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Abstract

Lepton flavour universality is tested by measuring the ratio of branching fractions of
BT — K*ptpu~ and BT — KTete™ decays, Rgx. The measurement is performed in the
di-lepton mass squared region 1.1 < ¢> < 6.0 GeV?, using approximately 5fb~" of data
collected with the LHCb detector between 2011 and 2016 at centre-of-mass energies of 7,
8 and 13 TeV. The value of R is measured to be

Ry = 0.846 1009 (stat.) T.019 (syst.),

where the first uncertainty is statistical and the second is systematic. This result is
compatible with the Standard Model expectation at the level of 2.5 standard deviations.
This analysis has an uncertainty 36% smaller than previous measurements of this quantity.

The analysis is performed using BY — K*J/¢(ptp~) and BT — K*.J/¢(eTe) decays
as control and normalisation channels. Innovative calibration techniques and cross-checks
are employed. The cross-checks demonstrate that the electron detection efficiencies are
well understood, and that the LHCb detector can be used to study precisely and reliably

the decays of beauty mesons to final states with electrons.
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1. Introduction

This thesis presents a test of the Standard Model of particle physics consisting of the
measurement of the observable Ry . This observable is defined as the ratio of branching
fractions of the decays Bt — Ktu*pu~ and BT — KTete™. The branching fractions
of the two processes are predicted to be equal in the Standard Model, yielding Rx = 1.
The decays BT — K*utu~ and BT — KTeTe™ are very rare, making them sensitive to
the presence of new interactions beyond the Standard Model. In the case where these
new interactions couple differently to electrons and muons, Rx could however deviate
from unity. Some previous measurements related to decays of B hadrons show some hints
of discrepancies between the experimental values and the Standard Model expectations,
the so-called “B anomalies”. A precise measurement of Rx could settle the question of
whether these anomalies are genuine or mere statistical fluctuations. The measurement
performed in this thesis uses data collected with the LHCb detector between 2011 and
2016, and enables Ry to be measured with unprecedented precision.

This thesis is subdivided into three parts. Part [I| consists of two introductory chapters.
In Chpt. [2| some theoretical concepts are introduced, focusing on lepton flavour and on
beauty mesons, and the B anomalies are discussed. The LHCb detector is introduced
in Chpt. [3, where an emphasis is put on the parts of the detector that are most relevant
for the measurement of Ry. Part [lI] is the central part of the thesis and presents the
measurement of Rg, explaining in detail the various analysis techniques that allow Rg to
be measured reliably at LHCb. Part [[T]] contains some supplementary material.

Natural units, in which ¢ = A = 1, are used throughout the thesis. Whenever a particle

or a particle decay is mentioned, charge conjugation is implied.
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2. Flavour in the Standard Model and
beyond

This first chapter introduces some theoretical concepts, and some recent experimental
developments that motivate the research presented in this thesis. This chapter is based
on Ref. [1}-4].

2.1 Fields and Symmetries in the Standard Model

The Standard Model (SM) of particle physics [13] is the minimal theory describing the
fundamental particles that constitute matter, and their interactions. The SM is a quantum
field theory, describing particles as quantum oscillations of fields. The different particles
contained in the SM are shown in Tab. together with their charges and masses. Each
charged particle comes with an anti-particle partner of equal mass but opposite charge.

There are three types of fields contained in the SM:

Table 2.1: Particle content of the Standard Model. The mass of each particle (taken from Ref. [5]) is

indicated below its symbol.

Fermions Bosons
generation 1 2 3 vector scalar
charged leptons e 1 T vy h
(¢g=+1) 511 keV | 106 MeV | 1.78 GeV 0 125 GeV
neutrinos Ve vy vy W+
(g =0) <2eV | <2¢eV | <2¢eV 80.4 GeV
up-type quarks u c t A
(g =+2/3) 2.2 MeV | 1.30 GeV| 170 GeV 91.2 GeV
down-type quarks d S b g
(¢g=-1/3) 4.7 MeV | 96 MeV | 4.6 GeV 0

e The spinor fields correspond to particles of spin one half that constitute matter.
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These particles are called fermions and are of two types: quarks and leptons. Quarks
appear in six flavours (see Tab. : up u, down d, charm ¢, strange s, top t and
bottom b. Leptons come in three flavours. Each flavour has two leptons: a charged
lepton /% and a neutrino v. The three lepton flavours are electron (e~ and v,), muon
(¢~ and v,) and tau (7~ and v,). All fermions are also classified in three generations,
which have increasing mass, as shown in Tab. 2.1} In the SM, each fermion can have
two chirality states: they can be either right-handed or left-handed, which, in the
massless limit, correspond to the spin being either parallel or anti-parallel to the

momentum of the particle;

e The vector fields correspond to particles of spin 1. Such particles with integer spin
are also called bosons. They are the carriers of the forces through which matter
particles interact. The photons v, quanta of the electromagnetic field A, interact
with all charged particles. The bosons Z and W¥ are the carriers of the weak force
and interact with all fermions. Finally, the gluons g are the strong force carriers and

couple only to quarks;

e Finally, the Higgs field is a scalar field, which corresponds to spinless particles. The
Higgs field allows particles to acquire mass, as described in Sec.

The Lagrangian formalism is used to describe the dynamics of the fields and enables
measurable quantities to be computed. For example, the part of the SM Lagrangian

describing the electromagnetic interaction between electrons is

1
LEM = ey, 0t — mee — ZFWFW — geAuete, (2.1)
L‘k?n Egt

where A, is the electromagnetic vector field, F),, = d,A, — 0,A,, is the electromagnetic
field tensor, and e is the electron spinor field E| The symbols 7, are the Dirac matrices.
The first three terms on the right-hand side of Eq. constitute the kinetic part of the
electromagnetic Lagrangian £, describing how free electrons and photons behave when
they do not interact with each other. The last term is the interaction part £™¢, describing
how the photons can couple to an electron current éy*e. The coupling constant g. sets

the strength of the interaction.

'In this chapter, the same symbol is used to describe a field and the particle it corresponds to, except
in the case of the photon (y) and the electromagnetic field (A,,).
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Observable quantities, such as a particle lifetime or a differential cross-section, can
be computed from the Lagrangian. The computation of an observable involves the

modulus-squared of an amplitude A given by
AP = [(Flolal, (2.2)

where |f) and |i) describe the final and initial states of the fields. For example, |f) = |y7)
and |i) = |eTe™) for an electron pair annihilating into two photons. The symbol O
represents an operator. This operator is a function of the interaction Lagrangian that
describes the interaction allowing the transition from |i) to |f) to happen. In general, A
cannot be computed analytically and approximate methods are used. For example, if the
coupling constant is small, as is the case for the electroweak force, observables can be
computed as a perturbative expansion in powers of the coupling constant. The different
terms appearing in the expansion are pictorially represented by Feynman diagrams.

A fundamental concept in particle physics is that of invariance under symmetry
transformations. The first type of transformations are the spatial transformations: the
SM being a relativistic theory, its Lagrangian is invariant under the Lorentz group, i.e.
under rotations and Lorentz boosts. Another kind of transformations are three discreet
transformations: charge conjugation C' that reverse the electric charges of particles, parity
conjugation P that reverses the three spatial coordinates, and time reversal 7. Whereas
the part of the Lagrangian describing the strong and electromagnetic forces is symmetric
under C, P, and T, the weak part breaks P and C maximally, and also breaks C'P
conjugation.

Another type of transformation is the gauge transformation. They are related to the
fact that the complex phases of the field operators have no physical meaning, as they do not
appear in the expressions of physical observables. Two observers at different coordinates
in space time are able to make the same physical predictions using any phase convention
they want. In the case of electromagnetism, the gauge group is U(1), and the electron
field transforms as

e(x) — €'(z) = exp(ig.d(x))e, (2.3)

where 6 is the local phase shift. The Lagrangian for free electrons is not invariant under

£E.M.

this symmetry, but the Lagrangian , which includes the electromagnetic interaction,

is invariant under the condition that A, transforms as

Ay — A=A, —0,0. (2.4)
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Hence, in a gauge invariant theory, invariance under a local gauge transformation is
intimately linked to the existence of a so-called gauge field and hence of a force. More
precisely, there are as many gauge bosons as there are generators in the gauge group. The
full SM gauge group is SU(3) x SU(2) x U(1). The group SU(3) is related to the strong
force, whereas SU(2) x U(1) describes the electromagnetic and weak force, as explained in

more detail in the following sections.

2.2 The weak interaction and electroweak unification

The research presented in this thesis belongs to the domain of Flavour Physics, which is
related to the quark flavours and how they interact via the weak force. This section is a
summary of how the weak interaction is described in the SM and how it is unified with
the electromagnetic interaction in a gauge invariant theory.

The first simple model describing the weak interaction is that of Fermi [6]. It was first
published in 1933 and designed to explain beta decays, that is the decay of the neutron to
a proton, an electron, and a neutrino n® — pTe~v. Its interaction Lagrangian is that of a

point-like interaction between four fields,
L = G (pyun) (ey'v), (2.5)

where p, n, e, v are the field operators of the different particles and the coupling G is
the Fermi constant.

In 1956, Wu studied the decay of neutrons in polarised cobalt nuclei. She observed
that the electrons do not decay isotropically, but in a direction opposite to the spin of
the nucleus [7]. This can be explained in a theory which breaks parity, i.e. which is not
invariant under reversal of space coordinates x* — —x%. In the case of the weak interaction
specifically, this is explained by the fact that only left-handed spinors interact with the
weak force. To take this into account, Eq. is modified to become

LY = 2V2Gk (Proune) (@07 v1) (2.6)

= 5Ge (1= 27)m) (e (1= 77)). 1)

where the subscript L indicates the left-handed component of a spinor. A spinor is

projected onto its left-handed component using the projector #, e.g. pr, = 1;75 .

In the 1960s, Glashow, Weinberg and Salam (GWS) developed a gauge-invariant theory

that describes the electromagnetic and weak interactions in a unified way [8-10]. The GWS
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theory is invariant under an SU(2) symmetry. In connection to the spin, this symmetry
is referred to as ‘weak isospin’, with its third component denoted I3. To keep the theory
chiral, the left-handed and right-handed components of the fermions belong to two different
representations of SU(2). The left-handed fermions are grouped into six SU(2) doublets,
three doublets denoted L for left-handed leptons and three doublets () for left-handed

quarks, |
oo (), (o)),
L /L V) T /L
O = u B U & t (2:8)
A\ L_ d L, 5 L’ b L’

with ¢ = 1,2,3. The right-handed fermions are all weak isospin singlets, i.e. have I3 = 0.
In addition to the weak isospin, the GWS theory is also invariant under a U(1) symmetry.
The charge conserved under this symmetry is referred to as the weak hypercharge Y.
Left-handed and right-handed fermions have different hypercharge. The weak hypercharge,
weak isospin and the electric charge ¢ (in unit of the elementary charge) are related to

each other according tof]
Y =q— I, (2.9)

meaning that the weak hypercharge corresponds to the electric charge for right-handed
fermions but not for left-handed ones.
The GLS theory is hence invariant under a local SU(2) x U(1) phase transformation of

each fermionic field v, which reads

(@) = P'(2') = exp (igu0”(2)t* + ig'Y o)) (), (2.10)

where ¢,, and ¢ are the coupling strengths of the gauge bosons, t* are the three generators
of SU(2) (t* = 0 for the singlet representation, and t* = 0® for the doublet representation,
where o are the Pauli matrices).

There are four bosons associated to the four generators of SU(2) x U(1): W related
to the weak isospin and B related to the weak hypercharge. These are related to the
physical bosons of the weak interaction, the photon A, the W', W~ and Z according to

2This equation follows the convention of Ref. [1]. In other textbooks, the hypercharge is defined such
that Y = 2(q — I3).
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the relations

Z [ cosby —sinby w3
A ~\ sin 0w  cos Oy B ’ (2.11)
1
W= S (W W?).
The weak mixing angle 6y, also relates the couplings ¢ and ¢’ to the electromagnetic

coupling g,
Je = g sin by = ¢’ cos Oy . (2.12)

The interaction terms between the quarks and the bosons then read

ge — : o .
££1uark = Zsin b [ Syt + W, iy |
2 1—
+ geAu [gﬂﬂ/uui - gdﬂudz}
2 1 (2.13)
— g tan sz“ —ﬂi’y“ui — _di,yltdi
3 3
Ge 1 1=
——————— 7, | suryur — zdpy*dr | .
sin Oy cos Oy~ {21%7 Ur = 5aLy L]
The interaction terms between the bosons and the leptons look similar,
ge — : i .
Lloion = i (Wit + W T
lepto \/Qsin Ovr pw VLt w LV VL
+ g.A, [Zl'y”él}
(2.14)

Je v
———Z "M
* tan Oy 7

Ge

1 . 1 ,
—— 7, | U — M
sin Oy cos Oy~ [2VL7 viT gty ]

where the charged currents, leading to the neutron decay, appear on the first line, the
electric current appears on the second line, and an extra neutral current appears on the
third and fourth lines.

2.3 Higgs mechanism and origin of mass

The Z and W bosons, as well as quarks and charged leptons, are massive. In the GWS
theory presented here, neutrinos are considered massless. Although it is known today that

neutrinos have a small mass [11], this has a negligible influence on the physics discussed
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in this thesis (see Sec. . A mass term for a gauge field such as the Z is of the form

m?Z,Z*. For a fermionic field ¢ it is of the form

L =mip =m(r+Ypir). (2.15)

Such mass terms do not respect the SU(2) x U(1) symmetry, neither in the case of the
gauge bosons, nor for fermions, as their left-handed component transforms differently to
their right-handed one.

The phenomenon giving rise to fermion and boson masses is the Higgs mechanism.
It is based on the idea, developed by Higgs, Brout and Englert in the 1960s, that the
symmetry is indeed broken but only at low energy [12,[13]. This is realised by adding to

the theory an extra weak isospin doublet of complex scalar fields ¢, with

¢"(z)
= 2.16
¢ < () ) (2.16)
whose dynamics are governed by the SU(2)-invariant Lagrangian
£ = (0,0)(0"9) = V(9), (2.17)

with the potential
V(¢) = 1*o'¢ — Mo'9)?, (2.18)
where 1 and A\ are real and positive coefficients. At low energy, the field ¢ will settle around

a particular direction in the minimum of the potential. By convention, this particular

0 1 {0
%n:(;%):E(v)' (2.19)

The constant v = —\% is the value of the potential at its minimum and is referred to as

direction is chosen to be

the vacuum expectation value. The arbitrary choice of direction for the minimum breaks
the symmetry of the Lagrangian spontaneously. A low energy Lagrangian, valid when ¢
oscillates close to its minimum, can be written. It can be shown that such a low-energy
Lagrangian is only U(1) invariant (corresponding the symmetry of the electromagnetic
field). Moreover, the kinetic terms related to the W and Z do not need to respect the
broken symmetry, and these bosons can acquire a mass. A real scalar field h is also present
in this low energy Lagrangian, corresponding to the real oscillations of ¢° around the

minimum of the potential. This can be schematically summarised as
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Efull — Ebroken
SU(2) x U(1) — U(1)
massless A

massless Wt W2 W3 B — 2.20
massive W+, W—, Z° (2:20)

7)) — ¢ (z) 1 0
#e) (w@>> - v@<v+mm>

where £ is the Lagrangian of the full theory, and £P™%" the low energy Lagrangian with
the broken symmetries. The scalar field h(z) corresponds to the Higgs boson observed in
2012 by the ATLAS and CMS collaborations [14,/15].

The mechanism by which fermions acquire mass is very relevant for flavour physics
and is therefore presented here in more detail. The electron weak isospin doublet, as well

as the right-handed electron weak isospin singlet interact with the scalar field ¢ as

(Te €); ( ZZ ) er+er (o7 ™) ( Vee ) ] ; (2.21)

where Y, is the coupling of this interaction, referred to as a Yukawa interaction. This term

Lz{'uk — _Yye

is SU(2) x U(1) invariant. Substituting the field ¢ by its expression after spontaneous
symmetry breaking from Eq. [2.20] this term becomes

€ €

b (eren +oner)
ere ERE -
\/§ LER RCL \/5

where the first term represents an interaction between the electron and the Higgs field,

L:uk = — v (éLeR + ERGL) s (222)

and the second term gives the electron a mass
Y
V2

This illustrates how charged leptons acquire mass via the spontaneous symmetry breaking

me (2.23)

mechanism. Down-type quarks can acquire mass with a term of the same form. Up-type

quarks, however, couple to the scalar field with a term of the form:

,C}:uk —yu

(u d), (—ios) ( ZZ ) up + g (¢° o) (io}) ( Z ) ] : (2.24)

The above term is SU(2) x U(1) invariant and gives rise, after symmetry breaking, to a

mass term for the up quark m, = %
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The total Yukawa term, which generates mass terms for quarks and charged leptons

(but not to neutrinos), reads, after symmetry breaking,

LY = Y@ el — Yid, dy — Yl + he. | (2.25)

vl
where “h.c.” stands for the hermitian conjugate of the whole expression. The Yukawa
couplings are grouped into three matrices ng, Ylgl and Y77, which can contain non-diagonal
terms. In this section, all quark fields are expressed in the “Havour basis”, where the
coupling terms with the gauge bosons are diagonal. It is however possible to rotate the
quark and lepton fields to move to the “mass basis”, where all the Yukawa matrices are
diagonal. First in the case of the quarks, this can be done with two unitary matrices: UZF‘JL
acting on dy, dg and U;;- acting on uy, ug such that U¥Y?U? and UTY*U" are diagonal.
When rotating the quark fields in the weak boson interaction expression Eq. the
matrices cancel out in the interaction term with the Z and A, as these do not mix-up

up and down quarks. However, the coupling with the W now contains an extra factor
V = U*U% and becomes

€
\/§ sin ew

In the case of the leptons, because the Yukawa term giving mass to the neutrinos is absent,

(Wi Vid, + W, diy™ (V)] . (2.26)

both the neutrino and charged lepton fields can be rotated by a single matrix Ufj such
that UY*U* is diagonal.

In summary, it is possible to find a basis in which both the mass term and gauge
interactions terms are diagonal for the three lepton families. This implies the conservation
of the separate lepton numbers discussed in Sec. 2.6] For the quarks, it is not possible to
diagonalise both the mass and interaction terms at the same time. When expressing the
Lagrangian in the mass basis, the couplings with the W bosons mix the different quark
flavours. The matrix V, that describes the mixing between the different flavours, is called
the CKM matrix. Its elements contain a single complex phase, which is the only source of
CP violation in the SM. The moduli of the CKM matrix elements are very close to 1 on
the diagonal and smaller off -iagonal, meaning that each up-type quark couples preferably
to the down-type quark in the same SU(2) doublet. The study of the CKM matrix and its

CP violating phase is one of the main aims of Flavour Physics.
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2.4 Quantum Chromodynamics

In the SM, quarks do not only interact via the electroweak force, but also via the strong
force. This force is described in a theory referred to as Quantum Chromodynamics (QCD).
This theory is based on the symmetry group SU(3), and all quarks appear as triplets
of this group. The QCD gauge bosons are called ‘gluons’. The QCD symmetry group
remains unbroken, such that the gluons are massless and quarks in a given triplet remain
undistinguishable from each other.

The QCD coupling constant g5 depends on the scale of the interaction. It is stronger
at low energy scales or large distance scales, and weaker at high energy scales and short
distance scales. The potentially large value of g means that the QCD interaction term
cannot be treated as a small perturbation to the Lagrangian. Hence, QCD effects cannot in
general be computed in powers of g, but other techniques have to be used. The increasing
strength of the interaction with distance means that QCD is confining: quarks cannot
propagate freely, but are confined into multiple quark states that are singlet under the
QCD gauge group. They can form baryons, which are particles formed of three quarks,
like the proton (uud) or neutron (udd). They can also form mesons, which are made of
a quark-antiquark pair. Of particular importance in this thesis are the beauty mesons,
containing a b quark. Other states mentioned in this thesis are summarised in Tab. [2.2]
The parameter which characterises the energy below which g; is strong is Aqep ~ 200 MeV.
Hence, the size of a QCD bound state is of the order of 1/Aqcp.

Table 2.2: Examples of mesons and their quark content.

name quark content

light mesons mt =ud, Kt = us, K5 =ds
charm mesons | DT =¢d, D° = cu

beauty mesons | B* = ub, B’ = db, BY = sb
quarkonium ¢ =ss, J/=ce, Y(25) = ce
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2.5 Indirect searches for New Physics

The SM is an extremely successful and precise theory. Using this model, the existence
of the Higgs boson was predicted almost five decades before its discovery. The SM also
predicts the mass and widths of the Z and W bosons with sub-permille precision [16],
and the gyromagnetic moment of the electron with a precision better that one part per
billion [17]. However, it has limitations. For example, it does not generate enough C'P
violation to explain the large asymmetry between matter and anti-matter observed in the
universe. Moreover, it contains no particle candidate for dark matter.

In order to resolve the shortcomings of the SM, new types of fields and interactions are
expected to exist in nature. There are two main ways to search for such new fields. The
first one is often referred to as “direct searches”, which consists of trying to produce the
new particles associated with such fields in a collider and observing their decay products.
The second one is “indirect searches”, which consist of looking for the effect of the new
fields in the decay of known particles, by measuring whether observables associated to
the decay are modified with respect to their SM expectation. Unlike direct searches,
indirect searches have the advantage of being sensitive to a scale much higher than the
centre-of-mass energy of a given collider.

The following sections discuss searches for New Physics (NP) in the decays of beauty
hadrons. Typical observables related to these decays are the probability of such a decay
occurring, the so-called branching fraction B, or the angular distribution of the decay
products. An observable () is in general expressed in terms of a sum of an amplitude
Agm, coming from the SM interaction Lagrangian, and an amplitude Axp, coming from

interactions beyond the SM, i.e.
Q ~ |Asu + Axp|*. (2.27)

From this expression, it is clear that the sensitivity of the observable ) to NP is greater if
Agy is small. Hence, it is useful to look for decays that are predicted to be suppressed
in the SM. The following sections discuss in more detail indirect searches with decays

suppressed by lepton and quark flavour symmetries.

2.6 Lepton flavour and lepton flavour violation

Each lepton flavour family has a lepton flavour number L,: L., L, and L,. This number

takes the value L, = 1 for leptons and L, = —1 for antileptons. In the SM, these three
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numbers are separately conserved, as the Lagrangian contains no term that mixes the
three lepton flavours. For example, the observed muon decay p~ — e v, has L, = 1
and L, = 0 in the initial and final state. This conservation is sometimes referred to
as ‘accidental’, in the sense that it does not result from any symmetry imposed when
constructing the Lagrangian, but from the fact that neutrinos are massless. It is now
known, because of neutrino oscillations, that neutrinos have very small masses. Oscillating
neutrinos can generate charged lepton flavour violations, but at a negligible level. Indeed,
the branching fraction of such decays, in the SM extended with neutrino mass, is suppressed
by a factor (m, /my)* ~ 10719 [18].

Observing a decay violating the conservation of charged lepton flavour would therefore
indicate the presence of NP. Lepton flavour violating decays correspond to the limit case
in Eq. where Agy = 0. Such decays have been searched for in many experiments but
never observed. Instead, limits have been placed on electroweak and Higgs boson decays

such as [5]
Z° s etuF <75 x1077, Z2° - T <1.2x107°, H® — T < 1.43%  (2.28)

at 95% C.L.. Stringent limits are also placed on flavour-violating decays of leptons or light

mesons, for example
P ey <42x107? KT = rtept < 1.3x1071, 77 = p ¢ < 8.4x107% (2.29)

at 90% C.L.. The flavour violating decays of beauty mesons are somewhat less constrained,

especially those having a p7 pair in the final state, for example
Bt = Kte*yF <9.1x107% Bt = Ktu*rT <48 x107° (2.30)

at 90% C.L..

In addition to lepton flavour conservation, the absence of lepton mixing terms also
implies that the couplings of the gauge bosons to the leptons do not depend on the lepton
flavour, e.g. the coupling of the Z to u™p~ is the same as the coupling to e*e™. This is
referred to as lepton flavour universality (LFU). This has been verified to hold in the decay
of the W and Z bosons by the LEP experiment [19,20]. Other LFU tests are performed
by measuring the ratio of branching fractions between two processes with different flavours
of leptons. The two branching fractions are not necessarily equal because of phase space
effects and helicity suppression (i.e. because of the different masses of the leptons), but this

difference can be computed more or less precisely depending on the decay. For example,
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LFU holds to a very good precision in the decays of light mesons e.g. [21}22]
B(rt — etuv,)
B(rt — pty,)

B(KT — efv,) s .
= (2.488 £0.011 1 M = (2.477 £ 0.001 1 2.32
BT o )~ (A8 0.011) x 10 SM = (2477 +0.001) x 1075, (2.32)

= (1.2344 4+ 0.0029) x 10~* SM = (1.2352 4 0.0002) x 107, (2.31)

where SM indicates the predictionﬂ It is also known that LFU also holds in the decays of

charmonium resonances to a very good precision, e.g. [23]

B(J/Y = pu)
B(J/v — eter)

— 1.0022 = 0.0065 SM = 1.0. (2.33)

In summary, LFU and the absence of LF'V is measured to hold well in the decays
of the gauge bosons, as well as in the decays of leptons and light mesons. The limits
set on LFV decays of beauty mesons are somewhat less stringent. Moreover, some

anomalies are observed in LFU tests with beauty mesons. These will be discussed further

in Sec. 2.11], 2.12]

2.7 Flavour changing neutral currents

Unlike leptons, quarks of different flavours mix in the SM Lagrangian. Recalling Eq.
and [2.26], there is only one term mixing the quark flavours: the coupling of the quarks to
the W boson. The photon and the Z, however, couple only to two quarks of the same
flavour, i.e. there exists no flavour changing neutral current (FCNC) at tree level in the
SM. However, quark flavour is not protected by any symmetry and FCNC’s do occur
in the SM at loop level. They are mediated by box or so-called penguin diagrams, as
illustrated in Fig. for a beauty quark turning into a strange quark emitting two leptons,
b — s{T¢~. Due to the loop suppression, the branching fractions of FCNC-mediated
decays are very small in the SM. Some NP models however predict FCNC at tree level.
This means that, in Eq. [2.27, Agm and Axp could potentially be of the same order, making
FCNC an excellent probe to search for NP. The decays of beauty mesons mediated by a
b — s{T¢~ transition are the focus of this thesis. Before reviewing the experimental studies
of decays mediated by a b — s¢T¢~ transition in Sec. [2.10, some theoretical concepts
related to these decays are discussed in Sec. 2.8 and [2.9]

3These ratios are very far from 1 because the electron decays are helicity suppressed.
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Figure 2.1: Feynman diagrams for the short-distance contribution to b — s+t~ decays: penguin diagram

(left) and neutrino box diagram (right).

2.8 Flavour changing neutral currents of B hadrons

Experimentally, b — s¢*¢~ transitions are observed in the decay of a beauty hadron into
a strange hadron and a pair of leptons, B — K¢*¢~. A B — K/{™¢~ decay is however not
only mediated by the b — s¢*¢~ transitions shown in Fig. — hereafter referred to as
the rare decay — but can also proceed via intermediate resonances. It is useful to study
the differential branching fraction of B — K¢*¢~ decays as a function of the square of
the dilepton mass, ¢*. Fig. shows the ¢ distribution for a BT — KT¢T¢~ decay (the
symbols C' are explained in Sec. [2.9). This distribution is characterised by four distinct

regimes:

1. The very low ¢? region, ¢*> < 1 GeVZ The shape of the differential branching
fractions depends on the spin of the strange hadron. For a scalar K (K = K*, Kg),
the rare decay at low ¢? interferes with the tree level transition b — s5s, where
an ss pair hadronises into a resonance such as the ¢, which subsequently decays
electromagnetically into two leptons. For a vector K (K = K*°, ¢), the very low ¢?

region is dominated by the radiative decay b — sy, v — £74~;

2. The low ¢? region extending up to ¢> ~ 6 GeV2. This region is dominated by the

rare decay;

3. The resonant region, starting at ¢*> ~ (2m(c))? ~ 6 GeV? and extending up to
¢> ~ 15 GeV?. In this region, the Bt — KT¢*¢~ decay is dominated by a tree level
b — c¢s transition, as shown in Fig. [2.2] The charm quark pair hadronises into a
J/1 or 1(2S) resonance, which subsequently decays electromagnetically into two

leptons. In this region, the branching fraction of the resonant decay is approximately
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Figure 2.2: Schematic of the B — K/¢*¢~ differential branching fraction as a function of ¢?. The four
different regimes are indicated with numbers on the x axis. The radiative pole in the very low ¢ region,

shown with the dashed line, does not appear for scalar K.

two orders of magnitude higher than that of the rare decays;

4. The region above ¢ ~ 15 GeV? is characterised by the interference between the rare

decay and charmonium resonances that are broader and smaller than the J/v¢ and

P(29).

In summary, the low ¢? region 1 < ¢? < 6 GeV? is the cleanest region to study the rare
b — s{T¢~ transition, in the sense that this region is free from interference with resonant
transitions. The next section summarises the theoretical tools that allow the calculation
of the observables related to B — K/¢T¢~ decays.

2.9 Computation of observables in B — K£¢7£¢~ de-
cays

Two very different kinds of physics are at play in a B — K/{T¢~ decay. The electroweak
physics which characterises the quark level transition b — s¢™¢~, and the QCD that holds
the strange and beauty hadrons together. These two phenomena are characterised by two

very different distance scales. The b — s¢*¢~ transition shown in Fig. is characterised
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by a distance on the order of 1/m(W) ~ 1072 GeV ', whereas the size of the hadrons is
of the order of 1/Aqcp = 5 GeV ™! Hence, to a good approximation, the short-distance
electroweak physics decouples from the long distance QCD effects.

In practice, this decoupling of scales means that the SM interaction Lagrangian that
characterises B — K/{*{~ transitions can be rewritten as a sum of effective coupling

constants, also called Wilson coefficients C;, times operators O; [24],

tle = Crvvi >co. (2.34)
where V;;, and Vi are CKM matrix elements. In this effective Lagrangian, heavy particle
fields, such as the top quark, Z or W do not appear explicitly, but their effect is integrated
out in the Wilson coefficients C;. Lighter fields appear in the operators O;. This effective
Lagrangian integrates out the short distance effects into the coefficients C;, where they
are separated from the long distance effects described by the operators O;. Two examples
of effective field theories were shown in Eq. and in Eq. which integrate out the W
boson but are nevertheless a good model for the weak decay of the neutron. An example

of an effective Feynman diagram for a b — s¢*¢~ decay is shown in Fig. [2.3|

0~ 0~
s s
C
b > > s b s

Figure 2.3: Feynman diagrams for b — s¢T¢~ decays in the effective theory of Eq. short distance
contribution (left) and long distance charm loop contribution (right) where the charm loop exchanges a

gluon with the b quark.

For B — K/{(*{~ in the low ¢? region, the operators Oy and Oy are the main contribu-
tions to the decay,
Og = §7ubLZ’}/M£, 010 = E’YMbLZ’YM’}/SE. (235)

They describe the neutrino box and Z penguin diagrams. In the SM, Cy ~ —Cg ~ 4.9
The operator describing the photonic penguin decay is O7, which is responsible for the

pole in the very low ¢? region for vector K. In other ¢? regions, other operators become
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significant, such as those describing the transition b — ¢¢s that mediates the resonant
decay.

The value of the Wilson coefficients remains the same for any b — s¢*¢~ mediated decay,
e.g. Bt — K*utu~ B® — K*utpu~, BY — pu~, because only the long distance part of
these decays differ, but the short distance physics remains the same. The hypothetical
presence of NP would manifest itself by shifting the value of some of the Wilson coefficients
by a quantity 6C;, i.e. C; — C; + 0C;. This illustrates the advantage of using the effective
Lagrangian Ll; rather than the full SM Lagrangian to describe B decays: NP can be
searched for in a model independent way by extracting the Wilson coefficients from
observables measured in several different decays.

The computation of observables, such as the branching fraction of a B — K¢*{~ decay

in a given ¢? range, involves the computation of some amplitude A of operators from the
Lagrangian in Eq. 2.34]

A= (KU~ | 0;| B) (2.36)
= (T 0| 0)- (K| O; | B) + corrections. (2.37)

The amplitude is factorised into two independent parts, a leptonic part A;,, and a hadronic
part A;p, This is referred to as “naive factorisation” [25]. Long distance contributions
such as b — c¢s break the factorisation hypothesis, as illustrated in Fig. where a
charm quark exchanges a gluon with the B hadron. Such contributions are largest in the
resonance region, but can also induce a small correction to the naive factorisation even at
low 2. This can be understood as coming from the fact that the J/v or ¢(2S5) resonances
have long tails that span over the whole ¢? range [26,27].

The computation of the Wilson coefficients is perturbative and precise. The hadronic
amplitude A;j is parametrised as a function of so-called form factors, which require non-
perturbative computations. Long distance contributions such as b — c¢s also require non-
perturbative techniques. Different methods are employed to perform these computations —
the light cone sum rules and QCD factorisation at low ¢? [25//28], and lattice computations
as well as heavy quark effective theories at high ¢* [25,29}30] — and are associated with
larger theoretical uncertainties.

In summary, the effective theory describing b — s¢™¢~ decays allows searches for NP
to be made in a model-independent way by extracting the value of the Wilson coefficients

from various observables and checking whether they are shifted from their SM expectation.
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However, this procedure is not free from theoretical uncertainties, as the expressions for the

observables as a function of the Wilson coefficients involve complex QCD computations.

2.10 Review of b — su™u~ experimental results

At the time of writing, the most precise measurements of b — s¢*¢~ transitions are the

measurements of angular observables and branching fractions made with the data recorded
by the LHCD detector in 2011 and 2012. The LHCb detector is described in Chpt.
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Figure 2.4: Theory prediction and LHCb measurement of the BT — Kyt~ differential branching
fraction (left) and of the B — K*%u*u~ differential branching fraction (right). Taken from Ref.

The measurements of the differential branching fractions for Bt — K*pu*pu~ and
B® — K*9u% 1~ decays are shown in Fig. [2.4] For both decays, the experimental results
undershoot the theory predictions in the low ¢? region. This discrepancy is also observed
in other b — sy~ decays such as B — ¢uu~ or B® — Kgutu~ [31).

The ¢*-differential measurement of the angular observable P/ [34] is shown in Fig. [2.5
The definition of this observable can be found in Ref. . It is measured by analysing
the angular distribution of all four decay products in the B® — K*%(— Ktn )uTu~
decay. The variable P! is defined in such a way that it has reduced hadronic uncertainties
compared to other angular observables. A discrepancy is again visible in the low ¢? region:
the LHCb measurement in the fourth and fifth bin in Fig. [2.5] shows a discrepancy with
respect to the SM prediction at the level of 3.7 standard deviations.

Using the framework presented in Sec. 2.9 the above experimental measurements, as

well as other b — s/~ related results not discussed here, can be interpreted in terms of
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Figure 2.5: Theory prediction, as well as LHCb measurement of the angular observable P/ in B® —

K*%u* 1~ decays. The measurements are from Ref. [34].

the Wilson coefficients. Ref. [36-40] have performed such an analysis and have shown that
all the discrepancies in the measurements of both the differential branching fractions and
angular observables together point to the same effect. In fact, all tensions can be resolved
simultaneously by introducing a shift in either Cy, or in Cy — Cyy. The significance of this
shift is at the level of 4 to 5 standard deviations.

2.11 The R and Rk measurements

The large shift of the Wilson coefficients is very intriguing. It is however difficult to draw
clear conclusions about whether this shift comes entirely from NP, given the theoretical
uncertainties in the computations that relate the Wilson coefficients to the b — su™pu~
observables. Measurements of observables with very precise theory predictions are therefore
well motivated. One instance of such precise observable is the ratio of branching fractions

of ab— sy~ over b — sete” decay. This defines the observables Ry and Ry,

dB(B+—>K+u+u*)

2
9max

2
R . qr2nin dq2 dq (2 38)
K 2 dB(B¥—KFete) 39 :

q12nin dq2 q
B dB(BOHK*O,u"'u_)d 9

Ry = Zan da” ! (2.39)
G2 0x dB(BO—>K*Oe+e*)d 9" ’
q?mn dq2 q

As QCD has nothing to do with the leptons, all the hadronic uncertainties completely

cancel in the Ry and Ry« ratios. In the SM, these ratios can deviate slightly from unity
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due to the fact that electrons and muons have different masses. In particular, in the
very low ¢? region, the BT — K p™ ™ branching fraction is reduced as the larger muon
mass reduces the phase space available to the B* — K™~ decay. At all ¢2, radiative
corrections also affect the two modes differently. In particular, the leptons may interact
in the electromagnetic field surrounding the decay and emit radiation. This type of
radiation is known as Final State Radiation (FSR) and induces a small correction on the
branching fraction which depends on the mass of the leptons. However, these corrections
are predicted to be at the O(1%) level in the SM [41]. Therefore, measuring a significant
deviation of Ry or Ry- from unity would constitute an unambiguous sign of (lepton
flavour non-universal) NP. The measurements of Rx and Rg- are not only motivated by
the b — sp™ ™ anomalies, but also by the fact that LFU is less constrained in decays of
heavy quarks, as discussed in Sec.

The two observables Ry and Ry~ have been measured at LHCb in the low ¢? region

and, in the case of Rg~, in the very low ¢* region. The results are [42,43]

Rx = 0.74570020 £0.036 for 1.0 < ¢ < 6.0 GeV?,
Rig- =0.697041 4005  for 1.1 < ¢® < 6.0 GeV?, (2.40)
Rg« =0.66700140.03  for 0.045 < ¢* < 1.1 GeV2.

All three measurements undershoot the SM prediction by ~ 30%, each of them correspond-
ing to a mild tension at a level of ~ 2.5 standard deviations.

The breaking of lepton universality requires a lepton flavour dependent shift of one
or several Wilson coefficients, denoted 6Cf for b — sete™ and dC! for b — sp*u~.
Because the K+ and K*° have different spins and intrinsic parities, the two Ry and R+
measurements give complementary information about the Wilson coefficients. This is
illustrated in Fig. 2.6 which shows how the two measurements taken together are sufficient
to discriminate between a NP contribution in C§, Cf,, and C§ — Cj; to b — suTu~
(assuming no NP contribution in b — se™e™). The analysis in Ref. [37] shows that the Ry
and R+ measurements, together with the b — sp™ ™ measurements, favour a scenario in
which the NP contribution to b — sete™ is negligible (6Cf ~ 0), but the NP contribution
to b — sutp~ is significant. This is illustrated in Fig. 2.6, which shows that a fit to the
b — s*¢~ measurements with free-floating 6C¥ and dC%, favours a displacement from the
SM value 6C¥ at a level of 5 to 6 standard deviations. A fit with free-floating dC§ — 6C1j,

also shows a significant pull from the SM expectation [37].
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Figure 2.6: Values of Rx and Ry« when varying the Wilson coefficients of the muon mode individually
(left). The LHCb results in the low ¢? range are shown with the black error bars. Based on Ref. [38]. Fit
to the b — s¢T¢~ observables with floating C} and §C§ (right), including or not the LFU observables
Ry and Rg-. Taken from Ref. [37].

2.12 Anomalies in tree level beauty decays

In addition to b — s¢*¢~, LFU is also studied in the decays of beauty mesons mediated by
b — clv transitions. In this case, the ratios of branching fractions of interest are denoted
RD and RD*,

B(B — Dttv,) B(B — D*ttv,)

Rp — Rpe = 2.41
P B(B— Dutu,)’ P" 7 B(B = Dutv,) (2.41)

where the B or D®) denote either a charged or neutral beauty or charmed meson. There

are two important differences between the R ) and the Ry observables. First, hadronic
uncertainties do not perfectly cancel in the R result, and the uncertainty on the theory
prediction is at the level of 1%. Second, b — clv is a tree level transition with a much
higher branching fraction than b — s¢*¢~. Following the arguments of Sec. 2.5, NP
contributions, if they exist, are expected to be relatively smaller in the R ratios than
in the R ratios.

The experimental measurements of Rp and Rp-, performed using the LHCb, Belle and
BaBar detectors [45], are shown in Fig. 2.7l Their combination shows a discrepancy at
the level of four standard deviations with respect to the SM expectation. This constitutes

another hint of LFU breaking in the decays of beauty hadron.
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Figure 2.7: Combination of the Rp and Rp+ measurement performed by LHCb, BaBar and Belle, and

comparison with the theory prediction. Figure taken from Ref. [44].
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Figure 2.8: NP Feynman diagram for a b — sfT¢~ decay mediated by a LQ.

2.13 Complete models explaining the B anomalies

The effective field theory approach is useful to analyse the tensions appearing in different
observables in a model-independent way. It highlights how the b — sf™¢~ anomalies
together point to a single modification of the Wilson coefficients. Eventually, these new
values must originate from a full theory beyond the SM with new types of interactions. It
is hence useful to consider whether theories exist that are able to explain the B anomalies
while respecting the constraints for all other measurements, not necessarily concerning
b — slT¢~ decays.

A possible candidate for such a theory involves a new mediator that can couple to
both a quark and a lepton, a so-called leptoquark (L.Q). This mediator can in principle
contribute to b — s¢T¢~ decays with the Feynman diagram shown in Fig. Some
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examples of experimental measurements that place stringent constraints on L(Q models

are given below.

Lepton flavour: An ideal model that can explain the b — s¢/ anomalies should also
ease the R(D(*)) tensions. However, it must at the same time respect the strong constraints
in lepton or light meson decays such as those discussed in Sec. [2.6] This means that the
LQ must couple very weakly to the first generation of quark and leptons, mildly to the

second generation and strongly to the third generation.

Proton decay: The proton has a lifetime of at least ~ 10%° years [5]. In the SM, baryon
number (i.e. number of quarks) is conservedﬂ, which forbids the proton to decay. A LQ

could in principle break baryon number conservation and generate a decay of the type

pt — w00+,
b : t : > S b > > S b: :L/ > S
Wi | LQ LQ LQ
s V7 g 5 b 5 )5 b

Figure 2.9: Feynman diagrams for B? mixing in the SM (left), in a NP model where a LQ can induce
FCNC at tree level (centre), and in a NP model where quarks couple to a LQ and new heavy leptons L'.

B? and B° mixing: When propagating, neutral beauty mesons BY and B oscillate
between their matter B and anti-matter B states. This mixing is mediated by a FCNC and
occurs at loop level in the SM, as shown in Fig. 2.9} The frequency at which B? and B°
mixing occurs has been measured by several experiments with a sub-percent precision [5].
A new mediator like a L(Q can have an impact on the oscillation frequency. This impact
can be particularly large in the case where the L(Q can induce mixing at tree level, e.q. if it
can couple to a b — u or b — s quark pair. The theory prediction for the mixing frequency
is made using lattice QCD and has a 5% precision [47]. This is a worse precision than the

experimental result and hence limits the ability to search for NP. This means that a NP

4There exists however a solution to the SM equations which constitutes an exception to the baryon
number conservation. This configuration of the SM fields might hypothetically have existed in the early

universe [46].
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model predicting a difference in the mixing frequency with respect to the SM up to a level

of a few percent is compatible with existing experimental constraints.

CMS Preliminary 35.9 fol (13TeV)
< 25y T
- = Observed E
: Expected + 10 :
2.0 [ X preferred by ]
9 b [ B-anomaly + 10
15F Excluded by
[ pp - LQ,LQ,
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b T 0.5 Scalar LQ
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Figure 2.10: Search for a LQ coupling to a 7 lepton and b quark using the CMS detector. Feynman
diagram for the production and decay of the LQ in proton collisions (left), and exclusion region in the
mass, coupling (\) plane (right). Superimposed on the mass, coupling plane is the region preferred by the

b — s¢T¢~ anomalies in a simplified scalar LQ model. Figures taken from Ref. [48].

Direct searches: Any new particle predicted by a NP model, including the LQ itself,
must be compatible with the limits derived from direct searches. An example of such a
direct LQ search performed using the CMS detector |[49] is shown in Fig. [2.10}

A class of NP models able to explain the flavour anomalies while evading these constraints
are the so-called Pati-Salam models [50]. The basic idea of such models is to extend the
SU(3) symmetry of QCD to SU(4). Fermions are quadruplets of this group, with three
entries corresponding to quarks of the three colours, and one entry being a lepton. This
symmetry is then broken down to SU(3), with quarks remaining charged under this group,
and leptons being singlets of that group. While the unbroken generators correspond to
the gluons, the broken ones will give rise to new massive bosons, including a L.Q. These
models are attractive, from the theoretical point of view, because they unify quark and

leptons. However, Pati-Salam models with the same fermion content as the SM must
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have a very massive LQ) to evade the LF'V constraints in light meson decays, and are then
unable to explain the B anomalies.

Some models [51-53] propose to extend the fermionic content of Pati-Salam models to
include new, heavy fermions. These models are constructed in such a way that only the
new heavy fermions couple to the LQ. However, Yukawa couplings induce a mixing between
the new heavy fermions and the light SM fermions, in the same way as the SM Yukawa
couplings including a mixing between quark flavours. The mixing terms are chosen to be
very small for light leptons and quarks, but larger for quarks and leptons in the second and
third generation. This means that the LQ acquires an effective coupling to fermions which
is larger for higher generations. Using a LQ of a mass at the TeV scale allows the b — sf¢
anomalies to be explained, eases the tensions in R(D®)), while evading the constraints
discussed in Sec. [2.6] Moreover, these models conserve baryon number and proton decays
are forbidden. This is related to the fact that the LQ only couple to a quark-lepton pair,
and not to a quark-quark pair. This then means that this LQ contributes to B? and BY
mixing only at loop level, as shown in Fig. [2.9] The loop contains one of the new heavy
fermions, meaning that the contribution to the mixing can be further suppressed with new

fermions of a sufficiently high mass.

2.14 Purpose of the thesis

In summary, anomalies have appeared in several observables related to the decays of beauty
hadrons. These anomalies appear in various observables in loop level b— s¢™¢~ mediated
decays, and can be resolved by changing a single effective coupling constant in the theory
describing these decays. Some anomalies also appear in tree level decays, and NP models
unifying quark and leptons are able to explain both the tree and loop level anomalies. The
anomalies could be a sign of the presence of physics beyond the SM. However, the current
limited precision of the experimental measurements, and the uncertainties associated with
several theory predictions make it impossible to draw a definite conclusion.

A significant discrepancy measured in a theoretically clean observable with respect
to its SM expectation would assuredly confirm the presence of NP. The current thesis is
dedicated to the update of the Rx measurement using a dataset approximately twice as
large as that used to perform the measurement shown in Eq.[2.40] This has the potential
to bring the Rg discrepancy to a level of four standard deviations, assuming the central

value remains the same as the previous measurement.
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3. Experimental apparatus

The Ryx measurement presented in this thesis is performed using B mesons produced in
proton-proton collisions generated at the Large Hadron Collider and recorded with the
LHCDb detector. This section summarises the aspects of the detector that are relevant for

the R measurement.

3.1 The Large Hadron Collider

The Large Hadron Collider (LHC) [54] was designed and constructed at the European
Organisation for Nuclear Research (CERN). The purpose of the LHC is to accelerate and
collide protons at the unprecedented centre-of-mass energy of 14 TeV, and it is also used
to accelerate heavy ions. The LHC is situated in a 27 km long tunnel approximately 100 m
below the ground on the Swiss/French border close to Geneva.

After being accelerated up to 450 GeV in a set of several pre-accelerators, protons are
injected into the LHC in two beams circulating in opposite directions. To accelerate the
protons, the LHC uses 16 radio frequency chambers. Moreover, 1232 dipole magnets are
used to keep the protons on their circular trajectories, and 392 quadrupole magnets are
used to squeeze and collimate the beams. All magnets are superconducting, cooled down
to 1.9 K with liquid helium. The beams are not continuous but consist of so-called bunches
made of approximately 10! protons, the space between them set the rate of the collisions.
The protons (or ions) are then made to collide at four points, where four main particle
detectors record the products of the collisions: ALICE [55], dedicated to the study of
ion collisions, the two general purpose detectors ATLAS [56] and CMS [49], and LHCDb,
dedicated to heavy flavour physics.

The data used for the analysis presented in this thesis were taken in 2011, 2012, 2015
and 2016. The 2011 and 2012 data are referred to as Run 1 and the 2015 and 2016 data as
Run 2. At the time of writing, data were collected for two additional years, 2017 and 2018.
A two year shutdown in 2019, 2020 will be used to upgrade the detectors. Collisions took
place at a higher energy and a higher rate in Run 2 than in Run 1 [57,/58]. Tab. shows
the bunch spacing, the integrated luminosity recorded at LHCb [ £d¢, the centre-of-mass
energy of the collisions /s and the cross-section o, for producing pairs of beauty quarks
and antiquarks in the LHCb acceptance. Due to the enhanced o,; in Run 2 with respect to

Run 1, the LHC produced, for a given luminosity, approximately twice as many B mesons
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in Run 2 compared to Run 1.

Table 3.1: Centre-of-mass energy, bb production cross-section, bunch spacing and integrated luminosity

recorded at LHCD for the four years of LHC data used in the analysis presented in this thesis.

Run 1 Run 2
year 2011 2012 2015 2016
/5 [TeV] 78 13 13
o [b] [59] ~T2 ~82 ~ 144 ~ 144
bunch spacing [ns] 50 50 25 25
[ Ldt [fb1] 11 21 03 16

3.2 Interaction of charged particles with matter

Before introducing the LHCb detector, this section first reviews the way in which particles
going through a medium interact with the atoms in this medium. The focus is mainly on
electrons, kaons and muons with a momentum of ranging between 1 and 100 GeV, as they
are the most relevant for the Ry analysis.

The quantity of interest in this section is the mean energy loss per distance travelled
in the medium, (dF/dz). It is shown in Fig. for electrons and muons going through

iron. The details of this plot are discussed in the sections below.

3.2.1 Energy loss by ionisation and excitation

When a charged particle goes through a medium, it loses energy interacting with electrons
in that medium by exciting or ionising atoms. The energy loss corresponding to this
effect is shown with the dashed lines in Fig. [3.1] The energy loss can be computed using
the Bethe-Bloch formula [5], which considers the Rutherford scattering of the incoming
particle against electrons in the effective potential of the medium.

The interaction of particles with electrons in a medium is the pillar of tracking, i.e.
reconstructing the trajectories of particles through a detector. In a gas detector, a particle
ionises the atoms of the gas, and in a silicon detector, a particle creates electron-hole pairs.

The charges deposited can be detected and constitute a ‘hit’. Several hits deposited by a
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dE/dx [MeV/cm]

Figure 3.1: Energy lost per distance travelled in iron for muons (black) and electrons (red) as a function
of momentum. The solid line corresponds to the total energy loss, the dotted line to ionisation and the

dashed line to bremsstrahlung.

particle can be fitted together to reconstruct the trajectory of the particle, referred to as a
‘track’.

For muons going through the LHCb detector, interaction with electrons in the medium
is the main source of energy loss, and remains very small. As can be seen in Fig. [3.1], in
the momentum range of interest, (d£/dx) for muons is almost flat and corresponds to a
region where the energy losses are minimal. Muons at LHCDb are therefore referred to as
Minimum Ionising Particles (MIP). This is however not the case for electrons, as discussed

in the next section.

3.2.2 Energy loss by bremsstrahlung

Charged particles going through a medium also interact with nuclei emitting photong'] The
photons emitted are almost collinear to the incoming particle, which is slowed down by the
emission. This process is called bremsstrahlung, which is German for ‘braking radiation’.
For an electron going through matter, the average distance after which bremsstrahlung
reduces the electron energy by a factor 1/e is referred to as a ‘radiation length’, X,. The
radiation length depends on the nature of the medium and is proportional to the inverse

squared mass of the incoming particle: Xy ~ 1/m? [60]. Hence, as illustrated in Fig.

! This interaction also occur with atomic electrons, but is more frequent with large nuclei that carry a

larger electric charge.
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it is much larger for electrons than for muons. In the following sections, X refers to the

electron radiation length.

3.2.3 Electromagnetic showers

High energy photons going through a medium mainly lose energy via pair production,
i.e. by producing an electron-positron pair in the electromagnetic field of the atoms in the
medium. The mean free path of a high energy photon in a medium before pair producing
is 2X, [5]. Hence, a high energy electron in a thick piece of material will deposit its entire
energy in an electromagnetic shower: it emits bremsstrahlung photons that will in turn
produce pairs of electrons and positrons, which will in turn emit bremsstrahlung photons

and so on.

3.2.4 Hadronic interaction and showers

Unlike leptons, hadrons can interact with nuclei in a medium via the strong interaction.
The distance a hadron can travel before undergoing an inelastic hadronic interaction is
characterised by the nuclear interaction length X}, which is typically much larger than
the radiation length X,. In thick materials, highly energetic hadrons lose their energy
emitting secondary particles (pions, electrons, photons, etc.) in hadronic showers, which
are typically broader than electromagnetic showers. Showers provide a destructive way to

measure the energy of a particle, as explained in Sec.

3.2.5 Cherenkov radiation

When a charged particle moves through a dielectric medium, it can excite atoms and
molecules which then relax to their ground state emitting photons. When the particle
travels at a higher velocity than the speed of light in the medium, the photons emitted in
the wake of the particle form a coherent front in the shape of a light cone. The light cone
of this so-called Cherenkov radiation has an opening angle 6. related to the velocity of the

particle 8 and the refractive index n,

cosf. = (3.1)

1
nB’
By measuring the opening angle of the Cherenkov light cone emitted by a particle and
knowing the momentum of the particle, the mass of the particle, and hence its identity,

can be inferred.
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3.3 Layout of the LHCDb detector

The LHCD detector [61] is mainly dedicated to the study of beauty hadrons. A schematic
of the detector is shown in Fig. Its most striking characteristic is that it is a forward
detector, covering the pseudorapidity range 2 < 1 < 5. This design is chosen because
B mesons are produced very boosted in the proton collisions, and their decay products
are collimated relatively close to the beam line. The various LHCb subdetectors, as well
as the information they provide for the study of B decays, are described in detail in the
following sections. Fig. also defines the coordinate system used throughout this thesis:
the z axis goes along the beam pipe, the y points upwards, and the x axis points to the
left of a person standing at z = 0 and facing the detector. The transverse momentum of a
particle pr is then defined as the component of the momentum in the z, y plane. The

angle between the momentum of a particle and the z axis is denoted 6, and is related to

——a) o3

the pseudorapidity n with

/ EcaL HCAL Ms \
// SPD/PS M3 S \ \
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Figure 3.2: Schematic of the LHCb detector, taken from .
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3.4 Tracking and vertexing

The subdetectors and algorithms used to reconstruct tracks in the LHCb detector are

presented in this section.

3.4.1 Vertex locator

The VErtex LOcator (VELO) [62], on the very left of Fig. [3.2] is the subdetector closest
to the interaction point, and is designed to be able to resolve the decay vertices of beauty
or charmed mesons from primary vertices (proton-proton collision). The VELO is made of
two halves, one on the left and one on the right of the beam, and each half is composed
of 21 modules. Each module contains two semi-circular silicon-strip sensors: one with
radial strips to measure the polar angle of hits (¢ sensors) and one with circular strips to
measure the axial distance of hits (R sensors). These two kinds of sensors are illustrated
in Fig. [3.3] The strip pitch ranges between ~ 40 pm close to the beam to ~ 100 um
furthest from the beam, achieving a maximal precision on a single hit of ~ 4 pm.

During the data-taking, the sensors are positioned 8 mm away from the beam line.
During injection, when the beams are not completely stable, the sensors are retracted by
~ 3 cm.

The proton beams generate rapidly-varying electromagnetic fields that can be harmful
to the VELO and its electronics. The VELO sensors are therefore separated from the
beam by a corrugated aluminium foil. This is illustrated on the right of Fig.

The precision the VELO achieves on the position of primary vertices depends largely
on the number of tracks that compose the vertex: the resolution on the x (z) position is
approximately 35 pm (260 pm) for a vertex with five tracks, and approximately 12 pm
(80 um) for a vertex with 30 tracks [63].

3.4.2 Tracking system

The LHCb tracking system is formed of tracking stations upstream and downstream of
a large dipole magnet. The momentum of tracks is inferred from their bending in the
magnetic field.

The first part of the tracking system is the Tracker Turicensis (TT) [64] placed just in
front of the magnet. It consists of four layers of silicon strip detectors with a strip pitch of
183 pm.
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Figure 3.3: Schematic of the two kinds of VELO sensors (left). The ¢ sensors measure the polar angle
and 7 sensors measure the radial distance from the beam pipe. Schematic illustrating how the sensors are
placed around the beam pipe (right). The corrugated foil protecting the sensors is also visible in this

diagram. Both figures are taken from Ref. [62].

Just downstream of the magnet is a set of three tracking stations, labeled T1, T2, T3
in Fig. |3.2, each containing four tracking modules placed in layers. The density of tracks
is typically higher towards the beam line. Hence, the tracking modules are instrumented
using a silicon tracker in the central region, and a gas-based detector in the outer region.
The central region constitutes the inner tracker (IT), and the outer region the outer tracker
(OT).

Each IT [65] module is instrumented in a similar way as the T'T, using silicon strip
detectors with a strip pitch of 198 um. Each OT [66],67] module contains two layers of
drift-tubes, each tube consisting of a hollow cylinder with inner diameter of 4.9 mm filled
with gas, and an anode wire in the centre. When particles pass through the tubes and
ionise the gas, electrons drift towards the wire. The drift time is measured, and knowing

the drift velocity, the position of the track is then inferred.

3.4.3 Magnet

The magnet [68] is a warm dipole, producing a magnetic field along the y axis. The maximal

magnetic field at the centre of the magnet is approximately 1.1T, and the integrated

o2



magnetic field along the path of a particle going through the detector is approximately 4 Tm.
Typically, the component p, of a particle’s momentum receives a kick of approximately

1 GeV when going through the magnet.

3.4.4 Track reconstruction and performance

To fit tracks from hits deposited in the various tracking subdetectors, a Kalman filter
algorithm [69,70] is used, which in essence is similar to a x? minimisation. The fit considers
all tracks as MIPs, in the sense that the fit shape takes into account energy loss due to
ionisation, but not bremsstrahlung [71},/72]. From the track fit and the bending of the
tracks in the magnet, the momentum of the particles is determined.

Fake tracks that consist of fake hits or hits from different particles are referred to as
‘ghosts’. They are characterised by a larger x? and fewer hits than a track coming from a
single particle. Combining information from the track fit, a ghost probability, probgy, is
estimated for each track [73}74].

For MIPs, the tracking efficiency depends on the kinematics of the track, and is
above 95% for tracks with pr > 2.5 GeV. The momentum resolution is below 0.5% [75].
Due to bremsstrahlung, electrons give more smeared tracks and can be more frequently
stopped before reaching the end of the tracking system. The electron tracking efficiency is
approximately 15% lower than for MIPs, and the momentum resolution, which depends

on the kinematics, is on the order of 10%.

3.5 Particle identification

This section details how particle identification (PID) is performed at LHCb, i.e. how
a given particle species is associated with one track. Together with the momentum
information provided by the tracking system, the PID allows the energy of a charged track
to be computed using £ = \/m

For the present analysis, the three sub-detectors that provide the majority of the
PID information are the RICH, the calorimeter system, and the muon system. They are
described in more detail in the following sections. These sub-detectors provide a likelihood

Lg(t) of a track ¢ belonging to a given particle species 5. For the muon, electron or pion
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hypothesis, these three likelihoods can then be combined into a global likelihood L',

Lt (1) = LI Lt (1) - LEvon(1), (33)
L (1) = LCT . Lo (r) - Len (1), (3.4)
Ligh () = L3O Ll (1) - L (1), (35)

where the superscripts indicate which sub-detector provides the likelihood information.
The analysis uses the variable DLL4(t), which expresses how much more probable it is

that ¢ belongs to particle species (3, rather than being a pion,
DLL4(t) = log L(t) — log L.(t). (3.6)

Another way of combining PID information from different sub-detectors is to train a
neural network to differentiate between particle species [76]. This defines the probNN(?)
variable, which is also used in this analysis. This variable is close to 1.0 if ¢ is likely to
be a track from a (3, and close to 0 otherwise. The performance of the PID variables in

reducing backgrounds with mis-identified tracks in this analysis is discussed in Sec.
and [Z.3l

3.6 Cherenkov detectors

There are two Ring Imaging Cherenkov (RICH) [77] detectors at LHCb, upstream and
downstream of the magnet, providing PID for charged particles. They are labeled RICH1
and RICH2 in Fig. 3.2 Both detectors are filled with a gas in which charged particles
radiate a cone of Cherenkov light. The light is then reflected by a set of mirrors onto a
plane of hybrid photomultipliers situated outside of the LHCb acceptance. Projected onto
the photomultiplier plane, the Cherenkov cone forms a ring, the radius of which can be
used as a measure of the Cherenkov angle.

The two Cherenkov detectors contain two different radiators to provide PID in different
momentum ranges. Upstream of the magnet, RICH1 contains CyFjy with n = 1.0018 (the
refractive indices depend slightly on pressure and temperature) which provides PID in the
momentum range 1 < p < 60 GeV. Downstream of the magnet, RICH2 contains C'F; with
n = 1.0005, which provides PID in the range 15 < p < 100 GeV.

The Cherenkov angle as a function of momentum for electrons, muons, kaons and pions
is shown in Fig. [3.4] illustrating how the measurement of the angle, together with the

momentum of the track provided, separate these four particle species. It is also visible

o4



S

6. [deg]
w
a1

JAALY LLRLY LLLL LU LLLL LM L

| .io“ | 10°
p[MeV]

Figure 3.4: Cherenkov angle as a function of momentum for three different particle species: electron (black),
pion (orange), muon (blue) and proton (red). The dotted lines correspond to the RICH1 subdetector, the
solid lines to the RICH2 subdetector.

that electrons, being lighter, always saturate the RICH and produce rings of maximal
radius. Although the RICH detectors provide the main input for the PID of kaons versus
pions, electrons are identified mainly using the calorimeter system, as explained in the

next section.

3.7 Calorimeter system

The calorimeter system helps to discriminate between photons, electrons and hadrons. It
is made of three main parts: the scintillating pad (SPD) and pre-shower detector (PS),
the electromagnetic calorimeter (ECAL) and the hadronic calorimeter (HCAL). Each of
these subdetectors is presented in this section.

The SPD and PS are almost identical and both consist of scintillating pads. When
charged particles go through a pad, they produce scintillation light, which is absorbed
and guided by wavelength shifting fibres to photomultiplier tubes. The two detectors are
separated by a 15 mm thick lead plate. The size of the SPD and PS pads is chosen to
match that of the ECAL cells described below.

The ECAL is a sampling lead detector. It is made of 6016 cells, each of them consisting
of plates of lead interlayed with scintillator plates. When an electromagnetic shower
develops in the lead plates, secondary particles produce scintillation light, which is guided
to the readout by wavelength shifting fibres. The energy deposited by the shower can
be deduced from the intensity of the scintillation light collected. The ECAL cells come

in three sizes: 4.04 x 4.04 cm? in the inner region, 6.06 x 6.06 cm? in the middle and
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Figure 3.5: Schematic of the calorimeter system illustrating the energy deposit of a photon (), an electron
(e), and a charged hadron (h).

12.12 x 12.12 cm? in the outer region.

The HCAL works in a similar fashion as the ECAL. It is made of 1488 cells consisting of
iron plates and scintillating plates. The cells come in two transverse sizes: 13.13 x 13.13 cm?
in the inner region and 26.6 x 26.6 cm? in the outer region.

The way in which the different components of the calorimeter system can discriminate
between particles is illustrated in Fig. [3.5] The lead plate between the SPD/PS detector
has a thickness corresponding to 2.5 Xy but only 0.08 X;,. Hence, most of photons and
electrons start showering, but not the hadrons. The ECAL thickness corresponds to 25 X
and 0.8 X}, meaning that it can contain most electromagnetic showers entirely. Hadrons
typically start showering in the HCAL, or late in the ECAL. The HCAL has a thickness
corresponding to 5.6 X}, typically not enough to contain a full hadronic shower, but
sufficient for the purpose of particle identification and trigger. The SPD helps discriminate
between photons and electrons, as a hit there indicates the presence of a charged particle.
The ECAL and HCAL are also very important for the trigger, as detailed in Sec.

3.8 Muon system

The muon system , provides a very powerful way to discriminate muons against
hadrons, in particular pions. Pions are very problematic as they have a mass very close to
that of muons and they constitute most of the tracks generated in proton-proton collisions.

The muon system consists of five stations, one upstream of the calorimeters (M1) and

four downstream (M2-M5 in Fig. |3.2). The downstream stations are interleaved with
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three 80 cm-thick iron shields. These three shields cover, together with the calorimeters,
approximately 21 X},.

Each muon station is divided into 276 chambers designed to detect charged tracks.
The chambers have an increasing size from the beam pipe. The 12 chambers closest
to the beam pipe in M1, where the occupancy is highest, are gas electron multiplier
(GEM) detectors [80]. The other 264 chambers are multi-wire proportional chambers
(MWPC) [81].

The way in which the muon system provides particle identification information is based
on the fact that only muon tracks are able to reach and leave hits in the muon stations,
as hadrons and electrons are stopped before in the calorimeters or iron shields. In this
analysis, two PID variables are computed from the information collected from the muon
stations [82]. The first one is the binary isMuon variable. A track satisfies the isMuon
requirements if it deposits hits in two (if p < 6 GeV), three (if p < 10 GeV) or four (if
p > 10 GeV) stations among M2 to M5. The second variable is a likelihood, which is based
on the pattern of hits recorded in the muon stations, around the extrapolated position of

a track. The muon system is also used by the trigger, as explained in Sec. [3.10]

3.9 Bremsstrahlung recovery

When an electron loses momentum by emitting bremsstrahlung before reaching the magnet,
it results in a momentum measurement that is below the real value. In the case of a
BT — KTete™ decay, the momentum loss by the electrons will result in an under-
estimated B* mass. This effect can be partially compensated by recovering some of the
bremsstrahlung energy deposited in the ECAL. In fact, as bremsstrahlung photons are
collinear to the trajectory of the electron, their energy can be searched for in a region
defined by extrapolating the upstream track segment, found in the VELO and T'T, to the
ECAL. The momentum of the recovered bremsstrahlung cluster is then added to that of
the electron. Moreover, the likelihood of an ECAL cluster being compatible with being a
bremsstrahlung associated with a given track contributes to the total DLL,.

In both BT — K*ete™ and BT — K*t.J/i(eTe™) decays, approximately half of the
electrons have at least one bremsstrahlung cluster associated with them. Electrons with
a bremsstrahlung cluster associated have an improved momentum resolution and better

PID performance compared to electrons without an associated bremsstrahlung cluster.
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3.10 Trigger system

Approximately 35 kBytes of memory are necessary to store an LHCb event. The rate of
visible collisions, approximately 10 — 20 MHz, is too high to allow every single event to be
stored. Instead, the trigger system [83] is used to select the events that are most likely to
contain a B meson, which are the only events stored. The trigger decision is based on the
fact that tracks coming from a B meson decay typically have a relatively large transverse
momentum and are detached from the primary vertex.

The trigger system is divided into two stages: the low level trigger (L0), implemented
in electronic boards, and the high level trigger (HLT'), which is software-based and runs

on a computer farm. Both stages are described below.

3.10.1 Low level trigger

The LO trigger reduces the data rate to approximately 1 MHz, which is a manageable
input for the HLT. The LO decisions are based on information provided by the calorimeter
and muon systems only. The trigger algorithm first discards events with too many hits
in the SPD detector. Such high occupancy events would otherwise take too long to fully
reconstruct. The L0 algorithm then searches for objects with a high pr: either a single
hadron, electron, photon, or muon, or a system formed of two muons. In this analysis,
only the decisions based on a single muon, electron or hadron are used (see Sec. . The
trigger algorithms taking these decisions are respectively referred to as LOMuon, LOElectron,
LOHadron.

The LOMuon algorithm [84] detects aligned hits in all five muon stations. From the
spatial coordinates of the track formed by these hits, the LO computes an approximate
estimate of the pr of the track. The event is saved if the pr is above a threshold, which is
typically around 1.8 GeV, but the threshold value changes depending on the data-taking
conditions.

The LOElectron algorithm [85] computes the transverse energy Er in clusters of 2 x 2
ECAL cells. The Et is computed as

Er =FE -sinb, (3.7)
where E' is the energy deposited in the four cells and 6 is the polar angle of the line joining

the centre of the four cells and the proton interaction point. If the energy cluster in the
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ECAL is associated with hits in the PS and SPD, and if the Er is above a threshold, the
event is saved. The threshold is typically around 2.5 — 3.0 GeV.

The LOHadron algorithm works in a very similar fashion as LOElectron, requiring
hadronic showers to have a transverse energy above a threshold. Energy deposits are
searched for in clusters of 2 x 2 HCAL cells. The Er corresponding to these HCAL clusters
is computed including the energy found in the adjacent ECAL cells. The Er threshold is
typically between 3.5 and 4.0 GeV.

3.10.2 High level trigger

Events that satisfy the L0 requirements are then processed by the HLT. The HLT reduces
the data rate from the 1 MHz L0 output rate to 5 kHz in Run 1 and 12.5kHz in Run 2,
which is low enough to store the events on disk. The HLT runs in two stages, HLT1
and HLT2. The 1 MHz LO rate is first reduced to approximately 70 kHz by HLT1, and
subsequently further reduced by HLT?2.

Using information from the tracking system, the HLT1 performs a fast and partial
event reconstruction, fitting only tracks that have a high impact parameter IP as measured
in the VELO. If some tracks satisfy a set of requirements based on the pr and the IP, the
event is passed to the HLT2 algorithm. Details about the HLT1 selection used for the Ry
analysis are presented in Sec. [6.8|

The HLT?2 algorithm reconstructs all tracks in the event that satisfy pr > 0.3 GeV. The
selection which is then performed is either exclusive, i.e. dedicated to select one particular
decay, or inclusive. The HLT2 selection used in this analysis, detailed in Sec. [6.8.2] is
inclusive and is essentially based on looking for systems of two or three tracks the topology
of which is compatible with coming from the decay of a heavy object. The way in which
the HLT?2 is implemented differs between Run 1 and Run 2. In the Run 1, the detector
is not fully calibrated before the HLT2 selection is run, meaning that the variables used
to perform the HLT2 selection differ slightly from the fully calibrated variables used for
physics analyses. In Run 2, the detector is fully calibrated before running the HLT2

selection.

3.11 Material in the LHCb detector

As electrons interact in the material of the detector, the probability of detecting an electron

track is very sensitive to the amount of material in the detector. The material upstream
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Figure 3.6: Amount of material, determined from simulation (left), traversed by a particle going from
the proton-proton interaction point to the magnet, as a function of the rapidity. Resolution on the
impact parameter as a function of the polar angle (right), for simulation and data collected in 2011, taken
from Ref. [63].

of the magnet is of particular importance, as it worsens both the tracking efficiency and
the momentum resolution and reduces the energy of electrons reaching the magnet. The
latter also reduces the trigger efficiency.

Fig. [3.6| shows the amount of material traversed by a particle going from the proton
interaction point to the magnet, as a function of the rapidity n, in units of X,. For
2 < n < 3.5, the material distribution is approximately flat at a third of a radiation length.
At high rapidity, closer to the beam pipe, the amount of the material is higher and varies
quickly as a function of n. In particular, the peak at n =~ 4.3 is due to the beam pipe
inside RICH1.

The material distribution also depends on the polar angle ¢, and is higher around
¢ = £7 rad where the corrugated foil in the VELO is situated. This impacts directly
the IP resolution, as illustrated in Fig. [3.6] right. The IP resolution is much worse for
tracks going through the foil. The comparison between data and simulation also illustrates
that the amount of material in the VELO is imperfectly known. The uncertainty on the

material budget upstream of the magnet is estimated to be 10% [86].
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4. Analysis strategy

In this chapter, the strategy of the Rx measurement is presented, as well as the main

challenges of the analysis.

4.1 K'tete™ and KTutpu~ final states at LHCb

Throughout the analysis, two final states are considered which both have three tracks
reconstructed and identified as KT¢T¢~, where the lepton pair ¢/~ is either a di-
electron pair (ete™) or a di-muon pair (u"u~). The 2D distributions m(KTete™), ¢?
and m(K*pu"u™), ¢* are shown in Fig. 4.1 The events shown are those from the entire
dataset with the selection criteria and trigger requirements discussed in Sec. [6.3|and Sec.

applied. Various features are visible in these plots:

e A peaking structure centred at m(K+/+¢~) ~ 5.28 GeV and ¢* ~ 9.6 GeV?, cor-
responding to the resonant B-decay BT — K7T.J/1¢, with the J/¢ subsequently
decaying as J/¢ — ¢*t¢~. The radiative tails from this decay appear as a diagonal
elongated band;

e Another peaking structure centred at m(K*¢*¢~) ~ 5.28 GeV and ¢* ~ 13.6 GeV?,
corresponding to the resonant B-decay BT — KT (2S5), with ¢)(25) decaying as
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Figure 4.1: Two-dimensional distributions of m(KT¢*¢~),¢? from the muon (left) and electron (right)
datasets. The entire Run 1 and Run 2 datasets are shown with the preselection and trigger requirements
discussed in Chpt. |§| and Sec. @ applied.
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¥(2S) — €70, Again, the radiative tail is visible;

e To the left of these peaks, elongated horizontal structures corresponding to partially-
reconstructed decays with a missing track. A smaller horizontal structure on the
right of the peak corresponds to a J/v associated with a random K™ track, both

not necessarily coming from a B-decay;

e Finally, the non-resonant rare decay mode BT — KT/*{~, corresponding to a

vertical band at m(KT¢T¢7) ~ 5.28 GeV and spanning the full ¢*>-range.

Comparing the K*ete™ and K*p*p~ data in Fig. [4.1] it is clearly visible that the mass
and ¢ resolutions are much worse in the di-electron case than in the di-muon case, and that
the di-muon data sample contains significantly more events. This is due to fundamental
differences when reconstructing final states containing a di-electron pair or a di-muon
pair at LHCb. As explained in Sec. [3] muons are MIPs that lose a negligible fraction of
their momentum while travelling through the LHCb detector. This is not the case for
an electron track from e.g. a BT — K1.J/¢(ete™) decay, which loses typically ~ 20% of
its momentum in bremsstrahlung before reaching the calorimeters. The large radiative
tail on the lower mass side of the BT — KTeTe™ mass peak is due to bremsstrahlung
emitted before the magnet, which results in a lower momentum measured with the magnet
spectrometer. This effect is partly corrected for by the bremsstrahlung recovery process
discussed in Sec. [3.9] To avoid double counting the radiated energy, a given energy cluster
can be added to one electron track only. Using the bremsstrahlung recovery, the momentum
resolution for an electron track from BT — KT .J/¢(eTe™) decay is approximately 10%.
This is still very significantly worse than the momentum resolution for a muon track,
which is typically 0.5%. The m(¢*t¢~) distribution for simulated BT — Ktete™ and
BT — K*utu~ events is shown in Fig. [4.2] illustrating the difference in resolution.

Decays with two electrons in the final state can therefore be classified into three
bremsstrahlung categories: the 0y category, where neither of the two electrons have
recovered bremsstrahlung clusters added to them, 1y where one of the two electron
has recovered bremsstrahlung energy added, and 2 where the two electrons both have
recovered bremsstrahlung energy added. The mass and momentum resolution, as well as
the particle identification efficiency associated with an event, is strongly dependent on the
bremsstrahlung category to which an event belongs.

The electron triggers are significantly less efficient than the muon triggers, reducing

the number of recorded BT — KTete™ events. For electrons, the momentum resolution

63



F Bt = KT /[y(ptpm)s

=
o

. e

LBt — KTJ/y(ete);

#events [a.u.]
[} 0]

IN
IIIIIIIIIIII
.0
.

:

0 | L.4. N .“ | \""--
2400 2600 2800 3000 3200 3400
m(I*) [MeV]

Figure 4.2: Distributions of m(¢*¢~) for Bt — K*J/¢(utp~) and BT — KT J/¢(eTe™) simulated
Run 1 events. In the case of Bt — Kt.J/1(ete™), the mass peak is much wider and shows extended
tails to the left and right. The tail to the left is due to unrecovered bremsstrahlung. The tail to the right
corresponds to recovered bremsstrahlung which, due to noise or the finite resolution of the calorimeter,

has an over-estimated energy.

and tracking efficiency depend strongly on the amount of material in the detector, which
must be well known to reproduce the efficiency in simulated events. Moreover, the trigger
efficiency and bremsstrahlung recovery depend on the performance of the calorimeters,
which is affected by e.g. ageing and the occupancy of the detector. Both ageing effects
and the occupancy are poorly modelled in the simulation.

The differences in the detection of Ktete™ and K+ putu~ final states have two con-
sequences for the analysis. First, due to the smaller electron detection efficiency, the
precision of the analysis is statistically limited by the yield of BT — KTete™ events.
Second, the systematic uncertainties can be expected to be dominated by effects related
to the detection of electrons. In fact, the muon detection efficiencies have been shown
to be under good control in previous LHCb analyses, in particular the angular analysis
of B® — K*%u* ™ [34]. The present analysis therefore focuses primarily on maximising
the BT — Ktete™ signal significance, and on demonstrating that the estimate of the
BT — KTeTe™ selection efficiency is well controlled. In order to capture the effect of the
trigger and calorimeter performance, as well as to control the electron tracking efficiencies
and their dependence on the amount of material in the detector, control samples selected

from the data are used to correct the simulation.
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4.2 Normalisation and control modes

As shown is Sec. , the branching fractions of the decays J/1¢ — ete™ and J/v — ptp~
are measured to be equal with a sub-percent precision [5]. To cancel systematic effects,
the resonant decays Bt — K*J/y(ete”) and BT — K*J/¢(u"p~) are therefore used

as control channels and Ry is measured in a double ratio

6.0GeV?2 dB(Bt K+ putp—

Ry — J1LG? g2 Ldg? CB(BT = K J/p(eten))
T (6.0GV2 dB(BT—K+ete—) B+ K+ T

_ N(B" = Ktptp~) e(BY = K'tefe)
" e(Bt > Ktputp) N(Bt — Ktete)
e(BY = KM J/Yp(p'p™)) N(B" = K" J/p(efe))
N(BY = K*J/¢(utpm))  e(BY — K+J/d(ete))’
where N(X) indicates the estimate of the yield of decay mode X, which is obtained

from a fit to the invariant mass m(K*¢T¢~) with a suitable cut on ¢% and £(X) is the

efficiency for selecting decay mode X, as computed from simulation samples which are
corrected for various effects using data calibration samples. Hereafter, the Bt — KT¢*(~
decay in the range 1.1 < ¢® < 6.0 GeV? is referred to as the “rare mode”, whereas the
Bt — KtJ/¢(*¢7) mode is referred to as the “normalisation mode”.

The selection applied to the normalisation modes is kept identical to that applied
to the rare modes, except for the ¢* selection that differentiates between the rare and
normalisation decays. In this way, many systematic uncertainties cancel in the ratio
between these two modes. Indeed, the absolute size of e.g. tracking, particle identification
or trigger efficiencies of one mode need not be known exactly, only the ratio of efficiencies
between the rare mode and the corresponding control mode must be controlled, i.e. ¢(BT —
Ktete™)/e(BT — KT J/Y(ete)) and e(BT — Ktutu™)/e(BT — KT J/¥(utp™)).

If the kinematic distributions of variables related to the rare mode were identical to those
of the normalisation mode, the above efficiency ratios would be unity and the measurement
would be free from any efficiency-related systematic uncertainties. Residual systematic
uncertainties arise due to differences in the kinematic distributions of the rare modes and
their corresponding normalisation modes. Distributions for various kinematic variables
for simulated BY — K™¢*(~ and BT — K*.J/i events are shown in Fig. [£.3] Some
variables show a near-perfect agreement between the rare and normalisation mode, such as
the quality of the vertex fit x3,,(B™), the significance of the impact parameter y%.(B™),

the pseudorapidity of all tracks n, and the fraction of an electron track’s energy emitted
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via bremsstrahlung before the magnet, denoted pP*™(e)/p'°t(e). For other variables, the
distributions between the rare decay and the normalisation differ, and the cancellation of the
efficiency, e(B* — Ktete™)/e(Bt — K*J/¢(eTe™)) and e(BT — K utp~)/e(BT —
K*J/Y(ut ™)), will be imperfect e.g. the pr of all tracks and the dilepton angle c+,-.
If the detection efficiency is mis-modelled in a way that is dependent on such variables —
for example, in the case where the trigger efficiency would be computed wrongly at low pr
— the measurement of Rg could be biased. Hence, to compute Rx correctly, it must be
ensured that the dependency of all efficiencies on these variables is fully understood.

In order to demonstrate that the efficiencies are controlled, several cross-checks are
performed. The first of these cross-checks is the measurement of the single ratio of

branching fractions between the normalisation modes,

_ B(BT = KM J/y(ptp”))
YT BB S K I[d(ete))
N(B* = K*JJb(utpr))  e(BY = K*J/v(ete))
 e(BY - KHJJu(ptpn))  N(BY = K+ Jfd(ete))
Given Eq. , this ratio is expected to be unity at the sub-percent level. As r;/,

is a single ratio, the muon and electron efficiencies have to be controlled directly with

(4.1)

respect to one another. This is therefore a stringent cross-check, as systematic effects do
not cancel as they do in the double ratio of Eq. 4.1l As N(B* — K*J/i(ete™)) and
N(Bt — KT J/¢)(u" ™)) are both relatively large, the statistical uncertainty is small and
the total uncertainty on r;/y, is dominated by such systematic effects.

As a further cross-check, r;,, is measured differentially, as a function of one
(see Sec. or several (see Sec. kinematic variables. This checks if the de-
pendency of the efficiencies on a given kinematic variable is properly understood and
therefore cancels in the double ratio. This is particularly important for variables that
have a different distribution in the normalisation and rare mode. For example, while
the pr distributions of the rare mode and the normalisation mode are different, good
control of the r;/, single ratio as a function of pr demonstrates that the efficiencies as
a function of pr are correctly understood. As detailed in Sec. the rare decay can
be described using four kinematic variables, whereas the normalisation mode, by virtue
of being constrained to have m(¢*¢~) = m(.J/¢), is a function of only three kinematic
variables. The differential r/,, cross-check hence accesses only projections of the full space
in one, two or three dimensions.

As a third cross-check, the double ratio of branching fractions Rys) between the
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Figure 4.3: Distributions of kinematic variables for the BT — K*.J/¢(ete™) mode (dashed red
line), B* — Ktete™ mode (solid red line), BT — K*.J/¢(utp~) mode (dashed black line) and
Bt — Ktutu~ mode (solid black line). The first row of plots from the top shows the angle between
the two leptons, or one lepton and the kaon. The second row shows the rapidity distributions, and the
third row the transverse momentum distributions of all the final state particles. The bottom left plot
shows the distribution for the quality of the BT vertex fit. The bottom centre plot shows the significance
of the BT impact parameter. The bottom right plot shows the fraction of momentum radiated away
by bremsstrahlung and is shown only for the electron modes. The distributions correspond to Run 2

simulated events, to which the preselection discussed in Chpt. |§| has been applied.

decays BT — KT¢(2S)(¢*¢~) and BT — K*.J/¢(£T(7) is measured:

B(B* — K*p(2S) (i) B(B — K*J/b(cte))
B(B" = K-u(2S)(ere ) B(B* —» K+ Jj(urp)
_N(BF 5 KHE8) () e(BY - KH(28)(cter))
S(BY = KH(28) (i) N(BF = Kr25)(ere )
e(BY = K J/b(utuT))  N(BY = K*Jfb(ete))
N(B* > K Jjo(urp)) e(BT — K ifdlere))

Ryas) =

(4.2)
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This ratio of branching fractions B(¢(2S) — e*e™)/B(¢(2S) — ptp~) is expected to be
unity, as no NP is expected to impact the radiative decays ¥(2S) — eTe™ or ¢)(2S) — utu~.
The precision on this ratio from previous measurements is of the order of ~ 10% [5]. As
it is a double ratio, Ry 2s) is expected to have reduced systematic uncertainties. Hence,
testing that the measurement of Ry2s) is unity is a way to make sure that all systematic
effects cancel well in the double ratio, with the caveat that in the BT — KT (25)(¢T¢7)

mode, the ¢? is larger than in the rare mode.

4.3 Outline

The remainder of this thesis is organised as follows. In Chpt. [5] all the data and simulation
samples used in this analysis are introduced. In Chpt. [6] the full selection chain is
presented. In Chpt. [7] the corrections applied to the simulation are reported, and the
efficiency computation is detailed. In Chpt. [§] the fit strategy is detailed and the results
of the fits to the control modes are reported. In Chpt. [0 the systematic uncertainties
are reported. In Chpt. , the results of the cross-checks, integrated and differential r;y,
Ry2s) are presented. In Chpt. , the fits to the rare mode are shown and the final result
is presented. In Chpt. [12] conclusions are presented.
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5. Data and simulation samples

All the samples used in the analysis are introduced in this chapter.

5.1 Data samples

The analysis presented in this thesis is based on combinations of three charged tracks: one
track being identified as a kaon, and two tracks identified as oppositely charged electrons
or muons, i.e. KTete™ or KTputpu~. The tracks are taken from collision data collected at
LHCD in Run 1 and Run 2, corresponding to the conditions shown in Tab. 3.1} In each
year, approximately half of the data is collected with the LHCb magnetic field pointing
downwards, and the other half with the magnetic field pointing upwards.

In addition to the Ktete™ and KT putpu~ samples, a sample of KTetu™ candidates is
used as a proxy for background events selected from fragments of multiple decays - so-called
combinatorial background. This sample is used to optimise the multivariate selection, as
detailed in Sec. The region 5100 < m(K*e*pu™) < 5350 MeV was removed in order
to avoid any possible NP signal from BT — KTe® ™ decays. Outside of this region, the
sample is dominated by random combinations of tracks.

Other final states are used to measure the kaon and muon particle identification
efficiencies, as detailed in Sec. [7.3] They correspond to the standard calibration samples
listed in Ref. [87].

5.2 Simulation samples

To tune the signal selection and compute efficiencies, simulated events are used. All the
simulated samples are generated using the LHCb Gauss software [88]. Gauss is based
on various packages: PYTHIA 6 and 8 [89,/90] are used to generate the proton-proton
interactions and the b hadronisation, EVTGEN is used to generate the B decays |91,
PHOTOS is used to generate final state radiation [92] and GEANT4 to simulate the
interaction of the daughter particles with the LHCb detector [93,94].

The rare decay BT — KtuTpu~ is generated using the transition form factors (see
Sec. described in [95]. The rare decay BT — KTete™ is generated using the transition
form factors from [96]. The systematic uncertainty related to the form factors is described

in Sec. [0.9]
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6. Selection

This chapter describes the selection used to isolate signal events and reduce backgrounds.
After the application of selection criteria, the yields are extracted by fitting the recon-
structed mass m(KT¢T¢~). Two main kinds of backgrounds are expected to contribute:
those that accumulate at some particular m(K¢*T¢7) mass, under or close to the signal
peak (so-called ‘peaking’ backgrounds) and those that are widely distributed in m(K¢+¢7)
(non-peaking). In this analysis, the only non-peaking background corresponds to combina-
torial events which originate from particles selected from multiple different decay modes.
When combined, the reconstructed particles happen to fall into the mass region of interest.
Such combinatorial backgrounds affect both the rare and normalisation modes, in both
the electron and muon cases, and are reduced primarily by the use of the multivariate
selection described in Sec. [6.9) The remaining backgrounds discussed below are all peaking
backgrounds. In the limit of a perfect resolution, they would be all reconstructed at
masses below the signal region at the nominal B™ mass. Resolution effects result in some
background events leaking into the signal region. Leakage also happens in the case where
a particle is mis-identified. Where possible without excessive loss of signal efficiency, these
partially-reconstructed backgrounds are reduced by the use of specific selection criteria.

In making yield estimates, the branching fractions are always taken from Ref. [5]. In
particular, the branching fractions for the rare modes over the whole ¢? range are assumed
to be:

B(BT — K*ete ) = (5.5+£0.7) x 1077, (6.1)
B(BT — Ktputu™) = (4.43+£0.24) x 107", (6.2)
In the next sections the different types of peaking backgrounds are first described and

then the different steps in the selection (preselection, trigger and multivariate selections)

are each detailed.

6.1 Types of backgrounds

In this section, the different types of backgrounds are described and the naming conventions
are introduced. The selection requirements used to reduce these backgrounds, as well as
the expected yields remaining after this selection is applied, are described in the following

sections.
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6.1.1 Charmed and strange partially-reconstructed back-

grounds

One type of peaking background stems from partially-reconstructed b-hadron decays where
one or several tracks are missing. The first type of partially-reconstructed background is a
b — stt{~ decay, where the s quark hadronises into an excited strange resonance. For
example, the decay B® — K*(K "7~ )¢*¢~, where the 7~ is not reconstructed. This type of
partially-reconstructed background is denoted ‘strange’. The second type of background is
mediated by the hadronic transition b — cc¢s, where the cc¢ system hadronises into an excited
charmonium resonance, it is denoted ‘charmed’. For example, BT — 1(25)(J/yr®) KT

9 is lost. Due to the poorer mass resolution of the electron modes, both

where the 7
charmed and strange partially-reconstructed backgrounds can leak closer to signal in the

case of the electron channels.

6.1.2 Peaking backgrounds with a single mis-identified track

In both the rare and normalisation modes, there is only one fully-reconstructed background
with a single mis-identified track: BT — J/’QDT(' oK+ OF BT — (10~ 7T<_>K+],

] indicates that the 7% is incorrectly identified as a K. This background

where the
notation 7r[ N
is expected to peak right under the signal, but is suppressed by a factor |V.q/V.s|* &~ 0.05

in the case of the normalisation modes and |V;q/Vs|? ~ 0.05 in the case of the rare modes.

6.1.3 Peaking backgrounds with two mis-identified tracks

The first fully reconstructed double mis-ID background stems from BT — K+ 7T[ o T[]
decays with both pions mis-identified as leptons. The branching fraction of this decay
is about 30 times larger than the rare decay [5]. Particle identification requirements are
therefore necessary to suppress it. There is no equivalent background for the control
modes, as J/1 — ntn~ and (2S) — 777~ decays are forbidden.

A second kind of double mis-ID background is referred to as “swaps”. For example,
a Bt — Ktw J/ (e ‘ox+l") transition where the K is mis-identified as the £ and

vice-versa could end up in the 1.1 < ¢® < 6.0 GeV? g?-range and pollute the rare mode.
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6.1.4 Cascade backgrounds

Partially reconstructed semi-leptonic V., decays, followed by a semi-leptonic V., decay, are
referred to as “cascade decays”. They are decays of the type H, — H. (K¢ 7, X){*T1,Y,
where H, is a beauty hadron (B*, B°, B? or Ap), H. an open charm hadron (D°, D¥,
D*, etc.), and X, Y are missing particles. It is also possible that such decays can be
selected with a mis-identified particle in the final state. In this case, the decay can
be H, — HC(KJFW[_HZ,]X)K*WY or H, — HC(KJFE*WX)W[LH]Y, where the pion is mis-
identified as a lepton. As at least two neutrinos are missing, these decays peak at lower
masses than the fully reconstructed signal but they can have branching fractions on the
order of a few percent i.e. approximately four orders of magnitude larger than the rare
decay signal modes.

Backgrounds with semileptonic V,;, decays have much lower branching fractions
(O(107%)) and contain mis-identified particles. The dominant BT decays have two mis-
identified particles in the final state. These are BY — pltv,, BT — wlty,, BT — nl*y,,
where p,w and 7 decay to a final state with two pions, one being mis-identified as the ¢~
and the other as the K. There are also B? decays with one mis-identified particle in the
final state. These are decays of the form B? — H, (Tv,, where H is a strange resonance

decaying to K~ and several pions, one of which must be mis-identified as ¢~.

6.1.5 Backgrounds with converted photons

Another type of background to be considered is any fully or partially-reconstructed decay
containing a photon in the final state that converts into a di-electron pair in the material
of the detector. This type of background is expected to lie at very low ¢2, but could

potentially contaminate the signal ¢* region due to resolution effects.

6.2 The selection chain

A candidate BT — KT(*{~ decay with all its three tracks reconstructed must satisfy a

chain of selection requirements which consists of the following steps:
1. Cut-based preselection requirements that belong to four categories:

(a) Decay quality requirements that reduce the sample to a manageable level;
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(b) Fiducial requirements to simplify the efficiency computation and vetoes to

reduce cascade backgrounds;
(c) Particle identification (PID) requirements to reduce mis-ID backgrounds;
(d) Selection of the ¢* range that differentiates the rare and control modes from
each other;
2. Trigger requirements;

3. Multivariate selection to further reduce the combinatorial background;

4. Finally, selection of a range in m(K+¢*t¢~) mass in which a fit is made to determine

the signal and background yields.

Events that satisfy the cut-based preselection are hereafter referred to as ‘preselected
events’. Events that satisfy the whole selection chain, including the trigger, BD'T and
mass range, are hereafter referred to as ‘fully selected events’.

All the selection requirements applied to K™ pu*pu~ and Ktete™ final states are shown
in Tab. , except the mass and ¢* range requirements which differ for the rare, ¥(25)

and J/1 modes. The following sections describe each of the selection steps in more detail.

6.3 Decay quality requirements

-

——
-
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—-
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-
-
-
-
-
-

PV <«

Figure 6.1: Schematic of a BT decay defining quantities used for the selection. The primary vertex (PV)
and decay vertex (DV) are shown, as well as the distance between the two, or flight distance (FD). The
directional angle (DIRA) and impact parameters (IP) are also represented.

Although the multivariate algorithm discussed in Sec. reduces the combinatorial

yield to a very low level, it is useful to apply some loose decay quality requirements at the
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Table 6.1: Offline selection cuts applied to the electron modes (left) and muon modes (right).

Event quality
Xap(BT) > 100

cos(DIRA) < 0.995

Xip(B*) < 25

X5y /ndof(BT) < 9

Xip(ee) > 16

X3y /ndof(ee) < 9

Xip(e) > 9

Xip(K) > 9

pr(K) > 400 MeV

nSPDHltS < 600 (Run 1)

< 450 (Run 2)
Cascade vetoes
m(K*te™) > 1885 MeV
mirak(Kte™) ¢ m(DY) +40 MeV

e—T
Fiducial cuts

pr(e) > 0.5 GeV
ple) > 3 GeV
hasRich(K,e) = true
hasCalo(e) = true
rpcoar(e) 363.6 mm
or ygcar(e) > 282.6 mm
PID cuts
probNN(K) > 0.2
DLL.(K) < 0
DLL.(¢) > 3
proby.«(K,e) < 0.3

Event quality
p(BY) > 121

cos(DIRA) < 0.9999
Xip(BT) < 16
Xpy/ndof(BT) <
Xep(pp) >
&y /ndof (up) < 12
Xip(p) >
Xip(K) >
nSPDHits < 600 (Run 1)

< 450 (Run 2)
Cascade & mis-ID vetoes
m(Ktp~) > 1885 MeV
K*p=) > 1885 MeV
¢ m(J/Y) £ 60 MeV
¢ m(¥(25)) £ 60 MeV

Fiducial cuts

mu—m(
Mg, (K p)
M (K p7)

inMuonAcc(K, p) true
hasRich(K,pu) = true
pr(p) > 0.8 GeV
PID cuts
probNNg(K) > 0.2
isMuon(K) = false
DLL,(y) > -3
isMuon(u) = true
probgee (K, 1) < 0.3

start of the selection in order to eliminate the bulk of the combinatorial background and

reduce the sample size to a manageable level. Fig. defines the quantities that are used

to characterise the decay quality. The decay quality requirements are given at the top

74



of Tab. [6.1] and are as follows:

e The selected tracks are required to form a di-lepton and a B vertex of good quality,

by requiring the x? of the decay vertex fit, x4y, to be small;

e The decay must be well aligned, meaning that the angle between the momentum
of the B* candidate and the vector linking the primary vertex to the decay vertex
(DIRA) must be close to zero. The significance of the impact parameter x# of the

BT with respect to the primary vertex is also required to be small.

e To avoid selecting random tracks coming from the primary vertex, all tracks are
required to be significantly detached from it. This is done by requiring the x% of
each track to be large, and by requiring the significance of the flight (i.e. the distance

between the primary and secondary vertices) x%p to be large;

e The number of hits in the SPD (Sec. , nSPDHits, is required to not be too larg{l

6.4 Definition of g? and mass ranges

The only two differences between the selection of the rare modes and of the control
modes are the mass ranges and ¢ ranges. They are summarised in Tab. . For the
Bt — Kt J/¢(t¢7) (BT — K*™(2S)(¢*¢7)) mode, the mass of the BT candidate is
computed by constraining the di-lepton mass to m(¢*¢~) = m(J/¥) (m(fT0~) = m((25)))
and is denoted m]‘g/%bF(KJ“ﬁ*E_) (mg(gg)(K+€+€_)) [97]. The choice of ¢* ranges is explained
below, and the choices of mass ranges are justified later in Sec. [6.10]

The lower bound of the ¢ range has been increased from 1 GeV? used in the Run 1
Ry analysis to the 1.1 GeV? that is used in other b — s¢*¢~ analyses. This allows the
contamination from Bt — Kt¢(— ¢t/7) to be minimised and is particularly important
for the electron mode where, because of the bremsstrahlung recovery, events can migrate
to higher ¢*>. The reconstructed ¢ shape for simulated ¢(— ete™) events is shown
in Fig. Based on the BT — KT ¢(— ¢T¢~) branching fraction measured in [98], and
the branching fraction for BT — K*eTe™ from [5], the BT — KT¢(— eTe™) yield in
the range 1.1 < ¢® < 6.0 GeV? is expected to be 0.1% of the B — K*ete™ yield and is
neglected.

1 As the requirement on nSPDHits is also placed by the trigger, placing it at the reconstruction level has

no effect on the total selection efficiency, but simplifies the calibration of the PID and trigger efficiencies

(see Sec. and Sec. .
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Table 6.2: Signal and control samples and their corresponding ¢? and mass ranges. These are the only

requirements that are different between the selection of the rare mode and that of the control mode.

ete” mode wp~ mode
signal mode 1.1 < ¢? < 6.0 GeV? 1.1 < ¢*> < 6.0 GeV?
4.88 <m(Ktete ) < 6.20 GeV 5.18 < m(KTptp~) < 5.60 GeV
J /1 mode 6.00 < ¢* < 12.96 GeV? 8.68 < ¢* < 10.09 GeV?
488 < mYL(K*ete ) <5.70 GV 5.18 < milb (K+utp~) < 5.70 GeV
¥(25) mode 9.92 < ¢* < 16.40 GeV? 12.5 < ¢ < 14.2 GeV?
188 < miE (Ktete ) <5.70 GV 5.18 < mbes (Kt ) < 5.70 GeV

The lower ¢ bound used is sufficient to reduce any backgrounds with a converted
photon to a completely negligible level. This is demonstrated using a sample of simulated
B® — K*%y events, where some of the photons convert to a di-electron pair. The ¢
distribution for this decay is shown on the right of Fig. . Out of the 2 x 10° simulated

events, none is reconstructed in the signal ¢* region.

'S 10F 5 10
A < [
%) I~ %] i
= 8 <= 8H
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Figure 6.2: Reconstructed ¢ shapes for simulated BT — K+¢(— ete™) events (left) and simulated
B — K*%y events where the photon has converted into a di-electron pair (right).

6.5 Fiducial cuts

Fiducial cuts are applied to veto regions where the detector is less performant, or where

some efficiencies are unknown. Requirements on p and pr are applied to ensure that
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the signal spans the same phase space as the calibration samples used to determine the
efficiency of the PID requirements (see Sec. [7.3.2), which are produced independently of
this analysis.

Similarly, tracks are required to be within the acceptance of the relevant sub-detectors
to maximise the rejection of mis-ID backgrounds: muons are required to be within the
muon chambers (using the variable inMuonAcc), electrons to have associated hits in the
calorimeters (hasCalo), and all tracks must have associated hits in the RICH detectors
(hasRich).

Some cells in the centre of the ECAL are not read out. Electrons which hit these cells
are vetoed by requiring the x and y coordinates of electron candidates at the ECAL level,
Trcar and ygoar, to satisfy the requirement xgcar, > 363.6 mm or ygcar > 282.6 mm.
This requirement rejects less than 1% of BT — K*.J/¢(eTe™) events. As the trigger and
PID efficiencies are not corrected in fine bins of xgcar and yecar, as detailed in Sec.
vetoing this region guarantees a better agreement between data and simulation.

Approximately 8% of BT — KTeTe™ events and 22% of BT — K*u™u~ events are
removed by the fiducial cuts. The loss of Bt — KTutu~ events is mostly due to the
pr(p) > 0.8 GeV requirement. This requirement could be avoided by using an alternative
PID calibration sample. This is however not done in the present analysis, as the precision

on Ry is limited by the number of electron events.

6.6 Cascade background vetoes

Cascade backgrounds are suppressed by requiring m(K*¢~) > m(D°). Mis-ID cascades

where the pion is mis-identified as a lepton, i.e. H, — H.(K ™ m_ ,_)¢{Tv,Y | are suppressed

0=
by a similar veto, switching the lepton mass hypothesis to theit of] the pion. In the muon
case, the veto is simply m,.(KTu~) > m(D"). In the electron case, the D° mass is
computed switching off the bremsstrahlung recovery to improve the mass resolution and
the veto used is |mP2%*(K+e™) — m(D°)| > 40 MeV. These cascade vetoes are illustrated
in Fig. [6.3]

The cascade vetoes retain ~ 97% of preselected BT — Ktutu~ and ~ 95% of
BT — Ktete™ events, and reduce the cascade backgrounds to a very small level. The
expected yields, NP, for simulated cascade events can be seen in Tab. [6.3] The yields
are obtained after applying the full selection including the cascade vetoes as well as the

mass window cut described in Sec. [6.10l It can be seen that a small contamination from
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Figure 6.3: KTe™ mass distributions from signal and cascade simulation samples. The decay to which
each colour corresponds is displayed below the plots. All the distributions are normalised to unity. In the
left-hand plots, the events on the left of the dashed vertical lines are vetoed. In the right-hand plots, the
events between the two dashed vertical lines are vetoed. In the right-hand plot, the mass is computed
from the track information only, whereas, in the left-hand plot, the bremsstrahlung correction to the
momentum of the electron is taken into account, resulting in a tail to the right. All plots are taken from

preselected Run 1 simulated events.

BT — D°(— K*¢~){*v, remains after applying the veto. This component is taken into
account in the fit to the rare mode by including it in the partially-reconstructed background

shape.

Table 6.3: Expected level of cascade and mis-ID backgrounds as a fraction of the relevant B* — K41/~
signal yield, when the full selection has been applied, including the ¢ cut 1.1 < ¢% < 6.0 GeVZ.

Background type Njfj(x;(i’f;)ee) Neﬁe(xg(j’ng#)
Cascades
BT — D%(— KH(~m) "y, 3.26% 0.00%
BT — D%(— K+7r[;€_])€+1/g 0.00% 0.00%
BT — D%(— K+£_V_g)ﬂ'[—i__)£+] 0.00% 0.00%
Single and double mis-ID
BT — W[J;Kﬂﬁﬁ’ 0.41% 0.41%
BT — K*W[J:_}mw[j_%,] 0.83% 0.60%
BT — K[LMJ/w(E[f_)Kﬂf_) 0.04% 0.00%
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6.7 Particle identification

To reduce mis-identified backgrounds and swaps, particle identification (PID) requirements
are used. Backgrounds with fake tracks are reduced by making a loose requirement on

prob In order to identify the kaon, a probNN,(K) > 0.2 requirement is applied

ghost -
in both muon and electron modes. To reduce backgrounds containing mis-identified
leptons, in the muon mode a combination of isMuon and DLL,, cuts are used; and in the
electron mode a requirement on DLL, is used. These requirements reduce the peaking
mis-identified backgrounds to a negligible level, as can be seen in Tab. [6.3] In the fit to
the rare modes, the peaking mis-identified backgrounds are therefore neglected. In the
case of the normalisation modes, a contamination from mis-identified B™ — 7".J /1 events
remains at a level of 0.45% and is included in the fit described in Sec.[8.2] This component

cannot be neglected due to the very high yield of the normalisation modes.

6.8 Trigger

To allow for better control of the selection efficiency, a specific set of trigger lines is used
that are either triggered on some element of the signal, triggered on signal (TOS), or
independently of the signal (TIS). The requirements that are placed at the L0, HLT1 and

HLT2 trigger levels are described in the following sections.

6.8.1 LO trigger requirements

The Ry ratio is extracted separately, using electrons events triggered by three exclusive

LO categories, which use a different L0 trigger line:
eTOS: the event is selected by the LOElectron algorithm based on one of the two electrons;

hTOS!: the event is selected by the LOHadron algorithm based on the kaon. The events from

the previous category are excluded and this is denoted with the ‘!’;

TIS!: the event is selected by the L0 algorithm based on any other track in the event,

excluding events from the two previous categories.

Since the muon trigger is much more efficient than the calorimeter-based trigger, only
the muon trigger is used to select K pu™p~ events (uTOS category, requiring the LOMuon

trigger line to be TOS on one of the two muons). To perform cross-checks, inclusive hadron
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and TIS categories, which do not exclude eTOS or eTOS and hTOS triggers, are also used
and are denoted hTOS and TIS respectively.

Table 6.4: Trigger thresholds for the electron, hadron and muon L0 triggers for each year of data-taking.
These are approximate as they change slightly during each year. For the electron and hadron triggers, the

fiducial requirements on Er are also shown.

2011 2012 2015 2016
EX0(e) threshold [ GeV] 25 30 27 24

Er(e) fiducial [ GeV] 30 3.0 27 27
EX(K) threshold [GeV] 35 3.7 36 3.8
Er(K) fiducial [GeV] 35 35 35 35
pr(p) threshold [ GeV] 15 18 28 19

In the LO trigger algorithm, electrons or hadrons can trigger if their transverse energy
EX0. as measured by the calorimeter system, is above a threshold. Muons can trigger if
their transverse momentum p%°, as measured by the muon system, is above a threshold.
The precision on EX° and p%° is much lower than on their counterparts Et and pr measured
by the tracking system. As detailed in Sec. to avoid having to perfectly calibrate the
calorimeter resolution in the simulation, an additional fiducial requirement is applied on
Er that tightens the trigger requirement. The LO trigger requirements and the fiducial
requirements depend on the year of data-taking, and are all summarised in Tab. [6.4] The
LO trigger thresholds are approximate, as they are regularly slightly changed during the

data-taking and fluctuate because of the aging of the detector.

6.8.2 HLT1 trigger requirements

If an event satisfies one of the L0 trigger algorithms, at least one of the three signal tracks
is then required to satisfy a set of HLT1 requirements. These differ between Run 1 and
Run 2.

In Run 1, one of the three signal tracks must satisfy pr > 1.6 GeV (or pr > 1.0 GeV
if it is identified as a muon), p > 3 GeV and x# > 16. These quantities are measured
using the fast HLT1 reconstruction, which is much more precise than the L0 algorithm,

see Sec. B.101
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To trigger the HLT1 stage in Run 2, one of the three signal tracks must satisfy the

following requirement

lo2(x) > Ge\l/.]()_ RO 2—b5 (25 — pr[ GeV]) + log(T4), (6.3)

where the constant b is set to either of two values during the data-taking: 73% of the
Run 2 luminosity is collected using b = 1.1, and 27% using b = 2.3. In the simulation, both
values of b are used in the same proportions as in the data. The effect of this requirement

on the pr(e),log x?p(e) two-dimensional distribution can be seen in Fig. [6.4

@10: @10:
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Figure 6.4: Distribution of pr(e),log x3p(e) for electrons selected from BT — K*.J/¢(eTe™) candidates
from the Run 2 data. The electrons are required to satisfy the HLT1 requirement (see Eq. . The left
plot has b =1 in Eq. (6.3} whereas the right plot corresponds to events selected with b = 2.3.

6.8.3 HLT?2 trigger requirements

At the HLT?2 level, the signal tracks are required to satisfy the topological trigger require-
ments. This trigger is based on a multivariate algorithm which is applied to either all
three signal tracks, or a subset of two signal tracks, selecting groups of tracks that look like
they come from the decay of a B hadron. One variable used as an input is the so-called
corrected mass Mo, which is an estimate of the mass of the mother particle, accounting

for possible missing tracks in the decay:

iss2 miss
Meorr = \/ m? +p%uss + ‘pT | >
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miss

where p7'™ is the missing momentum transverse to the direction of flight of the trigger
candidate, a trigger candidate corresponding to the combination of two or three tracks.
The other kinematic variables used as inputs are similar to those used in the multivariate
algorithm trained specifically for this analysis and described in Sec. More detail about
the topological trigger can be found in Ref. [99).

6.9 Multivariate selection

To suppress combinatorial events, TMVA Boosted Decision Trees (BDTs) [100,101] are
used. The training of the BDTs is explained in the next section. The optimisation as well

as the expected performance of the BDTs is explained in the following section.

6.9.1 Multivariate selection training

Four BDTs are trained separately for Run 1 and Run 2 samples, and for the Bt —
Ktputp~ and BT — KTete™ modes. They are trained using data events taken from
the upper mass sideband (m(K*t¢T¢~) > 5.4 GeV) as the background sample, and
simulated BT — KT¢*{~ events as the signal sample. The preselection requirements, the
1.1 < ¢® < 6.0 GeV? and trigger requirements are applied to both the signal and background
samples before training the classifier. All correction weights discussed in Chpt. [7] are
applied to the simulated sample. The training and testing is performed using the k-folding
technique [102] with ten folds to enable the entire sample to be used to both train and
test without inducing any significant statistical bias.

The variables that best discriminate between signal and combinatorial background
are the pr of all the particles, the quality of the vertex fitting and the significance of the
displacement of the tracks from the primary vertex. Hence, the classifier uses the twelve
discrimination variables which are listed in Tab. [6.5]

Variables related to the PID are not included in the training, as their distributions are
badly modelled in the simulation. Correcting the PID distributions using data events from
calibration samples in order to use them in the BDT is not envisaged here. This would
require determining the dependency of the PID variables on the BDT training variables,
and the size of the electron PID sample is too small to allow that to be done (see Sec. [7.3)).

Two different boosting methods are tested: adaptive and gradient boosting [101],103|
104]. For all trigger categories and for both the electron and muon modes, gradient

boosting offers a better performance and is therefore the algorithm used. The ROC curves
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Table 6.5: Variables used by the BDT classifier.

B* pr, log X%P7 XI2)V7 DIRA, X%D
(e~ pr, log X3

K*  pr, logxb

1 min, max(pr), min, max(log x%)

illustrating the performance of the two boosting methods are shown in Fig. for Run 2
data. The area under the ROC curve is smaller for the muon mode than for its electron

equivalent, but the muon mode has much less background before the application of the

BDT.
c 1 = c 1
i) C o~ ° r
g 0.95F 8 0.95F
T . ‘T c
X (gf. — adaboost, eTOS )
g - —— gradboost, eTOS g r  —— adaboost, pTOS
S 085 adaboost, IhTOS cossp-
g o08F- gradboost, IhTOS - & oosk e
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Figure 6.5: ROC curves for the rare modes in different trigger conditions for the Run 2 data, for the electron
mode in the three exclusive trigger categories (left) and the muon mode (right). The curves corresponding
to the BDT trained with the gradient boosting (gradboost), and adaptive boosting (adaboost) methods

are shown. It is clear from these curves that the gradient boosting has the best performance.

6.9.2 Multivariate selection optimisation and performance
The selection requirement placed on the BDT output, hereafter referred to as the working
point of the BDT, is found by optimising the expected significance S,

S
§= =% (6.4)
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where S and B are the number of signal and background events expected in the signal
region. The signal region is defined as the mass range 5210 < M (K" u*p~) < 5350 for
the muon mode and 5000 < M (KTete™) < 5380 for the electron mode.

In the case of the muon mode, the expected number of background events in the
signal region is extrapolated from the upper mass sideband using a fit with an exponential
function. In the case of the electron mode, using such a fit is less precise, because the
number of events in the sideband is small and the signal region larger. Instead, a data
sample consisting of combinations of K et~ tracks, which provides a proxy for Ktete™
combinatorial background, is used. After the application of the PID selection and cascade
vetoes, only a negligible amount of partially-reconstructed or mis-identified B hadron

decays with K*etpu™ in the final state are expected in the signal region. The KTetu~

sample is therefore dominated by combinatorial events. This sample is used to compute

NSR
SR __ aArSB Ktetp~
Ncomb - Ncomb : NSB ) (65)
Ktetu—

where NS5R (NSB ) is the number of combinatorial events in the signal region (sideband
NSR

o4 is extracted from an exponential fit to m(K et ).
K+e+u*

The fit is performed in the range 4880 < m(KTetu~) < 6250 MeV for Run 1, and
4880 < m(KTetu™) < 6700 MeV for Run 2, with the region 5100 < m < 5350 MeV

removed in order to avoid any signal from lepton flavour violating modes. This fit is
illustrated in Fig.

region). The ratio of yields

60

3 Run 2

Hevents

Hevents
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Figure 6.6: Illustration of the exponential fit to the K Te*u~ sample to extrapolate the number of events
from the sideband (m > 5400 MeV) to the signal region (5000 < m(KTete™) < 5380 MeV). The data
used is that from Run 1 (left) and Run 2 (right). The region 5100 < m < 5350 MeV is blinded.
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The expected number of signal events S is computed as

g _ BDT | Erare me_B(BT o Kre)
rare 537227 trig B(B-l— - K+J/w(f+f_))

NP (B K JJ),(6.6)

where B indicates a branching fraction taken from Ref. [5], NP™ ie(BT — K*.J/v) is
the number of control events satisfying the preselection and trigger requirements that are
extracted from the fit described in Sec. , e ™8 and eP'es g are the efficiencies of the
preselection and trigger criteria on the control modes or rare modes, e3PT

is the efficiency
of the BDT cut on the rare mode. The efficiencies are computed using simulation samples
that are fully corrected according to the procedure described in Chpt.

To find the optimal working point of the BDT, the expected significance is fitted
with a fourth order polynomial in order to smooth the curve and to mitigate statistical
fluctuations. The expected significances S for the electron mode in the eTOS category as
well as for the muon mode in Run 2 are shown in Fig. [6.7

It is also checked that the BDT working point and electron DLL, cut yield the optimal
significance. The ROC curves made separately for each fold are checked to be compatible

with each other, and the BDT is checked to not be overtrained.

m 16 m 31f
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Figure 6.7: Expected significance as a function of the BDT working point for the BT — K*ete™ decay
in the eTOS category (left), and BT — KT uTpu~ decay (right). Both plots are for the Run 2 data only,

and the working point for the Run 1 data is found using the exact same method.

The BDT optimal working points, as well as the expected signal and combinatorial
yields in the signal window, are shown in Tab. [6.6] In the case of the electron mode, the
combinatorial yield is estimated either by using the K ey~ sample as explained above,

or, as a cross-check, by using an exponential fit to the KTete™ upper mass sideband
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directly. The two methods are in good agreement with each other, but using the Kte®pu~
sample yields a better statistical precision.

In order to keep the selection of the rare and control modes as similar as possible, the
same BDT working point, which is chosen on the basis of the assumed rare decay yields,
is used for BY — Kt 0~, Bt — KtJ/¢Y((*{~) and BT — KT¢(25)(T¢7).

Table 6.6: Expected signal and combinatorial yields in the fit window for the electron and muon rare
modes in different trigger and data-taking conditions, for the BDT working point (wp) optimising the
expected significance §. The uncertainty on the signal yields takes only into account the statistical
uncertainty of the simulation samples. In the case of the electron mode, the combinatorial level is either
estimated using the K et u~ sample as a proxy (comb. 1), or extrapolating the number of events from

the upper mass sideband to the signal region using an exponential fit to the KTe*e™ mass (comb. 2).

wp signal comb. 1 comb. 2
Run 1
BT — KTete™ ¢TOS | 0.89 206.74+2.1 115+23 210=£110
Bt — K*tete” hTOS! | 0.79 709414 171434 160460
BT — KTete™ TIS! 087 762+13 48+19 60 £ 60
BT — Ktptu~ pTOS | 0.81 1003 £ 6 244 + 30
Run 2
BT — KTete™ eTOS | 0.86 345.64+0.9 199429 170+ 50
BT — KTete” WTOS! | 0.86 90.7+1.8 97+24 120+60
BT — KTete TIS! 0.85 988+1.6 86+18 100+ 40
Bt — Ktptu~ uTOS | 0.79 886 + 5 192 4 26

6.10 Fit window

All the selection requirements described so far are used to suppress mis-identified, combina-
torial and cascade backgrounds. However, the strange and charmed partially-reconstructed
backgrounds, defined in Sec. [6.1] are not suppressed by any dedicated selection. The
discrimination power comes from the fact that these backgrounds peak at a lower KT¢*¢~
mass than the signal, and a fit to the K /"¢~ mass is used to separate them.

In the muon case, the mass resolution enables placing a cut at m(K " ptp~) > 5.18 GeV,

which suppresses all the partially-reconstructed backgrounds, while keeping more than
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99% of the signal. Partially reconstructed backgrounds are expected to peak below
m(B) —m(m) ~ 5.14 GeV.

In the electron case, bremsstrahlung results in the signal mass peak having a long
tail to the left and it is not possible to place a tight cut on m(KTete™) to suppress all
the partially-reconstructed backgrounds while keeping a large proportion of the signal.
Instead, it is necessary to include these backgrounds in the fit.

The partially-reconstructed backgrounds to the BT — K*.J/i(ete™) control mode
are studied using an inclusive simulation sample containing H, — J/¢X decays, to which
the preselection is applied. The beauty hadron H, is either a B*, B and BFl The
fractions of events in each possible decay are set using the fragmentation fractions from
Ref. [105] and branching fractions from Ref. [L05]. As explained in Sec. [8.1] the decays
Bt — J/y(— ete y)KT and BT — J/¢(— ete y)nT are not included in this inclusive
sample, and are taken into account in the fit as the signal and peaking mis-ID background
components, respectively.

The J/1-constrained mass m]‘g/;"F shape from the inclusive sample is shown in Fig. .
It can be seen that at high mass, the most significant components belong to the strange
partially-reconstructed background category; whereas at low mass, charmed components
dominate. The strange components all have an equivalent in the rare mode (substituting
the J/1 for a dielectron eTe™) but the charmed components have no such equivalent.
In Fig. , H refers to either K* — K*m or ¢ — K™K, whereas H* refers to heavier
resonances decaying to more than two particles and H, refers to a charm resonance heavier
than the J/4.

The partially-reconstructed backgrounds to the BT — K*ete™ rare mode are studied
using four samples of preselected events from the partially-reconstructed simulated decays
B - K*(— K*tn )ete™, Bt - K{(— Ktntn )ete”, BT — K (— KtrTn )ete”
and B — J/¢X. In addition, simulated BT — KT .J/¢(e*e™) decays are also used which,
due to bremsstrahlung, can leak into the signal ¢* region and peak at low m(KTete™)
mass. The mass distributions for these five background samples are shown in Fig. [6.8|
In the region with m(K*ete™) > 4.88 GeV, the partially-reconstructed background is
completely dominated by the B — K*(— KTm)ete™ component. By contrast, the leakage
from BT — K*.J/¢(eTe™) is large in the region with m(KTete™) < 4.88 GeV. The
Bt — K{,(— K*rtn~)ete” component also starts to be significant below m(K*ete™) <
4.88 GeV, which is potentially problematic in the fit, as the B* — K{,ee™ branching

2Contributions from B or AY are negligible
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fraction is not knowrﬂ Given the negligibly small contribution, Fig. also demonstrates

that charmed partially-reconstructed backgrounds are irrelevant for the rare mode.

3 Hy — Hsee o 3 B_ Kee

7 Hy~ Hsee(s) o B*- Ki'ee

% P(29) - ee (c) % B Kee

* WH-JyX () = . B - KTJY(- eo)
Vg - eeX () f gt e X K*/
[ misiD B- JYH(~ K"Y)

£0o 4800 5000 5200 . 5400 5600 00 4800 5000 5200 5400 5600
m§i(K'e'e) [MeV] m(K*e'e) [MeV]

Figure 6.8: Constrained B mass distribution for partially-reconstructed backgrounds to the
Bt — KtJ/y(ete™) mode (left), to the rare Bt — KTeTe™ mode (right). In the left figure, the
labels (s) and (c) stand for the strange and charmed partially-reconstructed background components. The
preselection, including the cut 1.1 < ¢% < 6.0 GeV?, is applied to all samples. The lower mass cut (i.e.

lower limit of the fit window) used in the present analysis is shown with a dotted black line.

Considering Fig.[6.8] the lower mass cut is chosen to be ~ 300 GeV below the nominal B+
mass, that is mj;/szF(K*e*e’) > 4.88 GeV for the normalisation mode BT — Kt .J/y(ete™)
and m(K*tete™) > 4.88 GeV for the rare mode BT — KTeTe™. In the case of the
normalisation mode, this cut is more than 99% efficient on signal, and removes most of
the charmed partially-reconstructed backgrounds. In the case of the rare mode, the cut
m(Ktete™) > 4.88 GeV is 85% efficient on signal and eliminates most of the leakage
from B* — K*.J/y(e*e™) and the background from B — K{')(— K*ntn~)eTe™ events.

The mass windows used for all modes are summarised in Tab. [6.2]

6.11 Multiple candidates

After the whole selection, the fraction of events containing several candidates is at the

sub-percent level for all modes. The fraction of events having multiple candidates for the

3For the purpose of the plot, the branching fraction has been set to

B(BT = Kiyete™) =B(B” — K*ete™) - B(BT — K{,J/¢)/B(BT — K*J/¢)

38



Bt — K" J/1 mode in both simulation and data is reported in Tab. When multiple

candidates are found for the same event, one candidate chosen at random is kept.

Table 6.7: Fraction of events for which more than one BT — KT .J/1¢ candidates are reconstructed, when

the full selection chain is applied.

simulation data
rare ee rare upu  J/pee J/ pp | J/pee T/ pp
Run 1| 0.30% 0.01% 0.20% 0.04% | 0.10% 0.01%
Run 2 | 047% 0.03%  0.32% 0.03% | 0.17% 0.03%
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7. Efficiencies and corrections to the

simulation

The total efficiency of the full selection summarised in Sec. can be factorised into
several terms:

tot __ _geom

e — ¢ . grec,pres . ~PID trig 8BDT (71>

e e
where:

o 8™ ig the efficiency of all tracks having a polar angle between 10 mrad and 400 mrad

(an approximation of the LHCb acceptance);

o P g the efficiency of the tracking, vertex reconstruction and preselection,
including the ¢ cut that is used to separate the signal and normalisation modes
(see Tab. [6.2)), but omitting the PID cuts;

o PP is the efficiency of all the PID cuts;
e £ ig the efficiency of the L0 and HLT trigger requirements;
o BPT s the efficiency of the BDT selection.

Each efficiency is computed on events that have satisfied the previous requirement in
the list, e.g. €8 is computed with events that have satisfied the PID selection. The
total efficiency £** is computed using simulated samples which are corrected using control
channels selected from the data. These corrections are applied using three types of weights
which are computed on an event-by-event basis. Firstly, the PID distributions are mis-

modelled in the simulation. Therefore, the PID requirements are not applied to simulated

events and instead, events are assigned a weight w™P = el . elP . P[P where 2P and

;i are PID efficiencies extracted from control samples. The independence of the electron

weights is established in Sec. [7.3.3] Secondly, the trigger efficiencies are corrected using

trig

a weight w'™8 corresponding to a data/simulation ratio of trigger efficiencies. Thirdly,

after applying the trigger and PID corrections, the kinematics of simulated BT mesons are

corrected to match those observed in the data, resulting in kinematic weights labelled w"i™.

kin
gen

momentum and rapidity distributions of all B* generated in the simulation. These weights

Two sets of kinematic weights are computed. The first is labelled w? and corrects the
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directly impact on the reconstruction efficiency. The second is labelled wX and correct for
the momentum and rapidity distributions, as well as variables related to the vertex quality.
This set of weights is not applied to all simulated B mesons, but only to those that have
been reconstructed and have satisfied the preselection requirements. Correcting vertex
quality variables is important in order to be able to compute the efficiency of the BDT
selection properly, but has a negligible impact on the efficiency of the loose preselection
requirements.

The expression for the total efficiency is then,

kin kin PID trig
tot _ rec wgen . Zsel Wyee =W w (7 2)
Z wkin Z wkin ) :
all *“gen rec ~rec
~ TV 7 ~ vV -
g8eom crec,pres EPID,Etrig,EBDT

where ), indicates a sum over all simulated B decays, ) .. indicates a sum over
reconstructed events to which the preselection requirements — except the PID requirements
— have been applied, >, indicates a sum over fully selected events, to which the full
selection chain — except the PID requirements — has been applied.

For the rare modes, the branching fraction of interest is defined in a range of the “true”
di-lepton invariant mass, 1.1 < ¢2,. < 6.0 GeV? (the exact definition of ¢2,. is explained in
detail in Sec. [7.1)). To extract it, the efficiency-corrected yield of BT — K*¢*¢~ events in
1.1 < ¢, < 6.0 GeV? Niy(BT — K*(*¢~), must be computed (i.e. Ni,(BY — KT+(7)
is the total yield of B¥ — K*(*/~ events in 1.1 < ¢, < 6.0 GeV? before any detector
effects). This efficiency-corrected yield is related to the yield of fully selected rare decay

events in the range 1.1 < ¢® < 6.0 GeV?, N**/(B+* — K*¢+(7), by
Nsel(B+ N K+f+€_) :NH(B+ — K+€+ﬁ_) . 5t0t(B+ N K+€+€_) (73)

= Nin(BY = KTerer)- I

where Ny is the total number of events in the whole ¢ range, and f ¢ is the fraction of

N BT KT, (7.4)

Bt — K*t{*(~ events in the range 1.1 < ¢2,. < 6.0 GeV2. In practice, f¢° is computed

from simulated events as

kin
2 den,1.1<qt2rue<6.0 GeV? wgen

o= .
den,all q2 wlg((lerrll

Note that while this ratio is dependent on the generated ¢? distribution, and hence the

(7.5)

form factors assumed in the model, the selection efficiency has a component that, barring

small resolution effects, cancels this dependence.
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Hence, the ratio of branching fractions between the rare mode, in the range
1.1 < g2, <6.0GeV? and the BY — K*.J/¢(£*(7) control mode is given by

B(B* — K007y, Nu(BT — K*+e+e7)

B(BT — KVJ/Y)  N(BT — KVJJY) o
B Nan(BT — K*007) e
~ N(Bt = K+J/) ! "
B Nsel(B+ —>K+€+€_) . 8tot(BJr — K+J/¢) .qu (7.8)

o Nsel(B+ — K+J/z/1) Etot(B-l— - K+g+g—)

where the subscript ‘in’ means in the range 1.1 < ¢Z,, < 6.0 GeV? and ‘all’ means over the
full ¢®> range. The following sections give more detail on how each efficiency is computed

and how each correction weight is determined.

7.1 Truth-matching, ghosts, and the definition of

2
qtrue

Once the simulation software has generated a proton-proton collision and propagated the
final state particles into the detector, the full tracking and reconstruction software is run
on the simulated event, just as it would be for the real data. For a simulated signal track,
accessing the particle that generated it, and the value of its ‘true’ momentum prior to any
detector effect is vital to correct the kinematic (Sec. and ¢ resolution (Sec. [7.8). The
algorithm that provides this information is referred to as the truth-matching algorithm.
For a small fraction of simulated signal events, the truth-matching algorithm fails and
one or several tracks in these events end up being mis-classified as ghost tracks. The
fraction of ghosts is higher for the electron mode than for the muon modes, as summarised
in Tab. It is then impossible to tell whether a simulated track classified as a ghost is
a signal or background track. This background in the simulation of signal decays must
be suppressed to avoid biasing the efficiencies and this is done in three ways. First, only
events with one track classified as a ghost, and the two others correctly matched to a
. cut (see in Tab. [6.1)) also
helps reduce the fraction of combinatorial events. Third, applying the BDT requirement

lepton or a kaon, are retained. Second, applying the probg,,

eliminates the majority of the remaining combinatorial events. This means that g'®®Pres,

ePID and ™8 cannot be computed taking signal events mis-classified as ghosts into account,

only the total efficiency €', including the BDT cut, take such signal events into account.

92



Hence, events containing a track classified as a ghost are excluded in extracting all the

correction weights, but are included in computing the final total efficiency.

Table 7.1: Relative fractions of simulated events classified as ghosts in fully selected BT — K+/¢*¢~ and
Bt — KtJ/y({*07) events, after removing multiple candidates.

- s
rare J/¢Y rare J/¢
Run1 | 42% 3.7% 1.5% 1.6%

Run 2 | 5.1% 4.2% 2.0% 1.9%

e

The true ¢%, ¢2,., is here defined not only prior to any detector effect, but also prior
to FSR (see Sec. . As electrons are relatively light, they can lose a significant amount
of energy via FSR. The simulation of FSR, which is handled by PHOTOS, has been tested
and validated in Ref. [41]. The distributions of the reconstructed ¢ = |pe+ + pe-|°, as well
as the true pre-FSR ¢f,,,, and true post-FSR ¢, psg are shown in Fig. for simulated
Bt — Ktete™ and Bt — KT J/¢(ete™) events. The Bt — KT .J/y(ete™) distribution
post-FSR has a large tail to the left due to FSR from the electrons, which is absent on the
pre-FSR distribution.

‘510 ‘5 10F :
Sk o f
2 s8F 8 gk 1
# 6 rec. ¢? # 6
4 pOSt_FSR q‘?rue,FSR 4:_
oF pre-FSR ¢2. 2k
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Figure 7.1: Distribution of the reconstructed ¢ (black), true post-FSR ¢? (red) and true pre-FSR ¢
(blue) for simulated B* — Ktete™ events (left) and BY — Kt.J/1(ete™) events (right).
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7.2 Fit to the preselected control modes

A fit to the control modes B* — K*.J/iy(ete”) and BT — K+ J/y(utp~) is performed
after applying the preselection and trigger requirements, but without applying the BDT
cut. This is done, firstly, to obtain the yield of Bt — KT.J/1 events, that is used to
optimise the BDT (see Sec. , and, secondly, to obtain background-subtracted data
samples that are used to extract the data/simulation correction weights. In order to
statistically subtract the background, the sPlot method is used [106].

The fits to mIJ)/#F for preselected BT — K*J/¢¥(u* ) and eTOS Bt — KtJ/i(ete)
in the Run 2 data, as well as their pulls, are shown in Fig.[7.2] A description of the fit
shapes can be found in Sec. 8.1}

7.3 Corrections to particle identification efficiencies

The performance of the RICH detector and calorimeters is not accurately simulated by the
LHCD simulation software. As a result, the efficiencies of the PID requirements summarised
in Sec. cannot be predicted using the simulation samples. Instead, calibration samples
from the data are used to compute the PID efficiencies as a function of kinematic variables.
The way in which the calibration samples are selected and the PID efficiencies parametrised
has been used in many previous LHCb analyses and is documented in Ref. [87]. The
computation for the efficiencies of all particle species relevant to the present analysis are

presented below.

7.3.1 Kaon, muon and pion (mis-)identification efficiencies

The PID efficiencies for kaons and muons, as well as the pion mis-identification efficiencies
to a kaon (which are different in the muon and electron modes), are measured using data
calibration samples of D° — K7~ decays and J/¢ — p*u~ decays. These two-body
decays are selected cleanly without the application of PID criteria, and a ‘tag & probe’
method is used to determine the efficiencies: no PID requirement is applied to the track
used to measure the PID efficiency (probe), but a tight PID requirement is applied to the
other track (tag). It is moreover insured that all requirements applied to the calibration
sample that may affect the PID efficiency as measured on the probe are aligned to those
used for the signal and control modes, see Tab. [6.1} Fiducial cuts are applied to ensure

that the particles are within the acceptance of the relevant detector (RICH, calorimeters
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Figure 7.2: Fit to preselected BT — K*.J/¢(utp™) (top) and BT — K+.J/i(ete™) (bottom) events in
the eTOS trigger category. Both fits correspond to the Run 2 data. The different components of the fit
are indicated in the legend, where ‘prc’ stands for partially-reconstructed background. The fit quality,
while not perfect, is adequate for the purpose of extracting the control channel yield with an error that is

irrelevant compared to that of the BT — K+eTe™ yield, which is two orders of magnitude smaller.
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or muon chambers), and the occupancy cut on nSPDHits is also applied to the calibration
samples.

In each selected calibration sample, a fit to the reconstructed mass of the D° or J/1)
meson from which the probe originates is performed in order to subtract the background
using the sWeight method [106]. In each kinematic bin, the efficiency P of a PID
requirement is computed using this background-subtracted sample.

The reconstruction of the control modes, the fits and the extraction of the efficiencies
are performed centrally for all LHCb analyses [107]. In the case of the muons and kaons
from the muon modes, calibration histograms are produced separately for the isMuon
cuts and for the DLL (or probNN) cut, in order to be able to study the isMuon efficiency
separately from the other requirement. All the PID efficiencies are broken down into bins
of year, magnet polarity, momentum and rapidity. Efficiencies are expected to depend on
the occupancy. However, they are not binned in any occupancy proxy (like nSPDHits or
nTracks) because these proxies are badly described by the simulation, and, being drawn
from the same data samples, the occupancy of the calibration samples is very similar to
that of the signal samples.

To find the optimal binning in momentum and rapidity, the following procedure is
used, inspired by Ref. [108]:

1. An initial binning is chosen such that events are equally-distributed in ten rapidity

bins and 100 momentum bins;
2. The 2D rapidity, momentum histograms are projected into two 1D histograms;

3. In each of the two projections, if the efficiency values in two adjacent bins are less

than 2.5 standard deviations apart, the bins are merged together.

This method allows a compromise to be found between having enough bins to cover the
efficiency variation, and having enough events in each bin to be able to compute the
efficiency precisely.

As an example, the projections of the calibration histograms onto the momentum for
muons and kaons are shown for the 2016 magnet down data taking conditions in Fig. [7.3|
The rest of the kaon and muon PID histograms in other data-taking conditions are similar

and are not reported in this thesis.
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Figure 7.3: Efficiencies of the PID requirements applied to muons (top) and kaons (bottom) as a function

of their momentum. The efficiencies are shown before (red) and after (black) the reweighting algorithm.

7.3.2 Electron identification efficiencies

The calibration of the electron PID efficiencies uses a tag & probe method on the decay
of the normalisation mode B* — KT.J/iy(e*e™), but the sample is reconstructed using a
different selection. In particular, the tag is required to satisfy pr > 1.5 GeV and DLL, > 5,
whereas all PID requirements on the probe are removed.

The electron PID efficiency is binned in several quantities: the year of data-taking,
momentum, rapidity, and two bins for whether the probe electron has a bremsstrahlung
photon associated with it or not. The latter variable is denoted hasBrem. The electron
PID efficiencies in the two magnet polarities are found to be compatible within their errors.

The sWeight method that was used to subtract the background in order to extract muon
and kaon PID efficiencies cannot be used to precisely extract electron PID efficiencies,

because the level of combinatorial background is higher, and the mass shape of the
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Figure 7.4: Efficiency of the PID requirement DLL, > 3 measured from the Bt — KTJ/iy(ete™)
calibration sample in the 2016 data. Efficiencies are shown as a function of momentum (top left), rapidity
(top right) and whether the electron track has a bremsstrahlung cluster associated with it. The black
dots correspond to the efficiencies computed with the sWeight method, and the red dots to the efficiencies
computed with the fit & count method (nominal). The blue dots correspond to an alternative binning

scheme used to compute systematic uncertainties (see Sec. .

combinatorial background is correlated with the PID variable. The sWeight method is
therefore used only to find the optimal binning in p and 7 using the algorithm described
in Sec. . In each kinematic bin, a fit to the J/¢-constrained B mass is performed to
extract the yields before and after applying the PID cut, and the ratio of these two yields
gives the efficiency of the cut. This method is referred to as the fit & count method.
The electron PID efficiencies measured on the 2016 data sample, and projected onto p,
n and hasBrem are shown in Fig.[7.4 The efficiencies computed with the sWeight method,
as well as the default ones computed with the fit & count method are shown, and the
difference illustrates the use of the sWeight method would result in a biased efficiency at

the level of a few percent. The histograms made using the 2011, 2012 or 2015 data are
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similar and are not reported in this thesis.

7.3.3 Combination of PID efficiencies and biases

The weight w"'P in Eq. that is used to calculate the efficiency of the PID requirements
is computed as the product of the PID efficiencies for each track, extracted from the PID

calibration histograms,
wPID — gPID(K+) . gPID([&-) . 5PID(£—>. (79>

As explained below Eq. , the PID efficiencies €"'P are defined on preselected events,
before applying the trigger requirements.

The way in which the PID efficiencies are computed could result in two potential biases:

1. Factorisation bias: The assumption that the PID efficiencies of the three tracks are
independent might not hold perfectly. This is particularly the case for the electron
tracks, as the DLL, variable requires inputs from the calorimeters, which have a
low granularity (i.e. two electron clusters, or their bremsstrahlung clusters, can be

superimposed in the calorimeter and might correlate their DLL responses);

2. Trigger bias: the trigger requirements used in the calibration samples could also bias
the PID response in two ways. For the muon mode, the LOMuon trigger might bias
the efficiency of the isMuon requirement. For the electron mode, the LOElectron

trigger might bias the efficiency of the requirement on DLL..

Concerning the muon PID efficiencies, the factorisation bias is absent and the trigger bias
is reduced to a negligible level by requiring each event in the calibration sample to have
been triggered independently of the muon probe. However, some biases impact the kaon
and electron PID efficiencies. These biases are studied on Bt — K*.J/i(ete™) simulated
events, as detailed below.

The efficiency of the PID cut probNN, > 0.2 & DLL,. < 0 as a function of momentum
for simulated kaons in the decay BT — K*.J/¢(ete™) is shown in Fig. In black, only
the preselection is applied. In red, the electron PID requirements are applied. In blue, any
trigger line is required to have fired. In orange, the event is required to have been triggered
independently of the probe. The agreement between the red and black shows that the
efficiency of the kaon PID requirement is independent of the electron PID requirement.

There is a slight disagreement between black and blue, showing that there is a small trigger
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bias. The kaon PID calibration sample uses a decay different from that used for Fig.
D° — K*m~, so the exact size of the bias cannot be deduced from Fig. [7.5
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Figure 7.5: Efficiency of the kaon (left) and electron (right) PID cut as a function of momentum, from
simulated BT — K+.J/1y(ete™) events in the Run 2 data-taking conditions. The different colours highlight

the trigger and factorisation biases as explained in the text.

The efficiency of the PID cut DLL, > 3 applied on one of the electrons in simulated
Bt — KtJ/iy(ete™) events is shown in Fig. In black, only the preselection is applied.
In red, the PID cut is applied to the other electron in the event. In blue, any trigger line
is required to have fired. In orange, the probe electron is required to be TIS at the L0 and
HLT trigger levels. The agreement between red and black shows that the two electron
PID efficiencies factorise. There is, however, a small trigger bias. Unlike in the muon case,
where this could be corrected with the TIS requirement on the probe, this is not the case
with electrons, as there is still a disagreement between the orange and black.

To summarise, the PID efficiencies factorise well between the three particles in the
decay. There is however a small trigger bias when computing the electron and kaon PID

efficiencies. The systematic uncertainty associated with this bias is discussed in Sec. [9.4]

7.4 Calibration of LO trigger efficiencies

The efficiencies of the four L0 trigger categories defined in Sec. are known to be
described imperfectly in the simulation. Therefore, they are calibrated from the data
using BT — K*J/¢(ete”) and BT — K*J/¢(u" ) decays, to which the preselection
requirements, including the PID cuts, are applied. The sWeight method is employed
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to subtract the background and obtain statistically clean data samples, using the fits
described in Sec. [7.2] After applying the PID cuts, the normalisation samples have a very
low background level and, in contrast to the electron PID calibration histograms, the bias
related to the sWeight is negligible.

The weights w'™® applied to the simulation are defined as a data-over-simulation ratio
of trigger efficiencies. This is different from the PID weights, which are defined as PID
efficiencies measured from the data. This has to be the case as the HLT requirement
is very dependent on the L0 response, and ignoring this correlation would introduce a
significant bias (on the order of 10% on the total trigger efficiency).

As explained below Eq. [7.1] the trigger efficiency is defined on the sample of events
that have passed the preselection and PID requirements. This sample is accessible in the
simulation, but not fully in the real data: events that are recorded on tape must have
satisfied the requirements of at least one trigger line at the three trigger levels. Hence,
the efficiency of one particle from the B decay, referred to as the probe, satisfying the
requirements of one L0 trigger line can only be measured on a sample of events that have
been triggered by another particle. This other particle is referred to as the tag. It is then
possible that the trigger requirement on the tag biases the trigger efficiency of the probe.
Therefore, when measuring the efficiency of one trigger line, several different tags are used

to assess the size of the bias.

7.4.1 LO efficiency measurements on simulated events

The trigger efficiencies are measured separately in each year of data-taking. They are
first studied using simulated BT — K*.J/y(¢T¢") events. The trigger efficiencies of the
LOMuon, LOElectron, LOHadron lines, as well as that of the TIS trigger category, are shown
in Fig. for 2016 simulated events. For each of the four trigger categories, the ‘direct’
trigger efficiency is shown in black. This corresponds to the trigger efficiency measured on
events that satisfy the preselection, including the PID requirements, without using any
tag. The ‘direct’ efficiency is therefore accessible in the simulation but not in the data,
and is used in the simulation to assess the size of the tag bias. The trigger efficiencies
using various tags are shown with different colours.

In the case of the LOMuon, LOElectron, LOHadron lines, all the tagged efficiencies are
close to the direct ones, indicating that the tag bias is small. The systematic uncertainty
the tag bias introduces is discussed in Sec. [0.5] The histograms shown in Fig. are

explained in more detail below.
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pTOS calibration histograms

LOou
sim

The efficiency of a muon satisfying the LOMuon line requirement, (), is measured as
a function of pr(u) using Bt — KT J/y(uTpu~) events. The efficiency, measured using
events simulated with the 2016 data-taking conditions, is shown in Fig. [7.6a]

The efficiency is measured on events that have been triggered by three possible tags.
The first tag is any track in the event, not originating from the signal B, which triggers
any L0 line. The second tag is the other muon from the J/v — p*p~ decay that triggers
the LOMuon line. The third tag is the kaon from the B decay which triggers the LOHadron
line. These three tags are respectively labelled ‘TIS tag’, ‘u tag’ and ‘K tag’ in Fig.[7.6a
The TIS tag is used for the nominal trigger corrections.

In order to reduce the uncertainty due to the limited size of the trigger calibration
samples, the trigger efficiency histograms are fitted with the sum of two error functions

with four free parameters,

f.%. (1 +erf(E\;§;1t)> (-1 % (1 +erf(E\;§;2t)> , (7.10)

where t is the threshold, o1 and o, the resolution of each error function and f the fraction

of each error function. Using a single error function with one resolution parameter only
does not yield a satisfactory fit. This may be due to the fact that the resolution of the
muon system depends on the transverse coordinate, ¢.e. better closer to the beam pipe
where the GEM detectors are used. The fit function is shown as a solid line on top of
all trigger calibration histograms. The data is not fitted below pr(u) < 800 MeV, as all

events in this region are removed by a preselection requirement (see Tab. |6.1]).

eTOS calibration histograms

The efficiency of an electron e satisfying the LOElectron line requirement, £X%(e), is

parametrised as a function of two variables: the transverse energy and which of the three
ECAL regions the electron deposits its energy in. As explained in Sec. [3.7], the size of
the ECAL cells depends on the ECAL region (smallest cells in the inner part and largest
cells in the outer part), and therefore the response of the LOElectron trigger is expected
to depend on the ECAL region. The LOElectron efficiency, measured using simulated
Bt — K*J/¢(e*e™) events in the 2016 data-taking conditions, is shown in Fig. [7.6b]
The efficiency is measured as a function of as a function of Er and for the outer region in
the ECAL. The equivalent plots for the two other ECAL regions are similar and are not

shown in this thesis.
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Figure 7.6: Efficiencies of the LOMuon trigger algorithm (top left), LOElectron (top right), LOHadron
(bottom left) and TIS (bottom right). They are respectively shown as a function of the transverse
momentum of the muon, transverse energy of the electron, transverse energy of the kaon and transverse
momentum of the BT in BT — K*J/¢(¢T¢~) simulated decays. All plots correspond to the 2016
data-taking conditions, and the LOElectron and LOHadron plots show the efficiency measured in the outer
region of the calorimeter only. The different colours correspond to the different tags discussed in the text.
The efficiencies shown in red always correspond to the nominal trigger efficiency measurement, and those
in black to the direct (no tag) measurement. The fits to the efficiency histograms are shown with coloured

lines.

The efficiency is measured on events that have been triggered at the L0 by either of
two tags. The first tag is a hadron or a muon independent of the signal B that triggers the
LOHadron or LOMuon lines. This is labelled as ‘TIS tag’ in Fig. and it is the tag used

for the nominal trigger corrections. The second tag is a kaon in the B decay that triggers
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the LOHadron line. This is labelled as ‘K tag’ in Fig. [7.6D] and has a poorer statistical
precision than the previous category.

The trigger efficiencies are fitted with an error function with three free parameters:

 rem(Z0)

where ¢ is the threshold, o the resolution and a the efficiency at Er = 0. The parameter a

is non-zero because noise or hits in the ECAL from other tracks in the event can fire the
trigger and be falsely matched to the candidate, independently of its Er value. The fit

function is again shown as a solid line on top of the trigger calibration histogram.

hTOS calibration histograms

In a similar way to the LOElectron efficiency, the efficiency of the kaon K satisfying the
LOh

LOHadron line requirement, ¢ (K) is measured on simulated data. Following the same
arguments as for the LOElectron efficiency, the LOHadron efficiency is parametrised as a
function of the transverse energy of the kaon and which of the two HCAL regions the kaon
deposits its energy in.

The LOHadron efficiency measured using the kaon in BT — K*J/¢(u"p~) and BT —
Kt J/y(ete™) simulated events is shown in Fig. for the 2016 data-taking conditions.
The efficiency is measured on events where either of four tags have satisfied the L0 trigger
requirements. The first one is using B — K*.J/¢(eTe™) events that have been triggered
by one of the two electrons satisfying the requirements of the LOElectron line. The second
one is using BT — KJ/¢(ut ™) events that have been triggered by one of the two muons
satisfying the requirements of the LOMuon line. The third one is using Bt — K*.J/i(ete™)
events that have been triggered by any particle not originating from the signal B that
has satisfied the requirements of any LO trigger line. The fourth and last one is using
the same strategy as in the previous case but using Bt — K*.J/¢(u" ™) events. These
four possible tags are respectively labelled as ‘e tag’, ‘u tag’, ‘ee TIS tag’ and ‘up TIS
tag’ in Fig. [7.6d The u tag is used as the nominal tag for the hadron trigger corrections,
because it has the highest yield and hence the best precision.

The data and simulation histograms are fitted with the same function that was used
for the LOElectron efficiency, Eq. [7.11} The fit function is again shown as a solid line on

top of all the trigger calibration histograms.
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TIS calibration histograms

LOTIS

The efficiency of an event satisfying the TIS requirement, £, *, is measured as a function
of the transverse momentum of the B, pr(B), as it is expected to be correlated with
the transverse momentum of the system resulting from the hadronisation of the opposite
b-quark, which directly impacts on the TIS efficiency.

Approximately 55% of BT — K*J/¢(ete”) and 60% of Bt — K*J/¢(utp~) TIS
events are triggered by a hadron, and the TIS efficiency therefore depends on whether the
kaon from the signal decay has passed the LOHadron line requirement or not. As one of the
trigger categories used to extract Rk is the exclusive TIS! category, the TIS calibration
histograms are extracted only for events where the kaon did not fire the hadron trigger.
The TIS efficiency measured on B* — K*.J/¢(utp~) and BT — KTJ/¢(eTe™) events
from the data collected in 2016 is shown in Fig. [7.6d]

The TIS efficiency measured on selected BT — K*J/¢(ete”) and
Bt — Kt J/y(utu~) events without a tag are labelled ‘ee direct’ and ‘up direct’
in Fig. and are incompatible with each other. The efficiency is also measured using
two different tags: First, the efficiency is measured on BT — K*.J/i(eTe™) events that
have been triggered in the L0 trigger algorithm by one of the two electrons satisfying
the LOElectron requirements. This is labelled as ‘ee, e tag’ in Fig. [7.6d. Second, the
efficiency is measured as for the ‘ee, e tag’, but using B — KTJ/y(u"p~) events and
the LOMuon trigger. This is labelled as ‘uu, p tag’ in Fig. [7.6d]

The e tag is used as the nominal tag for the TIS trigger corrections in the electron
mode. However, it is clear from Fig. that the tag bias in the electron mode is large,
and that the muon mode cannot be used to correct the TIS efficiencies in the electron
mode. The difference in the TIS efficiency between the electron and muon modes as well
as the tag bias are due to ‘fake TIS’ events, as discussed in more detail in Sec.[9.5] The

systematic uncertainty associated to the tag bias is also discussed in Sec.

7.4.2 LO efficiency measurements on data and data/simulation

ratio

For Bt — K*J/¢(utp~) and Bt — K*J/i(ete™) data, the trigger efficiencies (5t
ghle " elh and eLOTIS) are measured, parametrised and fitted in the exact same way as
for simulated events. The ratio of trigger efficiencies between data and simulation for the

year 2016 are shown in Fig. [7.7] The efficiency ratios for the other years of data-taking
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are similar and not reported in this thesis. In the case of the LOMuon, LOElectron and
LOHadron trigger lines, it is clearly visible that at low Er or pr, the discrepancy between
data and simulation is large, and the difference between the efficiencies measured with
various tags is also large. This justifies the use of the trigger fiducial requirement, shown
with the dashed black line, which removes events that would be associated with a large

systematic uncertainty.

7.4.3 'Trigger efficiency combination and factorisation bias

Using the LOElectron efficiencies measured on simulation and data, the eTOS correction

weights are given by

eros _ L= (1—egir(en) - (1 —elifu(e))
weToS — 1—(1— ;sLi%?<€+)) (1 — g:LIi(r)s(e_)) ) (7.12)

and similarly for the uTOS correction weights.

This formula is only exact, however, if the trigger efficiencies from the two leptons are
independent of each other. This has been checked to hold in the muon case, as can be
seen in Fig. the trigger efficiency of one muon does not depend on whether the other
muon in the decay has passed the LOMuon requirement or not. However, in the electron
case, the trigger efficiencies of the two leptons factorise less well, as can be seen in Fig.
If one electron is required to satisfy the LOElectron requirements, then the probability
of the other electron also satisfying the LOElectron requirements goes down. However,
this bias is much reduced if the distance between the two electrons in the calorimeter is
required to be above 1m. This is related to the fact that each front-end board in the
ECAL can only save the highest- Er candidate. Hence, if the two signal electrons end up
too close in the ECAL, only one is saved as having satisfied the trigger requirements. The
systematic uncertainty related to the imperfect factorisation of the trigger efficiencies of
the two electrons is discussed in Sec. [0.5

The weight applied to simulated events to correct the trigger L0 efficiency in the A TOS!
category is computed as

"TOS! _ Ehatn (K1) (1 - eqia(en) - (1~ 5&2&(6_)).
Eim () (L—egni(et)) - (1 —egs(en))

sim sim sim

Simulated BT — K*.J/i¢(eTe™) events indicate that the efficiency of the LOHadron
trigger line does not depend on whether one of the electrons has passed the LOElectron

requirement, as can be seen in Fig. [7.9
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Figure 7.7: Data over simulation ratio of efficiencies of the LOMuon trigger algorithm (top left), LOElectron
(top right), LOHadron (bottom left) and TIS (bottom right). They are shown as a function of the transverse
momentum of the muon, transverse energy of the electron, transverse energy of the kaon and transverse
momentum of the BT in BT — K*J/¢(¢T¢~) simulated decays. All plots correspond to the 2016
data-taking conditions, and the LOElectron and LOHadron plots show the efficiency measured in the outer
region of the calorimeter only. The different colours correspond to the different tags discussed in the
text. The efficiencies shown in red always correspond to the nominal trigger efficiency measurement. The
coloured lines on top of the histograms correspond to the ratio of the fonctions used to fit the data and

simulation efficiency histograms. The vertical dashed lines correspond to the fiducial requirements shown

in Tab.

The weight applied to simulated events in order to correct the trigger L0 efficiency in
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Figure 7.8: Efficiency of the LOMuon trigger as a function of the transverse momentum of a muon probe
(left) and efficiency of the LOElectron trigger as a function of the transverse energy of an electron probe
(right) for Bt — K*.J/¢(¢T¢~) simulated events, corresponding to the 2016 data-taking conditions. The
efficiency is shown in the case where no trigger requirement is placed on the other lepton in the BT decay
(red), when the other lepton is required to have fired the L0 trigger (blue), and when the other lepton is
required not to have fired the L0 trigger (black). In the LOElectron case, the efficiency is also shown

when the other electron has fired but is more than 1 m away from the electron probe (orange).

the TIS! category is computed as:

st Chma (BY) (1 —eqia(e)) - (1 —eqfa(en)) 1 — gl (K7)
- ELOTIS(BJr) (1 _ €L0e(e+)) A (1 _ 5LOe(ef)) 1— €L0h(K+) :

sim sim sim sim

As the trigger calibration histograms are computed after requiring the kaon to not
have fired the hadron trigger, the above formula correctly takes into account the bias that
the hadron TOS requirement induces on the TIS efficiency. However, this formula also
relies on the fact that the TIS efficiency is independent of whether one of the electrons
has fired the trigger. As can be expected from the tag bias already discussed this is not

exactly the case, as can be seen in Fig. [7.9] The systematic uncertainty related to this is
discussed in Sec. [0.5

7.4.4 Hidden variables in LO efficiency parametrisation

All the trigger correction weights have been parametrised as a function of one or two
variables. It could however be the case that the trigger efficiencies depend on one or several

extra variables. If the distributions of one of these hypothetical extra variables differ
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Figure 7.9: Efficiency of the LOHadron trigger algorithm as a function of the transverse energy of the
kaon (left), and efficiency of the TIS trigger as a function of the transverse momentum of the BT, for
Bt — KtJ/1y(ete™) simulated events corresponding to the 2016 data-taking conditions. In the LOHadron
case, the efficiency corresponds to that of kaons detected in the outer region of the calorimeter. The
efficiency is shown in the case where no requirement is placed on the electrons (red), when one of the
electrons fired the LOElectron trigger (black) and when neither of the two electrons fired the LOElectron
trigger (blue). In the TIS case, the kaon is always required to not have fired the LOHadron trigger.

between the control modes and the rare modes, the ratio of trigger efficiencies ¢™¢(BT —
KTet7)/eme(BY — K1J/¢(T7)) will be biased. The size of the bias is extracted
by computing the L0 trigger efficiency histograms using simulated B — Kt.J/y({T(7),
Bt — K™(2S)(¢*¢7) and B* — K*/*{~ in the range 1.1 < ¢> < 6.0 GeV>. For all
categories, the trigger histograms computed with the three channels are not significantly
different, showing that the number of variables in the parametrisation is sufficient and
that there is no significant bias in these cases. For each LO trigger line, one efficiency
histogram is shown in Fig. [7.10] in the Run 2 data-taking conditions and for the three

different channels.

7.5 Calibration of HLT efficiencies

The efficiency of the HLT1 and HLT2 requirements is measured on Bt — KT .J/¢({T(7)
data and simulated events as a function of the transverse momentum of the B™ candidate.
The HLT efficiencies are computed using preselected events where a particle independent
of the BT decay has triggered both the HLT1 and HLT2 trigger algorithms. In the muon
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Figure 7.10: Efficiency of the LOMuon (top left), LOElectron (top right), LOHadron (bottom left) and
TIS requirements for preselected Bt — K+.J/y({t¢~), BT — KT(2S)(¢*¢~) and Bt — KT¢ti~
simulated events in the 2016 data-taking conditions. The efficiencies computed in the three channels are

statistically compatible in the three TOS cases but not in the TIS case.

case, the events are required to pass the LOMuon requirements. In the electron case, HLT
efficiencies are extracted in three different cases depending on whether the events pass the
LOElectron, LOHadron or TIS requirements.

To extract the HLT efficiencies in the data, the sWeight method cannot be used
because the level of background is too high for events selected with an HLT1 and HLT?2
T1IS requirement. Instead, the HLT efficiencies are computed by fitting the B+ mass before
and after applying the HLT cut, using the fit model described in Sec. [8.2]

The ratio of HLT efficiencies between data and simulation, for the years of data-taking
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Figure 7.11: Data over simulation ratios of HLT trigger efficiencies as a function of the transverse
momentum of the BT candidate, corresponding to 2012 (left) and 2016 (right) data-taking conditions.
The black, blue and orange points correspond to the ratios measured on BT — KTJ/vy(ete™) events
that pass the preselection requirements, that are TIS in the HLT1 and HLT?2 triggers, and that belong
to either eTOS (black) hTOS (blue) or TIS (orange) L0 categories. The red points correspond to ratios
measured on Bt — K1.J/1y(ut ™) events that pass the preselection requirements, that are TIS in the
HLT1 and HLT?2 triggers, and that belong to the uTOS LO category.

2012 and 2016, is shown in Fig. for Bt — Kt J/y(uTpu~) pTOS events and for
Bt — Kt J/y(ete™) eTOS, hTOS and TIS events.

As expected, because of the Run 2 HLT fiducial cuts discussed in Sec. [6.8], the agreement
between data and simulation for the HLT efficiencies is better in Run 2 than in Run 1.
The ratio of efficiencies shown in Fig. [7.11] are therefore used as a nominal correction in

the Run 1 efficiency computation, but not in Run 2.

7.6 Kinematic corrections

The B* momentum and rapidity spectra are generated imperfectly in the simulation.
Moreover, the reconstructed x3, and x#(B™T) distributions are also badly modelled in
the simulation. The simulation is therefore corrected using kinematic weights, which
correspond to data over simulation ratios of kinematic distributions stored in histograms.

Two sets of kinematic weights are used in the efficiency computation:

1. A first set that corrects the two-dimensional (pr(B™);n(B*)) distribution to match
that in the data, in order to compute the geometric and reconstruction efficiencies,

com rec,pres.
g8em and greePres;
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2. A second set that corrects the two-dimensional (pr(B™);n(B™)) distribution, followed
by the one-dimensional 3., and x# (B™) distributions. This is done iteratively in
four loops to handle the small correlations between the three distributions. These

weights are used in the computation of the rest of the efficiencies, ePresel, PP ctrie

and £BPT,

The samples used to extract the correction weights are the data and simulated samples
of preselected BT — K*.J/¢(utp™) events in the pTOS category. This particular sample
is used because it has the largest number of events, and the largest signal-to-background
ratio. Moreover, it is the mode for which the PID and trigger efficiencies are best under

control, as the former does not show any trigger bias (see Sec. [7.3.3]) and the latter does

not suffer from any significant tag or factorisation bias (see Sec. [7.4.1 and [7.4.3)). In

addition, the momentum resolution is much better for muons than for electrons. Kinematic
weights computed from the BT — K*.J/¢(eTe™) mode are only used for cross-checks and
to compute systematics, as is described in Sec. [9.3

The PID and LO corrections are used to correct the simulation sample, and the s Weight
method is used to subtract the background in the data sample. The two-dimensional and
one-dimensional histograms contain respectively 20 x 10 and 150 iso-populated bins.

The kinematic weights are computed separately for each year of data-taking and, in
Run 1, separately for simulated events generated with PYTHIA 6 and PYTHIA 8, as the B
kinematics differ slightly in the two versions of the software (as stated in Sec. , in Run 2,
all simulated samples are generated with PyTHIA 8). When the weights are applied on an
electron mode, the true (pr(B™1);n(B7)) is used, as the reconstructed (pr(B1);n(BT))

has a poor resolution due to bremsstrahlung.

7.6.1 Correction to the occupancy distribution

The occupancy of the detector is known to be poorly described in the simulation. The
resolution, tracking or trigger efficiencies are all mildly dependent on the occupancy. Some
occupancy proxies, such as the number of hits recorded in the SPD detector, nSPDHits,
could be considered as quantities that should be corrected in addition to those already
mentioned. However, as can be seen in Fig. [7.12 correcting the nSPDHits distribution in
simulated BT — K*.J/¢(utp™) events to obtain a good agreement with the data results
in poorer agreement for some other occupancy proxies. In particular, the occupancy of
the ECAL, both described in terms of number of reconstructed photons and in terms of

the sum of the transverse momenta of the reconstructed photons, shows a much better
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agreement before correcting the nSPDHits distribution. This is particularly important
because the LOElectron efficiency and the bremsstrahlung recovery (and therefore the
electron momentum and ¢? resolution) depend strongly on the occupancy of the ECAL.
The efficiency of the cut on nSPDHits, i.e. nSPDHits < 450 in Run 2 and < 600 in Run 1,
cancels perfectly in the efficiency ratio e(B*™ — K*J/¢((t¢7))/e(BT — KT¢T{™) and

therefore does not present any issue in the present analysis.
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Figure 7.12: Distributions for various occupancy proxies for BY — K+J/¢(u"p~) events. The black
histograms correspond to background-subtracted data, red to uncorrected simulation and blue simulation
in which the nSPDHits distribution is corrected to match that in the data (as it is clearly visible in the top
left plot). The top distributions correspond to the occupancy of the SPD detector (left) and the number
of tracks reconstructed in the event (right). The bottom plots correspond to the number of photons

reconstructed in the ECAL (left) and the sum of the transverse momenta of the photons reconstructed in
the ECAL (right).

The reason why different occupancy proxies show different levels of agreement between
simulation and data is explained by a number of factors. Firstly, different sub-detectors
can be more or less sensitive to various badly modelled effects, such as back-splash (i.e. a
portion of a shower in the calorimeter that leaves hits in the SPD detector) or secondary
interactions (i.e. low energy particles coming from the interaction of higher energy particles
with the material of the detector). In particular, the SPD detector is expected to be more

sensitive than the ECAL to low energy, badly modelled effects. Secondly, the energy or
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rapidity distributions of the particles emerging from the primary proton-proton interaction
is also expected to be badly modelled, impacting the various occupancy proxies in different
ways.

In summary, it is impossible to satisfactorily correct the occupancy of the detector
by simply reweighting a single proxy. In particular, reweighting nSPDHits would lead to
a strong disagreement between the ECAL occupancy in the simulation and in data in
a way that would impact on the LOElectron efficiency. Therefore, in this analysis, the
nominal efficiencies are computed without correcting any efficiency proxy. The systematic

uncertainty related to the occupancy is discussed in Sec.

7.7 Kinematic distributions in simulation and data

The distributions of several kinematic variables for preselected Bt — K*J/u(utu™)
events in the uTOS category are shown in Fig. [7.13] Similar distributions are shown
for preselected BT — K7TJ/i(ete™) events in the eTOS category in Fig. [7.14 All
distributions correspond to the Run 2 data-taking conditions. For each mode and each
kinematic variable, three distributions are shown: the first corresponds to the background-
subtracted data, the second to the simulation with the trigger and PID correction weights
but not the kinematic correction weights, and the third corresponds to the simulation with
all the weights, including the kinematic corrections.

In the case of the muon mode, the agreement between the data and the simulation
with corrected kinematics is perfect for all the distributions. In the case of the electron
mode, the agreement between the data and the simulation is much improved by applying
the kinematic weights. However, some discrepancies persist in distributions related to
angles, such as the lepton rapidity or the angle between the two electrons. These are
further discussed in Sec. 0.7 Some discrepancies are also visible in variables related to the
alignment between the BT momentum and the B line of flight, such as the % (K ete™)
or the DIRA. However, these discrepancies can be at least partly attributed to the fact that
these variables are correlated to the mass fit variable m]‘;/ﬁ;. The background subtraction,
which relies on the sWeight method, is therefore imperfect. For these variables, the
agreement between data and simulation is instead probed with the differential r;,, test
discussed in Sec. [10.2l

A supplementary set of kinematic distributions, in the Run 1 and Run 2 conditions, is

shown in Appendix [B] The observations made for the Run 2 data remain valid for the
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Run 1 data.
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Figure 7.13: Kinematic distributions for preselected B* — K+.J/(u*pu™) events in the uTOS category

and in the Run 2 data-taking conditions. Each plot shows the background-subtracted data (black),

simulation (red) and simulation with kinematic correction weights (blue).
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Figure 7.14: Kinematic distributions for preselected BT — KT .J/¢(eTe™) events in the eTOS category
and in the Run 2 data-taking conditions. Each plot shows the background-subtracted data (black),

simulation (red) and simulation with kinematic correction weights (blue).
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7.8 ¢? and B mass resolution in the electron modes

In the simulation, the dielectron invariant mass has a ~ 10% better resolution than in
the data. For the rare mode, the fraction of events migrating in and out of the true ¢?
range 1.1 < ¢2,. < 6.0 GeV? is then underestimated in the simulation sample and this
impacts on the B mass lineshape, meaning that the efficiency of the mass window cut
is overestimated when computed from simulated events. This difference in resolution is
expected for two main reasons. First, differences in the material budget of the detector
between data and simulation impact on the amount of bremsstrahlung emitted, which in
turn impacts on the momentum resolution. Second, the poor description of the occupancy
and of the calorimeter response impacts on the bremsstrahlung recovery, which influences
the mass shape.

In order to study the resolution, the m(ete™) distribution is fitted in the
Bt — KtJ/iy(ete™) control mode both in data and in simulation, in each of the trigger
and bremsstrahlung categories separately. The full selection is applied to the samples used
in the fit, adding a cut on the constrained B mass, 5.20 < mi/iu(K*ete™) < 5.68 GeV,
to reduce the partially-reconstructed backgrounds in the data. In the simulation, m(ete™)
is fitted using a sum of two Gaussian functions. One of the Gaussian functions has
a power-law tail to the left, and the other to the right. The same model is used for
the m(K *eTe™) fit described more precisely in Chpt. [§] The shape obtained from the
simulation is then used to fit the data, allowing some parameters to float. The width and
mean are allowed to float using a width scale factor s, and a mean shift parameter Ay,
which relates the width and mean of the distribution observed in the data to that of the

simulation,

Hdata = Msim + AM, Odata — So * Osim- (713)

where fisim (0sim) Tepresents the mean (width) of the distribution obtained from the fit
to the simulation and figata (0data) the mean (width) of the distribution obtained in the
fit to the real data. In the bremsstrahlung categories 1y and 2v, the upper power law
tail is also allowed to float using one extra free parameter. In the data, the residual
combinatorial component is modelled using an exponential function. The fits in the Run 2
data-taking conditions and in the eTOS trigger category, in all three bremsstrahlung
categories combined, are shown in Fig. [7.15]

In each bremsstrahlung category, the averages of s,, Ay and g, among the three

trigger categories, denoted 35, Au and figm, are computed. In all the simulation samples,
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Figure 7.15: Fit to the mass m(ete™) for Bt — K1.J/i(ete™) data events (left). The data points are
shown in black, the total fit function is shown with a red line and the signal component with a dotted
black line. The combinatorial background component is too low to be visible. The fit is performed in all
bremsstrahlung categories separately, but the figure shows the three categories combined. Fit functions to
the m(eTe™) distributions (right) in data (dotted black, same as the dotted black shape on the left plot),
simulation with no smearing (blue) and simulation after smearing (red). Both plots are made using events

in the eTOS category and Run 2 data-taking conditions.

smeared

m(ete™) — and therefore ¢>— is smeared to obtain m , in such a way that if m

smeared 1] follow a Gaussian

follows a Gaussian distribution of width ¢ and mean p, m
distribution of width 3, - ¢ and mean ; + Ap. The width scale factors vary mildly across
bremsstrahlung categories and are all close to 5, ~ 1.1. The shift factor Ay varies between
—10 and 10 MeV depending on the bremsstrahlung category. Fig. [7.15] right shows the
fitted shapes for mgm,(ete™), m™me@ed(e¢Te™) and pdea(ete™) on BT — KTJ/y(eTe™)
events, showing the improved agreement between simulation and data after applying the
smearing. As expected, some small discrepancy remains in the description of the right
tail, as the smearing does not impact the tail parameters. The systematic related to this
discrepancy is computed in Sec. . The mass m(KTete™), the resolution of which is
dominated by the electron momentum resolution, is also smeared according to the exact
same method and with the same smearing factors.

It is expected that smearing the ¢? distribution has an impact on the fraction of rare
events that migrate in and out of the range 1.1 < ¢*> < 6.0 GeV2. These fractions, before
and after applying the smearing, are shown in Tab. [7.2] It can be seen that although the
fraction of events migrating inside the ¢* range is not negligible, the impact of applying
the smearing to the simulation is limited, changing the number of events migrating in by

only ~ 1% of the number of events in 1.1 < ¢* < 6.0 GeVZ.
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Table 7.2: Number of BT — KteTe™ events migrating in and out of the range 1.1 < ¢ < 6.0 GeV?,
expressed as a percentage of the total number of events in the true range 1.1 < ¢2,. < 6.0 GeV?. These
fractions are estimated using simulated events in both Run 1 and Run 2 data-taking conditions, with
and without applying the smearing. The first two columns show the fraction of events from the true
range 1.1 < g2, < 6.0 GeV?, that migrate inside the reconstructed range 1.1 < ¢? < 6.0 GeV?. The third
column show the fraction of events inside the true range that stay in the reconstructed range, and the
last two columns show the fraction of events that migrate from inside the true range to outside of the

reconstructed range.

up—in [%] down—in [%] in—in [%] in—up [%] in—down [%]
Run 1

No smearing | 8.00 + 0.23 0.34+0.05 96.944+0.14 1.31+0.10 1.75£0.11

smearing 7.90 £0.23 0.43£0.06 96.83+0.15 1.53+0.10 1.65 £ 0.11

Run 2

No smearing | 7.77 £ 0.18 0.48+0.05 96.86 £0.12 1.40 + 0.08 1.74 £0.09

smearing 8.78 £ 0.20 0.36 £ 0.04 96.50 £0.13 1.39 + 0.08 2.11£0.10

7.9 Summary and list of efficiencies

The total efficiencies related to the BT — K1J/¢({T¢7) and BT — KT(*¢{~ modes, as
well as the fractions fq2, computed taking into account all corrections as well as the ghosts,
are listed in Tab.[7.3] The individual efficiencies defined in Eq.[7.I]are listed in Appendix [C]
The efficiency difference between the J/1) mode and the rare mode mostly stems from the
fact that the selection for the rare mode contains the ¢ cut 1.1 < ¢*> < 6.0 GeV?. The
fractions of Bt — KT¢*{~ events which, at generator level, are within the true ¢ range
1.1 < g2, < 6.0 GeV? are:

FE(BY = K*tete™) =29.72 + 0.05 %, (7.14)
FE(BY = Ktptp™) = 26.75 4 0.04 %. (7.15)

A more complete list of efficiencies, factorised down according to Eq. [7.1] is shown
in Appendix [C]
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Table 7.3: Total efficiencies for BT — KtJ/y(ete™), Bt — KTete™, Bt — KTJ/¢(u"pu~) and
Bt — Ktutu~ decays, as well as efficiency ratios e(BT — KT¢1(~)/e(BT — KT J/¢({T¢7)), for the
Run 1 and Run 2 data-taking conditions. All efficiencies are displayed in percent. All corrections are

taken into account, and the events classified as having ghosts are also accounted for.

‘ J/p e [%] rare € [%)] ratio [%]
Run 1
electron modes
eTOS | 2.4785+£0.0096  0.683 = 0.005  27.55£0.24
hTOS! | 0.4087 4+ 0.0033 0.2304 +0.0028  56.4 4+ 0.80
TIS! 0.728 £ 0.005  0.2247 +£0.0029  30.9 + 0.40
muon modes
pTOS | 14.046 £ 0.027 3.261 £0.0016 23.22+0.12
Run 2
electron modes
eTOS 4.324 + 0.013 1.230 +0.008  28.44 +0.21
hTOS! | 0.4721 +£0.0033  0.315 4+ 0.004 66.7 0.9
TIS! 1.124 + 0.006 0.381 4+ 0.005 33.9+£04
muon modes
pwTOS | 14.424 £+ 0.028 3.348 £0.015 23.21 £0.11
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8. Yields and fits

As Eq. shows, the measurement of Rg requires two kinds of inputs: efficiencies
g, described in Chpt. [7], and yields N that are extracted using fits to the data. The
present chapter details how these fits are performed. First, the fit shapes and the fit
strategy are introduced in Sec. [8.1] Then, the results of the fit to the resonant modes
Bt — KTJ/¢({*¢7) and BT — K" (25)(¢T¢7) are shown in Sec. [8.2] The fits to the
rare modes are shown together with the final result in Chpt. [11] as the rare mode data
are kept blind during the development of the analysis. Only the fit strategy for the rare
mode is discussed in this chapter, in Sec. [8.3] The strategy used to combine yields and

efficiencies from the different modes and the two runs into a single value for R is explained

in Sec. B4l

8.1 Fit method and shapes

All the fits are performed using an extended maximum likelihood as implemented in the
ROOFIT package [109], where the optimisation of the likelihood is based on the MINUIT
algorithm [110]. The line shape f™ used to fit the mass distribution in the data can be

generically expressed as:
fr(m) = NG 87 (m) + ) Nijy; BI'(m) (8.1)

where S and B]* are probability density functions (PDF) describing the signal and
background distributions (the index i runs over all different backgrounds), Nj, and Ngf{g’i
are their associated yields and m is either m(KT01¢7), m (K+H0+07) or miGs) (K+ete-)
depending on the fit. The index r = 1,2 indicates whether the fit refers to the Run 1
or Run 2 conditions. The index ¢ runs over the different trigger categories. For the
muon modes, only one trigger category is defined (uTOS), in contrast to the three trigger
categories defined for those modes with electrons (eTOS, ATOS! and TIS!). The fit
functions f, S™ and B;* depend on various fit parameters that are omitted in Eq. [8.1]
Additionally for electron channels, the shape of the signal distribution, S™, depends
strongly on the bremsstrahlung category (07, 17, or 27, see Sec. . Therefore, the signal
PDF S™ is expressed as a sum of three shapes, one for each bremsstrahlung category:

S (m) = rg, Sgy(m) + 115 S (m) + (1= 155, = r17) 837, (m) (8.2)
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In the fit to the data, the values of rf/ and r{’, the fractions of events in the 0y and 1vy
categories, are constrained to the values observed in simulation, with an uncertainty of 1%
coming from the limited statistics of the simulation sample.

In the following, the shapes used for S™ and B}* are described in more detail. Systematic

variations of the models assumed are considered in Sec. [0.10l

8.1.1 Background shapes

In all fits to the data, the combinatorial background is fitted with an exponential shape
with one free parameter A,
B . (m) oce™™. (8.3)

comb.

The fits to the electron modes must also take into account partially-reconstructed
backgrounds. These are not fitted using an analytical shape, but using an adaptive kernel
estimation [111] obtained from the mass distribution of simulated partially-reconstructed
events. A kernel function is a sum of many Gaussian functions, one for each simulated
event, the width of which is adapted to the local density of simulated events. The shape

obtained from simulation is then used to fit the data with a floating yield.

8.1.2 Signal shapes

A natural choice to fit the signal peak in mass is a Gaussian function, the width of which
describes the resolution of the detector. This is however insufficient for two reasons. First,
radiative energy losses create a tail towards lower masses, particularly prominent in the case
of the electron mode, that a Gaussian shape does not take into account. A tail also appears
towards higher masses when using the constrained mass mprg. Such a tail towards higher
masses also appears in the electron mode, when the bremsstrahlung recovery algorithm
overestimates the amount of energy radiated. Second, the mass resolution is not constant
but can vary from one event to another. A minimal solution to this latter problem is to
use a sum of several Gaussian shapes. To model the radiative tails, a power law is used.
Such a shape with a Gaussian core and a power law tail is referred to as a Crystal Ball
function (CB) [112].

For the majority of the fits, a sum of two CB functions with opposite tails has sufficient
freedom to model the signal mass peak well. This shape is hereafter referred to as a double
CB. Such a shape has eight free parameters. Four describe the core of the function: the

mean g in common for the two Gaussian cores, two widths o; and o9, and the parameter
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cq corresponding to the fraction of area covered by the first Gaussian. The two power-law
tails each have two free parameters: the exponent n, and the parameter «, defined such
that 4+ o o corresponds to the point at which the distribution switches from the Gaussian
core to the power-law tail.

In the case of the mprr fit to the muon control modes, the double CB shape is
insufficient to describe the mass peak accurately. Instead, an Hypatia function [113] is
used. The core of this distribution corresponds to an infinite sum of Gaussians, the widths
of which follow a hyperbolic distribution. In practice, the Hypatia function has nine free
parameters. Each of the two tails are described by the two parameters o and n. The core
is described by five parameters, including the mean p and the root-mean-square o of the
distribution.

In each fit, all the shape parameters of the double CB or Hypatia function are fixed
using a fit to the mass peak in simulated signal events. All parameters remain fixed when
fitting the data, except for the mean p and width ¢ which are allowed to float using scale
and shift parameters s, and Ay in the same way as in Eq. The parameters s, and
Ayp are used to take into account the fact that the momentum calibration and the detector

resolutions are imperfectly described in the simulation.

8.2 Fit to resonant modes

In order to obtain the yield of the resonant modes B* — K*J/¢(¢T¢~) and
Bt — Kt(2S)(¢*¢7), a fit is performed to the masses ml‘;/%pF(K*é*ﬁ_) and
mEE (K 07).

8.2.1 Fitto BT —» KtJ/¢¥(uTpu™)

The fit to ml‘g/%pF(K*u*u_) using data Bt — Kt J/¢(u"p™) events surviving the full
selection is shown in Fig. for the Run 2 conditions. The values of the free-floating and
constrained parameters are also shown in the figure.

There are two background contributions that contaminate this fit. The first is the
combinatorial background, of yield Ny, fitted with an exponential shape. The second
is the BT — 7t J/¢(ut ™) decay, which is described with a double CB. The parameters
of this shape are fixed from a fit to simulated B* — n"J/¢)(u" ™) events, except the
mean and width, which are allowed to float using the same corrective parameters Ay

and s, as for the signal. The ratio of yields of the BT — 7" J/¢(u*p~) component to
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Figure 8.1: Fit to m]‘;/{bF for BY — K+J/¢(u* ™) events in the Run 2 data, and the pull between the fit
function and the data points. The different components taken into account in the fit, shown with different
colours, are described in the text. The free-floating parameters are displayed in the table to the right
of the figure. Constrained parameters are shown below the line at the bottom of the table, where the

notation € p =+ o indicates the mean (u) and standard deviation (o) of the constraint.

the Bt — K*J/¢(u* ™) signal is Gaussian-constrained to the product of the ratio of

branching fractions [5] and the ratio of efficiencies,

Ne BB =7t J/d(up”)) eyux

Ni BBt = K+J/Y(utp-))  esppm

(8.4)

The width of this constraint is set to the error derived from the branching fraction
measurements, which is 10%. This is much larger than the error expected on the ratio of

efficiencies.

8.2.2 Fit to BT — K*J/y(ete™)

In the case of the fit to m]‘g/TwF(KJreJre_) for Bt — K*.J/¢(eTe™) events, the signal shape
is described as the sum of three distributions, each modelling the mass shape of one of the
three bremsstrahlung categories. Each of these three shapes is described by a double CB.
Mis-identified BT — 7w*.J/¢(eTe™) events also contribute in this fit range. In the absence
of a BT — n"J/¢(ete™) simulation sample, simulated BT — K*.J/i¢(eTe™) events are
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Figure 8.2: Fit to m]‘;/rpr for Bt — K*J/iy(ete™) events in the Run 2 data and selected in the eTOS
trigger category, and the pull between the fit function and the data points. The different components
of the fit are indicated in the legend, where ‘prc’ stands for partially-reconstructed background. The
free-floating parameters are displayed in the table to the right of the figure. Constrained parameters are
shown below the line at the bottom of the table, where the notation € p + ¢ indicates the mean (u) and

standard deviation (o) of the constraint.

used to extract the shape of the background from BT — 7t.J/¢(eTe™) decays with the

pion mis-identified as a kaon. The method employed estimates the shift in mass induced by

a m — K mis-identification for each candidate. The mass m]‘g/ﬁF(wE; x+ € €7) is estimated
using
1
E 3
J - J - B
ity et e) (et 22 k- ) (89

for each BT — K*J/¢(eTe™) event, where Ep and Ex are the energy of the BT and
K™ candidates, and my and m, are the mass of the kaon and pion, respectively. More
detail on this method is given in Appendix [D| The shape of the distribution obtained is
fitted using a double CB. The yield of misidentified BT — 7t.J/1(ete™) events, denoted
N, is Gaussian-constrained to the product of the ratio of branching fractions [5] and
efficiencies. The means and widths of the PDFs describing the Bt — KT.J/¢(ete™)
and BT — 77 J/¢(ete”) components are left free to float but common scale and width
parameters, Au and s,, are used.

Due to the worse resolution for electrons, charmed and strange partially-reconstructed
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backgrounds (see Sec. are relevant in this sample. These background components
are modelled by a kernel function, which is made using the H, — J/¥X simulation
sample. The total partially-reconstructed background yield, NV, and the ratio of strange
to charmed component, Neharm/Nstrange are free-floating. Finally, the combinatorial shape,
with yield Neomn, is again described with an exponential function.

The fit to the electron resonant mode BT — K*.J/¢(eTe™) in the Run 2 data is shown
in Fig. 8.2l The fitted values of all free-floating and constrained parameters are displayed

in the same figure.

8.2.3 Fit to BT — KT¢(2S)(utp™)

The model used to fit candidates selected in the ¢* region around the ¥(2S), shown
in Fig. [8.3|for the Run 2 conditions, is very similar to that used to fit B¥ — KT J/y(u*u™).
The fit models only differ in two respects. First, a double CB is used to fit the signal in
place of the Hypatia shape. Second, the Bt — 77(25)(ut ™), which has a very small
yield, is not included in this fit.

2 10t 3
L% E —4— Data
* i —— Total fit
Sl N O S B'~ Y@)(WH)K”
- Combinatorial Ngg = 46430 £ 220
10 Neomb = 700+ 40
: A, = —0.191 4+ 0.035
se = 1.167 4+ 0.005
10 l{* o A = —0.0072 + 0.0004

500 530 5400 5500 5600
Mg (K ') [Mev]

Figure 8.3: Fit to mg(gg) for BT — KT(2S)(u"pu™) events in the Run 2 data, and the pull between the
fit function and the data points. The different components of the fit are indicated in the legend, where
‘prc¢’ stands for partially-reconstructed background. The free-floating parameters are displayed in the
table to the right of the figure.
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8.2.4 Fit to BT — K1¢(2S)(ete™)

The fit to the BT — KT(25)(eTe™) mode is shown in Fig. for the Run 2 conditions.
The values of all free-floating and constrained parameters are shown to the right of the figure.
The signal peak is fitted with the same analytical shape used for the BT — KT .J/¢(ete™)
signal peak, and the combinatorial is again fitted with an exponential function. Due to
the lower number of events in this fit compared to the fit for BT — K*.J/iy(ete™), the
Ap, s, parameters are fixed to the values obtained in the fit to Bt — K*.J/i(ete™). The
parameters ro, and 1, are also fixed to their values from the simulation.

Several peaking backgrounds contribute in the fitted mass range. The first is from
partially-reconstructed events of the type B — K11(2S5)(eTe™)X. This is fitted with a
kernel function extracted from simulated B® — K*%(2S)(e*e™) events, which are expected
to dominate this background. In the fit to the data, the yield of the B — K¢ (25)(eTe )X

component, Ny(2g)pre, i left free-floating.

2 —+Data [\, - B Y25 (Ee )K"
S —— Total fit m Y(29) pre
L:l!tJ 10° Prc
JY leakage
Rare mode
Combinatorial Ngig = 12410 + 120
102 Npre = 840 + 330
Ny(28) pre = 710 £ 50
Neomb = 2790 £ 330
10 A= —0.00178 4+ 0.00022
e 1.74 + 0.23%
1 sig
5200 5600 € 1.73 £+ 0.23%
mpds (K e'e) [MeV]
— 6
c g [ XTI I N T FY TP T I LIV Y YO
gl TEY ¥3VFE Ty TRV T T VR A, TTRVOV 5 VF
-6

Figure 8.4: Fit to m%%f?) for Bt — K*9(25)(eTe™) events in the Run 2 data, and the pull between the
fit function and the data points. The different components of the fit are indicated in the legend, where
‘prc’ stands for partially-reconstructed background. The free-floating parameters are displayed in the
table to the right of the figure. Constrained parameters are shown below the line at the bottom of the

table, where the notation € p + o indicates the mean (p) and standard deviation (o) of the constraint.

A second peaking background comes from partially-reconstructed events of the type
B — H.(J/¥(eTe™)X)KTY, that migrate into the ¢(25) ¢ region due to bremsstrahlung
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recovery. This background is actually dominated by Bt — ¢ (2S5)K™,¢(2S) — J/¢YX
decays. This background is fitted with a kernel function extracted from the inclusive
H, — J/¢¥X simulation sample. The yield of this component, Ny, is also free-floating in
the fit to the data.

A third peaking background stems from B* — KT .J/¢(ete™) events that leak into
the 1(2S) ¢* range. Such events are fitted using a kernel function extracted from
BT — KT J/vy(ete™) simulated events reconstructed in the ¢ (2S) ¢* range. The yield of
this component Ny 1eax is fixed using the BY — K*J/¢(ete™) yield obtained from
the fit shown in Fig. [8.2] corrected with the ratio of efficiencies for reconstructing
BT — KT J/iy(ete™) events in the J/v ¢* range, €(J/v range), and in the ¥(2S) ¢*
range, £(1(2S5) range),
£(1(2S) range)

e(J /v range)
A fourth broadly peaking background stems from rare decay events in the ¥(25) ¢?

Ny reak = Nsig(BT — KT J/1(eTe)) - (8.6)

range. The shape for this component is a kernel function extracted from Bt — K*tete™
simulated events reconstructed in the 1(25) ¢* range. The ratio of this yield to the signal
yield, %—ag, is Gaussian-constrained to the product of the ratio of branching fractions [5]
and the ratio of efficiencies. The standard deviation for this constraint is set to the

uncertainty on B(BT — K*ete™), which is the dominant uncertainty.

8.3 Fit to rare modes

To extract the yields of the rare modes, fits to the unconstrained masses m(K e*e™) and
m(KTutp~) are performed. In order to fix the parameters Ay and s, in this case, a fit
to the control modes Bt — K*.J/1(¢7¢7) is repeated, this time using the unconstrained
mass m(KT¢T(7) as for the rare mode. The results of the fits to the rare mode are
presented in Chpt. [11]

8.3.1 Fit to BT — K utu~

The mass fit to BY — K*.J/¢(u" ™), shown in Fig. [8.5] is made in the same way as the
constrained mass fit presented in Sec. [8.2.1] except that the signal peak is modelled with
a double CB instead of a Hypatia function. The double CB indeed suffices for the purpose
of the unconstrained mass fit. The fit quality is not perfect but suffices to set s, and Au

for the rare mode, which is approximately 200 times less abundant.
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Figure 8.5: Fit to m(Ktutu™) for BT — KT J/¢(u" ™) events in the Run 2 data, and the pull between
the fit function and the data points. The different components of the fit are indicated in the legend. The
free-floating parameters are displayed in the table to the right of the figure. Constrained parameters are
shown below the line at the bottom of the table, where the notation € p + ¢ indicates the mean (u) and

standard deviation (o) of the constraint.

For the rare mode, the signal peak is also modelled with a double CB, the parameters
of which are fixed from a fit to BT — K+ u*p~ simulated events. For the fit to the data,
the parameters Ap and s, are fixed to the values obtained with the resonant mode. The

only background component is the combinatorial, fitted with an exponential function.

8.3.2 Fit to BT — KTete™

The mass fit to BT — K*.J/t(eTe™) is shown in Fig. [8.6] The signal is modelled with a
sum of three double CB’s and, by contrast to the constrained mass fit described in Sec.[8.2.2]

the exponent n' of the right power-law tail is allowed to float with a scaling parameter s,,:

nfata =g, -nk (8.7)

sim

where ng;y, is the value of the exponent found by performing the fit to simulated events, and
Ndata i the value of the exponent that best fits the data. The disagreement between nf .
and nZ  is due to the fact that the right power-law tail is due to noise in the ECAL that is

interpreted as bremsstrahlung, and the amount of noise depends strongly on the occupancy
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of the detector, which is known to be badly modelled in the simulation. In order to improve
the precision on s,, Au and s,, the partially-reconstructed background is removed by
requiring m;;/;"F(K tete™) > 5.2 GeV in addition to the rest of the selection. Hence, the
only backgrounds that are present in this fit are the combinatorial and BT — n*.J/¢(eTe™)

mis-ID, which are modelled in the same way as in the constrained mass fit.
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Figure 8.6: Fit to m(KTeTe™) for Bt — K*.J/1(eTe™) events in the Run 2 data, and the pull between
the fit function and the data points. The different components of the fit are indicated in the legend, where
‘prc’ stands for partially-reconstructed background. The free-floating parameters are displayed in the
table to the right of the figure. Constrained parameters are shown below the line at the bottom of the

table, where the notation € p =+ o indicates the mean () and standard deviation (o) of the constraint.

For the rare mode, the signal peak is modelled with a sum of three double CB’s, the
parameters of which are fixed from a fit to BT — KteTe™ simulated events. For the fit
to the data, the parameters Ay, s, and s, are fixed to the values obtained from the fit to
the resonant mode. There are three kinds of backgrounds in this fit. The first background
is the partially-reconstructed background, fitted with a kernel function obtained from the
m(KTeTe™) distribution in simulated BY — K*%e*e™ events. The second background
is the combinatorial background, which is modelled with an exponential function. The
third background is leakage of BT — KT .J/¢(e"e™) events, fitted with a kernel function
obtained using B* — K*J/iy(eTe™) events. The yield of this component Ny jeak is
Gaussian-constrained using the BT — KT .J/¢(ete™) yield obtained from the fit shown
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in Fig. [8.2] corrected with the ratio of efficiencies for reconstructing B — K*.J/i(ete™)
events in the .J/v ¢? range, £(J/4 range), and in the rare ¢ range 1.1 < ¢> < 6.0 GeV?,

e(rare range)

NJ/#} leak — NSig(BJr — KJFJ/w(eJrei)) . m

(8.8)

8.4 Extraction of Rg from the fits to the rare modes

The data corresponding to the rare modes are split into eight datasets. There are two
BT — Ktputpu~ datasets, one for each run. Additionally, there are six Bt — KTeTe™
datasets, corresponding to each trigger category in each run. Six separate measurements

of Ry could in principle be performed, denoted R} with the same 7t indices as introduced

in Eq.

N
t Bt
Ry = Nyl - e, (8.9)
with )
™ 'S
i _ Vijvee  €Ree Eopm $.10
Cx = NT ’ e ’ ert ) ( ’ )
J/Ypp T Kpp J/pee

where N"® is the number of events from each BT decay observed in the sample cor-
responding to a specific run and trigger category. The symbol ") denotes the total
efficiency for each decay to be selected as part of one of these samples. These efficiencies
are discussed in Chpt. [7] Swapping the rare mode yields and efficiencies for that of the
BT — K*9(28)(£7€7) mode, six ratios Rjj,q) can be extracted, defining six quantities

rt
Cy(25)-

The six R} values must then be combined into a single measurement. The combination
method must take into account the fact that the uncertainty on each R} cannot be assumed
to be Gaussian distributed, as the yields N are small. Moreover, the six measurements
of R}t are correlated for two reasons. First, they share the same values for the yields
and efficiencies of the muon mode. Second, various sources of bias on the efficiencies are
correlated, yielding correlated uncertainties between the six values of ¢jt. The variances
and covariances on ¢}t are contained in a 6 x 6 matrix denoted v...

In order to take into account all correlations when extracting a single Ry value from
the whole data, the eight different datasets are actually not fitted separately. Instead, a
combined measurement of Ry is extracted by performing one single simultaneous fit to all

rare modes. This means that the yields Ny, and N3t are found by optimising a single
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combined likelihood. The log-likelihoods obtained from the invariant mass fits for the

electron and muon rare modes, respectively log L'" and log L}, read

log L' =) "log fI'(m],| NE,.), (8.11)
log Ly, = > "log f1(mi|Nic,,). (8.12)

where the sum runs over all the events in each r(t) sample, mi(t) is the mass associated
to one event, and f“* are the PDFs used to model them. The background yields or
shape parameters are omitted in the above expression. To combine these likelihoods,
frt(mi,|N# ) is first re-parametrised to make it function of Rg, defining h”! such that:
NT

. C’/‘t
M) ' (8.13)

hgt(mit|N;(,up7RK7c%) = fert (m:t RK

The combined likelihood L' then reads

log L' =3~ “log A (ml,y | Ny, Ric. 68) + > Y log fr(mi*[Nic,.,)

rt i

+ log G (&, cht, ve), (8.14)

where G is a six-dimensional Gaussian function that constrains the values of ¢}, floating
in the fit, to their expected values ¢4, within their estimated uncertainties described by
the covariance matrix v.. The expected values of ¢}t are determined using Eq. .

A supplementary Gaussian constraint is added to log L**, which relates the amount
of partially-reconstructed backgrounds in the ATOS! (¢ = 1) and TIS! (¢ = 2) trigger
categories to the eTOS category (¢t = 0),

rt rt rt Tt

Nprc/NSig _ gprC/gsig = prt t=1.2 (8 15)
0 /N0 10 /~r0 _ 'pre - '

Ngrc/Nsig Eng/ESig

where 5£§C is the total selection efficiency for a partially-reconstructed decay, and ngg the

't are determined

total selection efficiency for a signal B* — K*e*e™ decay. The ratios r}.,

from simulated events, using B® — K*%eTe™ as a proxy for partially-reconstructed decays.
The values of the parameters ¢, cz}t@s), and 7"t are shown in Tab. The uncer-

prc

tainties on these parameters are discussed in Chpt. [9]
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Table 8.1: Values of the parameters ¢}t and C:Z(QS) used to extract Rx and Ry(2g) (top table), and

rt

pre (bottom tables). All parameters are

constraint on the partially-reconstructed background fractions r

shown for both runs and all trigger categories.

Run 1 Run 2
eTOS ATOS! TIS! €eTOS ATOS! TIS!
it 1 0.1455  0.0501 0.0540 0.2809 0.0710 0.0806
c;t@s) 0.1357 0.0069 0.0362 0.2503 0.0083 0.0509

Run 1 Run 2

hTOS! TIS! hTOS! TIS!
eTOS eTOS eTOS eTOS

prt \ 091 107 072 093

prc

8.5 Statistical and systematic uncertainties on Rk,

R¢(2S) and T /4

The most likely value for Ry, Ry, is that which minimises the likelihood in Eq. . A 68%
confidence interval on Ry is constructed from the likelihood using Wilks’ theorem [114]: L**

is minimised for a range of Ry values around the minimum, and the 68% confidence interval

N

contains the values of Ry for which log L*™(Ry) — log L'"(Rg) < 3. The confidence

interval takes into account the statistical fluctuations of the rare modes, together with the
correlated uncertainties on . There are however two additional systematic uncertainties

that are not taken into account by this method. The first one is the uncertainty ogpape on
NIT(ML
N;(Pee

the rare mode. The second one is the fit bias, which occurs if the minimum of the likelihood

related to the fit shapes used to describe the signal and background components of

is systematically biased from the true value of Ry. The total uncertainty related to the
fit shapes and the fit bias, og, is added after the likelihood minimisation by smearing
L™ (Ry) with a Gaussian function of width og;.

By convention, the uncertainty on Ry arising from the statistical fluctuations affecting
N;Om
N;lftee
by the covariance matrix v.), as well as og; related to the fit shape and fit bias that

N . . . ..
affect =2+ are referred to as ‘systematic uncertainties’. The systematic uncertainties

Nrt
include the statistical uncertainties on the yields N"(B* — K*J/¢(utp™)), N"(BT —

is referred to as ‘statistical uncertainty’. All the uncertainties on ¢} (represented

Kee
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K*J/iy(ete™)), because these are correlated to the systematic uncertainties, given that
the majority of the calibration histograms are extracted from the J/i) decay modes.
Like Ry, the single ratio r;/, is also extracted in several trigger and run conditions
yielding six values for 7/, denoted e A covariance matrix v//% describing the uncer-
tainty on the six 77 1 values is constructed. The combined ratio 7/, is then computed as

the weighted average of the six % 1y results,

Zij(vj/w ij T3/¢
—1 M

Zij(vj/w )ij
Note that the combination is not done with a simultaneous fit, as in the case of Ry,

because the data that is fitted to extract the Bt — K*.J/1) yields are correlated with the

data used to extract the corrections to the efficiencies.

Ty = (816)

The Ry2s) double ratio could be combined from its six independent values RZ;(QS) in
the exact same way as for Rx. However, in the interest of simplicity, a simultaneous fit to
the six BT — K*(25)(eTe™) and two BT — K¢ (2S5)(u* ) peaks is not performed.
Instead, the eight fits are performed independently and a covariance matrix v;ﬁgjs) is
constructed, which describes the statistical uncertainties on the B¥ — K*(2S5)(ete™)
and BT — K¢ (2S)(utp™) yields in the different data-taking conditions. The combined

Ry 2s) result is then extracted using

P(25) -1 i
R Zz’j (Vgor )ij (25)
$(25) — $(28) —1 ’
Zij( 2% )ij

tot

(8.17)

P(25) _  P(25)

25
where v,y = Vgt + o)

, vY®) describes the systematic uncertainties on c% ) and
is equivalent to v, for Rg. The systematic uncertainty related to the fit shape is not taken

into account in the Ry g) ratio.

8.6 Fit validation and expected statistical precision

Before unblinding the data, the expected signal and background yields are estimated using
the appropriate product of efficiencies and branching fractions. Moreover, the m(K¢*¢(7)
shapes of the different components are known from simulated events. In the case of the
combinatorial background, the expected yield and shape are estimated using the upper
mass sideband, in the same way used to optimise the BDT in Sec.[6.9} From these estimates,

the total number of events expected in the m(K*u™p~) and m(KTete™) fit window is
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computed assuming a value R%" for Rx, and their total distribution is determined. The
expected distribution is used to generate 5000 pseudo-experiments which are each fitted to
determine Ry . Each fit yields an estimate RK for Rk, and an estimate of the statistical
uncertainty denoted o(R).

Tab. shows the mean of Ry in three different scenarios where RE™ is either set
to 0.745, 1.0 or 1.25. The fit bias expected is given by <RK> — R%" where the mean is
computed over all the pseudo-experiments. The fit bias is at the level of 2 — 5% of the
statistical uncertainty, depending on the value of R%". The exact bias therefore needs to
be determined after unblinding, when the signal and background yields are known. The
distribution of the pull of Ry with respect to R indicates that the statistical uncertainty
estimated by the fit has the correct coverage. This demonstrates the robustness of the fit
method.

Table 8.2: Expected sensitivity on the determination of Ry, obtained from a fit to randomly generated
pseudo-datasets with different generated hypotheses for the true value of Ry, R%". The relative error
and the pull mean are shown in the third and last column. The results of the previous LHCb analysis [42]

are given for comparison.

me | (Ri) +(o(Ry)) (28) (BT
1.000 1.00140.070 7.0% —4.0%
0.745 0.74740.046 6.2% —5.2%
1.250 1.25540.098 7.8% —4.6%
Ref. [42] 0.74513:9% 11.0% —
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9. Systematic uncertainties

The systematic uncertainties and their correlations are presented in this chapter. The
following paragraphs introduce the methods and define the quantities common to all
systematic uncertainty calculations.

To illustrate how systematic uncertainties are computed, consider an efficiency com-
puted in the two run conditions. The true value of the efficiency is ; for Run 1 and &, for
Run 2, and these efficiencies are estimated in the nominal way to be ; for Run 1 and &,
for Run 2. They are also computed in n alternative ways, taking n alternative values &}
and €%, 1 <4 < n. The variances of £; and ¢, are denoted v; and v, and are computed

using

vl—%zl(aﬁ—a :—Z _5) (9.1)

The systematic uncertainties on €, and e, are denoted o1 and o9 and are defined as the
square root of these variances.

In some situations, it is known whether a source of uncertainty induces a bias on £; and
a bias on €5 in a fully correlated way, or in an uncorrelated way. If the level of correlation

is not known, the covariance, cov 2, between €; and e, is computed using

CoVig = — Z — &) — &), (9.2)

and the correlation factor, corr; o, between €1 and &5 is computed using
COV1 2

(9.3)

COIT1 2 = .
0102

The above quantities can be organised into a covariance matrix v or a fractional error
matrix o, which is here defined as a matrix containing relative uncertainties on the diagonal

and correlations otherwise. In the case of £, and &5, v and o are

U1 COVip 01/Z1  corry o
v = , o= - . (9.4)
COVio Vg corry s 03/%s
When there exist several sources of biases, the combined covariance matrix is obtained by
adding the individual covariance matrices from each source.

In this analysis, the covariance matrices of interest are the 6 x 6 matrices v,, oY 25)

and v//% introduced in Sec. and , which affect the three ratios Ry, Ry2s) and 77,y
To ease their readability, they are written as 6 x 6 fractional error matrices, o, a9

and o”//?. These matrices are described in the next section.
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9.1 Total systematic uncertainties

The fractional error matrices o, ol (25), and o’/¥ on cit, c:’;(QS) and 7/, are shown

in Tab.[9.1] For Rk, o. represents all the systematic uncertainties, except that related to
the rare mode fit shape and fit bias. For Ry o) and 7y, ol 25 and a?/¥ correspond to

the total systematic uncertainty.

Table 9.1: Fractional error matrices o, ag) (23), and o’/¥, showing the fractional uncertainties and

their correlation factors (in percent). They are obtained by propagating the systematic uncertainty due to

all the different sources of bias to c}f, cgms) and 7,y

Run 1 Run 2
eTOS ATOS! TIS! eTOS ATOS! TIS!
1.63 14.34  56.55  30.96 -4.03 41.33
3.88 20.03 -6.13 9.68 28.83
3.03 12.07 -6.26 36.86

O, =
1.35  16.38  17.48
856  28.12
2.37
217 40.15 1028 800 1020  10.16
380 2872  -538  37.60  20.03
ses) 215 245 1414 12.74
7= 1.55 1748  46.81
360  16.58
2.14
6.03 -20.14 -14.92 59.69 43.55  41.02
701 36.13 2944 2650  4.27
i 6.95 1628 -11.31  44.32
6.08 2617  14.70
8.63  60.91
8.37

The various sources of systematic uncertainties are listed in Tab. [9.2] indicating the
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Table 9.2: List of systematic uncertainties on r;/y, Rr, and Ry2g) expressed in percent. Some sources of

systematic uncertainty originate from several different contributions, which are indicated in an indented

sub-list.
S(rape) (%] (i) %] =(Rogs) [%)
Calibration samples size 1.81 0.63 0.63
Kinematic reweighting 2.33 0.51 0.31
. PID calibration 0.32 0.17 0.09
3a. Muon and kaon PID 0.08 0.01 0.01
3b. Electron PID 0.32 0.09 0.17
4. Trigger calibration 1.69 0.83 0.35
4a. eTOS 1.14 0.83 0.33
4b. hTOS 1.50 0.08 0.07
4c. TIS 0.94 0.04 0.06
4d. uTOS 0.25 0.05 0.06
Occupancy proxy 2.15 0.43 0.55
Tracking efficiency 0.24 0.07 0.41
. ¢* and mass resolution 0.28 0.27 0.57
Ta. Right tail 0.12 0.05 0.32
7b. Trigger bias 0.26 0.11 0.12
7c. Momentum dependence — 0.24 0.46
Decay model — 0.36 —
. Fit shape — 1.66 —
9a. Signal shape — 1.34 —
9b. Part. reco. shape. — 0.98 —
Total 3.62 2.13 1.18

contribution of each source to the total relative uncertainty. The total uncertainty is not

exactly equal to the sum in quadrature of all individual contributions, because the naive

addition in quadrature does not take into account the correlations between the different

trigger categories and data-taking conditions. Tab. also illustrates the power of the

double ratio, every uncertainty from each source being smaller on Ry and Ry(2s) than on

/4. The following sections explain how each systematic uncertainty is computed.
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9.2 Size of the calibration and simulation samples

The statistical uncertainty related to the finite size of the normalisation channels and the
calibration histograms is classified as a systematic uncertainty and is computed in this
section. Most of the calibration histograms, for example the trigger efficiency histograms
or electron PID calibration histograms discussed in Sec. [7.4]and in Sec.[7.3.2] are computed
from the normalisation modes BT — K*J/¢(eTe”) and BT — K*J/¢(utp~) them-
selves. The normalisation modes and the calibration histograms are therefore statistically
correlated. In order to take the correlations into account when computing the statistical
uncertainty, a bootstrapping method is used [115]. To generate a bootstrapped version of
the analysis, each data or simulated event is given a weight that is distributed according
to a Poisson distribution of unit mean. All the calibration histograms are re-extracted,
all efficiencies are re-computed and all the fits to the control modes are re-made using
these weights. This procedure is repeated 100 times, hence generating 100 versions of 7y,
it and c:;(QS). The 100 bootstrapped versions of r;,, ¢j, and C$(25) are used to extract
correlation matrices according to Eq. [0.4]

The uncertainties on the yields N(B* — K*.J/¢({*{~)) computed from the bootstrap-
ping method are compatible with those estimated from the fit performed to obtain this
yield. In principle, there is the possibility that the shift and scale factors Apu, s,, extracted
in Sec. [8.3] are correlated to N(B* — KT.J/(¢*¢7)). Consequently, Ay and s, would
also be correlated to ¢}, and the correlation should then be taken into account in the fit
to the rare mode. The bootstrapping method is used to extract the correlation factors
between ¢t and Apu, s,. The correlations are at a level of 5% and are therefore neglected
in the fit to the rare mode. The absence of correlation between the yield and shape factors
can be understood from the fact that, after the full selection chain is applied, the control
samples are very clean, and the signal yield is almost equal to the total data sample size.

The finite size of the calibration samples results in an uncertainty shown in row 1
of Tab. . The uncertainty is smaller on the double ratios Rx and Ry2g) than on the
single ratio r;/,. This is because the statistical uncertainty of the calibration histograms

mostly cancel in the ratio of efficiencies between the rare and J/¢ modes, or between the

¥(25) and J/v modes.
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9.3 Kinematic reweighting scheme

As detailed in Sec.[7.7} the distributions for pr(B™), n(B™), x%y and x#p(B™) are imperfect
in the simulation and are corrected in all simulation samples using Bt — K*.J/¢(u*p™)
events from the data in the ' TOS category. However, this method is expected to generate
some biases. For example, if the LOMuon correction as a function of pr(u) is imperfect, this
will bias the simulated pr(B™) which will in turn bias the kinematic weights. Another
possible bias stems from the fact that the discrepancy between data and simulation in the
X5y and x# (B™) distributions can be influenced by bremsstrahlung in the VELO for the
electron mode, but not in the muon mode, so that using the muon mode to correct the
electron mode might yield inaccuracies.

To study this potential bias, kinematic distributions in the B™ — K*.J /¢ (u*p™) mode
and in the BT — K*.J/¢(eTe™) mode are studied using various sets of kinematic weights.

For the muon mode, two sets of weights are compared:

1. yTOS weights: these are the mnominal weights computed from the
Bt — KtJ/¢(u" ™) sample in the uTOS trigger categorys;

2. p TIS weights: these weights are computed using the BT — K*.J/¢(utp~) sample

in the inclusive TIS trigger category.
For the electron mode, the two above sets of weights are used, as well as three others:

1. €TOS weights: these weights are computed from the BT — KT .J/¢(ete™) sample
in the eTOS trigger category;

2. e TIS weights: these weights are computed from the Bt — KT .J/i)(eTe™) sample

in the inclusive TIS trigger category;

3. mixed weights: the correction for pr(B™), n(BT) and x3p(B™) is taken from the
Bt — KT J/y(ut ™) sample in the pTOS trigger category, but the correction for
X3y is taken from the B* — KT .J/¢(e*e™) sample in the eTOS trigger category.

Apart from the samples used to compute them, the procedure to subtract the background

and compute the weights is exactly the same as that detailed in Sec. [7.7]
Efficiency-corrected yield plots are extracted using the various sets of weights and are

shown in Fig. for the Run 2 conditions, as the Run 1 equivalent plots show the same

trends. These plots correspond to a data over simulation ratio of kinematic distributions,
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Figure 9.1: Efficiency-corrected yield as a function of several kinematic variables for the
Bt — K+J/¢(uTp~) mode (top five plots) and the B¥ — KT J/i(ete™) mode (bottom five plots).
To compute the efficiencies, various kinematic weights are used and correspond to the different colours:
no kinematic weights at all (black), the nominal pTOS weights (red), ;1 TIS weights (orange). For the
Bt — K*tJ/i(eTe™) mode, the distribution computed with the eTOS weights (blue) and the mixed

weights (magenta) are also shown.

and the procedure used to extract them is detailed in Sec. [10.2] The following observations

can be made:

e In both the electron and muon sample, using the ' TOS weights or p TIS weights

makes very little difference;
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e In the electron mode, using the eTOS weights improves the data versus simula-
tion agreement with regards to the x3, distributions, but worsens the x#(B™)

distribution. It also flattens the n(B™) efficiency-corrected yield plot;

e In the electron mode, using the mixed weights yields a very good agreement between
data and simulation regarding the y%,, and x3p(B™) distributions, without impacting
the n(B™) and pr(B™) distributions.

As mentioned above, the agreement between data and simulation in the x3, distribution
can be expected to improve when using weights from the electron mode directly. The
X3 (B™) distribution, however, is difficult to correct from the electron mode because this
variable is very correlated to the B* mass, meaning that subtracting the background tends
to bias this distribution.

The efficiency ratios relevant for r;/y, Rix and Ryog) are computed using the different
kinematic weights and are used to extract covariance matrices according to Eq.[9.4l The
contribution of the kinematic reweighting uncertainty to the total systematic uncertainty
on 774, R or Rypg) is reported in row 2 of Tab.

9.4 PID calibration

There are three sources of systematic uncertainty related to the PID efficiency calibration:

e The first source relates to the choice of binning scheme for the muon and kaon PID
calibration histograms. To estimate an uncertainty, alternative binning schemes are
used, which are determined by using the rebinning algorithm described in Sec.
using different thresholds: either 1.5, 2.0, 3.0 and 3.5 standard deviations, instead of

the nominal 2.5 standard deviations.

e The second source is related to the choice of binning scheme for the electron PID
histograms. In this case, due to the limited statistics in the electron PID histograms,
only one alternative binning is used to assess the systematic uncertainty. This

alternative binning is shown in blue (to compare with the nominal binning, shown
in red) in Fig. [7.4]

e The last source is related to the trigger bias from the electron and kaon PID
efficiencies. A systematic uncertainty is assessed by computing the difference in

efficiencies obtained by using the nominal electron PID histogram (where the probe
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has potentially triggered any line), or by using a PID histogram extracted by requiring
the probe to be TIS with respect to any trigger line. The nominal and alternative

histograms are shown in blue and orange in Fig. [7.5]

Covariance matrices corresponding to these three sources are computed and then added
up to obtain the total uncertainty related to the PID calibration, which is very small. The
contribution of the PID calibration uncertainty to the total systematic uncertainty on
75, R or Ryag) is reported in row 3 of Tab. 9.2}

9.5 Trigger calibration

The systematic uncertainties related to the L0 calibration histograms are shown in row 4
of Tab.[0.2] The different trigger categories are impacted by different systematic uncer-

tainties that are discussed in the following sections.

9.5.1 Tag bias impacting the muon, electron and hadron trigger

calibration

As discussed in Sec. [7.4] the tag used to extract the LOMuon, LOElectron and LOHadron
histograms introduces a bias on the trigger efficiencies. To evaluate the uncertainty related
to this bias, the relevant efficiency ratios for Ry, 75/, and Ryss) are computed with
different trigger histograms using different tags. These histograms are shown in Fig. [7.0]
with the nominal histogram shown in red and the alternative ones used to evaluate the
systematic uncertainty in different colours.

For the hTOS! and p'TOS trigger categories, the tag bias is the only source of systematic
uncertainty considered. This systematic uncertainty is shown in Tab. [9.2]

9.5.2 Paramatrisation of the electron trigger efficiencies

As discussed in Sec. the LOElectron efficiencies of the two electrons are correlated,
and this is ignored in the nominal parametrisation of the electron trigger efficiencies.
Therefore, an alternative way to parameterise the total electron trigger efficiency is used:
the trigger efficiency is measured in bins of the maximal electron Et and the distance
between the two electrons in the ECAL. The trigger histograms are all extracted using
the nominal TIS tag and are shown in Fig. for the 2016 data-taking conditions. The

histograms show the same behaviour in each of the data-taking conditions.
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Covariance matrices are computed according to Eq. [0.4] for both the tag bias and the
parametrisation bias, and are combined to get the total fractional error matrices due to
the LOElectron histograms. The uncertainty related to the LOElectron efficiencies is
dominated by the tag bias and is shown in Tab. The uncertainty on the single ratio

77/ 18 large, at the level of a few percent, but cancels well in the double ratios Rys) and
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Figure 9.2: Efficiency of either of the two electrons in BT — KTJ/w(ete™) decays triggering the
LOElectron line in simulation (left) and the ratio between data and simulation (right). Both figures

correspond to the 2016 data-taking conditions. All efficiencies are computed using the nominal TIS tag.

9.5.3 Biases caused by the TIS calibration histograms

As detailed in Sec. the TIS efficiency depends on whether the signal electrons have
triggered or not, hence using an electron tag introduces a large bias on the TIS efficiencies.
However, all other possible tags (muon or kaon) introduce an even larger bias. In order
to evaluate a systematic uncertainty related to the tag bias on the TIS efficiencies, the
origin of this bias is studied. The most likely cause of this bias is the presence of ‘fake
TIS’ events in the TIS sample, i.e. events triggered due to the presence of the signal
electrons but falsely classified as TIS. An example would be those events triggered by the
bremsstrahlung photons produced by the signal electrons. Such events can be found when
analysing the content of the TIS! category in the BT — KTete™ simulation. The number
of these fake TIS events depends on the kinematics of the signal electrons, and on whether
the electrons fired the LOElectron trigger or not. Hence, the fake TIS efficiency can be

expected to be a function of the pt of the electrons, rather than a function of the B pr.
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Figure 9.3: Efficiency e(uTIS || ATIS) as a function of the maximum electron pr computed using different
simulation samples (left) and requiring different tags (right). Both plots correspond to the 2016 data-taking

conditions.

To estimate the impact of fake TIS events, an alternative strategy to correct the
TIS efficiency is used. The TIS category is further split into two subcategories. The
first corresponds to the situation where a photon or electron in the event has triggered,
7TIS || €TIS, and is expected to contain the majority of the fake TIS events. The second
are events triggered by a muon or a hadron, uTIS || ATIS, expected to contain few fake
TIS events. The global TIS efficiency is then calculated as

e(TIS) = 1 — (1 — e(4TIS || €TIS)) - (1 — e(uTIS || KTIS)). (9.5)

The efficiencies e(yTIS || €TIS) and e(uTIS || hTIS) are measured as detailed below.

Figure [9.3] (left) shows the e(yTIS || eTIS) efficiency as a function of the maximum
electron pr. The left plot shows that the efficiencies computed using Bt — KT J/¢(ete™),
Bt — Kty(2S)(ete”) or Bf — KTe'e™ simulated events are compatible. This demon-
strates that this parametrisation allows corrections for e(yTIS || eTIS) to be extracted using
the Bt — K*.J/¢(e"e™) mode, which can then be used for the BT — KT (25)(ete™)
and Bt — KTeTe™ modes. The right plot shows that the efficiencies can be measured
using the Bt — KT J/u(ete™) events which have been triggered by a muon independent of
the signal, 7.e. a p TIS tag. This plot also shows a large difference between the efficiencies
of the muon and electron modes, owing to the presence of fake TIS events in the electron
mode, but not in the muon mode.

As shown in Fig. 9.4, e(uTIS || ATIS) in bins of pr(B*) obtained for
Bt — Kt J/iyp(ete™), BT — KT¢(2S)(ete”) and BT — KTeTe™ simulated events are in

good agreement, and pp(B™) is therefore the variable used to parametrise this efficiency. In
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Figure 9.4: Efficiency £(uTIS || ATIS) as a function of the pr(B™) computed using different simulation
samples (left) and requiring different tags (right). Both plots correspond to the 2016 data-taking conditions.

addition, Fig. also shows that the efficiency can be measured on Bt — KT.J/¢(ete™)
events that are triggered by a signal electron (eTOS tag), without introducing a significant
bias.

Combining e(yTIS || eTIS) and e(uTIS || ATIS) efficiencies, an alternative value for the
TIS! efficiency is computed. The difference between this value and the nominal calculation
is assigned as a systematic uncertainty and is shown in Tab.[9.2] The impact of the TIS

parametrisation on the double ratios Ry s and Ry is negligible.

9.6 Occupancy proxy

As shown in Fig. [7.12] the occupancy of the detector is poorly described in the simulation.
To study how this can impact on the total efficiency, the distributions of three occupancy
proxies in the simulation are separately reweighted to match the data. This is done using
the same algorithm as described in Sec. [7.7], adding one occupancy proxy into the list of

variables that are reweighted. The three occupancy proxies considered are:
1. nSPDHits: the number of hits in the scintillating pad detector;
2. nTracks: the number of tracks found in the detector;
3. nPVs: the number of primary vertices found in the VELO.

To compute the TIS! efficiency, the TIS calibration histograms described in Sec.

which are very sensitive to the occupancy, are also re-computed after making the occupancy
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correction. Using these three alternative ways to compute the total efficiencies and Eq. [0.4]
systematic uncertainties related to the occupancy are computed for r;/,, Rx and Ryog)

and are shown in row 5 of Tab. 0.2l

9.7 Material budget and tracking efficiency

The rapidity distributions for simulation and data in the Run 2 data-taking conditions
are shown in Fig.[0.5] A discrepancy is visible at high rapidity, for all trigger categories.
The same discrepancy is observed in the Run 1 conditions. The most likely cause of
this discrepancy is a mismatch between the data and simulation material budget as a
function of the rapidity: as the electron interaction cross-section with the material of the
detector is relatively large, the tracking efficiency of electrons is very dependent on the
material budget. Moreover, as discussed in Sec. [3.11] the description of the material in
the simulation is known to not match that in the data exactly.

A data-driven way of measuring the electron tracking efficiency has been developed
and is described in Ref. [116]. The measured efficiencies are used to correct the simulation,
and the efficiency difference using these corrections or not is assigned as a systematic
uncertainty on r;/,. However, at the time of writing, the tracking efficiency measurement
in Ref. [116] is still preliminary and has only be performed using the Run 2 data. Therefore,
another method is used to assess a systematic on the double ratios Rx and Ry g).

Weights are computed that correspond to data over simulation ratios of two-dimensional
n(et), n(e™) distributions, computed in the eTOS category and in all bremsstrahlung
categories separately. The weights are shown in Fig. [0.6] The rapidity distributions for
simulated events after applying the correction weights are shown in Fig. [0.5]in orange. The
data versus simulation agreement is improved in all categories, except in the Run 1 TIS!
category, where the rapidity correction seems to over-correct slightly. This is due to the
fact that part of the discrepancy as a function of 7 is due to the imperfect parametrisation
of the LOElectron efficiency. The impact of the rapidity correction weights on a whole
range of kinematic variables is discussed further in Sec.

The rapidity correction weights can be interpreted as a data over simulation ratio of

electron tracking efficiencies, times an unknown normalisation constant k:

e SR - ()
HED D =R Sy etk () 20

The unknown normalisation constant k prevents the use of these weights to compute the
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Figure 9.5: Distribution for the maximum electron rapidity for BT — KT .J/¢(eTe™) events in all three
exclusive categories and in the Run 2 conditions. The black points correspond to background-subtracted
data, the red to simulation without kinematic corrections, the blue to simulation with the nominal

kinematic correction and the orange to the simulation with the extra rapidity correction.

impact of the rapidity correction weights on the total efficiency (Bt — K*J/iy(ete™)),

and therefore on r;/,. However, in the ratio

"Bt — Ktete)
et (Bt — K+J/y(ete))’

the normalisation constant cancels out. Therefore, the systematic uncertainty on Ry
related to the mis-modelling of the electron tracking efficiency is calculated as the difference
between the ratio of total efficiencies computed with the rapidity correction weights, and
without them. The correlation between all trigger categories and data-taking conditions is
assumed to be 100%. The fractional uncertainties on Rx and Ry (2s), shown in Tab. ,
are at the sub-percent level, which can be a priori surprising considering the large rapidity

corrections. However, the rapidity corrections cancel almost perfectly in the double ratio,
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Figure 9.6: Data over simulation ratios of the two-dimensional electron rapidity distributions for
Bt — KtJ/iy(ete™) events in the Run 2 conditions.

due to the fact that the rapidity distributions are very similar in the rare mode, J/v
mode and ¥(25) mode (see Fig. 4.3). The uncertainty related to the tracking efficiency is
reported in row 6 of Tab.

9.8 Electron g? and mass resolution

The electron mode ¢ and m(KTete™) smearing described in Sec. is approximate.
Systematic uncertainties related to various effects are described below. These various
effects contribute together to a total systematic uncertainty shown in row 7 of Tab. [9.2]
This systematic uncertainty does not cancel in the Rg or Ryng) double ratios. It is

however one of the sub-dominant uncertainties.

9.8.1 Right tail of the mass and ¢? distributions

As Fig. [7.15 shows, the description of the ¢* and m(KTeTe™) line shape is imperfect even
after smearing, due to a residual discrepancy in the upper mass tails, which is related
to the bremsstrahlung recovery. To assign a systematic for this residual discrepancy,
an alternative method to correct the line shape for simulated events is used, relying on
the fact that the size of the upper tail is dependent on the occupancy. The nSPDHits

distribution is broken into three bins of uniform width and one m(e*e™) shape is extracted
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from the Bt — K*J/¢(e*e™) simulation in each of these three bins, and is denoted fépp,
1 <4 < 3. Each f{pp, is normalised to the fraction of simulated events in the ith nSPDHits
bin. The J/¢ peak in Bt — K*.J/i)(ete™) data is then fitted using the signal model,

N-[(1+a)- fopp(m; o, Ap) + f3pp(m; se, Ap) + (1= a) - fopp(ms so, Ap)], (9.7

where N denotes the signal yield, s, and Ap are the sigma scale and mean shift parameters,
and a is a free parameter which allows the fraction of yields between the three nSPDHits
bins to float in the data.

The fit to the Run 2 data obtained by using Eq. as the signal shape and an
exponential for the background is shown in Fig.[0.7 The signal shape describes the data
accurately, including the upper mass tail. The fit favours a value of a very close to 1, which
is the maximal value for this parameter, and is equivalent to eliminating all simulated
events in the highest occupancy bin.

Hence, m(K*"eTe™) and m(ete™) are corrected in the simulation using the result of
the fit shown in Fig. [9.7] As for the nominal case, the distributions are smeared using
s, and Ap (see Eq. but the nSPDHits distribution is also reweighted: the events
in the lowest occupancy bin are reweighted by a factor two and the events in the highest
occupancy bin are removed. The efficiencies and efficiency ratios relevant for r;/, Ry
and Ry2g) are computed using this alternative smearing method, and the difference with
the nominal is assigned as a systematic uncertainty, assuming a 100% correlation between
all trigger categories and runs. This systematic uncertainty is shown in Tab. and is
labelled “right tail”.

9.8.2 Trigger bias on the mass and ¢? resolution

Another source of systematic uncertainty related to the ¢? resolution stems from the fact
that the smearing and scaling factors depend mildly on which trigger category is used to
perform the fit. The smearing and scaling factors averaged over all three trigger categories
are used to smear the simulation in all three trigger categories. The uncertainty on these
factors related to the trigger bias is computed as the RM.S between the factors computed
in the three trigger categories. To propagate the uncertainty to the efficiencies or efficiency
ratios, the efficiencies are computed using smearing factors modified by plus or minus one
standard deviation. This is used to extract a systematic uncertainty labelled “trigger bias”
in Tab.[9.2] Again, correlations between all runs and trigger categories are assumed to be
100%.
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Figure 9.7: Fit to the mass m(ete™) for Bt — K*.J/¢(eTe™) data events (left). The data points are
shown in black, the total fit function is shown with a red line. The signal is broken into three components:
the solid black line corresponds to the low occupancy bin, the dashed black line to the central occupancy
bin, and the dotted black line to the high occupancy bin. The combinatorial background component is
too low to be visible. The fit is performed in all bremsstrahlung categories separately, but the figure
shows the three categories combined. Fit functions to the m(ete™) distributions (right) in data (dotted
black, same as the signal component on the left plot), simulation with the nominal smearing (red) and
simulation with the alternative smearing and occupancy reweighting (orange). Both plots are made using

events in the eTOS category and Run 2 data-taking conditions.

9.8.3 Momentum dependency of the mass and g? resolution

It is possible that the smearing factors depend on ¢?, and that the simulation should
be smeared with a different factor at low ¢* than at ¢> = m(J/v¢)? For the electron
mode, fitting the 1(2S5) peak or the ¢ peak is very challenging due to the complicated
backgrounds.

Negelecting the mass of both electrons, the di-electron invariant mass can be written as

1
m(ete™) = 2 /De+ De- sin (§Oég+g—) . (9.8)

Simulated events indicate that the resolution on ay+,- is ~ 0.5%, whereas the resolution
on p is ~ 10%. Therefore, the resolution on m(ete™) is completely dominated by the
momentum resolution itself, which is dependent on the momentum. To assign a systematic
on the ¢g>-dependence of the smearing factor, the Bt — K*.J/¢(eTe™) channel in both
data and simulation is used to measure the smearing constants in 2D bins of pp. =
Max(Pe+ , Pe- )y Pmin = MIn(Pe+, Pe— ), by performing a fit to the data and simulation in each

of these bins. A projection of the data over simulation ratios of the smearing factors
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Figure 9.8: Data-over-simulation ratio of m(eTe™) resolution for BT — K+.J/1(eTe™) events in the Run 2
data-taking conditions. Electrons with (red) and without (black) a bremsstrahlung cluster added are

considered. A fit using a linear function is made to help visualise the trend of the momentum dependency.

is shown in Fig. 0.8 and a momentum dependence is visible. The uncertainty on Ry
and Rys) related to the momentum dependence of the ¢? resolution is then taken as
the difference between the ratio of efficiencies computed using the nominal momentum-
independent smearing constants, and these momentum-dependent smearing constants.
This systematic is reported in row 7c¢ of Tab.[0.2] The correlations between all trigger

categories and runs are assumed to be 100%.

9.9 Decay model

The uncertainties on the Wilson coefficients, as well as hadronic uncertainties impact on
the ¢? distribution in simulated B* — K¢/~ decays, and hence impact the selection
efficiencies. These uncertainties are propagated to an uncertainty on Ry using the
theoretical predictions from the flavio software package [117]. The predicted ¢? distributions
are shown in Fig. . The ¢? distribution of the signal is reweighted 100 times to sample
the theory uncertainties and the ratio of efficiencies e(B*™ — K*tete™)/e(Bt — Ktutu™)
is re-computed each time. This allows a systematic uncertainty on Ry to be extracted,
shown in row 8 of Tab.[9.2] The correlations between all runs and triggers are 100%.
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Figure 9.9: Differential branching fractions predictions from the flavio software for BT — KteTe™ (left)
and BT — K*utu~ (right). The blue band shows the theoretical uncertainty that results from an
extrapolation of the lattice calculation at high ¢2. The predictions in the region of the narrow charmonium

resonances are not meaningful.

9.10 Fit shape

In order to evaluate the systematic uncertainty on Ry arising from the choice of fit model,
pseudo-experiments are generated using an alternative model and fitted twice, once with
the nominal model and once with the alternative model, to obtain two measurements of
Ry. The mean of the difference between the two measurements is assigned as a systematic
uncertainty. Alternative shapes are used for both the signal and partially-reconstructed
background components. The alternative signal distribution is parameterised as a sum
of three Gaussian functions for the 1v and 2v categories. In the 0y category a single
Crystal Ball distribution is used. The alternative partially-reconstructed background
shape is obtained by reevaluating the kernel estimate after including the contribution from
Bt — K{y(— K*ntn~)ete™ decays estimated in Sec. The systematic uncertainty
related to the signal shape is shown in row 9a of Tab. and the one related to the
partially-reconstructed background shape in row 9b. By contrast to all the other systematic
uncertainties in Tab. [9.2] this fit shape uncertainty affects the rare mode yields, rather

than impacting on the efficiencies.
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9.11 Partially reconstructed background constraint

In the combined fit to extract Rx, the amount of partially-reconstructed background across

the three trigger categories is constrained using the rg’ic ratios defined in Eq. [8.15( and

shown in Tab. As the r"t factors are double ratios of efficiencies related to the electron

prc
modes, the systematic uncertainties discussed so far have a negligible effect on them. The

rt

e instead comes from the partially-reconstructed

dominant systematic uncertainty on r
background model, as the TIS! and hTOS! efficiencies are expected to depend on the missing
particle (e.g. a 7~ in B® = K**(— K*r " )ete” or a 7’ in Bt — K**(— K*71%)ete).
Alternative values for the Tgic factors are hence computed using a sample of simulated
BT — K*T(— Ktn%e%e™ decays with the ¥ not reconstructed. The difference between
these values and the nominal ones, obtained from B — K**(— K7~ )ete™ simulated
decays with the 7~ not reconstructed, is assigned as a systematic uncertainty. The
fractional error matrix o, for the 77t factors is shown in Tab. .

prc

Table 9.3: Fractional error matrix on the rgﬁc factors showing the fractional uncertainties and their
correlation factors due to differences in efficiency between B? — K*%ete™ and Bt — K*tete™ events.

All entries are shown in percent.

Run 1 Run 2
hTOS! TIS! hTOS! TIS!
eTOS eTOS eTOS eTOS
14.5 0.0 100 100
(9.9)
1.4 0.0 100
Opre =
P 14.5 0.0
14
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10. Cross-checks

Various cross-checks used to ensure the robustness of the analysis are presented in this

chapter.

10.1 Integrated measurement of 7/, and Ryg)

The integrated 7/, single ratio and Ry sy double ratio, which are defined in Eq. and
in Eq. [4.2] are determined using the fits described in Sec. and the efficiencies computed
with the nominal trigger, PID and kinematic corrections discussed in Sec. |7} The ratios are
computed in Run 1 and Run 2 separately, using the three exclusive trigger categories for
the electron mode and the uTOS category for the muon mode. The ratios are displayed
in Tab. . Statistical and systematic uncertainties are quoted separately for Ry g),
but are not separable in 7y, as explained in Chpt. @] The 74 and Ry(2s) results in
the different trigger categories and data-taking conditions are combined using Eq.
and Eq. [8.17, The combined results are also shown in Tab. [10.I] All individual and

combined values are compatible with unity within their uncertainties.

10.2 Differential measurement of 7/,

To test the data-simulation agreement of one-dimensional projections of kinematic distri-
butions in BY — K*J/¢({*¢~) decays, the differential 7/, test is performed. The test

proceeds in the following steps:

1. Using simulated BT — K*.J/¢(ete™) events that satisfy the preselection requirement
(without the BDT applied), each kinematic variable is split into eight uniformly
populated bins. This gives similar precision in each bin, allowing any trend to be

spotted more easily;

2. For both data BT — K™ J/¢(ete™) and BT — KT J/¢(ut ™) events, fits to mg/szF
are performed to extract the yields of events in each of the eight bins. T'wo histograms
storing the yields are obtained, one for the electron mode and one for the muon
mode. They are denoted Ry, and Ry, with 1 <i < 8;
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Table 10.1: Integrated values of r;,y, and Ry 2s) computed for Run 1 and Run 2 data and for the
combination of Run 1 and Run 2 data. The muon modes are measured in the pTOS category and the
electron modes are measured in the trigger category shown in the first column. The values of Ry (2g) are

shown with their statistical and systematic uncertainties separated.

/v Ry2s)
Run 1
eTOS | 1.063 +0.056 0.984 +0.014 + 0.021
ATOS! | 1.008 £ 0.079 0.915 4+ 0.052 4+ 0.036
TIS! 1.015 £ 0.082 1.048 £ 0.029 £ 0.021
Run 2
eTOS | 1.0524+0.074 0.986 +0.011 + 0.016
ATOS! | 1.053 £ 0.094 0.889 + 0.049 + 0.029
TIS! 1.1124+0.102 0.971 £0.023 £ 0.021
Combination
1.024 £0.037 0.987 £ 0.008 £ 0.012

3. Using simulated BT — K*.J/i¢(eTe™) and BT — K*J/y(u"pu™) events, two effi-
ciency histograms are produced. Each of the eight bins of these histograms represents
the probability of an event being reconstructed in that particular bin, denoted hé,e
and ht

e,

4. The entry in each bin of the yield histograms is divided by the efficiency in each
corresponding bin in the efficency histograms to obtain two efficiency-corrected
yield histograms hj, . = hy/hL, and R, , = hy ,/hL . Bach bin of the efficiency-
corrected yield histograms represents the total number of BT — K*.J/i(ete™)
or Bt — Kt J/¢(utp~) decay that were generated in the detector, before any
reconstruction effect. Hence, if the data and simulated distributions of the kinematic
variable of interest agree perfectly, the efficiency-corrected yield histograms will have

uniformly populated bins;

5. Finally, the muon efficiency-corrected yield histogram is divided by the electron
efficiency-corrected yield histogram to obtain the 7, histogram by, == hy, ,/hiy.,
each bin of which should be compatible with unity, assuming a perfect agreement

between data and simulation.
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The simulation, particularly in the case of the electron mode, is however imperfect
and some 1/, histograms are expected to show some level of variation across the bins.
To quantify these variations, the r;/, flatness parameter d; is computed. This parameter
can be interpreted as follows: if the deviations from flatness across bins of the efficiency-
corrected yield histogram are assumed to be genuine variations of the efficiency from a
perfectly flat distribution then, given the distribution of events expected in the rare decay,
what would the resulting deviation in the double ratio Rx be? More explicitly, d; is

computed as follows:

dy =

8 . . 8 . 8 . . 8 .
DN VD DYV D DY A WD DY 18
=1 . i=1 i=1 . i=1 — 1 (101>

8 8 . 8 3 .
; i rare,i ; i rare,i
SUSRUSD DL ST T ol

For each r;/, histogram, d; must be comparable to the size of the total systematic
uncertainty expected on Rg. A larger dy would indicate an extra source of systematic
uncertainty that does not cancel in the ratio e(B* — Kt(7)/e(BT — KT J/¥((1T(7)).

The 7/, histograms are shown in Fig. (bottom of each row), for the Run 2
conditions, and for the electron mode selected in the eTOS category. Distributions are
shown for the transverse momentum of the BT and leptons, as well as for variables
related to the angles in the decay, i.e. rapidity, angle between the two leptons, and angle
between the kaon and lepton. The angle 6,, corresponding to the angle between the two
leptons in the BT rest frame is also shown. Distributions are also shown that relate to
the alignment of the tracks, i.e. x§ and x7p(B™). In each bin, the r;,, value is shown
with a red thick error bar corresponding to the statistical uncertainty of the fit. A thin
black error bar indicates the total statistical and systematic uncertainty. The systematic
uncertainty shown in Fig. [10.1| comes from the tracking efficiency corrections (see Sec. ,
the LOElectron calibration (see Sec. and the kinematic reweighting (see Sec. .
These are the three effects that most significantly impact the shape of the differential r;/y,
histograms in the eTOS category.

Some 1/, distributions show some trend: the high rapidity bins or the lowest di-
lepton angle bin are displaced from 1.0. However, the systematic uncertainty is large
in these bins, illustrating the fact that the mis-modelled effects in the simulation (e.g.
the material at high rapidity) are covered by the systematic uncertainties. All flatness

parameters are at the permille level. This again illustrates the robustness of the ratio
e(BY — KHt™)/e(BT — KT J/y(te)).
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Differential r;/y, distributions in the Run 2 conditions with the electron mode in the
hTOS! and TIS! category are shown in Appendix @ In these cases again, the dy factors are
all smaller than the expected systematic uncertainty on Ry in the corresponding trigger
category. The 7/, distributions in the Run 1 show the same characteristics as the Run 2

ones shown here, and are therefore not reported in this thesis.
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Figure 10.1: Binned 7/, values (bottom two plots) for the preselected BT — K*.J/i(eTe™) mode in
the eTOS category and the preselected BT — KT.J/1(u" 1) mode in the uTOS category, in the Run 2
data-taking conditions. The red thick error bars correspond to the statistical uncertainty and the black
thin error bars to the systematic uncertainty. A large proportion of the bins have a statistically-dominated
uncertainty, in which case the black error bar is hidden under the red. Kinematic distributions (top two
plots) for simulated Bt — K*u*p~ (dotted red), BT — K*J/¢(utp™) (solid red), Bt — KTete™
(dotted black) and BT — KT .J/v¢(ete™) (solid black) events are shown. Figure continues onto the next

page. The value of the flatness parameter dy is superimposed on each plot.
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Figure 10.1: Continued from the previous page.
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bin
10.3 RJ/¢ test

While the ¢? distributions of the rare decay and the resonant control channels are clearly
different, the detector performance (and hence the selection efficiency) depend on variables

defined in the frame of the detector, such as the final state particles momenta and angles.

As )
q2 = 4pg+ Y Sin2 (5 Oég+g—> s (102)

where ay+,- is the angle between the two leptons, the efficiency can be examined as a
function of some but not all of the variables p,+, p,- and ay+,~. There is a significant
overlap in the distributions of these variables between the rare and resonant decays, even
if the decays do not overlap in ¢*. In the previous section, r;/, was examined as a function
of a single variable (and with the parameter dy, integrated over that variable, taking into
account the spectrum of the rare decay). In this section, an attempt is made to look at
/4 in those regions of the parameter space where the control channel has kinematics
closer to that of the rare decay. Taking again the example of ¢, while it is not possible
to look at r;/y in a bin of ps+, pi- and g+, it is possible to bin in two of these three
variables. As detailed below, the decay kinematics can in fact be parameterised as a
function of four variables and r;/, can then be examined in 2D projections of this 4D
space. This test still has several shortcomings. In the 2D projection chosen, the rare decay
and resonant decay will overlap only partially. The distribution in the two variables that
are not examined are integrated over and, in general, the distribution in these variables

will also differ in the rare decay and the resonant decay.
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Figure 10.2: Tllustration of the variables used to parametrise the Bt — K+{T¢~ decay.

To define the relevant regions, it must be first established how a BT — KT/{T¢~ decay
can be parametrised in terms of variables defined in the frame of the detector. This
is illustrated in Fig. [10.2, The BT momentum can be parametrised with three polar
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coordinates: the magnitude of the momentum pg+, and an azimuthal and polar angle
ap+ and ¢p+, all defined in the frame of the detector. The BT then decays into a kaon
and a dilepton system. This is a two-body decay which can be fully parametrised with
¢?, the angle between the kaon and the dilepton system ag+, and the azimuthal angle of
the dilepton system ¢,+,~. Finally, the dilepton system ‘decays’ into two leptons, and this
decay can be parametrised in terms of the angle between the two leptons ay+,-, and the
azimuthal coordinate of one of the two leptons ¢,. In summary, the B* — KT/T¢~ decay

can be parametrised with eight variables:

DB+, Oty Opt, Quri—, Grri—y @0y Qpr—, Go (10.3)

Using the relation ¢ = 2 pg+ - pg- - (1 — cos ag+4-), ¢* and pp+ in the above list of variables
can be exchanged for the higher and lower lepton momenta, max p, and minp,. The list

of degrees of freedom therefore becomes

Qi+, IMaxXPy, minpfa Qptyp—, (QSZ, QSZJFZ* ap+, ¢B+)' (104)

The last four terms have been put in parentheses because the detector is assumed to
be azimuthally symmetric, and the distribution of ag+ is not related to the internal
structure of the decay. Hence, the decay BT — K1¢*{~ can be considered to depend
upon four variables. The BT — K*.J/¢(¢{*£7) decay has an extra constraint coming from
q* = m(J/+)?, which reduces this set to three variables.

The Rf}iﬁp test then proceeds as follows:

1. Two variables are picked among o+, maxpy, minpy, Qup+s-;

2. Using reconstructed BT — K*.J/i(eTe™) simulated events in the range 1.1 < ¢* <
6.0 GeV?, two-dimensional bins are chosen so as to span the region occupied by the
rare decay. As in the 1D r;/y test, the bins are chosen such that they contain an

approximately equal number of simulated BT — K*J/¢(eTe™) events;

3. In each bin, the quantity Rf}iﬁp is defined as the following double ratio:

N(BY =K J/p(utp”
e(BT—KTJ/dp(utp~)

—

)| ebin /N(BMKU/w(uw—))

. . BT SRFT/o(utu=
N(BT—=K+J/p(ete™))|ebin [ N(BT—=K¥J/ip(eter))
c(BToRTTb(eTe )lcom | e(BT=KTTjwlete))

where the subscript € bin indicates that the event yield is measured in a given bin, and

that the efficiency corresponds to the efficiency of an event being reconstructed in that bin.
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As above, a significant deviation from RS% from unity in any of the bins would indicate a
source of systematic uncertainty that may not cancel in the Ry double ratio. A flatness
parameter that quantifies the potential effect on Rk is again constructed based on the
deviations observed, taking into account the distribution of events in the rare decay.
Results of the RB% test in two dimensions are shown in Fig. [10.3] This figure is
made using BT — KTJ/i{(eTe™) events selected in the eTOS trigger category, and
Bt — Kt J/Y(uTu~) uTOS events in the Run 2 data-taking conditions. Statistical
uncertainties are shown with thick red error bars, and total statistical and systematic
uncertainties with thin black error bars. The systematic uncertainties are computed using
the same method as for the one-dimensional 7/, test in Sec. . As for the differential
/4 test, the flatness parameters are at most at the percent level, again giving confidence
that the efficiency ratio e(BT™ — KT¢t¢7)/e(BT — K*.J/y({T¢7)) is understood over the

whole phase space. The same conclusions are drawn in the Run 1 data-taking conditions.
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Figure 10.3: Result of the R"}i/nw test in two-dimensional bins, where the Bt — KT .J/i¢(ete™) mode
is in the eTOS category and the B* — KTJ/¢(uTp~) mode is in the pTOS category, both in the
Run 2 data-taking conditions. The BT — KTeTe™ event distributions are shown at the top and the
Bt — KTJ/vy(ete) distribution in the centre, illustrating the binning scheme. The value of Rgi/‘i/) in
each bin is shown at the bottom, where the red thick error bars corresponds to the statistical uncertainty
and the black thin error bars to the systematic uncertainty. The 0" bin corresponds to the RB% value

computed over all phase-space, so it is by definition always equal to 1. Figure continues onto the next
page.
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Figure 10.3: Continued from the previous page.
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Figure 10.3: Continued from the previous page.
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10.4 Branching fraction of the BT — K*tu*tu~ decay

Before proceeding to the unblinding of the data containing BT — KTete™ candidates
used to measure Ry, the Bt — K*u*pu~ data are unblinded in order to measure the
branching fraction of that decay and check the compatibility with the LHCb measurement
using Run 1 data from Ref. [31].

The results for the mean differential branching fraction in the range 1.1 < ¢* < 6.0 GeV?,

measured in the Run 1 and Run 2 data-taking conditions separately, are

Run 1: 98 = (24.4 4+ 0.9) x107° GeV 2,

dq?
Run 2:  §& = (24.9 £ 0.9) x107% GeV~?,
Run 1 from Ref. [31]: {5 = (24.2 £ 0.7) x107? GeV ™2,

The results are quoted with their statistical uncertainties only. The measurement in
Ref. [31] uses a selection optimised for muonic B decays, which yields a higher number of
BT — K*u*pu~ candidates than in the analysis presented in this thesis. This explains the
difference in statistical precision between the measurement performed in this thesis and
the measurement in Ref. [31]. The differential branching fraction is also measured in five
bins of ¢ and is shown in Fig. [10.4, The agreement between Run 1, Run 2 and the result

from Ref. [31] is excellent.
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Figure 10.4: Differential branching fraction of the BT — K*u™pu~ decay, measured using the data
collected in the Run 1 (black) and Run 2 (red) data taking conditions. The result is compared with the

measurement from Ref. [31] (blue). All uncertainties shown are statistical only.
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10.5 Contamination from backgrounds with two mis-

identified tracks

As explained in Sec. [6.7, contamination from fully reconstructed BT — KTntn~ events,
where both pions are mis-identified as electrons is expected to be reduced to a negligible
level by the PID selection. To demonstrate that this is the case, the Bt — Ktete™
sample selected in data is reconstructed ignoring the bremsstrahlung correction and
changing the mass hypothesis of each electron to that of the pion. Any contribution from
Bt — K*ntn~ decays would appear as a narrow peak at m(B") in the m(K*tef, _,e” )

mass distribution. As shown in Fig.[10.5| there is no trace of BT — Ktn "7~ mis-identified

events in the final BT — KTeTe™ data sample.

io |
8 60
g 50 7HH +HH++

PO T [ T T [T T[T T[T T[T TTrT]

40

20 i

20 ++++

18 +++ + +++ atitts m*«mu

5000 5500 6000
m(K'e", €. ) [MeV]

Figure 10.5: Distribution of the m(K e’ e~ _)for Bt — K*eTe™ selected candidates in the combined

S

Run 1 and Run 2 sample.

The second kind of double mis-ID background is referred to as Bt — Kt.J/iy(eTe™)
“swaps”, where a BT — K [J[_W J/p(0F (K] (7) transition where the Kt is mis-identified
as the T and vice-versa. As in the previous case, this background is expected to be
negligible after the PID selection. To demonstrate this, BY — K*ete™ candidates in data
are reconstructed under the exchanged mass hypothesis K <+ e, and their invariant mass
m]‘g/%pp(K T 4€ ere”) is computed, where the mass m(K *e™) is constrained to that of the
J/1. Any contribution from BT — K, J;H J ) (6F orl ~) decays would appear as a sharp
peak at the B* mass. As can be seen in Fig.[10.6] no such contribution is found in the

final Bt — K*tete™ data sample.
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Figure 10.6: Distribution of the mé/Tqu(KJr o+ €1, o1 €7) invariant mass for BT — K[J;H]J/w(f[;l(ﬂﬂ_)
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11. Result

The fits to the rare modes are performed using the signal and background shapes described
in Sec. [8.3] The fits to the BY — K*ete™ and B* — K*pupu~ modes in the different
trigger categories and data-taking conditions are performed simultaneously, yielding a
single value for Rg, following the procedure described in Sec. , The coefficients ¢, which
allow the Bt — Ktete™ and BT — KTt p~ yields to be converted to one value for Ry,
are constrained to the central values shown in Tab. using a multidimensional Gaussian
constraint with widths and correlations shown in Tab. [0.1} The fits to BT — K*utu~ in
both the Run 1 and Run 2 data are shown in Fig. [11.2] The fits to B — K*ete™ in the
Run 1 and Run 2 conditions are shown in Fig. [L1.34{11.5]

In Fig. |[11.3411.5, it can be observed that the partially reconstructed background yield
is higher in the Run 2 data than in the Run 1 data. On the contrary, the combinatorial
background yield is lower in Run 2 than in Run 1. However, it was checked that the
BT — Ktete™ yield, and hence the value of Ry, does not change if the fraction of
partially reconstructed background to signal is constrained to be the same between Run 1
and Run 2. Studies of the fit using pseudo-datasets show that the yields of these two
background components are anti-correlated: the sum of the two yields is determined
precisely in the fit, but the individual yields of each of the two background components
have a large uncertainty. If, in a given fit to a pseudo-dataset, the partially reconstructed
background yield is under-estimated, the combinatorial yield is usually over-estimated.

As explained in Sec. [8.5] the uncertainty on Ry established from the fit is corrected
to include the fit bias and the uncertainty on the fit shape. The fit bias is established
by repeating the study described in Sec. using as input the measured yields for the
partially-reconstructed and combinatorial backgrounds measured in the data. The final bias
is estimated to be (3.5 £ 1.0)% X 0gat. The central value of Ry is shifted by this value, and
the sum in quadrature of half of the size of the bias and its own uncertainty is considered
as an additional systematic uncertainty on Ry. Finally, the systematic associated with the
fit model computed in Sec. [9.10] is also combined with the fit uncertainty by convoluting
the profiled likelihood with a Gaussian of suitable width. Fig. shows the original
likelihood profile obtained from the fit to the data, and the effect of the two additional

systematic uncertainties.
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Figure 11.1: Profiled likelihood obtained from the fit to the data (dotted black), after the correction of
the fit bias and with the additional systematic uncertainty related to the fit shape Ry (solid red). The

blue dotted line depicts the expected shape of the likelihood profile if the uncertainties were Gaussian.

The final result for Ry is
Ry = 0.846 7058 (stat.) T391% (syst.), (11.1)

where the first uncertainty is statistical and the second is systematic. The likelihood
profiled as a function of R is used to establish the level of compatibility of the result
with the SM prediction. Taking into account a 1% variation of the SM prediction due to
final state radiation [41], the compatibility of the measurement with the SM prediction is
2.5 standard deviations.

The fit is repeated to measure the value of R in Run 1 and Run 2 separately, in the
three trigger categories separately, or separately in the six configurations defined by the
trigger category and run. The results are shown in Tab. [I1.1} The measurement of Ry in
the Run 1 data is perfectly compatible with the previous LHCb Ry measurement. The

Run 1 and Run 2 Ry values are compatible within 1.9 standard deviations.
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Table 11.1: Values for Rx measured in the three trigger categories and in Run 1 (R1) and Run 2
(R2) separately (top table), in the three trigger categories separately (centre table), and in Run 1 and
Run 2 separately (bottom table). The uncertainties shown are the combined systematic and statistical

uncertainties from the fit.

eTOSR1 eTOSR2 ATOSIR1 ATOS!R2 TISIRl TIS! R2
Rk = 0.79%05, 0907908 0567915  1.28%052  0.607575 0.977557
eTOS  hTOS!  TIS!

Rk = 0877008 08701 0.75%04

R1 R2

Ri = 0.7170% 0.9370%
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Figure 11.2: Fit to m(K+tutu~) for BY — KTuT ™ events in the Run 1 (top) and Run 2 (bottom) data,
and the pull between the fit function and the data points. The free-floating parameters are displayed in

the table to the right of the figure. Constrained parameters are shown at the bottom of the table, where

the notation € p =+ o indicates the mean (u) and standard deviation (o) of their Gaussian constraint.
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12. Conclusions and implications

This thesis presents a test of lepton flavour universality consisting of a measurement of
the ratio of branching fractions of BT — K*utu~ and BT — Ktete™ decays, Rg. The
result is

Ry = 0.846 1009 (stat.) T9.019 (syst.), (12.1)

where the first uncertainty is statistical and the second is systematic. Compared to the
previous Ry measurement [42], the relative uncertainty on Ry has been reduced by more
than 40%. Moreover, the new calibration techniques and cross-checks the analysis employs
give confidence in the fact that the detector’s electron detection efficiencies are understood.
However, the central value of the result is such that the discrepancy with respect to the
SM expectation remains essentially the same, at the level of 2.5 standard deviations. The
breaking of lepton flavour universality in beauty decays is not confirmed, nor excluded.
The 2017 and 2018 LHCb data consist of an additional ~ 3.7 fb™! of proton collision
data at a centre-of-mass energy of 13 TeV. This sample will contain a number of beauty
mesons that is approximately double that used in this analysis. In the future, these new

data will be used to further investigate the beauty anomalies on many different fronts.

Future update of the Rx and Rk~ results: The obvious next step is an update
of the Rx and Ry~ analyses using the whole data available, hoping that the increase of
precision will this time confirm or rule out the breaking of LFU in these decays. It will
also be interesting to see whether the two Ry~ results extracted with the Run 1 data and
Run 2 data show the same mild tension as the Run 1 and Run 2 Rk results, which may

point to an issue of unknown origin with the Run 1 data.

Supplementary checks regarding electron detection: The extra data available will
also allow new cross-checks of the electron detection efficiencies to be performed. A possible
test is the measurement of the ratio of branching fractions between Dy — ¢(— ete™)nt
and D, — ¢(— ptp~)nt. This gives access to a di-lepton system at low ¢?, which would
complement the checks made using the BT — K*.J/(¢{*{~) control mode where the
di-lepton system has a high ¢2.

Tests of LFU with other decays or observables: Lepton universality can also be

tested in other electroweak penguin transitions, such as A, — p™K (¢~ B? — ¢{*{~ or
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Figure 12.1: Theoretical prediction for Ry (left) and Ry« (right) for different values of the Wilson
coefficients and over the whole ¢? range. Taken from Ref. .

BT — nt¢*¢~. In case the LFU anomalies persist in Rx and Ry, measuring LFU ratios
in other decays can help characterise the structure of any NP contribution. In addition to
investigating other decays, other observables can also be measured. For example, LFU
can be tested in the high ¢? region. This is a useful test, because a NP contribution in
either C¥' or CY, would induce the same branching fraction shift at low and high ¢?, as
illustrated in Fig. [I2.1] Additionally, LFU can be tested in angular observables, such as
those defined in Ref. .

Searches for LFV: Searches for lepton flavour violating b — sf¢’ decays are particularly
motivated if the presence of LFU breaking is confirmed. A leptoquark that can explain
the B anomalies could mediate the decay B — K*u*7T with a branching fraction at the
level of 1076 ,. Semi-tauonic decays are very challenging in the LHCb environment,
but the data now available will make it possible to probe branching fractions down to this

level.

Further investigations of b — sy~ transitions : Even if future analyses rule out
LFU breaking in Rg and Ry, the anomalies in the b — su™ ™~ branching fractions and
angular observables remain to be explained. Improvements of the theory computations are
awaited. On the experimental side, new analysis techniques can be employed to control
some theory uncertainties (such as those related to the long distance contribution) from
the data. This has already been done in Ref. for Bt — K*u"pu~ decays, and will be
applied to B® — K*° "1~ decays in the future.
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LFU in tree level beauty decays: The Rp and Rp- anomalies also remain to be
explained. The new LHCb data will of course be useful to improve the precision on these
observables. New observables can also be measured to further improve the understanding
of these anomalies. Recently, lepton universality in tree level charmed beauty decays
has been studied using LHCb data [119], and a measurement of the 7 polarisation in
B — D*17 7, decays has been performed using Belle data [120]. Such observables will help

characterise the structure of any anomalous LFU breaking contribution in these decays.

In summary, research can be undertaken in many different directions in order to precisely
understand the origin of the B anomalies. On top of the LHCb data collected in 2017
and 2018, the Belle II B factory will start collecting data in March 2019. Using this new
detector will not only allow the LHCb results to be checked in another environment, but
will also give access to observables that are difficult to measure at LHCb, such as those in
beauty decays into final states with a 7. Later in 2021, the upgraded LHCb detector will
collect data at an increased instantaneous luminosity, allowing further enhancement of the
statistical precision on many observables. Even if the analysis presented in this thesis does
not provide a definite answer on whether or not NP contribute to the decays of beauty

mesons, it seems very likely that the answer will come within the next decade.
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A. Fit to the J/v¢¥ mode in all data-

taking conditions

The fits to mpTr that were not shown in Sec. are shown here instead. The signal yields
extracted from these fits are used as an input to Rx. The fits to BT — KT.J/¢(utp™)
events in the Run 1 data and BT — K*.J/¢(ete™) in the Run 1 data and selected in the
eTOS trigger category are shown in Fig. [A.1] The fits to BT — K*.J/¢)(eTe™) events in
the Run 1 and Run 2 data and selected in the ATOS! trigger category are shown in Fig.
The fits to Bt — K*.J/i(ete™) events in the Run 1 and Run 2 data and selected in the
TIS! trigger category are shown in Fig. [A.3]
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Figure A.1: Fit to ml‘g/TwF for Bt — KTJ/¢(utu™) events (top) and BT — KT J/1y(ete™) events selected
in the eTOS trigger category (bottom). Both fits correspond to the Run 1 data-taking conditions. The
pull between the fit function and the data points is also shown. The different components of the fit
are indicated in the legend, where ‘prc’ stands for partially-reconstructed background. The free-floating
parameters are displayed in the table to the right of the figure. Constrained parameters are shown at the
bottom of the table, where the notation € p £ o indicates the mean (u) and standard deviation (o) of

their Gaussian constraint.
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Figure A.2: Fit to mg)/TwF for Bt — KT.J/¢(ete™) events in the Run 1 (top) and Run 2 (bottom)
data-taking conditions selected in the h'TOS! trigger category, and the pull between the fit function and
the data points. The different components of the fit are indicated in the legend, where ‘prc’ stands for
partially-reconstructed background. The free-floating parameters are displayed in the table to the right of
the figure. Constrained parameters are shown at the bottom of the table, where the notation € u+ o

indicates the mean (u) and standard deviation (o) of their Gaussian constraint.
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Figure A.3: Fit to mg)/TwF for Bt — KT.J/¢(ete™) events in the Run 1 (top) and Run 2 (bottom)
data-taking conditions selected in the TIS! trigger category, and the pull between the fit function and
the data points. The different components of the fit are indicated in the legend, where ‘prc’ stands for
partially-reconstructed background. The free-floating parameters are displayed in the table to the right of
the figure. Constrained parameters are shown at the bottom of the table, where the notation € u+ o

indicates the mean (u) and standard deviation (o) of their Gaussian constraint.

194



B. Supplementary kinematic distribu-

tions

Distributions of kinematic variables not shown in Sec. [7.7] are shown in Fig. for the
Bt — K*J/¢(u" ™) mode in the Run 2 data-taking conditions, and in Fig. for the
Bt — K*J/iy(ete”) mode in the Run 2 data-taking conditions. Kinematic distributions
in the Run 1 data-taking conditions are shown in Fig. for the BT — KtJ/¢(utp™)

mode and in Fig. for the BT — K*J/¢(eTe™) mode.
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Figure B.1: Kinematic distributions for preselected BT — KTJ/¢(u"u~) events in the uTOS category

and in the Run 2 data-taking conditions. Each plot shows the background-subtracted data (black),

simulation (red) and simulation with kinematic correction weights (blue).
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Figure B.2: Kinematic distributions for preselected BT — K*.J/1(eTe™) events in the eTOS category
and in the Run 2 data-taking conditions. Each plot shows the background-subtracted data (black),

simulation (red) and simulation with kinematic correction weights (blue).
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Figure B.3: Kinematic distributions for preselected Bt — K*.J/1(u* ™) events in the uTOS category
and in the Run 1 data-taking conditions. Each plot shows the background-subtracted data (black),

simulation (red) and simulation with kinematic correction weights (blue).
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Figure B.4: Kinematic distributions for preselected BT — K+.J/1¢(eTe™) events in the eTOS category
and in the Run 1 data-taking conditions. Each plot shows the background-subtracted data (black),

simulation (red) and simulation with kinematic correction weights (blue).
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C. Complete list of efficiencies

The complete lists of efficiencies for Bt — K*J/¢({T¢7) and BT — KT{T{~ decays,
factorised according to Eq. is presented. The efficiencies are computed without taking
the ghosts into account, for the reasons explained in Sec. [7.1] are shown in this section.
The efficiencies corresponding to Run 1 (Run 2) computed with no correction are shown
in Tab. [C.1] (Tab. |C.2)), the ones computed with trigger and PID corrections and shown
in Tab. |C.3| (Tab. |C.4]), and the ones computed with all corrections, that is trigger, PID
and kinematics, are shown in Tab. (Tab. [C.6).

Particularly in the case of the electron mode, the trigger and PID efficiencies vary quite

significantly depending on whether or not the correction weights are applied. However,
the efficiency ratio between the rare and control mode (Bt — KTete )/e(Bt —
K*J/¢(ete™)) do not vary by more than ~ 2% for the eTOS and TIS! categories, and by
20% for the hTOS! category. However, very few signal events are expected in the latter

category. This highlights the robustness of the Rx measurement performed as a double

ratio.
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Table C.1: Efficiencies for BT — K+J/y(ete™), BT — Ktete™, BT — KT J/y(utp~) and BT —
K*utu~ decays, as well as efficiency ratios e(BT™ — KTeTe™)/e(BT — KTJ/y(ete™)) and (BT —
Ktutu)/e(Bt — K*J/¢¥(ut ™)), in the Run 1 data-taking conditions. All efficiencies and ratios are
displayed in percent, and the uncertainty quoted is the statistical uncertainty related to the finite size of

the simulation samples. The efficiencies are computed with no corrections whatsoever to the simulation.

Run 1 no corrections

J/p e [%] rare € [%] ratio € [%]
electron modes
ggeom 16.06+0.03  16.32+0.03 101.57 4+ 0.22
greestip | 133340.02  12.82+£0.02  96.18 +0.19
gpresel 76.96 £0.06  26.00+0.07  33.79 £ 0.09
gPID 81.95+0.11 80.004+0.33  97.63 £ 0.42
geTOs 23.47+0.07 19.514+0.14  83.15+0.64
gBDT 87.89+£0.12 86.86+0.27  98.82+£0.33
ghot 0.278 £0.001 0.0744+0.001  26.49 +0.25
ghTOS! 4.16 +£0.03 7.134+0.09 171.41 4+ 2.59
gBDT 96.49 +£0.16 94.284+0.30  97.71 +0.35
gtot 0.054 £0.000 0.029 4+ 0.000  53.98 £0.87
gTHs! 8444005 822+0.10 97.38+1.27
gBDT 82.60 £0.22 78.61+0.50  95.17 + 0.66
gtot 0.094 £0.001  0.028 +0.000  29.87 £ 0.46
muon modes

ggeom 16.14 £0.03 16.424+0.03 101.72 +0.22
greestip | 93984 0.01  23.67+£0.03  98.70 +0.14
gpresel 60.22 £0.03 14.66 +0.05  24.35 £ 0.09
gFID 94.68 £0.08  93.544+0.47  98.79 £ 0.50
ghTOs 76.494+0.04 72.86+0.17  95.26 +0.23
gBDT 87.78 +£0.03 89.484+0.14 101.9440.17
gtot 1.481 +0.003 0.347 £0.002  23.46 +0.13
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Table C.2: Efficiencies for BT — K+J/y(ete™), BT — Ktete™, BT — KTJ/y(utp~) and BT —
K*utu~ decays, as well as efficiency ratios e(BT™ — KTeTe™)/e(BT — KTJ/y(ete™)) and (BT —
Ktutu)/e(Bt — K*J/¢¥(ut ™)), in the Run 1 data-taking conditions. All efficiencies and ratios are
displayed in percent, and the uncertainty quoted is the statistical uncertainty related to the finite size of

the simulation samples. The efficiencies are computed with no corrections whatsoever to the simulation.

Run 2 no corrections

J/p e [%] rare € [%] ratio € [%]
electron modes
ggeom 17.30+£0.03  17.58 £0.03 101.60 = 0.24
greestrip | 141940.01  13.704+0.02  96.58 +0.18
gpresel 75.39£0.05 25.944+0.07  34.40 £0.10
gPID 82.12+0.09 80.87+0.35  98.484+0.44
geTOs 38.37+£0.07 31.984+0.17  83.34£0.47
gBPT 88.34+0.08 87.474+0.22  99.02 4+ 0.26
ghot 0.51540.002 0.141 £0.001  27.43+0.21
ghTOS! 4.25+0.03 9.13+0.10 214.86 4+ 2.86
gBDT 90.81 +£0.20 82.43+0.46  90.76 + 0.54
gtot 0.059 £0.000 0.038 +0.001  64.83 £ 0.99
gTs! 8.62+0.04  888+0.10 102.994 1.30
gBDT 88.65 +£0.16 84.56+0.44  95.39 +0.53
gtot 0.116 £0.001  0.038 +0.001  32.66 £ 0.47
muon modes

ggeom 17.384+0.03  17.65+0.03 101.58 + 0.24
greestip | 92410+ 0.01  23.504+0.03  97.48 +£0.12
gpresel 59.64 £0.03 14.714+0.05  24.66 £ 0.08
gPIb 95.34 4+ 0.07 94994042  99.63 4+ 0.44
gHTOS 72.244+0.04 68.93+0.16  95.414+0.22
gBDT 91.38+0.03 93.334+0.10 102.134+0.12
gtot 1.5734+0.003 0.373£0.002  23.71 £0.12
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Table C.3: Efficiencies for BT — K*J/¢(ete™), Bt — Ktete™, Bt — Kt J/¢y(utp~) and BT —
Ktutu~ decays, as well as efficiency ratios e(BT — KTeTe™)/e(BT — KTJ/y(ete™)) and (BT —
Ktutu™)/e(BT — KTJ/¢¥(uT ™)), in the Run 1 data-taking conditions. All efficiencies and ratios are
displayed in percent, and the uncertainty quoted is the statistical uncertainty related to the finite size of

the simulation samples. The efficiencies are computed including the L0, HLT and PID corrections to the

simulation.

Run 1 PID and trigger corrections

J/p e [%] rare € [%] ratio € [%]
electron modes
ggeom 16.06 £0.03 16.32+0.03 101.57 +£0.22
grecstrip 13.33 £0.02 12.8240.02 96.18 = 0.19
gpresel 76.08 £0.06 26.16 = 0.07 34.38 £ 0.10
gP1b 76.53 £0.08 76.61 £0.16 100.11+0.24
geTOs 21.76 £0.06 17.96 +0.12 82.50 + 0.59
gBDT 88.104+£0.11  86.96 £0.24 98.71 £ 0.30
ghot 0.239 £ 0.001 0.065 £ 0.001 27.39 £ 0.24
ghTOs! 3.2440.03  5.67+£0.07 174.6042.47
gBDT 96.86 = 0.13  94.65 4+ 0.26 97.72 +0.30
ghot 0.039 £ 0.000 0.022 £ 0.000 56.00 4+ 0.84
gTHs! 6.55+0.04  6.34+£0.07 96.7241.20
gBDT 84.34 +0.19  80.84 +0.43 95.85 4+ 0.55
ghot 0.070 & 0.000 0.021 £ 0.000 30.69 4+ 0.44
muon modes

geeom 16.14 +£0.03 16.424+0.03 101.72£0.22
greestip | 93 98 +(0.01  23.67 £ 0.03 98.70 £ 0.14
gpresel 60.22 £ 0.03  14.66 & 0.05 24.35 4+ 0.09
gPID 91.20£0.03 90.37 +£0.15 99.09 £0.16
ghTOS 75.81£0.04 72.294+0.17 95.36 £ 0.23
gBDT 87.81 £0.03 89.49+0.14 101.92+0.16
gtot 1.415+£0.003 0.333 £ 0.002 23.54 +0.12
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Table C.4: Efficiencies for BT — K*J/¢(ete™), Bt — Ktete™, Bt — Kt J/¢y(utp~) and BT —
Ktutu~ decays, as well as efficiency ratios e(BT — KTeTe™)/e(BT — KTJ/y(ete™)) and (BT —
Ktutu™)/e(BT — KTJ/¢¥(uT ™)), in the Run 2 data-taking conditions. All efficiencies and ratios are
displayed in percent, and the uncertainty quoted is the statistical uncertainty related to the finite size of

the simulation samples. The efficiencies are computed including the L0, HLT and PID corrections to the

simulation.

Run 2 PID and trigger corrections

J/p e [%] rare € [%] ratio € [%]
electron modes
ggeom 17.30+£0.03  17.58 £0.03 101.60 & 0.24
greestip | 14194 0.01  13.70+£0.02  96.58 +0.18
gpresel 74.024+0.05 26.44+0.07  35.71+0.10
gPID 77.524+0.07 77.50+0.16  99.98 +0.23
geTOS 39.05£0.07 3230+£0.16  82.73 £0.42
gBDT 88.53+0.07 87.354+0.20  98.66 £ 0.23
ghot 0.487 £0.001 0.13940.001  28.60 £ 0.21
ghTOs! 4.264+0.03  8.83+0.09 207.30+2.58
gBDT 91.00£0.19  82.774+0.42  90.95 £ 0.50
gtot 0.055 £ 0.000 0.036 4+ 0.000  65.13 £ 0.93
gTHs! 8.67+0.04  8894+0.09 102.554+1.18
gBDT 88.99+£0.14 84.594+0.40  95.06 £ 0.47
gtot 0.110 £0.001  0.037 £ 0.000  33.76 £ 0.45
muon modes

ggeom 17.384+0.03 17.65+0.03 101.58 + 0.24
greestip | 94104 0.01  23.50+£0.03  97.48 +0.12
gpresel 59.64 £0.03 14.714+0.05  24.66 £ 0.08
gPID 93.05+0.03 92.67+£0.11  99.59 +0.13
gHTOS 72.464+0.04 69.07+0.15  95.32+0.22
gBDT 91.31 £0.03 93.31+£0.10 102.20+0.11
gtot 1.538 +0.003 0.364 £0.002  23.69 & 0.12
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Table C.5: Efficiencies for BT — K*J/¢(eTe™), Bt — Ktete™, Bt — KT J/i(utp~) and BT —
K*utu~ decays, as well as efficiency ratios e(BT — KTete™)/e(BT — KtJ/y(ete™)) and (BT —
Ktutu~)/e(Bt — K*J/¢¥(utp™)), in the Run 1 data-taking conditions. All efficiencies and ratios are
displayed in percent, and the uncertainty quoted is the statistical uncertainty related to the finite size
of the simulation samples. The efficiencies are computed with all corrections applied to the simulation,

including trigger, PID and kinematic weights, which is the nominal way to compute the efficiencies.

Run 1 all corrections (nominal)

J/ e [%] rare € [%] ratio € [%]
electron modes
ggeom 16.0940.03  16.35+0.03 101.59 4+ 0.23
greestrip | 13124 0.02 12.684+0.02  96.67 +£0.19
gpresel 75.51+£0.06 26.18 £0.07  34.68 £0.10
gPID 76.50 £ 0.08  76.624+0.17 100.1540.24
geTOS 19.734+0.06 16.49+0.11  83.59 + 0.62
gBDT 86.82+0.12 85.614+0.27  98.61 £0.34
gtot 0.209 £0.001  0.059 4+ 0.000  28.11 £0.25
ghTOS! 2.88+0.02 52040.06 180.84 +2.59
gBDT 96.44 +£0.15 93.934+0.29  97.39+0.34
ghot 0.034 £0.000 0.02040.000  58.64 + 0.89
gTHs! 6.57+£0.04  6.37+0.07 97.03+1.20
gBDT 82.67+0.21 79.094+0.46  95.67 £ 0.61
ghot 0.067 £0.000 0.0214+0.000  31.17 £ 0.45
muon modes

ggeom 16.174+0.03  16.46 £0.03 101.76 +0.23
greestip | 93864 0.01  23.46 £0.03  98.34 4+ 0.14
gpresel 60.01 £0.03 14.524+0.05  24.20 £+ 0.09
gPID 91.32+0.03 90.624+0.14  99.23 +0.16
ghTOS 7540 £0.04 71.564+0.18  94.90 £0.24
gBPT 86.73+0.04 88.37+0.15 101.8940.18
ghot 1.3834+0.003 0.321 +£0.002  23.244+0.13
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Table C.6: Efficiencies for BT — K*J/¢(eTe™), Bt — Ktete ™, Bt — KT J/i(u*p~) and BT —
K*utu~ decays, as well as efficiency ratios e(BT — KTete™)/e(BT — KtJ/y(ete™)) and (BT —
Ktutu™)/e(Bt — K*J/¢¥(utp™)), in the Run 2 data-taking conditions. All efficiencies and ratios are
displayed in percent, and the uncertainty quoted is the statistical uncertainty related to the finite size
of the simulation samples. The efficiencies are computed with all corrections applied to the simulation,

including trigger, PID and kinematic weights, which is the nominal way to compute the efficiencies.

Run 2 all corrections (nominal)

J/ e [%] rare € [%] ratio € [%]
electron modes
ggeom 17.584+0.03 17.87+£0.03 101.64 +0.24
greestip | 13664 0.01  13.17+£0.02  96.37+0.18
gpresel 73.924+0.05 26.35+0.07  35.64 £0.10
gPID 77.4140.07 77.4940.17 100.10 4 0.23
geToOs 34.53+0.06 28.234+0.15  81.744+0.45
gBDT 87.57+0.08 86.414+0.21  98.67 +0.26
gtot 0.416 +0.001 0.117£0.001  28.18+0.21
ghTOS! 3.61+£0.02  7.6940.08 212.80+2.70
gBDT 90.28 £0.20 81.984+0.44  90.80 £+ 0.53
ghot 0.045 +0.000 0.03040.000  66.50 + 0.96
gTHs! 8.73+£0.04 8974+0.10 102.73+1.18
gBDT 88.09+0.15 83.70+0.42  95.02+0.50
ghot 0.107 £0.001 0.036 4+ 0.000  33.70 £ 0.45
muon modes

ggeom 17.66+0.03  17.94+0.03 101.60 & 0.24
greestip | 93324 0.01  22.70+£0.03  97.354+0.12
gpresel 59.40 £0.03 14.384+0.05  24.21 +£0.08
gPIb 93.194£0.03 92.834+0.11  99.61 +0.13
ghTOS 68.98 £0.04 65.534+0.16  94.99 £0.24
gBPT 90.024+0.03 92.204+0.12 102.424+0.14
ghot 1.415+0.003 0.3284+0.002  23.20 +0.12
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D. BT — wtJ/v(eTe™) mis-ID mass

variable transformation

For the purpose of the fit, the mass distribution of the background stemming from a
Bt — ntJ/1(ete”) decay has to be determined. The 7" in this decay is mis-identified
as a K* and is assigned a wrong mass. Because of the wrong mass assignment, the B
mass distribution becomes very asymmetric, and peaks higher than the real BT mass. In
this section, it is shown how the BT mass spectrum for a BT — 7" J/¢(ete™) decay can
be estimated using only BT — KT J/u(ete™) simulated events.

Consider a BT — 7t J/1(ete™) event reconstructed in two ways: in one case assigning
the correct mass hypothesis to the pion track, yielding the measured energy FE, and
reconstructed BT invariant mass m, and in the second case assigning the kaon mass
hypothesis to the pion track, yielding the measured energy E! and reconstructed BT
invariant mass m’. The difference between the squared pion and kaon masses is denoted

A%m = m?2 — m?2. The masses m and m’ are given,
m* = (Ejpp + Ex)* = Py + Pr)’,

= (Eyjp + EL)? — (Pyjy + Pr)’

Hence:

m? —m? =2E;,,(E. — E;) + A’m

—2Ej/¢< mK—i-p7T \/mfr—i—p,%)—i—AQm

=2E,, ( + A2m 4 p2 — \/m2 +pﬂ>+A2 (D.1)
N2EJ/1/)< m2+p )+A2m

Etot

E7r m

where, in the fourth line, a Taylor expansion of the square roots at first order in m?2% is

performed. Hence, this formula holds in the realistic case of mx < p,. Therefore, the BT

mass with the incorrect mass assignment to the pion track can be expressed as a function
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of the B* mass with the correct mass assignment,

m' & <m2 + %Nm) - (D.2)
Ex

In the case of this analysis, no BY — 7nt.J/¢(ete™) simulation sample is available, and
only the Bt — K*.J/iy(eTe™) sample can be used. In the limit my < p, where Eq.
is valid, the energy of the K*, Ex in BT — K*.J/¢(e*e™) has a very similar spectrum as
the energy of the 7, E, in BT — nt.J/iy(eTe™). Therefore, E, can be substituted for
Ex in Eq.[D.2 1

m' ~ <m2 + %Azm) ’ : (D.3)
Ex
This shows how the BT — K*.J/¢(ete™) sample can be used to obtain an estimated
spectrum for the B mass reconstructed from a BT — w7 .J/¢(ete™) decay, where the 7
has been mis-identified as a K.

The impact of the particle ID selection is evaluated using the PIDCalib tool. Efficiency
weights for 7 — K mis-ID as a function of the pion 7 and p corresponding to the particle
ID requirements in the selection are derived. Subsequently, these weights are applied to
the kaon in each BT — K*.J/¢(e"e™) candidate. This procedure has been validated using
the BT — Kt J/¢(pu ™) and Bt — 7 J/y(utp), for which MC simulation is available,

see Fig. [D.1]
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Figure D.1: Comparison of the (left) m(ﬂ[t)Kﬂ,u"’u_) and (right) m]‘g/TwF(ﬂ[";)Kﬂu"’u_) distributions
obtained from (black) B* — 77 J/¢(u"p~) simulated events with that obtained using (red) BT —

K*J/y(utp™) through the transformation explained in the text.
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E. TJ /1 differential in the A'TOS! and

TIS! categories

The 7/, histograms are shown for the Run 2 conditions, and for the electron mode selected
in the ATOS! trigger category in Fig. [E.1], and in the TIS! category in Fig. [E.2]
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#events [a.u.]
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Figure E.1: Binned 7/, values (bottom two plots) for the preselected BT — K*.J/1(e*e™) mode in the
hTOS! category and the preselected BY — K*J/¢(u ™) mode in the pTOS category, in the Run 2
data-taking conditions. The red thick error bars correspond to the statistical uncertainty and the black
thin error bars to the systematic uncertainty. A large proportion of the bins have a statistically-dominated
uncertainty, in which case the black error bar is hidden under the red. Kinematic distributions (top two
plots) for simulated Bt — K*u*pu~ (dotted red), BT — K*J/¢(utp™) (solid red), Bt — KTeTe™
(dotted black) and BT — K+ J/1(ete™) (solid black) events are shown. Figure continues onto the next

page. The value of the flatness parameter dy is superimposed on each plot.
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Figure E.1: Continued from the previous page.
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Figure E.1: Continued from the previous page.
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Figure E.2: Binned r;/,, values (bottom two plots) for the preselected BT — K*.J/¢(ete™) mode in
the TTS! category and the preselected BT — K J/v(u"p~) mode in the uTOS category, in the Run 2
data-taking conditions. The red thick error bars correspond to the statistical uncertainty and the black
thin error bars to the systematic uncertainty. A large proportion of the bins have a statistically-dominated
uncertainty, in which case the black error bar is hidden under the red. Kinematic distributions (top two
plots) for simulated Bt — K™ u*pu~ (dotted red), BT — KT J/¢(utp™) (solid red), Bt — KTete™
(dotted black) and BT — K*.J/¢(ete™) (solid black) events are shown. Figure continues onto the next

page. The value of the flatness parameter dy is superimposed on each plot.
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