers. In the basis of the flavour
eigenstates of quark and leptons, the matrix of the Yukawa coupling is diagonal and
flavour and mass eigenstates coincide for the elementary fermions®. In this basis, the
Spontaneous Symmetry Breaking (SSB) mechanism [40-44] dynamically explains the
origin of the fermion masses. In contrast, the flavour (or mass) eigenstates are distinct from
the eigenstates of the electroweak interaction. According to the idea initially proposed
by N. Cabibbo [14], the electroweak eigenstates are mixtures of the flavour eigenstates.
With this assumption, the SM accommodates the transitions between different flavours
and elegantly recovers the universality of the electroweak sector: once the interacting
eigenstates are organized into chiral multiplets and singlets, in conformity with the
prescriptions of the Glashow-Weinberg-Salam Model [12], the electromagnetic and weak
interactions are analogous for all quark and lepton generations. In particular, just two
constants, agy ~ 1/137 and Oy ~ 30°, are enough to explain all the couplings. In
the case of leptons the flavour and the interaction eigenstates coincide if the neutrino
masses are neglected”. For quarks, instead, a proper change of basis is unavoidable,
and its parameters are encoded by the Cabibbo-Kobayashi-Maskawa matrix (Vexa) [19].
The magnitude of its elements rules the transitions among different quark generations.
Since the Yukawa couplings are complex numbers, the Voky elements are also complex.
With three quark generations and without mass degeneration among them —as it is
currently observed— a single complex phase in Vg is enough to generate all the CP
violation phenomenology. Two consequences are extremely meaningful: on the one hand,
observable CP violation is always connected with the quantum interference of multiple
contributions; on the other hand, the same parameters rule a lot of different process,
which can be experimentally tested. These arguments make the SM-consistency checks
through CP-violation measurements an appealing sector for indirect searches for new

6This is different from the case of neutral mesons.
"This thesis focuses on the quark sector and neutrino masses are negligible to this respect. Therefore, the
following discussion skips the lepton mixing. Reviews of this sector can be found in Ref. |12}39].
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physics. The following sections are going to explain in detail the consideration resumed in
this introduction.

1.2.1 Yukawa coupling and flavour transitions

The whole SM Lagrangian is the sum of four terms:®

£SM = £gauge + EHiggs + EKin + £Yukawa7

that can be briefly introduced as follows. Fermions are encoded by spinor fields v, which
satisfy the Dirac equation. Their free evolution Lagrangian is

‘CDiraC,Qp = “/) (V/Aauﬁba

where ¢ = 177 and the mass terms are not considered, for the moment. The possible
spinor fields [45] are organized in three generations (or families), each one with five
representations:

Each representation encodes multiplets of quarks (first line) or leptons (second line). In
this notation, the superscripts I state that the fields are expressed in the interaction
basis, the subscripts ¢ = 1, 2, 3 distinguish among the different generations, the subscripts
L, R indicate the left-handed and right-handed chirality of the fields in the multiplet.
The arguments between parentheses fix the dimension of the multiplet for the SU(3)¢
group, the dimension of the multiplet for the SU(2) group and the hypercharge quantum
number, respectively. For example

1 I I I
iz =(gf) 1) () Gy

where each field is actually a SU(3)¢ triplet?, and u and d stand for the generic up-type
or down-type quark fields. The fermion interactions are introduced by the assumption of
local gauge invariance under the transformations of the group SU(3), x SU(2), x U(1),.
This leads to the necessary substitution of the partial derivative 0" with the covariant
derivative D*

oM — DM = 0" +ig;G" L, + igWi'op, + ig' B'Y,

where eight gauge boson fields of the strong interaction, G*, three gauge boson fields
of the weak interaction, W', and one boson field of hypercharge appear to preserve the
symmetry of the Lagrangian. Besides, L, are the eight SU(3), generators (the 3 x 3
Gell-Mann matrices); o, are the generators of SU(2), (the 2 x 2 Pauli matrices); Y is

8The Lectures Notes on CP Violation by N. Tuning are the main reference for the composition of this
section. Details on all the not mentioned theoretical background and notation definitions can be found
in Ref. |12L|13[[39].

9With the marginal exception of the interactions with the gluon fields, the following discussion does not
depend on the color charges of the strong iteraction, so they are not explicitly reported, to keep a lighter
notation.
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the scalar generator of U(1),., and g,, g and ¢’ are the corresponding coupling constants.
With this substitution, the kinetic Lagrangian becomes

£k1n Z MZ(’VNDN)ID
()

8“—>D/‘
EDirac

where the sum is over all the multiplets reported in (|1.50)).
Until no mass contributions are considered, the free dynamics of the gauge bosons is

encoded in . )
W0, (W")* — —B,,B", (1.51)

Loange = Ga (G — 4 4

4o
where
a a a abe b c
GW —8NGW — 8,,GW gsf G GW7
b b b defyyre 11/ f
Wb, =0, Wb, — 8,Wh, + gedelwe Wi,
B, =0,B,, — 0,8,

are the strength tensors of the gauge boson fields (details in Ref.s [12,/13]). In the SM,
the masses of the fundamental particles dynamically arise because of their interactions
with the scalar isospin doublet

+
6= o(1,2,41/2) = (20> . (152)
For the fundamental bosons, these couplings are located in the Lagrangian term

Lriiges = (D,0) (D"¢) + 19T — A(p'9)*. (1.53)

Since the potential Vj, = 12¢T¢ — A(¢'¢)? has a non-null point of minimum, the vacuum
expectation value (v.e.v.) for the ¢ field can be assumed to be (0|¢|0) = (0 v/v/2)T, and
the fluctuations about this point can be parametrized by

0
¢ = <%(’U+H)>' (1.54)
By substituting (|1.52)) with - in and - the Higgs field H appears as a

massive, scalar ﬁeld and further mass terms with consistent strength tensors, appear
when the following combinations of the gauge bosons are considered:

W= LW — W), W= (W ),

2

Zr cosfy —sin HW) <W3f‘) : : g
=1 . with: sinfy = ———.
(A“) (sm Oy  cosby B* w /g% + g7
Applying these field redefinitions to Ly;,, one can observe that the massive boson fields
W*r, Z# and the massless field A* are coupled with fermionic currents, whose chiralities
and coupling constants agree with those observed for the charged weak, neutral weak
and electromagnetic interactions, respectively, respectively. In other words they are the

physical fields, which mediate the interactions of the electroweak sector'?. This is explicitly
shown below for the W=** case.

9The gauge bosons of SU(3), produce the massless gluons, mediators of the strong interaction. Their
case is omitted here for brevity; details can be found in [12,/36].
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Remarkably, no new parameters are necessary to explain the masses of the fundamental
bosons: the coupling constants gy, g, ¢’ and the v.e.v. of the Higgs field, v, are sufficient,
once the right shape of the Higgs potential is provided. This is not at all the case for
fermions. Their coupling with the Higgs field are included in

_I _I ~
Lxawa = = O (YiIQ1.0dk; + YiQububy + YiTL0lh, + hic.)
i,J
where ¢ = iga¢* is the Higgs charge-conjugated doublet. The complex numbers Yg, Y
Yl are elements of arbitrary matrices that produce couplings between different generations

and are called Yukawa couplings. By applying the SSB formalism, thus writing the ¢
doublet according to ((1.54)), Lyukawa includes

vV —
£Yukawa - ‘C%’iéll;li)va = Z (Y;;l dLngj + YZ? uL’LuRj + hC) ) (155)
T\ V2 V2

where the leptonic terms and interaction terms between the Higgs boson H and the
fermions have been omitted. Proper mass term would appear if the M¢ = Y/ V2,
M" = Y% /+/2 matrices were both diagonal. Indeed, it can be demonstrated'! that they
can be made diagonal with positive elements by four different unitary matrices V:

Mg, = VEMVE, My, = VEM VL
Thanks to the properties of unitary matrices, Equation ([1.55]) can be rewritten as
I I

ub L
—cgak. = (al e 6 ) vt ch + (@, s o) vitvimvivi s | + e,
R by
uf% df
— (@ o v ve (b | (@ st 5 v, v [ k) +n
up, ¢y tp) Ve MaiagVR R d; st bL diag Vit | 55 .C.
tr bl

= M¥Tu + Mibhee + Mit+ M dd + Mgss + Mg,bb,

where the last line is obtained substituting the interaction basis with the mass (or flavour)

basis:
d (VL )Z]sz7 d (VR)Ude
ui = (Vi)iuLs uri = (Vi)ijug,.

Only a small piece'? of the whole SM Lagrangian permits transitions between different
flavours:

(1.56)

uar g =1 I — 9 _1 1
k kin,CC ; V2 LiTpHL V2 LiTedr ( )
where the sum is over the three generations. Indeed, using the transformations ([1.56|) to
go from the interaction basis to the mass basis, Equation (1.57) becomes

uar g I (7 —u g — U
Lt =Y (EdLi’yM(VilVLT)ijuLjW . EuLm(VL VLdT)Z.jdijw) (1.58)

ij

"The Singular Value Decomposition Theorem states that: any complex m x n, (m > n) matrix A can
be diagonalized by BACT = D; D is a diagonal n x n matrix with positive diagonal elements, B is an
unitary n X n matrix and C' a n x m matrix that for n = m is unitary [13}36].

12 Again, when the neutrino masses are neglected.
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w w

Figure 1.4: Basic vertices of the Feynman diagrams for charged-current weak interaction processes,
between up-type (u) and down-type (d) quarks and antiquarks. They are CP conjugated of each
other. The charge of the W boson depends on the temporal orientation of the diagram (electric

1—~5

charge conservation). The contribution of each vertex has to be further multiplied by %V“T

to complete the Feynman rules.

where the 3 X 3 unitary matrix
Vekwn = VAV (1.59)

is the Cabibbo-Kobayashi-Maskawa matrix [14,|15]. It can be associated equivalently to
the up-type or to the down-type quarks. By convention, the interaction eigenstates and
the mass eigenstates are chosen to be equal for the up-type quarks, while the down-type
quarks are chosen to be rotated, going from one basis to the other according to

UZ~I = Uj; dZI = (VCKM)ijdj-

Writing explicitly the left chiral projector (1 — v5)/2, the notorious V' — A structure of
the weak charged currents is finally obtained:

1 — 5 Vud Vus Vub d

ﬁﬁfnigcz%(a ¢ Dpg (Ve Voo V| | 8| WHhe.. (1.60)

Viae Vis Vi) \D
In conclusion, the necessity to diagonalise the Yukawa-coupling matrix produces the
CKM matrix, strictly connecting the quark flavours with their masses. Another crucial
consequence is that the amplitude of the transition from a down-type quark to an up-type
quark is proportional to V.4, whereas the amplitude of the transition from down-type
antiquark to an up-type antiquark is proportional to V. This is resumed by the Feynman
diagrams of figure [1.4]

1.2.2 Origin of the CP violation

The CP operation transform spinor bilinear as follows

(CP)(EM@#R]‘) - ERj¢¢Li-

Hence, Lyykawa Would remain unchanged under CP if and only if V;; = Y;}‘, namely if the

Yukawa couplings were real. Similarly, the Lagrangian of the charged current for quarks,

Lince =Y [(VCKM>Z'J' TULiudr; W+ (Vekm)j; %ELJ‘WULiw+“] :

ij
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transtorms under CP into

(CP) <£§iuna,rckc> = [(VCKM),»J»\/%ELﬂuuLiW” + (VCKM)Z\/%ﬂLi%dLJ‘W_“] :

ij

Therefore, if the Vg elements are not all real, the SM Lagrangian is not invariant under
the CP transformation'®, and the amplitudes of CP-conjugated processes have opposite
complex phases. However, the transition rates are given by the squared module of the
amplitudes and this removes the phase difference effects. As a consequence, observable
CP violation asymmetries can arise only in presence of quantum interference between
different processes with different complex phases.

This point can be clarified by some general arguments. Any amplitude may include
two kinds of complex phases. On the one hand, there are the phases that appear in
complex conjugated form in the C'P-conjugate Lagrangian, like the just mentioned weak
phases. On the other hand, a second type of phase can appear even when the Lagrangian
is real. They originate from the possible contributions from intermediate on-shell states in
the decay process. Since such phases are originated by CP-invariant interactions, they do
not change between the CP-conjugated amplitudes Ay and A7 [4]. Usually, the dominant
rescattering is due to QCD, and thus these phases are called strong phases. To sum
up, each contribution a; to the decay amplitude A; can be written in polar form as:
a; = \ai]ei(‘;i*‘m, where §; and ¢; are the strong and the weak phase, respectively. When
two contributions are present the total amplitudes become

A = a1+ ag = |ar]e" O 4 |ay |02 H02), (1.61)
A =y + ay = |ag |09 4 |ag|eiC2=02), '

For neutral mesons, it is convenient to adopt a similar notation for the off-diagonal
elements of the Hamiltonian, which rules the evolution of the two-state system:

Mg = |Mig|e™®™ [y = |Tyale’r,

where ¢, and ¢r behave like weak phases because the C'P-conjugated processes are ruled
by the matrix elements M7,, I'},. Although all cited phases are convention-dependent!?,
their combinations may be physical quantities. In particular, é; — da, ¢ — ¢ and ¢ — ¢r
are convention-independent. Indeed, they are strictly related to the three CP violation
categories, introduced in Section [I.1.4]

e Inserting the expressions in Equation (1.61)) into the asymmetry (1.45)), the mea-
surement of the CP violation in the decay becomes:

_ 2|CL1(L2| Sil’l((SQ — (51) Sin<¢2 — ¢1)
lai]? + |as]? + 2|ayaz| cos(da — 81) cos(pe — ¢1)

Acp

This relation shows that CP violation in the decay arises (Acp # 0) when —at least—
two processes contribute to the amplitude of the decay (Ja;| # 0 and |as| # 0) with

13 Actually, the phase freedom in the antiparticle definitions might permit to reabsorb the complex phases
of Vokwm, producing a CP invariant Lagrangian. However, Sect. explains that it is not possible
with three generations of quarks with different masses.

MFor instance, ¢ and ¢r share the common arbitrary term &, introduced in equation .
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different strong and weak phases. Besides, this means that to measure the weak
phase difference ¢ — ¢1, which is important for theory, the amplitude ratio |a;/as|
and the strong phase difference 9, — 9; have to be known. Unfortunately, they
depend on non-perturbative hadronic parameters, which are difficult to calculate.
In particular cases, however, they can be experimentally determined.

e For BY and B? mesons the approximation |[['j2/Mjs| < 1 holds. This is
corroborated by experimental results and consistent with the SM prediction:
IT12/Ms| ~ O(mi/m?) [4,46]'. Hence, the CP asymmetry in semileptonic neutral-
meson decays becomes

Hence, CP violation in the mixing can be interpreted as a phase difference between
the interfering absortive and dispersive transitions. Again, the weak phase ¢y — ¢r
is the one of most interest for theory, but its extraction depends on the knowledge
of |T'12/Mjs|, which is difficult to calculate explicitly because it implies hadronic
long-distance physics.

e If it is assumed that only one weak phase contributes to a decay into a CP eigenstate,
Afop = |agey|eOterT®ior) | with |T1o/Mis| = 0 (i.e. the OP violation in the decay
and in the mixing are both negligible), one obtains |A\f| = 1. Consequently, the
time-dependent asymmetry becomes

AfCP <t> = Im(/\fCP) Sin(Amt) with Im(AfCP) = Nfep Sin(¢M + 2¢fCP)7

where 7y, is the CP eigenvalue of the final state, and only weak phases are involved.
As expected this kind of CP violation is related to phases which manifest the
interference of mixing and decay processes.

1.2.3 Magnitude of the CKM matrix elements

The following tree-level transitions are usually exploited to directly measure the magnitude
of the Vexwm elements:

|V.,4] - nuclear beta decays (d — uer, transitions);
|V..s| - semileptonic kaon decays K — wlv (s — ulv transitions);
|V, - exclusive and inclusive semileptonic B-hadron decays (b — ulv transitions);

- semileptonic D-hadron decays D — 7lv (¢ — dlv transitions) and charm produc-
Vi ileptonic D-hadron decays D lv dlv t iti d ch d
tion from v interaction with matter;

|V..| - semileptonic D decays (¢ — slv transitions) and leptonic D, decays (Ds — D)

|V,| - exclusive and inclusive semileptonic B decays to charm (b — clv transitions);

15Tn [39] a heuristic explanation is provided: “There are a large number of B-meson decay modes, of
which only a few are common to both the B® and B°, and the contribution to the effective Hamiltonian
of (1.9) from the interference between the decays of the B® and BY can be neglected, I';o = I's; ~ 0”.
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CKM matrix element Experimental value

|Vad] 0.97370 + 0.00014
Vs 0.2245 =+ 0.0008
V., 0.221  +0.004
V.| 0.987 +0.011
V| 0.0410 +0.0014
Vsl 0.00382 + 0.00024
V| 0.0080 =+ 0.0003
V.| 0.0388 =+ 0.0011
V| 1.013 = 0.030

Table 1.2: Experimental knowledge of the magnitudes of the CKM matrix elements [4].

|V,,| - branching ratio of ¢ — Wb decay (assuming CKM matrix unitarity) and single
top-quark-production cross-section.

Since the transitions ¢ — d, s are found to be strongly suppressed (|V,,| ~ 1), the best
strategy to measure |V,,| and |V,,| does not exploit tree-level processes. Indeed, the ratio
V;4/Vis| is usually determined from the B® — B® and the B? — BY oscillations. In the SM,
these transitions are mediated by box diagrams (Figure , which are dominated by the
circulation of the top quark as a virtual state.

A summary of the current knowledge about the magnitude of the Vixy elements is
reported in Table . Transitions within the same family have Vg, elements of O(1),
those between the first and second generations are suppressed by a factor O(107!), those
between the second and third generations are suppressed by a factor O(1072), finally those
between the first and third generations are strongly suppressed by a factor O(1072). These
values are illustrated in Figure by the size of the red boxes. The figure shows also the

Yukawa Couplings
A
4 N
Couplings Masses
d s b
u . - L u = d L]
Pors
c [ | m «——» C ] S ]

t--. t. b\ W

Figure 1.5: Graphical representation of the order of magnitude of the CKM matrix elements
and of hierarchy among the quark masses. Further details available in the text.

hierarchy of the quark masses (blue boxes). Both patterns are due to the actual values
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of the Yukawa couplings. According to the SM, they are fundamental constants, hence
the reason for the depicted configurations is currently unknown. Nonetheless, constraints
among the Viokum elements exist, and their verification is needed for the SM internal
consistency.

1.2.4 Parametrisations of the CKM matrix

All the elements of the CKM matrix are defined from three real angles and a single
complex phase. This can be demonstrated as follows:

1) A general n X n complex matrix has n? complex elements, and therefore 2n? real
parameters.

2) The discussion of Section explained the reason why Vikw is required to be
unitary. This imposes n? constraints, namely n conditions for the unity of the
diagonal elements of the product (Voxm)(Vexkm)' = 1, and n? — n conditions for the
vanishing of the off-diagonal elements.

3) The phase of the quarks can be rotated freely (uz; — €*¥dy; and dp; — €'dy;),
since the overall phase is irrelevant; therefore 2n — 1 relative quarks phase can be
removed.

Hence, the total number of free parameters is 2n* —n? — (2n — 1) = (n — 1)%. After that,
one can divide such free parameter into Euler angles and phases:

1

4) A general n x n orthogonal matrix can be constructed from 3

describing rotations among the n dimensions.

n(n — 1) angles

5) The parameters left are the phases: (n —1)2 —in(n—1) = 1(n—1)(n —2).

As a result, with two families n = 2, only one real parameter is necessary. This is the case

of the Cabibbo matrix 0 0
[ cosbc  sinbc
Vo = (— sinfc  cos 90) ’ (1.62)

which accommodates the mixing between the first and the second family of quarks [14].
However, CP violation is not compatible with the absence of complex phases and a single
complex phase appears with n = 3. This was the original argument that lead Kobayashi
and Maskawa to predict the third quark family |[15]. Even if the number of free parameters
is fixed by the number of families, their organization inside the matrix is not. Therefore,
many representations of Voky are possible. Among them, the one assumed by Ref. [4]
has become the standard one:

is

C12C13 $12C13 S13€
_ is is
Vokm = | —5S12C23 — C12523513¢€ C12C23 — S12523513€ S23C13 (1.63)
is 6
512823 — C12C23513€" —C12523 — S12C23513€" C23C13

where s;; = sinb;j, ¢;; = cosb;; and ¢ is the CP violating phase. The 0;; angles can
be chosen to lie in the first quadrant (s;;, ¢;; > 0). They represent the mixing between
different quark generations!®, and their values can be deduced from the magnitudes of the
Vexwm elements [4].

16In the case #13 = a3 = 0, the third generation would decouple and the Cabibbo’s matrix would be
recovered.
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The Jarlskog invariant. The presence of a complex phase is a necessary but not
sufficient condition for the violation of the CP symmetry. It can be demonstrated [47]
that the fundamental requirement is

(mf — m?) (m? — mi) (mz — mi) (mg — mz) (mg — mi) (m? — mfl) X Jop #0 (1.64)

where
Jor = |Im (ViVigVisVin) | (i # j,a # B) (1.65)

is known as the Jarlskog paramter. This condition is related to the fact that it would
be possible to remove the Vo phase if any of two quarks with the same charge were
degenerated in mass [36]. Hence, this is another manifestation of the deep connection
between origin of CP violation and the origin of quark masses hierarchy. The value of the
Jarlskog parameter does not depend on the representation of Viky, thus it can be used
to quantify the entity of the CP violation in the SM. The current experimental results
lead to Jop = O (107°), which allow to assert that CP violation is a small effect in the
SM. Exploiting the standard parametrisation in , Jop can be written as

JC’P = 8128135230120230%3 sin 5 (166)
To conclude, the fundamental requirement ([1.64]) is equivalent to the following conditions:
1. There should not be mass degeneracy within up-type quarks or down-type quarks.

2. None of the three mixing angle should be 0 or 7/2.

3. The phase should be neither 0 nor 7.

The Wolfenstein parametrisation. The observed hierarchy among the magnitude
of the Vokm elements can be made more evident with the convenient parametrisation
proposed by Wolfenstein [48]. It is related with the standard parametrisation by
the following definitions:

Vs
\/ |Vud|2 + |‘/us|2
(1.67)

where parameters \, A, p and 7n are all real. The observed experimental condition
$13 K 893 K S12 K 1 allows Vokw to be written as a power expansion of the parameter
A =sinfc ~ 0.22 (where 6¢ is the Cabibbo angle defined in ((1.62)). As a result the
Wolfenstein parametrisation of Vg is:

cb

Vi

us

So3 — 14)\2 = )\ 3 31367% = A>\3 (p - “7) = Vb?

812:)\: u

1—X2/2 A AN (p —in)
Voekum = —A 1—)%/2 AN? +0 (A (1.68)
AN (1—p—in) —AN 1
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For certain processes, in particular when CP violation is expected to be very small, it is
useful to further expand the parameterization to the subsequent order, obtaining [4]:

1, 1
Via=1- 3N = X+ O), Vie = A+ O(N), Vi = AN (p —in),

8
Voo ==X+ %AQX” [1=2(p+in)]+ON\), Vi=1- %)\2 — %)\4(1 +44%) + O(X%),
Vi = AN+ O(\%), Vg = AN® {1 — (p+in) (1 — %v)] + O\,
Vi = AN+ CAN [ =20+ im)] + O0), Vi =1~ %Az)\“ +O0Y).
(1.69)
With this parametrisation the “Jarlskog parameter” of Eq. becomes
Jop = N A%, (1.70)

directly related to the CP violating parameter n. Finally, the following definitions are
reported here, for later convenience:

1 1
pEp<1—§/\2), nzn(1—§/\2). (1.71)

It can be shown that p +in = —(V,,V.5)/(V.,V3) is phase-convention independent and

U
Vekw, written in terms of A\, A, p, and 7, is unitary at all orders in A [4].

1.2.5 Unitary Triangles

The off-diagonal unitary conditions of Vioky are:

VadVis + VeaVe, + ViaVi, = 0, (1.72)
—— —— ——
o) oM O(A%)
VsV + Ves Vo + VisViy, = 0, (1.73)
—— N N
oY) 002 0O
VadVa, +VedVa+ ViV = 0, (1.74)
—— N~ ——
(p+in)AN3 —AN3 (1—p—in) AXN3
VJd‘/cd + VJS‘/CS + VJb‘/;b = 07 (175)
—— Y~ =
o) eley) O(»3)
Vi +VeVis + VoV, = 0, (1.76)
—_—— —— =
oY) on) o)
VeadVia +VoVis+ VoV = 0. (1.77)
S—— S—— N——
(1—p—in) AN3 —AN3 (p+in)AX3

They can be represented as triangles in the complex plane, where each V;;V}}; product
depicts a side and the null sums ensure that the triangles are closed. In can be shown [4,36]
that the area of all the six unitary triangles is Jop/2. The Wolfenstein parametrisation
in Eq. is useful to show that only two triangles have sides of the same order of
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I VuaVub + VeaVen + ViaVip = 0 M VipVuh + ViV + ViaVaa =0
|

p(1-2212) !

|
P (1-A2+pA%)

Figure 1.6: Representation in the complex plane of the unitary triangles described in the text: on
the left the UT corresponding to Eq. ((1.74)); on the right the triangle corresponding to Eq. ((1.77)
is reported.

magnitude. The first one corresponds to equation ([1.74]), which, using the Wolfenstein
parametrisation, becomes

[(p+1m) + (1) + (1 = p —in)| AX* = 0, (1.78)
or at the next order (Egs. [1.69):
(54 i) + (=1) + (1 — p— i) AN + O(\) = 0. (1.79)

Normalizing to the common factor A\3, one gets “The Unitary Triangle” (UT) of Figure
(left). Tts sides are

ViaVar
RbE /ﬁ2+ﬁ2_‘ ud ” ub

‘/cd va . (180)
R, = 1—5 2 =2 td " tb
and its angles are

ViaVi, L—p—um
= — = —_ 1.81
a =arg ( ViV arg ot ) (1.81)
=arg | — C)=arg | —— ), 1.82
0 g( VaViy) B\ i (182)

VudV, .
v =arg (—%) = arg (p + 7). (1.83)
cdVep

The v angle coincide with the CP-violating phase ¢ of equation ([1.63)), and the following
relations hold:

R, »
o= AN [ b ) e 1.84
Yip = AX <1—)\2/2>e ’ (1.84)
Via = AXN3Rie . (1.85)
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Therefore, the angles v and [ are the phases of the two complex elements which appear
in Eq. (1.68). The second non-degenerate triangle is provided by equation ([1.77]) which,
in Wolfenstein parametrisation, becomes

1 1
{[1 —p—in— N\ (§ —p—z’n)} + {—14—)\2 (5 —p—in)} + [p+in]}A)\3+(9()\7) = 0.
(1.86)
Dividing again by the common factor A\, one obtain the triangle of Figure (right).
Its apex is located in (p,n) (instead of (p,7)), and it is tilted by the angle

ViV
= 2 = — 2 1.
8, = 6./ arg(vcsvc,g), (L87)

with respect to the UT.

1.2.6 Constraints to the UT

Here the various constraints used to determine the UT parameters are summarised.

Vbl / IVl - This ratio is proportional to the side of the UT between the o and the ~
angles. As reported in section [1.2.3] they can be measured exploiting exclusive and
inclusive semileptonic decays of B hadrons.

Amg - the mass splitting between mass eigenstates of the B® — BY systems rules the
flavour oscillations and is proportional to the magnitude of V,,. Thus, it measures the
side of the UT between the o and the g angles. However, in this case, the extraction
of V,, is affected by large theoretical uncertainties. This parameter represents the
frequency of mixing. It is proportional to the magnitude

Amg/Amg - since Am, is the equivalent of Amy for the B — BY system, it is proportional
to V,,. The relations between Am,/Amy, V,, and V,, permit to reduce the theoretical
uncertainties and provide a determination of the UT side more precise than the one
from Amy alone.

ek - This parameter depends on the size of CP violation in the neutral kaon system and
carries information on the position of the apex of the UT.

a - The value of this angle can be extracted from B — 7w and B — pp decays. Besides,
these channels are also related to the sides of the UT because their decay amplitudes
and the CP asymmetries depend on the terms V;4V;; and V,,4V.;.

3 - This angle can be extracted from the time-dependent analysis of the BY — J/K°
decays.

~ - This angle can be derived from B — D® K®) decays, because they involve V,; and
Vep.

sin (2 4 ) - This quantity is proportional to some terms which rule the time-dependent
decay rates of B — D™ decays.
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In Figure the graphical representation of all the above-mentioned constraints is
reported. All the constraints are consistent with CKM unitarity,and the corresponding
values of the UT apex are

p=0.14840.013, 7 =0.348+0.010 (1.88)

= F
_ UTfit
= summeris
: Amg
0.5
e Vas
§ Vcb

N T |

- 0.5 0 0.5 1
Y

Figure 1.7: Allowed parameter ranges (68% probability regions) for the parameters of the UT
obtained from the method described in the text. The 68% and 95% contours for the p and 7
parameters are also shown.
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1.3 Charmless two-body B decays

Among the numerous ways for testing the C'P-violation sector of the SM, a valuable one
is provided by the b quark transitions to charmless hadronic final states. In particular,
this thesis will deal with the two-body decays'” B®— 7~ B'— K*n~, B'— KtK~,
B?— 7t K. In the following, they will be generically referred to as B?S) — hTh/~. Besides,
the B - K*K—, BY— nfn~, Ay — pr— and A, — pK~ decays will be accounted for,
being suppressed but unavoidable backgrounds of the previous signal modes®®.

The B?s) — h™h/~decays receive contributions by various topologies of Feynman di-
agrams: from tree-level transitions to sizeable QCD and EW penguin processes. The
search for anomalies in this sector is attractive because new particles and interactions, not
present in the SM, may appear as virtual contributions inside the loops of the penguin
diagrams [51]. However, the amplitudes of penguin transitions comprise hadronic matrix
elements, which affect the measurement of the CKM parameters. Nonetheless, the extrac-
tion of the UT angle v and the B mixing phase 23, from B, — h*h'"is actually feasible.
A possible strategy [52-55] relies on the assumption of U-spin symmetry!® and on the
combination of the time-dependent CP asymmetries in the B — 777~ and B?— K™K~
decays. Any deviation concerning the values of v and 24, measured with other B meson
decays dominated by pure tree amplitudes, would be a sign of new physics.

Section illustrates the various Feynman diagrams topologies governing the
B?S)—> h*h'~ processes. Section specifies the connection between the CP viola-

tion asymmetries and the UT parameters for the B?S) — hTh'~ decays.

1.3.1 Topologies contributing to B?S)—> h*th'~decays

The quark transitions b — ¢1q,d(s), with ¢ 2 € {u,d, ¢, s}, lead the hadronic two-body
decays of the B mesons. Figure illustrates all the main Feynman diagrams responsible
for B?S)—> hTh'~ decays [56/-58]. Beyond the tree-level diagrams (T), gluon mediated
penguins (P) and color-suppressed electroweak penguins P§, are present. A common
aspect of these diagrams is that a spectator quark d (s) can be identified. Other relevant
topologies involve both the initial state quarks: they are the annihilation penguins (PA)
and the exchange diagrams (E). The penguin diagrams can be as relevant as tree-level
diagrams —or even dominate the decay — even if they correspond to higher-order terms in
the perturbation theory. For example, B’ — K7~ decays include the contribution of a
tree-level amplitude proportional to the CKM factor V., V,,;. Penguin amplitudes, instead,
are characterized by a loop structure, which introduces the CKM factor V;;V;,. Since

Vs Vi Vis = 0.02, QCD penguin amplitudes actually dominate this particular process.
Besides, one could expect that EW penguins should be negligible with respect to QCD
penguins, because the ratio between of the QED and QCD couplings is a/a, = O (1072).
Actually, the high mass of the top quark entering the loop enhance the contribution of
EW penguins, producing sizeable effects [59).

1"The CP-conjugated modes are implicitly considered.

18CP violation measurements in charmless two-body decays of the A9 barion at the LHCb experiment
are reported in [50]

9Namely, the approximate invariance of the strong interaction under the substitution between the d and
s quarks.
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Figure 1.8: Diagrams contributing to the amplitudes of charmless B?S) decays to two charged

mesons: Tree (T), Penguin (P), Penguin Annihilation (PA), Colour-suppressed Electroweak

Penguin (P%y;,) and Exchange (E).

The following outline reports the Feynman diagram topologies involved in each

B?S) — h*h'~ decay:
B’ 5 KTK~
———
PA+E
BY - ntn~
—_—

T+P+2PS,,+PA+E

T+P+2 P8y,

B 5 Ktn™
—_—
T+P+2PSy,
BY — g~
———

T+P+2PS,,+PA+E

d+— s

d<+— s

d+— s

d<— s

dsw's

dsw's

BY — ntm”
PA+E
Bg — KtK~
T+P+2PS,,+PA+E

BY — ntn™
~—_———
PA+E
B) —» nt K~
~—_——
TAPEiRg,

B - KTK~
~——
T+P+2PS,,+PA+E

B - nt K~
~———
T+P+2PSy,

(1.89)

(1.90)

(1.91)

(1.92)

(1.93)

(1.94)

The pattern highlights also the links between the various channels due to the U-spin
transformation. In the first four cases, the symmetry applies to all the d and s quarks.
Instead, the B® — 777~ and BY — 77K~ decays are not properly connected by the
U—spin symmetry. Even if they differ just by the interchange of the spectator quark
(hence the label “spect.”), the PA and E diagrams contribute to the former decay but
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not to the latter. Anyway, such contributions are expected to be small, and their size
can be estimated from the measurement of the branching ratios of the B — K+K~ and
B?— nt71~ decays, where only the PA and F topologies contribute. Similar arguments
hold for the B? -+ K+*K~ and B’ — K™n~ decays. The branching ratios of all these
decays are finally reported in Table [1.3]

Branching Ratio Experimental Value
B (B"— ntm7) (5.1240.19) x 107°
1.96 4+ 0.05) x 107°

( (
BB - KtK~) (78 £15) x1078
B (BY— ntm) (7.0 £1.0) x 1077
B (B 7tK™) (5.8 £0.7) x107°
B(BY—» KTK~) (2.6640.22) x 1075
B (A — pr™) (45 +£0.8) x107°
B (A — pK™) (5.4 £1.0) x107

Table 1.3: Branching ratios of the charmless charged tow-body decays relevant for this thesis [4].

1.3.2 B?s) — h*h/~and UT parameters

The BY— 77~ decay receives contributions from all the Feynman diagram topologies
illustrated in Figure According to Ref.s [52-55] the decay amplitude can be decomposed
in the following terms:
Apoyrin = AD (A% 4 ALY 4 XD 45 4 AP AL

where A% is the partial amplitude due to tree-level processes and Agg is amplitudes due
to QCD and electroweak penguin topologies. In the latter case, all the up-type quark
contribute (5 € {u, ¢, t}), thus various CKM couplings are presents ()\g»d) = VjaV},). The
unitarity of Voxw and the Wolfenstein parametrization allow to rewrite the total amplitude
as

22 ) )
Ao yrin- = (1 — 5) C[e" —de”], (1.95)

with
C = M AR, (A% + Ap — Aﬁ;) ,

deiez 1 A%_A%
(T—2/2) R’y \ A% 1 A5 — A7, )

where the already introduced parameters of the UT are used. Besides, the parameter Af

defined in Eq. (1.34) becomes

. 61’7 o d€i9
)\BO—)W+7F_ = —€ 28 T T——
e~ — det?
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This brings to the following expressions of the CP violation parameters for the decay of a
neutral meson into a CP eigenstate:

2d sin 0 sin vy
Crtn- = —
1 — 2d cos 6 cosy + d? (1.96)
g _ [sin(28 +2y) — 2dcosfsin (28 +v) + d?sin 23 '
T 1 — 2d cos 6 cosy + d?

The parameter A2f _ cannot be measured because the very small value of ALy [4] cancels
its contribution to the CP asymmetry ((1.49)).

In analogy to Equation (1.95)), the decay amplitude of the B?— K™K~ decay can be
written as

) 1 -
ABQ%KJrK* = /\C/ |:ez'y + —dleze :|
’ 19

where e = A2/ (1 — A?/2); C’, d’ and @' are the counterpart of C, d and 6 in the case of
BY— 7t7~. The CP-violation parameters are

c B 2d' sin @' sin y
KR = 1= 2d cos 0 cosy + d2 |’
[sin (28, + 27) — 2d’ cos 0’ sin (23, + ) + d* sin 23,
S _ = 1.97
KoK = I 1 — 2d' cos ¢ cosy + d'? ’ (1.97)

AT [d"? sin 23, + 2ed’ cos 0’ cos (235 + ) + €2 cos (235 + 27)
KK d? + 2ed’ cos 0’ cosy + £2d’? ’

where AL, = —\/1 — (Cx+x-)* — (Sk+x-)°. The set of Equations and
form a system with 7 unknowns (d, 0, d', 0', 3, 55, and 7) and 4 equations. Using external
constraints for § (from b — ¢¢ transitions) the number of unknowns reduces to 6. In
addition, e U-spin symmetry can be used to constrain the relations between d <+ d’ and
0 < 0, removing two additional unknowns. In this way the system becomes solvable.

At quark level, the B — K7~ decay follows from the transition b — uus. Tree-level,
gluon-mediated penguins and electroweak penguins are the Feynman diagram topologies
entering the total amplitude, whereas the PA and E topologies cannot. Exploiting the
usual formalism and the unitarity of Vg, the decay amplitude takes the form:

Apoygin- = —P[1—re®e"], (1.98)

where the parameter P includes the penguin amplitudes, r is the ratio between tree and
penguin amplitudes, ¢ is the CP conserving hadronic phase ad v is the angle of the UT.
This decay is flavour-specific, so there cannot be CP violation in the interference of mixing
and decay (Af = Ar=0= )= /_\f = 0). Instead, for the CP violation in the decay, one
gets

AR |Ago_spi k- — |[Aposkn-? 27 sin (0) sin ()

= = . 1.99
op |Agosri g2+ |Apogrn-]?> 14 2rcos () cos (y) + r? (1.99)

The BY — 77K~ is the fully U-spin counterpart of B® — K™n~, and the “spectator”
U-spin counterpart of B® — 7+7~. Within the usual formalism and exploiting the CKM
matrix unitarity, the decay amplitude of this channel can be written as:

1 o
ABortg- = Pi/e [1 + _Tsewsew] .
€
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Since this channel is “Havour specific”, the considerations about the time-evolution,
mentioned above for the B® — K7~ decay, hold also in this case. Consequently, the
direct CP asymmetry are:

_ 21 sin (d,) sin ()
e 1.100
cp 1+ 2rycos (ds) cos (7y) + 72 ( )
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1.4 Semileptonic B?S) decays

The side of the Unitary Triangle opposite to the § angle is proportional to |V,,|/|Ve|-
Hence, the accurate determination of the magnitude of these CKM-matrix elements
constitutes a crucial test of the SM consistency and complements the results from the
CP asymmetries of B decays. The semileptonic transitions b — /v, and b — wlv,
(with ¢ = e, u) are usually exploited for this kind of measurements®. In both the cases,
two approaches are possible. They alternatively comprise inclusive (i.e. the sum of all
possible hadronic states) or exclusive final states (decays involving a specific meson,
X = D, D*,m,p etc.). The results of the two methods available in the literature [4] are
only marginally consistent:

| Vil |Ves| | Visl/|Ves)
Tnclusive | (4.25 + 0.30) x 103 (42.2£0.8) x 102 || 0.101 £ 0.007
Exclusive | (3.70 £ 0.16) x 1073 (39.5 +0.9) x 1073 || 0.094 = 0.005

and require for further experimental inputs. On the one hand, the semileptonic decays of

BO) and B* mesons, involving electrons or muons (¢ = e, 1) are generally well measured
and consistent with the SM. They are dominated by tree-level W-boson exchange, and
are expected to be essentially free from any effect of physics beyond the SM [4]. On the
other hand, the B? sector is rather unexplored?®'. The Chapter 4] of this thesis reports
the first exclusive determination of |V| involving the B? — Dé*)‘;ﬁuu decays. This
Section presents the general formalism to write the differential decay rates where |V
appears. The main complication is due to the necessity to account for the effects of the
strong interactions on the dynamics of the underlying weak decay. Most of the theoretical
approaches assume that the masses my, . of the b and ¢ quarks are large compared to the
scale which determines the low-energy hadronic physics (Aqep ~ 500 — 700 MeV). Hence,
the basis for precise calculations is the systematic expansions in powers of Aqcp /M.
The various methods lead to “form factors” which are Lorentz-invariant functions of ¢2,
the squared mass of the virtual W. The parametrisation proposed by Caprini, Lellouch,
Neubert (CLN) [60] is used. The formalism outlined below considers the two cases with a
pseudoscalar (D)) or a vector (D{,)) charmed meson in the final state. For simplicity,
both the B® and B? mesons, the D~ and D mesons, and the D*~ and D}~ mesons, are
denoted as B, D, and D*, respectively, clarifying when distinctions are relevant.

1.4.1 Pseudoscalar final state

For a pseudoscalar final state, the hadronic current can be conventionally decomposed in
terms of the vector and scalar form factors f, (¢*) and fy(¢?). In the limit of negligible
lepton masses the differential rate does not depend on fy(¢?) and has the form [60]

dI'(B — Duv)  Ggmj,
dw 4873

(ms +mp)*(w? — 1) 2y Ve PG (w) (1.101)

20Purely leptonic transition, as those provided by the B, — 70, B~ — 77, and B~ — uv decays,
are particularly simple from a theoretical point of view. However, no measurement concerning these
channels has reached a competitive precision to date [4].

2'The branching ratios of the decays BY — D™~ T, were firstly determined as results of the measure-
ments presented in this thesis.
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in which the form factor G(w) can be written as

G(w)]* = [+ ()], (1.102)

4r
(1+7r)?
with 7 = mp/mp. In the above equations, w is the recoil variable defined as the product
of the four-velocities of the B and D mesons,
2 2 _ 2
w=vp-vp= 1B MD T4 (1.103)
277’LB mp

which is related to the square of the four-velocity transfer (vg — vp)? = 2(1 — vg - vp).
The minimum value w = 1 corresponds to a zero recoil of the D meson in the B rest
frame, and ¢* = ¢2,.. The factor ngw = 1 + a/7In Mz/mp ~ 1.0066 [61] accounts for
the leading electroweak correction.

The proper parametrisation of the form factors has been the subject of intense
investigations, motivated by the need to extrapolate the information obtained in a
restricted ¢? region to the whole ¢ range. Lattice calculations, for instance, are typically
limited to the highest ¢* region (close to zero recoil), but very recently they have been
extended to the full ¢ spectrum for the B — D_ u*v,, decays [62].

The CLN parametrisation is based on dispersion relations and unitarity, but it addi-
tionally exploits Heavy Quark Effective Theory (HQET) to reinforce the unitarity bounds.
This allows establishing approximate relations in terms of a reduced number of free pa-
rameters. For instance, the form factor G(w) can be expressed in terms of two parameters
only,

G(z) =G(0) (1 —8p%z + (51p* — 10)2* — (252p” — 84)z°) , (1.104)

2(w) = Vuw+1-v2
Vo+T1+v2
In ((1.104)), the two free parameters are the form factor at zero recoil G(0) (i.e., G(w =

1) =2y/r/(1+7)f.(0)) and the slope p*. Decays of this type lead to the experimental
measurements of |V| and p?, taking as input the values of G(0) (from lattice calculations)

and Ngw.

where

(1.105)

1.4.2 Vector final state

In this case, the decay amplitude is characterized by four variables, i.e. the recoil variable
w and three helicity angles, which are: the angle between the direction of the lepton in
the virtual W rest frame and the direction of the W in the B rest frame, 6;; the angle
between the direction of the D in the D* rest frame and the direction of the D* in the B
rest frame, 6y ; the angle between the plane formed by the D* decay and that formed by
the W decay, x

The decay amplitude can be decomposed in three helicity amplitudes H., H_, and
Hy, which correspond to the polarization states of the D* meson, two transverse and one
longitudinal. The differential decay rate as a function of w and the helicity angles is then
written as

d*T'(B — D*uv Smm*G

k(6,6 1.106
dwdcosydcosfydy  16(4n)4 1 0v, X)), ( )
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with the functions H;(w) and k;(6;, 0y, x) defined in Tab. . Note that the k;(6;, 0y, x)
functions differ for D* — D~ and D* — D decays.

In the limit of massless leptons, the helicity amplitudes are expressed by three form-
factor functions, hy, (w), Ri(w), and Ry(w), as

Hj(w) = 2 YD (1 02y 4 1) (w? — 1) ik, (w)H,(w), with j = +,0, (1.107)

mp + Mpx
and
Ao(w) = Y2 _1211’:“3 <1i Z_ 1R1(w)> : (1.108)
Fio(w) =1+ 2= 1>1(1__TR2(“’)) , (1.109)

with r = mp«/mp. By integrating on the helicity angle, the differential decay rate as a
function of w only can be obtained,

dI'(B — D*uv)  Gims,.
dw ~ 48m3

(mp —mp-)*(w* — )2 (w + 1)*niy | Vas >

4 2 4 md, —2 :
w_ MM memD]F(w)yQ, (1.110)

1 .
|: +U)+1 (mB—mD*)2

where the form factors functions are encoded in |F|*(w):

w 1 —2wr+r2)—1

() = 1%, (0) (1 44— o

2
[ 1<12_w—7;;r<1 + R%(w)%) + (1 +(1- RQ(w))lf_ :)2] (1.111)
In the CLN parametrisation, the form-factor functions are
ha, (w) = ha, (1) (1 = 8p°z + (53p” — 15)2% — (231p” — 91)2%) (1.112)
Ri(w) = Ri(1) — 0.12(w — 1) + 0.05(w — 1), (1.113)
Ro(w) = Ry(1) — 0.11(w — 1) — 0.06(w — 1), (1.114)

where p? and R;2(1) = R;» are the parameters to be measured experimentally, while
ha, (1), usually also denoted as F(1), is calculated at zero-recoil (w = 1) on the lattice [63].
Thus, the experimental analysis of these decays in the CLN parametrisation yields a
measurement of |V,,| along with the form-factor parameters p?, Ry and Rs.

Table 1.4: Functions H; and k;(0;, 0y, x) of the differential decay rate of B — D*uv decays.

i Hi(w) ki (01, 0v, x)
D* — Dv D* — D
1 |H, (w)]? (14 cos? Oy ) (1 — cos 6;)? sin? 0y (1 — cos ;)2
2 |H_(w)? 2(1 4 cos? By ) (1 + cos 6;)? sin? Oy (1 + cos 0;)?
3 | Ho(w)]? 2sin? By sin? 6, 4 cos? By sin® 6,
4 |Hy(w)||H-(w)] 4 sin? Oy sin? 0 cos 2y —2sin 20y sin” 6, cos 2
5 |Hi(w)||Ho(w)| sin260y sing;(1 —cosf)cosxy  —2sin26y sin (1 — cosb;) cos x
6 |H_(w)||Ho(w)| —sin26y sinf(1+ cos;)cosx  2sin26y sinb(1 + cosb;) cos x

39



40



Chapter 2

The LHCb experiment

Introduction

The LHCD experiment [64},65] is a single-arm forward spectrometer located at the Large
Hadron Collider (LHC) at CERN [66]. Its physics program is oriented to the indirect
search for new physics through the study of CP violation in the sector of b and ¢ quarks,
the measurements of rare processes and the test of lepton-flavour universality. Moreover,
LHCD is active in hadron spectroscopy and in the study of ion collisions [67]. The LHCb
design is vindicated by outstanding results like: the first evidence for the very rare decay
BY — utu [6869], the first observations of CP-violation in the BT, BY, D sectors [70H73],
and significant precision improvements on the Unitary Triangle parameters, thanks to
world-leading measurements in all the heavy-flavour spectrum. Further prominent results
are the first evidence of tetraquark and pentaquark [74-77] and the intriguing anomalies
in lepton-flavour universality tests [78-83].

Figure depicts the detector geometry and highlights LHCb main apparatuses.
The geometrical acceptance of the detector is [10,250] mrad in the vertical plane! and
[10,300] mrad in the horizontal plane, which corresponds to a pseudorapidity? range
n € [1.6,4.9]. The choice of this region of interest is driven by the fact that heavy-quark
pairs, generated in the high-energy proton-proton collisions of the LHC, are mostly
boosted along the beam axis (Figure . Therefore, the instrumented domain can exploit
relatively high cross-sections for both the bb and c¢ productions (Table . The main
drawbacks of this configuration are the radiation damage to the detector elements closer
to the beam and the event reconstruction, that is complicated by the high occupancy
of particles in this forward region and by pile-up, namely the occurrence of multiple
pp collision per bunch crossing. In order to mitigate these effects, the instantaneous
luminosity at the LHCb interaction point is kept below the maximum deliverable from
the LHC: 3-10%2cm 257! in 2011, 4 - 1032cm 257! in 2012, 2015, 2016, 2017 and about
5-10%cm~2s™! in 2018. Besides, a luminosity levelling technique [87] is used to reduce the
systematic effects due to the beam degradation: the beams are progressively brought closer
to each other in the transverse plane, such that the rate of collisions remains constant.
Figure [2.3| shows the integrated luminosity collected depending on the year of data taking.

!By convention, a right-handed reference frame is assumed: the origin (0,0,0) is the interaction point of
the LHC proton bunches, the z axis is parallel to the beam pipe, the z and y axes are the horizontal
and vertical axis, respectively. Hence, the vertical (horizontal) plane will be labelled as y-z (z-z) plane.

2By definition: n = — log [tan (6/2)], where 6 is the polar angle with respect to the beam axis (z).
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Figure 2.1: The LHCb apparatus. Starting from left, the following subcomponents are visible:
Vertex Locator (VELO), ring imaging Cherenkov detector RICH1, Tracker Turicensis (TT),
dipole magnet, tracking stations (T1-T3), RICH2, first muon station (M1), electromagnetic
calorimeter (ECAL), hadronic calorimeter (HCAL), final muon stations (M2-M5).

Process Cross-Section [ub | Ref.
Vs =TTeV /s =13TeV
pp — bbX  72.0+£6.8 144 £ 21 84

pp— ccX  1419+£134 2369 +£192  [85[36

Table 2.1: Production cross-sections for b and ¢ quarks in the LHCb acceptance. All valueas
are expressed in ub; the reported error is the combination of the statistical and systematic
uncertainties: further details can be found in the cited references. The two center-of-mass energy
options correspond to the conditions provided by LHC in Runl and Run2, respectively.

In the context of this thesis, it is interesting to note that ~ 5 fb~! were collected from
the start of the operations to 2016, while the 2017 and 2018 data correspond to ~ 4 fb™'.

This Chapter reports a brief description of the hadron accelerator system (Section
and of the various LHCb sub-detectors. The latter ones are grouped as belonging to
the Tracking system (Section or to the Particle Identification system (Section .
Finally, Section explains the peculiarities of the LHCb Trigger system.

The whole experimental structures are currently undertaking an overall upgrade for a
progressive increase of the instantaneous luminosity in Run 3 and Run 4 [88-92] Moreover,
plans started for a complete redesign of the detector foreseen for the high luminosity
phase of the LHC in Run 5 and Run 6 (HL-LHC) [25/93,/94]. This exposition refers to
the status of the detector at the end of 2018, because this is the relevant one for the
measurements of the Chapters [3] and [4]
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Figure 2.2: Production angles of bb pairs with respect to the beam direction according to
simulations.

2.3 2018 (6.5 TeV): 2.19 /b
2017 (6.5+2.51 TeV): 1.71 b + 0.10 ffb
2.1 . 2016 (6.5 TeV): 1.67 fib
2015 (6.5 TeV): 0.33 /fb
1.8 e 2012 (40Tev) 2081
2011 (3.5 TeV): 1.11 /ib
1.6 o 2010 (3.5 TeV): 0.04 ib

Integrated Recorded Luminosity (1/fb)

Month of year

Figure 2.3: Integrated luminosity collected at LHCb, divided by years of data taking.
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2.1 The Large Hadron Collider

The LHCD experiment observes the most energetic hadron collisions ever produced at an
accelerator machine. This is possible thanks to the Large Hadron Collider (LHC) [66]: a
26.7 km-long synchrotron, installed inside the tunnel formerly used for the Large Electron
Positron collider [95] at about 100 m underground across the French and Swiss border,
near Geneva. The LHC is able to collide protons up to a centre-of-mass energy of 14 TeV
with a luminosity exceeding 103 cm=2s~! and lead ions at 2.76 TeV per nucleon with
a luminosity of 102" ecm2s~!. The LHC is the last link of the longer accelerator chain
illustrated in figure 2.4 The linear accelerator “Linac2” is in charge of bringing the
protons from a quasi-rest condition up to 50 MeV and injecting them into the “Proton
Synchrotron Booster” (PSB), which, in turn, increases the energy to 1.4 GeV. After that,
the hadron beam passes to the “Proton Synchroton” (PS), that forms bunches of about
10! protons and raises their energy to 25GeV. Then the “Super Proton Synchrotron”
(SPS) provides another acceleration step, reaching 450 GeV and finally injecting the proton
bunches into the LHC. Here, the protons circulate in opposite directions inside two
accelerating rings, that intersect in four points. The LHCb apparatus and the three other
main CERN experiments (ATLAS, CMS and ALICE) are installed in correspondence of
these interaction points.

So far, the LHC operations have been divided in two periods. During the Run 1, the
centre-of-mass energy of pp collisions was /s = 7TeV in the year 2011 and /s = 8 TeV
in the 2012. The Run 2, instead, lasted from the 2015 to the 2018 with a collision energy
of /s = 13 TeV.

2.2 Tracking system

The reconstruction of the tracks of the charged particles and the measurement of their
momentum are essential tasks for LHCb. Indeed, micro-metric precision on the track
position and accurate momentum resolution are critical for the current performance of
signal detection and background rejection. A distinctive feature of b-hadrons is that they
travel about 1 cm inside the LHCb detector before decay. Therefore, the time-dependent
analyses, which rely on the precise measurement of particle decay times, are only feasible
thanks to very high spatial resolution on both the primary vertices, where the protons
collide, and the secondary vertices, where the long-living particles decay.

The LHCD tracking system is composed by a VErtex LOcator (VELO), dedicated to
the accurate reconstruction of primary and secondary vertices, and by tracking stations
placed before and after a dipole magnet, to measure the momentum of particles with high
precision. Figure 2.5 displays the tracks reconstructed in a typical event.

A dedicated study, reported in Chapter [3, will show that a ~ 40 fs resolution on the
B?S) decay time is achievable. Figure illustrates the relative momentum resolution,
dp/p, as a function of the particle total momentum: about 0.5% below 20 GeV/c¢ and
around 0.8% around 100 GeV/c. Figure reports also the transverse impact parameter?
resolution. It varies between ~ 15 um at high momentum and ~ 90 pm at low momentum.

3The impact parameter (IP) of a track is defined as its distance from the primary vertex at its point of
closest approach to the primary vertex. Since the IP is a distance between a point and a line, it is not a
Gaussian distributed. However, it is possible to divide the IP in two independent quantities that follow
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Figure 2.4: Sketch of the CERN accelerator systems .
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Figure 2.5: Display of the reconstructed tracks and assigned hits in an event in the z-z plane.
The insert shows a zoom into the VELO region in the z-y plane \| Details in the text.
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Figure 2.6: Relative momentum resolution (left) and transverse impact parameter resolution
(right) versus momentum [65].

2.2.1 VELO

The VELO [97] is the sub-detector located closest to the interaction point. The figures
and illustrate it schematically. A vacuum vessel, separated from the beam vacuum by
a 0.5mm aluminum sheet, contains 23 modules placed orthogonally to the beam. Each
module is composed of 300 wm thick silicon-strip sensors with high-radiation tolerance
properties. The modules have two different types of sensors: one measures the radial
coordinate and one the azimuthal angle of the charged tracks. Besides, they are split in a
left and a right part: during the LHC injection they are maintained to a safety distance of
3cm from the beam, whereas during the data taking the VELO is closed at 7mm from the
beam axis. Two stations, with only radial sensors, are placed upstream of the interaction
point, to provide better the pile-up information for the trigger.

The VELO performance depends on various aspects [98]. Some reference values are:

e primary vertex (PV) resolution: 70 um along the z-axis (beam direction) and 13 pm
in the transverse plane when at least 25 tracks are combined;

e impact parameter (IP) resolution: about 12 um at high transverse momentum (pr)
calculated with respect to the PV;

e decay length resolution: between 220 um and 370 um for heavy-flavoured hadrons.

2.2.2 Tracker Turicensis

In order to match the tracks reconstructed in the VELO to the segments in the tracking
stations downstream of the magnet, an additional system, called Tracker Turicensis (TT),
is present. It is located 2.4m far from the interaction region: between the RICH1 and
the magnet. The TT has four detection layers, 150 cm wide and 130 cm high. They are
grouped in two stations, TTa and TTh, 30 cm far from each other. The active material
of the layers is composed of silicon micro-strips 500 um thick. The strips are vertical in
the first and in the fourth layer, while in the other layers they are tilted by +5° and
—5°, as shown in figure 2.9 The TT achieves about 60 pm resolution on the single hit,

a normal distribution. In LHCb these components are the projections of the IP vector in the transverse
plane: IP, and IP, [65].
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Figure 2.9: Layout of the Tracker Turicensis.

reducing the number of fake tracks (ghost) and improving both the momentum and
position resolution.

2.2.3 Magnet

To measure the momentum of the charged particles, it is necessary to bend their trajectory.
At LHCD this is done by a warm dipole magnet, located between the TT and the tracking
stations. It is formed by two identical saddle-shaped coils, mounted inside an iron yoke
(Figure [2.10Heft). The weight of the former ones is 54 tons, while the latter is 1500 tons
heavy. The maximum circulating current is 6.6 kA for an integrated magnetic field of
4 Tm. The strength of the field changes along the z-axis: from less than 2 mT in the
regions occupied by the RICH detectors to about 1 T between the TT and the tracking
stations (Figure right). The magnetic field has a vertical direction, hence the charged
particles are curved in the horizontal plane (z,z). Since positive and negative charged
particles are bent to opposite sides, any detection efficiency variation between the left and
the right part of the detector could affect CP asymmetry measurements. To minimize
this systematic effect, every few weeks of data taking the orientation of the magnetic field
is inverted.
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Figure 2.10: Schematic view of the LHCb dipole magnet (left) and magnetic field intensity along
the z axis (right).
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Figure 2.11: The four IT detector boxes around the beam pipe.

2.2.4 Tracking stations

The tracking stations, called T1, T2 and T3, are located downstream of the magnet, after
the RICH2 system. They are all divided between two regions —called Inner Tracker (IT)
and Outer Tracker (OT)— instrumented with different technologies. The IT consists
of silicon micro-strip sensors placed in four individual detector boxes around the beam
pipe (Fig. [2.11)). Four detection layers lie in each box with an arrangement similar to
that of the TT. The single hit resolution is ~ 50 um. The three OT stations are
made up of four straw-tubes planes each, with the same geometry as the strips in the
TT and in the IT. The straw tubes are arranged in two rows per module composing a
honeycomb structure (Fig. . The diameter of the tubes is 4.9 mm, and they are filled
with a mixture of Argon (70%) and COs (30%), which enables a drift time below 50 ns.
This brings to a final hit resolution of about 200 pm.
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Figure 2.12: Section of an OT plane with a zoom on the straw-tubes. All the dimensions are
quoted in mm.

2.3 Particle identification system

The discrimination among the different particle species is a key point for the LHCb success.
Various physics mechanisms are exploited to this purpose. Charged particles, travelling
in a particular medium with a velocity higher than that of the light, emit Cherenkov
photons. The emission follows the rule: cosf. = 1/(nf), where 0, is the angle with respect
to the flight direction (Cherenkov angle), n is the refraction index of the medium and
[ is the ratio between the velocity of the particle and the speed of light in the vacuum.
Therefore, by measuring 6. and the momentum of a particle it is possible to infer its mass.
The LHCb experiment exploits this mechanism to discriminate among charged pions,
kaons, and protons. The dedicated sub-detectors are called Ring Imaging CHerenkov
(RICH), and are illustrated in Section . A second strategy comes from the energy
measurements obtained with the particle absorption. This is particularly important for
the photon identification and for the discrimination between electrons and pions. The
calorimetric system is devoted to this task (Sections . Last but not the least, the high
penetration properties of muons are exploited with a specific apparatus (Section .
At LHCD, the particle identification (PID) information provided by the distinct sub-
detectors is combined into two kinds of variables, called “Delta Log. Likelihood” (DLLs)
and “Neural Network Probabilities’ * (ProbNNs). They are the observables finally used
in the analyses for particle discrimination. The variables of the former category are
presented in the following sections. The latter category, instead, exploits a multivariate
approach, that combines DLLs with additional information from the tracking system, the
PID detectors, and the particle kinematics. Further details are available in Ref. [101].

2.3.1 Ring Imaging Cherenkov

To cover a broader momentum range, LHCb counts two RICH detectors [102], with
different radiator media. The first one is placed between the VELO and the TT, while
the second one is located between the last tracking station and the first station of
the muon detector. They are both illustrated in figure [2.13] The RICH1 covers the
momentum range [1,60] GeV/c and the full LHCb acceptance. Its main* radiator is

4During the Run 1 an aerogel layer, mainly related to low-momentum particles, was present, but then
removed between Run 1 and Run 2.
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Figure 2.13: Sketches of the RICH1 (left) and RICH2 (right) detectors, sectioned with a vertical
and a horizontal plane, respectively.

gaseous fluorobutane (C4F;p). The RICH2, instead, uses tetrafluoromethane (CFy) as
radiator, optimised for the higher momentum range [15,100] GeV/c. Its acceptance is
slightly reduced to [15,120] mrad in the horizontal plane and up to 100 mrad in the
vertical plane.

The light collection system is similar in both the RICHes. Spherical and flat mirrors
reflect the Cherenkov light out of the spectrometer acceptance in regions shielded against
the residual magnetic field, where lattices of Hybrid Photon Detectors (HPDs) are located.
The HPDs are able to detect single incident photons, that hitting the photocathode
produce photoelectrons, then accelerated by high voltage (typically 10 to 20 kV) onto a
reverse-biased silicon detector. Different Cherenkov angles produce different size rings in
the HPD planes. Figure 2.14Heft shows the achieved agreement between the Cherenkov
angle measured by the RICH1 and the expected, momentum-dependent, distributions for
various particle species.

Higher multiplicity and photon contamination from the rest of the event actually
complicate the PID process (Figure right). As a consequence the following strategy
has been adopted for the pattern recognition of the HPD planes. Given the position and
the direction of all the particle tracks, the probability to observe a certain pattern on the
HPD plane can be calculated. The result of the calculation depends, of course, on the
mass hypothesis assigned to each particle. The electron-, muon-, pion-, kaon- and proton-
mass hypotheses are considered. Following this approach the problem is solved by the
mass association which maximizes the likelihood between the predicted and the observed
pattern on the HPD planes. The best set of mass hypotheses is found using an iterative
algorithm. First of all, a global likelihood is calculated assuming the pion mass for all the
tracks (Lo). After that, for each track, the mass hypothesis is changed, keeping the pion
hypothesis for all the other particles. The mass hypothesis which produces the maximal
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Figure 2.14: Left: Reconstructed Cherenkov angle as a function of particle momentum in
RICH1 for isolated u, m, K and p. The expected curves (solid lines) are superimposed to the
experimental results [65]. Right: example of a typical RICH1 event display [64].

increase of the likelihood is associated to the track. The set of mass hypotheses chosen in
this way is used to calculate a new global likelihood value (L;). Then, for each track, the
mass hypothesis is changed again, keeping the hypotheses that produced L; for all the
other tracks. Again, the hypothesis generating maximal likelihood increase is chosen and
a new global likelihood value (L;;1) is calculated. The procedure is repeated until the
global likelihood value converges (L).

To discriminate between different mass hypotheses for a particle (P) the variation after
modification of the single P mass hypothesis is used (L — Lj(P)). The pion hypothesis
is usually taken as a reference and the likelihood logarithm is exploited to treat small
numbers. Hence:

DLLy, (P) = log Lk (P) — log L(P), (2.1)

is a measure of the kaon hypothesis reliability: the larger DLLg,, the higher is the proba-
bility that a particle is a kaon instead of a pion. Typical performances in discriminating
between pion, kaons and protons are reported in Figure [2.15

2.3.2 Calorimeters

The LHCD calorimetric system [104], located between the M1 and M2 stations of the muon
system is composed of an electromagnetic calorimeter (ECAL) with Pre-Shower (PS) and
Scintillating-Pad Detector (SPD) in front of it, and a hadronic calorimeter (HCAL).
The ECAL is a sampling electromagnetic calorimeter based on shashlik technology.
The ECAL cells consist of 66 lead slices 2- mm thick, each one sandwiched between two
4-mm thick polystyrene-based scintillator plates. As shown in Figure [2.16] each layer
has a hole pattern to include Wave Length Shifting fibers, which bring the scintillation
light to multianode photomultipliers (MAPMTS) located outside the detector and able to
generate the readout signal. The cells are 25 radiation lengths (X,) deep, to fully contain
the electromagnetic showers. The lateral size of the cells depends on the distance from the
beam axis and is a trade-off between the necessities of high granularity at high occupancy
and the cost of the readout channels. Three different granularity regions are present, as
depicted in Figure 2.17}Heft, where cells are arranged in modules of 12 cm side. In total
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Figure 2.15: Top: Pion mis-identification rate and kaon identification efficiency as a function of
the track momentum for (left) data and (right) simulated events. Bottom: proton identification
efficiency for (left) pions and (right) kaons from data [103].
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Figure 2.16: Left: Exploded view of one ECAL module. Right: The assembled stack, with the
inserted fibers.
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Figure 2.17: Lateral segmentation of one quadrant of (left) ECAL and SPD/PS and (right)
HCAL. Cell sizes and number of channels are also reported

the ECAL is 7.8 m wide and 6.3 m high. The relative energy resolution of the ECAL cells
" OR . 95%

E  VE
with £ in GeV. The ECAL is used for electron discrimination against hadrons and is the
LHCDb subdetector in charge of photon reconstruction. Thus, it is also essential to observe
all the decay channels with neutral pions and to correct for the emission of bremsstrahlung
photons which affect the electron-momentum reconstruction of electrons.

The PS and the SPD are auxiliary systems placed in front of the ECAL, with the same
lateral segmentation. Each cell is made up of a lead plate 2.5X thick, sandwiched between
two identical planes of polystyrene-based scintillating pads with thickness of 15 mm. The
set of the front active planes form the SPD, while the planes after the converting lead
layer form the PS. The SPD improves the discrimination between charged and neutral
particles, since the former produce light in the scintillator material, whereas the latter do
not. The PS, instead, is useful to distinguish electrons, which usually begin their shower
in the lead layer, and pions, which are more penetrating.

The HCAL consists of 4- mm thick scintillator planes alternated with 16- mm thick
iron plates. The tile arrangement is parallel to the beam, as depicted in Figure [2.18, Two
different cell granularities are exploited (Figure right). The HCAL is 1.2-m thick,
corresponding to just 5.6 interaction lengths (Aint). Its energy resolution is

op _ (292 o 1011 + 0.45)%, (2.3)

E VE
with E expressed in GeV. The HCAL is mainly used to provide trigger information that
do not need extremely accurate energy measurements.
Information about the hadron-electron discrimination are provided by all the three
apparatuses. Similarly to the RICH case, a DLL variable is defined:

DLLCALO — DLLECAL | DLLHCAL | DL PS, (2.4)

& 1%, (2.2)

Figure E 2.19| illustrates the performance of this observable. The request DLLCALO > 2
yield a 90% electron efficiency and a 3% mis-identification rate.

2.3.3 Muon Stations

Figure illustrates the muon system. It comprises five rectangular stations, called
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Figure 2.19: Electron identification (left) and mis-identification (right) as a function of momentum
and DLLeC,;ALO requirement .

M1-M5, covering the angular acceptance +300 mrad in the horizontal plane and +200 mrad
in the vertical plane. Each moun station is separated from the others by an absorber.
The calorimetric system is located between the first and the second station, while the
other absorber planes are made up of 80 cm thick iron layers. The stations M2-M5 are
placed at the end of the LHCDb detector. The goal of the muon stations is detecting
the position of the muons crossing them, while the absorbers select more penetrating
particle at each step. The minimum momentum of a muon able to cross all the stations is
6 GeV/c. In order to cope with the occupancy, each station is divided in four concentric
regions (R1-R4), whose linear dimensions and segmentations scale as 1:2:4:8. In total
1368 multi-wire proportional chambers (MWPCs) are used to instrument all the stations
except for the innermost region of M1, where 12 chambers composed by two triple Gas
Electron Multipliers (GEM) detectors are used. Each MWPC comprises four gas gaps
5mm thick. Each gas gap hosts in the middle a plane with wires distanced 2 mm one from
the other. The gas is a combination of carbon dioxide, tetrafluoromethane and argon.
The GEM detectors have three GEM foils sandwiched between cathode and anode planes.
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Figure 2.20: Side view of the muon system .
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Figure 2.21: (left) Front view of a quadrant of a muon station. Each rectangle represents one
chamber. (right) Division into logical pads of four chambers belonging to the M1 station [64].

They are designed to sustain a rate up to 500 kHz/ cm? of charged particles. Figure
shows the division of each station in chambers and logical pads that define the spatial
resolution along x and y. The first three stations are useful to improve the transverse
momentum resolution, thus their spatial resolution along the bending plane is particularly
relevant. The last two stations are mostly exploited for trigger purposes, namely the
identification of penetrating particles. Three main sets of criteria are used at LHCb for
the muon selection [105]:

e A loose binary discrimination based on the number of muon stations traversed by a
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muon candidate as a function of its momentum; this information is resumed in the
IsMuon variable.

e The trajectories of the charged particles reconstructed with high precision by the
tracking system can be used to perform an extrapolation to the muon stations. The
hit pattern around this extrapolation allow likelihood functions to be calculated for
both the muon and non-muon hypotheses. The logarithm of the ratio between these
two likelihood functions is the muDLL variable.

e A further likelihood depending on the particle hypothesis can be computed including
also information from the calorimeter and RICH systems. The logarithm of the
ratio between the likelihood in the muon and in the pion hypotheses returns the
DLL,,, variable.

In addition, rejection power against fake candidate is also provided by the NShared variable,
namely the number of tracks identified as muons that share a hit with a given muon
candidate. As shown in Figure [2.22] above 10 GeV/c of momentum the LHCD detector
can achieve a muon identification efficiency higher than 90%, with a mis-identification
rate below 1%.

2.4 Trigger

The LHCb detector produces a huge amount of data which has to be properly skimmed
to be manageable. The system committed to this data reduction is called Trigger [106].
Figure summarizes the trigger scheme, depending on the year of data taking. As a
general feature three levels are present, each one processing the output of the previous
one. The first level, called L0, is implemented in the hardware and is synchronous with
the bunch crossing rate of the LHC (40 MHz). The other two levels, called High Level
Trigger 1 and 2 (HLT1 and HLT?2), are implemented using software algorithms and save
their output to mass storage. In particular, the HLT software runs on the Event Filter
Farm (EFF), which counts about 1700 nodes with 27000 physical cores, and 10 PB of hard
disk space. The next paragraphs offer more details on the criteria exploited at each step.
In general, the trigger signals are associated with the reconstructed particles. Therefore,
selection requirements can be made on the trigger decision itself, depending on the studied
channel. When a trigger decision is caused by a signal candidate, the TOS label (Trigger
On Signal) is used. Instead, the TIS label (Trigger Independent of Signal) stands for a
trigger decision due to other particles produced in the pp collision.

2.4.1 Level-0

The main feature exploited by the LO is that the decay products of b and ¢ hadrons
have larger transverse momentum than the average of the other particles produced in
a pp collision. The L0 counts three sub-systems related to different sub-detectors: the
LO pile-up, the LO calorimeter and the LO muon. Their information is then sent to a
decision unit (DU), which finally decide whether the event is rejected or not. The total LO
latency is 4 ps, namely the L0 decision must be taken within 4 us from the bunch crossing.
The LO pile-up is oriented to the luminosity monitoring, getting information from the
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Figure 2.22: Muon identification efficiency and mis-identification probabilities pions (a), kaons
(b) and protons as a function of the track momentum.
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two pile-up modules of the VELO. The LO calorimeter observe the transverse energy®,
Er, released in clusters of 2 x 2 cells of ECAL or HCAL, according to three criteria:

LOHadron: selects the maximal Er among those of the HCAL clusters. If the ECAL
cluster with the maximal Er is aligned, its transverse energy is summed.

LOPhoton: selects the maximal Er among the ECAL clusters, with at most 2 (or 4 in the
inner region) PS hits in front of the cluster and no hits in the SPD cells aligned
with the PS ones.

LOElectron: has the same requirements of LOPhoton, but with at least one additional
hit in the SPD cell in front of the cluster.

LO calorimeter returns a positive result (fires in jargon) when the Er is higher than
4 GeV for hadrons and 2.7 GeV for electrons and photons. The LO Muon fires when it finds
a muon with pr higher than 1.4 GeV/c. The muon pr reconstruction starts from a seed
hit in M3 and then look for other hits in consistent fields of interest (FOI) of M1 and M2.
The direction defined by the associated hits provide a 20% accuracy on the pt estimation.

2.4.2 High Level Trigger 1

The HLT1 operates a preliminary reconstruction using information from the tracking
system. At each step of the reconstruction various criteria are applied in order to skim
the irrelevant events. A usual reconstruction procedure starts building tracks segments
and PVs with the VELO information. The segments are required to have a minimum
number of hits and large IP with respect to the closest PV. The VELO tracks are then
matched to hits in the TT for a first estimation of their charge and momentum. After that,
minimal p and pr thresholds are applied, and the information from the other tracking is
stations added. A Kalman filter [107], which considers multiple scattering and corrects
for energy losses due to ionisation is then run, permitting better reconstruction of the
tracks, and further requirements on the x? and the IP significance (x%) of the tracks
to be applied. Specific selection criteria are imposed on the reconstructed tracks to
select decay topologies. Each algorithm is named trigger line. In this thesis, an inclusive
HLT1 algorithm is exploited to select events with the presence of at least one track with
large pr or x%p. The two variables are combined through a multivariate algorithm and
requirements are then applied to this quantity [108]/109]. The corresponding trigger lines
are named H1t1TrackMVA and Hlt1TwoTrackMVA. The former concerns a single track,
while the latter considers a pair of tracks and additionally exploits information related
to a possible common vertex. Further HLT1 lines relevant for this Thesis are called:
H1t1TrackAl1lLO, H1t1TrackMuon, and SingleMuonHighPT [110]. The former generically
selects hadron decays which are significantly displaced from a PV. The latter two fire only
after an occurance of LOMuon. Hlt1TrackMuon accepts events with muon candidates that
have significant [P with respect to all PVs, while SingleMuonHighPT focuses on muons
originating from heavy particles with a negligible lifetime. Table resumes their main
selection requirements.

5The transverse energy, Er, of a particle is defined as Ev = E'sin#, where E is its energy and 6 is the
angle between the beam axis and the particle direction. In this case, the propagation on a straight line
intersecting the interaction point is assumed for all candidates.
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HLT1 line Hlt1TrackMuon SingleMuonHighPT H1t1TrackAllLO

Track IP [mm | > 0.1 - > 0.1
Track x2p > 16 — > 16
Track pr GeV/e > 1 > 4.8 > 1.7
Track p GeV/e > 8 > 8 > 10
Track x?/ndf <2 <4 <25
No. of VELO hits/tracks — — > 9
No. of missed VELO hits/tracks - — <3
No. of OTH+IT x2 hits/tracks — — > 16

Table 2.2: Main requirements applied by the HltiTrackMuon, SingleMuonHighPT, and
H1t1TrackAllLO trigger lines [110].

2.4.3 High Level Trigger 2

The HLT2 runs a more refined event reconstruction, similar to the off-line reconstruction,
using also information from RICH detectors and calorimeters. The HLT2 includes some
hundred trigger lines, which can be grouped in two categories:

Inclusive trigger lines designed to trigger on partially reconstructed b-hadron decays
through topological requirements, for example asking at least for two charged
tracks coming from a displaced decay vertex fulfilling requirements on track x2,
[P and particle identification. Two-body objects are built requiring small distance
of closest approach (DOCA) between the two decay particles, and in the same
way n-body objects are built combining the (n — 1)-body candidate with another
particle [111,/112]. Among the trigger lines belonging to this category, the ones
named H1t2Topo{2,3,4}BodyBBDT are particularly relevant for the anlysis described
in the Chapter {4 of this Thesis. They are fully described in Ref. [113].

Exclusive trigger lines designed for specific final states, requiring all particles to be
reconstructed.

During Run 2, a new data stream was introduced in HLT2, called Turbo stream [114].
For the events selected in this stream only the reconstructed candidates is stored, dis-
carding the information from the rest of the event to save storage space. This stream is
advantageous to select decays with high rates.
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Chapter 3

Measurements of CP violation with

B?S) — hTh'~decays

Introduction

As discussed in Chapter , the B?s) — h™h'~decays are remarkable probes for the indirect
search for new physics. This is mainly due to the relevant role played by penguin
Feynman-diagram topologies. Physics beyond the SM may provide virtual contributions
to their loops and cause deviations of the UT parameter measurements as compared
to the values determined from other pure tree-level transitions. However, the penguin-
diagram amplitudes contain also additional strong parameters which complicate the
extraction of the UT angles from the CP-violation observables. In order to cancel the
unknown quantities, the combination of several measurements, exploiting approximate
flavour symmetries, is crucial. This Chapter presents the measurement of the following
CP-violations parameters:

e the time-integrated C'P asymmetries Aglg and Ag]%, which quantify the CP violation
in the decay for the B— K7~ and B?— 7" K~ modes’;

e the parameters Cy+,-, Sp+r—, Cx+rx-, Sk+K—-, A;‘(EK,, which determine the time-
dependent CP asymmetries in B — 777~ and B — KK~ decays®.

The CDF, BaBar, Belle, and LHCb collaborations extensively studied the
B?S) — hh/~decays. Table reports the values of the time-integrated asymmetries, as
measured by the various experiments. Analogously, Table contains the results for the
time-dependent CP-violation observables. In particular, the latest LHCDb publication [24]
provided the first observation of time-dependent CP violation in the B? sector, along
with the most accurate measurements of all the cited quantities to date. These results
exploited the pp-collision data collected during the Runl (years 2011 and 2012) and the
first part of the Run2 (2015-2016) of LHCDb, corresponding to a total integrated luminosity
of about 5fb~*. Now, 4 more inverse femtobarns are available thanks to the data collected
in the years 2017 and 2018 (see Figure . The purpose of the measurements described

in this Chapter is the inclusion of the latest LHCb data samples. The analysis on the 2015

!Definitions in equations: (1.46]), (1.99) and (1.100].
?Definitions in equations: (1.43), (1.96)) and ((1.97).

61



Table 3.1: Current knowledge of the time-integrated CP asymmetries of the B - K7~ and
B? — 77K~ decays. The first error is statistical, while the second one is systematical. For
LHCDb only the total uncertainty is given, because the reported result is the combination of two
experimental determinations [24,/115]

Experiment AB} Ag}l Ref.
BaBar —0.107 4 0.016739% [116]
Belle —0.069 4 0.014 + 0.007 [117]
CDF —0.083+£0.013+0.004 0.22+0.0740.02 [11§]
LHCb —0.0831 £ 0.0034 0.225 4 0.012 [24]

Table 3.2: Current knowledge of the CP-violation parameters in B — 77~ and B?— K™K~
decays.

Experiment Crtn- Srtn- Ref.
BaBar —0.25£0.084+0.02 —-0.68+£0.10£0.03 [116]
Belle —0.33+0.06 £0.03 —0.64 +0.08 +0.03 [119]
LHCb —0.320 £ 0.038 —0.672 4 0.034 24]
Experiment Cr+xi- Sk+K- ARL Ref.
LHCb 0.172 £+ 0.031 0.139 +0.032 —0.897 £ 0.087  [24]

and 2016 samples is repeated to check the consistency of the analysis strategy. Besides, the
2015 and 2016 data have been reprocessed to remove reconstruction issues discovered in
the meantime, although these issues are not expected to influence the published results?.

The considered signal channels count four exclusive final states: 777, KTn~, 7t K~
and K"K ~. Section presents the data samples, catalogues the possible background
sources, and reports the exploited selection criteria. The most insidious background source
is the cross contamination among the different final states. In order to better handle this
effect, the CP observables are extracted from the data by means of maximum likelihood
fits which simultaneously consider all the final states. Two fits are necessary because
two sets of selection requirements are developed: one optimized for the measurement of
A, Agg—,, Crtn—y Setn— and one optimized for Cg+ -, S+, ARY —. Anyway, the fit
strategy (Section is essentially the same in both cases.

To properly describe the data components, several experimental effects are considered:

Production Asymmetries. Since LHC is a pp collider the production rates of B?S) and

E?s) mesons are not exactly the same. As discussed in Section , this asymmetry

3The reconstruction issues mainly concerned candidates selected by the LOMuon_TOS trigger line and
belonging to the Turbo stream. The contribution of such a set of candidates to the data sample used in
the former version of analysis was checked to be negligible after the full selection. Further documentation
can be provided upon request.
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can be extracted directly from the data, exploiting the information provided by the
B°— K*7~ and B?— 7K~ decays.

Flavour Tagging. As already discussed in section the flavour identification of the
neutral B mesons at their production is a complicated task in a hadron collider
environment. Nonetheless, specific methods and algorithms have been developed,
that return a flavour prediction along with a per-event mis-tag probability. The raw
estimation of this probability has to be calibrated for the specificity of the signal
decay modes and then included in the fit model. Details are reported in Section [3.4]

Decay-Time Resolution. The uncertainty on the reconstruction of the decay time of
B?S) candidates generates a dilution of the time-dependent asymmetries, which has to
be estimated in order disentangle this effect from the actual CP-induced asymmetries.
The decay time of B?S)—meson candidates is reconstructed by means of the distance

between the intersection vertex of the two final state tracks (ENDV(B(OS))) and the
associated primary pp interaction vertex (PV). Depending on the specificity of each
candidate, an error on the decay-time measurement can be estimated, but further
studies are necessary to properly calibrate it. Section describes this calibration
procedure and shows that an average decay-time resolution can be used in the final
fit, simplifying the likelihood optimization procedure and introducing negligible

systematic effects.

Decay-Time Bias. It is experimentally known that the baseline LHCb reconstruction
procedure is possibly affected by misalignment effects. The entity of this issue is
estimated in Section 3.3

Decay-Time Acceptances. The B?S) reconstruction efficiency depends on the decay
time: the shorter the decay time, the lower the reconstruction efficiency. The exact
dependency has to be estimated and considered in the final fit. In particular, it is
highly correlated with the extraction of the A;‘(E ;- Observable. Details are reported
in Section 3.5

Final-State Mis-Identification. The association of a wrong mass hypothesis to one or
both the final state candidates (mis-ID) generates the cross contamination among
the final-state samples (cross-feed background). To determine the contamination due
to the mis-identified final states, all the relevant mis-ID probabilities are estimated
using calibration samples (see Section [3.2)). Such information is exploited in the
simultaneous fit to link the signal yield of a given spectrum with the corresponding
cross-feed components in the other spectra.

Final-State Detection and Identification Asymmetries. The time-integrated CP
asymmetries are determined from the signal counts in the two charge-conjugated
final states: Ktn~ and 7t K~. However, the reconstruction efficiency of such
states is not experimentally guaranteed to be the same. This is actually due to
slightly different performances in the detection and mass hypothesis association
(PID) between particles of opposite charge. The raw time-integrated asymmetries
obtained by the final fit are then corrected to remove this effect and get the proper

AB) and Aglg_-,. This procedure is described in Section .
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To check for eventual discrepancies among various data taking periods, all the experi-
mental effects are independently studied for the 2015-16*, 2017, and 2018 samples. As
a general rule, when no major deviations are found, only the plots concerning the 2018
samples are reported in the body of the text. Section [3.8 presents the fit results and a set
of consistency checks between the results obtained from different data-taking periods.

3.1 Data composition and selection

The analysis employs the data sample of pp collisions collected at a center-of-mass energy of
13 TeV during the entire Run2 of the LHCb experiment, namely the years 2015, 2016, 2017,
and 2018. The corresponding global integrated luminosity is about 6 fb™!, as reported in
Table 3.3l During each year of data taking the polarity of the LHCb dipole was inverted
repeated times, to guarantee the cancellation of eventual left-right asymmetries of the
detector. Two sub-samples of almost equal statistics were collected, and labelled as MagUp
and MagDown.

The event reconstruction and selection consist of successive steps: trigger, stripping,
and final selection.” The trigger and stripping impose quite loose selection criteria.
Their fundamental objective is scaling down total amount of events to be analysed to a
manageable quantity. The Sections describe these steps, summarising all the
corresponding requirements. The final offline selection is in charge to optimise the signal
significance (Section . As reported in previous studies [24]115,/120,121], it has to
face three background categories:

Cross-feed background . To achieve an adequate signal significance, the contamination
among different final states must be reduced without affecting too much the signal
efficiency (Section . Besides the signal decays, the only other relevant cross
contamination is found to be the additional A — pK~ mode.

Combinatorial background. This background category is due to the random associa-
tion of tracks. Several observables concerning the candidate kinematics and topology

Table 3.3: Integrated luminosity of pp collisions collected during the Run2 of LHCb, depending
on the data-taking year.

Year Integrated luminosity

[ ]
2015 0.33
2016 1.67
2017 1.71
2018 2.19

4This notation stands for the union of the 2015 and 2016 samples. The previous LHCb analysis [120] did
not find relevant discrepancies between them, and the statistic collected in 2015 is much lower than the
one of the other years. Hence, this arrangement will often be used in the following.

SFor a definition of the stripping selection the reader can refer to Section
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are helpful to reject it. This analysis exploits a multivariate algorithm based on
Boost Decision Trees (BDT) |122,|123] to combine the relevant quantities into a
single variable. This simplifies the final selection optimisation (Section [3.1.4.2)).

Partially-Reconstructed background. Decays of B hadron to final states with more
than two bodies generate this background category. A large part of this component
is out of the signal peak, thanks to the good invariant mass resolution of LHCDb.

Figure [3.1}eft illustrates the invariant mass distribution of the 2018 sample after the
stripping and the trigger steps. The pion mass hypothesis is assumed for all final state
tracks. Although the signal peak is visible, the sample is dominated by the combinatorial
background. Indeed, the application of the final BDT requirement produces the distribution
illustrated in Fig. 3.T}right, where the combinatorial background is strongly suppressed.
The various components of the model fitted to data are listed in the legend and fully
described in Appendix which reports the strategy to obtain a background-subtracted
sample of generic B?s) — h™h'~decays. Subsequently, the PID requirements separate the
exclusive final states (Figure . Section describes the quantitative evaluation of
the mis-ID induced contamination. Table summarises the modes that are finally
considered in the fit of each spectrum. The fit observable distributions of all background
contributions are deeply studied and documented in the fit model description (Section .
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Figure 3.1: Invariant mass distribution for 2018 data. The charged pion hypothesis is assumed
for both the final state tracks. Left: only trigger and stripping requirements are applied. Right:

0
the BDT requirement optimised for the extraction of Ag;, Ag}%, Crtn—ys Sptn— 1s added.
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Figure 3.2: Invariant mass distribution for 2018 data after the whole selection optimised for
0

the extraction of Ag}i, Agjg, Crtr—y Sptn—. Left: mtn~ spectrum. Middle: K™K~ spectrum.

Right: K*7F spectrum.

Table 3.4: Summary of the signal and mis-ID contributions found to be relevant for the various
spectra after the full selection. More details in Section

Process Final State
atn~ KTK- Kot

B K*tr— v v

BY— ntm— v

B'— KtK~ v

BY— nt K~

BY— mha~ v

B'— KtK~ v

AY— pK~ v

AN N NN
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3.1.1 Simulated samples

Besides the data, simulated samples are employed. Their generation emulates the experi-
mental conditions of the different data-taking periods, with each magnet polarity covering
half of the statistics. The trigger, reconstruction, and stripping configurations are specific
for each year. The version of the Flavour Tagging algorithms used for the simulated
samples is the same as the one used in data. Table lists the numbers of simulated
events that survive trigger, reconstruction, and stripping. Reconstructed candidates are

required to be associated with a true B?S) — h*h/~decay.

Table 3.5: Number of simulated events surviving all the steps of trigger, reconstruction and
stripping.

Decay Number of events

Year 2015 Year 2016 Year 2017 Year 2018
BY— Ktn~ 276785 1236701 2108351 1841394
BY— rtn— 288015 1309841 2149094 1872946
BY— KTK~ 260462 1232328 2112537 1835957
BY— nt K~ 74198 508356 884560 788383
BY— mhm 86063 520917 999913 788669
B KtK~ 80665 494913 920816 757608
AY— pK~ 68888 498375 849982 722721

3.1.2 Stripping selection

As explained in Section [2.4), LHCDb events need to pass at least one of all the possible trigger
lines to be recorded. However, before being ready to be studied, LHCb data undergo
a further processing step, which organises the information according to the criteria of
several stripping lines. Each stripping line comprises a specific reconstruction procedure
and a set of selection requirements. This preselection is run centrally, during dedicated
stripping campaigns. It is particularly useful to save CPU time, increasing the speed of
access to data.
In this analysis the following stripping campaigns are adopted:

- Stripping24r1 for 2015 data;

- Stripping28ri for 2016 data;

- Stripping29r2p2 for 2017 data;
- Stripping34 for 2018 data.

For all samples, the output of the same stripping line is chosen. It is called
StrippingB2HHBDTLine and combines two oppositely charged tracks into a B candi-
date, assuming the pion-mass hypothesis for both of them. To reduce the number of
combinations the algorithm starts skimming the tracks according to their transverse
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Table 3.6: Requirements imposed by StrippingB2HHBDTLine. See the text for details.

Variable Requirement

Track pr > 1GeV/e
Track x3 > 16

Track x> <3

Mgt € [4.5,6.2] GeV/c?
py+pr > 45GeV/e
Xhoca <9

pr (B) > 1.2GeV/c
DIRA(B) > 0.99

Xip (B) <9

X2 > 100

momentum (pr), minimum impact parameter x? (x%),% and track quality (x?). The
invariant mass computed from the quadri-momenta of the available track pairs is required
to lie between 4.5 and 6.2 GeV/c?. Requirements on the minimum value of the pr sum
and the maximum value of the x? of the distance of closest approach of the two tracks
(DOCA) provide additional refinement of the tack pairs. The surviving ones are fitted to a
common vertex, to generate the B candidates. To be accepted, the B candidates have to
satisfy selection criteria regarding their pr, the cosine of the angle (DIRA) between their
momentum and their flight direction from the associated primary vertex (PV), their x%
concerning the associated PV, and their x%p concerning the distance between their decay
vertex and the associated PV.” Table lists the values of all the cited requirements.

Finally, for a better evaluation of the decay time, the PV coordinates are recalculated
(PV refitting) to check that the charged tracks forming the B candidates are not included
in the estimation of the PV positions. This would be expected to cause a bias in the
decay time, more often affecting the B candidates with shorter flight distances. Further
studies, not reported in this thesis, have shown that the effect of such correction becomes
negligible after the final selection application. This is mainly due to the presence of cuts
on % of the tracks.

3.1.3 Trigger selection

The B candidates passing the stripping must satisfy the following trigger requirements®:
LO : LOHadron_TOS OR LOGlobal_TIS;
HIt1 : H1t1TrackMVADecision TOS OR Hlt1TwoTrackMVADecision_TOS;

HI1t2 : H1t2B2HHDecision_TOS.

6With y?» is meant the difference in the vertex-fit x* of a given PV reconstructed with and without the
track under consideration

"The candidate is associated to the PV with the smalles x%p.

8See Section for the definitions of TIS and TOS.
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The H1t2B2HH trigger line is an exact copy of the stripping line StrippingB2HHBDTLine.
Therefore, it applies the same selection criteria already summarised by Table [3.6] The
only difference is that the HLT2 algorithm is run online, namely during the data taking,
whereas the stripping is applied to quantities calculated offline. The two procedures are
identical, but slight modifications concerning alignments and calibration parameters could
intervene in the reprocessing. Hence, this selection is repeated.

3.1.4 Final selection

The final selection comprises two tasks:

e the choice of the PID criteria to associate a final state hypothesis to each recon-
structed candidate and reduce the cross-feed contamination;

e the determination of the kinematic and topological requirements to reject the
combinatorial background; this is achieved through training, optimisation, and
application of BDT algorithms [122].

The LHCb collaboration deeply investigated the selection optimisation in the previous
versions of this analysis. Because of the very similar PID performance between the
data-taking years, this part of the selection, optimised in Ref [120] is adopted here as well.
Section summarises the procedure that was exploited to deduce these selection
criteria. Instead, independent BDT trainings are now performed for the 2015-16, 2017,
and 2018 samples. As in the previous analysis, the procedure is replicated after applying
two different sets of PID requirements: one to optimise the BDT for the analysis of
the B — 777~ decay, and the other for the BY — K*K~ decay. The corresponding
BDT variables are labelled as BDT+,- and BDTy+ k-, respectively. The final BDT
requirements result to be independent of the data-taking year (Section .

3.1.4.1 Particle identification

Two kinds of PID discriminating variables are available at LHCb. They are called DLL and
ProbNN (Section . Concerning B?S) — hh'~decays, the studies reported in Ref. [124]
showed similar performances for both of them. Hence, only the DLL variables are used in
Ref. [120] for the optimisation of the PID requirement. The primary source of cross-feed
background below the B® — 777~ and B? — K™K~ invariant-mass peaks comes from
B®— K*7~ decays, where one of the two final state particles is misidentified, hence due to
K < 7 mis-ID. Therefore, the requirement on the DLLg, variable is optimised, whereas
the cuts on DLL,, and DLL, variables are fixed in advance to make the contamination
from A) — pr~ and A) — pK~ decays negligible. Table [3.7| reports the corresponding
selection criteria. The optimisation procedure considers the potential correlation between
the PID and the BDT variables. A two-dimensional scan of requirements is performed:

o 7T~ spectrum: DLLg, € [—9,0], step = 1;
BDT,ir- € [~0.1,0.1], step = 0.02;

e K™K~ spectrum: DLLg, € [0,9], step = 1;
BDTy+x- € [—0.16,0.06], step = 0.02;
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Table 3.7: Final DLL requirements chosen with the aim to identify the three final states according
to the B®— 777~ and BY — KK~ optimisations.

7ta~ spectrum K*rF spectrum K+ K~ spectrum
DLL g~ () < -2 (K*) >5 (7F) < -5 (K*) > 2
DLL,. (7*) < 3 - (77) < 3 -
DLLg, - (K*) > -2 - (K*) > -2

Table 3.8: Comparison of the sensitivity achieved using the chosen requirement configuration
(o) with respect to the one corresponding to the optimal configuration (opest), as found in
the optimisation study [120]. Both the comparison for the B® — 7¥7~ and B - KTK~
optimisations are reported.

7T~ optimisation K"K~ optimisation
g Obest g Obpest
S 0.041 0.039 0.055 0.050
C 0.046 0.044 0.055 0.050

where the BDT output are produced using a preliminary version of the classifier described
in Section [3.1.4.2] For each requirement configuration, the amount of the main components
contributing to the samples are determined using fits to the invariant mass of selected
events. Then ten pseudo experiments are generated and fitted, using a model slightly
simplified with respect to the one that is used in this thesis (described in Section .
It is found that the best sensitivities on the CP asymmetries are obtained with loose
PID requirements, and that the correlation between PID and BDT requirements is small.
Loose DLLg, requirements produce the best sensitivity on the CP asymmetries. This
means that the amount of cross-feed background has a small impact on the statistical
uncertainties, once it is properly described and quantified. However, large contributions
from cross-feed backgrounds make difficult to properly describe data and may cause large
systematic uncertainties. For these reasons, a working point that is close to the best one
indicated by the toys, but with slightly tighter DLL g requirements, is adopted. Table (3.7
lists the cuts of the final PID selections. Table 3.8/ underlines the small sensitivity loss
between the result of the optimisation procedure (op.s;) and the chosen working point (o).

Concerning the K*7¥ final state, a dedicated optimisation study was performed for
the Runl version of this analysis [121]. The resulting level of the cross-feed contamination
is below 10% of the corresponding signal. With this condition, the systematic uncertainties
related to the modelling of the cross-feed backgrounds are under control. Therefore, the
DLL, requirements for the K*7T final state are chosen to achieve the same level of
cross-feed background contamination. Table lists them.

3.1.4.2 BDT selection

The optimisation of the BDT selection involves four main steps:

1) Training: samples representative of signal and background candidates are used to
combine several variables into a single one, offering better discrimination power.

2) Normalisation: The signal yields after the application of PID requirements are

70



determined. They are used in the optimisation procedure of the BDT selection.
3) Optimisation: definition of the best cut on the new variable;

4) BDT application: the new variable is calculated for each candidate of the data
sample and candidates not satisfying the requirement are rejected.

The next few paragraphs describe the above-cited passages.

The training and optimisation methods exploit subsamples of the analysis data. It is
useful to point out here that the BDT application on any candidate, already used to train
or optimise the same BDT algorithm, may be a source of bias. To avoid it, the signal and
background samples have been randomly separated into three subsamples (S1, S2 and S3).
Different instances of the BDT algorithm have been trained for each subsample: BDT1,
BDT2 and BDT3 for S1, S2 and S3, respectively. In the optimisation phase, requirements
are applied to BDT1 for the events from S2, to BDT2 for events from S3 and to BDT3 for
events from S1. The final analysis is performed cutting on BDT1 for events from S3, on
BDT2 for events from S1 and on BDT3 for events from S2, respectively.

Training. Separate training procedures are performed for the events surviving the
K+*K~ and 7t7~ PID requirements. For both cases, the default configuration of the BDT
algorithms provided within the TMVA package |125] is used, training 850 trees for each
BDT and using the Adaptive Boost [123|. The combinatorial background is modelled
using events taken from the high invariant-mass sideband: m > 5.6 GeV/c? (where m is
the invariant mass computed under the KT K~ or the 777~ hypotheses, according to the
considered signal). The signal distributions come from the simulated samples introduced
in Section B.1.1}

The variables used to discriminate between signals and backgrounds are: the pr of the
B candidate (pr(B)), the x? of the distance of flight of the B candidate with respect to the
associated primary vertex (x&p), the x? of the impact parameter of the B candidate with
respect to the associated primary vertex (x%(B)), the maximum and minimum pr of the
two final state tracks, the distance of closest approach (DOCA) between the two tracks,
the maximum and minimum x? of the impact parameter of the two tracks evalauted with
respect to all the primary vertices (x%(h*)), and the quality of the common vertex fit of
the two tracks (x2.). A logarithmic transformation is applied to the distance of flight
of the B candidate and the maximum and minimum y? of the impact parameter of the
two tracks to avoid feeding the BDT with too-peaked distributions or with distributions
with too wide ranges. The variables are summarised in Table [3.9] Their distributions
and correlations, are reported in Figures from to for both background and signal
samples. Figure [3.3|shows output distributions of the BDT+,- and BDTy+ - classifiers,
distinguishing the samples used to train and test the algorithms. The two distributions
are in good agreement, and no evidence of overtraining is found.

71



Table 3.9: List of variables used to train the BDT algorithms. The meaning of the symbols is
explained in the text.

BDT variables

min(py, pr) log(min(x?p(hﬂ),X?p(h_)))

max(py, pp)  log(max(xip(h*), xip(h7)))
pT(B) X%P(B)
log(X#p) DOCA
2
thx

TMVA overtraining check for classifier: BDT TMVA overtraining check for classifier: BDT
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Figure 3.3: Distribution of the BDT output for the (red) background-like and the (blue) signal-
like candidates taken from the samples used to (filled histograms) train and (dotted histograms)
test the BDT algorithms. Background-like events have been selected applying the PID cut
optimised for the (left) KK~ final state and for the (right) 7" 7~ final state, on top of the
preselection presented in Section and the requirement m g+ g~ -y > 5.6 GeV/ 2.
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Figure 3.4: Distribution of the variables used in the training of the BDT classifier for (blue)
simulated B — 777~ decays and (red) candidates in the invariant-mass range m .+, >
5.6 GeV/c? of the mTn~ sample.
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Figure 3.5: Distribution of the variables used in the training of the BDT classifier for (blue)
simulated B? — KK~ decays and (red) candidates in the invariant-mass range m g+ - >
5.6 GeV/c? of the K™K~ sample.
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Figure 3.6: Correlation among the variables used to train the BDT algorithm for (left) B® — 7tz
simulated events and (right) candidates in the invariant-mass range m +,- > 5.6 GeV/c? of the
77~ sample.
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Figure 3.7: Correlation among the variables used to train the BDT algorithm for (left) BY —
K+ K~ simulated events and (right) candidates in the invariant-mass range my+ - > 5.6 GeV/c?
of the K™K~ sample.
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Figure 3.8: Invariant mass fits used for the relative normalisation of signal and background
yields in the BDT optimisation: BY— 77~ (left) and B?— K+ K~ (right).

Table 3.10: Signal yields estimation after trigger, stripping and PID requirements.

Year N(B'—nfn7) N(B— KTK")

2015-16 59900 +£ 3200 81800 +£ 600
2017 48400 £ 6500 69200 £ 500
2018 52500 = 2000 79900 £ 500

Normalisation. Unbinned maximum likelihood fits to the invariant mass spectra after
trigger, stripping, and PID requirements can estimate the signal yields before the ap-
plication of the requirements on the BDT output. The components described in the fit
are:

e the signals, namely the B— KTK~ and the B — 777~ decays; their distribution
is modelled using the sum of a Gaussian function and a Johnson function (see
equation (3.48) and Ref. [121] for an extended description);

e the main cross-feed background (B°— K*7~), whose shape is evaluated applying
Kernel Density Estimation methods to simulated events [121}126];

e the combinatorial background, modelled using an exponential function;

e the partially reconstructed background, modelled using an ARGUS function [127]
convolved with a Gaussian resolution, having the same width as the signal model.

Table lists the signal yields determined from the fits. Figure shows the 2018 data
sample with the corresponding fit results superimposed.

Optimisation. The figure of merit used to choose the requirement on the BDT output
is £ = S/4/(S + B), where S and B stand for the amount of signal and combinatorial
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Figure 3.9: Estimated value of £ = S/+/(S + B) as a function on the requirement applied on
the BDT output for the BY — 77~ decays (left) and for the B — K+ K~ decays (right).

Table 3.11: BDT requirements which optimise £ = S/4/(S + B), depending on the data taking
year. The corresponding signal efficiencies (e4g) and retention rates for the combinatorial
background (epi,) are also reported.

Year BDT, +,- BDTy+ k-
Best Cut  e44 [%)] Ebkg | /0] Best Cut Esig | 0] Ebkg | /0]
2015-16 0.20 67.6 £0.2 0.519 +0.004 0.10 83.53 £0.13 3.64 £ 0.02
2017 0.22 63.5£0.2 0.513 £ 0.005 0.10 83.31 +£0.14 4.31 +£0.03
2018 0.20 67.2+0.2 0.642 £ 0.006 0.10 83.61 £0.13 4.07+0.03

background candidates within +60 MeV/c? (corresponding to about 430 of the invariant
mass resolution) around the BY or B? masses. The number of signal candidates surviving
each BDT requirement is estimated from the results of the normalisation fit (described in
the previous paragraph) and from the efficiencies of the BDT cuts applied to simulated
events. Instead, the amount of combinatorial background is determined using an unbinned
maximum likelihood fit of an exponential function to the candidates in the high invariant-
mass sideband. The result of each fit permits the extrapolation of the total background
yields in the 460 MeV/c? invariant mass window around the signal peak. Figure shows
¢ calculated as a function of the requirements on BDT +,- or BDTy+ k- for the 2018
sample. Analogous plots are obtained for the other samples, as well. Table [3.11] reports
the BDT cuts maximising &, with the corresponding signal efficiencies and background
retention rates. In conclusion, the cuts BDT,+,.- > 0.2 and BDTk+ - > 0.1 are chosen
for the selections optimised for B — 77~ and BY — KK~ decays, respectively. In
small fraction of events, corresponding to about 0.4 %, multiple candidates are present.
In these cases, only one candidate per event is randomly retained.
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3.2 PID calibration

The PID calibration is the evaluation of the identification and misidentification probabilities
for each B?S) — h™h/~mode to contribute to the different final states after the final selection.
It is advantageous to divide this task into two steps. First of all, the identification and
misidentification rates are estimated for single particles, exploiting calibration samples.
The kinematic features of calibration decays permit the identification of their final-state
particles even without information from the PID system. Furthermore, they have the
advantages of high statistics and high purity. In these conditions, the identification
and misidentification probabilities correspond to the rates of events passing given PID
selection criteria . The rates are measured as a function of the particle momentum (p),
pseudorapidity (n), and the number of hits registered by the SPD system (ngpp). This is
necessary because:

e the values of the DLL variables depend on p through its relation with the emission
angle of Cherenkov photons;

e since the two RICHs detectors have different angular acceptances and are optimised
for distinct momentum regions, the DLL values may depend on 7;

e PID performances depend on the event occupancy, whose quantification is effica-
ciously provided by ngpp.

The distributions of p, n, and ngpp are consequences of the peculiarities of the various
decay processes and are related to the kinematic and topological parts of the selection.
The second step implies the correction of the probabilities extracted from the calibration
samples for the specificities of each mode actually involved in this analysis. The final
PID-calibration results are the average of the efficiencies over the distributions of p, 7,

and ngpp for each of the various B(OS) — hTh'~decays.

3.2.1 Maps of PID efficiency

The decay processes exploited for the PID calibration are:
o D' — DY(— K—nt) 7} for charged pions and kaons;
e A— pr~ and AT — pK 7t for protons.

These decays are reconstructed and selected by specific HLT2 lines that apply kinematic
requirements to guarantee samples with high purity. The residual background contamina-
tion is removed utilising the sPlot technique [128], and already sWeight-ed samples are
provided as part of the PIDCalibTool package |[129]. All the details about the composition
of these samples can be found in Ref. [130].

The maps of PID efficiencies are determined using the following binning scheme [124]:

2 bins for p € [0, 10] GeV/¢;
45 bins for p € [10,100] GeV/¢;
20 bins for p € [100, 150] GeV/¢;
4 bins for p € [150,500] GeV/c.

Track momentum :

Track pseudorapidity : 10 bins for n € [1,6].
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3 bins for ngpp € [0, 450];

Event occupancy : 3 bins for ngpp € 450, 1000].

The center of each bin is indicated by (p;, nj, nspp ), where i, j, and k are the bin indices.
The requirements of Table are now singularly considered. The PID efficiency of
a particular cut, in a particular bin, is given by the number of calibration candidates
belonging to the bin and passing the cut, divided by number of calibration candidates
belonging to the bin:

N}ffz, (pi7 7, NspPD k)
En—hw\Pi> 1, NSPDk) = i , ) 3.1
- (P ) NP2 (piynj, nspp i) + NBL (pi,m;, nspp k) (31)

where h is the identity of the final-state hadron from the calibration sample used in the
efficiency calculation, and A’ is the final-state hypothesis corresponding to the tested PID
cut?.

3.2.2 PID efficiencies for B?S)—> h*h'~decays

The event occupancy and the kinematic of any singular candidate are independent
features. Hence, the dependency of the PID efficiency on ngpp can be integrated out,
before considering the B?s) — h™h/~kinematics. If the analytical expression of any PID

efficiency were known (e(p, 1, nspp)), its expectation value for any fixed p and n would
be:

Enan(pym) = /€1Hh'(p7777nSPD)f(nSPD)dnSPD7 (3.2)

where f(ngpp) is an adequate probability density function. As shown by Figure m,
its shape slightly changes between the calibration samples (red or green lines) and
B?S) — h*th'~decays (blue dots). Therefore, for each bin p;, n; the PID efficiencies can be
estimated according to:

N

_ 1
E(piny) = N Z En—si (Pis Mjs NsPDK), (3.3)
k=1

where ngpp i, is randomly extracted from the just cited B?S) — h™h/~distribution plotted in
Figure 3.10] The sharp step of the distribution at ngpp = 450 is due to the application of
LOHadron trigger requirements. The number of extractions, N, was set to 200000: several
trials proved this number to be large enough to avoid statistical fluctuation in the average
without consuming too much computing power. This procedure brings to two-dimension
PID efficiency maps in the occupancy regime of B?S) — h™h'~decays. Figure shows
some examples concerning the PID requirement DLLg, > 2 AND DLLgk, > —2 for
the 2018 data.

The identification (or misidentification) efficiency of a charged track is assumed to be
independent of the identification of another track in the same event when their kinematics
are fixed. Therefore, the expected PID efficiency for a given B?S) — hTh'~candidate is:

Entr— (050 00 ) = Ene (0,0 ) - &= (7, ) (3.4)

9In other words, h = h' marks an identification efficiency, whereas h # h' labels a misidentification
efficiency.
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To estimate the PID efficiency the joint distribution of p*, ™, p~, n~ has to be taken
into account. This is done, exploiting the background-subtracted samples described in
appendix and performing the calculation:

N
. 1 _ _ _
Eptn- = N Z Ent (p:» 77]—:) : gh’—(pk » Mk )7 (35)

where p;, n',p;, n, evidently indicate the bins occupied by the final-state hadrons of
the k-th candidate in the background subtracted sample, while IV is the total number of
candidates in the sample. This procedure is conclusive because the p—n distributions of the
calibration samples completely overlap the p — n distributions of the By, — h*™h'~decays
(Figure [3.12). The final PID calibration results are listed in the Table

3.2.3 Uncertainties on the PID efficiencies

Two sources of uncertainties are studied. The first one is related to statistics available for
the calibration and the B?S) — h™h/~samples. It is estimated by propagating the statistical
errors of the amount of signal and the efficiency maps in each bin used to split the phase
space. The second source is related to the binning scheme used to map the phase space.
The corresponding uncertainty is determined by changing the number and range of the
various bins. The nominal binning scheme involves 71 bins in momentum, 10 bins in
pseudorapidity and 8 bins in azimuthal angle. A set of 27 different bin configurations
are taken into account doubling and halving the number of bins of all three variables in
turn. The average and the root-mean-square of the results are used as mean value and
uncertainty. The uncertainty due to the binning scheme is dominant as compared to that
due to the statistics.
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Table 3.12: Identification and mis-identification efficiencies for the B(S) — h*h/~decay modes.

The top table considers the BDT selection optimised for the extraction of C +,—, Sp+,—, Ag;,

0
and Agj;, while in the bottom table the BDT selection optimised for the extraction of Cr+ -,
Sk+K- A%E K> 1s concerned. For each reported decay, the subscript, [+ -], represents the
final state reconstruction hypothesis. The efficiency values are divided by data taking year.
These quantities are fixed in the final fits.

Selection 7wtr~

Parameter Year

2015-16 2017 2018
epin(B® — K+7T_[K+K—]> (%] 3.62+0.06 3.60+0.06 3.66=+0.06
epip(B° — K tr-) (Y] | 46.66 +0.49 46.07 £0.52 44.64 £0.47
epp(B° — K'r tre)) (0] 2.10£0.07 1.86£0.07 1.8140.07
epip(BY — T K™ ki) (%] 3.60£0.06 3.584+0.06 3.68=+0.06
epip(B° — T K (k+r-1) (0] | 46.75£0.50 46.17+0.51 44.64 £ 0.47
epip(B° — 7T+K_[7r+7r—}) (%] 2.01 £0.07 1.814+0.07 1.8040.07
epip(B° — 7r+7r*[K+7rf]) (%] 1.06 £0.04 0.99+0.04 1.01+0.04
epp(BY — 7t i) (0] 1.09+£0.04 1.01+0.04 1.00£0.04
epip(B° — 7t rtr-)) [0 55.47 +0.78 54.39 £0.81 52.85£0.77
epmp(B? = KTK k+i-1) [%] | 59.88 £0.71 59.83+£0.70 58.67 & 0.68
epmn(B? — K+K_[K+,,—]) (%] 0.50£0.02 0.444+0.02 0.43£0.02
epin(B? — KTK™ rr k) [%0)] 0.57+£0.02 0474+0.02 0.43£0.02

Selection K™K~

Parameter Year

2015-16 2017 2018
epip(B° — Ktr i) () 3.524+0.06 3.524+0.06 3.58+0.06
epip(B° — K+7T7[K+ﬂ—f]) (%] | 49.26 +£0.50 48.77+0.51 47.46 +0.49
epip(BY — Ktn mtr-]) (0] 2.04£0.07 1.814£0.07 1.7540.07
epmp(BY — ﬂ*K*[Kﬂ«]) (%] 3.50£0.06 3.514+0.06 3.60=+0.06
epip(B° — 7T+K_[K+r]) (%] | 49.35+0.51 48.86+0.53 47.44 £+ 0.49
epip(B? — T K mtr-)) (0] 1.944+0.07 1.75+0.07 1.73+£0.07
epip(BY — 7t ktr-)) (0] 1.05+£0.04 099+0.04 1.01+0.04
epip(B° — 7t i) (0] 1.08+£0.04 1.01+0.04 1.014£0.04
epip(B° — 7t rtr-1) [0 57.73+0.81 56.80£0.82 55.33 £0.80
epin(B? — K+K_[K+K—]) (%] | 62.09+0.68 62.21 £0.70 61.16 £+ 0.66
epip(B? — KY"K™ (k+x-) [%0)] 0.49+0.02 0.434+0.02 0.42+£0.02
epip(B? = KTK i) () 0.58 £0.02 0.474+0.02 0.43£0.02
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Figure 3.10: Background subtracted distributions of the number hits in the SPD system (nspp)
for: B?S) — h™h'~decays (blue dots), D** — D°(— K—7)r} decays contained in the PID
calibration sample (red filled histogram), and A— pr~ decays contained in the PID calibration
sample (green histogram). The sPlot technique has been used to subtract the background

components, as explained in Appendix This plot concerns the 2018 sample.
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Figure 3.11: Estimated probability, in bins of particle momentum (p) and pseudorapidity (n),
for different particles species to survive the PID requirement DLLg, >2 AND DLLg, > —2.
From top to bottom: estimated probabilities for kaon, pions, and protons, respectively. On the
left the estimated probabilities for positively charged particles are shown, while on the right
estimated probabilities for negatively charged particles are reported. These plot concern the
2018 samples.
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Figure 3.12: Distributions of kaons, pions and protons coming from B?S) — hTh'~decays (left)
and PID calibration sample (right), in the plane of particle momentum (p) and pseudorapidity
(n). Distribution of particles from B?S — hTh/~decays are taken from fully simulated MC
events, while the distributions of particles from the PID calibration samples are obtained from
background subtracted events (as explained in the text). These plot concern the 2018 samples.
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3.3 Decay-Time Resolution

The decay-time resolution of the LHCb experiment is expected to produce an appreciable
dilution of the time-dependent asymmetry for BY — KK~ decays. Such phenomenon can
be explained assuming that the observed decay-time distributions originate from convolu-
tions between the expressions reported in the equations — and a Gaussian, with
null mean and standard deviation o;. Once the effects of the convolutions are propagated
to the time-dependent asymmetry , its amplitude changes by a factor |[131}/132]

D,, = e~ (&m*ai)/2, (3.6)

As a consequence, the observed value of the CP violation parameter Cj?bs' (Sj?bs') is affected
by the same rescaling: Cj?bs' =D,, -C; (S?bs' = D,, - Sf). Previous studies [120] showed
that the decay-time resolution of LHCb is approximatively o; &~ 40fs. The current world
averages of the BY and B° mass differences are [4]

Amy, = (17.741 £0.020) x 10? As™'.  Amy = (50.65 £ 0.19) x 10" As™, (3.7
Such values cause the dilution factors
D,,(B%) ~0.9998, D, (B?) ~0.7774, (3.8)

which justify the expectation of a sizeable (negligible) modification of the CP parameters
for B)— KTK~ (B"— 7"n™) decays.

A bias in determining the decay time is also very dangerous for the measurements
of the CP asymmetries in B— K™K~ decays. Assuming the simplistic formula of the
time-dependent CP asymmetry, Acp = —C cos(Amyt) + S sin(Amyt), a bias, B, in the
decay time would have the effect of the transformation ¢’ = ¢ + B. As a consequence the
observed time-dependent CP asymmetry is

Ag}i(t') = Acp<t) = _OK+K* COSs [Ams(t' - B)] + SK+K* sin [Ams(t’ - B)] . (39)
The subtraction formulae of sine and cosine provide

AZS(H) = — [Cr+ - cos(AmB) + Sg+ - sin(AmgB)] cos(Amt')

3.10
+ [Sk+x- cos(AmgB) — Ci+ - sin(AmgB)] sin(Amgt'), (3.10)

where t’ is the measured decay time and the terms between squared brackets are the
observed values of Cx+ - and S+ k-, respectively:

C})(bin = CKﬂLK* COS(AmsB) + SK+K* SIH(AWISB)7 (311)
S o = Sk g cos(AmB) — Cxr k- sin(Am,B). (3.12)

By substituting the values of Cg+p- and Sk+x- from Ref. [24], Am, from [4] and
assuming a bias B ~ —5fs (see Section [3.3.2]), one obtains

C% e — Crig- ~—13%, 8%, — Skrx- ~ 1.5%, (3.13)

that would be a bias corresponding to about 50% of the statistical uncertainties quoted in
Ref. [24] and about the same size of the statistical uncertainties expected in this analysis.
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Table 3.13: Summary of the selection criteria of the PromptJPsi2MuMuControlLine stripping
line. See text for details.

Variable Cut

min(xip(p)) <9

X*(p)/ndf <3
Ghost Prob. < 0.2

ProbNN,, > (.65
pr(i) > 300 MeV
Xotx <25
Xep(J/1) <9

Xip (J/0) <9

The decay-time resolution is evaluated for each data-taking year using the calibration
of the event-dependent estimation of the decay-time error 6;.!° The calibration samples
involve prompt-J/i) — ptp~ decays. They are described in Section Since these
decays are produced directly in the PV, any structure in their decay time is due to the
resolution of the detector. Besides, simulated samples are exploited to correct and consider
the differences between the calibration and signal decays. The functional formulation
of the calibration relation is preliminarily studied with a binned calibration method.
(Section . Subsequently, the actual calibration parameters are extracted by an
unbinned calibration strategy (Section . The final fit utilises an average decay-time
resolution. Section [3.3.4] explains the motivations of such choice.

3.3.1 Prompt-J/{p — p"u~ calibration samples

The J/ip — ptp~ calibration samples are selected imposing requirements on the following
features of the final state tracks: the minimum y? of the impact parameter with respect
to the any PV in the event (min(x?(x))), the ghost probability, the x? of the track fit
(x*(1)), the muon PID (ProbNN,), the transverse momentum (pr(u)). The fit for the
combination vertex of the two muon candidates need a small x? (x%,). Besides, the
reconstructed J/i candidates have to satisfy requirements on the x? of their flight distance
(X3 (J/)) and of their impact parameter with respect to the closest primary vertex
(xX3p(J/)). Table lists the values of all the above cited selection criteria.

The offline selection involves loose cuts on the invariant mass
(m(ptp~) €12.99,3.20] GeV/c?), the decay time (t € [—1,1] ps), and the decay-
time error (0, € [0.01,0.1] ps). Simulated candidates are required to be associated with
a true Jip — ptp decay originating in the PV. These selection criteria reduce the
contamination from non-prompt J/i), i.e. due to J/i) produced in the decays of B hadrons,
to a negligible level. This is evident in Figure [3.17], where no tail at high decay time is
observed. The whole statistic available is more than enough for the calibration purposes
of this analysis. This is the reason why the total samples are reduced selecting only a
random fraction of the events. Their size is reported, depending on the data-taking year,

0The quantity &; is provided by the global fit of the decay chain performed by the standard LHCb
reconstruction algorithms.
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Table 3.14: Number of reconstructed candidates and stripping campaign label for the prompt-
Jp — ptp~ samples used for the decay- time resolution calibration. For each year, almost
equal statistics comes from MagUp and MagDown configurations. Top: data samples, bottom:
simulated samples.

Data

Year Sample Size Stripping Ver.
2016 641623 28r2

2017 788379 29r2

2018 704987 34

Simulation

Year Sample Size Stripping Ver.
2016 2502610 2812

2017 2545490 29r2

2018 2545170 34

in Table [3.14!M". For internal reference, the labels of the stripping campaigns are listed in
the same tables.

Figure[3.13]illustrates a fit to the invariant mass spectrum of the 2018 simulated sample.
The model for the J/i) peak comprises a Gaussian and two Crystal-Ball functions [133].
All the distributions have common mean and independent standard deviations (oq, ocpi,
ocpz). The two Crystal-Ball components share the parameters ruling the power-law
function describing the low mass tail. All parameters are free in the fit to the simulation
sample. The same model is used to fit the J/ib peak of the 2018 data sample. In this case,
the peak mean and the standard deviation of the Gaussian, og, are free. The results of the
fit to the simulated samples are used fix the ratios ocp1/0q, ocp2/0q, and all the other
parameters of the J/i) peak model. The small combinatorial background is empirically
modelled with a second order Chebychev polynomial [134] with free parameters. The fit
result is superimposed to the 2018 data in Figure [3.14] The resulting sample purity is
approximately 85%. The sPlot technique [128] is applied to calculate the sWeights and
obtain a background-subtracted calibration sample.

3.3.2 Preliminary binned calibration

The relation between the decay-time resolution, o;, and the decay-time error, d;, estimated
by the decay-time fit in the reconstruction, is studied by dividing the prompt-J/p — putpu~
calibration samples into bins of ¢;. For each bin, the Root Mean Squared (RMS) of the
reconstructed decay time, t, is calculated, as an estimator of o;. The bin scheme involves
26 bins of equal width in the range d; € [0.01,0.1] ps. The same procedure is applied
to the BY — K+ K~ simulated samples'? with the obvious exception that the difference
between the reconstructed decay time, ¢, and the true decay time, ¢, is used in the
RMS calculations. Figure [3.15/shows that a linear function is appropriate to describe the

HFor simplicity the 2015 sample is not included in this study: its statistics is low, and the previous
analysis did not find relevant deviations between the 2015 and the 2016 decay-time resolutions.
2The whole selection, concerning the K+ K~ final state, is applied to this sample.

87



S : |
=80000— s E
- C = 10'e
? r @ - 4
£60000— 2 -
c S 10° ™™ e
e T ¢ 1'% fr
m B o = &
40000— 1P - :;'
20000— 10; :.-"
e | i | H
3000 3200 13000 3100 3200
m(uy) [MeV] m(p) [MeVv]

Figure 3.13: Fit to the 2018 prompt-J/i) — u*p~ simulated sample (black dots). The solid blue
line shows the total fit model after the fit. The dashed lines are the three model components
described in the text. Left: linear scale. Right: logarithmic scale.
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Figure 3.14: Fit to the 2018 prompt-J/) — ptp~ data sample (black dots). The solid blue
line shows the total fit model after the fit. The solid green and black lines are the signal and
background components respectively. The signal model is the sum of the three distributions
illustrated by the dashed lines and described in the text. Left: linear scale. Right: logarithmic
scale.

relation between §; and RMS(t) (RMS(t — tie)) for all cases. A slight deviation from
this behaviour is actually present. However, it happens at high ¢;, affecting a negligible
statistics.

The eventual presence of a decay-time bias is studied with the same binned approach,
which has just been presented. Figure illustrates the mean of t (¢t — tye for the
B? — KTK~ simulation) as a function of §;. In the simulation samples the bias is
essentially negligible: |mean(t)| ~ 0.3 fs, with no dependence on ¢;. Instead, the prompt-
Jhp — ptp~ data sample reveals a dependence of the bias on d;. A parabolic function is
empirically chosen to describe such a behaviour. The bias is maximal (mean(t) ~ —5 fs)
close to the average of decay-time error (9; ~ 40fs).

3.3.3 Unbinned calibration

The final parameters of decay-time error calibration are extracted using unbinned
maximum-likelihood fits. The fit observables are d; and t. As before, the former is
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Figure 3.15: Preliminary binned calibration for the 2018 samples. Left: prompt-J/p — ptu~
simulation; middle: prompt-Jip — pu~ data; right: B?— K+ K~ simulation. The distribu-
tions of the decay-time error d; is also shown with arbitrary normalization. The equations of the
straight lines fitting the calibration points are also reported, as a reference.
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Figure 3.16: Decay-time bias as a function of the decay time error for the 2018 samples. Left:
prompt-J/ip — ptp~ simulation; middle: prompt-Jip — ptu~ data; right: BY — KYK—
simulation. A constant and a parabolic function are used to fit the points in the simulation
and real data cases, respectively. The function found by the fits are reported on each plot as a
reference.

the decay-time error, while the latter stands for the difference between the reconstructed
decay time and the true decay time, which is null for the prompt-J/) — pu*pu~ samples.
The fit model is

f(t,00) = g(t; 11(6¢), 0¢(6¢)]6¢) - h(¢), (3.14)

where:
e (d;) is a histogram describing the distribution of the decay-time error §;.

o g(t; 1(04),04(0:)]d;) is the probability density function of ¢ conditioned to d;. The
parameters i and o; represent the decay-time bias and the decay-time resolution,
respectively. In general, they are written as functions of §;. The parametrisation of
g is slightly different between the various samples:

J/P — ptu~ simulation : g is a Gaussian with mean p and standard deviation oy;
1 does not depend on §; and is freely adjusted by the fit.

J/Pp — putu~ data : g is a Gaussian with mean p and standard deviation oy; p
has a parabolic dependence on J;:

1(6¢) = go + q1(6; — 0.04) + g2(6; — 0.04)%,

where qg, ¢q1, and ¢y are free parameters.
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Figure 3.17: Fit for the unbinned decay-time resolution calibration of the 2018 samples. Left:
prompt-J/p — ptp~ simulation; middle: prompt-J/ip — ptp~ real data; right: BY— KTK~
simulation.

Table 3.15: Parameters governing the decay-time resolution model described in the text for the
Jhp — ptp~ simulated samples.

year 2016 2017 2018

w [fs] —0.30 £0.02 —0.31 £0.02 —0.31 £0.02
po [fs] | 36.377+£0.017  36.290 +0.017  36.329 4+ 0.017
D1 0.8851 £ 0.0013  0.8830 +0.0013  0.8829 = 0.0013

B? — KTK™~ simulation : g is the sum of two Gaussians:

g(tlor) = fG(t; 1, 0¢(0¢)[0¢) + (1 = [)G(E; 11, C - 04(0¢)[0r),

where f is their relative fraction, C' is the ratio between their standard devia-
tions, and the common mean ;1 does not depend on d;; all of them are freely
adjusted by the fit.

In all the cases, o; linearly depends on d; according to
Ut((st) = Po +p1 ((St — 004), (315)
where py and p; are always free parameters.

Figure illustrates the distributions of ¢ with the results of the best fits superimposed.
The values of the parameters obtained by the fits are reported in the Tables 3.16),
and B.I7. The information extracted from each fit leads to a different calibration of the
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Table 3.16: Parameters governing the decay-time resolution model described in the text for the
J/bp — ptu~ sample.

year 2016 2017 2018

Qo [fs] —4.40 £0.07 —5.39 £0.07 —4.42 £0.07
7 —0.107 £ 0.005 —0.121 £0.004 —0.125 +£ 0.005
¢ [ps™ 5.7£0.2 6.1 £0.2 5.9+£0.3

Po [f8] 38.83 £0.05 38.87 £ 0.04 38.71 £ 0.04
D1 0.904 £0.004  0.929 £ 0.003 0.919 = 0.003

Table 3.17: Parameters governing the decay-time resolution model described in the text for
BY— K™K~ simulated samples.

year 2016 2017 2018

f 0.9760 £ 0.0009 0.9733 £ 0.0007 0.9715 % 0.0009
C 2.60 £0.03 2.57 4+ 0.02 2.51 +0.02
w [fs] 0.17 £ 0.05 0.22 +£0.04 0.33 £0.04
po [fs] 40.23 £ 0.06 40.15 £ 0.04 40.08 £ 0.05
D1 0.946 £ 0.004 0.951 £ 0.003 0.943 £ 0.003

functional relation between oy, i and 6;. The final calibration function of the individual
decay-time error for the B? data combines all of them through the expression

G1.i(044; BY— KTK™ sim.)
01i(0i; Jp — ptp~ sim.)’

o1 (014, Bg data) = 0y (05 Jp — ptp” data) - (3.16)

where the result of the calibration obtained with the prompt-J/i) — p* = data is rescaled
by the ratio between the calibrations for the B — K™K~ and prompt-J/i) — putu~
simulated samples, to correct for their different kinematics. In equation , the
subscript 7, that runs over the events of each sample, is added for later convenience.
It stresses the fact that this calibration formula operates on a per-event basis. Since
the fits to the prompt-J/i) — ptp~ samples involve a single Gaussian, their calibration
functions follow the equation (13.15]) with respective values of the parameters py and p;.
The fit to the B?— KK~ simulated samples involves two Gaussians, hence the function
G1.i(0:4; B)— KTK~ sim.) depends also on the parameters f and C. Tt is computed first
by averaging the dilution factors of the two Gaussian functions

_ ms2g'2, i _ ms2 2452 s
Do, (033 B{— KK~ sim.) = f exp [Aft(&)] + (1= f)exp [ . C2 L )] ;

(3.17)
where the function o,;(d;;) follows the expression (3.15) with adequate values of the
parameters py and p;. Then, the average dilution factor is converted, exploiting Eq. (3.6]),
into the effective resolution width

\/—21n [D(,tﬁi(cSt’i; BY— K+K- sim.)}
G14(04; BY— KTK™ sim.) = A
ms

(3.18)
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Table 3.18: Final estimation of the average of the decay-time resolution and decay time bias for
the B — K+ K~ decay modes.

Year  6,(B° data) [fs] b, (B° data) [fs]

2015-16 43.2£0.2 —3.6
2017 41.1£0.2 —4.1
2018 40.7£0.2 —-3.1

3.3.4 Average decay-time resolution

Equation permits the decay-time error to be calibrated on a per-event basis. The
Runl version of this analysis [115] used this kind of information in the final fit to measure
the time-dependent CP asymmetries. Instead, the subsequent publication [24] showed
that a resolution averaged on the whole sample, generates only an increase of 1% of the
relative uncertainties on Cg+g-and Si+x- with negligible effects on the other measured
quantities. Moreover, this approach brings the advantage of a considerable simplification
of the fit model. For these reasons, in this analysis an averaged decay-time resolution is
used. The averaged value of the decay-time resolution is evaluated in two steps. First the
averaged dilution factor for BY — K™K~ decays is computed

N 2
(Amy - 04;(0:5, BY data))
D) = - 2 1
(D) ;eXp 5 : (3.19)

where oy;(d;;, BY data) is given by the relation , and the index ¢ runs over the N
events of the K™K~ sample with invariant mass belonging to the range [5.30, 5.43] GeV/c?.
The requirements on the mass range is such that the contribution from combinatorial
background and B° — K7~ cross-feed background can be neglected. After that, the
averaged dilution factor, (D) is converted into an effective resolution width, inverting
Eq. . For the averaged decay-time bias a simple average over the same sample is
performed. Table summarises the averaged decay-time resolution widths and biases,
that are used in the final fit to data.
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Figure 3.18: Schematic representation of the FT algorithms available at LHCb ||

3.4 Flavour tagging

At LHCb the flavour of the neutral B mesons at the instants of their production is
determined by specific algorithms, called taggers . They are based on multivariate
classifiers, exploiting geometrical and kinematic variables as input information. Each
tagger looks for a specific kind of particle generated in the pp collision, whose electric
charge is highly correlated with the flavour of the signal B?S) meson. Two main categories
of tagging algorithms have been developed: the Opposite Side (OS) taggers and the Same
Side (SS) taggers. The inputs of the latter are related to the remnants of the fragmentation
of the signal b quark. Instead, the targets of the former are particles coming from the decay
of the other B in the event. That is the reason why all OS taggers are suitable for both B°
and B? tagging, whereas different SS taggers are devoted to different mesons. A schematic
representation of the various algorithms is illustrated by Figure [3.18, The OS taggers
seek the correlation between the signal B?S) flavour and the charge of: a kaon (OSk)
produced by the b — ¢ — s decay chain, a muon (OS,) or an electron (OS.) coming from
a semileptonic b decay, a reconstructed secondary charm hadron (SS.), and the inclusive
secondary vertex reconstructed from the opposite b-hadron decay products(OSy) ,.
The SS taggers exploit the information coming from a pion (SS;) or a proton (SS,) in
case of a BY signal hypothesis , and from a kaon (SSk) in the case of a BY signal
hypothesis , within a certain kinematic region around the signal candidate. All taggers
return two output variables: the decision, .y, and the predicted mistag probability, 7ae-
The variable &, can take alternatively one of the discrete values +1, —1, and 0. The first
two options correspond to the B?S) and E((Js) flavour decision, respectively. The outcome
0 means that the algorithm was not able to assign an hypothesis (untagged candidate).
Consequently, the tagging efficiency is defined as:

___Ne+Ny
s Ng + Ny + Ny’

(3.20)
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where Ny, Ny, Ny are the yields of candidates rightly tagged, wrongly tagged, and
untagged respectively.

The variable 7, is a continuous observable, belonging to the range 1, € [0,0.5]. It
can be studied through the decays of charged B mesons, where it is possible to compare
the flavour of the reconstructed candidate with the tagging decision. In this condition,
the mistag probability can be directly calculated as:

hag = Ny + N, R.
For the neutral B mesons, the estimation of the mistag probability is complicated by the
flavour oscillations. In this case, the value of 7., returned by the taggers can be calibrated
for the specificities of each analysis, exploiting flavour-specific decays. The calibration
parameters can be extracted by a fit to the B° flavour oscillations as a function of the
proper decay-time, as it will be shown in the following. The result of the calibration is
defined mistag rate, Wiag = Wrag(Mtag)-

The occurrence of wrong tagging decisions generates a damping of the measured
time-dependent CP asymmetries:

(3.21)

mcas(t) _ []\:[R(t) + NW(t)] [ ( ) + ]\:[W(t)]
r [Na(t) + Nw ()] + [Nr(t) + Nw (1))
N — wiag) + N(#)wiag — N(1 — Wiag) — N(t)Wrag

V(¢
T N()(1 — wiag) + N(Dwiag + N(E) (1 — wiag) + N ()wiag (3.22)

(12 >H (1 — 2w) Ac (D),
where N(t) = Ng(t) + Nw(t) (N(t) = Ng(t) + Nw(t)) is the actual time-dependent yield
of tagged B (B( )) Hence, the CP asymmetries and their statistical uncertainties are
related to wtag accordint to

Acp(t) — CP (t) . 1

T a— ) X y
11— 2wtag Aer(®) \ -]\]TOTgtag(1 - 2wtag)

where Nror is the total number of signal candidates (tagged + untagged). The quantity
Eeft = Erag(l — 2wiag)? (3.24)

is called effective tagging power and represents the fraction of signal that effectively
provide useful information for the determination of the time-dependent CP violation
parameters.

This analysis utilises the information from the taggers on a per-event basis. The
Sections and discuss the calibration of the individual OS and SS taggers,
respectively. Background subtracted samples of B — D*7r~ decays are used for this
purpose. After the calibration the OS taggers are combined into a unique OS tagger that
is used in the final fit The combination assumes no correlation among the various OS
taggers. Due to this hypothesis, the combined OS tagger is recalibrated on-the-fly during
the final fit thanks to information from B°— K7~ decays. The same approach holds for
the combined SS tagger, which is an input to the fit optimised for the extraction of C+,-
and Sy+,-. Instead, the SSg tagger is singularly calibrated with B — D,r~ decays,
and individually used in the fit optimised for Cx+x—, Sg+x-, and Aﬁﬂ -~ The natural
calibration channel would be the BY — 77 K~ decay, but its available statistics is too low
to perform also this calibration during the final fit.

(3.23)
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Table 3.19: Final values for the calibration parameters for the various OS taggers along with
their statistical uncertainties. The 2018 data-taking period is concerned.

Tagger Po D1 <77tag>

0S. 0.373+0.006 1.25+0.08 0.359
OS, 0.3074+0.004 1.294+0.06 0.331
OSkx  0.396 £0.003 1.384+0.06 0.408
OSvix  0.380£0.003 1.08+0.04 0.385
5SS, 0.354£0.005 0.86£0.11 0.365

Table 3.20: Tagging performance for the various OS tagging algorithms. The 2018 data-taking
period is concerned.

Tagger Etag | J0] eff |%0]

(O 3.92£0.04 0.44£0.03
OS, 10.92+0.05 1.9240.07
OSkx  20.56 £0.07 1.21£0.05
OSvix 21.62+£0.07 1.69+£0.07
SS¢ 2.7+£0.04 0.52£0.04

3.4.1 Calibration of OS taggers

The combinatorial background component is subtracted from the B® — D*7~ calibration
samples with the sPlot technique [128]. It involves an unbinned maximum likelihood fit
to the invariant mass as discriminant variable (more details in Ref. [136]). A dependence
of the mis-tag rate on the transverse momentum (pr) of the B is observed. Hence the
kinematic of the calibration samples are reweighted to match the B?s) — hTh/~samples.

After that, the parameters governing the relation between 7,, and wy,e are determined
on a per-event basis by means of a binomial regression performed by the Espresso
Performance Monitor tool [137], specifically developed within LHCb. The calibration
functions are shown in Figure along with the corresponding 7, distributions. The
points correspond to the average observed mistag rate in bins of the predicted mistag
probability. The linear relation

wtag(ntag) = Po + h (Tltag - <77tag>) (325)

is observed to be suitable for all the cases. Table [3.19 reports the final calibration
parameters concerning the 2018 case, while Table lists the OS tagging performances
for the same period of data taking. No significant difference is observed for the analogous
quantities for the other data-taking periods.

3.4.2 Calibration of SS taggers

The individual calibrations of the SS algorithms follow the same strategy already explained
for the OS taggers. The SS;, and SS, taggers are calibrated with the same background

95



OS p calibration
T

= OSecalibration = = OSK calibration
30T 3 05T I L S e B
Fo.45- Fo.45- 4 Qo4
B f B L E
E 04 LHCb £ 04 LHCb i go4 LHCb
B0.35 50350 4  Joss
% 03 g 03 E g 03
Zo.2s 2025 4 Lo
02 02f E 02
0.15- 0.15- E 0.15-
0.1 0.1 E 0.1~
005 ] 005 E 005
E I I P R R £ ! TP R . | E ! ! P I
0 01 02 03 04 05 0 01 02 03 04 0.5 0 01 02 03 04 05
predicted mistag n predicted mistag n predicted mistag n
= Vertex Charge calibration = OSc cdlibration
3 05— 3 05— ey
045 4 o4 E
B f R E
£ 04 LHCb 3 o4 LHCb E
8o p 1 8o } E
god 1 gt
£025- ] g0 E
0.2+ ] 0.2F E
015 0.15- E
01 0.1 E
0.05- : 0.05- E
' ! ! PR IR B £ ! ! [ E|
0 01 02 03 04 05 0 01 02 03 04 05
predicted mistag n predicted mistag n

Figure 3.19: Calibration functions for the various OS taggers concerning the 2018 sample. From
left to right OS,, OS,,, OSk, OSvix and SS.. The data points correspond to the average observed
mistag rate (wiag) obtained in bins of the predicted mistag (niag). The ngag distribution is also
shown.

Table 3.21: Calibration parameters for the various SS taggers with their statistical uncertainties.
The 2018 data-taking period is concerned.

Tagger Do D1 (n)

5SSy 0.4602 £0.0018 0.86 +£0.04 0.462
5SS, 0.4580 +£0.0026 0.10+0.06 0.460

SSk 0.437£0.007 0.78 =0.07 0.426

subtracted sample of B® — D7~ decays. Instead, the SSx tagger exploits B?— D ™
decays. The calibration parameters are determined by the EPM tool with the mistag on
a per-event basis. Figure [3.20| shows the calibration plots. The data points indicate the
average observed mistag rate for each bin of the predicted mistag probability. The results
of the calibrations concerning the 2018 are reported in Table [3.21] Table lists the
performances of the SS taggers on the 2018 samples. No significant difference is observed
between the different data-taking periods.

3.4.3 Tagger combination

Once the calibration parameters for the mistag rate are determined, the various taggers are
combined on a per-event basis with the following method. For each tagger, the probability
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Figure 3.20: Calibration functions for the various SS taggers concerning the 2018 sample: from
left to right SS;, SS, and SSk. The calibrations of the SS; and SS, taggers have been evaluated
on a sample of B’ — DY~ decays, while for the SSx algorithm the B? — D n~ is exploited.
The data points represent the average observed mistag rate (wiag) obtained in different bins of
the predicted mistag (7ag). The niag distribution is also shown.

Table 3.22: Tagging performance for the various SS tagging algorithms. The 2018 data-taking
period is concerned. The performance of the SS; and SS, have been evaluated on a sample of
B — DY~ while the BY— D,n~ decays is used for the SSy taggers. The different phse space
of the BY— D7~ and BY— Dyr~ with respect to the B— h*h’'~ decays is taken into account
performing a simultaneous reweighting on pr of the B meson and the nSPD hits distribution.

Tagger ey (%] Ecrs [N0]

5SS, 80.18+£0.07 1.15+0.04
5SS,  41.05+0.09 0.44 £0.03

SSk 70.2+£0.3 22=x0.3

associated to a B?s) occurrence, given the tagging decision &; and the mistag rate w;, is:

pi(Blyl&i,wi) = (1 — wi)de, 1 + wide, —1 + 0.504, 0

where ¢;, is the Kronecker delta symbol and the subscript 7 is used to indicate the ¢-th
tagger, among the n to be combined (i € {1,...,n}). Assuming independence among the
tagger outputs, the total probability becomes:

[Ty pi( Bl l&i wi)
[Ty pil BY 65, wi) + Ty |1 = pa(BY &)

where E and & are the set of tagging decisions and mistag rates to be combined for a given
event. Finally, the combined decision, &, and mistag rate, w, are:

E=+1, &=1-p(B,Ed) when p(B,)|€,&) > 0.5;
£= 0, ©=05 when p(Bl,)|€,&) = 0.5
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3.5 Decay-time efficiency

Some requirements of the final selection affect the reconstruction efficiency of signal
candidates as a function of the decay time. This efficiency is an input for the time-
dependent fit models of the B?s) — h*h/~decays. The decay-time efficiencies are mainly
determined from a background-subtracted data sample of B® — K*7~ decays. This
channel has high statistics and its decay-time distribution, before any selection requirement,
is a pure exponential with well known lifetime: T'y = 0.6579 4+ 0.0017 ps~* [23]. To include
the slight differences between the various B?S) — h™h/~acceptances, the time-dependent
efficiency determined from the B° — K7~ data sample is corrected by the ratios between
the acceptances estimated from the simulation of other modes, and the simulation of the
BY— K*7~ decays itself. The discrepancies, that are indeed very small, are mainly due
to slightly different kinematics induced by the different PID requirements. The effects
of the PID requirements on the simulation are introduced with a data-driven technique.
The following two paragraphs provide the details about the preparation of the data and
simulation samples, respectively. After that, the fits for the extractions of the decay
time-acceptances are described.

Background subtraction for B — K7~ data. Only B — K+~ candidates within
a narrow window around its mass peak (m € [5.23,5.32] GeV/c?) are considered. After
this selection, the only relevant background category in this range is the combinatorial
one'®. This contamination is subtracted, injecting combinatorial-background candidates
from the right-hand mass sideband (m € [5.6,6.2] GeV/c?) with negative weights. The
weight w; associated to the i-th candidate is the ratio between the probabilities to observe
a combinatorial background candidate with the decay time ¢; in the two mass windows,

5.32 GeV/c —a(t)m
W f 5.23Gev/c2 © dm (3.26)
i 62GN/E (i m | :
f ()’GeV/c2 m

where the integrand function is the invariant mass probability density function (pdf) for the
combinatorial background, conditioned by the decay-time value. The whole expression of
the function «(t) is reported in Eq. in Section [3.7.4 where its origin will be explained.
With this weighting, the dependency of the decay-time shape of combinatorial-background
on the invariant mass is properly taken into account in the subtraction.

Simulation reweightings. The trigger, stripping, and BDT requirements described
in Sections |3.1.2] and |3.1.4] are directly applied to all simulated samples. Instead, the
effects of the PID requirements are included assigning a proper weight to each simulated
candidate:

w; = ep+ (i, 0 )ew- (i 0;) (3.27)

where p* and n* are the momentum and the pseudorapidity of the two final-state particles
of the i-th candidate. The symbols €,+ indicate their respective PID-efficiency maps
presented in Section Besides, the residual discrepancies between the B meson

13A very small contribution from the B® — 777~ and B? — KK~ decays, misidentified under the
K+~ hypothesis, and B? — 77 K~ decays is present, but it is estimated to be around 1.5% of the
BY— K*r~ contribution, hence negligible.
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Figure 3.21: Distribution of the (left) B momentum and (right) pseudorapidity for H,— hTh'~
decays from (black histogram) background-subtracted data, (blue dots) fully simulated B° —
K7~ decays, and (red dots) B®— K7~ decays after the weighting procedure described in
the text. Distributions are shown for events surviving (top) the selection optimised for the
B — 777~ decay and (bottome) the selection optimised for the B — K+ K~ decay.

kinematics observed in data and simulation are corrected with an additional weight,
concerning the two-dimensional distribution of momentum, p, and pseudorapidity, 7.
The target pdf is provided by the background subtraction described in Section
Figure shows, as an example, the comparison between the p and 7 distribution of
data and simulated B° — K7~ decays, together with the distributions obtained after
the reweighting.

Acceptance determination. The decay-time pdf for the B — K+n~ decay is

P(t) = K e tdle(t), (3.28)
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where K is a normalisation constant, I'y = 0.6579 4 0.0017ps~! is the decay width
of the B meson [138] and &(¢) is the decay-time acceptance. In general, the other
B?S) — h™h'“modes have different distributions:

Ppo(t) = K e tate(t), (3.29)
)= Ke M), (3.30)
ops(t) = K [e7TH + e g(1), (3.31)
=K [(1 — A?F)G_FHt +(1+ A?F)e_FLt} e(t), (

where the subscripts B?, A, BY FS and B?,CP refer to B® meson, A} baryon, B’
meson decaying to flavour specific final states, and B? meson decaying to CP eigenstates,
respectively. The same expression holds for all B® decays because of the negligible
difference between the decay widths of its mass eigenstates (AI'y ~ 0) [4]. The parameters
I', and 'y are the decay widths of the mass eigenstates of the BY system; A?F is the
value of the CP violation parameter defined in equation (|1.43); I’ A0 18 the decay-time
width of the AY baryon.

The background-subtracted and simulated samples are fitted according to the distri-
butions in Equations (3.28]) to , where the decay-time efficiency is described using
the effective function

e(t) ocl + by tanh (by(t — b))+

dy tanh [d2(t —do) + ds(t — do)? + dy(t — do)?’}, (3.33)

that is observed to provide a good description of the acceptance for all cases. All the
physics parameters are fixed to the values used in the simulation and only the parameters
of the decay-time acceptances ({b;} with j = 0,1,2 and {d;} with £ =0,1,2,3,4) are
free to vary in the fits.

Besides, the decay-time acceptance is observed to depend on the ability of the SS-tagger
to take a decision. Hence, the fits are repeated once for the total samples (irrespectively
of the SS-tagging) and once for the subsamples containing only SS-tagged candidates,
determining distinct acceptances for the two cases. The results of the best fits are
reported in Figure [3.22] overlaid on the background-subtracted B®— K*7~ candidates
corresponding to the 2018 data-taking period. No significant difference is observed between
different data-taking periods.

As an example, Figure [3.23] illustrates the ratios between the decay-time acceptances
determined from the simulations of B - K+*K~ and B® — K*7r~ decays, with and
without applying the PID weighting. These ratios are finally exploited to multiply the
acceptance estimated from the B® — K7~ data and get the final acceptances for all the
other decays.

Because of technical reasons, the final fit exploits cubic spline functions to implement
the acceptances. For each component, the acceptance is calculated in the following decay-
time values: {0.2,0.27,0.4,0.6,0.8,1,1.25,1.75,2,2.3,3,4,5,6,7,8,9}. Then the points
are interpolated by a cubic spline function. Several checks showed no relevant deviation
between this implementation and the original functions [120].
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Figure 3.22: Distribution of background-subtracted candidates in the mass window 5.23 < m <
5.32 GeV/c? of the K7~ sample. The result of the best fit, using the PDF defined in Eq. ,
are overlaid with a blue line. The shape of the decay-time acceptance determined from the fit is
also represented by a red line. Candidates are those from the 2018 data-taking period surviving
the selection optimised for the (top) B®— 777~ and (bottom) BY — KK~ decays. On the
left the entire selected candidates are used, while on the right only the candidates for which the
(top) SS tagger and (bottom) SSk tagger have been able to take a decision.
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3.6 Final state asymmetries

B9
The time-integrated CP asymmetries (ACP ) deviates frorn the raw asymmetries of the

yields of the charge conjugated flavour-specific decays (Araw ), because of two experimen-
tal effects: the production asymmetry (Ap) and the final state asymmetry (A¢). The
definitions of these quantities are:

AB?S) B(E? — f) - (BO - f) 1
¢ " B(BY, — )+ BBY, — /) -
AB?S) N( )y~ f) - ( - f) )

raw N( —>?)—|—N(BO = f) .
R(B ) R(BY,)
Ap = R(BY,)) + R(BY,) (3.36)
_ Etot(f) — iot(f)
" o) + etor(f) (3.37)

where B stands for the branching fraction, N is the experimental yield, R is the production
rate of the B?S) or E?S) mesons, and €y is the total efficiency in the reconstruction and
selection of the flavour-specific final states f and f (f = K+~ for B® mesons, whereas
f = K 7" when B? mesons are concerned). The raw and the production asymmetries
can be extracted by the final fit (Section . On the contrary, calibration samples are
needed to estimate the final state asymmetries. They are actually due to the sum of two
contributions:

Af — AKW + APID? (338)

namely the detection asymmetry between the K*7~ and 77K~ final states, AX™, and
the asymmetry between the efficiencies of the PID requirements applied in the selection
of the candidates in the K*77 final states, ALT,. These asymmetries are defined by

KT ep(mtK™) —ep(Ktn)
ep(mtK~) +ep(K+m)

epp (7T K™) —epp (K T77)

epmp (Mt K =) + epp(KTm)

(3.39)

Knr
APID -

where ep and epyp are the detection and PID efﬁciencies, respectively. Since Ag;i is defined
with the opposite order with respect to ACP, the CP asymmetries for B — K7~ and
B?— 7t K~ decays are defined in the following as

Acp = Avaw + CAy, (3.40)

where ¢ will be equal to -1 for the B mode and +1 for the BY mode, respectively.

103



Table 3.23: Results for the final-state detection asymmetries.

Year AB™ (%)

2015  —0.965 £ 0.314
2016 —1.052£0.129
2017 —0.936 £ 0.132
2018 —0.948 £0.123

3.6.1 Asymmetry of detection

The strategy adopted to determine the final state detection asymmetries was validated in
previous measurements performed by the LHCb collaboration, and the earlier versions of
this analysis have already benefitted from it. The method involves the measurement and
the combination of the raw asymmetries of two calibration modes: DT — K-7t7" and
DT — K%, In these cases, the raw asymmetries definitions are

Affmm = ABT 4 AT 4 AT (3.41)

raw
0 + 0
AR ™ =AD" + AT — AKX (3.42)
where A113+ is the production asymmetry of the D™ meson, the Ap asymmetries are the
final-state detection asymmetries for the various particles, and null CP asymmetry is

expected in these modes. The difference between the relations (3.41))-(3.42) provides:

ARm — AKmm _ AKm_ AKY (3.43)

raw raw

Since the interaction cross-sections of the K+ and K~ mesons with the detector material
depend on the kaon momentum, AX™ has been measured in different momentum ranges
in an LHCD internal note [139]. Kinematic reweight was applied simultaneously on the
momentum and the transverse momentum of the D" and 7+ mesons to guarantee a perfect
cancellation of AB" and A7, between the two decay modes. The final-state detection
asymmetry for the K° meson was taken as an external input from a previous LHCb
measurement [140]. It is equal to AK" = (0.054 + 0.014)%, and includes both the CP
violation of the K — 77~ decay and the different interaction rates of the K° and K°
mesons with the LHCb detector. Effects due to left-right asymmetries of the detector are
removed averaging the measurements performed with opposite polarities of the magnet.

The final detection asymmetry is the result of the convolution between the values of
AK™ and the kaon momentum distributions coming from the B — K*7~ and B — 77K~
samples, obtained by applying stringent invariant mass requirements around the two
signal peaks. The residual contamination due to the combinatorial background is found
to be negligible. The integrated definitive values of the final-state detection asymmetries
are reported in Table [3.23] Since no significant difference is found for the two signals, a
unique value of AE™ is quoted.

3.6.2 Asymmetry of the PID efficiencies

The correction for the CP asymmetries due to the PID requirements utilises the PID
efficiency maps created in Section From the maps, PID asymmetries as a function of
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Table 3.24: Final results for A{fﬂg.

Year ALTE (%]

2015 —-1.2+0.7
2016 0.5%+0.3
2017 08+04
2018  0.7£0.3

the final-state particle kinematic are produced. Then, the PID asymmetry for the K
final state as a function of the two-track kinematic is

A]ID(ID(pKa 77K7 (ZSK) - AgID<p7h 777T7 (bﬂ)
1 - A]ID(ID(pKv K, (bK)AgID(pW; Nrs ¢7r) ’

AII’{ITD(pK>nK7¢K>p7r777m¢7r> = (344)

where AL (P, K, ¢x) and A% (pr, N, @) represent the PID asymmetries of kaons and
pions as function of their kinematic. The final integrated value of the PID asymmetry
AKR is obtained by a convolution with the phase space of the B?s) — h* I/ ~decays. Such

results are listed in Table [3.24] where the uncertainties are obtained similarly to those of
the PID efficiencies (Section [3.2).
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3.7 Fit strategy

This Section describes the model that is adapted to the data to determine the CP violation
parameters. The model describes the distributions of the following observables:

e the invariant mass, m;
e the decay-time, t;

e the tagging decisions, &y, and the mistag probabilities, 7., for both the OS and
the SS taggers (tag = OS, SS);

e the associated final state, namely the satisfaction of the PID criteria related to the
various exclusive final states. This is encoded by the observable ¢ € {—1,0, 1,2},
whose values are associated to the 7t K—, n#t7~, K*n~, and KTK~ final states,
respectively. When B?s) — h*I/~decays are concerned, the cases 1 = %1 correspond
to flavour-specific decays: they will often be resumed as “FS” final states. Instead,
when ¢ € {0,2}, the final states are CP eigenstates: they will be labelled with

(CCP” .

The whole set of observables will be indicated by the vector ¥ = (m, t, g;ag, Thag, ), Where
in turn: ftag = (5087 SSS) and ﬁtag = (77087 USS)-

Four different components are found to be significant. Each one involves various
contributions, which are similarly treated. They are:

e signals: B?S) — hTh/~decays, where the final state particles have been correctly
identified;

e cross-feed backgrounds: B?s) — h™h'~decays where at least one of the final state
particles has been misidentified;

e partially reconstructed (or 3-body) backgrounds: B?S) — hTh'~ X decays,
where only two out of the three daughters are reconstructed and used to form the
B?S) candidate;

e combinatorial backgrounds: candidates composed by random pairs of oppositely
charged particles coming from different decay chains.

Their probability density functions (pdf) are deduced from: physical expectations',

expectation from simulated samples, and templates from adequate data samples. They
are fully described in the rest of this Section. Most of these considerations are supported
by the previous analyses [120}/121]. In particular, the fit model is complicated by the
correlations among the observables that are schematically summarised in Figure |3.24

3.7.1 Signal model

The signal modes are:

e B~ K7~ and B?— 77K~ when the K*nT final states are concerned;

In particular for decay-time distributions of the signal and cross-feed components.
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Figure 3.24: Schematic summary of the dependencies among the various aspects of the fit model.

=D SS tagger decision

e BY— nfr~ and B?— 71—, when the 777~ final state is concerned;

e B K*K~ and B~ KTK~, when the K*K~ final state is concerned;

Their invariant mass distributions are found to be independent of the other fit observables.
Hence, the generic signal pdf can be factorised:

psig(f) = psig(m) . psigw (tv étag> ﬁtag)' (34‘5)

The pgg(m) function is analogous for final states, whereas pgg, . (t, Etags Mhag) changes between
the FS and the CP cases because of the different expected decay-time distributions'®. The
flavour-tagging information can be treated similarly for all cases:

psigw (tv gtaga ntag) = psigw (t) QSig (ta éagv ﬁtag)a QSIg(ta gcag; ﬁtag)); (346)

where Q¥8(£, €, Thag) (" (£, Eag, Tag)) i the probability associated to the Bl (B,)
tagging decision. They depend on t because of the correlation between the SS-tagger
decision and the decay-time acceptance. For these reasons, the signal model is introduced in
three steps: first of all the invariant mass pdf is described, secondly the distributions
are explained (they contain the target CP observables and the parametrizations of the
experimental effects), finally the € functions are presented.

Invariant mass model for signals. Studies on fully simulated events showed that the

following pdf provides a good description of the invariant mass shape for the signals:

psig(m) = (1_ftail>[fg'G1 (ma u+57 01)+(1_fg)'G2(m7 M+57 02)]+ftail'J(m> M, 67 01, Qq, a?)
(3.47)

15See the equations from (1.35) to (1.38).
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Table 3.25: Tail parameters of the invariant mass model for the signal candidates, as determined
from fits to fully simulated samples. These values are fixed in the final fit.

Decay Selection w7~ Selection K+ K~

(03] (6%) (0%} (6%)]
BY— K*7= | 0.650 & 0.013 | 0.574 4+ 0.007 | 0.664 £ 0.013 | 0.565 £ 0.007
B — wtn— 0.694 £+ 0.013 | 0.578 £0.007 | 0.721 +0.012 | 0.561 4 0.006
B — K*K~ | 0.565 4 0.037 | 0.604 4+ 0.023 | 0.549 + 0.033 | 0.600 £ 0.021
BY— K+*K~ | 0.598 4 0.012 | 0.560 & 0.007 | 0.610 £ 0.011 | 0.547 4 0.006
BY— 7K~ | 0.660 £ 0.048 | 0.606 £ 0.022 | 0.704 + 0.046 | 0.586 + 0.020
BY— 0.676 £ 0.050 | 0.579 £0.019 | 0.696 4 0.047 | 0.559 4+ 0.018

where G(m, p+6,01) and G(m, i+ 0, 02) are two Gaussian functions with the same mean
i+ 6, widths o and oy, respectively, and with relative fraction f,. The variable x is
fixed to the B® or B? masses [4]. The parameter f,; is the relative fraction between the
sum of the two Gaussian functions and the Johnson function, J(m, u,d, 01, oy, as), used
to describe the asymmetric tails, is

Q2 1 11 N2
J(m, 1, 0,01, a1, a0) = exp |—=(aq + agsinh™ 2)7| | 3.48
(m. 1,01, 0s) o1/ 27 (1 + 22) p{ 2(1 2 ) (3.48)
where the parameter oy is shared with the first Gaussian and z is defined as
— )
= [M] ' (3.49)
01

In the final fit all the parameters are left free to vary except for the parameters describing
the tails (a1, g, fiaus), which are fixed to the values determined from a fit to the invariant
mass distribution of fully simulated samples. Such samples underwent the same selection
as the data, with PID requirements applied by means of the same reweighting already
introduced for the determinations of the decay-time acceptances (Section [3.5)). Table [3.25)
lists the final values of these fixed parameters.

Decay-time models for FS signals. For a flavour-specific decay like the BY — K7~
and the BY — 7t K~ the distinction between the two charge-conjugate finals states
(K*n¥), for which the observable 1) assumes the value +1 and -1, is mandatory. The
rates as a function of the decay-time are expressed by

Psigpg (tv QSig(tv éag? ﬁtag% QSig(tv éagﬁ ﬁtag)) :K_l(l - ¢ACP)(1 - ¢Af)
{ [(1 — Ap)FE + (1 + Ap)ﬁ“g] Ho(t)+
" [(1 AR (14 Ap)ﬁsﬂ H_(t)},
(3.50)

where K is a normalization constant, Acp is the direct CP asymmetry, Ap is the production
asymmetry, Ay is asymmetry of the final-state reconstruction and selection.!® It is

16Such asymmetries are defined by the equations (3.34)), (3.36), and (3.37)), respectively.
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advantageous noting that, when terms of the second order are neglected, the product
(1 —vAcp)(1 —1As) can be written as Acp + Af up to a very good approximation. Hence,
in the fit A; will be fixed to zero. The fit will determine the quantity A,.., = Acp + A,
that will be corrected a-posteriori using the values of Ay determined in Section |3.6|

The functions H, (t) and H_(t) are

H,(t) = [exp(—f‘t’) cosh (%t')} ® R(t —t'),
H_(t) = [exp(—=Tt") cos(Amt")] @ R(t —t'),

(3.51)

where I' is the average width of the B meson decay, AI' and Am are the decay-width
difference and mass difference between the mass eigenstates. The function R is the
decay-time resolution model, namely a Gaussian, whose mean and standard deviation
were determined in Section [3.3

Decay-time model for CP signals. For the decays to CP-eigenstates, the final states
f and f are the same, hence the observable 1) is not necessary. The time-dependent decay
rates are described by

psigcp (tv QSig (t, éaga ﬁtag) Slg (t ftaga 77tag))
K- Ap) 09+ (14 4p) 07 1, (1) + (3.52)
(1= 4p) 0% — (14 4p) % - (1)},

where K is a normalisation constant. The functions I, (t) and I_ (¢) are

I (t) = {e—“/ [cosh <%t’> — A" sinh ( )} } @ R(t—t) (3.53)

I_(t)= {e_rt, [C cos (Amt') — Sy sin (Amt’ )]} QR(t—1). (3.54)

The parameter A?F could be parametrised as

APT =4\ /1-CF - 53, (3.55)

where the ambiguity in the sign of this relation reflects the invariance of the decay rates
under the exchange (AT, ART) — (—ATl, —A?"). In the case of the B"— 7"~ decay,
where AI' can be assumed negligible, the ambiguity is not relevant, in contrast to the case
of the B — K™K~ decay. Alternatively, A?F can also be left free to vary in the fit, as it
is done in this analysis.

Signal tagging probabilities. The functions Q%€ and Q" are the probability functions
for the flavour tagging observables (£os,&ss, Nos, Nss) and t. The decay-time acceptance
is different for SS-tagged and SS-untagged candidates, whereas no difference depending
on the OS-tagger decision is observed. This means that the € functions can be factorised:

Q8(t, £os, Ess, Nos, Tss) =k (Eos, 1os) Q&S (¢, Ess, Mss) (3.56)
Slg(t €os: s, M08, Mss) =Qog(€os, os) Qss (£, Ess, 1ss), (3.57)
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where Q2% and Qos are:

5 €05 10s) = {3con 1288 [1 = wE8005)| + G2 €58 w8 005) | K (05) +

| (3.58)
(550370 (1 - 5SOlgS> U(ﬂos),
Q¥ (¢os, Mos) = {5£os,—1 Eol [1 - @%(%s)} + Ogos,1 o @gg(??os)} hos (nos) + (3.59)

O¢os,0 (1 — zg_SOIgS) U(nos),
while Q3¢ and ﬁ;isg are

OF5(t Ess, mss) = {Oess,1 €35(8) |1 — B (nss) | + Gess, 1 <BE(1) EE nss) b 1) o
dess.o [2(t) — <B5(1)] Ulmss),
O (€s, mss) = { e, 1 288() |1 — &8 (mss) | + b1 255(8) @3¢ (nss) | RS () +

(3.61)
Otss, 0 [5(75) —?sfsg(t)] U(nss)-

In these equations ei‘ifg (éifg) (tag = OS, SS) is the efficiency for B (B) meson to be tagged,
which depends on the decay time SS-tagger case, £(t) is the decay-time acceptance indepen-
dent of the decision of the SS-tagger, such that e(t) — e3£(t) is the decay-time acceptance
for candidates that are untagged alccording to the SS-tagger, Wiy (Mag) (Wrag(Thag)) 18
the mistag probability for the B (B) meson as a function of the predicted mistag nag,
hi;g(ntag) is the pdf describing the distribution of 7i,g up to 74,e = 0.5 that is the limit
above which the candidate is considered untagged, U (1) is a uniform distribution of
Thag i the range 0 < e < 0.5. The functional dependency between 7,g and wiag is given

by the relations

wf;gg("? g) = pgag + pgag (ntag - ﬁtag); (362)
@;gg(,r] g) = tag + p (ntag - ﬁtag)a (363)

where ntag is the average value of 7., over htag (Mtag)- In order to reduce the correlation

tag t t . .
among 5tag and & Etag, and py*®, po'®, p1*®, and P8, these variables have been parameterised

in the following way:

st (1 4 ATE), (3.64)
gsie —f;gg 1— Aeifg), (3.65)
o =Py (1 + Apg™®), (3.66)
Po® =Py (1 — Apg™®), (3.67)
P = (1 + Apy™®), (3.68)
P =pE (1 — Apy®), (3.69)

where p po £ and Apo 1 are the average and the asymmetry between po £ and po £, respectively,

and &8 and A8

tag tae are the average and the asymmetry between ei, and &5, respectlvely

The dependency from the decay-time is considered only for the averaged efficiency £5§
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and not also for the asymmetry Agtag The strategy used to determine the decay-time

acceptances (t) and £35(t) was reported in Section

It is important to note that all the parameters in Equations (3.64) to are free to
vary in the final fit and are determined thanks to the information from the B — K+7~
decay. The only exception are the asymmetry parameters of the SSx tagger for the B?
meson, that are fixed to the values obtained by fitting the B?— D,r~ calibration sample
with the model defined in Equation

3.7.2 Cross-feed background model

Now the following cases are considered:
e B%— w1~ and BY— KK~ decays misidentified as K*77 final states (CP — FS);
e B%— K*7~ decays misidentified as 777~ and KTK~ final states (FS — CP);
e A — pK~ decays misidentified as K™K~ final states (A) — CP).

Further contributions, due to double misidentification, are found to be negligible.

The models for the cross-feed backgrounds are similar to those for the signals. Nonethe-
less, some modifications are necessary to include the effects of the wrong PID selection.
The following paragraphs account for these models.

The main issue about the cross-feed backgrounds is that their invariant mass peaks
are very close to the signal peaks and overwhelmed by the latter. Hence, the estimation of
the cross-feed yields is highly non-trivial. The crucial point is that, a cross-feed mode for
a certain final state is at the same time a signal mode for another one!”. The approach of
this analysis is to simultaneously analyse all the final states connecting the yields of the
cross-feed background to those of the corresponding signals with the relation:

i (Bl = W)

3.70
En+h— (B(s)_> h™h'~ ) ( )

Niyej- (BL = W=y = N(BY — h*h'~ ). -

where:  Nj.j, (Bl — h*h'7) is the number of Bj)— h*h'~candidates under the

h*h/~ hypothesis, N (BO h*h'~) represents the number of B?S)—> hth'~events cor-
rectly identified by the PID requirements; the parameters €, (B?S)—> h*h'~) and

5h+h’*<B?5) — hh/7) are the probabilities to assign the h*h/~ and the correct mass hy-

pothesis to the B?S) — h™h/~decay, respectively. In the fit, these PID efficiencies are fixed
to the values determined in Section B.2]

Invariant mass models for cross-feed backgrounds. The determination of these
models involves a Kernel Density Estimation method (KDE) [126] applied to fully simulated
samples. They are selected by the same criteria imposed to the real data (Section .
To properly describe the effects of the PID requirements, weights are assigned to the
simulated candidates using the PID efficiencies. The method is analogous to the one
used to study the signal decay-time acceptances (Ed. ), but the misidentification

17"Except for the A) — pK~ channel, whose expected contribution is small: below 0.5% of the B — K+ r~
yield.
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efficiency maps are exploited now. Subsequently, the KDE method is applied to these
weighted samples to determine non-parametric pdfs. In the final fit, they are convolved
with the same resolution used for the invariant mass of the signal.

Decay-time models for cross-feed backgrounds. The definition of these models
assumes that the decay time calculated under the wrong mass hypothesis is not very
different from the correct one. This hypothesis is verified by fitting the model to the
decay-time distribution of simulated decays reconstructed with the wrong mass hypothesis.

The final states of B — 77~ and B?— KK~ decays are self-conjugate. Hence, the
decay rates of these modes, misidentified in the K*7T final state, do not depend explicitly
on 1. Their time-dependent pdf is:

PCP—FS (t7 QSig (t, f_;aga ﬁtag) Slg (t étaga ntag))
K { [(1 —Ap) O 4 (14 Ap)ﬁs‘g] L (t)+ (3.71)
(1= Ap) 0% — (14 4p) 0| 1 (1)},

where K is a normalisation factor and the dependence on 1 is implicit as B — 777~ and
B%— K*K~ can be misidentified as both K7~ and K~ 7" final states.

In the case of the B — K*7~ decays misidentified in the 7*7~ or KK~ final
state, the information provided by the observation of the two charge-conjugated final
states (K7~ and K~ 7") is lost. This produces the marginalisation of ¢ from the signal

pdf (3.50). As a result:

pFS—)CP<t Q (t gtagantag)v 1g<t gtagantag»
K- { 1+ AcpAy) [ ~Ap) O 4 (1 +AP)§S‘g] Ho()— (3.72)

(Aep + Aj) [1 Ap) Q55 — (1+Ap)ﬁsﬂ H_(t)},

where K is a normalisation constant.

Also in the case of the A) — pK~ decay misidentified in the KK~ spectrum, the
information concerning the flavour-specific final state is lost. In addition, the time-
dependent decay rate of the A) baryon is a pure exponential. Therefore, the tagged
time-dependent pdf of the A cross-feed is:

pA2—>CP (t7QSig (t, ftag7 ﬁtag) Slg (t gtaga ntag))

Kil [ (1 — AP) (1 — Af) (1 — ACP) QSIg (373)
(14 Ap) (1+ Ap) (14 Acp) 0| T (1)
where:
Tt)=e™QR(t—1), (3.74)

K is a normalisation constant, I is the decay width of the A) baryon, Ap is the production
asymmetry of the A) baryon, A is the detection asymmetry of the pK~ and pK™
final states and Acp is the CP asymmetry of the A) — pK~ decay. The functions

Qsis(t, éag Thag) and ﬁSig(t, éag, Thag) Provide the probability of a A baryon to be tagged
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as a B meson or a B meson, respectively. As for the other B?S — h*h/~modes, they
include the decay-time acceptance. Considering the very small contribution of this decay
to the K™K~ final state, the difference between Q58 and °® is neglected and hence the
total pdf is finally rewritten as: K —'T(t)Q%8(¢, éag, Thag)

3.7.3 Partially-reconstructed background model

The partially-reconstructed background is studied from the left-hand sidebands of the
invariant mass spectra. (m € [5.0,5.2] GeV/c?), that is dominated by the combinatorial
and partially-reconstructed background components. The contribution of the former can
be subtracted by injecting candidates taken from the right-hand sideband with negative
weights. The strategy is analogous to that developed to subtract the combinatorial
background from the data sample used to determine the signal decay-time acceptances
(Section [3.5]). In this case, the weights are:

5.2 GeV/c? —a(ti)m
i 6. 2GeV/c —a(ti)mdm' .
5.6 GeV/c?

The integration range at the numerator is changed, as compared to Eq. , to match
the left-hand sideband limits.

The invariant mass distribution of the partially-reconstructed background is found
to be independent of the other observables. Instead, the SS-tagger decision modifies
the decay-time distribution, requiring to have distinct decays models for SS-tagged or
SS-untagged candidates. In addition, the probability f an asymmentry in the tagging
between K Tn~ and 77 K~ final states is taken into account, as suggested by data. Finally,
the tagging asymmetry between the K7~ and K~ 7 final states needs a parametrisation.
The total pdf for the partially reconstructed background is given by the product:

Pabody,, (M, £, Eag, Teag) = Pabody (1) * Dabody (£|Ess) * Pabody (Y160, Ess) - Ung™ (Erags Trag)-

(3.76)
The following paragraphs describe the various factors.

Invariant mass model for 3-body backgrounds. The invariant mass shape com-
prises an ARGUS function [127], convolved with a double-gaussian resolution:

2 m!
P3body(m) = A - 1-— %@(mo —m')e“mo | @ G(m —m'; 0, 01,09, f,), (3.77)
0

where A is a normalization constant, ¢ is a parameter governing the shape of the ARGUS
function, G is a double Gaussian resolution model and ® stands for the convolution
product. The parameters ¢ (common mean of the two Gaussian functions), oy and oy
(width of the two Gaussian functions), and f, (relative fraction between the two Gaussian
functions) are shared with the resolution model used for the signal (Eq. (3.47)). The
ARGUS function can parametrise both the partially reconstructed B and B? decays. In
the first case, the end point of the ARGUS (my) is set to mpo — myo, whereas the value
mpo — Meo is used in the second case. The quantities mpo, mpo, and mro are the world
averages for the masses of the BY, BY, 7% mesons, respectively [4] The left-hand sideband
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of the 777~ sample is well described by a single ARGUS function, modelling the mass
shape of partially-reconstructed B%-meson decays. Similarly, only partially-reconstruced
BY-meson decays need to be modelled, in the KT K~ sample. In the K*7rF spectrum,
instead, both the components are necessary.

Decay-time model for 3-body backgrounds. These decay-time distributions are
described with a non-parametric pdf determined by the application of the KDE method
to the background-subtracted left-hand sideband. The SS-tagged and SS-untagged events
present different shapes. Hence, the decay-time distribution of the partially-reconstructed
background is a conditional pdf:

Ti(t)
Ny

To(t)
Ny ’

+ Oless|,0 (3.78)

P3-body (t1€ss) = Ojegg |

where the T;(t) are the templates obtained from the application of the KDE method and
the NV; are the corresponding normalisation constants.

Tagging probabilities. The pdf for the flavour-tagging observables are:

QPN (Eos, Ess, M08 1) = Log ™ (€os, 10s) - g (€Ess, mss), (3.79)

where the parametrisations of the OS and SS probabilities are similar (tag = {OS, SS})

3-body o 3-body 7 3-body _3-body 3 3-body
Qtag (ftaga Utag) _5ftag716tag htag (ntag) + 5§tag7—1€tag htag (ntag) +

3-bod, _3-bod,
5£tag70 (1 - Etago - Etago y) U(ntag)'

(3.80)

3-body

tag
background candidate as B or B, respectively; hi;lgmdy(mag) is the normalised distribution of
Tag for the partially-reconstructed background events. In the fit, the tagging probabilities

. . . ~3-bod : -bod
are parametrised as a function of their average (5f’ag° Y) and their asymmetry (Agfago ):

_3-body

The parameters ¢ and &g, ° are the probabilities to tag a partially-reconstructed

~3-body

€ ]
ghbody t%(1 + Ak, (3.81)
éB-body
ghbody ta%u — Aci b, (3.82)
The templates used to parameterise hf;g(’dy(mag) are built from histograms filled with the

background-subtracted candidates from the left-hand sideband.

Distinction between the K7~ and K7t final states. For the K*7T sample, the
distinction between the cases ¢ = 1 and ¢ = —1 can not be neglected. To parametrise a
global asymmetry, the variable A>P°% is introduced. Besides, the asymmetry between the
flavour tagging efficiencies Aef,:;Ody may depend on the final state. To include this possible
effect, for both OS and SS taggers, two additional asymmetries have been introduced:
A%’g‘)dy and Ag’SbOdy . In this way, Aef;g‘)dy is the tagging-efficiency asymmetry averaged over

the two different final states, while A%’ls)()dy and A?S"SbOdy differentiate the tagging-efficiency
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asymmetry for K7~ and K~ 7" final states, respectively. These considerations lead to
the function:

(1 — P AZPYY (1 — g ALY ) (1 — héss ASS°Y)
S (L= VAT ) (1 — Eos A ™) (1 — véss Adg ™)

P3vody (¥[€0s; €ss) = , (3.83)

that is a probability function conditional to the tagging decisions é;ag.
The final states of the 777~ and KTK~ samples are CP-conjugated of themselves,
hence this probability function is unnecessary (psbody(¥'|0s,£os) = 1 when ¢ € {0,2}).

3.7.4 Combinatorial background model

The determination of the model for the combinatorial background benefits from the
right-hand sideband of the invariant mass distribution (m € [5.6,6.2] GeV/c?), where only
this component is expected. In a very first approximation the invariant mass shape is an
exponential function with a negative slope. However, further studies show that such slope
depends on the decay time. In turn, this fact implies that the decay-time distribution can
not be directly determined from the right-hand sideband. In addition, the invariant mass
slope and the decay time distribution are correlated with the decisions of both the OS
and SS taggers. Furthermore, the efficiency of the OS tagger depend on whether the SS
tagger was able or not to take a decision. Last but not the least, the tagging efficiency
may change between the K7~ and the K~ 7" samples. To consider all these effects, the
combinatorial background pdf is written as:

Pcomb (f) = Pcomb (m‘ta é:;ag) * Pcomb (ﬂéag) * Pcomb (wyéag) : Qcomb (gcaga 77tag)' (384)

The following paragraphs explain the various terms.

Invariant mass model for the combinatorial backgrounds. The invariant mass
shape is described using an exponential function of the kind

f(m) = N exp(—am), (3.85)

where m is the invariant mass, N is the normalisation constant and « is the slope of
the exponential function. Figure [3.25| illustrates the dependency of the slope on the
decay-time. The plot considers the sample surviving the selection optimised for C+,-
and S;+,—. It is obtained by splitting the right-hand sideband of the 777~ spectrum
into bins of decay time with about 1000 entries each. Then an exponential function is
fitted to the invariant mass distribution of each bin. The black dots report the slope value
extracted by each fit, as a function of the averaged decay time inside the bin. Finally, the
red curve is the result of the best fit to the data points with the empirical function:

a(t) = po{l + tanh[p; (t — p2)]}, (3.86)

where t is the decay time and the {p;} (i = 0,1,2) are parameters free to be adjusted
by the fit. To remove any dependence on the binning scheme, the final values of the
p; parameters, fixed in the fit model,'® are actually extracted by unbinned maximum

18And in all the occurrences of the slope function a(t).
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Figure 3.25: Values of the slope of the invariant mass model of Eq. determined by fitting
the events in the right-hand sideband of the 777~ sample in bins of decay time. The red line is
the result of the best fit to the points of the function in Eq. (3.86)).

likelihood fits in mass and decay time. These fits consider the data of the right-hand
sideband, separated according to the ability of the OS and SS taggers to take a decision,
therefore, four slope functions are necessary to describe the mass distribution for each
final state. The parameters p; determined here are fixed in the final ft to the data. The
total pdf describing the mass distribution of the combinatorial background is:

e—ajk(t)m

Peomb (M, Eag) = D Y GieasliSlessl T e an O (3.:87)

§=0,1 k=0,1

The function «;;(t) returns the value of the mass slope, as a function of ¢, for the
corresponding (j, k)-th tagging category ((j, k € {(0,0),(0,1),(1,0),(1,1)}).

Decay-time model for the combinatorial backgrounds. The dependency of the
slope from the decay time means that the decay-time distribution of the combinatorial-
background candidates observed in the right-hand sideband does not correspond to the
decay-time distribution of the background candidates over the entire mass window. To
study a model able to describe the shape of the decay-time distribution, the candidates in
the right-hand sideband are weighted. The weight w; associated to the i-th candidate is

f6 .2 GeV/c? _a(ti)mdm

OGreV/c2
f 6Gre\/'/c2 m

where a(t;) is computed according to Eq. and t; is the decay time of the i-th
candidate. Subsequently, the weighted sample is used as input for a KDE method [126],
which provides a non-parametric shape. Both the invariant mass slope and the decay
time depend on the ability of the OS and SS tagger to take a decision. Therefore, also
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Figure 3.26: Decay-time distribution of candidates in the right-hand sideband (5.6 < m <
6.2 GeV/c?) of the 77~ sample surviving the selection optimised for the measurement of C, -
and S;+,-. The red points correspond to the candidates weighted according to Eq. , while
the blue points are obtained without considering the weights. The red and blue curve are the
PDF obtained applying the KDE method to the two histograms. Histograms are normalised to
the same area. On the right the plot is a zoomed version of the left plot.

the KDE method is applied on four exclusive subsamples for each spectrum. The pdf of
decay time for the combinatorial background is formally written as:

Poomb (téeag) = > > 5|sos|,a5|sss|k () (3.89)

§=0,1 k=0,1

where T; ;(t) is the template obtained by the KDE method and corresponding to the
(4, k)-th tagging category; N;; is its normalisation constant.

To visualise the effect of the weighting procedure, the decay-time distribution from the
right-hand sideband of the 777~ sample surviving the selection optimised for the C+,-
and S;+,- is reported in Figure |3.26] with and without the weights applied.

To show how much the shape of decay-time for combinatorial-background event changes
depending on the invariant mass, Figure shows the pdf of Eq. projected on

the decay time integrating over different ranges of invariant mass®®

Tagging probabilities. The pdf for the flavour tagging observables is:

Q™ (Srag, Thag) = [gss 18687 + Fegs, 1868™ ] hEE™ (nss)QAGEY (€os, mos )+

com —COom com (390)
Ogss,0 (1 — £63™ — £8™) U (nss) Q585 (Sos, mos),

9The double bump structure is an effect of the size of the kernel used in the KDE method that was
tuned to follow the steep increase of the shape at low decay time and followed the dip in the data. That
does not affect the fit to the CP asymmetries as it is compatible with a statistical fluctuation in data.
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Figure 3.27: Projection on the decay-time of the PDF of combinatorial-background candidates
described in Eq. . Each curve is obtained integrating over different ranges of invariant
mass m: (red) 5.6 < m < 6.2GeV/c?, (green) 5.23 < m < 5.33GeV/c?, (blue) m < 5.2 GeV/c?
and (black) 5.0 < m < 6.2 GeV/c2. The plot on the right is the zoomed version of the plot on
the left.

where the functions QFE (€os,10s) (j = 0,1) are the probability functions for the OS
taggers and are defined as

055 (§0s: M0s) = [0eos, 1858 + Oeos, 18055 ] A (10s) +

comb —comb

(3.91)
Ogos,0 (1 — €08,j — €0s,j ) U(nos),

where: R{27" (nag) is the distributions of 1, described using histograms taken from the
right-hand sideband (tag = OS, SS); U is a uniform distribution; 5£§g“b and é*ggglb are the
efficiencies to tag a combinatorial background candidate as B or B, respectively, by the

corresponding tagger. For numerical reasons they are implemented as

comb __ éggglb(l + A comb) (3 92)
8tag - 9 gtag ) .
~comb
é:comb o 8(€gg (1 - Agcomb) (3 93)
tag - 9 tag ) .

such that the fit to data determines the average efficiency to tag a combinatorial background
as B or B (&), and the asymmetry between the two efficiencies (Aefom™). For the OS
tagger, the distinction labelled by the index 57 = 0,1 is used to differentiate the OS-tagging
efficiency between cases that have {gg = 0 (i = 0) and &ss # 0 (¢ = 1). In this way, for
example, ég’él}('f is the efficiency for the OS tagger to tag a combinatorial-background event
in case the SS tagger has not been able to take a tagging decision, while ég’é?f is the
efficiency for the OS tagger to tag a combinatorial-background event in case the SS tagger

has taken a tagging decision.

Distinction between the K7~ and K~ 7" final states. Concerning the distinction
between the cases 1 = +1, the same considerations already reported for the partially-
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reconstructed background hold. Therefore, with an analogous notation:

(1 — P ALEPY (1 — PEos AZTP) (1 — PEes AZZ™P)
com 5 = . 394
Peom (¥]€0s, &ss) >y (1 — ACID) (1 — os ASTP) (1 — Péss AZ™) (3.94)

On the contrary: peomb(1|€0s; Ess) = 1 when ¢ € {0, 2}.

3.7.5 Summary of the fixed parameters

The following parameters are fixed in the final fits to data:

e the parameters oy and a, appearing in Eq. and governing the tail of the
invariant mass signal model. Their values are listed in Table [3.25} besides, tail
fraction f,4 and the fraction between the two resolution functions f,; (Eq.s —
(3.77))) are fixed to value determined from full simulation: 0.15 and 0.77, respectively;

e the end point of the ARGUS functions governing the partially reconstructed B
decays, namely m in Eq. ; when the model describes B partially reconstructed
decays the end point is fixed to 5.1446 GeV/c?, while when the model describes the
BY partially reconstructed background the end point is fixed to 5.2318 GeV/c?;

e the shapes of the decay-time acceptances for the B?S)—> h*h'~decays are fixed
according to the strategy described in Section [3.5}

e the values of Amgy, Am,, ATy, T'y and AT, for the B® and B? decays, entering
Eqgs. (3.51) and (3.51), are taken from HFLAV [138]. They are listed in Table [3.26]
Instead, the value of I'y; is left free to be adjusted by the fit as a further cross-check
of the robustness of the procedure used to describe the decay-time acceptance;

e the mean and width of the Gaussian function accommodating the decay-time
resolution, R(t — t') in Eqs. (3.53]) and (3.51)), are fixed to the value reported in
Table [3.18

e the PID efficiencies €,,+,/—, governing the relative yields between the correctly identi-
fied and misidentified B?S) — hth'~decays (Eq. (3.70])), are obtained in Section ;

e in the case of the measurement of Cx+x-, Sg+x- and Aﬁﬂ x—, the parameters
governing the calibration of the SSx tagger for the B? mesons are fixed to those
reported in Table

e the parameters governing the dependency of the mass slope from the decay-time for
the combinatorial background, namely po, p; and py in Eq. (3.86]), are fixed by the
fit to the right-hand sideband described in Section [3.7.4]
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Table 3.26: Values of the parameters Amg, Amg, ATy, T's and AT's that are fixed in the fit to
data. Used values corresponds to averages computed by the HFLAV collaboration [138]. In the
case of I'y and AT's the values are those reported in Ref. [141], i.e. the combination of the LHCb
measurement of these quantities using B — JayK T K~ and BY— J/ipmT 7~ decays. Since these
values will be used to determine a systematic uncertainty, we report also their errors. For the I'g
and AI'y parameters we also report the correlation factor between these two quantities.

Parameter Value

Amy 0.5065 £ 0.0019 ps~—*
AFd 0 pS_1

p(Fd, AFd) 0

Amg 17.757 £0.021 ps~!
Iy 0.6562 £ 0.0021 ps~—*
AT, 0.082 4 0.005ps—!
p(Ls, AT) —0.170

3.8 Fit results

The fit model described in the previous Section is adapted to data with an unbinned
maximum-likelihood fit, simultaneous to all the final-state samples. The most relevant
physics results are reported in the following.

The yields of the various components are reported in Table [3.27. The parameters
of the flavour tagging calibration for the OS and SS tagger (Equations (3.62)) to (3.69))
are extracted directly from the fit, thanks to the flavour-specific B — K7~ decay?".
Their final values are listed in Table [3.28] The results for the production asymmetries of
the B® and BY mesons are reported in Table [3.29] They are all consistent between the
various years. The decay width of the B® meson obtained from the fits (Table is in
agreement with the world average.

The Figures and illustrate the raw time-dependent asymmetry of the K*rF
spectrum obtained from the invariant-mass region dominated by the B — K+7~ decays
(m € [5.20,5.32] GeV/c?) and by the BY — 7t K~ decays (m € [5.32,5.45] GeV/c?),
respectively. The quality of the fits is in general very good as shown by the Figures
from [3.32] to [3.49] The statistical correlations among the CP-violation parameters are
reported in the Table M The correlations between Crt -, Syt Ag?N and Ag%v are
taken from the fits to the samples surviving the selection optimised for the B® — 7n+7~
decays. The correlations between Cg+ -, Sg+xr- and A%E - are taken from the fit to the
samples passing the selection optimised for the BY — K™K~ decays. For the remaining
cases, the largest value between those observed by the two fits is assumed. The biggest
correlation is that between Cr+,- and S;+,- (= 40%), whereas the other correlations are
well below the 10%. For completeness, the Tables and document the correlation
matrices relative to the two fit separately.

The CP-violation parameters obtained by this analysis, utilising the 2015-16 sample, are
in agreement with the ones reported in the latest LHCb publication, and concerning the

20 And to much minor extent to the BY — 7+ K~ decay.
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same data-taking period?!:

Parameter Ref. [24] this thesis
sample 2015-16 sample 2015-16
Crotn —0.311£0.045  —0.314 & 0.047
St —0.706 £0.042  —0.708 & 0.043
ABY —0.0903 & 0.0033  —0.0905 4 0.0034
AL 10.238+£0.013  +0.238 +0.013
Cr+x- +0.164 £0.034  +0.159 + 0.036
Skt k- +0.123£0.034  +0.137 £ 0.036
ARL —0.833+£0.054  —0.850 + 0.056

where the C+,—, Sptr-, Af;iv and Aﬁ%v are taken from the fit to the events surviving the
selection optimised for the B — 77~ and using the OS and SS tagging information,
while Cg+x-, Sk+x- and A%E - are obtained from the fit to the events surviving the
selection optimised for the B — K+ K~ and using the OS and SSy tagging information.

The CP violation parameters measured with 2017 and 2018 data samples are:

Parameter this thesis this thesis
sample 2017 sample 2018
Crtr —0.303 £ 0.050 —0.314 £ 0.047
Srtn- —0.738 4 0.047 —0.727 £0.044
Agf,v —0.0901 £ 0.0038 —0.0856 =+ 0.0035
A 10.262 4 0.014  +0.246 £ 0.013
Cr+x- —0.032 £ 0.037 +0.011 £ 0.032
Sk+r- +0.133 £ 0.037 +0.204 £+ 0.032
A%EK, —1.008 £ 0.057 —0.952 £ 0.053

. 0 BY . .
The raw asymmetries, AZ and Ay, are consistent between the various years and, once

raw

they are corrected for the detection asymmetries reported in Tables and [3.24] they
lead to

Parameter this thesis this thesis
sample 2017 sample 2018

Ag; —0.0887 £+ 0.0038 4+ 0.0042 —0.0831 4 0.0035 + 0.0042

Ag}; +0.261 + 0.014 + 0.004 +0.244 + 0.013 4+ 0.004

where the first uncertainty is statistical, and the second comes from the uncertainties due
to the detection-asymmetry corrections. These quantities are very compatible between
all the data-taking periods. The CP-violation parameters of the B® — 7t7~ decay,
Cr+-— and S;+,-, as well as the parameter A%EK, for the BY— K™K~ decay are also
consistent between all the data-taking periods. Instead, the values of Ci+ - and Sg+g-
show a discrepancy exceeding the 3 standard deviations between the 2015-16 and the

2IThe slight increase of the statistical uncertainties is due to minor modifications in the setup of the
BDT training, which reduced the signal and background yields. This effect was checked performing the
analysis after the application of the old BDT. Since the overall change of the uncertainties is very small
and the new BDT relies on a more recent version of the TMVA package, it was kept anyway as the
baseline solution.
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Table 3.27: Yields of all the components contributing to the final-state samples as determined
from the fits to data.

Selection 777~

Parameter Year
2015-16 2017 2018
N(B°— K*tr™) 111760 £ 360 92080 £+ 320 104650 + 350
N(B°— 7rn™) 36460 £ 210 29620 £+ 190 34070 4 200
N(B°— K*K‘) 47560 £ 250 40230 £ 230 46240 £ 240
N(B0 —ntK™) 8410 £ 120 6970 £ 110 7940 £ 120
N(BY— 7rn™) 1262 + 59 1070 £ 52 1004 £ 53
N(BO—> KtK )k 760 + 90 551 4+ 81 712 £ 83
N(/l0 — pK™) 190 £+ 48 165 £ 66 171 £55
N3 —body g+ ) 5160 £ 100 4693 £+ 97 4920 £ 110
N(3— body et .+ 1) 19750 £290 15980 £+ 250 17900 + 260
N (3 —body st 2) 4800 4 310 3720 4+ 270 4290 4 280
N(3 —body, .+, - ) 23000 £ 170 17890 + 150 20180 % 150
N(COMBg+g-) 6480 4+ 140 5090 £ 130 6000 £ 140
N(COMBg+,+) 9560 + 140 7100 £ 120 7330 £ 120
N(COMB+,-) 14390 &£ 150 10830 £130 11580 + 140
Selection K™K~
Parameter Year
2015-16 2017 2018
N(B°— K*n™) 147140 £ 430 121540 £ 380 140330 £ 410
N(B°— rn™) 47290 £ 270 38620 £ 240 44420 £ 260
N(B?— KTK™) 62810 + 290 52950 £ 270 61440 % 280
N(B?— 7m"K™) 11170 £ 150 9290 4+ 130 10600 £ 140
N(B?— nn™) 1590 + 110 1406 + 89 1287 4+ 91
N(B— KTK™) 1111.737 £ 110 780 4+ 95 1000 £ 100
N(/lg — pK™) 150.744 £+ 94 250 £ 100 140 £ 70
N(3 = body g+ ) 8420 + 140 6530 4+ 120 7750 £+ 130
N(3 body e+ ) 27250 £ 390 21940 £330 25420 % 350
N(3 - bOdYKiﬂ—I,Q) 7300 % 440 5950 =+ 360 6260 £ 380
N(3 —body, +,-) 31520 £+ 220 24650 £ 190 28360 % 200
N(COMBg+g-) 24080 =+ 220 19760 200 20930 + 200
N(COMBg+,+) 57670 £ 310 42070 £ 260 44160 £ 270
N(COMB,+,-) 84430 =+ 360 61780 £300 65280 4+ 310

other data-taking periods. This issue motivates the studies documented in the following
Section [3.8.1] They have lead to the exclusion of several eventual sources of systematic
error, however the cause of the discrepancy has not been found yet. At the time of writing
this Thesis, the effect on the decay-time bias due to the VELO misalignment reported in
Ref. |142] is under investigation thorough simulation studies.
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Table 3.28: Values for the calibration parameters of the flavour tagging obtained from the
fits. The value of fpg and 7jgg are fixed in the fit. The calibration parameters of SS are not
determined for the Selection optimised for the B?— K+ K~ since the SSk is used instead in
that case. The values of the effective tagging powers (e.rs) calculated from the fit results are
also reported, distinguishing and combining SS and OS taggers.

+

Selection 77~

Parameter Year

2015-16 2017 2018
ég"g 0.3694 + 0.0015 0.3710 £ 0.0017 0.3714 £+ 0.0016
Asgg —0.0169 £+ 0.0061 —0.0001 4+ 0.0066 —0.0048 4+ 0.0062
pgs 0.4041 £ 0.0038 0.3974 £+ 0.0041 0.3966 + 0.0038
Ap[?s 0.0102 £ 0.0050 0.0026 + 0.0057 0.0188 £+ 0.0053
ﬁ?s 0.834 £ 0.033 0.774 £ 0.036 0.835 £+ 0.034
Ap?s 0.020 £ 0.022 —0.024 £ 0.025 —0.031 £ 0.022
é;’é’ 0.8580 + 0.0011 0.8594 + 0.0012 0.8609 + 0.0010
Agggg 0.0009 £ 0.0018 0.0004 £+ 0.0019  —0.0011 + 0.0016
pgs 0.4364 £ 0.0025 0.4391 £ 0.0027 0.439 £ 0.0025
Apgs 0.0056 £+ 0.0035 0.0103 £ 0.0038 0.0105 £ 0.0035
ﬁ?s 0.980 4+ 0.051 1.007 £ 0.056 0.895 £+ 0.053
Ap%s 0.014 £ 0.033 —0.068 £ 0.034 —0.018 £ 0.037
fiss (fixed) 0.44 0.44 0.44
e (0S) [%] 3.0£0.2 32+0.2 3.3+0.2
e (SS) [%] 1.6 +0.2 1.6 +£0.2 1.540.2
eorf(Tot) [%)] 45402 4.740.2 4.740.2

Selection K™K~

Parameter Year

2015-16 2017 2018
égig 0.3699 £ 0.0013 0.3706 + 0.0015 0.3713 £ 0.0014
Aef)’g —0.0079 £ 0.0051  0.0059 £ 0.0056  —0.0042 4+ 0.0051
138)5 0.4029 + 0.0033 0.3990 + 0.0036 0.3950 £+ 0.0033
ApSs 0.0136 =+ 0.0046 0.0019 + 0.0051 0.0185 £ 0.0047
pOS 0.848 4 0.029 0.817 4 0.032 0.834 4+ 0.029
Ap$S 0.025 4 0.020 0.004 4 0.022 —0.006 4+ 0.020
Nos (fixed) 0.37 0.37 0.37
e (0OS) [%] 3.9+0.2 4.0+0.2 4.0+0.2
eerf(SSk) [%) 14402 1.340.2 1.740.2
eeff(Tot) [%] 5.1+0.2 52+0.2 5.4+0.2
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Table 3.29: Final fit results for the production asymmetries of B and B? mesons.

Selection 777~

Parameter Year

2015-16 2017 2018
AP(BO) (%] —0.154+0.53 —0.494+0.57 —0.51+0.53
AP(BS) (%] —06=+19 —0.14+£2.0 —20+£1.8

Selection KT K~

Parameter Year

2015-16 2017 2018
Ap(BO) (%] —0.544+0.48 —0.634+0.52 —0.67+0.49
Ap(BS) (%] —-09+1.5 —1.1+16 —29+14

Table 3.30: Final fit results for the effective decay rate of B°.

Selection 777~
Parameter Year
2015-16 2017 2018

Lg[ps™ ] 0.6561 = 0.0019 0.6566 4= 0.0021  0.6598 == 0.0020

Selection Kt K~
Parameter Year
2015-16 2017 2018

Ly [ps™t] 0.6562 £ 0.0018 0.6563 = 0.0019 0.6580 &= 0.0018
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Table 3.31: Statistical correlation among CP violation parameters.

Year 2015-16

Crin-  Spine  ABY ADL Crin- Sk AL
Crtn 1.000
St 0.379  1.000
ABY —0.022  0.017  1.000
A, 0.000  0.000  0.055  1.000
Cr+x— | —0.009 —0.038  0.003  0.000  1.000
Sk+x- | —0.008  0.008 —0.006  0.002 —0.067  1.000
AX | 0.000  0.000  0.002  0.000 0025 0.019  1.000
Year 2017
Crin-  Spene  ABY AR Cpig- Sgex- AL,
Crtn 1.000
St 0.377  1.000
AB 1 —0.005  0.018  1.000
A, 0.000  0.000  0.053  1.000
Cr+x- | 0.002 —0.002 0.001  0.000  1.000
Sg+x— | —0.008 —0.031 —0.001  0.000 —0.003  1.000
AXT | 0.000  0.000  0.001  0.000 —0.006  0.025  1.000
Year 2018
Crin-  Spime  ABY AR Cpix- Sgex- AL
Crtn 1.000
St 0.374  1.000
ABY 1 —0.005 0.012  1.000
A, 0.000  0.000  0.053  1.000
Cr+x— | 0.002 —0.013  0.003  0.000  1.000
Sg+x- | —0.017 —0.022 —0.003  0.000 —0.002  1.000
AXT | 0.000  0.000  0.002  0.000 —0.005 0.030  1.000
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Table 3.32: Statistical correlation among CP violation parameters obtained from the fit to
the sample surviving the selection optimised for the B® — 77~ decay. From top to bottom:
2015-16, 2017, and 2018 sample.

Year 2015-16

Crtne  Spene AP AL Cpin- Sgex- AL,
Chotnm 1.000
St 0.379  1.000
AB 1 —0.022  0.017  1.000
ABs, 0.000  0.000  0.055  1.000

Ck+g- | —0.009 —0.038 0.003  0.000 1.000
Sk+r- | —0.008 0.008 —0.006  0.002 -—0.067 1.000
ARY 0.000 0.000 0.001 0.000 0.025 0.019 1.000

Year 2017
Crine  Spine  ABY ABL Cpin- Sgex- AL,
Choonm 1.000
- 0.377  1.000
AB' | —0.005 0.018  1.000
AL, 0.000  0.000 0.053  1.000

Cr+k- 0.002 0.000 0.000  0.000 1.000
Sk+r- | —0.008 —0.031 0.000  0.000 0.000 1.000

AAL | 0.000 0.000 0.001 0.000 —0.011 0.030  1.000
Year 2018
Crin-  Spine AR AL Cpin- Sgex- ASL .
Ot 1.000
S i 0.374  1.000
AB —0.005 0.012  1.000
AB: 0.000  0.000 0.053  1.000

Cr+i- 0.002 —0.011 0.003 0.000 1.000
Sk+r- | —0.017 —0.022 —0.003 0.000 —0.022 1.000
ARY 0.000 0.000 0.001 0.000 0.000 0.031 1.000
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Table 3.33: Statistical correlation among CP violation parameters obtained from the fit to the
sample surviving the selection optimised for the B — K+ K~ decay. From top to bottom:
2015-16, 2017, and 2018 sample.

Year 2015-16

Crtne  Spene AP AL Cpin- Sgex- AL,
Crtn 1.000
St ne 0.399  1.000
AB' 1 —0.038  0.011  1.000
A, 0.000  0.000  0.048  1.000

Ck+x- | —0.008 —0.027  0.002 0.000 1.000
Sk+r- | —0.008 —0.001 —-0.003  0.000 —0.016 1.000
ARY 0.000 0.000 0.002 0.000 0.028 0.026 1.000

Year 2017
Crine  Spine  ABY ABL Cpin- Sgex- AL,
Choonm 1.000
- 0.415  1.000
AB 0.011  0.028  1.000
AL, 0.000  0.000 0.044  1.000

Cr+k- 0.002  —0.002 0.001 0.000 1.000
Sk+r- | —0.008 —0.014 —0.001 0.000 —0.003 1.000

AAT 10000 0.000 0.001  0.000 —0.006 0.025  1.000
Year 2018
Crin-  Spine AR AL Cpin- Sgex- ASL .
Coy 1.000
S i 0.389  1.000
ABY —0.016  0.017  1.000
AB: 0.000  0.000 0.045  1.000

Cr+i- 0.000 —0.013 0.002 0.000 1.000
Sk+r- | —0.007  —0.009 —0.003 0.000 —0.002 1.000
ARE 0.000 0.000 0.002 0.000 —0.005 0.030 1.000
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Plots of time-dependent asymmetries for B’ — K*7~ decays
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Figure 3.28: Raw time-dependent asymmetry for the K7 ¥ spectrum in the invariant mass region
dominated by the B® — K+7~ decay, my+,+ € [5.20,5.32] GeV/c?. The asymmetries observed
using the OS-tagger decision and SS-tagger decision for events surviving the selection optimised
for the B — 77~ decay are shown in the top and middle rows, respectively. The bottom row
displays the asymmetry observed using the OS-tagger decision, for events surviving the selection
optimised for the BY —+ K+ K~ decay. The left, middle and right columns correspond to the
2015-15, 2017, and 2018 data-taking periond, respectively. The red line is the projection of the

best fit to data for the total pdfs.
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Plots of time-dependent asymmetries for B’ — 7t K~ decays
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Figure 3.29: Raw time-dependent asymmetry for the K7 ¥ spectrum for the invariant mass
region where most of the B? — 77K~ decays are lying (mg+,+ € [5.32,5.45] GeV/c?. The
asymmetries observed using the OS-tagger decision and SSgk-tagger decision for events surviving
the selection optimised for the B! — K+TK~ decay are shown in the top and middle rows,
respectively. The bottom row displays the asymmetry observed using the OS-tagger decision, for
events surviving the selection optimised for the B® — 7+ 7~ decay. The left, middle and right
columns correspond to the 2015-15, 2017, and 2018 data-taking periond, respectively. The red
line is the projection of the best fit to data for the total pdfs.
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Plots of time-dependent asymmetries for B’ — 7*7~ decays
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Figure 3.30: Time-dependent asymmetry for the 777~ sample surviving the selection optimised
for Cr+,- and S;+,-. Only the candidates in the mass regions dominated by the signals
(Mt € [5.20,5.35] GeV/c?) are used. The OS-tagger (SS-tagger) decision is used in the first
(second) row. The columns correspond to the 2015-16, 2017, and 2018 data taking periods,
respectively. The red lines are the projections of the best fits to data for the total pdfs.
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Plots of time-dependent asymmetries for B’ — KTK~ decays
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Figure 3.31: Time-dependent asymmetry for the K+ K~ sample surviving the selection optimised
for C+ -, Sg+r- and A[Ag; j—- Only the candidates in the mass regions dominated by the
signals (mp+ - € [5.30,5.44] GeV/c?) are used. The OS-tagger (SSx-tagger) decision is used
in the first (second) row. The columns correspond to the 2015-16, 2017, and 2018 data taking
periods, respectively. The red lines are the projections of the best fits to data for the total pdfs.
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Fit projections, 2015-16 data samples
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Figure 3.32: Distribution of events in the 77~ sample surviving the requirements optimised for
the determination of C +,- and S, +,-. The distribution of (top left) mass, (top right) decay
time, nog for events tagged as (middle left) B and (middle right) B, nss. for events tagged as
(bottom left) B and (bottom right) B, are shown with the projection of the result of the best fit
superimposed. Year of data-taking: 2015-16.
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Figure 3.33: Distribution of events in the K™K~ sample surviving the requirements optimised
for the determination of C +,- and S, +,-. The distribution of (top left) mass, (top right) decay
time, nog for events tagged as (middle left) B and (middle right) B, nss. for events tagged as
(bottom left) B and (bottom right) B, are shown with the projection of the result of the best fit
superimposed. Year of data-taking: 2015-16.
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Figure 3.34: Distribution of events in the K7~ sample surviving the requirements optimised
for the determination of C +,- and S, +,-. The distribution of (top left) mass, (top right) decay
time, nog for events tagged as (middle left) B and (middle right) B, nss. for events tagged as
(bottom left) B and (bottom right) B, are shown with the projection of the result of the best fit
superimposed. Year of data-taking: 2015-16.
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Figure 3.35: Distribution of events in the 77—
for the determination of Cx+ -, Sg+x- and A
right) decay time, nog for events tagged as (middle left) B and (middle right) B, nss, for events
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Figure 3.36: Distribution of events in the K™K~ sample surviving the requirements optimised
for the determination of C+ -, S+— and A2L .. The distribution of (top left) mass, (top
right) decay time, nog for events tagged as (middle left) B and (middle right) B, ngg, for events
tagged as (bottom left) B and (bottom right) B, are shown with the projection of the result of
the best fit superimposed. Year of data-taking: 2015-16.
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Figure 3.37: Distribution of events in the K7~ sample surviving the requirements optimised
for the determination of C+ -, S+— and A2L .. The distribution of (top left) mass, (top
right) decay time, nog for events tagged as (middle left) B and (middle right) B, ngg, for events
tagged as (bottom left) B and (bottom right) B, are shown with the projection of the result of
the best fit superimposed. Year of data-taking: 2015-16.

137
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Figure 3.38: Distribution of events in the 77~ sample surviving the requirements optimised for
the determination of C +,- and S, +,-. The distribution of (top left) mass, (top right) decay
time, nog for events tagged as (middle left) B and (middle right) B, nss. for events tagged as
(bottom left) B and (bottom right) B, are shown with the projection of the result of the best fit
superimposed. Year of data-taking: 2017.
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Figure 3.39: Distribution of events in the K™K~ sample surviving the requirements optimised
for the determination of C +,- and S, +,-. The distribution of (top left) mass, (top right) decay
time, nog for events tagged as (middle left) B and (middle right) B, nss. for events tagged as
(bottom left) B and (bottom right) B, are shown with the projection of the result of the best fit
superimposed. Year of data-taking: 2017.
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Figure 3.40: Distribution of events in the K7~ sample surviving the requirements optimised
for the determination of C +,- and S, +,-. The distribution of (top left) mass, (top right) decay
time, nog for events tagged as (middle left) B and (middle right) B, nss. for events tagged as
(bottom left) B and (bottom right) B, are shown with the projection of the result of the best fit
superimposed. Year of data-taking: 2017.
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Figure 3.41: Distribution of events in the 77—
for the determination of Cx+ -, Sg+x- and A
right) decay time, nog for events tagged as (middle left) B and (middle right) B, nss, for events
tagged as (bottom left) B and (bottom right) B, are shown with the projection of the result of
the best fit superimposed. Year of data-taking: 2017.
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Figure 3.43: Distribution of events in the K7~ sample surviving the requirements optimised
for the determination of C+ -, S+— and A2L .. The distribution of (top left) mass, (top
right) decay time, nog for events tagged as (middle left) B and (middle right) B, ngg, for events
tagged as (bottom left) B and (bottom right) B, are shown with the projection of the result of
the best fit superimposed. Year of data-taking: 2017.
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Figure 3.44: Distribution of events in the 77~ sample surviving the requirements optimised for
the determination of C +,- and S, +,-. The distribution of (top left) mass, (top right) decay
time, nog for events tagged as (middle left) B and (middle right) B, nss. for events tagged as
(bottom left) B and (bottom right) B, are shown with the projection of the result of the best fit
superimposed. Year of data-taking: 2018.
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Figure 3.46: Distribution of events in the K7~ sample surviving the requirements optimised
for the determination of C +,- and S, +,-. The distribution of (top left) mass, (top right) decay
time, nog for events tagged as (middle left) B and (middle right) B, nss. for events tagged as
(bottom left) B and (bottom right) B, are shown with the projection of the result of the best fit
superimposed. Year of data-taking: 2018.
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Figure 3.47: Distribution of events in the 777~ sample surviving the requirements optimised
for the determination of C+ -, Sk+x— and AL .. The distribution of (top left) mass, (top
right) decay time, nog for events tagged as (middle left) B and (middle right) B, nss, for events
tagged as (bottom left) B and (bottom right) B, are shown with the projection of the result of
the best fit superimposed. Year of data-taking: 2018.
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3.8.1 Fit Cross-Checks

To study the discrepancies in the CP violation parameters extracted from different data-
taking periods, the following list of tests is executed. The Table |3.34] resumes the values
of C+p- and Sk+x- extracted from all the trials??. No relevant modifications of the
baseline results are found.

MagUp and MagDown The analysis is run independently for the MagUp and the
MagDown samples. In particular, the PID calibration, the decay-time efficiencies,
and all the templates used in the final fit are recalculated, exploiting the samples
with the corresponding experimental conditions.

No SSix The final fit is run neglecting the information from the SSy-tagger, to test for
the presence of any eventual issue in its calibration.

Tight PID To check for the presence of any systematic effect due to the cross-feed
backgrounds, harder PID cuts are imposed for the selection of the K+ K~ final state:

DLLg, >5 AND DLLgk, > —2.

This leads to the modification of the PID calibration parameters, the decay-time
efficiencies, and all the templates used in the final fit.

1 PV Only the events with a single reconstructed primary vertex are accepted in the final
data sample to avoid any kind of issue related to the PV association requirements.
The decay-time templates are recalculated.

Free Am, The baseline analysis configuration is assumed, but the value of Amy is
left free to be adjusted by the final fit, to look for eventual issues affecting of the
oscillation period of the B? mesons. The final values of Am, observed in the fits
are compatible one with the other and with the world average.

MyTime The decay time was recalculated by hand, starting from the measured momenta
and the reconstructed flight distance of the B candidates. This was done to exclude
any issue related to the implementation of the DecayTreeFitter [143], namely the
algorithm that performs a refitting of the whole decay chain, assuming the mass
hypotheses corresponding to the reconstructed identity of each particle. The decay-
time efficiencies and all the templates related to the decay time are recalculated?.

t>12ps and t > 1.5 ps The candidates with decay time smaller than 1.2 or 1.5 ps are
removed from the fitted samples to reduce eventual mismodelling effects related to the
combinatorial background and the decay-time efficiencies. Indeed, the combinatorial
background description is the most complex part of the fit model, and the average
decay-time of this component is smaller than that of the signal. Besides, the

22Tn all the cases, only the selection optimised for the extraction of Cx+g—, Sk+x—-, and AﬁEK_ is
considered

23This test was replicated even without the PV refitting, namely the correction for the eventual presence of
the final state hadrons among the set of tracks exploited to determine the position of the PV associated
to the signal candidate (see Section [3.1.2). However, no modifications concerning Cc+ e and S+ -
are observed.
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determination of the decay-time efficiency is insidious at small decay times due to
the shape of the acceptance functions (see Figure .

For numerical reasons, the practical implementations to the decay-time acceptances
and templates are recalculated imposing this additional requirement.

Angle(h™h'") > 5° The smaller the angle between the final state tracks, the higher the

Run

uncertainty on the reconstructed position of the B-meson decay vertex. Therefore,
all the candidates with an angle smaller than 5 degree are removed from the fitted
samples. The decay time acceptance, and all the templates used in the final fit are
recalculated, as a consequence.

Number Split In Ref [142], a 5-fs bias affecting the decay time reconstruction
of BY mesons was observed. The cause of the bias was ascribed to the known
misalignment of the VELO system. In this regard, a new set of alignment parameters
was assumed during the 2018, to partially correct the effect. Therefore, this analysis
is replicated splitting the 2018 sample before and after the application of the new
VELO calibration?*. However, no relevant modifications of Cyx+ - and Sk+ - are
found:

Parameter ‘ runNumber < 210300 runNumber > 210300
Cr+ g —0.07 £0.06 0.054+0.04
Sk+ K- 0.20 £ 0.06 0.20 £0.04

As evidenced from the summary reported in Table none of the above tests
give conclusive indications about the source of the discrepancy. However, some
indications can be extracted from the tests. The flavour tagging is unlikely to be
the source of the discrepancy, since the parameters of the B® — 777~ decay are
very compatible between the data-taking years. The only source of discrepancy may
arise from the SSk tagging, that is not calibrated during the fit and is not used for
the B® — 7t7~ decay, but the fits performed using only OS-tagging information
do not indicate any deviation with respect to the baseline results. A not-perfect
modelling of the decay-time efficiency is excluded from the fits to the samples with
t>1.2ps and t > 1.5ps, as well as a not-perfect modelisation of the combinatorial
background, that accumulates at low decay time. A systematic incorrect association
with the PV is excluded from the test restricting the sample to the events with a
single PV. At the time of writing this Thesis the best explanation for the discrepancy
is a not-perfect calibration of the decay-time bias that may differ between the years.
Further studies and cross-checks are ongoing.

Z4Namely the runNumber = 210300 [142]
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Table 3.34: Summary of the values of Ci+ - and S+ - obtained from the various alternative fits described in the text.

Test QNLQA\ %N+ K-

Year 2015-16 Year 2017 Year 2018 | Year 2015-16 Year 2017 Year 2018
Baseline 0.16 £0.04 —0.034+0.04 0.01 +£0.03 0.14 +0.04 0.13 £ 0.04 0.20 £ 0.03
MagUp 0.18 £ 0.05 —0.07 4+ 0.05 0.08 £0.05 0.10 £+ 0.05 0.06 + 0.05 0.24 + 0.05
MagDown 0.13 £ 0.05 0.01 £0.05 —0.06=£0.05 0.17 £ 0.05 0.21 £ 0.05 0.17 £ 0.05
No SSg 0.14 +£0.04 —0.044+0.04 —0.03+£0.04 0.15+0.04 0.13 £ 0.04 0.23 £0.04
Tight PID 0.15+0.04 —0.0340.04 0.01 £0.04 0.15 +0.04 0.13 +0.04 0.21 +0.04
1PV 0.11 £0.05 —0.04 &£ 0.05 0.03 £0.04 0.11 £ 0.05 0.17 £ 0.05 0.22 +0.04
Free Amyg 0.15+£0.04 —0.024+0.04 —-0.03£0.04 0.15 £ 0.04 0.13 £0.03 0.20 +0.03
MyTime 0.15+0.04 —0.0340.04 0.02 £0.03 0.15+0.04 0.12 +0.04 0.20 +0.03
t>12ps 0.15+0.04 —-0.0340.04 0.03 £0.04 0.12 £ 0.04 0.12 +0.04 0.22 +0.04
t>1.5ps 0.17 £ 0.04 0.00 £ 0.05 0.05 £ 0.04 0.12 £ 0.04 0.11 £0.05 0.20 £ 0.04
Angle(h™h'™) > 5° 0.17+0.04 —0.054+0.04 0.00 £ 0.03 0.14 £ 0.04 0.12 +0.04 0.19 +0.03
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Chapter 4

First measurement of |V ;| with

BY — D§*>_ ptv decays

Introduction

The magnitude of the V,, element of the CKM matrix is an important constraint of the
UT. Moreover, the discrepancy between the inclusive and exclusive determinations of
this quantity is a long standing puzzle in the sector of flavour physics [144}|145]. To
elucidate such intriguing results, it is essential to expand the experimental programme to
other dynamical systems, which are potentially subject to different sources of systematic
uncertainties. In particular, semileptonic BY decays are copiously produced at the LHC
and have not yet been fully exploited.

Semileptonic B? decays are also more advantageous from the theoretical point of view,
since the absence of light valence quarks implies that lattice-QCD results have smaller
statistical uncertainties and are less computationally expensive, thus possibly allowing for
more stringent tests of the Standard Model [146-149).

In this chapter the BY — D7 putv, and BY — D*~ ptv, decays are exploited to measure
the matrix element |V,| and also to determine their exclusive branching fractions. This is
the first measurement of |V;| from BY decays or using exclusive decays at a hadron-collider
experiment, and the first measurement of these exclusive branching fractions. The form
factors are modelled with the parametrisation derived Caprini, Lellouch and Neubert
(CLN) [60], whose formalism is described in Section [1.4]

The exclusive BY — D; ptv, and B? — D uty, are partially reconstructed in the
analysis. The neutrino cannot be detected and in the D}~ — D X decay only the
D7 meson is reconstructed using the [KTK~|,n~ final state, with kaon pairs having
an invariant mass in the vicinity of the ¢(1020) resonance. The B? branching fractions
are determined using as reference channels the exclusive decays B® — D~ utv, and
B — D*~ 'y, selecting D~ in the Cabibbo-suppressed [KTK~],7~ mode. Since signal
and reference mode have identical final states and similar kinematics, in the ratios of
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Figure 4.1: Sketch illustrating the topology of a semileptonic BO(S) decay.

branching fractions

B(BY — D;utv,)

R = S S H 41
B(B° = D puty,)’ (41)
B(B? — D putv,)

R = - : - 4.2
B(B° — D* utv,)’ (42)

systematic uncertainties, that would otherwise affect the calculation of the efficiencies, are
suppressed. The value of the ratio of the B? and B® fragmentation fractions f,/f; is taken
as an external input to determine R and R* from measured decay yields and efficiencies.
By using the known values of the reference branching fractions, the BY branching fractions
can be parametrized in terms of the decay form factors and |V].

The value of |V], the form factors parameters and the branching fractions of the
exclusive B? decays are determined from a binned fit to the two-dimensional distribution of
the corrected mass, Mo, and of the D, momentum transverse to the Bg flight direction,
p. (see Fig. , accounting for efficiency and resolution effects. The corrected mass is
determined from the visible mass, m(Ds~ p), and from the momentum of the Dy~ pu™
system transverse to the BY flight direction, p, (D~ u™), as

Meorr = \/mQ(DS‘;ﬁ) +pA (Ds pt) + po (D). (4.3)

The p, and meco, variables provide powerful means for the determination of the sample
composition, because the distributions of signal and background decays accumulate in
well-separated regions of the two-dimensional p; vs meo Space. In addition, p, preserves
information on the decay form factors because it is highly correlated with the squared
dilepton mass ¢* and, to a minor extent, also to the helicity angles of the BY — D™ty
decay. With respect to methods that rely on the estimate of the unreconstructed neutrino
momentum to compute these variables, p; has the advantage of being fully reconstructible
from the tracks originating from the D, decay. This results in a narrower, unbiased
resolution in ¢ and in no loss of signal candidates.

Templates used in the two-dimensional fit, as well as the efficiencies for the reconstruc-
tion and selection of the signal and normalization modes, are determined using simulated
samples, corrected for known data-simulation discrepancies. The entire analysis procedure
is validated on a control sample of B = D~ (— K*n 7 )ut1v,X decays, normalised
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again to B - D™ (— KTK 7 )u*v,X decays, to measure ratios of branching fractions
compatible with unity and values of decay form factors in agreement with world averages.

The analysis uses a data sample corresponding to an integrated luminosity of 3fb~*
collected by LHCDb during Run 1. The analysis was not extended to Run 2 data due to
several reasons. Firstly, the uncertainty on |V is expected to be largely dominated by
the uncertainty on the external inputs. The relative statistical uncertainty on |V,,| based
on Run 1 data is 1.5%, while the uncertainty from the external inputs is more than twice
as large, dominated by that on f;/f;. The determination of fs/f; from the independent
Run 2 sample of semileptonic B? decays [150], taking into account the dependence of f,/ fg
on the proton-proton collision energy described in Ref. [151], yields a relative uncertainty
on V| of about 2.7%. An additional consideration about restricting the analysis to Run 1
data is that the amount of Run 2 simulated events was limited due to technical issues in
the generation of the samples [152]. Hence, performing the analysis on Run 2 data would
have lead to a dominant statistical uncertainty from this source. Delaying the result of
this analysis to wait for the production of additional simulated samples was not justified.

This Chapter is structured as follows. Data and simulation samples are presented
in Sections and [4.2] respectively. Section also describes the estimation of the
efficiency ratios and the expected sample composition. Section presents the details of
the two-dimensional fit to the (mcop, p1) distribution that determines the parameters of
interest. Section describes the validation of the analysis with a control sample of B°
data and with pseudo-experiments. Systematic uncertainties are discussed in Section
and finally results are presented in Section before concluding.

4.1 Data samples

The analysis uses the entire data set collected by LHCb during Run 1, which consists of
approximately 3fb™! of integrated luminosity.

Candidate B? — D, (— K"K 7 )utv,X and B’ - D (— KK 7 )utv,X de-
cays are reconstructed from the b2DsPhiPiMuXB2DMuNuX stripping line, while
B — D~ (— K*n 7 )u*v,X candidates are reconstructed from the b2DpMuXB2DMuluX
stripping line. The stripping selections are outlined in Table 4.1} Each line also recon-
structs candidates where the muon and the charmed meson candidates have the same
charge. Such same sign (SS) events are used to model the combinatorial background
formed by a real D(,) meson associated with a random muon. The SS sample has been
proven to be a good proxy for the combinatorial background in Refs. [153]/154], from
which most of the offline selection requirements are inherited.

Stripping candidates are first filtered according to how they were selected at trig-
ger level (Section [2.4]): candidates are required to be LOMuon TOS on the muon;
at HItl, the muon is required to be TOS on H1t1TrackA11lLO or Hlt1TrackMuon or
H1t1SingleMuonHighPT; at HIt2, the B candidate is required to be TOS on one of the
topological lines H1t2Topo{2,3,4}BodyBBDT. The resulting candidates are then required
to satisfy the offline selection summarized in Table [£.2] which aims at suppressing back-
ground under the D,y peak and combinatorial background from D(_s) pu" pairs that do not
originate from a semileptonic BO(S) decay.

Known sources of background from decays to misidentified final states are suppressed
through mass vetoes. Candidate BY — o(— p*u~)é(— KT K~) decays, where v indicates

155



either the 1.5 or the 25 charmonium state, and where one of the muons from the v is
misidentified as a pion, are removed by vetoing the corresponding regions in dimuon mass
computed after assigning the muon mass to the charged particle originally identified as a
pion. Candidate A) — A (— pK ™7 )utvX decays, where the proton is misidentified as
a kaon (for K™K ~7~) or a pion (for K™n~7~) are also removed by a veto on the pKr
mass computed with the proper mass assignments. Background from fully-reconstructed
B?S) — D(_S)WJr (from decays in-flight of the 7) and combinatorial background are removed
by requiring the visible B mass to be smaller than 5.2 GeV/c2.

Requirements on (transverse) momenta and on particle identification of the Dy
daughters are used to further reduce the non-D,) background. Most of these requirements
are more stringent variants of the stripping criteria. In addition, requirements are
tightened on quantities that can increase the signal-to-background ratio while maintaining
a sufficient sample size, like particle-identification criteria ProbNNpi(7). Requirements
are also imposed on momenta, transverse momenta, and pseudorapidity of kaons, pions
and muon, and on the impact parameter of the muon, to restrict the sample into fiducial
regions for the corrections of the simulation described in Sect. (such requirements
are applied to both data and simulation).

Background from decays of a b hadron into final states with a pair of charmed hadrons,
of which one peaks at the D, mass and the other decays semileptonically, contributes
at lower corrected B masses. Similarly, background from B decays to semimuonic final
state with a nonresonant D, K or D7 state can pollute this region. Such backgrounds,
described in detail in Sec. [4.2.3] are suppressed by the requirement p,[GeV/c] < 1.5 +
1.1 X (Meorr| GeV/c?] — 4.5), detailed in Sec. [4.3] Semitauonic decays and cross-feed decays
from B mesons are also suppressed by this requirement.

Figures and show the K"K -7~ and K7~ 7~ invariant mass distributions
and the BO(S) corrected mass distributions, respectively, for candidates after selection
requirements. A total of 2.72x 10° B? — D, (— KTK 7 )u* v, X signal candidates meet
the final selection criteria; 0.82 x 10° B? candidates meet the KK ~7~ and 1.89 x 108
the K7~ 7~ selection criteria.

4.2 Simulated samples and their corrections

Simulation is used to (i) have a detailed overview of all sources of b-hadron decays that
contribute to the sample, (ii) model the relevant distributions used in the analysis and
(iii) evaluate the efficiency of reconstructing and selecting signal and reference decays.
The simulated decays, before being processed in the analysis, are corrected for known
data-simulation mismodelings (see Section and truth-matched to the generated
quantities. Simulated data undergo the same processing of reconstruction and selection as
the experimental data. The track-smearing tool is used to obtain more reliable resolutions.
Table 4.3|lists all simulated samples, together with the number of truth-matched candidates
passing the final selection.

4.2.1 Corrections to the simulation

The simulated samples are corrected for known mismodeling in the tracking and trigger
(LO and HLT1) efficiencies, in the response of particle-identification (PID) algorithms, and
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Figure 4.2: Distributions of (top left) K™K~ 7~ and (top right) K*7n~ 7~ invariant masses for
the candidates passing the final selection, except for the D,) mass requirements (indicated by
the vertical lines). The corresponding plots in logarithmic scale are shown in the bottom part of
the figure.
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Figure 4.3: Distributions of corrected mass for (left) BY — D (— K™K~ 7~ )uv, X, (center)
BY - D (= K"K 7" )u*v,X and (right) B - D~ (— K*n~ 7 )u"v,X candidates passing
the final selection.

in the generated (parent) b-meson kinematics The corrections rely on either standard
LHCD tools and/or on large samples of control decays. In particular, data and simulated
B~ — JWK~ and B? — Jhip¢ decays are used, where Jip — ptp~ and ¢ — KTK~.
The corresponding samples are inherited from Ref. [155]. The selection described in
Table 4.4 is applied to obtain the mass distributions shown in Fig. 4.4} The distributions
feature clean signal peaks on top of a smooth combinatorial background. Other physics
backgrounds are either neglected or cut away by the mass requirement applied to select
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Figure 4.4: Distributions of the B mass for the selected (left) B~ — J/pK~ and (right)
BY — Jip¢ candidates. The red (blue) area gives the signal region (sideband considered for the
background subtraction).

the signal peaks (red regions in Fig. . Sideband candidates (blue regions in Fig. |4.4))
are used to subtract the combinatorial background under the signal peak. The simulated
samples are selected using the same criteria applied to data as well as truth-matching
information.

The agreement between data and the corrected simulation is shown in App. for
the control sample of B® — D~ (— K*n 7~ )u*v,X decays. Residual small differences
will be accounted for in the systematic uncertainties.

4.2.1.1 Tracking efficiency

The track reconstruction efficiency determined using data differs from that measured
in simulation. The Tracking € Alignment group provides tables of weights that can be
applied to simulation to correct for such mismodeling. The map shown in Fig. [4.5] (taken
from Ref. [157]) is used to correct all simulation samples. The different stripping version
has no impact on the evaluation of these corrections.

L L I R R

10

1r:)OZ(GeV/c)

Figure 4.5: Data-to-simulation ratio as a function of the track momentum and pseudorapidity
used to correct the tracking efficiency in simulation. The map is provided by the Tracking &
Alignment group.
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4.2.1.2 LO and HLT1 efficiency

The correction to the efficiency of the LO and HLT1 triggers is obtained from the control sam-
ple of B~ — J/iwK~ decays with a tag-and-probe method. No explicit selection is applied
to the tag muon, while the probe is tested with respect to the LO and HLT1 requirements re-
ported in Sec. [4.1], i.e., LOMuon_TOS AND (H1t1TrackA11LO_-TOS OR Hlt1TrackMuon_TOS
OR H1t1SingleMuonHighPT T0S). The efficiency is evaluated as a function of pr(u), n(u)
and IP(u). The resulting data-based three-dimensional efficiency map is compared to that
obtained from simulated B~ — J/ip K~ decays. Tracking-efficiency corrections are applied
to the simulated B~ — J/i) K~ candidates as discussed in[4.2.1.1] The ratio between data-
and simulation-based efficiencies is used to compute per-candidate weights that correct
the simulated samples. The one-dimensional projections of the three-dimensional ratio
between data- and simulation-based efficiency maps are shown in Fig. [4.6]
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Figure 4.6: Data-to-simulation ratio of trigger (LO and HLT1) efficiency maps projected as a
function of (left) transverse momentum, (middle) pseudorapidity and (right) impact parameter
of the muon.

4.2.1.3 PID response

The simulated response of the PID algorithms is corrected using the methods described
in Ref. [158]. The simulated response for hadrons is corrected with the PIDCorr method
that accounts for the correlation between the response of the different PID algorithms
used in the analysis (e.g., those based on likelihood ratios and those based on artificial
neural networks). For muons, since only likelihood-ratio PID variables are used in the
analysis, the PIDGen method is used instead. The PIDGen method is based on a resampling
approah. Let pex,(z|p,n, Nir) be the p.d.f. of a generic PID variable x, depending on
the momentum, p, and the pseudorapidity, n, of a given simulated candidate, and on the
number of charged tracks, Ny, in the same event. The inversion of the corresponding
cumulative distribution,

Pexp($|p7777Ntr) = / pexp<y|pan7Ntr)dy>

— 00

provides the way to generate a random number ., distributed according to pey, and
representing the corrected PID variable. In particular: x.o., = Pe;%)(ﬂ p, 1, Ny ), where € is
uniformly distributed between 0 and 1. This method discards the value z\i¢ of the PID
variable obtained by the simulation. The PIDCorr method, instead, calculates & as:

IMC
§’=PMc(:ch\p,n,Ntr)=/ pvc(ylp, 1, N )dy,

—00
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where pye is the p.d.f. of xye. This modification is necessary to adequately preserve the
correlation between multiple PID variables associated to the same final-state candidate.
The functions pey, and pyc are obtained using a KDE method . In the case of pexp,
it is applied on the calibration samples provided with the PIDCalib tool (see Sect. 3.2.1
and Ref.s [129,[130]), whereas the samples simulated for this analysis are used for pyc.

4.2.1.4 B’ meson kinematics

The kinematic distributions of the parent b meson are corrected for, on a candidate-by-
candidate basis, using weights derived from B~ — JA)K~ decays (for the B® and BT
samples) and B? — J/ib¢ decays (for the BY samples). B~ — Ji K~ and B? — Jhbo
decays from data and simulation are used to build ratios of two-dimensional (pr,7)
distributions. The simulation samples are corrected for tracking, trigger and PID as
discussed before. The data-to-simulation ratio of the two-dimensional (pr,n) distribution
is shown in Fig. 4.7, A different binning scheme is employed for B~ — J/y K~ and
B? — J/p¢ decays due to the different sample size. Finally, semileptonic candidates from
the simulation samples are weighted using these maps and the candidates’ true pr and 7.

6

n(B)

0 5000 10000 15000 20000 25000 ° 0 5000 10000 15000 20000 25000°
p,(B) [Mev/c? p,(B) [Mev/c?

Figure 4.7: Data-to-simulation ratio for (left) B~ — J/ K~ and (right) B — J/ib¢ candidates
as a function of the B transverse momentum and pseudorapidity.

4.2.2 Simulation of signal and reference decays

The B° — D~ utv, decays are simulated with the EVTGEN decay model HQET2 1.18
1.074, which uses the CLN parametrisation (see Section of the decay form factors
and where the first number gives the values of the parameter p? and the second the
normalisation G(0). The B° — D* u*v, decay is generated with the EVIGEN decay
model HQET 1.20 1.426 0.818 0.908, which uses the CLN parametrisation and where
the numbers correspond to the parameters p?, Ry, Ro, F(1), respectively, with Eq.
truncated at the second order in z. This configuration is changed to HQET2 1.122 0.921
1.270 0.852, with a change in the ordering of the numbers, which now represent p?,
F(1), Ry and Rs, respectively. The change is made with a reweighting procedure, which
is also used in the fit described in Sec. Such a reweighting updates the model to the
full expression of Eq. and the parameters to the most recent known values from
the 2019 HFLAV average (for consistency also the B® — D~ p"v, parameters have been
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updated using p*(D) = 1.131). The D*~ is forced to decay to a D~ with either a 7° (with
~ 95% probability) or a v (with ~ 5% probability). The D~ is forced to decay to either
the KTK~7n~ or K +7r_7r_ final state; in both cases, the full Dalitz structure is simulated.

The B? — D, u'v, decay is generated with the EVTGEN decay model HQET2 1.17
1.074, while the Bg — D:_M v, decay with HQET2 1.16 1.37 0.845 0.921. The latter
is changed to HQET2 1.122 0.921 1.270 0.852 to mirror the B — D*~utwy, update,
while the value of p?(D,) is updated to 1.229 following the study on lattice data presented
in Appendix . The D!~ meson is simulated to decay to a D, with either a 7° (with
~ 6% probability) or a v (with ~ 94% probability). The D, meson is forced to decay to
the K* K7~ final state and the full Dalitz structure is simulated. Table [4.5] resumes the
setup of the Form Factor parameters after the corrections to the simulation described in
this Section.

4.2.2.1 Efficiency ratios

The simulated candidates are used to calculate the efficiency of reconstructing and selecting
signal and reference decays that are input to the fit described in Section used to
determine V3|, R, and R*. The efficiencies are computed separately for 2011 and 2012
data-taking conditions, and then averaged with weights representing the relative amount
of data for each period.

Table 4.6/ reports the efficiencies for signal and reference decays from which the following
ratios are derived:

e(BY = D ytv,)

S B D (5 KK ity
B — D* [ D (= Ktnn)X]uty,)

= — 2.3539 & 0.0110. 4.7
S ¢(B° = D* [ D (= K*K—n)X]u*v,) (4.7)

£= B SD (oK K5 = 1.5679 4 0.0083, (4.4)
0 1t
€= 55 D* [(—B;SD?(ZS;+;#_)7T_)X]/L+VAL) —1.4635+0.0073,  (4.5)
PG i N e ST — 23718 +£0.0093,  (4.6)
(B

The departure from unity of the efficiency ratios between signal and normalisation decays
is mainly due to the requirement on m(K+K ™) to be around the ¢ mass, which is applied
in the stripping, and makes the kinematics of signal and normalisation decays more similar
to each other. The efficiency of this requirement relies on an accurate description in
the simulation of the D s K*K~7~ amplitude model a systematic uncertainty is
assigned to cover a possible mismodeling in Section [4.5.2, It is worth noticing that the
efficiency ratios between the BY control and normahsatlon decays, & and &, deviate from
unity more than for the B? efficiency ratios, ¢ and £*, because the control mode uses a
different D™ final state. This provides a nice validation of the measurements of R and
R* (and thus |V,|) based on corrections 40% larger than those needed for the BY decays,
as discussed in Section [£.4.2

Given the above efficiency ratios and assuming unit values for R and R*, the
BY — D uty, and B? — D 'ty exclusive decays are expected to constitute about 30%
and 60% of the inclusive B? sample, respectively. The B* — D~ putv, and B — D*~pty,
exclusive decays are expected to constitute about 50% and 30% of the inclusive B° sam-
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ple, respectively (the branching fraction of D*~ — D~ X decays, about 30%, must be
considered for the B® — D*~ v, decay).

4.2.3 Physics backgrounds

Simulation is also used to compute the efficiency of the background decays that are
expected to contribute to the B? and B® samples, such that an estimate of their fraction
with respect to the signals can be made from known (or guessed) branching fractions.
The background efficiencies are reported in Table grouped by categories as detailed in
the following sections.

4.2.3.1 Feed-down from semimuonic B’ decays

Table reports the full list of feed-down backgrounds from B, semimuonic decays to
excited D states other than D[, indicated inclusively as Dy in the following, or with

a non-resonant combination of a Dé:)) -

In the B case, such backgrounds are expected to contribute about 9% of the inclusive
sample. Their composition reflects what considered in several other LHCD analyses (e.g.,
Ref. [160]) when modelling the inclusive sample of semileptonic B® decays, and it is mostly
based on experimental measurements as discussed in Ref. [161]. As for the signal modes,
the D*~ is forced to decay to a D~ with either a 7° (about 95% of the times) or a v (for
the remaining 5%) and the D~ is forced to decay to either the K™K 7~ or KTm 7~
final state with the full Dalitz structure for both cases.

with pions that are considered in the analysis.
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Figure 4.8: Mass spectrum of D, meson states, reproduced from Ref. [162]. The y axis shows
the mass, the = axis the total angular momentum (J) and parity (P). Reported between the

vertical dotted lines are the orbital angular momentum (L) and total angular momentum of the
s quark (js). Also shown are the DK and DK™ thresholds.

Less experimental information is available for B decays of the same type that con-
tribute to the B? sample. An overview of the observed and predicted D*~ states is shown
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in Fig. . The thresholds above which D?*~ states decay strongly to DK or D*K final
states are also reported. The backgrounds considered in the analysis are limited to the
semimuonic decays of the BY meson to the two lightest states, D, (2317) and D (2460),
and to the D_(2536) state, which, despite being above the DK* threshold, has been
observed to decay to Dy w7~ and Dy [4]. The D%, (2317) is required to decay to Dy 7’;
the D;(2460) to D7~ (branching fraction 0.0337), D:~7° (0.097), D7 7~ (0.0077),
D;7%7% (0.0038), D~ (0.008), and D*~v (0.008).

The D:~ is required to decay to a D, with either a 7° (with ~ 6% probability) or a
v (with ~ 94% probability) and the D; is forced to decay to the Kt K7~ final state
with the full Dalitz structure. Branching fractions of these semimuonic B? decays are
not known, but based on what observed in Ref. [154], this background should be a few
percent of the signal. The requirement on the plane (Mo, p1) is effective in suppressing
this background, and tighter and looser variation of this requirement will be considered to
estimate a systematic uncertainty due to the residual contamination (Section .

4.2.3.2 Feed-down from semitauonic Bo(s) decays

Semitauonic B’(s) decays, where the 7 decays into the puvv final state, are also considered,
as reported in Table Also, these decays are part of the nominal model of the inclusive
sample of semileptonic BY decays discussed in Ref. [161]. These decays are estimated to
contribute less than 1% for both the B? and B° samples.

4.2.3.3 Semileptonic B" decays

In the B° sample, a contribution of about 9% from semileptonic B* decays is expected
(e.g., see Section 3.2 of Ref. |[154]). The composition of this background is detailed in
Table and includes both semimuonic and semitauonic modes, with 7 — pvv. The
composition is estimated following Ref. [161], as for several other LHCb analyses (e.g.,

Ref. [160]).

4.2.3.4 Decays of b hadrons to doubly charmed final states

Background can originate from B, BY or A} decaying into a pair of charm hadrons, where
one hadron is the fully reconstructed D(_S) candidate and the other decays semileptonically.
While such background is expected to be negligible in the BY sample, it is estimated to
contribute up to about 2% of the B? sample following Ref. [154] and is considered in the
analysis using the simulated decays listed in Table 4.3|

4.2.3.5 Cross-feed from semileptonic b-hadron decays

While semileptonic BY decays are expected to give a negligible contribution to the inclusive
B® or B* samples, semileptonic B® and BT decays to final states with a D; and an
unreconstructed kaon, such as B — D(2400)(— D,")~K)utv, can contribute to the
inclusive BY sample. Following Ref. [154], this contamination, which is estimated to be at
most 2% of the B? sample, is therefore considered in the analysis.
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4.3 Determination of the parameters of interest

The value of |V| and the ratios of the branching fractions, R and R* as defined in
Eqs. ([(£.1)-(4.2)), are derived from the signal and reference yields measured in the inclusive
B - D;(—» K"K 7 )p*v,X and B - D™ (— KTK 7 )u*v,X samples, respectively.
The signal and reference yields, N and Nr(:f), can be precisely measured through a fit to
the corrected mass distribution of the inclusive samples [153,|154]. However, this variable
doesn’t provide information on the decay form factors. These can be studied by measuring
the variation of the signal yields as a function of w or ¢?, but these variables are not
directly accessible in semileptonic decay because of the undetected neutrino. The method
adopted here is described in the following.

4.3.1 The p, variable

The per-candidate ¢ can be approximately inferred from the reconstructed quantities,
using kinematic constraints and assuming that only the neutrino is undetected, through a
second-order equation in the component of the neutrino momentum parallel to the flight
direction of the B candidate. Generally, this introduces a two-fold ambiguity that
can be resolved, e.g., by using multivariate regression algorithms [163]. This approach
suffers from O(25%) inefficiencies because, due to resolution effects, the second order
equation does not always have real solutions. It also results in a broad resolution and, for
the BY — D* u*v, decay, there is a further bias if only the D} is reconstructed in D~
decays. The inability to use candidates for which no real solutions are found also restricts
the allowed values of mg,,y to those that are smaller than the nominal BO(S) mass, hence
reducing the discrimination power between the different sample components.

To overcome such problems, an alternative approach is adopted in which the momentum
of the D, meson transverse to the BO(S) flight direction, p, is used as a proxy variable
for ¢*. In BY — D; "y, decays, the p, vector is opposite and equal in magnitude to
the W momentum vector transverse to the BY direction. This is invariant with respect
to the BY boost. In BY — D*~utv, decays, the unreconstructed v or 7° from the D"
decay only leads to a small dilution. The p, variable has the advantage of being fully
reconstructable from the tracks of the D, decay products. As shown in Fig. [4.9 p,
is highly correlated with ¢?, and its distribution depends on the form factors. This is
shown by the variation of the distribution as a function of the parameter p? for a sample
of simulated B? — D, pu*v, and B? — D pu*v, decay. In the case of B — D uty,
decays, the p, variable also presents correlations with the helicity angle 6y, and very
little with angle 6, (none with x). This is shown in Fig. [1.10] Such correlations turn out
to be important to gain sensitivity on the R;(w) and Rs(w) form factors, which are not
accessible if studying the ¢? distribution only. The variation of the efficiency (in arbitrary
units) as a function of pi®, i.e., the value of p, calculated from true-level momenta, is
shown in Figure [£.11]

The p, distribution is correlated with the m.,, variable, meaning that the latter is
also influenced by the assumed form-factor values. The mo, and p, variables provide a
powerful discrimination in the determination of the sample composition, as the distribution
of the two signal decays, as well as those of the background decays accumulate in well-
separated regions in the two-dimensional space of p; and mge. This is shown in Fig.
for all decays contributing to the B sample. The two-dimensional distribution is plotted
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Figure 4.9: For (left column) B? — D; "y, and (right column) BY — D*~putv, simulated
candidates, (top) reconstructed p, distribution versus true ¢? after the full selection; (bottom)

distribution of p{'® for different values of p?.

without the requirement p, [ GeV/c] < 1.5 + 1.1 X (meor| GeV/c?| — 4.5), which is drawn
as a black line, to show how such a requirement suppresses background decays. The red
line shows a tighter cut applied on top of the baseline requirement to further suppress
the background and thus assess a systematic uncertainty on the residual background

contamination (see Sec. [4.5.3)).

4.3.2 ? fit function

A binned least-squares fit to the two-dimensional distribution of the mc.., and p, variables
is used to determine the sample composition and the parameters of interest. The inclusive
samples of BY and B decays are described by several components, as explained in the
following sections. Each component is modelled in the two-dimensional (Mo, pi) plane by
a two-dimensional histogram template. The templates describing the physics decays, signal
and background, are derived from simulated candidates, with 2011 and 2012 conditions,
summed with the same proportions as in data. The template describing the combinatorial
background is modelled using SS data.

The fit minimizes the following y?-like variable, which also accounts for the limited

size of the simulated samples:
bins

2 [”z - pi]2
= —_ 4.8
X Z 0-72” + 0-12)1_ ’ ( )

i
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Figure 4.10: Simulated B? — D*~pu* v, candidates after the full selection: distribution of p
versus (top-left) true w, (top-right) cos#;, (bottom-left) cosfy, and (bottom-right) x

pL [GeV/c ]

where n; (p;) is the number of observed (predicted) data candidates in bin ¢ of the
(Meorrs p1) plane, and o, (0,,) is its statistical uncertainty. The number of predicted

candidates is
=Y _Nj hsi
J

where N; is the total yield for component j with template h;, which contributes hj;
fractional candidates to bin i of the (Mo, p1) plane. The templates are normalized to
unity in the fit range. The uncertainty on the prediction is computed by propagating the
statistical uncertainty on the template bin content oy, ,. The yields of the fit components
are floating parameters of the fit. In the case of the fit to the B? sample, the yield of the
two signal decays can be expressed as a function of |V|, or R and R*, as presented in
Sects. 4.3.5] and [4.3.6]

The signal templates are functions of the form factors. This dependence is made
explicit in the fit through a reweighting procedure. The fit function of Eq. is
minimized numerically with the MINUIT package; during the minimization, at each MINUIT
call of the x? function, the (Mo, p1 )-histogram templates are refilled using the simulated
candidates for the given component, and each candidate is weighted with a weight that
depend on the form factors. Such a weight is calculated with the one-dimensional decay
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Figure 4.11: For (left column) B? — D; "y, and (right colum) BY — D~ p* v, simulated

candidates, (top) efficiency as a function of pf¢; (bottom) distribution of p; — p'°, fit with a
sum of three Gaussian functions.

rate of Eq. (1.101) for the BY — D, u*v, candidates, and with the four-dimensional decay
rate of Eq. (1.106)) for the B? — D?~ ut*v, candidates. The weights are

)= [dF(B — Duv) (%uem} / {dF(B — Duv)

WD (Grue " T (Gorue |fsim)} , and  (4.9)

d*T'(B — D*uv) d*T(B — D*uv)

stcontrdcoidy 0] | [Gudeonty ey ol 55n)
(4.10)

Wp= (q_:crue) = |:

for B — D; ptv, and BY — D 'y, decays, respectively. Here, Gine are true-level
particles quadrivectors used to compute w and the helicity angles, & is the vector of
the decay form-factor parameters being minimized, and 7, are the parameters fixed
at the values used in the generation of the simulated candidates. For instance, in the
CLN parametrization, for the decay B? — D u*v,, dI'/dw is given by Eq. with
the parametrization of Eq. (1.104)), & = {p?}, and Zgm = {p* = 1.229}; for the decay
B? — D ptv,, d*T'/dwd cos 6yd cos §;d is given by Eq. with the parametrization
of Egs. (L112)-(L.114), & = {p? Ri, Ry}, and Fgm = {p* = 1.122, Ry = 1.270, Ry =
0.852}. This procedure allows minimizing the y? function by continuously scanning the
parameter space, while accounting for any variation of the efficiency and resolution as a
function of (Mmeorr, p1). With this method, both efficiency and resolution do not depend
on the value of the parameters used in the generation of the simulated samples.
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Figure 4.12: Two-dimensional distribution in the mcoy and p, variables for simulated (top-left)
BY — D utv, decays; (top-right) BY — D~ v, decays; (bottom-left) background decays from
B? feed-down and b hadron decays to a doubly-charmed final state; (bottom-right) background
decays from B cross-feed and semitauonic BY decays. The background are grouped together
according to their shapes in the (mcorr, p1) plane. The requirement p, [GeV/c] < 1.5 + 1.1 X
(Meorr| GeV/c?] — 4.5) is drawn as a black line, while the red line is a tighter cut applied to assess
a systematic uncertainty on the residual background contamination.

A comment on the weight wp- for the B? — D*~u*v, decays. As shown in Tab. ,
the angular functions differs for D, decays to final states with a photon or a pion. The
D,*™ decays are not reconstructed in the analysis, so the weight wp+ is calculated as an
average of the differential decay rate for a photon final state and that for a pion final state,
weighted by their branching fractions (95% for Dy*~ — D~ and 5% for D,*~ — D n°).
The same applies to the B? case (but swapping the numbers for the branching fractions
of the decays to a photon or a pion).

4.3.3 Determination of the reference yields

The yields of the B — D~ utvy, and BY — D*~ v, control decays are determined by a
fit to the (Mcor, p1) data distribution with the following components:

1. B® = D~ ptvy, decays;

2. B = D* utv, decays;
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Figure 4.13: Two-dimensional distribution in the mcqy and p, variables used as template in
the fit to the reference sample (top-left) B — D~ u*v, decays; (top-right) B® — D*~ Ty,
decays; (bottom-left) background decays from BY feed-down and B* decays; (bottom-right)
combinatorial background.

3. the sum of the B® and BT background decays described in Secs. [4.2.3.1] and [4.2.3.3|
which are considered as a single component;

4. combinatorial background.

The BY and Bt background components are lumped together in a single template
because their (Mo, p1) distributions are indistinguishable, providing no discrimination
handles in the fit. The templates are merged to increase the histograms statistics and
minimise fluctuations, by considering an equal proportion between the two backgrounds
as per Table Background from semitauonic decays (Sec. is neglected because
it is found to be compatible with zero in an alternate fit in which it is included, and no
significant change of the reference yields are observed. The templates describing each
component are shown in Fig. [£.13] The fit parameters are the reference yields, N, and

¢, the yields of the background components, Ny, and Neomb, and the form-factor
parameters of the CLN parametrisation, p?(D), p*(D*), R; and Rs.

The one-dimensional projections are shown in Fig. [£.14] One-dimensional projections
in Meope for different bins of p, (and viceversa) are shown in App. m The fit describes
the data reasonably well, with a x?/ndf at the minimum of 76/70 (probability of 29%),
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Figure 4.14: Normalisation sample: distribution of (left) mcoyy and (right) p; variables with fit
projections overlaid.

and measures

Nt = 36432 & 1602, (4.11)
N, = 27757 + 1155, (4.12)

with a correlation of —0.703. The value of all fit parameters are reported in Tab.
Form factors parameters are measured to be in agreement with world averages.
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Figure 4.15: The two-dimensional distribution of m¢er and p| variables for SS data used as fit
template describing the combinatorial background to the BY sample.

4.3.4 Components of the fit to the B? sample

The fit to the B? sample features the following components:
1. BY — D, p"v, signal decays;
2. BY — Dt ptu, signal decays;

3. the sum of background sources from feed-down semimuonic BY decays described
in Sec. [4.2.3.1] and b hadron decays to a doubly charmed final state described in
Sec. [4.2.3.4] which are considered as a single component, named “background 17;

4. the sum of background sources from cross-feed semileptonic B decays described in

Sec. and B? semitauonic decays described in Sec. 4.2.3.2 considered as a

single component, named “background 27;
5. combinatorial background.

The background sources lumped together in the two categories “background 1”7 and
“background 2” have very similar shapes in the (Mmcor, p1) plane and cannot be discrimi-
nated by the fit when separated. They are therefore merged according to the expected
approximate fractions presented in Table 4.7, The templates for components one to four
of the above list are those displayed in Fig. [£.12] with the nominal requirement applied
(p1L[GeV/c] < 1.5+ 1.1 X (meor| GeV/?] — 4.5), corresponding to the black line). The
template for the combinatorial background is modelled with SS data, and it is shown in
Fig. 4.15] The background yields are left free to float. The signal yields are parametrised
differently in the case of the fit to determine |V3| or R and R*, as explained in the
following sections.
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Table 4.1: Summary of stripping selections. (x) The requirement on m(K ™K ™) is applied only to
the b2DsPhiPiMuXB2DMuNuX line, all other requirements are applied also to the b2DpMuXB2DMuNuX

line.

Quantity Requirement
ProbNNghost(u, 7, K) < 0.5
Minimum TPy?(u) > 9.0
Minimum IPy?(7, K) > 4.0
pr(p) > 1.0GeV/c
p(p) > 6.0 GeV/c
PIDmu(p) > 0.0
IsMuon( ) True
Track x?/ndf < 4.0
pr(K), pr(m) > 250 MeV/c

( ), p(m) > 2.0 GeV/c
PIDK(K) > —5.0
PIDK () <20.0
D daughters’ > pr > 1.8 GeV/e
D vertex x?/ndf <6.0
D x?/ndf separation from PV > 25
D DIRA > 0.99
m(Dy,) € [1789.650, 2048.340] MeV/c?
m(K+tK™) € [979.455,1059.455] MeV/c? ()
B vertex x?/ndf < 6.0
B DIRA > 0.999
m(Ds)p) € [0,9999] GeV/c?
v,(D) — v,(B) > —0.1mm
nLongTracks < 250
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Table 4.2: Summary of offline selection criteria for the (left) K™K~ 7~ and (right) Kt7n 7~

samples. See text for motivations for the various mass vetoes.

Quantity Requirement
KTK 7~ K*tr—m~

PIDK () <20 <10
PIDK(K) >0 >4
ProbNNpi(r) > 0.2 > 0.5
ProbNNk(K) > 0.2
PIDmu(u) >0
p(K) [5.0,100.0] GeV/c
p(m) [5.0,100.0] GeV/c
p(n) (5.0, 200.0] GeV/c
pr(K), pr(m) > 0.3GeV/c > 0.5GeV/c
pr(p) 1.0, 14.0) GeV/c
n(m), n(K), n(u) 2.0,4.7]
Xip (1) > 25
IP(u) < 10 mm
m(K+TK™) € [1.008, 1.032] GeV/c? -
m(Kpr) ¢ [2.260,2.310] GeV/c?

R ¢ [3.040,3.160] GeV/c?
mi) ¢ [3.635,3.735] GeV/c?

_ € [1.85,1.89] GeV/c? for B

D ' 2

(D)) € [1.945.1.995) Gev/c? for g0 € (189,189 GeVe
D, vertex x*/ndf <6
X%P(D@)) <9
zth(D) - thx(B) >0
t(Dys) > 0.1ps
pL(Dy) € [0.2,2.5] GeV/c
pi (D) GeV/(] < 1.5+ 1.1 X (Meore| GeV/?] — 4.5)
m(D gy u") € [3.1,5.2] GeV/c?
Mecorr S [35, 58] GGV/02
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Table 4.3: Samples of simulated data used in the analysis.

Sample Event type Candidates
Generated Selected
BY = Dy (= K*K-n7)uty,X 13774206 710 458 278 276 130
B = D~ (= K*K—n)uty, X 11874025 593 437 520 145 487
B = D~ (= Ktnn )utv,X 11874044 1195 632 500 695 452
Bt = D (= K*K—n7)ntutv, X 12875043 1949 011 10 977
Bt = D (= Ktr—n ) ntputy, X 12875033 91 006 096 29 898
Bt — D®Op )+ 12875613 15 370 705 941
B° — D®-p 0+ 11876203 15 356 601 755
BY — D,=p * 13574612 15369 532 1502
A = AF DM~ (70 15674313 31407 407 1705
B~ — D°(2400)(— DT K )y~ v, X 12775003 28 968 714 3 736
B’ — D;(2400)(— D, KQ)u~v, X 11774003 29 815 146 3 604

Table 4.4: Selection requirements of the B~ — JiyK~ and B? — J/ip¢ control samples.

Requirement B~ — JWK~ B — Jhpo

p(p, K) [5,200] GeV/c

pr(p) [1.0,14.0] GeV/c

7(0) 20,47

n(K) 2.0,4.8]

Xip(B) <25

Xip (1) > 25

MKk - [1.000, 1.040] GeV/c?

My [3.050, 3.150] GeV/c?

PIDK(K) >0

mprr(B) [5.250, 5.320] GeV/c?  [5.340, 5.410] GeV/c?
Decay Model  p*  G(0) F(1) R Ry
B — D p*y, HQET2 1.131 1.074 - - -
BY — D*~pty, HQET2 1.122 - 0.921 1.270 0.852
BY— D;ytv, HQET2 1229 1074 - - -
BY — D pty, HQET2 1.122 - 0.921 1.270 0.852

Table 4.5: Values of the Form Factors parameters assumed in the simulation after the corrections
described in Sect. 4.2.2.

174



Table 4.6: Efficiencies of reconstructing and selecting signal, reference, and control decays.

Decay Efficiency [1073]
2011 2012 Total

BY — D;pty, 0.454 +£0.002 0.495+£0.003 0.481 £0.002
Bg — D:_,uf"l/# 0.402 +0.001 0.442 £ 0.002 0.429 4+ 0.001
BY - D~ (— KJFK*W*)MJFVM 0.285+0.002 0.318 £0.001 0.307 &£ 0.001
B® = D* = D~ (— K*K-n)X]gty, 0.269+0.002 0.305=0.002 0.203 % 0.001
B — D (— K+7T77T7),u+l/u 0.683 £0.002 0.751 £0.001 0.728 & 0.001
B — D*[-» D (— K+7r77r7)X]lu+VM 0.642 £ 0.002 0.713 £0.002 0.690 4+ 0.001

Table 4.7: Expected approximate composition of the inclusive BY — D; (— KTK -7 )uTv,X
and BY — D~ (— K"K~ 77 )u"1,X samples in terms of the two signal modes and of the
dominant background components. Together with the expected fraction, the total selection

efficiency of each component is also reported.

Sample components Efficiency Fraction
[107%] (7]

B - D, (= K"K 7 )uty,X
B? — Dy utv, signal 0.481 £ 0.002 30
BY — D ptuy, signal 0.429 &+ 0.001 60
B? feed-down 0.282+0.002  O(5)
B? semitauonic decays 0.070 £ 0.002 <1
doubly charmed final states ~ 0.067 4= 0.001 2
B cross-feed 0.130 £ 0.001 2

B = D (= K"K 7 )uty,X
B — D~ u'tv, signal 0.307 £ 0.001 20
B — D*~pty, signal 0.293 £ 0.001 30
B feed-down 0.104 4 0.001 9
B° semitauonic decays 0.030 £ 0.001 <1
B™ decays 0.054 +0.001 9
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Table 4.8: Background decays contributing to the simulated samples of inclusive (top) B —
D~ pty,X and (bottom) BY — Dy~ p~ v, X decays. Branching fractions and decay models used
in the generation are also reported.

Process B [%] EVTGEN model
B® — Dy (= DW=X)utu, 0.14355 ISGW2
BY — Dy (= DY=X)uty, 0.06156 ISGW2
B® = Dy (= Dy X)u'v, 0.18477 ISGW2
B® = Dj (= Dy X))t v, 0.16516 ISGW2
B — D n'utu, 0.01980 GOITY_ROBERTS
B — D n'7utu, 0.02940 PHSP
B = D ntrptu, 0.11970 PHSP
B — D*(— D~ X)n" M yﬂ 0.01492 GOITY_ROBERTS
B - D* (- D*X)W wout VM 0.02374 PHSP
BY = D* (= D X)ntn puty, 0.09021 PHSP
BY — Dy (— D (x ) X)u v 0.7000 ISGW2
B0 — D5 (= D" X)ut 0.4000 ISGW2
B0 — D' (= DY X))t 0.4000 ISGW2

Table 4.9: Semitauonic background decays contributing to the simulated samples of inclusive
(top) B® — D~ putv, X and (bottom) B? — Dy~ v, X decays. Branching fractions and decay
models used in the generation are also reported.

Process B [%] EvTGEN model
B - D 7thu, 0.19096 ISGW2
B® — D* (= D~ X)7tv, 0.08411 ISGW2
B® = Dy (= Diyy X)rtv, 0.00867 ISGW2
B — D (— D(*)_X)T+VT 0.00689 ISGW2
B° — D7 (— D®-X)rt 0.00534 ISGW2
B® = Dy (= D §X)T+ 0.01103 ISGW2
BY —» D, 1, 0.138 ISGW2
BY - D~ (— D,")~ X) 0.2770 ISGW2
BO — DXy (— D, > X)rt 0.038 ISGW2
BO — Dy (— D! X) 0.022 ISGW2
Bg — D' (= DY X)rt 0.022 ISGW2
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Table 4.10: Processes contributing to the simulated samples of inclusive BT — D~ uTvX decays.
Branching fractions and decay models used in generation are also specified.

Process B [%] EvTGEN model
BY — Di°(— DW= X)utv 0.2628 ISGW2
B* — Dy%(— Dy X)utv 0.2304 ISGW2
B* — DY(— Dy X)utv 0.2082 ISGW2
Bt — D ntuty 0.0895 GOITY_ROBERTS
Bt = D* (= D~ X)rtuty 0.0706 GOITY_ROBERTS
Bt — DP(— D¥=X)utv 0.0690 ISGW2
B* — Dy*(— Dy X)r* (= ptvv)y 00154 ISGW2
Bt = Di%(— DW= X)r+ (= ptvv)r  0.0126 ISGW2
BT — DY(— DES;X)T+(—> pwrvv)y  0.0098 ISGW2
Bt — DP(— DW=X)7H (= pFvv)y  0.0060 ISGW2

Table 4.11: Result of the fit to the B® normalisation sample.

Parameter value
Noof 36432 £ 1602
Ny 27757 £ 1155
Nphys 12391 4 838
Neomb 5715 4+ 1553
p*(D) 0.87 £0.18
p*(D*) 0.93 £0.53
Ry 1.70 + 0.86
Ry 1.08 +=0.44
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4.3.5 Fit for |V,;| in the CLN parametrisation

The yields of the B® — D{”~ p+v signal decays can be written as

B(BS = Dy W ytv) N

() _
N = B(B° — D-®utv) ’ (4.13)
where
fs B(Ds~ - K"K 77)
N =& Nyt = L B(D- S KK (4.14)
—_ + p— p—
e N fS B(Dy~ — KK 7)) (4.15)

rf faB(D*~ - D-X)B(D- - K*K—7-)

Here, Nr(:f) are the measured yields of the reference B® — D™~ ;tv decays of Eqs. (d.11])~

[@-12)), and €™ is the ratio of efficiencies computed in Sec. 4.2.2.1}

The B? branching fractions can be written in terms of the differential decay rates of
Egs. (1.101)) and (1.110]) and the B? lifetime 7(B?), such as

wids dF(Bg N Dg*)*ﬂ—i-y)
dw

B(B® = DO 1) = [Vip P X2 (BY) / dw  (4.16)

with Wi being the endpoint of the recoil variable, X = G(0) for B — D, u"v decays
and X = F(1) for B — D!~ v decays. The dependence on |V, |?nawX is made explicit
in Eq. by taking this term out of the integral of the differential decay rates of
Egs. (1.101)-(1.110). By taking as input the value of G(0), F(1) and 7gw, the signal
yields of both decays are expressed solely in terms of |V, and the form factors parameters,
according to the chosen parametrisation, used also in the templates reweighting (Egs.
and (4.10)).

Firstly, the data are fit to determine |V,| using the CLN parametrisation. The form-
factor functions are given by the CLN equations, Eq. for the B — D ptv, decay,
and Egs. (L.112)—(1.114) for the B? — D:~pu*v, decay. The full list of fit parameters is
reported in Table [4.12] Those marked as gauss are Gaussian-constrained in the x? fit
function, using the reported values and uncertainties. Correlations are taken into account
where necessary for Gaussian-constrained parameters. The value of the f;/f; constraint is
obtained from the independent Run 2 sample of semileptonic BY decays [150], taking into
account the measured dependence of fs/f; on the proton-proton collision energy [151]:
the values of f,/fs at 7 and 8 TeV are determined (considering the correlation between
the energy-dependent scale factors) and averaged according to the size of the datasets
collected at the two centre-of-mass energies. All branching fractions and the particle
masses are constrained to their PDG 2019 averages [164]. The only exception is the
branching ratio of the decay D; — KK 7, which is fixed in the fit (to the PDG
2019 value), because the uncertainty on this input cancels with that of fs/fs, in which
the same input is used. Because of this cancellation, the contribution of the branching
ratio of D — KK~ 7~ decays has been also subtracted from the uncertainty of f,/ f.
The same applies to the BY lifetime, which is also fixed in the fit. The value of nrw is
constrained to ngw = 1.0066 £ 0.0050 following Ref. [61]. The parameters G(0) and F(1)
are constrained to the most recent lattice calculations: G(0) = 1.072 4 0.036 is derived in
Appendix and F(1) = 0.9020 £ 0.013 from Ref. [165].
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Following the study described in Appendix , the value of p?(D,) is constrained, tak-
ing into account its correlation with G(0), to gain additional precision in the measurement
of |Vep|. The fit is performed without and with this additional Gaussian constraint, and the
results are compared in Table [4.12} the second-to-last column (titled “w/o LQCD(¢?)”)
reports the values in the fit where p?(D;) is not Gaussian-constrained from lattice data, but
only G(0) is constrained; the last column reports the values in the fit with the constraint
on p*(Dy) (titled “w/ LQCD(¢?)”). The naming “LQCD(¢?)” is used to highlight the
fact that the lattice inputs originate from a calculation in the full ¢?, and not only at
maximum ¢* (or w = 1), which is also the case for the fit “w/o LQCD(¢*)” where only
G(0) and F(1) are given as input. In the fit w/o LQCD(¢?), the value of p?(D;) agrees
with that derived from lattice (reported in the third column). The uncertainty on |V
present a 10% improvement on the precision when fitting w/ LQCD(¢?).

The |V,| results from the two fits are in agreement, and they also agree with deter-
mination from B decays. That w/ LQCD(¢?) is considered as the nominal result. The
correlation matrix is reported in Tab. for the nominal CLN fit. One-dimensional
projections of the fit on mey, and p, are displayed in Fig. [£.16, and those in Moy, for
different bins of p, (and viceversa) are shown in App. . Only distributions for the fit
w/ LQCD(q?) are shown since there is no visible difference in the fit projections between
the fit w/ or w/o LQCD(¢?).

For each configuration, w/o and w/ LQCD(¢?), the fit is performed twice: firstly,
all Gaussian-constrained parameters are left floating; secondly, they are fixed at the
values obtained at the y? minimum of the previous fit. By construction, the second
fit converges to the same minimum of the first fit, but the parameter uncertainties do
not include the uncertainties on the external constraints. The fit thus returns only the
statistical uncertainty of the fit parameters, while the uncertainties from the constraints
are considered as systematic uncertainties in Sec. [4.5.1] In the second fit, the values of
the normalisation yields and of the efficiencies ratios are not fixed, as they are considered
as part of the statistical uncertainties of the measurements. Also, the uncertainties due
to the size of the simulated and SS samples used for the templates fit are included in
the statistical uncertainties. In the fit w/ LQCD(q?), the parameters p*(D,) and G(0),
although Gaussian constrained in the first fit, are not fixed in the second fit, since p?(D;)
is determined by both the data and the input from the lattice calculation, and G(0) cannot
be disentangled because of its large correlation with p*(D,). Hence, the uncertainties
of the fit w/ LQCD(¢?) includes both the statistical contribution of the data sample
(and templates) and the contribution from the uncertainty of the lattice data of the
BY — Dy utv, decay.
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Meorr and (right) p, variables with fit projections overlaid.
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Table 4.12: Parameters of the fit to the signal sample of B — D, (— K™K 7~ )u*v,X decays
to determine |V| with the CLN parametrisation. The fit results are reported in the last two
columns, with the second-to-last column showing the case “w/o LQCD(g¢?)” (no constraint
on p?(Ds)) and the last column showing the case “w/ LQCD(¢?)” (constraint on both p?(Ds)
and G(0), with their correlation). The second column indicates whether the parameter is
Gaussian-constrained in the fit (gauss) or not (free); in the former case, the value used in the
constraint is reported in the third column (note that p?(D;) is Gaussian-constrained only for
the configuration “w/ LQCD(q?)”). The free parameters are reported in the upper pane of the
table; the Gaussian-constrained parameters on the lower pane.

Parameter Comment  Constraint value CLN w/o LQCD(¢?) CLN w/ LQCD(¢?)
Vo] [1079] free ~ 41.76+£1.49(0.79)  41.36 £ 1.30(0.57)
p2(Dy) free/gauss  —/(1.220 £ 0.051)  1.302 = 0.075(0.059) 1.268 % 0.047(0.047)
P2(Dy%) free - 1.25+0.17(0.16)  1.23 +0.17(0.17)
Ry free - 1.33 4 0.25(0.25) 1.34 +0.25(0.25)
R, free - 0.82 £0.16(0.16) 0.83 £0.16(0.16)
Nikg—1 free —  55384+2250(2250) 5550 + 2250(2248)
Nikg—2 free — 10993 +1053(1053) 11010 + 1050(1048)
Neomb free — 5903 +2347(2346) 5940 + 2344(2339)
G(0) gauss 1.073 £ 0.036 1.100 £ 0.034 1.102 £ 0.034
F(1) gauss 0.902 £0.013 0.898 £0.013 0.899 £ 0.013
NEW gauss 1.0066 £ 0.0055 1.0066 £ 0.0055 1.0066 £ 0.0055
Nyt gauss 36430 £ 1602 37876 + 1428 37723 £ 1193
N gauss 27757 £ 1155 26710 + 1068 26822 + 866
fs/fa gauss 0.2324 £ 0.0092 0.2324 £ 0.0092 0.2324 £ 0.0092
13 gauss 1.5684 + 0.0083 1.5684 £ 0.0083 1.5684 £ 0.0083
& gauss 1.46306 & 0.0073 1.46306 £ 0.0073 1.46306 £ 0.0073
B(D; - KTK fixed 0.0545 - -
B(D- — KTK gauss 0.00993 £ 0.00024 0.00993 £ 0.00024 0.00993 £ 0.00024
B(D*~ — D™ X) gauss 0.323 £ 0.006 0.323 £ 0.006 0.323 £ 0.006
B(B" = D~ utv,) gauss 0.0231 £ 0.0010 0.0225 £ 0.0010 0.0228 £ 0.0009
B(B® — D* utuv,) gauss 0.0505 £ 0.0014 0.0510 £ 0.0014 0.0507 £ 0.0013
7(B?) [ps] fixed 1.510 - -
B? mass [GeV/c? gauss 5.36688 £ 0.00017 5.36688 £ 0.00017 5.36688 £ 0.00017
D; mass [GeV/c?] gauss 1.96834 £ 0.00007 1.96834 + 0.00007 1.96834 + 0.00007
D, mass [GeV/c?] gauss 2.1122 £ 0.0004 2.1122 £ 0.0004 2.1122 £ 0.0004
X2 /dof 279/284 279/285
Probability 0.56 0.58
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Table 4.13: Correlation matrix of the uncertainties of the physics parameters (including

external inputs) in the nominal CLN fit for Vcb.

B(D- = KtK-n") B(D™—D"X) B(B°— D yuvy,) B(B®— D puty,) Ry Ry P*(Ds)  G0) pA(Ds5)  F(1) NEW Vi
fs/ fa 0.002 0.001 0.002 0.001 —0.001 0.001 —-0.000 -0.001 -0.000 -0.001 -0.001 -0.621
B(D- = KTK~—7n7) —0.001 —0.001 —0.001 0.000 —0.000 —0.000 0.000 0.000 0.001 0.001 0.380
B(D™ — D~ X) 0.079 —0.047 0.024 —0.018 0.008 —0.028 0.019 0.050 0.000 0.174
B(B° = D~ utv,) 0.112 —0.0567  0.042 -0.019 0.068 —0.045 —0.118 0.000 0.339
B(B® = D*~putv,) 0.034 —0.025 0.011  —0.040 0.027 0.071 0.000 0.246
Ry —-0.875 —0.025 0.004 0.891 —0.036 —0.000 —0.103
R, —0.180 —0.168 —0.966 0.027  0.000 0.101
p*(Ds) 0.838 0.159 —-0.011 —-0.000 —0.031
G(0) 0.151 0.042 —-0.000 —-0.173
(D) 0028 —0.000 —0.059
F(1) ~0.000 —0.260
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4.3.6 Fit for R and R*

When fitting for R and R*, the signal yields are expressed by Eq. (4.13]), which is simply
rewritten as

N® = RE N (4.17)

where R and R* are free parameters in the fit. Results are given in Table [4.14] The
correlation matrix is given in Tab. [£.15]

Table 4.14: Results for R and R*. The uncertainty corresponds to the fit using the Gaussian
constraints for the input parameters. The number reported between parentheses is the uncertainty
obtained when fixing all Gaussian-constrained parameters to their values at the global minimum,
i.e. the uncertainty including only the statistical components due to the limited data and
simulation samples sizes and due to lattice data.

CLN
R 1.093 £ 0.074(0.054)
R* 1.059 £ 0.071(0.047)
x?/dof 278/284
Probability 0.59

Table 4.15: Correlation matrix of the uncertainties of the physics parameters (including external
inputs) in the nominal fit for R and R*.

B(D~-— Kt*K 7)) B(D™*— D X) R R*
fs/ fa 0.001 0.001 —0.581 —0.588
B(D- — K*K—7") —0.000 0.355  0.360
B(D* — D~ X) —0.000  0.295
R 0.140

4.4 Analysis validation

The full analysis is validated by means of pseudoexperiments and with the large
BY = D~ (— Kt 7 )utv, control sample, as described in the following.

4.4.1 Pseudoexperiments

Pseudoexperiments are generated by resampling with repetitions (bootstrapping) the
samples of fully-simulated signal and background decays that pass the selection require-
ments. The combinatorial background is obtained bootstrapping the same-sign data
sample. For each pseudoexperiment, 280k candidates in total are bootstrapped to make
the BY — D (— K"K 7 )u*v,X sample. The relative proportions of signals and back-
grounds found in the nominal fit to data are reproduced in the toys. Since the number of
generated events in each toy is different from that present in data, the efficiency ratios &4
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and ¢ are rescaled to take into account this difference. Moreover, the mean values and
uncertainties of the Gaussian constraints on N, and N are modified such that R and
R* yield unit value; G(0) and F(1) are also rescaled to have |V,| equal to 40 x 1073, All
these scale factors are very close to unity.

Three sets of pseudoexperiments are studied. In the first set, the generated samples
are fit without considering the uncertainty due to the finite size of the simulated samples
used to create the fit templates (0;_ term in Eq. ) to prove that the fit estimates
are unbiased with a correct assessment of the fit uncertainty, which corresponds to
normal pull distributions (Gaussian with mean zero and unit width) for each parameter.
The fits are performed by floating also the Gaussian-constrained parameters, where
the central values of the constraint are resampled from Gaussian distributions for each
pseudoexperiment (accounting for correlations when present). The results of the fits are
reported in Table [4.16} no biases are observed, or are considered negligible with respect to
the statistical uncertainty, in both the configuration w/ and w/o LQCD(¢?). The pull

distributions for the nominal CLN fit are shown in Figure 4.17]

Table 4.16: Summary of the results obtained from the toy studies of the CLN parameterisation,
where fit templates uncertainties are neglected. The second column report the case w/ LQCD(¢?),
the third column the case w/o LQCD(q?). For each parameter, the first row is the mean of the
pull distribution with its uncertainty, the second row is the width of the pull distribution with
its uncertainty and (if present) the third row is the mean of the residuals’ distribution with
its uncertainty (to assess the potential bias on the parameter). For each configuration 2000
pseudoexperiments were generated and fitted.

w/ LQCD w/o LQCD
0.04 £0.02 0.06 = 0.02

Ve 0.99 + 0.02 0.96 + 0.02
(—4+4)-107°
—0.03+0.02 —0.05+0.02
G(0) 1.01 £ 0.02 1.01 £ 0.02
(=7+7)-1074
0.06 + 0.02 0.04 £ 0.02
F(1) 1.00 = 0.02 0.99 4 0.02
(7+3)- 107
—0.05+0.02 —0.08+0.02
p*(Dy) 1.02 £ 0.02 1.02 £ 0.02
(~141)-1073

—0.06+0.02 —0.08+0.02
p*(D,") 1.05 £ 0.02 1.04 £ 0.02

(—3+3)-1072
—0.03+0.02 —0.05+0.02
R 1.06 £ 0.02 1.03 £ 0.02
(—10+4)- 1073
0.00 % 0.02 0.02 £ 0.02
R, 1.05 £ 0.02 1.03 £ 0.02
(—142)-1072
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Figure 4.17: Pull distributions for the nominal configuration for (top-left) G(0), (top-right) F(1),
(mid-top-left) p?(Ds), (mid-top-right) p?(Ds*), (mid-bottom-left) Ry, (mid-bottom-right) R
and (bottom) |Vz|. A Normal distribution is shown as reference.

In the second set of toys, the generated samples are fit with the nominal x? function, i.e.
considering also the o2 uncertainty in the x*. This set of toys is only run for the nominal
configuration. The statistical fluctuations of the fit templates are not simulated. The pull
distributions are thus expected to have a width smaller than 1, with the deviation of the
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Table 4.17: Width of the pull distribution obtained from the toy studies including the uncertainty
on the templates. Results of the nominal fit are shown. For each parameter, the first row is the
width of the pull distribution with its uncertainty when the fit templates are not randomised, and
the second row is the width of the pull distribution with its uncertainty when the fit templates
are randomised. A total of 2000 pseudoexperiments were generated and fitted. Only parameters
which are not Gaussian constrained are reported.

CLN w/ LQCD

0.86 = 0.01
1.02 £0.02

0.79 £ 0.01
1.06 £0.02

0.80 £ 0.01
1.08 £0.02

0.79 £ 0.01
1.07 £ 0.02

Ve

p2(Ds*)

Ry

Ry

width from 1 quantifying the contribution of the uncertainties on the fit templates. The
results are reported in Table for the parameters that are not Gaussian-constrained
(Gaussian constrained parameters are fixed, such that only the statistical contribution to
the uncertainties is considered). The uncertainties on the templates increase the estimated
statistical uncertainty on |V| by about 10-15%, and on the form-factor parameters by
about 20%.

In the third set of toys the statistical fluctuations of the fit templates are also simulated
by bootstrapping the samples used to create the templates. The results are shown in
Table where the width of the resulting pull distributions is reported in the second row
for each parameter; the width is found to be compatible with unity for |V|, as expected,
while it is found to be a few percent larger than unity for the form-factor parameters
(suggesting a small underestimation of the fit uncertainty).
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4.4.2 Control sample analysis

The B — D~ (— Ktm 7 )uty, control sample is analysed to measure values of
R and R* compatible with unity. Eq. is thus modified to account
for the B®— D (= KTn 7 )utv, and B — D* [ D (— KTn 77 )X|utv, de-
cays at the numerator, keeping as reference the B° — D (— KtK 7 )uty, and
B® — D*" [ D~ (— K*K 7" )X|u*y, decays; the value of f,/fy is fixed to unity, £
and B(D; — K"K 7~) are replaced with fc(z*) and B(D~ — K*x m7), respectively,
while the factor B(D*~ — D~ X) is removed being in common to both numerator and
denominator. The branching fractions for B(D~ — K*n 7~ ) and B(D~ — KTK 7")
are taken from Ref. [166] and the 55% correlation between their uncertainties is included
in the fit.

The components of the sample are the same as those of the reference sample described
in Section 3.3t

1. B® = D~ putv, decays;
2. B" = D*~u'ty, decays;
3. sum of the B® and B+ background components of Section [4.2.3.1] and Section 4.2.3.3|,

which are fit as a single component, because they are indistinguishable in the
(mcormpJ_) plane;

4. combinatorial background.

Again, the background from semitaunoic B° decays is neglected, as it is found to be
compatible with zero when included, with no significant change to the other parameters.
The templates for each component are shown in Figure [£.18] The fit parameters are
reported in Table One-dimensional projections of the fit to the mcy, and p, variables
are displayed in Figure , and those in Mo, for different bins in p; (and viceversa)
are shown in App. [B.5

The value of R is found to be compatible with unity within 1.60; the value of R*
was found to be compatible with unity within 1.10. We consider this level of agreement
satisfactory.

The form-factor parameters are compared with the latest HFLAV averages, p?(D) =
1.131 £ 0.024 £ 0.023, p?(D*) = 1.122 4+ 0.015 £+ 0.019, R; = 1.270 4 0.026, and R, =
0.852 £ 0.018; the values of p*(D), p*(D*) and R; are in agreement with the HFLAV
averages, while the parameter R, shows some tension.! Again we consider the level of
agreement satisfactory for our purposes.

Tt should be noted that the uncertainties on HFLAV values of R; and Ry have been criticized by part of
the theory community [167).
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Figure 4.18: Two-dimensional distribution in the mcoy and p; variables for (top-left) simulated
BY — D~ uty, decays; (top-right) B — D*~uTv, decays; (bottom left) background decays from
BY feed-down and B* decays; (bottom right) same-sign data used to model the combinatorial
background. The background components are grouped together according to their shapes in the
(mcorrva_) plane.
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Figure 4.19: Distribution of (left) mcorr and (right) p; with fit projections for the control sample
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Table 4.18: Parameters of the fit to the control sample of B® — D~ (— K+*m~ 7~ )utv,X decays.
The second column indicates whether the parameter is Gaussian-constrained in the fit (gauss) or
not (free); in the former case, the value used in the constraint is reported in the third column.

Parameter Comment Constraint value CLN fit
R free - 1.096 £ 0.057
R* free — 0.948 £ 0.049
p*(D) free - 1.159 + 0.029
p*(D*) free - 0.84 £0.22
R free — 0.98 +£0.31
Ry free — 1.24 +£0.15
Nphys free - 30597 + 7099
Neomb free — 55141 + 6922
Nior gauss 36430 + 1602 36430 + 1595
Ny gauss 27757 £ 1155 27757 £ 1154
£a gauss 2.3718 £+ 0.0093 2.3718 £ 0.0093
C*l gauss 2.3539 £ 0.0110 2.3539 + 0.0110
B(D~ — Ktr—7) gauss 0.0914 + 0.0020 0.0914 + 0.0020
B(D-— KTK 77) gauss 0.00935 + 0.00029 0.00935 + 0.00029

x?/dof
Probability

516,443
0.9%
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4.4.3 Allowing different |V,;| parameters for B? — D;u"v, and
BY — D uty,

The consistency of the |V| results as determined by the two signal decays is checked.
A new parameter, S, is introduced and the signal yield of the B — D u*v, decays re
parametrised in terms of |V,|, while that of the BY — D*~ "y, decays in terms of S|Vy|.
We obtain:

Vi) = (42.3 £1.8) x 1072, (4.18)
S =0.96 + 0.05. (4.19)

4.5 Systematic uncertainties

Systematic uncertainties for the relevant parameters are split into two main categories:
those due to external inputs, indicated with (ext); and those due to the experimental
methods, indicated with (syst). They are all discussed in the following. A summary list
is presented in Table for both V| and R™).

Table 4.19: Summary of the uncertainties affecting the measurements of |V| and R™). The
upper pane reports the systematic uncertainties due to the external inputs; the middle pane
those due to the experimental methods; and the lower pane the comparison with the statistical
uncertainties and the total uncertainty, given by the sum in quadrature of the uncertainties
named (stat), (syst), and (ext).

Uncertainty
Vol  p*(Ds) G(0) p*(Ds") Ry Ry R R

Source [1073]

fs/faxB(D; - K*K 7~ )(x7) 0.80 0.000 0.000 0.00 0.00 0.00 0.043 0.042
B(D~ — KtK 77) 0.49  0.000 0.000 0.00 0.00 0.00 0.026 0.026
B(D* — D~ X) 0.19 0.000 0.001 0.00 0.01 0.00 0.000 0.019
B(B® — D~ putv) 0.35 0.001 0.003 0.01 0.02 0.01 0.000 0.000
B(B® — D*utv) 0.30  0.001 0.002 0.01 0.01 0.01 0.000 0.000
m(BY), m(D‘g*)) 0.00  0.000 0.000 0.00 0.00 0.00 0.000 0.000
F(1) 0.32 0.001 0.002 0.01 001 0.01 0.000 0.000
NEW 0.20  0.000 0.000 0.00 0.00 0.00 0.000 0.000
All external input (ext) 1.17  0.001 0.004 0.01 0.02 0.01 0.051 0.053
D, — K*K~ 7~ decay model 0.84  0.000 0.000 0.00 0.00 0.00 0.045 0.042
Background 0.39 0.032 0.022 0.05 0.09 0.07 0.039 0.061
Tracking efficiency 0.00  0.000 0.001 0.00 0.00 0.00 0.000 0.000
Trigger efficiency 0.01 0.001 0.003 0.00 0.00 0.00 0.000 0.000
BY kinematics 0.01  0.001 0.004 0.00 0.01 0.00 0.001 0.001
form factor parametrisation - - - - - - 0.004 0.007
All experimental (syst) 093 0.032 0.022 0.05 0.09 0.07 0.060 0.074
Statistical (stat) 0.58 0.047 0.03¢ 0.17 0.25 0.16 0.054 0.047
Total (stat) @ (syst) @ (ext) 1.58 0.057 0.041 0.17 0.26 0.18 0.095 0.100
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4.5.1 External inputs

The external inputs are included in the fit through Gaussian constraints. To determine
the purely statistical uncertainty resulting solely from our data these parameters are fixed
in the fit (note that in the nominal fits of the configuration w/ LQCD(¢?) the form-factor
parameters of the BY — D u*v, decays are not considered as “pure” external inputs
and are not fixed in this fit). They are then released one by one, using the constraint, to
calculate the contribution of each individual input to the parameter uncertainty. This
contribution, which is assigned as systematic uncertainty, is calculated as the difference in
quadrature of the parameter uncertainty obtained in the fit with the Gaussian constraint
and that from the baseline fit.

The uncertainty on fs/f; x B(D; — KTK 7~ )(x7) comprises also that due to a
difference in the distribution of the transverse momentum of the Dy system with respect
to Ref. |150], which results in a relative 1% change of the value of f;/f;. The branching
fractions of the B° decays taken in input are obtained from averages that assume isospin
symmetry in decays of the 7°(4S) meson [16§]. This symmetry is observed to hold with
a precision of 1-2%, and no uncertainty is assigned therefore. However, it is noted that
considering the correction suggested in Ref. [169] increases the value of |V| by 0.2 x 1073,

The results are reported in the upper pane of Tables [4.19} the sum in quadrature of all
these contributions gives the uncertainty referred to as “(ext)”, i.e. the line “All external
inputs” in these Tables. The largest contribution to |V is given by the uncertainty on
fs/ fa, followed by that on the D~ — K™K~ 7~ branching fraction, and on the branching
fractions of the normalisation B® mode. In the measurement of R and R*, the dominant
contribution is again given by the uncertainty on fs/ f;.

452 D — KTK 7~ decay model

A requirement on m(K* K ™) to be around the ¢ mass is applied in the analysis to suppress
the background under the D, peaks and make the kinematics of signal and normalisation
decays more similar to each other. The efficiency of such requirement is evaluated using
simulation and is included in the ratios of Eqs. and . The simulated model of
the intermediate amplitudes contributing to the D(;) — KK~ 7~ decays may, however,
be inaccurate. A systematic uncertainty is thus estimated by comparing the efficiency of
the m(K*K ™) requirement derived from simulation with that derived from data. Since
the m(K*K ™) requirement is already applied in the stripping, Run 2 data and simulation
samples are used instead. Figure 4.20| shows that some level of disagreement is observed
between the m(K*K ™) distributions obtained from background-subtracted data and
from simulation. The £ and £* ratios change by a relative —4% when substituting the
simulation-based efficiency of the m(K* K ™) requirement with that determined from data.
This variation corresponds to systematic uncertainties of 0.84, 0.045 and 0.042 on |V,
R and R*, respectively. Affecting only the normalisation scale, negligible variations are
observed for form-factor parameters, hence negligible systematic uncertainties are assigned
on these parameters. The correlation of this uncertainty between R and R* is assumed
to be 100%, while it is zero for all other parameters.
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Figure 4.20: Normalized distributions of m(K+tK ™) for (left) Dy — KTK~ 7~ and (right)
D~ — KTK~ 7 candidates from (red) background-subtracted data and (blue) simulated
Run 2 samples of B?s) — D(_S) 1T X decays. The bottom panels show the ratio between the two

distributions.

Table 4.20: Efficiencies of the various background sources for the variations of the baseline cut
in the (Mmcorr, p1 ) plane described in the text. The second column gives the efficiencies with no
requirement; the third column is the baseline configuration; the last column gives the efficiencies
with the tighter requirement. For comparison, also the efficiencies of the two signal decays are

reported.
Background Efficiency [1073]
No requirement Baseline Tighter requirement

B? feed-down 0.379£0.002  0.281 £ 0.002 0.198 + 0.001
BY semitauonic decays 0.101 £0.002  0.070 £ 0.002 0.033 £ 0.001
doubly charmed final states  0.160 £ 0.001  0.067 £ 0.001 0.041 £ 0.001
B cross-feed 0.209 £0.002  0.130 £ 0.001 0.056 £ 0.001
B? — D7 utv, signal 0.540 £ 0.002  0.481 £ 0.002 0.448 £+ 0.002
BY — D~ ptuy, signal 0.478 £0.001  0.429 £ 0.001 0.389 £ 0.001

4.5.3 Background contamination

The knowledge on the physics background composition of the B? sample is very limited due
to the lack of experimental measurements. However, the selection requirement p, [ GeV/c] <
1.5+ 1.1 X (Mo | GEV/c?] — 4.5) is expected to greatly suppress this background and hence
reduce its influence on the results. Assuming the composition reported in Sec. [£.2.3.1]
the fraction of background candidates determined by the fit is just a few percent of the
B? = D (— K*K~ 7 )u*y,X sample. To understand by how much such contamination
(or a mis-modelling of its composition) can affect the determination of the parameters
of interest, the fit is repeated using two alternative requirements in the (meor, p1) plane.
The resulting variation of the background efficiencies is reported in Table [4.20]

In the first variation, the more restrictive requirement p, [GeV/c] < 0.7 + 4.0 x
(Meorr| GeV/c?] — 4.5) is added on top of the baseline selection. Such a requirement is
shown as a red line in Figs. and [£.15} it eliminates most of the background while still
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Figure 4.21: Distributions for the signal sample of the ( left) mcorr and (right) p, variables with
fit projecti. In the top (bottom) row, the fit with the tighter (no) requirement is applied.

preserving a good signal efficiency (see Table . The resulting sample is fit accounting
for the changes in the fit templates and in the efficiency ratios. The fit gives a x?/dof
of 197/221 (probability of 87%) for |V, and a x?/dof of 197/220 (probability of 87%)
in the fit to R and R*. The fit projections in the m.., and p, variables are shown in
Fig. 4.21] (top).

In the second variation, the baseline requirement p,[GeV/c] < 1.5 + 1.1 X
(Meore| GEV/c?] — 4.5) (black line in Figs. [4.12] and [4.15)) is removed to allow maximum
background contamination. The fit to the resulting sample gives a x?/dof of 323/319
(probability of 43%) for |V|, and a x?/dof of 320/318 (probability of 44%) in the fit for R
and R*. The fit projections in the meq, and p; variables are shown in Fig. (bottom).

The residuals for each parameter are computed as the difference between the values
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Table 4.21: Residuals between the alternate and baseline CLN fits resulting from the variations
of the requirement in the (Mmeorr, p1 ) plane aimed at suppressing the contamination of the physics
backgrounds. The last row reports the RMS of the two variations that is assigned as systematic
uncertainty.

Uncertainty
Va|  p*(Ds)  G(0) p*(Ds") R’ R R R*
Variation [1073]
Tighter requirement  0.44 —0.030 —-0.025 —-0.07 —-0.13 0.07 —-0.052 0.062
No requirement —-0.33 —0.034 -0.019 0.01 —0.03 0.08 —0.018 —0.061
RMS 0.39  0.032  0.022 0.05 0.09 0.07 0.039  0.061

obtained in the alternate and baseline fits (see Table [4.21)). The RMS calculated from
the residuals resulting from the two variations is taken as systematic uncertainty. The
correlations between the residuals are also provided in Table for the |V| fits. The
correlation between R and R* is —0.441.

Table 4.22: Correlation matrix of the systematic uncertainties from the physics background in

the CLN fit for |V

Ry p’(Ds)  G(0)  p*(Ds") |V

Ry —0.820 0.820 0919  0.920 —0.632
R ~1.000 —0.979 —0.531  0.074
p*(Dy) 0.979  0.530 —0.073
G(0) 0.692 —0.274
p2(Dy") —0.884

4.5.4 Corrections to the simulation

The simulation is corrected for known data-simulation differences as explained in Sec.
through per-candidate weights computed as a function of the candidate kinematics using
corrections maps derived from control samples of data. First, the impact of the corrections
on the results is quantified by repeating the analysis without applying any correction to the
simulation. The efficiency ratios £ and £* change from 1.5679 4+ 0.0083 and 1.4635 4 0.0073
to 1.56744-0.0081 and 1.4639+0.0071, respectively. The results are reported in Tables
and compared with the baseline analysis. The differences between the two sets of values
are only a fraction of the statistical uncertainty.

The correction maps, and hence the weights, have an uncertainty due to the limited
statistics of the samples from which they are derived and due to systematic uncertainties
assigned in the determination of the maps. To quantify the impact of these uncertainties,
the weights are randomized by sampling from a Gaussian distribution centered at the
nominal correction value and with a width given by the associated uncertainty. The
fit templates and efficiency ratios are changed accordingly, and a new fit to the data is
performed. The procedure is repeated 100 times: the RMS of the distributions of the fit
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Table 4.23: Comparison between the baseline analysis and that where no corrections to the
simulation are considered: A is the absolute value of the differences between the two sets of
results.

Uncertainty
V|l  p°(Ds) G(O) p*(Ds") Ry Ry R R*
Variation [1073]
A —0.14 0.001 0.001 —-0.02 —-0.08 —-0.01 —-0.008 -—0.001

parameters are then taken as systematic uncertainties. The results are reported in the
middle pane of Table .21}

These systematic uncertainties are significantly smaller than all other quoted uncer-
tainties. We then assume their correlations to be negligible and compute the correlation
matrix for the sum of the “All experimental” systematics named (syst)— see Table
— by considering only the contributions due to the D(;) — KK~ decay model and
the backgrounds. The resulting correlation matrix is reported in Table for the
measurement of |V,|. The correlation of the total experimental systematic uncertainty
between R and R* is 0.189.

4.5.5 Total uncertainties and correlations

The total uncertainties of the parameters are reported in the last row of Table [4.19] and
they are the sum in quadrature of the independent contributions, the statistical (stat), the
external input (ext), and the experimental systematics (syst). The correlation matrices
of the total uncertainties are reported in Tables [4.25] for the measurement of V|, and in
Table [£.26] for the measurement of R and R*.

Table 4.24: Correlation matrix of the systematic uncertainties named “Experimental” in Ta-
ble for the |V| fit.

Ry p2(DS) Q(O) pQ(Ds*) ‘Vcb‘

R, —0.820 0.820 0919  0.920 —0.268
R, —~1.000 —0.979 —0.531  0.033
p*(Dy) 0.979  0.530 —0.032
G(0) 0.692 —0.117
p*(Dy) —0.375

4.6 Final results and conclusions

A study of the B? — D, p*v, and B? — D: ptv, decays is presented, which is based
on a sample of proton-proton collisions collected with the LHCb detector at centre-of-
mass energies of 7 and 8 TeV, and corresponding to an integrated luminosity of 3fb™'.
A novel analysis method is used to identify the two exclusive decay modes from the
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Table 4.25: Correlation matrix of the total uncertainties of the V| measurement.

B(D- = KtK-n") B(D™—D"X) B(B°— D yuvy,) B(B®— D puty,) Ry Ry P*(Ds)  G0) pA(Ds5)  F(1) NEW |Vas|
fs/ fa 0.002 0.001 0.002 0.001 —0.001 0.001 —0.000 —-0.001 —0.000 -0.001 -0.001 —0.480
B(D- = KTK~—7n7) —0.001 —0.001 —0.001 0.000 —0.000 —0.000 0.000 0.000 0.001 0.001 0.294
B(D™ — D~ X) 0.079 —0.047 0.022 —0.016 0.006 —0.024 0.018 0.050 0.000 0.134
B(B° = D~ utv,) 0.112 —0.052 0.038 —0.015 0.059 —0.043 —0.118 0.000 0.262
B(B® = D*~putv,) 0.031 —0.023 0.009 —0.034 0.026 0.071 0.000 0.190
Ry —0.872 0.175 0.187 0.894 —0.033 —0.000 —0.004
Ry —0.383 —0.341 —0.911 0.024  0.000 —-0.073
p*(Ds) 0.873 0.236  —0.009 —0.000 0.170
G(0) 0.246 0.037 —0.000 0.020
(D) ~0.027 —0.000 —0.029
F(1) ~0.000 —0.201
TEW —0.121

196



Table 4.26: Correlation matrix of the total uncertainties of the measurement of R and R*.

B(D- - K*K—n~) B(D™*— D X) R R*
fs/ fa 0.001 0.001 —0.453 —0.362
B(D- — K*K—7") —0.000 0.277  0.222
B(D* — D~ X) —0.000  0.182
R 0.313

inclusive samples of partially reconstructed B? — D; (— KTK 7 )u*v,X candidates,

and measure the CKM matrix element V,, using analogous B° decays as normalisation.

The measurement of V, is performed using the CLN parametrisation of the from factor and

also using the recent lattice calculations for B — D u*v, decays reported in Ref. [62].
The result is

|Vap| = (41.4 £ 0.6 (stat) £ 0.9 (syst) & 1.2(ext)) x 1073,

where the first uncertainty is statistical, the second is systematic, and the third is due
to the limited knowledge of the external inputs. These is the first determination of |V
from exclusive decays at a hadron collider and the first using B? decays. The result is
in agreement with measurements based on B® and BT decays, and is compared with
previous measurements and world averaged in Fig. [£.22]

In addition, the form-factor parameters are found to be

p?(D,) = 1.268 4 0.047 (stat) # 0.032 (syst) & 0.001(ext),
G(0) = 1.102 4 0.034 (stat) £ 0.022 (syst) 4= 0.004(ext) ,
p?(D,*) =1.23 £0.17 (stat) +0.05 (syst) £ 0.01 (ext),
Ry =134 4+0.25 (stat) +0.09 (syst) £0.02 (ext)

Ry, =0.83 +0.16 (stat) £0.07 (syst) 4 0.01 (ext)

ext

b

ext

Y

Correlation matrix is provided for the sum of the statistical and external-input uncertainties
in Table and for the systematic uncertainties in Table [4.24]

The ratio of the branching fractions of the B? decays relative to those of B° decays
are also measured. These ratios are found to be

B(B? — D; ptv,)
B(B° — D~ ptvy,)
B(B? — D ptv,)
B(B° — D* uty,)

— 1.093 = 0.054 (stat) & 0.060 (syst) = 0.051 (ext),

= 1.059 = 0.047 (stat) = 0.074 (syst) & 0.053(ext) ,

By taking the measured branching fractions of the B° — D~ p*v, and BY — D* pty,
decays as additional inputs, the exclusive semileptonic B? branching fraction are also
determined for the first time

B(B® — D pty,) = (2.49 4 0.12 (stat) = 0.14 (syst) & 0.16(ext)) x 1072,
B(B? — D:~utv,) = (5.38 £ 0.25 (stat) £ 0.46 (syst) £ 0.30(ext)) x 1072,
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Figure 4.22: Summary of all the measurements of Vcb performed with exclusive decays. The
larger error bar represents the total uncertainty, whereas the shorter (when present) show the
statistical uncertainty. The measurement from this analysis is reported in red as LHCb-PAPER-
2019-041.

where the third uncertainty also includes that due to the normalisation branching fractions.
Finally, the ratio of BY — D utv, to BY — D*~ u*v, branching fractions is determined
to be
B(B) — Dy ptv,)
BB = D i)

= 0.464 & 0.013 (stat) = 0.043 (syst) .

The relative uncertainty on the |V, | measurement described in this Thesis is larger
than the uncertainty obtained by the BaBar and Belle experiments (Table . However,
the analysis strategy presented here is promising from many points of view. First of all,
it demonstrated the feasibility of the |V, | measurement at a hadron collider. Besides,
the systematic effects which dominate its sensitivity are essentially led by the knowledge
of the D(_S) — KTK~7" process. On the one hand, the knowledge of its decay model
constitutes the higher systematic for this analysis. On the other hand, its branching ratio
provides the main contribution to the systematics of the f;/f; measurement. In this
respect, progress is expected from the physics programmes of both the LHCb and Belle 11
experiments. The latter, whose operation conditions facilitate the precise knowledge of the
instantaneous luminosity, may be particularly valuable for the update of all the absolute
branching fractions, affecting this analysis as external inputs [170].

Further developments of this study will probably focus on the extraction of |V, | using
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B = D** "7, decays and inclusive semimuonic decays of B mesons, B®" — X uv X, as
signal and normalization channels, respectively. From preliminary tests, the same analysis
approach presented here seems suitable for this purpose, which remarkably benefits from
the no-need of the fs/fy correction.

Experiment |V.,| Result Relative Uncert. Ref.
Belle (39.0 £ 0.9) x 107 2.3% [171]
BaBar (39.4+0.9) x 10~ 2.3% 172
LHCb (41.4+1.6) x 107 3.9% this thesis, [173]

Table 4.27: Comparison of the latest |V,| determinations. The combination of the statistical
and systematic uncertainties is reported. All the results involve the CLN parametrisation of the
form factors.
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Chapter 5

Simulation and characterization of
the LHCDb Upgrade 1I ECAL

Introduction

The essential purpose of this work is identifying the basic parameters of an electromagnetic
calorimeter (ECAL), which may manage the extreme demanding environment, foreseen for
the Upgrade II of the LHCD experiment. As explained in Ref. |[174}/175], an instantaneous
luminosity of up to 1.5 x 10**ecm=2s~! may be provided at the LHCb interaction point
(IP8) during the Run 5 of the LHC. On the one hand, this might permit to collect a data
sample at least a factor six higher than that at the end of Run 4 and a factor thirteen
higher than that at the and of Run 3. According to Ref. [25]: “..the impact of Upgrade II
in flavor physics will be comparable to that for on-shell new particle searches of increasing
the LHC collision energy from 14 TeV to 27 TeV”. On the other hand, this would mean a
factor ten increase in instantaneous luminosity, with respect to the expected conditions in
the upcoming Run 3, and a factor fifty increase with respect to the conditions in which
LHCbD has operated in the Run 1 and Run 2 of the LHC. These extreme conditions pose
several experimental challenges, both in terms of radiation tolerance and pile-up managing.
The latter is particularly challenging for the ECAL, whose performance are tightly related
to occupancy. Equipping the ECAL with the capability to precisely measure the time
of arrival of particles on its surface is fundamental to properly associate particles to the
corresponding p-p collision in the event. Therefore, it is necessary to simulate the ECAL
response to the expected running conditions, evaluating its performance. Main parameters
to be considered are:

e intrinsic energy resolution of the cells;

e size and placement of the cells, determining the segmentation of the surface of the
ECAL;

e resolution in determining the time of arrival of particles on the ECAL surface;

e the gain in performance having a further segmentation of the cells along the z
direction.

The aim of the study is to determine the above-mentioned parameters that allow the
LHCb Upgrade IT ECAL to reach the same signal yields and background levels per fb™!
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of integrated luminosity achieved by the LHCb ECAL in Run 2.

This Chapter is organised as follow. Section [5.1] summarises the aspects of the R&D
project which drive the study. In Section the simulation of particles produced in the
p-p collisions, their transport to the ECAL surface, and their interaction with the ECAL
material is described. Section [5.3| presents the algorithms used to reconstruct photons,
neutral pions and electrons. Section reports the studies conducted to compare the
performance of the LHCb ECAL in its Run 2 and Upgrade II configurations with respect

to two important decay channels for the LHCb physics programme: the B — 7+7 =70
and the B®— K*%ete.

5.1 Technologies and description of LHCb
Upgrade 11 ECAL

The LHCb ECAL used in Run 1 and Run 2, that will operate also in Run 3 and Run 4,
is based on Shashlik modules and is described in Section [2.3.2] That ECAL configuration
is assumed also in this Chapter when performance for Run 2 conditions are evaluated.
Considering the luminosity increase expected for the Run 5 and beyond, a redesign of the
detector has been proposed in Ref. and is summarised in this Section. The critical
parameters that lead the redesign are the resistance of the detector to the radiation dose
and the degradation of the performance due to the increased occupancy. In Figure [5.1]
the expected accumulated dose corresponding to an integrated luminosity of 300fb™!
(foreseen by the end of Run 6), is reported [94]. In the region close to the beampipe, the
ECAL modules must sustain a total integrated dose of 1 MGy (< 6 x 10 1 MeV ne,/cm?),
that is much higher than the limit of 40 kGy of the Shashlik module [176,[177]. Finer cell
granularity with respect to the current limit of 4 x 4cm? of the Shashlik modules will
be fundamental to deal with the much increased occupancy. A corresponding decrease
of the Moliere radius in order to reduce the lateral size of the showers, allowing the
amount of distinct clusters to remain at the same level of Run 2, is also necessary in the
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Figure 5.1: Expected radiation dose (in Gy) accumulated on the ECAL surface after an integrated
luminosity of 300 fb~1.
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Figure 5.2: Picture of a SpaCal prototype developed by LHCb in 2019. Crystal fibres (yellow-
green) are visible from the open section on the right side and are encapsulated in a tungsten
absorber. The longitudinal segmentation of the module is visible as well.

central regions. The technological solution currently proposed to equip the regions of
the ECAL where the integrated dose exceeds the limit of the Shashlik modules is the
so-called Spaghetti Calorimeter (SpaCal) ,. SpaCal modules consist of a matrix
of scintillating fibres longitudinally arranged along the beam line and encapsulated in
the absorber material, as shown in Figure [5.2] To bring the light to the photodetectors,
this solution does not require wavelength-shifting fibres, that are the main driver of
ageing effects for the Shashlik technology. In addition, SpaCal technology permits great
flexibility in defining the cell size, allowing it to be tuned by simply changing the area
over which the fibres are read out. Crystal fibres are found to meet the radiation-hardness
requirement of the hottest region close to the beampipe where the integrated dose will
be > 200 kGy. Studies conducted to find the best crystals identified GAGG garnet as
the most promising choice for the active material, owing to its large light yields (between
27900 and 49500 photons/MeV) and fast rising and decay characteristic times of about
70 ps and 50 ns, respectively . Using 1 x 1mm? crystal fibres with 1.67 mm pitch
inside an absorber made of tungsten, a Moliere radius of approximately 15 mm is achieved.
In the intermediate region, with integrated dose ranging between 40 kGy and 200 kGy
and less severe occupancy, SpaCal modules with polystyrene plastic fibres and lead
absorber are found to be adequate. Modern polystyrene fibres shows high light yield
of 10000 photons/MeV and a very fast scintillating decay time of 2.8 ns. Also in this
case 1 x 1mm? fibres are used with a pitch of 1.67 mm, leading to a Moliere radius of
approximately 30 mm. In the outer regions, where radiation-hardness requirements are
less severe, Shashlik technology fits the requirements. An additional leverage to deal
with the high occupancy is provided by the possibility, for both SpaCal and Shashlik
technologies, to longitudinally split the ECAL modules in two sections at around the
shower maximum. Using the information provided from the separate readout of the
front and back sections improved performance in clustering, reconstruction and particle
identification are achievable. For example, the fact that electromagnetic showers are less
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Figure 5.3: Occupancies of front (left) and back section (right) of LHCb ECAL cells determined
using simulated p-p collision events with instantaneous luminosity L = 1.5 x 103* cm 2571
Occupancy for each cell is defined as the fraction of events where the cell registered a transverse
energy Ep > 25 MeV.
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Figure 5.4: Time resolution (left) and relative energy resolution (right) for SpaCal and Shashlik
modules, as determined in test beam .

developed in their initial stages means that in the front section pile-up effects are mitigated
(see Figure . The development of pattern-recognition algorithms dedicated to exploit
this feature is currently ongoing as the natural continuation of the work presented in this
thesis, but is not discussed here. Performances for time and energy resolution obtained
from beam test with high-energy electrons of SpaCal and Shashlik prototypes are reported
in Figure 5.4

Despite beam tests demonstrates that SpaCal and Shashlik technologies are able to
achieve time resolutions in the ballpark of few tens of picoseconds already for electrons of
5GeV , in order to achieve the ultimate precision, the implementation of a dedicated
timing layer, inserted between the front and back sections of the modules, is being
investigated. Among the proposed solutions there is also that based on the idea, dating
back to 1990’s [181], of using Micro-Channel Plate (MCP) detectors to sample the charged
component of electromagnetic showers. Photodetectors based on MCP (MCP-PMTs)
have excellent spatial and time resolutions, but are known to suffer from limitations
regarding their lifetime, dead-time and cost. An intense programme of feasibility studies
has been conducted in the last two years to investigate the possibility to use the Large-
Area Picosecond PhotoDetecotr (LAPPD) for the timing layer of the LHCb
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Figure 5.5: Time resolutions for the MCP-PMT timing layer as measured in test beam in
different configurations [94).

Upgrade II ECAL. The LAPPD is currently the largest MCP-PMT available on the market
(20 x 20 cm?) and is built with inexpensive material. In particular, the MCP wafers are
made adding thin layers of resistive and emissive materials, using atomic-layer deposition
(ALD), on a substrate of commercial borosilicate glass. Lifetime issues of MCP-PMTs are
related to the ageing of the photocathode, that shows important performance degradation
for integrated anodic charge above 30 C/cm? [184-186], that is insufficient for the LHCh
Upgrade II requirements. However, this inconvenience can be overcome by operating
these devices without the photocathode, detecting the ionisation directly produced in
the MCPs by the particles of the electromagnetic shower, as proposed in Refs. [187,|188].
Two LAPPD devices have been tested with high-energy electrons at the DESY beamtest
facility, placing them between the two sections of a GAGG/W SpaCal module. Results in
terms of time resolution are shown in Figure [94]. Time resolutions of 15 ps and 30 ps
are achieved for electrons of 5 GeV when the LAPPD is operated with the photocathode
enabled and inhibited, respectively. These time resolutions are promising, considering that
the employed LAPPDs were off-shelf devices and would benefit from an LHCb-optimised
design. However, discussing potential improvements is beyond the scope of this thesis and
is not treated here.

A schematic view of the SpaCal modules of the LHCb Upgrade II ECAL is reported
in Figure 5.6 The scheme, showing the SpaCal modules longitudinally segmented with
the timing layer inserted between them, is valid also for Shashlik modules and corresponds
to the baseline design that is tested in the simulations reported in this thesis. The
optimisation of the final geometry of the Upgrade I ECAL, based also on the studies
reported in this thesis, is still being evaluated, but a baseline configuration is already
defined in Ref. [94]. It is shown in Figure [5.6{ and the main features of the modules used
in each region are summarised in Table [5.1, The borders and the shape of these regions
in the x — y plane are defined according to the total radiation dose expected after the
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Figure 5.6: On the left: schematic view of the SpaCal modules of the LHCb Upgrade II ECAL.
The same longitudinal split with the presence of the timing layer can be applied also to Shashlik
modules. On the right: baseline configuration of ECAL regions and cell sizes as defined in
Ref. and summarised in Table From the inner to the outer regions: (white) beampipe
hole, (red) Region 0, (orange) Region 1, (green) Region 2, (slightly darker green) Region 3,
(cyan) Region 4 and (blue) Region 5. No material or segmentation difference between Region
2 and Region 3 will be considered in this thesis. Such distinction was initially utilised by the
R&D team because of studies on the integrated radiation dose absorbed by the ECAL modules.
For this reason, it is still implemented in this simulation even if it does not really differentiate
the ECAL properties.

12x12

Table 5.1: Summary of technologies used to equip each region of the LHCb Upgrade II ECAL
in the studies conducted in this thesis. Main parameters of the different technologies are also
reported.

Region Module type Cell size Segmentation Ru o05/E=A/VE®B

[mm?] [mm]/[Xo]  [mm] A/ B[%]
0 SpaCal W/GAGG 15x15 45+105/7+18 145 9.1/14
1 SpaCal Pb/Poly 30 x30 80+210/7+18 29.5 10.4/0.6
2 Shashlik 40 x40 1204300/7+18  35.0 10.0/1.0
3 Shashlik 40 x40 1204300/7+18  35.0 10.0/1.0
4 Shashlik 60 x 60 120 +300/7+18 35.0 10.0/1.0
5 Shashlik 120 X 120 120+300/7+18  35.0 10.0/1.0

collection of 300fb™! of integrated luminosity at the end of the Run 6 of the LHC. All
the regions are defined such that they are composed by an integer number of modules
with a dimension of 120 x 120 mm?. In such a way, each region can be simulated using
any of the possible cell sizes: 15 x 15 mm?, 30 x 30 mm?, 40 x 40 mm?, 60 x 60 mm? and
120 x 120 mm?.

For completeness, in Ref. , also other technological solutions are proposed for the
LHCb Upgrade IT ECAL. One is to build a completely different electromagnetic calorimeter
with silicon detector layers interleaved with tungsten absorber. Another proposed solution
is to use, instead of the MCP-based timing layer, a timing layer built with three layers of
silicon detectors interleaved with tungsten absorber. These technological solutions are not
studied in this thesis.
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5.2 Simulation

The simulation used in this study consists of three steps. In the first one, described in
Section [5.2.1] the primary p-p collisions (also referred to as primary vertex or PV) are
generated, and the produced particles are propagated to the surface of the ECAL. In
the second step (Section , the p-p collisions are grouped in events to reproduce
the pile-up at the luminosity expected during the Run 5 of LHCb. In the third step
(Section [5.2.3)), the interaction of particles with the ECAL is simulated, producing the
information to be passed to the reconstruction algorithms described in Section [5.3]

For calibration and cross-check purposes the simulation of events containing only one
particle will be often exploited. This configuration will be referred to as “particle-gun’
simulation.

Y

5.2.1 Generation of p-p collisions

The standard LHCb package GAuss [189] is employed to generate the primary p-p
collisions using PYTHIA [190] with a configuration specifically developed for LHCb [191].
The decays of unstable particles are described using EVTGEN [192], where the emission
of soft-photons in the final state is generated using PHOTOS [193]. Table summarises
the beam parameters assumed to generate the p-p collisions!. The version of the LHCb
standard simulation used in this study is able to determine the spatial distribution of
the PVs, but not their time of production. Since the time information is a fundamental
ingredient to resolve the high pile-up expected in Run 5 a simple model is used to assign
to each PV a corresponding time of production. Since the total crossing angle between
the beams is small (see Table the bunches are assumed to hit each other head-on.
The transversal dimension of the bunches is also neglected in the model, because it is

Table 5.2: Beam parameters. v is the mean number of PVs per bunch-crossing (the mean
number of visible PV is u = 0.699v); /s is the total energy in the center of mass of the beams;
B* is the normalized beta function; € is the normalized emittance; o, 4 is the transverse RMS
of the bunch; o, is the longitudinal RMS of the bunch.

Beam Parameter Run 2 Run 5

Circulating bunches 2300 2400
Revolution frequency [kHz | 11.2 11.2

/5 [Tev] 13 14

Crossing angle (z-z plane) [urad | —395 135
Crossing angle (y-z plane) [prad | 0 120
B [m] 3 2.8

¢ [um] 25 3.8

Opy [Hm | 33 33

o, |em] 9 9

!The nominal beam parameters are reported in Ref.s [174L[175]. Slightly different values are used in this
simulation because of private communications with the LHCb management.
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much smaller than the longitudinal dimension. Under these assumptions, the bunches are
described as Gaussian distributions, with standard deviation o,, and means moving along
the z axis at the speed of light, ¢, in opposite directions

L"ﬂ , (5.1)

Gi(ztct,o,) =C-exp [( 52
O—Z

where C' is a normalization constant. The corresponding PV distribution in z and ¢ is the
product of the two Gaussian functions

222 4+ 2 2
Gpv =Gi(z+ct,0,) - G_(2 —ct,0,) x exp {%;Ct)} ) (5.2)
which can be rewritten as
22 12
G — | € _ . 5.3
Py {2@/@2} P {2<az/<c¢§>>2} (53)

From this basic argument, it is possible to see that the distributions of the PVs in
space and time are uncorrelated, and have standard deviations o, (PV) = ¢./v/2 and
0(PV) = 0./(cV/2), respectively. Using the values of the Table , they become
0,(PV) =63mm and o,(PV) = 212 ps.

The propagation of the produced particles and their interaction with the detector
material is simulated using the GEANT4 toolkit [194], integrated inside the GAUSS
package. The material budget upstream of the ECAL is important for this study, since it
is responsible for the production of secondary particles, increasing the rate of incident
particles per unit of ECAL surface. Since the LHCb detector to be used in Run 5 is not
yet defined, a detailed description of its subdetectors is not possible, hence the model of
the LHCb Upgrade I detector is used in this study [88]. Even though this is not a perfect
representation of the future Upgrade II LHCDb detector, it constitutes the best estimation
for its material budget, to date. In Figure the coordinates in the x — z plane of the
origin vertex of all the simulated particles hitting the ECAL surface from few hundreds of
p-p collisions is reported, clearly showing where the main contributors to the creation of
secondary particles are.

This part of the simulation procedure is very CPU consuming, hence it is performed
only once. About 2.2 millions of p-p collisions are simulated to be used in the following
steps. They constitute the “Minimum-bias” sample. In addition, samples of p-p collisions,
where the presence of specific B-meson decays is forced, are also generated in order to
study the performance of the ECAL in reconstructing and selecting those signals. All the
samples of p-p collisions are summarised in Table [5.3] with the corresponding number of
generated events.

5.2.2 Simulation of luminosity conditions in Run 5

According to Refs. |174,175], different scenarios are available for the luminosity conditions
expected in Run 5 at the LHCD interaction point (IP8). The most important difference
with respect to the previous runs is that the instantaneous luminosity will not be levelled
anymore. During Run 1 and Run 2, as well as it is expected in Run 3 and Run 4, this was
possible using a relative displacement of the beams one with respect to the other. During
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Figure 5.7: Position in the x — z plane of the origin vertex of of all the particles hitting the

ECAL surface from few hundreds of simulated p-p collision events. The spatial coordinates are
expressed in mm.

Table 5.3: Number of generated events for each simulated sample.

Mode Generated Events
Minimum Bias 2.2 x 108
B > nta—nd 8.0 x 104
B - K*¢te~ 4.0 x 10*
B —» KOt n— 4.0 x 10*

Run 5 the levelling of the instantaneous luminosity will be possible only for a limited time
along the duration of the LHC fill. In Figure [5.8] taken from Refs. [174[175], the different
scenarios are shown, in terms of instantaneous luminosity along the fill duration and
expected integrated luminosity per year. In this work the beam conditions maximising the
total integrated luminosity of Run 5 will be investigated. Such a condition consists of a
peak luminosity of 1.5 x 103 cm~2s7! that will be maintained constant for about 2 hours.
After the 2 hours the instantaneous luminosity will drop according to an exponential
function with half life of 4 hours. The total fill duration will be 10 hours long. Assuming
the normal duty cycle of the LHC (corresponding to 107 s per year with an efficiency of
50%), LHCb expects to collect slightly less than 50fb™" of integrated luminosity each
year.

Given the evolution of the luminosity over the fill duration, the mean number of p-p
collisions present in one event (v) will vary as well, according to the equation

LO’mb
UV =
[N

(5.4)

where L is the instantaneous luminosity, o, is the total cross-section, f is the revolution
frequency of the bunches inside the LHC, and N is the total number of bunches inside the
LHC. According to the parameters reported in Table a luminosity of 1.5x10%* cm 257!

209



corresponds to v = 57.2 This information is used to decide how many PVs must be
combined in order to form an event. First a random number is generated uniformly
between 0 and the fill duration, and the corresponding instantaneous luminosity is
computed. The equivalent value of v is computed using Eq. , and the number of
PVs to be combined is randomly extracted according to a Poisson distribution with mean
equal to v. Finally, each event is accepted or rejected according to the probability that at
least one of its PVs produced a bb pair. This probability can be written as

P (ng > 1Npv) =1 — (1 —pg)"*Y, (5.5)

where Npy is the number of PVs in the event, n,; is the number of PVs producing bb pairs
and p,; is the probability that a given PV produces a bb pair within the LHCD acceptance.
The probability p,; correspond to the ratio between the bb-pair cross section within the
LHCD acceptance oy = 144 £ 14+ 21 pb and the total cross section oy, = 100mb [4].
For each event, a random number is uniformly generated between 0 and 1 and the event is
accepted only if the random number is lower than the probability in Eq. . The final
sample is composed repeating the procedure many times, each time ensuring the presence
in each event of one PV where the signal decay under study is produced. In Figure the
distribution of the number of PVs in each event is shown, both as a function of the time
after the start of the LHC fill and integrated over the fill duration. The same procedure
is used to produce samples with Run 2 pile-up conditions, corresponding to a constant
levelled luminosities of 4 x 1032 cm™?s™! (v = 1.6).

5.2.3 Simulation of ECAL detector

The simulation of the interaction of particles with the ECAL is based on a standalone
package, specifically developed for this work, using the GEANT4 toolkit. A full simulation

Luminosity Yearly int. lumi. vs fill duration
5 4
250
— Atlas/C Atlas/C
e 4 T 200 -
E 2
vu B —_
S > i 150
E 2 - £ 1001
£ LHCb . LHCb
E 1- = 50 A
—
0+, ! ! ! °1] ] . ]
0 5 10 15 0 5 10 15
Time [h] Fill duration [h]

Figure 5.8: Fill luminosity scenarios expected for the LHC experiment during Run 5. The
scenario for LHCDb used in this work is described in the text and correspond to the green line
starting with a luminosity levelling of 2 hours at L = 1.5 x 103 cm~2s~ %

2 According to LHCb studies the mean number of visible collisions, i.e. mean number of collisions producing
any detectable signal inside the LHCb detector, is u = 0.699v.

210



nPVs

0.025F

0.02F 3

Norm. Events

0.015F
0.01F 3

0.005F

L | NS S PR TE N T TS N S, 1
0 0 20 30 40 50 60 70 80 90 100

time [h] nPVs

Figure 5.9: Distribution of the number pf PVs (left) as a function of the elapsed time after the
start of an LHC fill and (right) integrated over the entire duration of an LHC fill.

of all the components of the ECAL, as described in Section [5.1] would be very CPU
consuming, in particular when all the geometrical details of the modules are considered.
A less detailed, but much faster and more flexible simulation is developed.

The first simplification consists in substituting the detailed geometry of the SpaCal
and Shashlik cells with homogeneous materials. The compositions of these materials are
computed starting from the main volumes and materials of the three technologies. In the
innermost region, the SpaCal cells are composed for 48% of their volume by tungsten
absorber, for 36% of their volume by crystal scintillating fibres and for 16% of their volume
by air filling the gaps between fibres and absorber. The same volume fractions apply to
the SpaCal cells located in the second innermost region, where lead is used as absorber
and polystyrene fibres are used as active material. Finally, for the Shashlik cells, the
lead absorber corresponds to about one third of the total volume of the cells, while the
polystyrene scintillating tiles occupy the rest of the volume. A summary of the “averaged”
materials, with their corresponding properties, is illustrated in Figure [5.10]

Once homogeneous materials are assumed for ECAL cells, the definition of surfaces,
dividing cells made of the same material, becomes redundant®. Hence, a second simplifica-
tion consists in merging the ECAL cells into homogeneous blocks, corresponding to the
regions defined in Figure 5.6 and split only along the z axis to separate the front and back
section of the calorimeter. After the simulation of the particle transport, the association
of energy deposits and ECAL cells can be done using their  and y coordinates. To check
the goodness of the simplifications, some key quantities are studied and compared to the
results of the detailed simulation of the SpaCal modules developed in Ref. . Few of
these tests are illustrated in the Figures and .12

To reproduce the effect on energy resolution due to the fraction of active material present
in the SpaCal and Shashlik technologies, the energy deposits simulated by the GEANT4
toolkit are accepted or rejected according to a random number extracted uniformly
between 0 and 1. The threshold on the random number is tuned to obtain a sampling
term of about 10% in the energy resolution, as expected from the detailed simulation of

3When the GEANT4 toolkit simulates the passage of a particle through a complex object, it keeps
information not only about the energy deposits but also about the crossings of the surfaces separating
the various parts which define the object. On the one hand, this is useful to know the time of the
passages from the front to the back section of the ECAL. On the other hand, when cells made of the same
material are considered, the details about the transports across their lateral surfaces are superfluous.

211



5% 939
SPACAL W/GAGG d ° SPACAL Lead/Poly. Pb SHASHLIK
80\‘,’} — Density: 11.7 g/cm? T 10% Density: 5.8 g/cm’ 85% Density: 4.5 g/cm3 e
) X,=0.63 cm A X,=12cm c X, = 1.6 cm 14%
Ry=15cm 1% Ry =3.1cm 6% Ry =3.7 cm H
(0] H 1%

1%

Figure 5.10: Mixture compositions of the homogeneous materials assumed to simulate the
apparatuses of the various ECAL technologies. Besides the mass fractions of the various
elements, the overall densities, radiation lengths (Xj), and Moliére radii are reported.

both the technologies. The calibration of this sort of “sampling fraction” is performed
using four datasets of simulated photons, originating from the LHCDb interaction point in
particle-gun configuration. All the datasets contain 1.5 x 10 photons, whose energy is
uniformly distributed within a corresponding energy range. The limits of such ranges are:
10MeV, 1 GeV, 5GeV, 10 GeV, and 100 GeV.

Figure [5.13| shows the sampled energy versus the total deposited energy for the various
regions of the ECAL. A fit with a straight line is performed, and the result is used to
convert the sampled energy into the “reconstructed” value of the energy used by the
reconstruction algorithms, when analysing simulated events. In Figure the relative
energy resolution as a function of the reconstructed energy is shown, separately for the
different regions of the ECAL. This strategy is used to determine the reconstructed energy
for all the particles hitting the ECAL, hadrons included.

In the ECAL configuration presented in Section the time information of particles
arriving to the ECAL is provided by a timing layer placed between the front and back
section of the ECAL. The signals of the timing layer are due to the detection of electrons
and positrons of the electromagnetic showers crossing the timing layer. Hence, the time
information for each cell of the ECAL is determined as the average of the times at which
the charged particles traverse the surface between the front and back section of the cells.
In this way, the intrinsic effect on the time resolution due to the fluctuations in the
propagation of the electromagnetic shower is taken into account. The effect is evidenced in
Figure [5.15] which reports the expected number of crossings for 5 GeV simulated electrons
as a function of the time elapsed from the first crossing due to the same shower. The
distribution has a very long tail, but the vast majority of the particles is contained within
few picoseconds. Besides this intrinsic effect, the resolution of the apparatus performing
the time measurement has to be comprehended. To test how the performance of the ECAL
are affected by this parameter, three time resolutions options, 15, 30, and 50 ps, are probed
in this thesis. This is done by adding to the time information a random number, generated
according to a Gaussian function with width equal to the corresponding resolution. This
simulation approach has the advantage that the average crossing time considers the finite
propagation velocity and the multiplicity of the showers. Therefore, the time measurement
is straightforwardly simulated also when different showers of the same event overlap
in the same ECAL cell. Further considerations concerning the timing are reported in
Section [5.3.6 where the information from the individual ECAL cells are combined with
the energy and direction of the reconstructed particles.
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Figure 5.11: The plot on the left shows the radial profile of the energy deposited by 5 GeV
simulated photons, perpendicularly hitting the SpaCal W/GAGG material, in particle-gun
configuration. The percentages in green, red, and blue report the fraction of the total energy
deposited within 1, 2, and 3 Moliére’s radii. They are consistent with the expectations. The plot
on the right depicts the longitudinal shower profile of the same photons into the homogeneous
SpaCal W/GAGG material simulated in this thesis. The red line shows the expected distribution
according to Ref. .
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Figure 5.12: Distribution of the fraction between the energy deposited in the SpaCal W/GAGG
material and the total energy for simulated pions with a 5GeV momentum in particle-gun
configuration. The blue line shows the prediction by the detailed SpaCal simulation , while
the red crosses illustrate the consistent distribution, obtained by this work of thesis.
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Figure 5.14:

Relative energy resolution as a function of deposited energy obtained applying

the calibrations of Figure [5.13] to sampled energy deposits. The red curve is the result of the
fit to points with the function op,,, /Edep = \/0?/Eqep + 2. The green curves show the same
function with the parameter fixed to target values: a = 10% GeV®® and 8 = 1%.
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Figure 5.15: Time spread of the crossings between the front and the back section of a SpaCal
W/GAGG module for the charged particles of the electromagnetic showers generated by 5 GeV
simulated electrons. The variable ¢ represent the time of the crossing of each charged particle,
while tg is the time of the first crossing in the same shower. The distribution is obtained by
counting the occurrences of t — tg falling in bins 0.2-ps wide, and then dividing by the number
of primary electrons. The plot on the top-right is just a zoom of the other one. The 68% of the
crossing happens within 2.38 ps, whereas the whole distribution is contained within 100 ps.
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5.3 Reconstruction algorithms

This section describes the pattern-recognition algorithms used to interpret the information
simulated in Section [5.2] The algorithms are implemented according to Ref. [196], which
documents the current pattern recognition of the LHCD calorimeter. The following sections
report the functioning of the reconstruction methods with emphasis on the differences
from Ref. [196], implemented to deal with the simplified simulation used in this work.

5.3.1 Seed finding and cluster reconstruction

The energy deposited by the electromagnetic shower generated by a particle hitting the
ECAL usually activates more than one ECAL cell, hence a clusterisation procedure based
on a Cellular Automaton algorithm is used [197]. The clusterisation starts finding the
so-called seeds, i.e. cells that are the centre of a cluster. Two types of seeds are used in
the reconstruction:

Primary seed: cells presenting a local maximum of registered energy with respect to their
neighbouring cells,* with a minimal registered transverse energy of Ep > 50 MeV.?

Secondary seed: cell with the largest registered energy among the neighbouring cells of
a primary seed.

Clusters are defined by a seed cell and its neighbours. While primary seeds, once they
are identified, always generate a cluster, secondary seeds are used to reconstruct so-called
merged 7° and can be turned-off as it is explained in the Sections |5.3.2| and |5.3.4.2]

Since the usual situation includes squared-shaped cells, with equal dimensions, clusters
are qualified as 9 cells arranged in a group “3 x 3”. Nonetheless, different configurations
are possible, e.g. when the cluster includes cells on the border between ECAL regions with
different cell sizes. A reconstructed particle is then associated to each identified cluster.
A raw expectation of the reconstructed particle energy is given by the sum of the energy
values measured by all the cells composing the cluster:

Eraw = ZEJ" (5.6)
J

A raw expectation of the point where the particle hits the ECAL surface, is given by the
cluster barycentre:

1 1
= E E.x.: = Ey.: 5.7
TRAW Eraw . ot YRAW Eraw : Y55 ( )

where (z;,y;) are the coordinates of the centre of the j-th cell included in the cluster.
Then, these “raw” quantities must be calibrated to reproduce as good as possible the
quantities of the particles that actually generated the cluster. The following sections
describe these corrections. The same samples of particle-gun photons, already introduced
in Section [5.2.3] are exploited as calibration samples.

4The neighbours of a given cell is the set of cells that touch the first one, at least in one point.
5The transverse energy of a cell is defined as Et = Esinf, where  is the angle between the z axis and
the straight line between the point (0,0,0) and the centre of the cell.
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5.3.1.1 Energy-leak correction

Considering the Moliere radii and cell sizes of the various ECAL technologies, electromag-
netic showers are not fully confined in the cluster they activate. This causes a negative bias
in the difference between the actual energy of the particle originating the shower (Ergyg)
and Fraw. For each photon of the calibration sample the Fr4p of the corresponding
cluster is computed. Then Er w is compared with the total true energy of the photon
and the distribution of the quantity (Fraw — Errur)/Errue for the total calibration
sample is studied. In the reconstruction procedure the mean (ug) of the distribution of
(Eraw — Errur)/Errur for the calibration sample is used to correct the raw energy of
the clusters using the formula

Eraw (5.8)
1+ pe

Different up corrections are determined for the different technologies and regions used in
the ECAL. Figures and shows the distributions of (Eraw — Errur)/Errue used
to determine pg in the different regions of the ECAL for the Run 2 and the Upgrade II
configurations, respectively.

Ecalib =

5.3.1.2 Corrections to cluster position

The momentum direction of photons is reconstructed assuming they come from the origin
(0,0,0) and point to the three-dimensional barycentre of the electromagnetic shower
(Te, Ye, 2¢). Two effects must be taken into account in order to properly determine the
coordinates of the shower barycentre: the dependency from the photon energy of the
longitudinal penetration of the electromagnetic shower, and the finite size of the cells
and their Moliere radii. The first effect is corrected (“L”-correction) by calibrating the
parameter «y, in the equation:

2e = zpear + o In (Eeanp), (5.9)

where zgcar is the z position of the ECAL surface. Since the ECAL material and the
incidence angle of the particles changes with the radial distance from the beampipe, the
parameter o, must be calibrated separately for the different regions of the ECAL. In
Figure and [5.19, the dependency from the photon energy of z. — zgpcay, is shown for
the different regions of ECAL in its Run 2 and Upgrade II configurations.

As an example, the effect due to the discrete size of the cells and their Moliere radii is
illustrated in Figure for the Outer region of the Run 2 ECAL. In the plot, using the
photons from the calibration sample, the coordinates of the cluster barycentres (zgaw
and yraw ) are compared with the true coordinates of the shower barycentre (z. and y.),
all with respect to the centres of the seed cells (Zgeeq and Yseeq). An S-shaped dependency
between the two sets of coordinates is well visible. In Ref. [196] an analytic formula is
used to describe this dependency, while in this work, the calibration sample is used to
build profile histograms that are subsequently employed to determine the correction to be
applied to the raw coordinates of the cluster barycentres. It is important to note that also
for the “S”-correction there is a dependency on the incidence angle of photons, requiring
to perform separate calibrations for the different regions of the ECAL. Moreover, the
correction must be done separately for the left and right side of the ECAL (as it is well
visible from Figure and for the top and bottom section. Figure shows the effect
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(red) for the sample of calibration photons described in the text. Photons are separated by the
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and (right) Outer. The means of the histograms are also reported with corresponding colors.
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Figure 5.17: Distributions of (ERAW — ETRUE)/ETRUE (black) and (Ecalib — ETRUE)/ETRUE
(red) for the sample of calibration photons described in the text. Photons are separated by the
region where they hit the ECAL surface in the Upgrade II configuration. The means of the
histograms are also reported with corresponding colors.

of the “S”-calibration on different regions of the ECAL in the Run 2 conditions. It is
important to note that from the reconstructed position of the shower barycentre it is
possible to determine the coordinates where the particle generating the cluster hit the
ECAL surface, that are:

ZECAL

(CCECAL, yECAL) = (ilfc, Z/c) X P

(5.10)

5.3.2 Energy redistribution and event reconstruction

The reconstruction algorithms, presented until now, considered each clusters as if it is the
only one in an event. However, with the large number of particles produced in p-p collision
events, in particular at higher instantaneous luminosities, it may happen that some cells
belong to more than one cluster. Given the definitions of seeds and clusters in Section |5.3.1}
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the calibration sample of photons described in the text. The fit with a straight line is overlaid on
the points and the determined parameter ag, is reported. The calibration is performed for the
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Figure 5.19: Dependency of z. — zgcar, as a function of the logarithm of .y, determined from
the calibration sample of photons described in the text. The fit with a straight line is overlaid on
the points and the determined parameter «g, is reported. The calibration is performed for the
three regions of the Upgrade II ECAL configuration: (top left) Innermost, (top centre) Inner,
(top right) Middle, (bottom left) Outer and (bottom right) Outermost.

this happens when either a secondary seed is activated or some of the neighbours of a
primary seed are also neighbours of another primary seed, as depicted in Figure
The energy of these cells must be distributed among the corresponding clusters to avoid
biases in the reconstruction of energy and position of the clusters themselves. First of
all the calibration sample of photons used in the previous section is used to determine
the fraction of shower energy that a cell contains as a function of the radial distance of
its centre from the shower barycentre. The corresponding profile is shown in Figure [5.23
for different regions of the ECAL and where the radial distance is normalised to the cell
sizes. Then an iterative procedure starts assuming that two clusters with shared cells
have their barycentres in the centre of the corresponding seeds. With this assumption,
a fraction of the energy of the shared cells is assigned to each cluster according to the
radial energy profile of Figure Then the new coordinates of the cluster barycentres
are computed according to Eq. , and the corresponding “L” and “S” corrections are
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Figure 5.21: S-calibrations results for the x variable, for inner region (left), middle (center),
outer (right), regions of the ECAL Run 2 configuration. The plots on the top are analogous to
the one in Figure left, but here the S-calibration is applied (Zyaw — Zrec). The plots on
the bottom show the distributions of difference between the reconstructed (xyec) and the true
positions (zye) of the showers. The values of the mean (u) and root mean squared (RES) of
the distributions are also reported. The blue (red) color refers to clusters with x < 0 (z > 0),
the black color considers all the clusters.

applied. The procedure is repeated using each time the new coordinates of the cluster
barycentres to distribute the energy of the shared cells among clusters. The iterative
procedure ends when the coordinates of the cluster barycentres converge, that is found to
happen within 5 iterations. Once the convergence of the barycentre positions is reached,
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Figure 5.22: Examples of situations where clusters overlap in certain cells. On the left: two
clusters with primary seeds (1 and 2) share two cells. On the right: two clusters on with
primary seed (1) and the other with secondary seed (2) share three four cells (including their
seeds).
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Figure 5.23: Fraction of energy deposited in a cell as a function of the radial distance between
the cell centre and the shower barycentre for the various regions of the Upgrade 1T ECAL.

the raw energies of the clusters are corrected for the energy leak according to Eq. .
At this stage the secondary seeds in the event are re-evaluated and turned off if they do
not pass the requirements defined for them to be compatible with merged ¥ as defined in
Sec. p.3.4.2] Finally, the iterative energy distribution is performed one last time.

5.3.2.1 MonteCarlo association of clusters

In order to determine the performance of the reconstruction algorithms it is fundamental
to associate the simulated particles hitting the ECAL with the corresponding cluster,
the so-called MonteCarlo association. The best criterium found to perform this task
is to associate to a cluster the particle that hits the ECAL closest to its reconstructed
position. The full MonteCarlo story of the associated particles is also kept in order to
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perform an a-posteriori association of the clusters with relevant particles. These are the
cases, for example, of photons coming from 7 — 4+ decays, or photons generating an
ete” pair when interacting with the detector material. In the latter case, when the pair
generation happens after the magnetic field the e~ and et are produced very collinear
with the photon direction and usually hit the ECAL in the same cell generating a cluster
very similar to the one that would have been generated by the original photon, and is
treated accordingly. Another relevant case where the full MonteCarlo history of a particle
is fundamental to evaluate the performance of the reconstruction algorithm is the case of
bremsstrahlung photons that must be associated with the e* that generated them. Their
treatment is discussed in Sec. [5.3.5

5.3.3 Identification of neutral and charged clusters

A fundamental ingredient of the pattern recognition of the ECAL is the identification of
so-called neutral and charged clusters. A cluster is defined as charged when it is found to
be compatible to be generated by the energy released in the ECAL by a charged particle,
while clusters incompatible with charged particles are defined as neutral. In the current
LHCDb reconstruction, charged particles are reconstructed thanks to the tracking detectors.
In this study the tracking algorithms of LHCb are not used for two reasons. The first
reason is that no tracking algorithm is available yet for the tracking detectors expected to
be installed in the LHCb Upgrade II. Second reason is that, as explained in Section [5]
the aim of the LHCb Upgrade II detector is to obtain performance per fb™' of integrated
luminosity similar to those as in Run 2. Hence, in this work we assume that the effects
of tracking performance factorise and simplify in the relative comparison between Run 2
and Upgrade II ECAL performance. For this reason perfect tracking is assumed, i.e. that
charged particles are reconstructed with no error in the determination of their trajectory
and momentum. The only requirement that is applied is that charged particles generated
in the p-p collisions are considered reconstructed only if they generate hits in the Upstream
Tracker (UT) and in the Scintillator Fibre Tracker (Sci-Fi) [91]. The condition is assumed
to be realised if the particle trajectory, as determined from the MonteCarlo truth, is found
in the acceptance of the two detectors. The requirements on the x and y coordinates of
the trajectory at the entrance and exit of the UT (z = 2330, 2660 mm) and the Sci-Fi
(z = 7800, 9600 mm) are summarised in Table . Only electrons, muons, pions, kaons
and protons are considered as charged particles that can be tracked. The momentum
assigned to each tracked particle is their true momentum, with the only exception of
electrons and positrons. In this case the momentum assigned to the particle is the one it
has before entering the magnetic field, i.e. at the exit of the UT detector. The reason for
this choice is due to the energy loss of e* caused by bremsstrahlung effects and is further
analysed in Section [5.3.5

According to Ref. [196] the match between a track and a cluster is performed on the
basis of a two-dimensional y? between the cluster barycentre, projected on the ECAL
surface, and the point the track hits the ECAL, according to its trajectory extrapolation.
If the minimum x? of a cluster with respect to all the tracks is above a certain threshold
then the cluster is considered neutral, and the photon hypothesis is assigned to the
cluster. Otherwise, the cluster is considered charged and associated to the track with
the minimum 2. In this work the match between clusters and tracks is performed on
the basis of the minimum distance of the cluster with respect to all the hits of charged
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Table 5.4: Conditions on x and y coordinates of charged-particle trajectory at the entrance and
exit of UT and Sci-Fi, in order to consider the particle to be reconstructed. The z coordinates
of the entry and exit point for UT and Sci-Fi are also reported.

Detector z Beam-plug Tracker Plane
UT entry 2330 |x| >20 or|y|>20 |z| <800 and |y| <800
UT exit 2660 || >20 or|y] >20 |z| <900 and |y| < 800

Sci-Fi entry 7800  |z| > 100 or |y| > 100 |z| < 2800 and |y| < 2200
Sci Fiexit 9600 |z| > 100 or |y| > 100 |z| < 3000 and |y| < 2000
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Figure 5.24: Distribution of the distance from the cluster positions and the closest extrapolation
of a charged track on the ECAL surface in Upgrade II conditions. The red histograms involve
cases where the clusters are associated with the track according to the criterion defined in
Section (truly charged clusters). The black histogram considers all the other cases. The
contributions from photons, and not-“trackable” electron, pion or other kind of particles are
also evidenced with green, azure, blue, and white stacked histograms, respectively. The minimal
energy of the clusters included is Ep > 200 MeV/c.

tracks on the ECAL (dr). The threshold to be applied on dr to assign the neutral and
charged hypothesis to a cluster is studied using a large sample of p-p collision events with
Upgrade II instantaneous luminosity. Reconstructed clusters are associated with simulated
particles according to the criterion defined in Section [5.3.2.1] and the distributions of dr
is studied for clusters truly associated with charged tracked particle and clusters truly
associated with other particles. The latter are mainly photons, but also electrons or pions
out of the tracking-system acceptance (e.g. those originated because of interactions with
the detector material) are presents. The distributions of dy for the three cases are shown
in Figure |5.24] The threshold used to distinguish between neutral and charged particles is
defined to correspond to the end of the dr distribution for clusters truly associated with
any charged tracked particle. Performances in discriminating between truly neutral and
truly charged clusters are reported in Table |5.5]
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Table 5.5: Performances in separating between neutral and charged cluster in Upgrade 11
conditions using the requirement on dr described in the text in Upgrade II conditions. Categories
in the rows correspond to the MonteCarlo association assigned according to the criteria defined
in Sec. while categories in the columns correspond to the hypothesis associated according
to the value of dp > 1 cell size. The minimal energy of the clusters included is E7 > 200 MeV/c.

Fraction Charged hypothesis Neutral hypothesis
True charged 17% 1%
True neutral 15% 67%

5.3.4 Reconstruction of 7

Depending on their momentum, neutral pions can be reconstructed either as “resolved” 7°
or as “merged” 7¥. Low momentum 7°’s are mostly reconstructed as pairs of well separated,
or “resolved”, photons, i.e. as a pair of clusters both defined around a primary seed. For
high-momentum 7°, the relativistic boost of the two photons of the 7° — vy decay is
such that the angle between the photon trajectory is small. Hence, a large fraction of the
photon pairs generate two clusters that largely overlap one with each other, hence the
name “merged”.

5.3.4.1 Resolved 7°

The first step to reconstruct resolved 7%’s is to select all clusters with assigned neutral
hypothesis according to the requirement described in Sec. [5.3.3] and consider them
as reconstructed photons. Then all the combinations of photon pairs in the event is
analysed and their invariant mass is computed. The only additional requirement applied
on the clusters, in order to reduce the combinatorial background, is for them to have
a transverse momentum (pr) larger than 200 MeV/c. Figure shows the invariant
mass distribution of reconstructed 7%’s in p-p collision events with luminosity conditions
and ECAL configurations corresponding to Run 2 and Upgrade II. The invariant mass
distribution of the candidates associated with true 7%’s is emphasised, evidencing the very
large contribution of combinatorial background due to pairs of random photons already in
Run 2 conditions. An even much larger amount of combinatorial background is present
in Upgrade II conditions. It is due to the higher instantaneous luminosity and the finer
ECAL granularity. Both the plots involve all the resolved-7"’s candidates identified by
the Run 2 version of the LHCDb reconstruction algorithm. Further selection requirements
may improve the situation, but the drastic increase of the combinatorial background
already suggests that dedicated a R&D task is necessary to continue profiting from the
resolved 7°’s also in Upgrade II. This will be the main subject of Sect. [5.4.1] It reports a
simulation study, where the time information of the ECAL cells is used to improve the
reconstruction of BY— 77~ 7% decays.
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Figure 5.25: Invariant mass distribution of resolved 7 reconstruced in Run 2 and Upgrade II

conditions. The contribution of true 7Y is also shown.

5.3.4.2 Merged 7°

The so-called “merged” 7° are reconstructed starting from two neutral clusters with
adjacent seed cells, one being a primary seed and the other being a secondary seed. As
already described in Section the two clusters are considered as separate entities
with the energy of the shared cells distributed among the two. In order to clean the
sample from false merged 7%’s, the following additional requirements are applied to the
candidates:

e The two clusters are required to have a minimum distance between the points they
hit the ECAL surface. According to relativistic kinematic the minimal distance
between the two hits of the photons on the ECAL surface is d., = 2zpcarmqo/Exqo
and the requirement is applied on this quantity.

e The invariant mass of the merged 7 is required to be within a certain range.

In Figure the distributions of d,, and invariant mass of merged 7° reconstructed in
Run 2 conditions are shown, separately for true and false merged 7°’s, according to the
MonteCarlo association defined in Sec. [5.3.2.1]

5.3.5 Recovery of bremsstrahlung photons

A fundamental role of the ECAL is to reconstruct bremsstrahlung photons produced by
electrons and positrons when interacting with the detector material. Bremsstrahlung
photons may be emitted also as synchrotron radiation when e* are bent by the magnetic
field of LHCb, but this component is negligible. Figure shows the origin points in
the x — z plane of bremsstrahlung photons and also the projection along the z axis of the
same figure. It is clear that the vast majority of bremsstrahlung photons comes from the
interaction of e* with detector material. Particularly dangerous are the bremsstrahlung
photons produced before the e* enter the magnetic field. In fact, the momentum measured
by the tracking system of LHCb is the one that charged particles have when they enter the
magnetic field. Without recovering the energy loss due to bremsstrahlung photons emitted
before the magnetic filed, the measured momentum of e* would suffer from non-optimal
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Figure 5.26: Left: distributions of d,, for 7° reconstructed as merged (red) or resolved (blue).
Right: invariant mass for merged ¥ in the B® — 777~ 7% sample. Candidates associated with
true 7% are indicated by the red histogram. The blue histogram shows the contribution from
true signal candidates.
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Figure 5.27: On the left: origin point in the z — 2z plane of bremsstrahlung photons. On the
right: projection along the z axis of the plot on the left.

resolution. As a consequence the invariant mass reconstructed for decays containing e* in
the final state, like BY— K*%eTe™, is distorted, leading to a poor separation of signal and
background. A description of the algorithm used to search for bremsstrahlung photons
and associate them to their original e* can be found in Ref. [198] and is summarised in
the following. Photons are matched with a corresponding electron or positron if their
cluster on the ECAL are found within the region illustrated in Figure |5.28, The electron
(or positron) track (in this work the true electron that pass the acceptance requirement
defined in Sec is linearly extrapolated to the ECAL surface from two points: its
origin vertex and the point where it exits from the UT detector (z = 2660 mm). All the
photon clusters with barycentre around the line connecting the two extrapolated points
are matched to the electron under consideration and their quadri-momentum is added to
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Figure 5.28: Schematic illustration from Ref. |198] showing the method used to identify the
region within searching for bremsstrahlung photons.

the one of the matched electron. In Ref. [198] the width of the search area corresponds to
the 20 interval of the combined error of the track extrapolation and the reconstructed
position of a given photon on the ECAL. In this work, since we do not have access to
the errors of the track extrapolation, the search area corresponds to the union of two
boxes of the same size of the cells in that region and centred around the two extrapolated
points, as sketched in Figure [5.29, Figure shows the energy resolution for electron
and positrons before and after recovering the energy loss due to bremsstrahlung applying
the search algorithm just described to events simulated in Run 2 conditions.

5.3.6 Correction to time measurements of the cells

No time information is used in the reconstruction algorithms described there in Refs. [196,
198|. However, this is a fundamental infofeature available in the LHCb Upgrade II ECAL.
The way the time information is obtained from the timing layer is described in Sec. [5.2.3]
i.e. by averaging the time of incidence on the timing layer of all the charged particles
traversing the ECAL, and then applying a Gaussian smearing. The correspondence
between the time registered by the timing layer, ¢, and the time the original particles hit
the ECAL surface, tg, must be calibrated. Calibrations are studied by means of samples
of single-photon events with energy of 0.5, 1, 2, 5, 10, 15, and 20 GeV and impinging
point on the ECAL uniformly distributed over the entire surface. The main correction
to be applied is due to the incidence angle of primary particles on the ECAL, as shown
by the scheme reported in Figure |[5.31} Depending on the incidence angle, the distance
travelled by the electromagnetic shower before reaching the timing layer changes. In
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Figure 5.29: Schematic illustration of the search window for bremsstrahlung photons around the
two extrapolation points defined in the text: one (OV) determined extrapolating the particle
trajectory from its origin point and the other (UTV) determined extrapolating the particle
trajectory from the point it exits the UT detector.
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Figure 5.30: Energy resolution for electrons and positrons before (red) and after (green) recovering
the energy loss due to bremsstrahlung in Run 2 conditions. Bremsstrahlung photons are
associated to the corresponding charged particle using the algorithm described in the text.

addition, considering the radial spread of the shower, also the spread of the arrival time
of particles on the timing layer increase with increased incidence angles. The global effect
of it is visualised in Figure [5.32, where the distribution of t — ¢y is shown for different
regions of the Upgrade II ECAL. The time the original particles hit the ECAL surface, t,
is subtracted in order to correct for the different paths they travelled before arriving at
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Figure 5.31: Schematic view of how time information propagates from the ECAL surface to the
timing layer.
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Figure 5.32: Average time on the timing layer (£) of charged particles in electromagnetic showers
with respect to the time the primary particle hit the ECAL surface (tp). Distributions are shown
for primary particles with energies of 0.5, 1, 2, 5, 10, and 20 GeV.

the ECAL. Even after this subtraction it is well visible that the distributions of ¢t — tg for
the outer regions are more biased toward higher times with respect to the distributions
for inner regions. In addition, the spread of the distributions increase moving from inner
regions to outer regions, that means from small incidence angles to large incidence angles.
Geometrical considerations are used to correct for the incidence angle using the equation

ZB — RF

to=1t— ,
0 ccosf

(5.11)
where zr and zp are the z positions of the ECAL surface and the timing layer, respectively,
c is the speed of light, and 6 is the incidence angle that is computed assuming the primary
particles to come from the origin (0,0,0). The effect of this correction is shown in the
Figures and for the innermost and outermost region of the Upgrade II ECAL
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configuration, respectively.

Despite the improvement, the distributions of ¢ — ¢ still show a bias, in particular at
higher energies. Several effects are responsible for this bias, the most important being
the increase of shower multiplicity with the energy of the primary particle. The higher
the multiplicity, the higher the amount in the shower of slower particles and particles
that travelled longer because of multiple scattering. A correction based on general
considerations and taking into account all of this is hard to formalise. However, it is found
empirically that the relation between the mode of ¢t — t5 and the energy of the primary
particle can be described by the logarithmic function

tmax = Po + D1 108; Ea (512)

where ., is the mode of the mean time, py and p; are parameters to be calibrated, and
E is the energy of the primary particle. Figure [5.35 shows the relation between t,,,, and
E for different regions of the Upgrade II ECAL configuration.

The final thing to consider is how to assign a time to the reconstructed clusters.
Given the radial spread of electromagnetic showers is very limited before they reach
their maximum at about 5-6 Xy, the majority of charged particles in the shower traverse
the timing layer in correspondence of the seed cell of the cluster. This consideration is
supported by the simulation used in this work. Hence, it is decided to assign to a given
cluster the time registered by its seed cell and corrected for the effects discussed above.
Trying to use the energy-averaged time registered by all the cells of the cluster is found to
give negligible improvement.
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Figure 5.33: Difference between the mean time on the timing layer (f) of charged particles in
electromagnetic showers and the time the primary particle hit the ECAL surface (o), (blue)
before and (red) after the correction for the incidence angle. Distributions are shown for the
innermost region of the Upgrade II ECAL configuration and for primary photons of 0.5, 1, 2, 5,
10, and 20 GeV.
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Figure 5.34: Difference between the mean time on the timing layer () of charged particles in
electromagnetic showers and the time the primary particle hit the ECAL surface (tp), (blue)
before and (red) after the correction for the incidence angle. Distributions are shown for the
outermost region of the Upgrade II ECAL configuration and for primary photons of 0.5, 1, 2, 5,
10, and 20 GeV.
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Figure 5.35: Mode of the difference between the mean time on the timing layer () of charged
particles in electromagnetic showers and the time the primary particle hit the ECAL surface
(to), versus the energy of the primary particle E. Different colours are used for the different
regions of the Upgrade 1T ECAL configuration.

232



5.4 Physics performance studies

In this Section, the performance achievable in Run 5 conditions are studied and compared
to the ones in Run 2 conditions. Two important decays for the LHCb physics programme
are considered: the B’ — 777 and the B®— K*YeTe~. The former is strictly related
to the 7¥ reconstruction, while the latter relies on the recovery of bremsstrahlung photons
and on the e — 7 discrimination.

In the following, the Run2 and Runb labels indicate the occupancy conditions experi-
enced and expected at LHCbD in the corresponding runs (Section . In Run2 conditions
the current ECAL setup is always considered. In Run5 conditions, besides the ECAL
arrangement already summarised in Table two higher granularity options are investi-
gated in the following, maintaining the same geometry of the ECAL regions. Table
summarises the cell sizes of the tested configurations with their respective Moliére radii.

Region Run2

name index , Cell side Ry

Inner 0 40 35

Middle 1 60 35

Outer 2 120 35
Region Runb5-opt.1 Runb-opt.2 Runb-opt.3
name index , Cell side Ry , Cellside Ry, Cell side Ry
Innermost 0 15 15 15 15 15 15
Inner 1 30 30 30 30 15 15
Middle 2 40 35 40 35 40 35
Outer 4 60 35 40 35 40 35
Outermost 5 120 35 60 35 60 35

Table 5.6: Summary of the ECAL configurations simulated in this Section. Squared cells are
always assumed. The tables report the size of their side and the Moliére radius (Ry) of their
material. The top table resumes the ECAL configuration in Run 2 simulations, while the bottom
table resumes the configurations tested for the LHCb Upgrade II.
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Merged 7° Resolved 7°

v-track distance > 1 cell side
pr(v) > 200 MeV/c

pr(7®) > 2.5GeV/c pr(7®) > 1.5GeV/c
m(n®) € [75,195] GeV/c?  m(x°) € [110, 170] GeV/c?
pr(B°%) > 3GeV/e pr(B°) > 2.5GeV/c

m(B°) € [5.1,5.5] GeV/c?

Table 5.7: Selection applied to the BY — 77~ 7% decays in all the simulated conditions. It
corresponds to the main criteria of the stripping selection assumed for the analysis of LHCb
data in Ref. [199).

5.4.1 Study of B’ — 77 7" decays

The analysis of the ECAL performance with B — 777~ 7 decays is presented in three
steps. Section [5.4.1.1| specifies the algorithms and the criteria utilised to reconstruct and
select the simulated events. Section [5.4.1.2] introduces the way the time information is
exploited to reject the combinatorial background due to the random association of ECAL
clusters. Section [5.4.1.3| resumes and discuss the performance in the various occupancy
conditions and ECAL configurations.

5.4.1.1 Reconstruction and kinematic selection

The reconstruction directly starts form the signal charged pions of each event. The
combinatorial background due to random association of tracks and the uncertainty on the
momentum determination are neglected. Indeed, such effects do not depend on the ECAL
response. Moreover, background levels and B° momentum resolutions are dominated by
the contributions coming from the 7° reconstruction. The only selection requirement on
the charged pions is applied in generation phase, imposing that their initial direction is
inside the LHCb geometrical acceptance. Further requirements related to the acceptance
of the tracking system and the decay vertex positions were tested, but they did not modify
the conclusions on the ECAL performance. Hence, they were removed from the selection
to exploit the entire statistic generated. In other words, the charged pion reconstruction
efficiency is considered as common scale factor, which do not alter the comparisons of the
ECAL performance between Run2 and Run5 .

The signal charged pions are combined with 7% candidates built according to the
algorithms presented in Section . Only 7° candidates with transverse momentum
higher than 900 MeV/c and B candidates with invariant mass belonging to the range
m(B°) € [4.98,5.88] GeV/c? are accepted. A minimal set of selection requirements, listed
in Table [5.7], is then applied to mimic the trigger and the stripping selections adopted
in Ref. [199] for the analysis of BY— nt7~7° decays with LHCb data. They comprise
minimal requirements on the transverse momentum and isolation from charged tracks
for the photons associated to the ECAL clusters. Besides, the neutral pions, resulting
from the combination of such photons, have to satisfy transverse momentum thresholds
and invariant mass ranges specific for each 7° category (resolved or merged). Transverse
momentum thresholds are applied also to the B° candidates. The final invariant-mass
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Figure 5.36: Signal efficiency for B® — nT7~ 7% decays after the various step of the selection
defined in Table The efficiency denominator is the number of generated signal events
(Sgen. = 80000, as reported in Table. The first bin (Rec. ed) concerns the signal BY — 7tz 70
reconstructed candidates, before the application of the requirements of Table Besides the
criteria imposed by the 7° reconstruction algorithm described in the text, the following loose
cuts are imposed at this step: pr(7?) > 900 MeV/c, m(B°) € [4.98,5.88] GeV/c2. The second bin
(Neutr.) concern the requirement y-track distance > 1 cell side for the rejection of the clusters
related to charged particles. The other bins imply different threshold for candidates with merged
or resolved 7¥. The last bin concern candidates the invariant mass range m(B°) € [5.1, 5.5] GeV/c?.
The time information is not considered in any configuration.

range for the B® candidates defines the region of interest for the evaluation of the ECAL
performance. It is chosen to be approximately plus or minus twice the full-width-half-
maximum (FWHM) of the distribution around the B® nominal mass. Figure [5.36] compares
the efficiencies of the selection requirements for the simulated occupancies and ECAL
configurations. From the breakdown of the efficiencies in Figure [5.36] it is possible
to understand that there are two main sources that cause the drop in signal efficiency
between Run2 and Run5. The first one is the identification of neutral clusters, that is
mainly related to the granularity of the ECAL. In fact, with the higher granularity of
Runb-opt.1 this effect is more than compensated. The second source of inefficiency comes
from the requirements applied to the invariant mass of the 7° and B® mesons. The reason
for this difference is due to the much higher occupancy in the Run5 conditions, where
the energy of other particles for which a seed is not found leaks inside the cluster of
the signal photons. The effect is very clear also in Figures and [5.39, where a more
pronounced high-mass tail is present in the distributions for Run5 conditions with respect
to Run2 conditions. The higher granularity of Run5-opt.1 benefits also the efficiency in
identifying the seeds, leading to higher reconstruction efficiency as evidenced by the first
bin of the plot in Figure [5.36]
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Figure 5.37: Distributions of the R? variable for signal (filled histograms) and background (empty
histograms) B? — 77~ 70 candidates after the entire selection reported in Table The
logarithmic transformation is used to enlarge the region with small R? values and compact the
long right tail due to the background. The left, middle, and right plots concern the Run5-opt. 1,
Run5-opt.2, and Runb5-opt. 3 configurations, respectively. The simulated timing resolution of
the ECAL cells is set to 6t = 15 ps, and R; is expressed in ns.

5.4.1.2 Background rejection with time information

The variable which is used to test the impact of the time information for the B® — 7#t7 7
selection in Runb conditions is defined as follows:

Rt2 — (tlECAL . t(;xpect.)2 + (t2ECAL - t;xpect.)2' (513)

The quantities tFC4L (i = 1,2) are the times of the ECAL clusters, whose information
are combined to build a given 7° candidate. The te’(pect variables are the corresponding
expected times. They are calculated assuming linear propagation at the speed of light
from the decay vertex of the B® candidate, (x%9, ¢4 2¢0d) to the hits on the ECAL

surface, as reconstructed by the just-mentioned clusters, (xFCAL yFCAL L ECAL).

t‘i;p’%t — \/(.TiECAL _ I%ld)? + (yZEC’AL yeBnd)Q + (ZZECAL end) + zfend (514)

where t84 is the time associated to the end vertex of the B® candidate by another LHCb
subdetector. Since both the spatial and the time resolution of the VELO detector in
Upgrade II configurations are expected to be smaller than those of the ECAL, the true
information on the end vertex of the signal B is exploited in this simulation.

The procedure exploited to optimise the R; requirements is presented in the next
section. When a 15-ps resolution is simulated the cut R; < 50 ps is found to be optimal
for all ECAL configurations in Run5 conditions. Figure shows the distribution of
R; distinguishing candidates associated to the signal or to the background according to
the prescriptions of Section [5.3.2.1] The Figures and illustrate the effect of the
best R; cut on the 7 and B invariant mass spectra, respectively. The corresponding
spectra in Run2 conditions are plotted in Figure [5.40l The comparison of such plots
clearly manifest the advantage due to the exploitation of the time information in Upgrade
conditions.
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Figure 5.38: Invariant mass for the reconstructed 7° candidates after the selection in Table
except for the requirements on the m(7°), pr(B?). The range m(B°) € [4.98,5.88] GeV/c?
is considered. The signal and background contributions are illustrated with green and red
stacked histograms, respectively. In the top row, the cases before (filled histogram) and after
(textured histogram with black contour) the application of the best timing cut (R; < 50 ps)
are superimposed. In the bottom row only the case after the timing cut is depicted. The left,
middle, and right plots concern the Runb-opt. 1, Runb-opt.2, and Runb-opt .3 configurations,
respectively.
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Figure 5.39: Invariant mass for the reconstructed B® candidates after the selection in Table
The signal and background contributions are illustrated with green and red stacked histograms,
respectively. In the top row, the cases before (filled histogram) and after (textured histogram
with black contour) the application of the best timing cut (R; < 50 ps) are superimposed. In
the bottom row only the case after the timing cut is depicted. The left, middle, and right plots
concern the Run5-opt.1, Run5-opt.2, and Run5-opt.3 configurations, respectively.
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Figure 5.40: Invariant mass for the reconstructed 7% (left) and B (right) candidates in Run2
conditions. The plots are analogous to the corresponding ones illustrated in the Figures
but time information is never used here.

5.4.1.3 Performance comparison

Two figures of merit are chosen to compare the total performance of selection and
reconstruction of B®— 77~ 71 decays. The first one is the efficiency,

S
Sgen. 7

€= (5.15)

namely the number of candidates associated to the signal and passing the whole selection,
S, divided by the total number of generated signal events (Sgen. = 80000, as reported in
Table . The second one is the significance, which is defined as

S
VS+ B’

where B is the number of candidates associated to the background, passing the whole
selection. Figure [5.41| resumes and compare the performance of the various configurations.
The plot clearly manifests the decisive advantage provided by the time information: a
remarkable significance gain is obtained with a relatively small efficiency loss. In Run5
conditions, this is essential to get performance per inverse femtobarn as close as possible
to the ones of Run2. Besides, the values of maximal efficiency observed in Run5 show that
the effect of the higher occupancy regime is not compensated by the higher granularity of
the baseline option for the LHCb Upgrade II (Run5-opt.1). Only the very demanding
configuration named Run5-opt.3 presents overall ECAL performance comparable with
Run2.

¢ = (5.16)
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Figure 5.41: The definitions of signal efficiency and significance (S/v/S + B) are given in the
text. Here, they are divided by the corresponding figures of merit in Run2 conditions. Each
point of the curves represents the performance of a particular R; cut for a certain configuration.
As indicated in the legend, different line styles stand for different timing resolution, while the
various line colours distinguish the various combinations of occupancy and ECAL arrangement.
The circles evidence the cases with the best significances. The crosses mark the cases where
no time information is used. The small steps close to the crosses are due to the cases, where
no charged particle crossing the front-back interface of the seed cell is found in one of the two
clusters at least.
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5.4.2 Study of B'— K*ete™ decays

The ECAL contribution is crucial for both the reconstruction and the identification of
the electrons of the BY — K*%ete~ channel. The first task involves the correction of the
momentum measured by the tracking system, to include the effect of the emission of
bremsstrahlung photons before the magnet. The second task comprises the distinction
between the electron and the pion mass hypotheses, which is fundamental to abate the
mis-ID background.

To study these topics, samples containing 40000 B® — K*%eTe~ and B — K*0rt 7~
decays are simulated for all are the above-mentioned occupancy conditions and ECAL
configurations (Table [5.3)). All the reconstructed candidates are associated to the corre-
sponding signal processes. The cases with signal electrons, or pions, whose trajectories do
not intersect all the subdetectors of the tracking system, are rejected, as not reconstructible.
No background due to the random selection of the final states is considered.

5.4.2.1 Bremsstrahlung recovery

The baseline algorithm for the identification of the bremsstrahlung photons is outlined
in Section [5.3.5] Here, the invariant mass distribution is used to compare the ECAL
performance between the Run2 and Runb conditions. At this stage, all the background
sources are neglected, except for the consequences of a wrong bremsstrahlung recovery,
namely not reconstructed bremsstrahlung photons or additional random clusters included
in the recovery window. The following paragraph assumes the baseline algorithm and
compares the bremsstrahlung-recovery performance between the different occupancy and
ECAL configurations. Then, a first attempt to include the timing information in the
bremsstrahlung-recovery methods is presented.

The recent LHCD internal note in Ref. [200] studied the bremsstrahlung recovery with
the nominal LHCb full simulation, to compare the ECAL performance in Run2 conditions
with those expected for the upcoming Run 3 of the LHC (v = 7.6 and same ECAL
configuration as in the Run 2.). Figure reports the invariant-mass spectrum of the
reconstructed B — K*%ete™ decays. An analogous test is carried out with the simulation
developed in this thesis and the corresponding invariant-mass distributions are shown in
Figure The occupancy conditions of Run3 are reproduced using the same technique
described in Section [5.2.1] while the ECAL configuration is the same of Run2. The invariant
mass calculation assumes the MonteCarlo truth for the momentum of the K*° meson. The
momenta of the final-state electron and positron are taken just upstream of the magnet, to
consider the effect of the bremsstrahlung emission on the momentum measurement by the
tracking system. The bremsstrahlung photons, reconstructed by the ECAL, are included
in the calculation as additional final states. Despite small differences introduced by the
perfect tracking used in this thesis, the invariant-mass distributions are in a satisfactory
agreement with those obtained with the nominal LHCb full simulation in Figure [5.42]
The main discrepancy is observed for the Run3 configuration with no bremsstrahlung
recovery. This is ascribed to a bug in the neutral cluster identification used in Ref. [200].°
The same test is conducted in Run5 conditions and the corresponding invariant-mass
distributions are reported in Figure [5.44] In spite of the different granularity options, the

6This information is obtained from private communication with the authors of Ref. [200]. At the time of
writing this thesis an updated version of the internal document is not yet available.
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Figure 5.42: Invariant mass distribution as reconstructed by the nominal LHCD full simulation
in Run 2 (red) and Run 3 (black) experimental conditions for B® — K*%ete™ decays. From left
to right, the plots show the spectrum for the cases with zero, one, and more than one recovered
bremsstrahlung photons, respectively. These images are taken from Ref. [200].
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Figure 5.43: Invariant mass distribution for B — K*%eTe~ decays as simulated and reconstructed
by the simulation developed in this thesis in Run2 and Run3 conditions. From left to right, the
plots show the spectrum for the cases with zero, one, and more than one recovered bremsstrahlung
photons, respectively.
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Figure 5.44: Invariant mass distribution for B — K*%eTe~ decays as simulated and reconstructed
by the simulation developed in this thesis for Run5 conditions. From left to right, the plots show
the spectrum for the cases with zero, one, and more than one recovered bremsstrahlung photons,
respectively.
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0 brem. 1 brem. > 1 brem.

without timing information

Run2 19% 48% 33%
Run3 21% 49% 30%
Run5-opt.1  22% 49% 29%
Run5-opt.2  20% 48% 32%
Run5-opt.3  17% 48% 35%
with timing information
Run5-opt.1  31% 50% 19%
Run5-opt.2  29% 50% 21%
Runb-opt.3 26% 50% 24%

Table 5.8: Fraction of B — K*0ete™ candidates with zero, one, or more than one recovered
bremsstrahlung photons. The top part of the Table does not consider the timing information,
while the bottom part does.

Configuration €[5.0,5.4]
without time with time
Run2 61%
Run3 54%
Run5-opt. 1 49% 50%
Run5-opt .2 50% 51%
Run5-opt.3 55% 55%

Table 5.9: Fraction of reconstructed B® — K*%ete™ signal decays with invariant mass belonging
to the range m(B°) € [5.0,5.4] GeV/c?. In Runb conditions, the same quantities are reported
also for the bremsstrahlung recovery method including the timing information.

fraction of candidates with zero, one, or more than one bremsstrahlung photon are similar
between the various configurations, as summarised in Table 5.8, However, the issues
related to the degraded bremsstrahlung-recovery performance affect the invariant-mass
distributions. In particular, the enhanced right tails of the Run5 spectra of Figure
manifest the presence of extra-energy, included in the recovery region, but due to other
particles in the event. Such occupancy effect is only partially compensated by the
higher granularity of the Runb-opt.3 configuration. The overall bremsstrahlung-recovery
performance are summarised in Table 5.9 and Figure [5.45] For each configuration, the
Table reports the fraction of candidates whose reconstructed invariant mass falls in the
range m(B°) € [5.0,5.4] GeV/c?. The Figure shows the corresponding invariant-mass
distributions without discriminations on the number of recovered bremsstrahlung photons.
No particular improvement is observed due to the increased granularity.

In principle, the timing information could be relevant to increase the bremsstrahlung-
recovery performance. The time registered by the seed cell of a cluster (f.us) associated
to a bremsstrahlung photon can be compared to the corresponding expected time,

texpect. - tEND + %\/(l‘clust - x%ND)Z + (yclust - ?JEND)Q + (chust - ZEND)Qa (517)
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Figure 5.45: Invariant mass spectrum for the reconstructed BY — K*%ete~ signal decays. The
distributions obtained by the various simulation configurations are distinguished by the styles
reported in the legend. The histograms are not normalised to unit area, but the total number of
generated events is equal for all the cases.

which is calculated assuming a linear propagation at the speed of light from the decay vertex
of the signal B° meson, (z5NP yEND 2END) “t6 the reconstructed position of the cluster
on the ECAL surface, (Zclust, Yelust Zelust ). Figure illustrates how the distribution of
Lelust — Texpect. 18 Telated to the distance, RbRrEg, between the center of the bremsstrahlung-
recovery window and the cluster position. The clusters associated to photons coming
from the signal decay chain present small values of both these quantities, whereas the
background cases, namely the clusters to be rejected, have high values. Only the intrinsic
time resolution is simulated in this study, to consider the best timing performance
as possible. The selection requirement |feiust — texpect.| < 50 ps is chosen as a reference
working point and added to the requirements defining the baseline bremsstrahlung-recovery
window. Figure [5.47]illustrates the effect of the inclusion of the timing information on
the B® — K*Yete™ invariant mass spectrum in Run5-opt.1 configuration. The right
tail of the distribution is slightly reduced, but no remarkable performance improvement
is observed. The same kind of test, conducted on the Run5-opt.2 and Run5-opt.3
configurations, brings to similar results. This is manifested by Table |5.9/ and Figure |5.48]
The former reports the fraction of reconstructed candidates belonging to the usual
invariant-mass range, the latter graphically compares the invariant-mass distributions of
the various Runb configurations. No significant increase in the fraction of events in the
mass range [5.0, 5.4] GeV/c? is observed when including time information. In conclusion,
the bremsstrahlung recovery performance are led by the ECAL granularity and not critical
advantage is observed as a result of the timing information inclusion.
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Figure 5.46: Two-dimensional distribution of the spatial and temporal distance between the
clusters in the bremsstrahlung-recovery window and the corresponding expected quantities.
The precise definitions of RS |, felust; and texpect. are reported in the text. The logarithmic
transformation of the y component is applied to enhance the region with small temporal distance.
The contributions from all the ECAL region in Run5-opt .1 configuration are considered. Only
the intrinsic time resolution is simulated to look for the best timing performance as possible.
The green squares are indicates clusters associate to the signal bremsstrahlung photons, while
the red in used for the background cases.
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Figure 5.47: Invariant mass spectrum for the reconstructed BY — K*%ete™ signal decays
in Run5-opt.1 configuration. The line indicates the distribution obtained with the baseline
bremsstrahlung recovery method, while the dots illustrates the results of the procedure including
the timing information. The histograms are not normalised to unit area, but the total number
of generated events is equal for both the cases.
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Figure 5.48: Invariant mass spectrum for the reconstructed B — K*%ete™ signal decays.
The left, middle, and right plots are related to the Run5-opt.1, Run5-opt.2, and Run5-opt.3
simulated configurations, respectively. The histograms are not normalised to unit area but the
same number of events (40000) is simulated for all the cases. The blue histograms are obtained
with the baseline bremsstrahlung-recovery algorithm, while the green histograms concern the
method including the timing information.
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Figure 5.49: Distribution of E/P (definition in the text) as obtained from LHCb data (left) and
from this simulation in Run2 conditions (right). Both the electrons and the hadrons (mainly
pions) are taken from the Minimum Bias simulated sample, applying a 1-GeV/c¢ threshold on
their momentum. Histograms are normalised to unit area. The left plot is taken from Ref. [65].

5.4.2.2 Performance of e-m discrimination

The B — K*r"7~ decay is an insidious background source for preeminent LHCb
analyses [201,/202], concerning rare decays of B mesons to final states with electrons.
Indeed, the double m — e misidentification of the final state pions could generate a
background component, peaking under the core of the signal invariant-mass distribution.
The current performance of the LHCb detector can reduce this effect to negligible levels.
However, it is still unknown whether the same will be feasible also in the high occupancy
regimes foreseen for the Run 5.

The main observable, now exploited for the e-m discrimination, is “E/P”, namely the
energy measured by the ECAL cluster associated to the candidate electron divided by the
momentum measured by the tracking system, without considering the bremsstrahlung
recovery. Figure [5.49| compares the distribution of this observable as obtained from this
simulation and from real LHCb data.

The longitudinal segmentation of the ECAL in Upgrade II configuration may be
relevant to improve the e-m discrimination, since pions develop showers at the end of
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Figure 5.50: Distributions of the min[F/P] (top) and max[FEy,ek/E] (bottom) simulated observ-
ables (definitions in the text). From left to right the quantities concerning the Run2, Run5-opt. 1,
Run5-opt .2, Run5-opt.3 configuration are shown, respectively. All the histograms are nor-
malised to unit area. The green ones are obtained with B? — K*0ete™ simulated decays, while
the red ones concern BY — K*97 7~ simulated decays.

electromagnetic calorimeters. Hence, the distribution of the quantity FEy../FE, where
Fh.q is the energy measured by the back section of the cells of the cluster, is expected
to be different between pions and electrons. Figure [5.50] illustrates the distribution of
min[E/P] and maX[Eback/E] obtained from the B — K*¢Te™ and B® — K*9xt7~
simulated samples”. Both quantities offer discrimination power between the two different
mass hypotheses, but the higher occupancy of the Run5 conditions is still a concern. The
e-m discrimination performance is summarised by two figures of merit:

the signal efficiency, defined as the ratio between the number of B — K*%¢te™ can-
didates passing a specific discrimination requirement and the total number of
reconstructed B° — K*%ete~ candidates;

the background rejection, defined as the number of B® — K*'7*7~ candidates re-
jected by a specific discrimination requirement divided by the total number of
reconstructed B® — K*'7*7~ candidates.

Figure relates these two quantities: each point of the curves plots the values of
the two figures of merit obtained by the same min[F/P] requirement. As expected, the
performance in Runb conditions improves with the increasing of the ECAL granularity.
However, it is always poorer than the one in Run2 configuration.

The eventual advantage arising because of the longitudinal segmentation of the ECAL is
estimated as follows. A two-dimensional scan of min[F/P] and max[F}.q/E] is performed
applying the corresponding pair of requirements and calculating the ECAL performance.
The method is clarified by Figure |5.52] which shows the two-dimensional distribution
of min[F/P] and max|Ep,a/E], illustrating some examples of the rectangular cuts that

"The minimum and maximum operations concern the two signal final-states electrons or pions.
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Figure 5.51: Electron identification rate (sig. efficiency) versus pion to electron misidentification
rate (1-bkg. rejection). Each point of the curves correspond to the performance of an E/P
requirement on the BY — K*%eTe™ and BY — K*O7* 7~ samples (details in the text). The areas
above the curves provide direct comparisons of the e-m discrimination performance obtained
with the various simulated configurations.

results from the two-dimensional scan. Figure [5.53| finally compare the performance.
To not overload the plot, only the curves concerning the Run5-opt.1 and Runb-opt.3
configurations are reported®. The comparison of the cases, involving or not the Fy,q/F
variable, shows that the longitudinal ECAL segmentation provides relevant information
for the e-m discrimination task. As a reference, the point corresponding to a 80% signal
efficiency is marked for the Run2 configuration. In Runb conditions, this target is reached
only by the higher granularity option (Run5-opt.3 ) with information from the longitudinal
segmentation.

8The two-dimensional scan described in the text does not actually produce a curve but a grid of

performance point, namely cases with similar signal efficiency, but very different background rejection,
and wviceversa. The curves plotted in Figure [5.53] are those with the best background rejection for a
given signal efficiency.
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Figure 5.52: Two-dimensional distribution of min[E/P] and max|[Ey,/E] configuration. The
green and the red boxes are related to the electrons of the BY — K*%eTe™ samples and to
the pions of the B® — K*97T 7~ samples, respectively. The yellow- and azure-shaded areas
illustrates two examples of the rectangular cuts mentioned in the text. The top left corner of
the boxes is fixed, while the bottom right corner changes according to the two-dimensional scan.
For each case, the candidates falling inside the resulting rectangle are accepted, the other ones
are rejected.
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Figure 5.53: Electron identification rate (sig. efficiency) versus pion to electron misidentification
rate (1-bkg. rejection). Each point of the curves correspond to the performance of the same
discrimination requirement on the B® = K*%¢te™ and B? — K*97t 7~ simulated samples. The
solid lines involve only requirements on the E/P variables, while the dashed lines include also
the information coming from the longitudinal segmentation of the ECAL (detail in the text).
Different color stand for different occupancy and ECAL configurations, as reported in the legend.
In the Run2 case, only the point corresponding to an 80% signal efficiency is marked to not
overload the plot.
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5.5 Summary and conclusions

The simulation study reported in this Chapter concerns the development of a fast and
flexible simulation framework, to evaluate the ECAL response in the high occupancy
regime foreseen for the Run 5 of the LHCb detector, and understand which characteristics
may provide performance per inverse femtobarn comparable with the current ones.

Various simplifications are employed and investigated, observing that they provide
an adequate level of approximation for this study. The generation phase takes a decisive
advantage from the “bootstrapping” technique presented in Section [5.2.2] On the one
hand, the simulation of the particle interactions with ECAL cells is accelerated by the
assumption of homogeneous materials. On the other hand, the detailed simulation of
the electromagnetic and hadronic showers is borrowed from the GEANT4 toolkit, keeping
all and only the necessary information. Thus, the simulation can take into account the
longitudinal segmentation of the ECAL and the angles of the incoming particles. The
timing information collected by the ECAL cells is simulated in a simplified but accurate
way. The specific reproduction of the signal generated by timing layers located between
the front and the back section of the cells is omitted. However, the intrinsic time-resolution
effects can be studied and corrected. Besides, the overall time resolution is introduced in
an agile way: the machinery performing the time smearing can be run on top of all the
other simulation and reconstruction steps. This feature permits different time-resolutions
instances to be quickly tested without the computational cost related to the expensive
repetition of identical operations.

The studied physics cases involve tasks driving the ECAL performance: the 7° recon-
struction, the bremsstrahlung recovery, and the e-7 discrimination. The first topic is faced
simulating and analysing B® — 7+7~ 7 decays, that are meaningful for measurements
of the UT angle « [203-205] and are equipped with a wide 7%-momentum range. The
reconstruction efficiency is observed to be strongly dependent on the segmentation of the
ECAL surface. In high occupancy conditions, the electromagnetic showers due to the
signal often overlap those due to the rest of the event (minimum bias background). This
phenomenon causes reconstruction artefacts, like the enhancement of the right tail of
the 7° and B invariant-mass spectrum due to additional energy contributions, or even
the loss of the signal candidates when the energy of the background overwhelms the one
from the signal. Both the effects are observed to be relevant with baseline configuration
for the Upgrade II of the LHCb ECAL (Run-opt.1). Smaller cell sizes and Moliére radii
can compensate for these effects. However, they lead the rapid increment of the costs
related to the experimental apparatuses. Restrictions to higher momentum regimes for
the 7° mitigate the situation, but they are not always neutral from the LHCb physics
programme point of view. For instance, the large part of the B — 7777 decays
generates low-momentum resolved 7¥s. In this context, the exploitation of the timing
information is observed to be extremely effective in rejecting the combinatorial background
without important loss of signal (see Figure [5.41). The result of this performance study is
a demanding target for the detector R&D: a timing resolution ranging from 10 to 20 ps.
The developing projects are now close to this goal (Figures and .

The degradation of the ECAL response concerning the bremsstrahlung recovery and the
e- discrimination in Run 5 conditions is quantified with the simulation of B® — K*%ete~
and B® — K*'rt7~ decays. The ECAL granularity is observed as an essential factor
for both tasks. Nevertheless, the current algorithms, applied in Run 5 conditions, do
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not match the Run 2 performance, even when the highest granularity configuration
(Runb-opt . 3) is tested (Figures and [5.51)). Two methods are investigated to face the
problem: the inclusion of the time information in the bremsstrahlung-recovery algorithm,
and the exploitation of the longitudinal segmentation of the ECAL cells. The preliminary
results do not demonstrate relevant benefits from the first method, even with an almost
perfect time resolution. Two reasons justify this observation. On the one hand, the
assumption of perfect tracking, along with the small cell sizes tested in Run 5 conditions,
permits the spatial dimension of the bremsstrahlung recovery window to be relatively small.
This restriction effectively reduced the contamination due to ECAL clusters dominated by
energy contributions of the minimum-bias background. On the other hand, minimum-bias
background remarkably affects the time information. Thus, the timing lead to the rejection
of cases with relevant background contamination, which mainly concern the right tail of
the invariant-mass spectrum (Figure . However, when the bremsstrahlung-recovery
window is small, the number of selected clusters is typically low. Hence, very often, the
information coming from the signal bremsstrahlung photons, being included in the same
cluster, was rejected, as well. The longitudinal segmentation of the ECAL was utilised to
improve the e-m discrimination. Including the information about the energy deposited in
the front and back sections of the ECAL cells, the Run5-opt . 3 configuration achieved the
same performance as the Run2 (Figure . Relevant improvements are observed also
with lower granularity, manifesting the importance of the longitudinal segmentation in
the Upgrade 1T ECAL of LHCb.

The considerations reported in this thesis are driven by the unexplored path they had

to undergo. This condition led to the choice to operate only minimal modifications to
the current LHCb reconstruction algorithms. The corroboration of the hypotheses about
the advantages arising from proposed new ECAL features is the main result of this study,
and —together with several consistent results from the rest of the LHCb collaboration—
has already oriented the R&D project for the LHCb Upgrade II.
Now, additional simulation analyses are necessary to optimise the combination of this
new information. The seed finding is expected to be a strategic task to improve the
efficiency and the resolution of ECAL reconstruction. In particular, the different occupancy
regimes foreseen for the front and back sections of the Upgrade II ECAL (Figure
are probably meaningful in this regard. After that, further optimisations of the methods
for the redistribution of the energy between overlapping clusters will be presumably
necessary. These optimisations may improve all the observables directly related to the
ECAL clusters, and not only the performance for merged 7°. For the reasons discussed
above, they may also enhance the positive contribution of the timing information to the
recovery of the bremsstrahlung photons. Another essential step will be the integration
of the ECAL simulation with the simulations of other LHCb sub-detector in Upgrade 11
configuration. Above all, the simulation of the tracking system is necessary for a more
accurate estimation of the ECAL performance and to finally fix its granularity. More in
general, a promising direction to exploit the full potentialities of the Upgrade II ECAL
involves multivariate-analysis methods to optimise the combination of the energy, space
and time measurements. The simulation framework developed in this thesis is ready to be
updated for these efforts.
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Conclusions

This thesis contains original contributions to the measurements of relevant flavour-physics
observables with the data collected by the LHCb experiment. It also contains original sim-
ulation studies that contribute to the design and development of the future electromagnetic
calorimeter of the LHCb Upgrade II detector.

The sample of p-p collisions collected with the LHCb detector during the entire Run 2
is analysed in Chapter |3/ to determine the CP violation parameters C+,-, Sr+r—, Cr+x-,
Sk+r-, and Aﬁﬂ s—- These parameters quantify CP violation in the decay and in the
interference between mixing and decay of the B — 777~ and BY — K+ K~ decays. The
direct CP asymmetries of the B — KTn~ and B?— 77K~ decays, Acp(B°— K'77)
and Acp(B?— 77K ™), are measured as well. The most recent LHCb determination of
these parameters involved a sample corresponding to 5 fb™! of integrated luminosity and
included the first observation of time-dependent CP violation in the decays of the B?
meson, along with world leading measurements of all the parameters. The new analysis,
included in this Thesis, involves additional 4 fb™! of integrated luminosity, corresponding
to the data collected in 2017 and 2018. Besides, 2 fb™' of already analysed data are
reprocessed and included as well, to serve as a cross-check. This test is fully positive.
However, the results for C'x+ - and Sg+g- with the 2017 and 2018 datasets manifest a
discrepancy with the previous determination exceeding 3 standard deviations. A long list
of cross-check is performed to find the cause of this inconsistency and is documented in
this Thesis. At the time of writing, further tests are ongoing.

The Chapter 4] illustrates the measurement of the magnitude of the Cabibbo-
Kobayashi-Maskawa matrix element named V,, with the semileponic B? — D; v, and
BY — Dy, decays. The result is

|Vip| = (41.4 4 0.6 (stat) 4 0.9 (syst) & 1.2(ext)) x 1073,

where the uncertainties are statistical, systematic, and due to external inputs, respectively.
This determination is consistent with the world average. It is the first measurement of
|V, at an hadron collider and the absolute first with B? mesons. Besides, the branching

ratios and form factors parameters of the B? — D~ pty, decays are measured for the
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first time:

B(B? — D;ptv,) = (2.49 4 0.12 (stat) 4= 0.14 (syst) 4 0.16(ext)) x 1072
B(B? — D~ utv,) = (5.38 £ 0.25 (stat) £ 0.46 (syst) £ 0.30(ext)) x 1072
p2(D,) = 1.268 £ 0.047 (stat) % 0.032 (syst) = 0.001(ext),

G(0) = 1.102 + 0.034 +0.022 (syst) = 0.004(ext) ,
p*(Ds*) =1.23 £0.17 (stat) 4 0.05

(stat)
(stat)

Ry =134 +£0.25 (stat) =+ 0.09 ext
(stat)

Y

Ry =083 +£0.16 (stat) £ 0.07 ext) .

(ext)
yst) (ext)
syst) +0.01 (ext),
syst) £ 0.02 (ext)
syst) £0.01 (ext)

/\/\/-\/—\

The simulation framework described in Chapter [5] is found to be adequate to estimate
the response of an electromagnetic calorimeter (ECAL) to be used in the high luminosity
conditions expected in the Run 5 of the LHCb experiment. The performance studies
show a general degradation of the ECAL performance, the main limiting factor being its
granularity. To overcome this problem the impact of new features, proposed by the LHCb
Upgrade IT ECAL R&D group, is estimated for the first time in the LHCb context. In
particular it is shown that measuring the time-of-arrival of particles on the ECAL with
resolutions between 10 and 20 ps is necessary to reject the combinatorial background
contaminating the samples of decays with 7% in their final states. The identification and
reconstruction of the bremsstrahlung photons, instead, manifests no relevant benefits
from the inclusion of the time information. More studies, including a complete simulation
of the tracking system, that is not yet available, are considered necessary to confirm
this conclusion. A longitudinal segmentation of the ECAL is observed to be effective
to improve electron-pion discrimination. These studies are included in the Framework
Technical Design Report of the LHCb Upgrade II detector. They already set targets for
the hardware R&D, and will serve as basis for the improvement and optimisation of the
reconstruction algorithms.
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Appendix A

CP violation measurements in the

decay of B?S> mesons to two charged

pions and kaons
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A.1 Backgrgound subtraction for B?S)—> h*h'~decays

The background subtraction of the B?s) — hh'~events is performed fitting the invariant
mass computed assuming both final state particles to be pions (m,,) and applying
the sPlot technique [128]. The event selection comprises all the cirteria described in
Section [3.1.4] except for the PID requirements. The shapes of signal contributions is
parameterised with a Kernel Estimation Method [126] to the distribution of m+,- for
fully simulated events, where m,+,- has been computed assuming perfect invariant mass
resolution. The obtained non-parametric distributions are convolved with a Gaussian
resolution model with free mean and width. The relative fractions between the various
B?S) — hh'~decays are fixed to the values measured by LHCb in Reference [206]. For
the A decays the world averages of the absolute branching ratios computed by the
Heavy Flavour Averaging Group (HFLAV) and reported in Reference [138] are used. The
assumed value of the hadronization fraction of the A} baryons is taken from the LHCb
measurement of fqo/(f4+ fu), published in Reference [207], assuming also fy ~ f,. The
measurement is dominated by the external input of the B (A — pK~7), and the central
value is with a good approximation inversely proportional to this branching ratio. Hence,
we rescaled the value of ng /(fa+ fu) by the ratio between the input used in the LHCb
paper, and the updated value published by Belle in Reference [208]. The contribution
due to combinatorial background is parameterised with an exponential function, while
the component coming from partially reconstructed 3-body B decays has been described
using an ARGUS function [127] convolved with the same Gaussian resolution model of the
signal shapes and described in Section [3.7.3] Figure illustrates the m,, distribution
and the fit result.
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Figure A.1: Distribution of invariant mass under the 7+7~ final state hypothesis for the events
surviving the BDT requirements corresponding to (left) BDT,+,- and (right) BDTy+ .
From to bottom: 2015-16, 2017, 2018 sample. The result of the best fit used to extract the

B?S) — h*h'~weights using the sPlot technique is overlaid on the data points. The fitting model

and the choice of relative fractions for the various B?S) — hth'~decays is explained in the text.
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Appendix B

First measurement of |V | with
BY — D,¥) =ty decays

B.1 Lattice data for B! — D utv, decays

The HPQCD collaboration presented first calculations of the form-factor function f, (¢?)
(see Eq. (T.102)) in the full ¢* spectrum in Ref. [62]. The function, shown in Fig. [B.1] is
given in terms of a slightly different parametrisation than that used in this Thesis (see
the paper for more details), providing the set of parameters and their covariance.

The HPQCD results are reporduced by generating 1000 f, (¢?) functions by sampling
the parameters reported in Ref. [62], taking into account their covariance. For each
function, a histogram of 10M entries is generated and fit with the CLN parametrisations
presented in Sect. [1.4 From these fits, the values of p?(D,) and G(0) are determined.
THe mean and width of the distribution of the fit parameters are taken as central value
and uncertainty of each parameter, respectively. The distributions are shown in Fig. [B.2]

1.3 4.0
=L
Lol — 3.5
b\
» =30}
1.1 fi(a) S
= 2.5
X £ 20
=
. g =
0.9¢ . //,—' 2 1.5¢
0.8} g & L0
e fi(q?) <05
0.7 >
== 0.0
0.6 2 1 6 8 10 12
7°[GeV?]

Figure B.1: (Left) The function f,(¢?) as determined in Ref. [62] (the function fy(q?) is the
scalalr form factors when the muon mass is not neglected). (Right) Error budget for fy(¢?) as
determined in Ref. [62].
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Figure B.2: Distributions of the parameters determined in the CLN parametrisations.

The numerical results are

p*(Dy) = 1.229 4 0.051, (B.1)
G(0) = 1.073 £ 0.037. (B.2)

The correlation between the parameters is 0.842. Both values of p* and G(0) are in
agreement with, and more precise than, an earlier calculation from HPQCD [209).
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B.2 Data-simulation comparison

Post-fit  data-simulation  comparison  of  several  distributions of  the
B — Dy (= K"K 7 )u*tv,X mode. For each pair of plots representing the
same variable, in the left one the simulation includes all nominal corrections, while
in the right one the simulation does not include any correction. In both cases, the
simulation features the composition found from the fit of Sec. [£.3.4 The colours in
the plots are the same used throughout the note and correspond to the following
components: (magenta) B — D utv,, (red) BY — D*~p*v,, (light blue) backgrounds
from feed-down semimuonic BY decays and b hadron decays to a doubly charmed final
state, (green) backgrounds from cross-feed semileptonic B decays and B? semitauonic
decays and (gray) combinatorial background.
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Post-fit  data-simulation comparison of several distributions of the
BY = D™ (— K*n 7 )u*tr,X mode. For each pair of plots representing the same
variable, in the left one the simulation includes all nominal corrections, while in the
right one the simulation does not include any correction. In both cases, the simulation
features the composition found from the fit of Sec. [4.4.2] The colours in the plots are the
same used throughout the note and correspond to the following components: (magenta)
B = D~ uty,, (red) B® — D* uty,, (light blue) sum of BY and Bt backgrounds and
(gray) combinatorial background.
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B.3 Reference sample fit projections

Distribution of m, in bins of p; with fit projections overlaid.
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B.4 Signal sample fit projections

Distribution of m., in bins of p; with fit projections overlaid for the nominal fit in the
nominal CLN configuration.
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B.5 Control sample fit projections

Distribution of m.q,, in bins of p; with fit projections overlaid for the CLN parametrisation.
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Distribution of p, in bins of My, with fit projections overlaid for the CLN parametri-

sation.
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