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Abstract

This thesis presents an angular analysis of the rare decay B — (¢ — KTK )utu~.
The full data set taken at the LHCb experiment during Runs 1 and 2 of the LHC is
used to perform this analysis. The angular observables, consisting of four CP-averages
and four CP-asymmetries, are extracted in four-dimensional maximum likelihood fits to
the three decay angles and the reconstructed mass of the BY candidate in regions of the
squared invariant dimuon mass (¢?). The angular observables are locally consistent with
the Standard Model (SM) prediction at the level of 2 standard deviations (o) in each
of the ¢* regions. This measurement constitutes the most precise determination of the
angular observables to date and supersedes the previous measurement performed by the
LHCb experiment.

The consistency of the measured CP-averages with the theory prediction is tested by
determining a shift in the muonic vector coupling strength (ARe(Cy)) from its SM value
with a global fit. The data are found to be globally consistent with the SM prediction at
the level of 1.9 but prefer a shift of the muonic vector coupling strength of ARe(Cy) =
—-1.3 fg:g. This deviation is consistent with shifts in other b— s¢T¢~ transitions.

Kurzdarstellung

In dieser Arbeit wird die Winkelanalyse des seltenen Zerfalls B — (¢— K+ K~ )utu~
prasentiert. Fiir die Analyse wurde das vom LHCb Experiment wéihrend der Laufe 1
und 2 des LHC aufgezeichnete Datenset benutzt. Die Winkelobservablen, bestehend
aus vier CP-Mittelwerten und vier CP-Asymmetrien, wurden in einer vier dimension-
alen Maximum Likelihood Anpassung an die drei Zerfallswinkel und die rekonstruierte
Masse des BY Kandidaten in Regionen der quadrierten invarianten Masse des Muonen-
paars (¢?) durchgefiihrt. Die Winkelobservablen stimmen lokal mit der Standardmodell
(SM) Vorhersage auf dem Level von 2 Standard Abweichungen (o) in jeder der ¢> Regio-
nen iiberein. Diese Messung ist die genaueste Bestimmung der Winkelobservablen bisher
und ersetzt die vorherige, am LHCb Experiment durchgefiihrte Messung.

Die Ubereinstimmung der gemessenen CP-Mittelwerte mit der Theorie Vorhersage
wird mit der Bestimmung einer Verschiebung der muonischen Vektor-Kopplungsstarke
(ARe(Cy)) von seinem SM Wert mittels einer globalen Anpassung getestet. Die Daten
stimmen global mit der SM Vorhersage auf dem Level von 1.9 ¢ iiberein, bevorzugen aber
eine Verschiebung der muonischen Vektor-Kopplungsstirke von ARe(Cy) = —1.3 Jjgjg.

Diese Abweichung ist konsistent mit Diskrepanzen in anderen b— sf™ ¢~ Ubergéingen.
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Chapter 1

Introduction

Particle physics aims to describe the fundamental building blocks of matter, the elementary
particles, and the interaction between particles. The most successful description is a quantum
field theory commonly referred to as the Standard Model of particle physics (SM) [1-3] which
was developed during the 1960’s and finalised in the 1970’s. The SM withstood nearly all
tests and is arguably one of the most successful theories to date. However, in its current
form the SM fails to describe or give an explanation for astronomical observations such as the
matter-antimatter asymmetry in the universe [4] or the measurements of the cosmic microwave
background [5-8], the latter of which could be explained with a cold dark matter cosmology
model [9,|10]. Therefore, New Physics (NP), an extension beyond the SM, is needed to explain
these observations. At least one new particle would be required to explain dark matter in the
context of particle physics and the matter-antimatter asymmetry requires the simultaneous
violation of the charge and parity (CP) operators. While CP-violation is part of the SM, it is
not sizeable enough to account the the measured matter-antimatter asymmetry.

During the last decade tensions have arisen in the field of B hadron physics, for example in
transitions of a b quark to an s quark and a pair of leptons (b— s¢*¢7), where measurements do
not align perfectly with the SM prediction [11-32]. These tensions in b— s¢*¢~ transitions are
known as the flavour anomalies. The b— s¢™¢~ transitions can only occur at the loop level in
the SM and as a consequence they are potentially sensitive to additional, heavy mediators not
described in the SM. In these loop level transitions, any NP effect can be probed indirectly as
the new mediator and be heavier than the decaying b quark and, therefore, would not need to be
produced. The indirect approach of probing NP has the advantage of not being limited by the
available centre-of-mass energy and can, therefore, reach higher energy scales for NP scenarios
than direct searches. The discrepancies in b — s¢™¢~ transitions have been seen at different
experiments [33H38] across various decay modes and analysis methods, such as lepton flavour
universality tests |12}|18-23]252932], angular analyses [11,14-16,121,22,26-29] and branching
fraction measurements [11,/13-15,/17,21},[22,24]. The various measurements seem to imply a
deviation of the coupling structure of the muon with respect to the SM prediction [39-41] which
is interesting in the context of tensions of the muon anomalous magnetic moment (g-2) [42-45].
One of the most significant deviations in b— s¢™¢~ transitions from the SM expectation has
been observed in the branching fraction measurement of B? — ¢u™* ™ decays with 3.6 standard
deviations (o) [24]. An angular analysis of this decay mode provides complementary information
to the branching fraction measurement and is able to probe the muonic coupling structure and,
therefore, the operator structure of potential NP effects in detail. At the LHCb experiment,



which was designed to measure rare heavy flavour decays and to probe CP-violation, the Run 1
data has already been used to perform an angular analysis which was compatible with the
SM [11,/15]. So far, the LHCDb experiment is the only experiment to perform an angular analysis
of BY— ¢t~ decays.

In this thesis, an angular analysis of B? — ¢u*pu~ decays is performed with data taken
during Run 1 and Run 2 of the Large Hadron Collider by the LHCb experiment. The addition
of the Run 2 data set to the Run 1 data set represents a data set approximately four times the
size of the Run 1 sample corresponding to an expected increase of a factor two in the statistical
power. Therefore, it is expected to be the most precise measurement of the angular observables
in the decay B — ou*pu.

This thesis is structured as follows: In Chap. [2| the theoretical framework is introduced,
while the experimental framework is introduced in Chap. [3] The analysis tools used through-
out this thesis are described in Chap. The selection of data and simulated samples are
described in Chap. 5] and the expected signal and background yields are estimated in Chap. [0
The details on the angular analysis are then given in Chap. [ and in Chap. [§ the systematic
uncertainties relevant to this analysis are described. The results of the measurement of the
angular observables are given in Chap. [9] and this thesis is summarised in Chap. and an
outlook for future angular analyses of B?— ¢u™u~ decays at LHCD is given.

The work presented in this thesis has been published by the LHCb collaboration in Ref. [46]
and is also presented as a pre-print on arXiv under the identifier 2107.13428. The results have
also been shown virtually to the public for the first time by the author of this thesis at the
FPCP conference in 2021. Furthermore, the selection and correction to the simulation have
been developed in cooperation with Sophie Kretzschmar and is, therefore, identical to that used
in Ref. [24].



Chapter 2

Theory

The aim of this Chapter is to give an overview of the Standard Model of particle physics (SM),
the physics of a BY meson and of the decay B?— ¢u™pu~. The Standard Model is introduced
in Sec. 2.1] with gauge theories being introduced based on Refs. [47H49] in Sec. 2.1.1] The
mathematical formalism used in the SM is given in Secs. which is largely based on
Ref. [50]. In Sec. [2.2| the physics of the B? meson is discussed. The production of BY mesons at
LHCb is covered in Sec. , whereas the BY meson mixing and its time evolution is outlined in
Sec. [2.2.2] The latter Section is based on Refs. [51}[52] and the formulae derived in this Section
are generally also true for other mesons such as the K% D° and B® mesons. The theory of the
B — ¢pTu~ decay is discussed in Sec. . There, the effective field theory description for the
quark-level b— s¢*¢~ transition, form factors describing the hadronic transition of a B? meson
to a ¢ meson, transversity amplitudes, and the differential decay rate are covered. This Section
is largely based on Refs. [53-57].

2.1 The Standard Model of particle physics

There are four known fundamental forces in physics, namely the electromagnetic, the weak
nuclear, the strong nuclear and the gravitational force. The Standard Model of particle
physics (SM) [1H3] is a theory to describe all of these fundamental forces except gravity, and
additionally all elementary particles and their properties. It is a quantum field theory de-
scribing the forces as gauge fields and the elementary particles as excitation of fields. The
mathematical description of the SM was finalised in the 1970s and with the discovery of the
Higgs boson [58-60] in a joint effort of the ATLAS and CMS collaborations in 2012 [61], all
predicted elementary particles of the SM have been confirmed. An overview of how the SM
was developed is given in Ref. [62].

2.1.1 Gauge theories

The SM is a gauge theory that is locally invariant under transformation involving the Lie
groups [63] U(1), SU(2) and SU(3). Furthermore, it describes the gauge fields as relativistic,
spin-dependent and quantised solutions to the Lagrange density (Lagrangian, £). The La-
grangian of the SM is a function of all fields that exist in the theory and the equations of
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motion for a given field, W, are given by the Euler-Lagrange equation, which has the form

oL oL
Opmm—— = 7= -
0(0,¥) oV
While the complete Lagrangian needs to be invariant under any transformation under which
the SM is invariant, any single field is not required to be invariant. If the field ¥ is not invariant
under a local U(1) transformation such as

U U = @y

where 6(z) is a phase that depends on the space-time coordinates, its derivative 9,¥ is also
not invariant under this transformation and is given as

0,V = 0,V + (i9,0(x))V .

However, as a consequence of the SM being invariant under this type of transformation, the
complete Lagrangian has to be invariant under this transformation and another field ¢ has to
exist and absorb the variant part of the field W. To achieve this, the gauge field ® has to
transform as

O D =P —9,0(x).

That way, the term (9, + i®) can be used as the gauge covariant derivative D,, which is invariant
under the local transformation. In different parts of the SM Lagrangian different gauge covariant
derivatives will be used.

2.1.2 Elementary particle content of the SM

In the SM there are two types of particles, bosons and fermions. Their distinguishing property
is their spin quantum numbers, as the spin of bosons only has integer values, while fermions
have an odd half-integer spin values. The elementary bosons and fermions described in the SM
are listed with their masses and electrical charges in Tab. 2.1}

While both, bosons and fermions, are excitations of a corresponding field, only the elemen-
tary bosons are mediators of a force. The only exception to this is the Higgs boson, which
is not directly linked to a force but is the excitation of the Higgs field which is required to
introduce mass terms to all particles. All other elementary bosons are gauge bosons mediating
the forces described in the SM. The photon is the mediator of the electromagnetic force and
couples proportionally to the electric charge. The weak force is mediated by the W* and Z°
bosons coupling to the weak isospin (73). The last type of gauge boson are the eight gluons
which are the mediators of the strong force. The charge of the strong force is called colour and
can have three different values, commonly referred to as “red”, “green” and “blue”, as well as
their anti-colour counterparts.

The fermions can be separated into leptons and quarks, with one of their distinguishing
properties being the quarks ability to interact via the strong force while leptons can not interact
strongly. Both types of fermions can further be subdivided into three generations each, which
are ordered by their mass[T] Each of the generations corresponds to a different flavour of fermion.

!The masses of the neutrinos are not measured and only upper limits exist. As such the mass hierarchy can
potentially be different for neutrinos.



The flavour of a fermion is a quantum number that is conserved in all interactions except for
weak interactions involving a W* boson. One major difference between the two different kinds
of fermions is their electric charge. Where leptons only have integer values of charge in units of
the elementary charge e, namely —1e for leptons (¢7) and Oe for lepton neutrinos (v,), quarks
have either a charge of +§e for up-type quarks (u) or —%e for down-type quarks (d). With the
exception of neutrinos, quarks and leptons can be both, left- and right-handed. The neutrinos
have so far only been observed to be left-handed [64].

Table 2.1: Elementary bosons and fermions, subdivided into quarks and leptons, described
in the Standard Model of particle physics and their masses and electric charges, values taken
from [65].

Bosons
Name Mass Charge

Photon (y) | < 107 eV/c? Oe

Gluon (g) 0 eV/c? Oe

W 80.379 GeV/c? le

y/ 91.1876 GeV/c* | Oe

Higgs (h) | 125.25 GeV/c? Oe

Quarks Leptons
Name Mass Charge Name Mass Charge

Up (u) 2.16 MeV/c? Ze Electron (e) 510.99 keV/c? —le
Down (d) | 4.67 MeV/c? —%e | Electron neutrino (v,) < 1.1 eV/c? Oe
Charm (c¢) | 1.27 GeV/c? %e Muon (u) 105.66 MeV/c? —le
Strange (s) | 93 MeV/c? —g e Muon neutrino (v,) | < 0.19 MeV/c? Oe
Top (t) | 172.76 GeV/c? Ze Tau (1) 1776.86 MeV/c? | —1le
Bottom (b) | 4.18 GeV/c? —se Tau neutrino (v;) <18.2 MeV/c? Oe

2.1.3 Quantum chromodynamics

In the SM, the strong force is described by a renormalisable gauge theory called Quantum
Chromodynamics (QCD) based on the SU(3) group. It describes the strong interaction in
which only colour-charged particles partake. These particles are the quarks and gluons. Due
to the colour being the charge associated to the SU(3), it is often also labeled as SU(3)c.

The strong force has the unique dynamical properties of asymptotic freedom and confine-
ment. Asymptotic freedom describes the phenomenon that the effective coupling (ay) is a
function of the transferred four momentum (¢?), namely it decreases with increasing ¢? and
even vanishes asymptotically. This dependency can be described by

1 log ¢*
Qg = -5,

where b is a constant and Agep is the energy scale at which the perturbatively-defined coupling
of QCD would diverge. The numerical value of Agep is of the order of a few hundred MeV,
however, in literature it has been increasingly more popular to directly state the used value for
as as the value of Agep only defines ay if it is known which approximations are used [65].
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The other dynamical property, confinement, describes the empirical phenomenon that no
colored state has been observed until now. Therefore, it is assumed that only states which
are colourless can be free. A colourless state can be achieved if there are equal amounts of all
three colours or equal amounts of a colour and its anti-colour, or a combination of both former
options. Therefore, a single quark or a gluon cannot be free in the SM. As a consequence,
any quark produced in an interaction will hadronise into a bound state [66]. Confinement is
encoded in the interaction potential of the effective coupling as a function of the distance (r)
between two coloured objects. For small distances the potential behaves like the Coulomb
potential and is proportional to 2=, whereas it increases linearly with r for large distances. If
two colour charged quarks separate in space, for example if they are created with large energies
and back-to-back kinematics in pair-production, the potential between them increases to the
point at which a quark anti-quark pair (¢gq) can be created from the vacuum. At some point,
the energy of the initially produced quarks reduces so much, that the produced quarks and
anti-quarks will form bound hadron states and no additional quark anti-quark pairs will be
produced.

2.1.4 Electroweak interaction

The electromagnetic and weak forces are commonly described together in the SM as a unified
interaction based on an U(1)xSU(2) symmetry. These are the electromagnetic and weak forces,
and the unified interaction is referred to as the electroweak interaction. The charges conserved
in the U(1)xSU(2) symmetries are the weak hypercharge (Yyy) and the third component of the
weak isospin (T3), respectively. These charges are connected via the electric charge (@) by the
relation
Yr/r
5

where L and R indicates the chirality (handedness) of the fermions. A right-handed fermion has
a positive helicity and the direction of the spin and the direction of its motion are in the same
direction, while a left-handed fermion has negative helicity and the direction of the spin and
its motion are opposite to each other. While the electromagnetic force acts upon all charged
particles, the weak force only acts on left-handed particles. Given the left-handed nature of the
weak force and the weak hypercharge being the charge of the U(1) group, the symmetry group
is often referred to as U(1)y xSU(2).

The fields relevant to the electroweak interaction are the gauge fields B, and Wlf‘, where A
enumerates the three W fields, as well as the left- or right-handed fermion fields (¥, g). Using
these fields, one can write the electroweak gauge covariant derivative (DEW\II L.R) as

Q="T;r+

3
. YL R
D'EW\I’L?R = 8M + Zgzté,RW:‘ —+ Zg,T’ 1 \I/L,R7
A=1
where YL2’R is a scalar and the generator of the U(1)y, and t{ 5 are the Pauli matrices and the
generators of the SU(2),. Furthermore, g and ¢’ are the couplings of the gauge fields. The
commutation relations of the Pauli matrices, tﬁ R, are given by

A 4B 7 _ . c
[tL,Rv tL,R] =teapctp g

6



where €4pc is the Levi-Civita tensor. Here, the normalisation condition Tr[tA,tB} = ‘SATB is

used. Using the gauge covariant derivative, one can write the electroweak Lagrangian (Lgw)
as

3
1 | L= A EW = A EW
‘CEW:_ZZF;:,FAM _ZBNVBM +\I’LZ¢ \IIL—F\IIRZlD \IJR,
A=1
where F/ lf,‘j is an abbreviation and given by

Fo = 0,W} = 0,W;' — geapcWIWY,
B, is given by
B,, =0,B, —0,B,

and lDEW uses the Feynman slash notation and is given as

D" = Df,
where the v, are the Dirac matrices.

Even though there are four gauge fields entering the Lagrangian and four observable gauge
bosons, there is no one-to-one correspondence between them. The physically observable W+
bosons are linear combination of the W and W2, and the photon (A* or 7) and the Z° boson are

linear combinations of gauge fields, B, and W§ The W bosons are given by the combination

14 172
_WuiZWu

i_

8 V2

and the coupling to the charged current can be written as

11771 21172\ _ (t14it2) WE—iW2) (L —it2) (Wi+iW2)
g(t' W} + 2W?2) = g[ 10 (WIVE) | (Woit) (W W,

ttw, | tTWh

where t* = t! +4t2. In the low-energy limit, meaning that the squared mass of the W* boson
(m},) is much larger than the transferred four-momentum (g?) of an interaction, the coupling
to the weak force can also be given in terms of Fermi’s coupling constant Gy, at tree-level as

V24

Gw = .
Y 8m?,

The photon and the Z° boson are described by the relations

Ay = costy B, + sinfy W,
Z,= —sinfwB, + COSQWWS ,

where Oy, is the weak mixing angle of the gauge fields (Weinberg angle). Furthermore, the
coupling of the photon can be used to relate the couplings ¢ and ¢’ with the condition

gsinfy = ¢ cosOy = e

7



as the photon couples equally to left- and right-handed particles and the coupling strength is
proportional to the electric charge of the particle in units of the elementary charge e. From
this condition, the weak mixing angle can be fixed by the relation

/
tan Oy = g_'
g

The elementary charge e is also connected to the fine-structure constant a, by the relation
e? = 4meghca,. Unlike the photon, the Z° boson does not couple equally to left- and right-
handed particles, but couples only to left-handed particles.

2.1.5 Spontaneous symmetry breaking and Yukawa coupling

The gauge bosons of the electroweak sector have to be massless in order to fulfill the local gauge
invariance of the U(1)xSU(2) gauge symmetry group [62]. However, in measurements the W=
and Z° bosons are found to have mass [67-{74]. While these masses can be inserted by hand,
it would destroy the rationale of using a gauge theory [62]. The other way for the W* and
Z° bosons to obtain mass requires the spontaneous breaking of the electroweak U(1)xSU(2)
symmetry group (Higgs mechanism). A vector of scalar fields (¢) is needed to achieve the
spontaneous symmetry breaking and the potential of these fields (V(¢'¢)) is required to be
symmetric under the U(1)xSU(2) symmetry group and to contain only terms that are quadratic
or quartic terms in the field ¢. If there were higher order terms, the theory would no longer be
renormalisable [75]. Therefore, the potential can be written as

V(6'9) = 500+ TA60)"

where p is a parameter with the same dimension as a mass and \ is a dimensionless parameter.
To realize the spontaneous symmetry breaking of the electroweak sector, the Higgs potential
is required to have a minimum at a non-vanishing value for ¢, explicitly ¢ # 0. The position
of the minimum (v) of the potential is referred to as the vacuum expectation value, defined as
(0]¢(z)|0) = v # 0. This can be achieved by choosing 1 and A to simultaneously have positive,
real values. The masses of the gauge bosons are then generated by the coupling to the Higgs
field and are absorbed in the gauge covariant derivative for the Higgs field (Dfiggsgb). The
latter is defined to be

3
Y
0, +ig Y t"W+ig=B,| ¢.

Higgs 1 __
Du 995 — :
A=1

In a Higgs doublet model with

() ()

the W* and Z° masses can be computed with the relations

(g2 + ¢*)0? B 7
2 2ma,

2,2
(2.1) miy, = % and m% =

oo



Given that the coupling strength g and ¢’ are connected by the Weinberg angle, the latter also
connects the masses of the W+ and Z° bosons by the relation

mw
cos by = —
mz
With this definition and Eq. one can calculate the vacuum expectation value to be [50]
1
V= —5—==174.1 GeV.
21/ Gy

As the photon interacts only with charged particles and the Higgs boson does not have an
electric charge, the photon does not acquire mass by the Higgs mechanism and is massless even
in the spontaneously broken U(1)xSU(2) symmetry group.

The gauge covariant derivative and the potential of the Higgs field enter the Lagrangian
(Lhiggs) which is given as

LHiggs - (Dfiggs(b)T (Dfiggs¢) - V(¢T¢) — @LF\I]R(b — \iIRF‘I;L(ba

where Uy,  are the fermion mass eigenstates, I' are matrices that makes the Yukawa couplings
of the fermions to the Higgs field invariant under the Lorentz and gauge groups. The Yukawa
couplings of the fermions are responsible for the fermion masses. The mass matrix for the
fermions (M) can be obtained from the Yukawa couplings by replacing the scalar field ¢ with
the vacuum expectation value in the mass term of the Lagrangian. The fermion mass matrix
is then given by

M=V MU+ VM,

where the matrix M is defined as M = I'v.

2.1.6 The CKM mechanism

While the weak eigenstates and the mass eigenstates of fermions are not the same, the two states
are related to another by a unitary transformation. Using separate unitary transformations on
the weak eigenstates ¥ and Wy according to

/L: U\I}L and \11312 = V\I/R,
one obtains the new, diagonal mass matrix
M =UMV.

The matrix V' used to diagonalise the quark mass matrix is referred to as the Cabibbo-
Kobayashi-Maskawa matrix (CKM matrix, Vogar) [76,77]. It is defined as

Vud Vus Vub
VC’KM = ‘/cd ‘/;s V;b
Via Vis Vi

In this matrix the diagonal elements correspond to the transitions in a given generation, while
the off-diagonal elements are responsible for the transitions between different generations. The
numerical values of the CKM matrix are given in Ref. [65] as

0.97401 £ 0.00011  0.22650 + 0.00048  0.00361733%04s
Vorar = | 0.22636 & 0.00048  0.97320 4 0.00011  0.0405370J0083

0.00854 1590023 0.0397810:00082 (5 9991 72+0-000024



Considering the unitarity of the CKM matrix, the product of the CKM matrix and its
conjugate transposed matrix is defined to be unity, explicitly VCKMVCTK M= VCT v Ve = 1.
This condition gives rise to three sets of equation systems for the off-diagonals which form the
unitarity triangles [78]/79]. Furthermore, the unitarity reduces the number of free parameters
needed to describe a pair of 3 x 3 matrices from 18 to 9. Out of these 9 parameters, 5 are can
be absorbed into unobservable and, therefore, unphysical quark phases leaving 4 independent
parameters. For the 4 remaining free parameters different parameterisation schemes can be
used. In the standard parameterisation of Vs [80], the independent parameters are three
Euler angles, ©15, ©13 and O3 as well as a complex phase §. The phase J is responsible for
any violation of the combined charge and parity symmetry (CP) in the quark sector of the SM.
Using the abbreviations ¢;; = cos ©;; and s;; = sin ©;;, one can write the CKM matrix as

1 0 0 Ci13 0 8136_16 C12 S12 0

Vekne = |0 co3 s23 0 1 0 —S12 ¢z 0
0 —S893 (o3 —81361'(s 0 C13 0 0 1

C12C13 S12€13 s13e~ "0

= —S512€23 — 0128238136i5 C12C23 — 8128238136i5 523C13

512523 — 012023813€i6 —C12523 — 512023313€i5 C23C13

2.2 Physics of the Bg meson

In this section the physics of the BY meson is introduced. Given the energy scales involved in
the physics of the B? meson, it is an important probe for QCD. Therefore, these decays can
be used to test the completeness and accuracy of the SM. Decays of the B? meson which can
only occur at loop level, for example the decay B? — ¢u*pu~, are especially important for these
tests as effects of New Physics can significantly contribute to these processes.

2.2.1 Production of bb pairs at LHCb

In order to produce any pair of quarks the minimal centre-of-mass energy (1/s) needed is twice
the mass of the quark (m,), which is given by /s = mc® = 2m,c®. The produced quarks
hadronise and can either form ¢g resonances or other mesons and baryons. In this thesis, a bb
pair needs to be produced and one of the quarks is required to form a B? meson which has
a mass of mpo = 5366.3 MeV/c? [65]. While the minimum energy to produce the bb pair is
Vs =2-4.16 GeV = 8.36 GeV, at least one of the two quarks needs to form a bound state with
an s quark increasing the minimum energy on the order of a few ( GeV). At the LHC the energy
threshold to produce both, a bb pair and a B? meson, is exceeded by roughly a factor 1000 as
the centre-of-mass energy is between 7 TeV and 13 TeV for proton-proton collisions depending
on the data-taking conditions. Due to the large difference in centre-of-mass energy and the mass
of the bb pair as well as the potential imbalance of momenta of the quarks due to the parton
distribution function of the proton [81/85], the bb pair will likely not be produced at rest, but
boosted along the beam, either in forward or backward direction. As a consequence, a BY meson
originating from the bb pair will also be boosted along the beam. In Fig. the effect of the
boost on the bb pair is shown using the colour-coded production cross section of a bb pair in the
pseudorapidity plane of the bb pair (1;-1,) considering that large values for the pseudorapidity
correspond to a large boost of light particles. The pseudorapidity of the b quark is labeled 7,
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and the pseudorapidity of the b quark is labeled 7,. Regions of phasespace with low bb cross
sections are coloured blue with a colour gradient to red indicating increasing cross sections.
There are two red regions in which the bb pairs accumulate in forward and backward direction
indicating the boost along the beam axis. The yellow and red boxes indicate the geometric
acceptance of a typical general purpose detector and of the LHCb experiment, respectively.

LHCb MC
Vs =14 TeV

Figure 2.1: The production cross section of a bb colour coded in the 7;,-1, plane, where 7, is
the pseudorapidity of the b quark and 7, the pseudorapidity of the b quark. The geometric
acceptance of a typical general purpose detector (GPD) and the geometric acceptance of LHCb
are given as the yellow and red boxes. Taken from Ref. .

The production cross sections over the complete solid angle, are according to PYTHIAS ,

88], otV = 251.8 ub, o™V = 291.6 ub and o} TV = 527.3 ub, respectively. In the 7 range
2 < n < 5, which coincides with the red square in Fig. , the cross sections are measured by
the LHCb collaboration to be o,z P = 72.0 £ 0.3 £ 6.8 uband o7 "% = 144 & 1 & 21 ub,
where the first uncertainty is of statistical nature and the second one is the systematic uncer-
tainty for both values. These values are in agreement with those predicted by FONLL ,

7 TeV, th 13 TeV, th . :
o = 6212 ub and g T = 11173} ub, where the uncertainty is of systematic
nature.

2.2.2 Bg meson mixing and time-evolution

Meson mixing is a quantum mechanical process in which a neutral meson oscillates into the
corresponding anti-meson. To transition from a meson with the quark content ¢g’, where g and
q are different quark flavours, to the anti-meson, both quarks of the meson need to transition
to the other quark flavour. This is possible as the CKM matrix is not diagonal and, therefore,
quark transitions between generations are possible. Exemplary Feynman diagrams for the
transition of a BY meson to a ES meson are shown in Fig.

11
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Figure 2.2: A BY transitions to a ES via two different box diagrams.

When describing the mixed state of the B? and ES mesons, a given initial state (]¥(0))) has
to be considered as a superposition of the meson and anti-meson state. Therefore, the initial
state is given by

(0)) = a(0)|BY) + b(0)|B,),

where a(0) and b(0) are the fractions of B? and E‘j in the initial state. The parameters a(0)
and b(0) are only coherent before the decay of the meson but lose practically all coherence once
it decays.

To determine the time-dependent evolution of the initial state W(0), the time-dependent
parameters a and b can be determined by solving the Schrodinger equation

.0
i) = M),
where H is the phenomenological Hamiltonian given by

My, — %Fn Myp — %F12>

’H:M—%:( : 2
My — 5191 Mo — 519

2

The Hermitian matrices M and I' appearing in the Hamiltonian correspond to transitions via
intermediate off-shell and on-shell states, respectively. The diagonal elements of M and I’

. . L =0 50 .
describe the flavour-conserving transitions B? — B? and B, — B, whereas the off-diagonal

elements describe the flavour-changing transitions BY <+ ES

The Hamiltonian can be simplified assuming the charge, momentum and time symmetries
(CPT) to be conserved in the interaction at the same time. If the C PT symmetry is conserved,
the laws of physics are identical for a universe and a copy of that universe, where all matter is
replaced with antimatter, the positions of all particles are reflected through a fixed, arbitrary
point in space and the momenta of all particles are inverted. In this case, the diagonal elements
of each of the matrices M and I' have to be the same, explicitly this means M;; = My and
['11 = ge. The hermiticity of M and I' further implies M, = M7, and I'y; = I'],. Therefore,
the Hamiltonian can be written as

2y (Mn — il My — %F12>
My — 5, My —5Tn)

For a non-diagonal Hamiltonian, the B? and ES mesons are not mass eigenstates and, therefore,
cannot have well defined masses and widths, while the eigenstates of H have well defined masses
and widths. For the BY system these eigenstates are typically labeled as the light and heavy
eigenstates BSD’ ; and Bg 1, respectively, where the mass of the heavy eigenstate (my) is larger

20ne of the two parameters can in principle be zero in strong productions leading to a pure initial state.

12



than the mass of the light eigenstate (my). This results in the condition mpy > my. The
solution to the eigenvalue problem of H in the mass eigenbasis is given by

0
(2.2) |Boym) = pIBY) £ 4|B,) .

where the coefficients p and ¢ are normalized by |p|” +|g|> = 1 assuming C'PT and the fraction
of the coefficients is fixed by the condition

(g)2 _ M, — %Fb
p My — %Fn

The masses (my x) and decay widths (I'z ;) of the states |BY /i) are given by the real and

imaginary parts of the corresponding eigenvalues of H. In the B? system the mass and decay
width differences between the light and heavy eigenstates (Amg and AT's) are defined as

(23) AmszmH—mL and APS:FL—FH

to guarantee both Amg, and ATy to be positive. The components M;; of the matrix M and
I'y; of the matrix I' are connected to My y and I'y y using matrix diagonalisation. These
components are given as their averages

r r
My, = w and Ty = %

Furthermore, one can relate M;, and I'y2 to the masses my y and width I'yy via

Mg — §FL,H = My — §F11 + \/<M12 - §F12) (Mﬁ - irﬁ)

2

7 r )
= My — §F11 + \/|]\412|2 - ‘ f —1 |M12| |F12| COS((I)F - ‘PM)>

where the phases 1 and ®,; are defined by & = arg 15 and ®,; = arg M;,. Using the relations
in Eq. [2.3] the differences in the mass and decay width can be written in terms of M, and I'jo
as

Am? — A5 — M2 — T)?

S 4

and AmSAFS =4 |M12| |F12| COS(@F — CI)M) .

If AT’y and I'y5 are simultaneously small, as is the case for example in the limit of CP conser-
vation, these equations further simplify to

Ams =2 |M12| and |APS| =2 |F12| .

The numerical values for the Amy, I'y and AF—ES in the BY system are [65]

AT,
Am, = (17.741 40.020) x 10" 2hs™!, T'y = (65.97 4+ 0.26) x 10"°s" and 7 = 0.124+0.008.

s
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The time-dependence of the BY and ES mesons can be derived by solving the Schrodinger
equation. Considering the Hamlltoman is diagonal in the mass basis and Eq. [2.2] directly links

the wave functions of the B? and B mesons to those of the mass eigenstates BY ; and BY , it
is more convenient to first derive the solution for the mass elgenstates B and B o H and ‘then
substitute the results to find the solutions for the BY and BS mesons. The dependence of the

BY and ES mesons on the ij, ;, and Bg} y eigenstates can be obtained by rearranging the two
equations Eq. 2.2l Doing this, one finds the relations

(2.4 BUO) = 5 (1BS0) + B (2)
(25) and 1B(0) = 5 (1BL0) = [B(0) -

In the mass eigenstate basis the Schrodinger equation has the form

B - (3 %) ()

and is a linear differential equation of the first order. It can be solved using the Ansatz

— _Tr
1B, () = e Mete=F1BY (0))
and [BY (1) = e Mute= 3B (0)).

With these solutions the time-dependent wave functions of the BY and ES mesons can be
obtained by substitution in Eq. and Eq. . The time-dependent equations for the B? and

Eg mesons are then given by

S

BYD) = g (eMitemE g ot ) 1220)
n q <6—iMLt€—FTLt o= iMt ,— 4 ) |B (0))
= g.(D)|BY0)) + gg<t>|ﬁi’<o>>

Blt) = (e*iMLte*%”—elMHt 1) |B2(0)

[=)
S

(eutemFt o emMnte= 40 ) | B(0))

g- (D B2(0)) + g+ ()| B,(0))

@I’EI\'JIHM

where the g are given as

w‘m

gs = <6*"MLte’FTLt:t ~iMuto—

t)_

N —
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2.3 The rare decay B?— ¢putpu~

The rare decay B? — ¢utp~ is a flavour changing neutral current that only occurs at loop
level in the SM. The leading order Feynman diagrams are shown in Fig.[2.3] The mathematical
description of the decay in the SM is split into different parts. The quark-level b — s¢T ¢~
transition, as shown in Fig. 2.4 is commonly described using an effective field theory in the
literature [55,[56]. The transition of a B? meson into a ¢ meson, also called the hadronic part
of the decay, is described using form factors. The information of the b— s¢™/~ transition and
the hadronic part of the decay is then combined into transversity amplitudes which in turn are
used to provide formulae for the angular decay rates.

Figure 2.3: The decay B? — ¢u*pu~ is mediated by (left) penguin diagrams and (right) box
diagrams in the SM. The charges of the fermions are implied by the direction of the arrow.

\\\\W// ILL
Zﬁ<
M

Figure 2.4: Feynman diagram of a b— s¢*¢~ transition.

2.3.1 Effective field theory for b— sft£~ transitions

Effective field theories (EFT) are a tool commonly used to analyse systems with multiple energy
scales of interest, at least one of which is significantly larger than the others. In problems with
multiple energy scales, an EFT uses the ratio of the energy scales as a expansion parameter.
One famous example for an effective field theory is Fermi’s theory of the neutron decay [91},92],
in which the interaction of the W boson with the neutron is approximated to be point-like.
In this case, the inverse of the mass of the W boson serves as the expansion parameter. A
general introduction to EFTs is given in Ref. [93].

In b— s¢T ¢~ transitions, the loop process involves multiple scales of interest. These are the
masses of the ¢ quark (m;) and of the W* boson (myy) as these particles dominantly contribute
to the loop, the square root of the transferred four momentum (\/q_Q), the mass of the b quark
(mp) and the energy scale Agep. The transferred four momentum is strictly smaller than the
mass of the B? meson and is as such also much smaller than the mass of the W boson. To
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describe the transition of the b quark the operator product expansion (OPE) [94], is commonly
used [95]. At the intermediate scale of the mass of the b quark (m;), the effective Hamiltonian
is given in Ref. [53] as

4G
Heff: F‘/tb t54 ZC (/Jls:mb>7

where G is Fermi’s constant, the Vj; are CKM matrix elements, c is the fine-structure con-
stant, C; are Wilson coefficients [96], 5 is the renormalisation scale and O; are local operators
with different Lorentz structure. The Wilson coefficients encode all short-range contributions
and act as an effective coupling to the operators, which correspond to the long-range contri-
butions. The most relevant operators for b — s¢T¢~ transitions are Oz 19, which have the
form [53]

mp_
07 = ?SU#VPR[)F”V,

Og = E’YHPLbZ”}/‘ug
and O = E'yMPLbZ'y”’yg)E,

where v* and ~; are the Dirac matrices, o# = }1(7“7” — "), PLp = NF% denotes the left-
and right-handed chiral projections and F},, denotes the electromagnetic field strength tensor.
The operator O; corresponds to a flavour changing neutral current in which a photon is emit-
ted, whereas the operators Oy ;o correspond to the electroweak decays with a vector- or an
axialvector-current, respectively. An illustration for the interactions is given in Fig. 2.5 In
New Physics (NP) scenarios the chirality flipped operators O. with the corresponding Wilson
coefficients C; can compete with the SM operators O;.

b s b s
Y
C- e Co.10 =
pt pt

Figure 2.5: Visual representation of the local operators of b — s¢*¢~ transitions, on the left
photonic operator O; is illustrated, on the right the vector- and axialvector-currents of the
operators Og19. The Wilson coefficients C; are numerical values representing the described
process.

The Wilson coefficients C7 910 can be calculated in the SM by matching the amplitudes of
the full electroweak theory to the effective Hamiltonian H.g. The coefficients can be calculated
at ps = my using the renormalisation group equation assuming SM dynamics [97] at next-to-
leading-logarithmic order to be [9§]

CM = —0.308 Co=+4.154 Cyo = —4.261.

The Wilson coefficients are typically used to determine the SM expectation for observables such
as branching fractions or angular observables.
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In the presence of heavy NP contributions, the values for the Wilson coefficients would
be shifted from the SM prediction (AC; = CNF — CP?M). These shifts in the Wilson coefficients
would also translate to a modification of the effective Hamiltonian of the form

NP } : C?IP } : NP

i N

where the index ¢ indicates all affected Wilson coefficients, ¢}'¥ is the coupling of the NP, Ayp
the energy scale and O; the affected operator. The value of the Wilson coefficients C; 919 can
be measured in data by studying for example branching fractions or angular distributions of
b— slt¢~ decays. If a new, preferred value for the Wilson coefficients is found, the energy
scale of a NP scenario can be estimated by assuming the coupling structure of the NP.

2.3.2 Form factors for the B? — ¢ transition

While an EFT can be used to describe the quark level b— s¢*¢~ transition, the B? — ¢u™u~
decay includes a B? — ¢ transition that cannot be described using an EFT. Instead the hadronic
transition is described using form factors. There are seven different form factors, one for the
vector-current (V') and three each for the axial-vector-currents (Ag;2) and tensor-currents
(Th123). All seven hadronic form factors depend on the transferred four-momentum (¢*). To
calculate these form factors, there are two different, complementary approaches. The first one
is the use of light-cone sum rules (LCSR) [99] and the second one relies on lattice QCD [100]
computations. While LCSR are valid if the energy of the ¢ meson is large, corresponding to low
values of ¢2, lattice QCD is valid if the ¢ meson has little energy, corresponding to large values
of ¢*. Typically, LCSR are used in the ¢* region below 6 GeV?/c* and lattice QCD is used in
the ¢? region above 15 GeV?/ct. The two predictions can also be combined using a fit to cover
the complete ¢? range. The intermediate ¢? region, namely the region of ¢* € [6,15 GeV?/c?], is
sensitive to long-distance effects from the charmonium resonances, which cannot be theoretically
calculated from first principles in the SM [56] as the narrow charmonium resonances lead to
violations of the assumed quark hadron duality [101,102]. The influence of the intermediate ¢
region on the low ¢? region is another topic of discussion [103-107].

2.3.3 Transversity amplitudes

The decay rate of the process B — ¢u™*u~ can be described by a set of seven different, complex
transversity amplitudes, AI(; R A‘I‘J’R and AIIR, where L and R indicates the left- or right-handed
chirality of the dimuon system, as well as A;. The indices 0, || and L indicate the different
polarisation modes of the final state. These are illustrated in Fig. In addition, the dimuon
system can also be in a spin-0 configuration giving rise to the time-like amplitude A;. This
amplitude couples only to axial-vector currents which is given as ¢*(ay*ysp = 2im,(fiy*p)
and is, therefore, suppressed in the SM by the small lepton mass. However, in the presence of
NP contributions, the amplitude A; can become sizeable as can additional scalar and tensor
amplitudes [108].
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The seven considered amplitudes depend on the Wilson coefficients C7g19, ¢* and the
hadronic form factors. They are given by the relations [56]

N
L Do/ [(Cy — Cg) F (Cro — Clp)]
A 2
x[(mpo — mg, — ¢*)(mpo + my) Ai(¢?) — Amgff T)ncb

/ 2 2 2 2 T3(q2)
+2my,(Cr — C’ﬁ[(mBQ +3my —q To(q”) = A\——""=]| .
AL,R . —N\/ﬁ( 2 2)[[(0 . C/) (C . Cl )] Al(qz) me(c . C/)T( 2)i|
I = Mpo — My 9 9) F (Lo 10 My — My 7 7 7)42(q7)] ,

V(g 2mb
mpo + m¢ q>

AT = NV2X[[(Cy + Cy) F (Cro + Cly)] (Cr + CTi ()]

and A, — T\F{(Cw )+ Ti—iwp—c;)} Aol?).

where the index C'p corresponds to Wilson coefficient of the pseuodscalar current, and N and
A are abbreviations defined as [50]

X = mipo +my+q' = 2(mpeml + miq’ +mieq’)

1

and N = VuV:

b

G%a? )
_UFY 2/
3 x 2107r5m33gq \/_6“

with 8, = /(1 — 22&).

q

Ao A Ay
\' i e I phps
IR ¢ o

Figure 2.6: Visual representation of the polarisation modes of the final state of the decay
B?— ¢utp~ for the transversity amplitudes Ay, A and A .

18



2.3.4 Differential decay rate
The differential angular decay rate for the decay BY — ¢u™p~ is given in Refs. [55]56] as

d*T(BY — ¢utp”)
: = Ji(q) fi(cos 0, cos O,
dq2d00s91dcos¢9Kd¢ Z f cos O, cos Oy, &)

33 [J5 sin® O + J§ cos® O
+J5 sin® O cos 20, + JS cos? O cos 26,

+J4sin? O sin? 6, cos 2¢) + J4 sin 20 sin 26, cos ¢
+J58in 20 sin 6, cos ¢ + J¢ sin? @ cos 6,

+J7 sin 20§ sin 6, sin ¢ 4+ Jg sin 20k sin 20, sin ¢

(2.6) +Jgsin? O sin? 6, sin 2¢] ,

where J; are angular coefficients and 60;, 6 and ¢ are the helicity angles of the decay.E| The
decay angle 0, is defined as the angle between the negatively charged muon, p~, and the B? in

the pu*pu~ rest frame .
SutpT ot

b,-  Ppo
cost = f+ 4B+ )
D" 1P " |

0k is the angle between the negatively charged kaon, K~ and the BY in the K™K~ rest frame

SKYK—- | »KTK—
Pk~ " Ppo
| KK~ | | K-

cos O

and ¢ is the angle between the planes spanned by the WL p~ and KK~ systems in the BY rest
frame. It is defined via the two relations

—»BO
COS @ = T 5 pom T and  sing = (W5 - X nu*u—> ) ﬁT
K+K-

The set of the three decay angles ( Q are illustrated in Fig. [2

Figure 2.7: A sketch to explain the three angles, g, 6, and ¢.

3In literature the J; are sometimes given as I;.
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The J; are ¢*> dependent observables that are given by combinations of seven complex
polarisation amplitudes (AL’R, Aﬁ’R, Ai’R and A;) as [55]56]

s (2+5;) Am; . .
I o= T[\A P+ AP+ (L — R)| + —ERe(AT AT + AFA™)
c L2 R|2 4mi 2 L AR+
Ji = [Ag]" + A7 +_q2 [|Ad]? + 2Re (A5 AT™)]

5 = Bllate st o w)
5 = - |lake @ )

5= e -+ o )
Jy = \B/;{él% (AFA[) + (L—>R)}
Jo = V35, |Re(AFAL) - (L R
B = 2, Re(ata) - (L )

Jr = V2B, [%m(AOLAL*) - (L—>R)]

Js = %[%m(AéAﬁ*)—k(L%R)]
(2.7) Jy = 63{%m(Aﬁ*Aﬁ)+(L—>R)},

where L and R refer to the chirality of the dimuon system, the notation L. — R indicates
an additional set of the left-handed terms with R replacing L and Bﬁ is defined by ﬁi =
(1—4m? /q ). For the decay of a ED meson the replacements Ji 9347 — +J1 2347 and J5659 —
—J5689 need to be made in Eq. . [55,56]. The observables J; and J5 as well as Ji and J§
are generally not independent and obey the relations J7 = 3J5 and J{ = —J§ for a value of
55 = 1. This is a good approximation for ¢* values that are large compared to the square of
the muon mass. Furthermore, the observables Ji, and Ji, are connected to each other by the
normalisation of the decay rate, as the condition

1 dr
/// 5 dcosthdcostlxdgp = ———— =
dF/dq dq dcosQldcosﬁKdgb dI'/dq* dq

holds. The analogous equation for the BS meson also holds. Integration of Eq. over the
three angles yields

1 A0 2T+ I 205+ J
dr/dq*dg® 4 4
which can be simplified for 82 ~ 1 to

=1

J=21— e

»Mco
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The flavour of the BY meson at the time of decay is unknown considering the final state
¢l— KTK~ ]t~ is flavour-symmetric and flavour tagging is not possible due to the limited
statistics. The measurement is, therefore, performed untagged and time-integrated and the
differential decay rates for the B? decay and the Eg decay are combined. The combined
untagged angular decay rate of the BY and ES mesons results in CP-averaged observables for
the terms Jy 2347 and CP-asymmetric observables for the terms Js5659. In any ¢* region the
combined decay rate is given by

d*(T + 1) 9 3
dq?dcoshdcostdeo T 32n [4<
+S5 sin? O sin? 6, cos 2¢ 4+ Sy sin 20 sin 26, cos ¢

1
1 — F1)sin?® O (1 + 3 o8 20;) + Fy, cos® Oy (1 — cos 26;)

4
+Aj sin 20 sin ; cos ¢ + §A§§ sin? 0 cos 6;

+57 sin 20 sin 6; sin ¢ + Ag sin 20 sin 26, sin ¢

(2.8) +Ag sin® O sin® 6, sin 29|
where the AT+ 1)
. +
Si(q*) = (Ji + Jz’)/T
q
denote CP-averaged quantities and the
_ ,d(C+T
Ai(q®) = (Ji — Jz)/%
q

are CP-asymmetries. In Eq. - 2.8 the longitudinal polarisation fraction (Fp,), a CP-average, as

well as the CP-asymmetry of the forward-backward asymmetry between the B? and the B
meson (A{L) are used. They are defined as F}, = S and ASE = 243, Furthermore, the lepton
masses are assumed to be small compared to ¢% in Eq. .

Following Ref. [57], the angular decay rate also has a dependence on time. The time-
dependence originates from the BY-meson mixing and the K™K~ p*pu~ final state being a
CP-conjugate state of itself, and, therefore, identical for the decay of a BY meson and that of
a ES meson. The time-dependence can be absorbed into the CP-averaged and CP-asymmetric
observables, S; and A;, by using two new angular observables (h; and s;). The h; and s;
are respectively connected to the real (Re) and imaginary (Zm) parts of combinations of the
transversity amplitudes and offer an additional avenue to probe for NP contributions. Their
definitions are given in App.[A] The time-dependence of the CP-averages and CP-asymmetries
is explicitly given as [57]

(2.9) Ji(t) + Ji(t) = e Tt [(J + J;) cosh (Arst> — h; sinh (Arstﬂ
(2.10) and J;(t) — Ji(t) = e Tt [(JZ — J;) cos (ﬁ,—”:%) — §;8in <AF—";St>} :

The differences are defined in Eq. 2.3 The differences of the lifetimes and masses are often
abbreviated as x = AIZ"S and y = %153 For incoherent production of a bb quark pair, as is
typically the case at a hadron collider, the time-integrated observables one can measure are

given by

- 7 _ 1| Litdi _ yh
Si = < JZ + Jz >Hadronic= T [1_y2 - 1—y2:|
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T 1| Jimd; z-5;
and Az = < Ji — Ji >Hadronic= T [1+x2 - 1+x2i| ’

where < J; + J; > indicates the time-integrated combination of the observables .J; and J;. In
state-of-the art SM predictions, for example as provided in the flavio software package [109],
the time-integrated formulae are used to calculate the SM predictions.
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Chapter 3

The LHCb experiment

In this Chapter, the LHCDb experiment, located at the Large Hadron Collider, will be introduced.
The Large Hadron Collider (LHC), which provides the proton-proton (pp) collisions recorded
with the LHCb experiment, will be covered in Sec. [3.1] The subdetectors and core concepts of
the LHCb experiment will be discussed in Sec. [3.2]

3.1 The Large Hadron Collider

The Large Hadron Collider |110] is the most recent in a series of particle accelerators operated
by the Conseil Européen pour la Recherche Nucléaire (CERN) and is located near Geneva.
CERN is able to operate the LHC with protons, heavy ions or both at the same time. For
this thesis only the pp collisions are relevant and, therefore, only this type of collision will be
discussed.

The protons are obtained by stripping hydrogen gas, which originates from a hydrogen
bottle, of the electron and accelerating the remaining nucleus to 9 keV in a duoplasmatron [111].
They are then injected into a radio frequency quadrupole (RFQ) [112]. The protons are focussed
and accelated to 750 keV using radio frequency (RF) cavities. In RF cavities a charged particle
is accelerated using an electric field (E-field) oscillating at a frequency in the radio frequency
range. Due to the oscillation, the size of each RF cavity and the timing of the protons entering
the RF cavity have to be chosen carefully such that the proton always arrives at an accelerating
E-field and never at a decelerating one. The RF cavities are employed both in the RFQ and in
all subsequent accelerators. In addition to focusing and accelerating the beam, the RFQ also
divides the continuous beam of protons adiabatically into 6 parts (bunches). These bunches
are then injected into the LINAC 2 [113] and further accelerated to 50 MeV. While both
the RFQ and the LINAC 2 are linear accelerators, all further links in the chain, are circular
accelerators [114]. The first one of these is the proton synchrotron booster (PS Booster) which
accelerates the protons to a final energy of 1.4 GeV. In the proton synchrotron (PS) the
6 bunches are split in two steps into 72 bunches. These bunches are injected into the super
proton synchrotron (SPS) at an energy of 25 GeV. They leave the SPS at an energy of 450 GeV
and finally enter the LHC. The LHC is designed for a maximal energy of 14 TeV and uses
RF cavities with a frequency of 400 MHz. Once the beam is at the operating energy of the
LHC, protons entering the RF cavity at the right timing and chosen energy will experience
no accelerating voltage and are kept at the same energy. In contrast, protons with differing
energies will either arrive earlier or later and thus be accelerated or decelerated. These proton
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bunches will converge after a few cycles at the operating energy of the LHC. In Fig. [3.T] all the
accelerators starting from LINAC 2 are sketched.

The CERN accelerator complex
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Figure 3.1: The accelerator complex hosted by CERN. The year indicates when the accelerator
or experiment was taken into operation and their length or circumference (when applicable)
are given. Taken from Ref. [115].

The LHC is designed for two beams with 2808 bunches, corresponding to 39 SPS fills,
containing a total of 1.15- 10 protons . The two beams traverse the LHC simultaneously
in opposite directions which requires a set of two beam pipes. The beams are kept on a circular
path using dipole magnets with opposite magnetic fields for the two beams and focused with
quadrupole magnets. Around the storage ring there are four interaction points at which the
beams are brought to collision with a bunch crossing frequency of 40 MHz. At each of these
points CERN hosts one large experiment. Two interaction points are dedicated to general
purpose detectors, ATLAS and CMS , and the other two are dedicated to specialised
experiments, ALICE and LHCb . While the two general purpose detectors have a
broad physics program, ranging from the study of the Standard Model of particle physics to
the search for New Physics, ALICE is dedicated to heavy-ion physics, specifically the study
of strongly interacting matter at extreme energy densities, and LHCD is dedicated to heavy
flavour physics and will be introduced in Sec.

So far, there have been two data taking periods, respectively called Run 1 and Run 2.
The data in Run 1 was taken between 2010 and 2012, where data taken in 2010 contributes
a negligible amount and is usually not taken into account, and the data in Run 2 was taken
between the years 2015 and 2018. The amount of data taken is typically given by the integrated
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luminosity [118] (Lint), which is defined as

f - Ny(t)Na(t)

dt,
dro,oy,

(3.1) Ling = /L(t)dt =
where £ is the instantaneous luminosity, f is the bunch crossing frequency, N; and Ny are
the number of protons per bunch of the two beams and o, and o, are the transverse beam
sizes in the x or y direction, respectively. The LHC is designed for an instantaneous lumi-

nosity of £=1-10** cm™2s7!. In 2017 the LHC provided an instantaneous luminosity of
L =2.06-10* cm~2s™! [119], roughly doubling the design value.

3.2 The LHCDb detector

The Large Hadron Collider beauty (LHCDb) experiment ,, is designed to fully exploit
the potential at the LHC to measure heavy flavour decays and to probe CP-violation in the
heavy flavour sector. A detailed description of the LHCb experiment can be found in Ref. [38].

Among the four large experiments at the LHC, LHCb is unique in many aspects. While
ALICE, ATLAS and CMS follow a hermetic detector design, covering almost 47w steradians
of solid angle, LHCD is a single arm forward spectrometer, as shown in Fig. [3.2l The LHCb
experiment has an angular coverage of the region between roughly 10 mrad to 300(250) mrad
in the (non-)bending plane. This design choice follows the predominant production of bb pairs
in a forward or backward cone, as shown in Fig. in Sec. Approximately 25% of all
produced bb pairs are covered in the LHCb acceptance.

ECAL HCAL

SPD/PS M3 - zsomrzid\
RICH2 M1 \

Figure 3.2: Schematic side view of the LHCb experiment. The subdetectors and the warm
magnet are labeled. Taken from Ref. .

In contrast to ATLAS and CMS, both of which are designed to operate at the design
instantaneous luminosity of the LHC, LHCD is designed for a lower instantaneous luminosity of

L =2-10% cm~2s7!. This design choice will be discussed further in Sec. [3.2.1] The tracking
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system at LHCb will be described in Sec. The Ring Imaging Cherenkov detectors, the
electronic and hadronic calorimeters, and the muon stations will be covered in Sec. [3.2.3]
Sec. and Sec. respectively. Lastly, the trigger system of LHCb will be discussed in
Sec. 3.2.6.

3.2.1 Luminosity at LHCDb

In contrast to the general purpose detectors at the LHC, the LHCb experiment is not built
to record data at LHC’s design luminosity of £ =1 x 10** cm™2s~! but at an instantaneous
luminosity of £ =2 x 10*? em2?s~!. The reduced instantaneous luminosity has been chosen
by the LHCD collaboration as the detector occupancy remains low and the radiation damage is
reduced compared to larger values for the instantaneous luminosity [38]. An increased detector
occupancy would be detrimental to the tracking efficiency and subdetectors which experience
more radiation damage have worse resolution [120]. Both of these effects are especially disad-
vantageous when probing B physics which requires good resolution and a reliably high tracking
efficiency when reconstructing the B vertex. In addition, a lower occupancy is preferable con-
sidering the slight dependence of the particle identification efficiency on the occupancy [122].
A further consequence of the instantaneous luminosity used at LHCD is that bunch crossings
(events) are dominated by a single pp interaction as shown in Fig. [3.3] This follows from the
average number of pp interactions in visible interactions (u) per bunch crossing (pile-up, P)
being reduced at lower instantaneous luminosities. A visible interaction is defined as having
at least two charged particles with sufficient measurements (hits) in the VELO and the T1-T3
stations to be reconstructible. The instantaneous luminosity, the number of average visibile pp
interactions per bunch crossing and the pile-up are connected, as the pile-up is defined as

p=—Ft |
1 —en
and p is given by [123]
o ﬁo—tot
H beunches ’

where oy, is the total cross section at the LHC, f is the bunch crossing frequency and Npunches
is the number of bunches per beam in the LHC. At the design luminosity of LHCb, the pile-up
is P ~ 2.1. In Fig. the probability of the number of interactions (n), ranging from 0 to 5,
at a given instantaneous luminosity is shown using the continuous counterpart of the Poisson
distribution [124]. As the probability for a larger number of interaction is located at larger
values for L, the pile-up increases with the instantaneous luminosity.

There are several options to reduce the instantaneous luminosity |[125] at LHCb while en-
suring the design luminosity at the other interaction points. One possibility is to change the
focus of the beam at the LHCD interaction point, namely by increasing either of the transverse
beam sizes, o, or o,. The focus of the beam often is also given as the 8 function, which is
connected to the beam size by the formula

€f = 0,0y,

where € is the emittance, which is a conserved quantity following Liouville’s theorem [126]. The
value for the g function at the interaction point is referred to as §*. At LHCb the value for 5*
is typically between 3 m and 10 m, whereas ATLAS and CMS typically use f* = 0.4 m.
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Another option is the reduction of the overlap of the crossing beams, which reduces the
effective number of particles (/V; 2) entering the calculation of the instantaneous luminosity in
Eq. 3.1} This can be done either by changing the crossing angle, often done with crab cavities
and, therefore, called crab-crossing [127], or by introducing a transverse offset.

At LHCb all three methods are used in conjunction with each other to ensure the instan-
taneous luminosity to be at the same level for a fill during data taking. This is commonly
referred to as luminosity leveling [128]. The transverse offset and the cross angle are contin-
uously changed to increase the overlap of the bunches and counteract the depleting number
of protons in a bunch. Additionally, 5* starts at a large value at LHCb to decrease the peak
luminosity but during a fill the 8* value is decreased once the collisions deplete the number
of particles in the bunches in order to increase the peak luminosity again. Changing the (*
value is also the only possible avenue to ensure the same level of luminosity once there is no
transverse offset between the beams and they are colliding head-on.

nominal luminosity
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Figure 3.3: The Poisson probability of a given number of interactions (n) is given as a function of
the instantaneous luminosity. The instantaneous luminosity corresponding to the most probable
value for a specific number of interactions increases with the number of interactions.

3.2.2 Tracking at LHCb

The tracking system at LHCb has two main objectives. For one, it has to precisely measure the
momenta of particles traversing the detector. This is achieved by leveraging multiple tracking
systems over a length of approximately 10 m to determine the bending in the magnetic field
provided by a warm dipole magnet. These tracking systems are the VErtex LOcator [129]
(VELO), the Tracker Turicensis [38,/130] (TT), sometimes also called trigger tracker, located
before the magnet and three tracking stations called T1, T2 and T3 downstream of the magnet.

The other main objective is the precise measurement of track coordinates in the area sur-
rounding interaction point. This area is especially interesting in the context of B-physics as
B hadrons have significant lifetimes and are highly boosted along the direction of the beam.
As such B hadrons travel on average a few mm before the decay. For example a BY meson
has an average flight distance of 7 mm [131]. Therefore, both the vertex at which B hadrons
are produced and at which they decay are of particular interest. This means that the point
where the proton-proton collision takes place, called the primary vertex (PV), as well as the
secondary vertex (SV) at which the B hadron decays, need to be resolved with high precision.
The resolution of the PV measured in LHCb depends on the number of tracks originating from
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it. For example, for a PV with 25 tracks a resolution of 13 wm in z- and y-directions, and
71 pm in z-direction can be achieved [132], well below the average decay length of a B meson.
Given the precise measurement of the PV and the SV, the displacement of the SV can be used
to differentiate B hadron decays from decays of short-lived particles.

VErtex LOcator

The VErtex LOcator [129)] is a silicon strip detector and the detector closest to the interaction
point. Its positioning is chosen to precisely measure the PV and SVs. The VELO consists of
two movable halves which are at a distance of 7 mm from the beam during data taking, once
the proton beam is considered stable, with the first active strip at a distance of 8.2 mm. If the
beam is considered unstable, for example during the injection, the halves are move apart from
each other to protect the detector from being hit with the LHC beam. As the half aperature of
the LHCDb beam is approximately 27 mm during injection [129,|133], the distance between the
two halves is approximately 6 cm during ramp-up.

Each VELO half has 21 silicon modules instrumented with sensors in radial (R) and az-
imuthal (¢) directions along the beam axis. The VELO is built from silicon detectors, as they
are radiation hard, provide good resolution and are fast. In Fig. the 21 modules of the
VELO and the VELO in both the fully closed and fully open positions are shown. There are
two additional stations on each side of the beam axis which can be used to veto events in the
hardware trigger with multiple interactions by measuring the total backward charged track
multiplicity [38]. These additional stations are only instrumented with radial sensors.
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Figure 3.4: (Top) The positioning of the 21 silicon modules of the VELO along the beam axis
as well as the (bottom left) the fully closed and (bottom right) fully open position of each half
of the VELO. Taken from Ref. [3§].

Each R sensor is a concentric semi-circle with its centre located at the nominal LHC beam
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spot. They are built from four segments, each of which covers an angle of 45° and consists of
512 strips. The pitch of each strip increases linearly with the radial distance from the centre. At
the innermost radius the pitch is 40 pm and increases to 101.6 pm at the outermost radius [38].
The R — ¢ geometry of the VELO sensors is illustrated in Fig. [3.5
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Figure 3.5: The geometry of the R and ¢ sensors. For clarity, only a portion of the strips are
shown. Taken from Ref. [38].

The ¢ sensors are subdivided into an inner and an outer part with 683 and 1365 radially
mounted strips, respectively. This partition reduces the occupancy of the strips and avoids the
pitch becoming too large at the outer edge of the sensor. The inner part covers the region with
radii smaller than 17.25 mm [38]. The pitch of the ¢ strips increases linearly from the inner
edge to the outer edge, namely from 37.7 um to 79.5 um and from 39.8 um to 96.9 um for the
inner and outer parts, respectively [38].

The resolution of the VELO depends on the strip pitch and of the projected angle. The best
hit resolution of the R sensor is measured to be approximately 4 um at the optimal projected
angle of 8° and the minimum pitch of 40 um. The resolution of the ¢ sensor is comparable
with that of the R sensor [134].

Tracker Turicensis

The Tracker Turicensis (TT) [38,/130] is also a silicon strip detector located upstream of the
LHCb dipole magnet. The TT is used to measure low momentum particles, which are bent out
of the acceptance by the dipole magnet.

The TT consists of four detection layers of which the second and third layers are rotated
around the z-axis with respect to the first and last layer at a stereo angle of —5° and +5°,
respectively. The use of the stereo angle between the different layers allows not only the
coordinate in x direction to be measured but also in y direction. Furthermore, the first pair
of layers is separated from the second pair of layers by approximately 27 cm along the beam
axis [38]. Each of the TT layers is 150 cm wide and 130 cm high corresponding to an active
area of 8.4 m? [38,/130]. The layout of the detection layer is shown in Fig. [3.6, The regions
to the left and right of the beam pipe are covered with seven rows of full modules for the first
two detection layers and eight rows for the second two detection layers and the region directly
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above and below the beam pipe is covered by a single half module in each direction. A full
module consists of 14 sensors and is assembled by joining two half modules end-to-end, where
each half modules covers half the height of the detector acceptance.
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Figure 3.6: Schematic view of the layers of the TT station, taken from Ref. ||

Each half module comprises seven sensors, which are readout with either two or three
readout hybrids [136]. In each readout hybrid a four layer Kapton flex circuit hosting four
ASIC frontend chips is used to readout the signals of the sensors. The hybrid also carries
an 80-pin board-to-board connector which provides the control signals, low voltage and bias
voltage to the half modules . Each silicon sensor is 500 pm thick, 9.64 cm wide and 9.44 cm
long and carries 512 readout strips with a pitch of 183 um [38]. The single-hit spatial resolution
of any sensor is approximately 50 um [132].

Magnet

To be able to measure the momenta of charged particles in LHCb a warm dipole magnet ,

is used to bend the tracks. The measurement of the momentum p relies on the Lorentz force con-
necting the bending radius and the magnetic field strength B via the formula p| GeV/c| = 0.3B[T|r|m]
for the case of a particle with the charge +1e. The magnetic field strength of the dipole used

in LHCb has been measured along the z-axis and its maximal value is determined to be around
1.1T, as can be seen in Fig. [3.71 This corresponds to a bending power of f Bdl{ =4Tm for a
track with a length of 10 m [38 . To control potential systematic effects due to detector
asymmetries, the magnetic field is flipped regularly between fills.

The shape of the magnetic field strength is constrained by two conflicting requirements of the
LHCD experiment on the magnet: For a given precision on the bending radius r, the precision of
momentum measurement is directly proportional to the magnetic field strength and, therefore,
requires the largest magnetic field strength possible. In contrast, the Ring Imaging Cherenkov
detectors require the magnetic field strength to be below 3mT for its photon detectors to
operate at full efficiency. With shielding against the magnetic field, the fringe field strength is
allowed be approximately 60 mT [38]. From these two requirements the magnetic field strength
was designed to be as small as possible close to the Ring Imaging Cherenkov detectors but
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as large as possible near the tracking system. As the VELO is located before the first Ring
Imaging Cherenkov detector, the magnetic field is practically negligible in the VELO and a
momentum measurement only with hits located there is nearly impossible.
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Figure 3.7: The main component of the magnetic field strength as a function of the z position
and the different track types used in LHCb. Taken from Ref. [121].

Tracking Stations T1, T2 and T3

The tracking stations T1, T2 and T3 are located downstream of the magnet. FEach of the
stations is divided in an inner [38}/130] and outer part [38}/138]. The two parts have different
detector designs.

The inner tracker (IT) covers the region close to the beam pipe and is designed in analogy
to the TT. It is also a silicon tracker with each station consisting of four layers with the same
arrangement as found in the TT and an active area of 4.0 m? [130].. It covers a cross shape
which is 125.6 cm wide and 41.4 c¢m high [130], as shown in Fig. B.8]. A single layer consists of
seven detector modules each to the left and right of the beam pipe and seven modules above
and below the beam pipe. The modules to the left and right are two sensor modules while
the top and bottom modules are one sensor modules. Each sensor is 7.6 cm wide and 11 cm
long. They consist of 384 readout strips with a pitch of 198 um. The sensors in the two sensor
modules have a thickness of 410 um and the sensors in the one sensor modules thickness is
320 pm [38,/130]. The modules are readout with a readout hybrid similar to the one used in
the TT. In contrast to the four frontend ASICs used in the TT, the IT readout hybrid uses
three front-end ASICs [38]. Their single-hit spatial resolution is about 50 pm [132], similar to
the resolution of the TT.

In contrast to the IT, the outer tracker (OT) follows a different detection principle. Here, a
drift-time measurement with gas-tight straw tube modules is performed instead of using silicon
sensors. The different approach is chosen as instrumenting the large active area of one of the
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three OT stations of 5971 x 4850 mm? or roughly 28.96 m? [38,/138] with silicon detectors
is very expensive while straw tubes are a cheaper option. Like silicon detectors, the straw
tube detectors are radiation hard and fast but have worse resolution than silicon detectors.
Analogous to the TT and IT, each OT station has four layers with the second and third layers
being rotated at an angle of —5° and +5° around the z-axis with respect to the first and last
layer. Each layer comprises 14 long and 8 short straw tube modules. The short modules are
located above and below the beam pipe, whereas the long modules are located to the left and
right of the beam pipe. The long modules consist of 256 single drift tubes, arranged in two
staggered layers, while the short modules have 128 single drift tubes. Each drift tube has a
pitch of 5.25 mm [38]. With these drift tubes, a maximum drift time of about 35ns and a
drift-coordinate resolution of 205 um [132] can be achieved.
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Figure 3.8: Layout of the first layer in T2, the dimensions are given in c¢m and refer to the
sensitive surface covered by the Inner Tracker. Taken from Ref. [130].

Track reconstruction algorithms
The measurements performed with the VELO, T'T and the tracking stations T1, T2 and T3 are
used to reconstruct the tracks of charged particles traversing the detector. It is advantageous to
define different track types considering that some particles only leave hits in some subdetectors
because they are either bent out of the acceptance, decay in flight or originate from long-lived
particles. There are five different types of tracks based on the subdetectors contributing to the
reconstruction of the tracks. These are illustrated in Fig. [3.7 The tracks reconstructed only
from hits left in the modules of the VELO are referred to as VELO tracks and analogously
tracks built only from hits in the tracking stations T1, T2 and T3 are referred to as T-tracks.
In addition to tracks only built from one subdetector, there are the upstream and downstream
tracks which are reconstructed from two different subdetectors. Upstream tracks consist of hits
in the VELO and the TT, and typically originate from low momentum tracks bent out of the
detector acceptance by the dipole magnet. In contrast, downstream tracks are reconstructed
from hits in the TT and the tracking stations T1, T2 and T3. These tracks can originate from
the decay products of long-lived particles such as the K meson. The last track type are long
tracks. These are built from all three subdetectors and have the best momentum resolution
due to the length of the track. They are, therefore, most commonly used in physics analyses.
All tracks are based on initial track candidates (seeds) [139H150] in the VELO regions or the
T stations. These regions are chosen as these are the regions with low magnetic fields, meaning
that the track candidates are likely to be straight. The VELO and T-tracks reconstructed from
a seed are then used to form the other three types of tracks.
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Two different algorithms can be used to reconstruct long tracks, forward tracking or
track matching. When performing forward tracking, the starting point is the VELO track
which is extrapolated as a straight line into the T stations [151]. There, a T station hit is
connected with the track and additional hits in the TT are optionally added from in a window
around the extrapolated track to form the long track. In contrast, in the track matching
approach the VELO and T-tracks are extrapolated to the bending plane inside the magnet.
If the two tracks match with each other, additional hits in the TT close to the extrapolated
track are added to form the long track. A track needs to have a minimum number of hits
in each subdetector to be considered reconstructible. Furthermore, tracks in simulated events
are considered to be reconstructed successfully if more than 70% of the hits originate from a
real particle. The efficiency of the tracking algorithm is above 96% in the momentum range of
5 GeV/e < p < 200 GeV/c [38,/132,[151]. If less than 70% hits used to build a track originate
from a real particle, they are considered to be ghost tracks.

The momentum of the long track is determined by performing a fit using a Kalman fil-
ter [152]. The use of a Kalman filter accounts for multiple scatterings and, therefore, corrects
for the dE'/dx energy loss improving the momentum resolution [3§]. From this fit, the track
quality can be inferred from the 2, and the number of degrees of freedom in the fit. The
resolution of the track depends on its momentum and is found to be approximately 5 per mille
for particles with a momentum below 20 GeV/c and approximately 8 per mille for particles with
a momentum around 100 GeV/c¢ [38}132}|151].

3.2.3 Ring Imaging Cherenkov Detectors

In LHCD two Ring Imaging Cherenkov detectors [38,153], called RICH1 and RICH2, are used
to distinguish different types of charged particles, such as pions and kaons. The first RICH
detector (RICH1) is located upstream of the magnet and before the TT. In contrast, the second
RICH detector (RICH2) is located downstream of the magnet after the tracking stations T1-3.
A schematic view of each of the RICH detectors is shown in Fig.[3.9) The two RICH detectors
are filled with gasses to induce the emission of photons if a charged particle traverses the detector
(Cherenkov radiation) [154]. These photons are emitted with a given angle (Cherenkov angle),
defined relative to the path of the particle. The Cherenkov angle (6¢) is given by the formula

1

ngs’
where 3 = £, v is the velocity of the charged particle, ¢ is the speed of light in vacuum and
n is the refractive index of the gas. The emitted photons are focused on a detector plane
instrumented with hybrid photo detectors (HPD) using a combination of spherical and flat
mirrors. The HPDs are placed in a region outside of the detector acceptance where the fringe
magnetic field strength is approximately 50 mT. Considering that the HPDs operate at full
efficiency in B-fields below 3mT, magnetic shield boxes are used to attenuate the external
fields by a factor 20 or larger to ensure maximum efficiency [38]. To further maximise the
information gained from the two RICH detectors, they are filled with different gases. RICH1
is filled with CyFyg (n = 1.0014 [153]) and additionally had a silica aerogel (n = 1.03 [153])
radiator in Run 1 which was removed in Run 2, whereas RICH2 is filled with C'Fy (n =
1.0005 [153]). Due to the different gas radiators, the momentum coverage of the two RICH
detectors differs. While the covered momentum range depends on the mass of the particle,

cosbc =
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RICH1 generally covers the low momentum range between 1 and 60 GeV/c, whereas RICH2
generally covers the high momentum range between 15 and 100 GeV/c. The aerogel was used
in Run 1 due to its high refractive index and low density, which helps with the identification
of particle with low momenta of a few GeV/c [38]. However, due to new requirements of
the event reconstruction in Run 2, the aerogel was removed, which reduces the number of
photon candidates in the RICH reconstruction by roughly half and, therefore, speeding up the
reconstruction significantly [155]. Furthermore, the angular momentum range covered by the
two detectors also differs. The RICH1 detector covers the full LHCb acceptance between 25
to 300 (250) mrad in the horizontal (vertical) plane, while RICH2 covers a more limited range
between roughly 15 and 120 (100) mrad in the horizontal (vertical) plane [153].
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Figure 3.9: (Left) A schematic view of the RICH1 from the side and (right) a schematic view
of RICH2 from above. Both are taken from Ref. [38].

3.2.4 Calorimeters

The calorimeters in LHCb [38,/156] are located downstream of the RICH2 detector and are
designed with three main goals: To perform an energy measurement, to contribute to the
particle identification and to contribute to the trigger.

While the momenta of electrons and charged hadrons can be measured with the tracking
system, the energy can directly measured with the calorimeters. In contrast, an uncharged
particles does not leave hits in the detector and its momentum can not be measured by the
tracking system. Therefore, for these particles an energy measurement needs to be performed
with the calorimeter from which the momentum can be inferred. The energy is determined
using alternating layers of an scintillator plane and an absorber plane. The scintillators are
used to measure an electromagnetic shower originating from the absorber plane. Photons
emitted in the scintillator are transmitted to photo-multiplier tubes using wavelength-shifting
fibers, where they are detected. Due to the different interactions length required to stop hadrons
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compared to electrons and photons, there is a dedicated calorimeter in LHCb for both types
of particles. Electrons and photons typically deposit most or all of their energy in a specially
designed electromagnetic calorimeter (ECAL), whereas hadrons typically are not stopped before
the hadronic calorimeter (HCAL). The information on the location and the distribution of the
deposited energy can, therefore, be leveraged to separate electrons and photons from hadrons.
To distinguish electrons from photons in the hardware trigger, another detector, the scintillating
pad detector (SPD), is used in which only charged particles deposit energy. A thin lead absorber
and another scintillating pad detector, called the preshower detector (PS), is then used to
distinguish electrons from charged light hadrons, primarily from pions, discussed in detail below.
The shower shapes used in the particle identification are illustrated in Fig.|3.10] Furthermore,
all these bits of information are combined in the hardware trigger stage of LHCb. A decision
based on for example the deposited transverse energy is made within 4 ps of the interaction [156,
157).

HCAL

Figure 3.10: Typical shower shapes left in the calorimeters of photons, electrons and charged
hadrons shown as white ellipses. The different sub detectors, the lead absorber and the calorime-
ters are not to scale.

Scintillating pad detector and preshower detector

The scintillating pad and preshower detectors are both types of scintillating pad detectors and
separated by a 15 mm thick lead absorber. The spatial separation allows the separation of
photons from electrons and light hadrons as photons do not interact with the SPD but can
leave hits in the PS if they convert into pairs of charged particles in the absorber. Given the
different shower shapes in the PS detectors, as shown in Fig.[3.10] electrons can be distinguished
from light hadrons using the information of the PS.

The two detectors are built from 12032 rectangular scintillating pads each and have a total
sensitive area of 7.6 m in width and 6.2 m in height corresponding to 47.12 m? . The PS
and SPD detector planes are subdivided into a left and a right half, each of which is further
subdivided into three regions. They are called the inner, the middle and the outer sections
and shown in Fig. In these sections, there are 3072, 3584 and 5376 square-shaped cells,
respectively, with side lengths of 4.04 ¢cm, 6.06 cm and 12.12 cm cells [38[156].
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Figure 3.11: Lateral segmentation of the (left) SPD/PS and ECAL as well as the (right) HCAL.
Taken from [156].

Electromagnetic Calorimeter

The electromagnetic calorimeter consists of alternating layers of 4 mm scintillator material,
120 pum thick, white, reflective TYVEK paper and 2 mm lead are used . This choice allows
for a highly reliable and reasonably radiation hard detector that also has a fast time response
and reasonably good energy resolution. The length of the ECAL has been chosen designed to
correspond to 25 radiation length (X;) and 1.1 hadronic interaction lengths (A;). The TYVEK
paper is used to improve the light reflection into the scintillating material. The energy resolution
has been determined to be

9.0+0.5 0.003
“_E:J@(o.égio.z)%@ .
Esinf

E VE
where F is the energy of a particle in GeV, the & symbol implies addition in quadrature and 6

is the angle between the beam axis and a line from the LHCb interaction point and the centre
of the ECAL cell. The ECAL has the same segmentation as the SPD and PS detectors, shown

in Fig. [3.11]

Hadronic Calorimeter

The last of the calorimeters is the hadronic calorimeter. It is a sampling calorimeter built from
iron as the absorber and scintillating tiles as the active material, which are oriented parallel
to the beam. The HCAL covers 5.6 hadronic interaction length across its length. In contrast
to the other three calorimeters, each HCAL half is only segmented into an inner and an outer
section, as shown in Fig. [3.11, The HCAL cells are square shaped and have a side length of
13.13 cm in the inner and 26.26 c¢m in the outer section [156].

Using SPS test beam data, the energy resolution has been determined to be

op  (67+5)%
L TR 5 (94+2)%.
E VE SOED%

3.2.5 Muon chambers

In contrast to hadrons, electrons and photons, muons traverse the calorimeters without deposit-
ing large amounts of energy. Therefore, a dedicated detector, the muon system ,,
has been built and installed to provide information for the trigger and particle identification
and give an additional measurement of the momenta of muons. The muon system measures

36



the momenta of muons based on multi-wire proportional chambers (MWPC) [162}164] and
triple gas electron multiplier detectors [165,(166] (triple-GEM detectors). The information on
the momentum can be obtained in less than 25 ns and is used in the hardware trigger stage of
LHCb.

The muon system consists of five stations, referred to as M1 to M5. The first muon station
(M1) is positioned between the RICH2 detector and the calorimeters, while the other four
muon stations (M2 to M5) are positioned downstream of the calorimeters. This choice has
been taken in order to increase the length of the muon track. The increased length of the muon
track corresponds to an improvement in the momentum resolution of 30% [167]. Between each
of the M2 to M5 stations 80 cm thick iron absorbers are placed to filter any particle species other
than muons |38]. These absorbers also place a threshold on the minimum momentum of the
muons needed to traverse all five muon stations, namely pmin(t) = 6 GeV/c [38]. Considering
that electrons and hadrons are stopped on average before the muon station M2, it has also an
essential role when identifying muons.

All five muon stations are divided into four regions, called R1 to R4. The x and y dimensions
of the segments R1:R2:R3:R4 each scale as 1:2:4:8 and the areas scale as 1:4:16:64 as can be
seen in Fig.[3.12] This segmentation was chosen in order to approximately have the same flux in
each region. However, due to its positioning, the region R1 of the muon station M1 is expected
to have the largest particle flux. It has to be capable to handle rates of up to 500 kHz/ cm?
and, therefore, has to fulfill especially stringent requirements on radiation hardness. For this
reason, triple-GEM detectors are used in this region as they are designed to not show any aging
effects after 10 years of LHCb operation. The MWPCs, used in all other regions and muon
stations, would only be able to achieve this when decreasing the gain and, therefore, sacrificing
signal-to-noise ratio and in turn sensitivity.

y
3.85m

M1R1 M1R2

M1R3

woze

M1R4

R1l R2 |<«—R3 —» R4 X
BEAM PIPE

Figure 3.12: On the left, the front view of a quadrant of a muon station is shown. Each
rectangle represents one chamber. On the right, the division of the four chambers into logical
pads belonging to the four regions of station M1 is shown. In each region of stations M2-
M3 (M4-M5) the number of pad columns per chamber is double (half) the number in the
corresponding region of station M1, while the number of pad rows per chamber is the same.
Taken from [38].

3.2.6 Trigger

The LHC provides beams with a bunch crossing rate of 40 MHz and the total cross section at
the LHC at the centre of mass energies of /s = 7, 8 and 13 TeV has been measured [168-170]
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to be o7 I = (95.35 4 1.36) mb, o> = (96.07 + 0.93) mb and o3 = (110.6 + 3.4) mb,
respectively. Despite the bunch crossing rate of 40 MHz, the rate of visible interactions in LHCb
is reduced to approximately 10 MHz at the instantaneous luminosity of 2 x 1032 em™2s7! as
not all bunch crossings lead to a visible collision [157]. Furthermore, out of the 10 MHz of
visible events, only approximately 100 kHz contains at least one bb pair and 15% of those have
all their final state particles in the LHCb acceptance [157]. Considering this, it is crucial to
efficiently select heavy flavour decays to save to tape whilst rejecting visible interactions from
non-heavy flavour decays and random combinations of tracks. For this reason a trigger system
has been developed for LHCb [157], which also needs to account for computational restraints.
To accommodate for the computational restraints, the trigger system is split into two stages,
a hardware stage and a software stage. The two stages are also referred to as the Level 0 (LO)
trigger and the High Level Trigger (HLT), respectively. The structure of the trigger used in
LHCD is illustrated in Fig.[3.13] A major difference between the two stages is that the decision
making of the LO trigger operates synchronously with the bunch crossing frequency, while the
HLT is run asynchronously on a processor farm, called the event filter farm [171]. This choice
has been made in order to avoid the need to readout the full detector at the rate of visible
interactions of 10 MHz. At this rate only the calorimeters and the muon stations as well as
parts of the VELO are readout for the LO trigger.

LHCb 2012 Trigger Diagram

LHCb 2015 Trigger Diagram

40 MHz bunch crossing rate

40 MHz bunch crossing rate

4 A

LO Hardware Trigger : 1 MHz LO Hardware Trigger : 1 MHz

readout, high Et/Pr sighatures readout, high Et/Pr sighatures

( Software High Level Trigger ) :' Sthware H|ghLeveI Tr|gger ...........
Introduce tracking/PID information, . .
find displaced tracks/vertices [ Partial event reconstruction, select ]
Offline reconstruction tuned to trigger displaced tracks/vertices and dimuons
time constraints .
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Figure 3.13: Overview of the trigger schemes used in Run 1 and Run 2. Taken from Ref. [172].

The main purpose of the LO trigger is the reduction of the bunch crossing rate of 40 MHz
to the rate of approximately 1 MHz at which the whole detector can be read out [38]. The
LO trigger is able use information of the pile-up system located in the VELO, the calorimeters
and the muon system to make a decision. Due to the large mass and boost of a B meson, its
daughter particles likely have a large transverse momentum (pr). Therefore, the calorimeter
and the muon systems are used to estimate the transverse momentum on custom electronics.
In the calorimeter trigger, clusters are formed from 2 x 2 cells and the transverse energy (FEr) is
calculated. Furthermore, information from the SPD, PS, ECAL and HCAL is used to assign an
initial particle hypothesis to the cluster. At this stage, the calorimeter is used to differentiate
between electrons, photons and hadrons. The electron, photon and hadron clusters with the
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largest transverse energy is triggered, if specific, running period dependent thresholds are ex-
ceeded. For hadrons the typical threshold is at Ex £ 3.5 GeV and for electrons and photons it is
at Ep £ 2.5 GeV [173[174]. In contrast, muons are triggered using the muon system. There are
single and dimuon triggers, typically requiring a pr £ 1.5 GeV/c and /pr'pr? £ 1.5 GeV/c, re-
spectively [173,/174]. The transverse momentum is estimated by using the slope in the first two
muon stations [167]. In Run 1 the rate of events passing the LO was 0.87 MHz |173] compared
to 1 MHz in Run 2 [174],

Events passing the LO trigger enter the software trigger stage. As the HLT is a software
based trigger, the selection threshold for the triggers can be changed during data taking using
the Trigger Configuration Key (TCK). The TCK can be adjusted to utilize, for example, the
remaining buffer size for the HLT as best as possible. The HLT is subdivided into two parts,
called HLT1 and HLT2. In HLT1, the tracks and primary vertices (PV) are reconstructed using
information from the VELO and tracking stations. This partial event reconstruction is used to
verify the LO decision and further select events containing particles with large momenta and a
large impact parameter with respect to any PV. Such signatures are consistent with long-lived
B or charm hadrons. The HLT1 is able to reduce the rate to approximately 43 kHz in Run 1 |[174]
and approximately 110 kHz in Run 2 [174]. In Run 2, the remaining events are then written
to a buffer, at which point detector calibrations and alignments are performed. In the HLT2
the information of all subdetectors is used to fully reconstruct the event. This reconstruction
slightly differs from the final offline reconstruction in that no Kalman filter [152] is used in the
online reconstruction as this would be too CPU intensive. Not using a Kalman filter does not
take the dE//dx energy loss correctly into account and degrades the momentum resolution [38].
The HLT2 selects events with B decays either inclusively or exclusively based on information on
the invariant mass of particle combinations and the secondary vertex displacement, amongst
other criteria. Exclusive selections are mostly used for B hadrons decaying to hadrons. In
contrast, inclusive selections are frequently used to identify a broad spectrum of multi-body
decay topologies of B hadrons or displaced dimuon decays. In Run 1 the HLT2 output rate was
approximately 5 kHz [175,/176] and 12.5 kHz in Run 2 [174].
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Chapter 4

Analysis tools

In this Chapter, important tools and concepts for the analysis will be introduced. These are the
multivariate analysis in Sec. [4.1], the maximum likelihood technique for parameter estimation
in Sec. largely based on Ref. [177], and the sPlot-technique [178] to statistically subtract a
background contribution from a sample in Sec. [4.3]

4.1 Multivariate analysis

A data set containing events including both signal decays and background sources can be
separated into its components using variables such as the invariant mass of composite particles
such as the ¢ and BY mesons. While placing a selection on a single variable can be efficient,
the separation power can often be improved by combining variables into a single discriminator
using multivariate analysis. One example where this is necessary are events originating from
random combinations of tracks (combinatorial background). For this type of background,
there is no single variable strongly discriminating signal from background. Therefore, boosted
decision trees (BDT) [179-181] are used in this thesis to combine several input variables in a
discriminator and thereby increase the signal to background separation for the combinatorial
background.

To understand BDTSs, two core concepts are important, decision trees [182] and boost-
ing [183,|184]. Decision trees can be classified as supervised machine learning techniques and
follow the general concept of a selection based on placing requirements on a combination of
variables. A schematic overview of a decision tree is given in Fig. Each selection of a
decision tree is performed at a node. They aim to separate signal from background components
and create two branch in the process. The final branches (leaves) are classified either as signal
or background leaves depending on the category the leaf contains the most of. For a set of
events with weights wsy, the purity (P) of a branch is given as P = Z%wawb [181]. To
derive the exact threshold at each node a training step has to be perfornied. In the training
the separation power of each node is maximised using a parameter called the Gini-index. The
Gini-index is defined as Gini = (3, w.) P (1 — P), where the sum is performed over all events
e relevant to that node. The Gini-index is by construction 0 for a leaf containing only signal or
background events. The separation power can then be maximised by minimizing the criterion

A= Gininode - Ginileft branch — Giniright branch -

While decision trees are a powerful tool to classify signal and background events, they are

40



also sensitive to small fluctuations in the training sample. To avoid this sensitivity to small
fluctuations, boosting was introduced. When performing boosting, a decision tree is trained
with unweighted events. Events mis-classified by the decision tree are then given higher weights
(boosted) and a second decision tree is trained. A known signal event is considered mis-classified
if it lands on a background leaf and vice versa. The training of new decision trees is repeated
multiple times, typically O(1000) times. After the training of the decision trees, each event
is determined to be either a signal- or background-like event. For this purpose a score is
assigned by taking the difference of the number of trees the event lands on a signal leaf and
on a background leaf. As a larger total score corresponds to an event being more signal-like,
the total score is used to separate signal and background events. To avoid any biases when
determining the threshold on the total score data set is split into three independent samples,
a training sample, a testing sample and an evaluation sample. This can be done using the
k-fold cross-validation technique [185], where a data set is split into k samples (folds) of which
up to k£ — 2 are used for training, one is used to test for overtraining and to determine the
final threshold on the discriminator and the last is used for evaluation. To avoid reducing the
effective data set size, one can construct k£ BDTs, each of which uses the same £ folds but uses a
unique composition of the folds for the training, testing and evaluation. This way, each event is
used in the training of up to k£ — 2 BDTs, testing of one BDT and is kept or rejected according
to the last independent BDT.

Figure 4.1: Schematic overview of a decision tree, in which the signal (S) is separated from
background (B) using three variables (z, y and z) with four different selections (cq, cg, ¢3 and

04).

41



4.2 Maximum likelihood technique for parameter esti-
mation

A probability density function (PDF), P, relating N independent measurements () and j
physics parameters (Xphysics), describes the probability density distribution of events for a given
set of values of Xphysics or the probability density distribution for a set of parameters given the
measurements Z. These two concepts are connected by Bayes’ theorem [186] as

- —

3 s p()\physics>lp(f| /\physics>
A sics = e )
P (Aphysics| T) NG

—

where p(Z) is the prior probability to observe the measurements #, p(Apnysics) is the prior
probability to observe the physics parameters X, P(Xphysicslf) is the conditional probability
of finding the values Xphysics given the measurements 7 and P(:E]Xphysics) is the conditional
probability of finding the measurements ' given the values Xphysics.

The expected distribution of events for a given set of physics observables is determined from
the conditional probability P(Z|Aphysics). This is used to generate pseudoexperiments used to
estimate systematic uncertainties or to validate the fit behaviour. In contrast, the second

conditional probability, P(Apnysics|Z), is used to extract the physics parameters, namely the

angular observables introduced in Sec. from the distributions of the decay angles (Q) in
B — ¢uTu~ decays in ¢* regions. The likelihood function, defined as

N
‘C(f’)‘physics) = H P(Ii|/\physics> s
=1

is maximised for a given data set to which makes the observed data sample most likely. There-
fore, the maximum likelihood condition is given by

a — —
8_/\iL(I|>‘13hysics>|;\“phySics =0,

where Xphysics is the estimator of the set of parameters for which the likelihood is maximal. When
dealing with a large numbers of events, the product of the probabilities can quickly become
a very small number. This can lead to computational instabilities which can be avoided by

determining the estimator Xphysics using the negative logarithm of the likelihood (NLL, —In £).
The logarithm can be used to determine the best estimator as it is a monotonically increasing
function and, therefore, the ordering of the probabilities stays the same, i.e.

7D(a_j"|5\’physics, 1) < 7)(:i"|/_\’\physics,2) d In (P(f‘ Xphysics7 1)) < In (P(fyxphysics,2)> .

Furthermore, the use of the logarithm is advantageous as the numerical values usually do not
encounter problems with the floating point precision as the numerical values for the likelihood
might. The logarithm also converts the product of probabilities into a sum of logarithms, which
is a computationally faster operation. The NLL is given as

N N
In (»C(fﬂxphysics)) =In (H P(xi|xphysics)> - Z In <P(xi|xphysics)> .
i=1 i=1

42



Given that the logarithm is a monotonically increasing function, the position of the extrema
of the likelihood and the log-likelihood are the same. The maximum likelihood condition can,
therefore, be written as

0
O\

In £(Z| Xohysies) |z~ =0

>\physics

In this thesis the minimisation of the negative log-likelihood is performed with the Minuit [187]

implementation in the ROOT framework [188]. When determining the best estimators Xphysics
on a dateset in which no event is weighted, the uncertainties on the parameters are estimated
using Minuit as implemented in the HESSE function. For a data set in which each event receives
a weight w;, the uncertainties on the best estimators are determined using bootstrapping [189)].
In this case, the NLL function can be adjusted to account for the weights. The NLL is then
given as

I (£(7Xonysics) ) = XN:wi X (P Nppyses))
=1

A fit using this type of NLL is commonly referred to as a weighted fit. Following Ref. [190],
bootstrapping is expected to give the asymptotically correct parameter uncertainties. There-
fore, the uncertainties on the angular observables are estimated by bootstrapping the data set
1000 times and repeating the weighted fit for each bootstrap. The uncertainties are then de-
fined asymmetrically around the original fit result, covering 68.3 % to each side. An ordered
list of all fit results is constructed to find the uncertainties to either side. The positions of the
fit results covering 68.3 % of the area to the left or right (indeXjow nign) of the original fit result
(indeXoyiginal) are given by

indexjpy = 0.683 - indeXoriginal

and indexyien, = 0.683 - (1000 — indeXoyiginal) + Ind€Xoriginal 5

where the indices indexXjow nigh are rounded to the nearest integer. The difference between the fit
results at the positions indexjow nhigh and the original fit result are taken as the uncertainties. The

coverage of this uncertainty estimation of the angular observables for both cases, a weighted
and unweighted fit to the data sets, is discussed in detail in Sec.

4.3 Statistically subtracting backgrounds with the ;Plot-
technique

An event of a data set can be sorted into one of two categories, signal and background events.
Depending on their origin background events can be split into further subcategories. For the
signal and background events, there are generally two types of variables, control variables (z)
and discriminating variables (y). Control variables are variables for which the distributions
are either unknown or assumed to be unknown and discriminating variables are those with
known distributions. One example for a discriminating variable is the invariant mass of the
B? meson candidate, with which the number of events of each category in the data set can be
determined. In the context of the ;Plot-technique [178] this is done with an extended maximum
likelihood [191] analysis. Considering each subcategory of signal and background events as an
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individual species 7, the log-likelihood can be written as

Inl = Zln <Z Nifi(y(e))> - iNi’

where N is the number of events in the data sample, N, is the number of species of events
in the data sample, N; is the average number of expected events for the species i, y(e) is the
set of values of the discriminating variables for each event e, fi(y(e)) is the value taken by the
PDF of species i (f;) at y(e). The set of control variables = does not appear in this equation
by definition.

The distribution of the control variables of species ¢ can generally be inferred using per-
event weights determined on the discriminating variables. For the case that the control and
discriminating variables are uncorrelated, the per-event weights are called sWeights and are

defined as N
-2 Vifi(y(e)
Socy Nefu(y(e))
where V}; is the covariance between the species n and j. When determining sWeights the
only free parameter for the PDF is the yield. The distribution M;(z) of species i in = can be

deduced by histogramming = while applying the sWeights to each event. It should be noted
that sWeights can become negative.

Pi(y(e))
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Chapter 5

Selection of data and simulation
samples

In this Chapter, the selection of the data and simulated samples will be discussed. First,
the data samples will be introduced in Sec. [5.1] then the event generation in LHCb and the
subsequent simulated samples will be discussed in Sec. The partitioning in the separate ¢
regions will be discussed in Sec. and the selection of the B — ¢u™ 1~ decay will be covered
in Sec. [5.4] The corrections applied to the simulation to sufficiently align it with data will be
described in Sec. 5.5

5.1 Data samples

The data analysed in this thesis were taken in Run 1 (2011-2012) and Run 2 (2016-2018) of
the LHC and correspond to a total integrated luminosity of 8.4 fb~'. The integrated luminosity
recorded in each year is given in Tab. and visually presented in Fig.[5.1] The centre-of-mass
energy +/s differs for the data taken in 2011, 2012 and Run 2 with a centre-of-mass energy of
7TeV in 2011, 8 TeV in 2012 and 13 TeV in Run 2. Considering the increase in bb production
cross section for the increased centre-of-mass energies as discussed in Sec. , each fb™! of
integrated luminosity in Run 2 contains approximately twice as many bb-pairs as in Run 1.
The addition of the Run 2 data, therefore, constitutes an approximate four-fold increase in the
total number of bb-pairs with respect to the Run 1 sample. Furthermore, the data taken in
Run 2 is split into two parts for the analysis presented in this thesis. The data taken in 2016
is referenced as Run 2p1l and the data sets taken in 2017 and 2018 is referenced as Run 2p2.
This split is motivated by differing trigger thresholds between the two periods. Data taken in
2015 is not used in this analysis as the LO trigger configuration for the 2015 data significantly
differs from the other running periods. This in turn would require the 2015 data to be treated
as an additional data set. However, given the smaller integrated luminosity, the background
components could not be reliably be able to be determined in a maximum likelihood fit.
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Table 5.1: The integrated luminosity of each year is given.

year integrated luminosity in fb™!
2011 1.0
2012 2.0
> Run 1 3.0
2016 1.66
2017 1.63
2018 2.08
> Run 2 5.37
> Run 14X Run 2 8.4
U -
e e /2017
2011 (35 Tewy 111 10 p, 16
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Figure 5.1: The recorded integrated luminosities by the LHCb experiment are shown. The
integrated luminosities recorded range from 0.04fb~" in 2010 to 2.19fb~! in 2018. Taken from
Ref. [192].

5.2 Samples of simulated events

Simulated events are extensively used in physics analyses in LHCb. Simulated events are cru-
cial when testing analysis methods and techniques, when developing specific selections and
when studying the effects of the detector on the signal candidates. The Monte Carlo tech-
nique (MC) [193] is used to generate these events. In the LHCb collaboration, a dedicated
simulation framework has been developed based on the Gaudi framework [194,195]. The simu-
lation framework consists of five projects, each handling a different part of the event generation.
They are Gauss [196,/197], Boole [198], Moore [199], Brunel [200] and DaVinci [201]. The
Gaudi framework is also used to record and process data. There the packages Moore, Brunel
and DaVinci are also used, but not the Gauss and Boole packages.

The Gauss software package [196,197] is used to interface different programs for the various
steps in the event generation. The proton-proton collisions are simulated by PYTHIA [202,203],
a general purpose MC event generator, which is specifically tuned for the LHCb environ-
ment [204]. Aside from the pp collision, PYTHIA is also used to simulate the bb-pair production.
The subsequent decay of the B hadrons is handled by the EvtGen package [205]. This generator
has been developed to describe the decay of B hadrons using decay amplitudes. The EvtGen
package is also able to describe the interference effects in decay and mixing of B mesons for
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specific decays. The emission of photons in the initial or final state is modeled using the PHOTOS
package [206]. The interaction of the particles produced in a given proton-proton interaction
with the detector is simulated using the Geant4 software [207-209]. Using the output of the
Gauss software as an input, Boole [198] then simulates the detector response to hits in the
various subdetectors. It is also used to emulate the response of the readout electronics and
the LO trigger hardware. The output of Boole is designed to match the format of data read-
out by the detector. The resulting simulated events from hereon go through the same steps
as recorded data. The simulated and recorded events are passed to the Moore package [199)
in order to determine the HLT response. Afterwards Brunel [200] is used to reconstruct the
particles. In simulated events, Brunel is also responsible for the matching of reconstructed
tracks to the originally produced events. This feature is only available for simulation where
the generator-level information is available. The last step in the generation process is handled
by DaVinci [201] which is used to perform a first selection of the events. The selection will be
introduced in Sec. Events simulated by the LHCb collaboration are saved on the worldwide
LHC computing grid [210,211].

In Tab. the simulated samples used in this analysis, the event types, which is a unique
identifier for models used for the simulation, generation conditions, the used model and the
number of events generated without filtering (Npgr) are given. For the B?— ¢uu~ decays
two different models are used to model the decay of the B? meson. One sample decays the
B? meson purely according to the available phasespace of the decay. This means that the
distribution of the angles between the final state particles (decay angles) is generated flat. This
model is refered to as the phasespace model (PHSP). These samples are used to determine
the angular acceptance which encodes the effect of the detector acceptance, reconstruction,
trigger and selection and is introduced in detail in Sec. [7.1 A phasespace model is preferable
for determining the acceptance as the shape of distribution across the decay angles after all
selection directly encodes the efficiency due to the flat generation. In contrast, an additional set
of samples use a proper physics model in the generation, the BTOSLLBALL v6 model [212}213].
It is a b— s¢T¢~ decay model [212], which takes form factors from Ref. [213]. These sample
have the advantage of describing the angles and the ¢ distribution in the SM, making them
more appropriate for the validation of the angular acceptance as described in Sec. [7.3.1]

Table 5.2: The simulated samples used in this analysis.

Decay Eventtype NpsT Generation Conditions Model
Bg — putu~ 13114005 | 5002941 2012 PHSP
BY— ¢utp~ 13114005 | 6101210 2016 PHSP
BS — putp~ 13114005 | 8009627 2017 PHSP
BS — outpT 13114006 | 2046275 2012 BTOSLLBALL v6
BY— optp 13114006 | 3010950 2016 BTOSLLBALL v6
BY— outu 13114006 | 3010721 2017 BTOSLLBALL v6
Bg—> Jhbo 2014253 | 13144001 2012 -
Bg% Jhpd 2419154 | 13144001 2016
BY— Jhpo 9282494 | 13144001 2017 -
BY— KOu*p~ | 11114002 | 2520250 2012 BTOSLLBALL v6
BY— K*u*p~ | 11114001 | 1365262 2016 BTOSLLBALL v6
BY— K*Outp~ | 11114002 | 4014543 2017 BTOSLLBALL v6
A)— pK~ptp~ | 15114011 | 2019539 2012 PHSP
A — pK—pp~ | 15114011 | 7974997 2016 PHSP
A)— pK~—ptp~ | 15114011 | 2225233 2017 PHSP
BY— Jhp K*O | 11144001 | 4422426 2012 physics
B'— Jh K*0 11144001 | 2449607 2016 physics
BY— Jhp K*0 | 11144001 | 4127863 2017 physics
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5.3 Partitioning in g*? regions

The angular analysis is performed in regions of the invariant dimuon mass squared (¢*). The
partitioning into ¢* regions is changed with respect to the previous analysis in Ref. [15] to have
finer regions, which maximises the sensitivity to potential short-distance NP contributions
whilst ensuring stable fit behaviour. The ¢? regions are given in Tab. The regions of width
~ 2-3GeV?/c! are referred to as the narrow ¢* regions. In addition to the narrow ¢* regions, the
results of the angular analysis is provided in two wide ¢* regions, namely ¢* € [1.1,6.0] GeV?/¢*
and ¢? € [15.0,18.9] GeV?/ct. TFor the high ¢ region, the upper-boundary at 18.9 GeV?/¢*
corresponds to the allowed phase-space limit in ¢* given by m?(BY) — m?2(¢).

The excluded ¢ regions, corresponding to ¢* € [0.98,1.1] GeV?%/c?, ¢? € [8.0,11.0] GeV?/c!
and ¢* € [12.5,15.0] GeV?/c?, remove the ¢, JAp and (2S) resonances, respectively. The
remaining ¢? regions are collectively referred to as the rare mode.

The B? — Ji)p ¢ decays, found in the region of ¢* € [8.0,11.0] GeV?/c!, are referred to as
the control mode in this analysis. These decays are used for example to determine corrections
to the simulation, as introduced in Sec. and to validate the angular fit in Sec. [7.3]

Table 5.3: The ¢ binning scheme used in the analysis. The regions 1-5 correspond to the
narrow binning scheme, and regions 6-7 correspond to the wide binning scheme

region | ¢ range [ GeV?/c! | veto
1 0.1 —-0.98
- 0.98 —1.1 ¢ veto
2 1.1 -4.0
3 4.0 -6.0
4 6.0 — 8.0
- 8.0—-11.0 J veto
5) 11.0 — 12.5
- 12.5 — 15.0 | ¥(25) veto
6 1.1-6.0
7 15.0 — 18.9

5.4 Event selection

In this section the event selection will be discussed. It is divided into six parts. Important
quantities associated to particle candidates in the event are introduced in Sec. [5.4.1] the trigger
selection is discussed in Sec. [p.4.2] and the truth matching of simulated events is described
in Sec. . The LHCb-wide preselection (stripping) is outlined in Sec. the additional
analysis specific preselection based on properties of the B — ¢u™ ™ signal decay is introduced
in Sec. and the BDT against combinatorial background is covered in Sec. [5.4.6] Lastly,
the removal of candidates for events in which multiple B?— ¢uu~ candidates pass the full
selection is described in Sec. .47

48



5.4.1 Definition of important quantities of particle candidates

The signal selection deployed in this thesis relies on placing a combination of requirements on
important quantities of final state particles and combined particles. The variables used for these
purposes can either be quantities directly measurable, such as the energy or the momentum of
a particle or can be calculated such as particle identification variables. These variables will be
introduced in the following.

Energy, momentum and invariant mass

The momentum of a charged particle leaving a track in the LHCb experiment is measured with
the tracking system as the warm dipole magnet induces a curvature of the track. The total
momentum (p) as well as the components in the z-, y- and z-directions (p,, p, and p,) are
measured. Furthermore, the transverse momentum (pr) of a track, defined as the momentum
transverse to the beam direction, can be determined using these components .

The energy (E) of a particle leaving a track in the detector is computed from the measured
momentum by giving a hypothesis on the particle type (mg), i.e. using particle identification
information, to a track as these quantities are related via E? = p?c* + mic?, where ¢ is the
speed of light in vacuum. While the energy of charged particles could in principle also be
measured in the calorimeters, the computation of the energy with the momentum measurement
is advantageous as the momentum resolution is typically better than the energy resolution from
the calorimeter system at LHCDb.

With the energy and the momentum the particle candidates being known, the energy and
momentum of a combined particle such as the ¢ or B? mesons can be determined by adding
the four-momentum (p*) of the involved particles. For example the four-momenta of a ¢
meson decaying into a pair of kaons is given as p#(¢) = p*(K*) + p*(K~). The invariant
mass of such a composite particle can then be inferred from the energy-momentum relation
E? = p?c® + m2ct. This can also be done with the four-momentum as their components are the
energy and the momentum vector, for example for the B? meson the invariant mass is given as
m(BD) = /(pr (K *) + p (K ) + p (%) + p ()2

When considering backgrounds originating from misidentifying one or more final state par-
ticles, the invariant mass of a composite particle where one of the final state particles is given
another mass hypothesis can be a powerful discriminant. For example in a B? — J/i) ¢ decay
a pair of kaon and muon of the same charge can be misidentified as each other, such that the
kaon is reconstructed under the muon mass hypothesis and vice-versa. The invariant mass of
the J/ip and of the ¢ mesons would be different in the case of a misidentification compared
to the correct identification. Therefore, a selection on the mass of the J/i) meson under the
background hypothesis (m((K* — p*), uF)) can used to reject backgrounds, where the muon
misidentified and reconstructed as a kaon is given the muon mass hypothesis and combined
with the oppositely charged muon in the final state.

Particle identification

Particle identification information is available from the muon system, the RICH detectors and
the calorimeters. The information of the subdetectors can be used to help identify the particle
species of a track. For this purpose, boolean flags saving information if a track has hits in the
muon system (isMuon) [214] or in at least one of the RICH detectors (HASRICH) are created
during the reconstruction. Considering that muons are most likely to leave a track in the muon
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system, the isMuon variable is a strong discriminator between muons and other particle types.
Another approach to obtain information on the particle species is to combine the information
of the subdetectors into a single particle identification variable [122/|132]. In this approach the
likelihood of a track having a particular mass hypothesis (X) is determined separately for the
RICH, calorimeter and muon subdetectors and linearly combined into a single likelihood and
compared to the pion mass hypothesis (Alog £(X —)) [122,/132]. Following this definition, this
variable is a measure for how likely a track is a particle of species X compared to being a pion.
For a track reconstructed as species Y the variable is referred to as PIDX(Y'), where X is the
tested particle type hypothesis. Another way to combine the information of the subdetectors is
the use of multivariate analyses [122/132,215216]. The multivariate analyses use information of
the muon system, the RICH detectors and the calorimeters and adds the combined likelihoods
as well as information on the track momentum and track quality. For each mass hypothesis a
different multivariate analysis is trained resulting in several variables called ProbNNX(Y'), where
X is the mass hypothesis in question for a track reconstructed as species Y.

It is also important to ensure that the reconstructed tracks correspond to a particle travers-
ing the detector. Reconstructed tracks that do not correspond to a particle traversing the
detector can originate from mismatched hits from different particles or from detector noise.
These tracks are referred to as fake tracks or ghosts. To reject these ghosts a neural network
has been developed [151,217,218] that uses the x? of the Kalman filter, the x? values for the
fits for the different track segments, the number of hits in the different tracking detectors and
the pr of the track. The output of the neural network is then transformed to correspond to a
probability of a track to be a ghost (ghostProb).

Topological variables

The geometric properties of reconstructed tracks can be used to differentiate signal from back-
ground. One such variable is the direction angle (DIRA) defined as the cosine of the angle
between the direction of flight of a particle and the vector connecting the PV and the decay
vertex of the particle question. Another important angle is the pseudorapidity (n), a Lorentz-
invariant quantity, defined as n = — log(tan g), where 6 is the polar angle of a particle.

A second class of important topological variables used in LHCb are variables that behave
like a y? distribution. Therefore, this second class of topological variables are referred to as
x? variables and are unitless. The three most important variables of this type for this thesis
are X%, Xop and x2... The first of these variables, x%, concerns the impact parameter (IP).
The IP is defined as the distance of closest approach to the PV of a track extrapolated towards
the PV. The x% can be used to distinguish tracks originating the PV from tracks originating
from secondary vertices. The second variable takes the flight distance (FD) into account, which
defined as the distance between the vertex of origin and the vertex of decay of a particle. The
Xip can be used to differentiate long-lived particles from short-lived ones. These two variables
are constructed by determining the difference in the vertex-fit x? of a given PV reconstructed
with or without the track in question. The third variable, y2,, is a measure for the fit quality
of the vertex and is as such usually used normalised to the number of degrees of freedom (ndof).
It is a powerful tool to separate tracks not originating from vertices from those which do.
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5.4.2 Trigger

At LHCD a trigger system, introduced in more detail in Sec. [3.2.6] is used to reduce the rate at
which events are recorded from the bunch crossing rate at 40 MHz to 5 kHz (12.5kHz) in Run 1
(Run 2) while selecting signal candidates with high efficiency. For an event to be considered in
this analysis, it has to pass at least one trigger in the LO, HLT1 and HLT2 stages. The positive
trigger decision is required to be taken on a part of the signal decay (TOS). An alternative
approach is to require the trigger to fire independent of signal (TIS). This alternative is used
when calibrating the LO trigger performance in data, as discussed in Sec. In Tab. the
trigger lines required for this analysis are shown.

Table 5.4: Trigger lines used for selection. The DiMuonDetached trigger is not used for 16 as
its dimuon momentum threshold is set to the same value as for the DiMuonDetachedHeavy due
to a bug. This bug is fixed for most of 2017 and 2018, so there it is included. As TrackAl11LO
is not available for Run 2, the (Two)TrackMVA lines have been added.

stage Run 1 Run 2
LO Muon Muon
DiMuon DiMuon
HLT1 TrackAl1LO TrackMuon
TrackMuon TrackMVA
- TwoTrackMVA
HLT2 Topo2BodyBBDT Topo2Body
Topo3BodyBBDT Topo3Body
Topo4BodyBBDT Topo4Body
TopoMu2BodyBBDT TopoMu2Body
TopoMu3BodyBBDT TopoMu3Body
TopoMu4BodyBBDT TopoMu4Body
DiMuonDetached DiMuonDetached?'7/18
DiMuonDetachedHeavy | DiMuonDetachedHeavy

The LO triggers require a single muon to have a transverse momentum greater than 1.5 GeV/c
in the Muon LO trigger or a dimuon pair to have a product of transverse momenta greater than
1.5GeV/c in the DiMuon LO trigger. In the HLT1 stage, the TrackA11LO and TrackMuon trig-
gers are used in Run 1 to select events. Events triggered by the TrackA11lLO line selects
tracks with hits in the VELO and requires the track to be displaced tracks from any PV
in the event using the x?, variable. Furthermore, the track is required to have a transverse
momentum above 1.3 GeV/c. The TrackMuon line operates similarly albeit with less strict re-
quirements but additionally requires hits in the muon station and a positive Muon LO trigger
decision. As the HLT1 TrackAl1LO trigger is not available in Run 2, it is replaced by the HLT1
TrackMVA and TwoTrackMVA triggers in Run 2. The trigger lines use a multi-dimensional classi-
fier based on kinematic variables such as the transverse momentum and x3p to select events. In
the HLT2 stage, the Topo2,3,4Body lines are designed to select partially reconstructed events
containing a B hadron. These lines achieve this by selecting events consistent with a two,
three or four body topology using an MVA [219-221]. The TopoMu2,3,4Body lines function
similarly to the Topo2,3,4Body lines albeit with less strict requirements but also require at
least 1 track to be identified as a muon. The DiMuonDetached and DiMuonDetachedHeavy
lines trigger events containing a pair of muons originating from a displaced secondary ver-
tex. Furthermore, the DiMuonDetachedHeavy line requires the dimuon candidate to exceed a
mass threshold of 2950 MeV/c?. The DiMuonDetached trigger line in the HLT2 is not used for
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Run 2pl, as the dimuon momentum threshold was erroneously set to the similar value as in
the DiMuonDetachedHeavy. As this bug is fixed for most of Run 2p2 data, it is included again
for this data set.

5.4.3 Truth-matching of simulated events

To ensure the simulated muons and kaons selected after the reconstruction were generated as
muons and kaons, each of the reconstructed particles is matched to a generated particle. This is
referred to as truth matching. When performing truth matching, the particle ID, as introduced
in Chapter 44 of Ref. [65], of the final state particles are required to match those of muons and
kaons. Explicitly, this means that the TRUEIDs of positively charged kaons are required to be
+321, for negatively charged kaons —321, for negatively charged muons +13 and for positively
charged muons —13. In addition to having the correct particles in the final state, it is required
that all final state particles originate from the same mother, and that this mother is a B?
meson. For truth matched background candidates, the final state particle TRUEIDs are matched
to the appropriate hypotheses such that there was a misidentification.

5.4.4 LHCDb wide preselection

Events passing the trigger stages are written to tape, which is not directly accessible by analysts.
Given the storage limitations, only a fraction of the events written to tape can be written to
disk. This reduction is achieved with LHCb-wide selection lines (stripping lines), which are
run over the events stored on tape in periodic central productions. The stripping lines select
reconstructible signal decays with a high efficiency and write the resulting output to disk, where
they can accessed by analysts. The stripping line used for this analysis is the B2XMuMu line. The
B2XMuMu stripping line selects events in which all tracks of the K™K~ u™p~ final state have a
significant x% to any PV. Furthermore, the final state muons have to exceed thresholds on the
particle identification variables and the final state kaons have to have hits in the RICH detector.
The four final state particles are used to fit a vertex for the BY meson. This vertex needs to
be of good quality, and significantly displaced from any PV in the event. The complete list of
selection criteria and their numerical values are listed in Tab. 5.5l Criteria that differ between
Run 1 and Run 2 are also identified in this table.
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Table 5.5: Stripping selection criteria. The given values are the settings for every stripping
version that is used in this analysis, unless indicated. The * symbol indicated PID selections
that are removed from the stripping of simulation and applied offline to allow correction before

the application.

Variable Selection
m(BY) = 49007 T = 47007 2 MoV/
m(B2) < 7000 MeV/c?
X2, (BY) /ndof < 8.0
e(BY) <160
DIRA(BY) > 0.9999
Xap(BY) > 121.0
max(daughter x%,) > 9.0
m(®) € [0,6200] MoV/2
Xop (9) > 9.0Rwn 1 S 16,0Rwn 2
X2 () > 00
max(K*, K~ x%) > 9.0
X2 (6) /ndof < 12.0
DIRA () > 0.9
m(J) < 7100 MeV/c?
Xen(J/Y) >9.0
X2 (J) /ndof < 12.0
DIRA(J/ib) > 0.9
max(daughter x7p) > 9.0
PIDmu(u™) > —3.0*
Xip (1) >9.0
isMuon(u®) true*
Xip (K7F) > 6.0
HASRICH (K¥) true
tracks ghostProb < 0.358um 1 < 5Run2
hits in SPD < 600
trigger filtersfun ! (HLT1TrackA11LO | HltiTrackMuon)
& (HLT2Dimuon* | H1t2Topo* | H1t2SingleMuonx)
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5.4.5 Analysis specific preselection

Once the criteria of the B2XMuMu stripping line are passed, an additional analysis specific prese-
lection is applied to further reduce background contributions. The list of criteria, together with
the numerical values are given in Tab. 5.6l While muons are already required to be positively
identified using particle identification variables in the B2XMuMu stripping line, the equivalent for
kaons is done in the analysis specific preselection. Furthermore, the kaons of a B?— ¢u™u~
decay are required to originate from a ¢ meson. The narrowness of the ¢ — K+ K~ resonance
is exploited to further reduce background contributions. Given the total decay width of a ¢
meson is approximately 4 MeV/c? [65], the chosen mass range of 12 MeéV in either direction of
the known phi mass selects more than 95% of B?— ¢utpu~ decays.

A secondary set of selection criteria is used to specifically target background contributions
originating from B decays where one or more of the daughters have been assigned an incorrect
mass hypothesis (peaking backgrounds). A complete list of the considered backgrounds is given
in Sec. . One example of such a decay is the process B?— J/p¢ where one kaon is mis-
identified as a muon and vice versa, such that the final state stays the same, but the value of ¢?
differs and is no longer rejected. To reduce backgrounds of this form involving either a J/i) or a
1(2S) meson, more stringent PID criteria are applied to the kaon candidate, if the J/i) or (25)
candidates has a mass reconstructed under the background hypothesis (m((K* — u*), u¥))
within 45 MeV/c? of the known mass of the J/i or ¢(2S) mass [65]. An analogous selection is
performed to reject decays A)— pK~ptp~ and A) — A%(1520)p™ 1, in which case the kaon is
a mis-identified proton. The exact selection criteria are given in Tab. [5.7]

Table 5.6: A summary of the applied offline selection criteria.

Variable ‘ Selection
m(K-KTuTp™) | € [5270,5700] MeV/c?
m(KTK™) € [my(1020) = 12 MeV/?]
ProbNNk(K™) > 0.025

Table 5.7: Table of background processes and the applied mis-id vetoes against them.

decay veto signal efficiency

BY— J/p ¢ double mis-id Im((K* — p®), uF) — myp| < 45 MeV/c? > 99.9%
B — J/hp K*° double mis-id and (isMuon(K¥) or PIDmu(K*) > 5.0)

BY?— 1(25)¢ double mis-id Im((K* — &), u¥) — myps)| < 45 MeV/c? > 99.9%
and (isMuon(K®) or PIDmu(K*) > 5.0)

A)— pK—pt ™ Im((K* — p*), KT, ut,u™) — myg| < 50 MeV/c? > 99%
AY — A°(1520) ™ and ProbNNp-(1-ProbNNk)(K*) > 0.35

5.4.6 BDT

The last set of selection criteria used in this analysis is used to specifically reduce background
from random combinations of tracks (combinatorial background). While peaking backgrounds
can be removed using either a single variable or simple combinations of variables, this is not
possible for combinatorial background, while retaining high signal efficiency. For this reason,
a BDT classifier as implemented in the TMVA software package [222,223] is trained on data
to reject these contributions. Control mode BY — J/b ¢ events in the ¢* region [8,11] GeV?/¢*
and a 450 MeV/c? mass range around the known BY mass [65] serve as a signal proxy in the
training. Even though, these requirements on the control mode already ensure a high purity,
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the sPlot technique is used to statistically subtract the remaining combinatorial background
contribution. To extract the sWeights for the Run 1, Run 2p1 and Run 2p2 data sets, two fits
per data set are performed. Both fits use the same fit model, namely two Gaussians each with a
power-law tail to either the upper or lower mass, in the following referred to as double Crystal
Ball functions [224] (DCB), to describe the B?— J/i) ¢ signal and an exponential function to
describe the combinatorial background. The fit model is described in more detail in Sec. [7.2]
While the first fit is performed in the region of m(K+tK~u*u~ € [5170,5570] MeV/c? to fix all
floating parameters except for the yields, the second fit is performed only floating the yields
to determine explicitly the sWeights in the region m(K+ K~ utp~ € [5316.7,5416.7] MeV/c2.
These fits are shown in Fig. 5.2l As background proxy, the upper mass sideband, defined
as mpo > 5567 MeV/ ¢? and enriched in combinatorial background by relaxing the 12 MeV/c?
m(K*K™) range to a 50 MeV/c? range, is used. The signal and background proxies are indicated
respectively as blue and red boxes in the mc+ - ,+,- —¢* plane in Fig. for each of the three
data sets.
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Figure 5.2: Fits (top) to fix all floating parameters but the event yields of the control mode
BY%— J/hp ¢ and (bottom) to extract the s Weights in (left) Run 1, (middle) Run 2p1 and (right)
Run 2p2 data. The blue(red) component corresponds to the BY — J/i) ¢ signal (combinatorial
background).

The BDT classifier is based on the particle identification variables of the final state particles,
the x% of the final state particles and the B? meson, as well as the B? vertex fit quality and
its displacement. Any bias is avoided using the k-fold cross-validation technique, as described
in Sec. using ten folds. Eight are used to train each of the BDTs, one is used for testing
and the last for the evaluation. The complete list of the input variables is given in Tab. [5.8
The input distributions are shown using the Run 1 BDT as an example in Fig. for one of
the ten folds.

For each of the used data sets a different BDT is trained. The BDT responses, as well as
the receiver operating characteristic (ROC) curves, are shown for Run 1, Run 2p1 and Run 2p2
in Fig. [5.5] The areas under the ROC curve for the BDTs are 0.996, 0.995 and 0.996 for Run 1,
Run 2pl and Run 2p2, respectively. The distribution of the BDT classifier output from events
used in the testing follows the distribution for events used in training. Therefore, no signs of
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overtraining are observed.

The selection criterion on the BDT classifier is determined using the figure of merit (FOM)
S/v/S + B, where S is the number of signal events and B is the number of background events,
as a guideline. As this analysis is performed blind, the number of signal events S is also kept
blind until the selection and validation are finalised. Therefore, the FOM is determined using an
expected number of signal events. The number of expected signal events is obtained by scaling
the number of B?— J/i)¢ candidates with the branching fraction ratio of the two modes of
f=10.013 while assuming the BDT to have the same efficiency for the rare mode and the
control mode. In order to calculate the number of expected background events B in the signal
region, an exponential function is fitted to the mass distribution of the rare mode, where the
signal region 5316 MeV/c* < m(B?) < 5416 MeV/c? is excluded from the fit. The number of
expected combinatorial background events B are obtained by interpolating this exponential
into this excluded signal region. The result of this scan over the FOM can be found in Fig. [5.6
for Run 1, Run 2pl and Run 2p2 data, separately. The FOM has a plateau in the region of
[0.02,0.1] for each of the BDT classifiers and a single threshold on the BDT classifier is placed
at 0.05. While a slightly more stringent requirement could have been used, the increase in the
number of rare mode candidates stabilises the angular fit.

5.4.7 Multiple candidates

As the pile-up at the design luminosity of the LHCb is 2.1, it is likely to have more than one
PV in a given event. Therefore, it is possible to have more than one signal candidate in an
event. However, it is highly unlikely to have two signal decays in a given event considering the
branching fractions. In the case that an event contains multiple BY candidates passing the full
selection, one candidate is, therefore, randomly chosen and the other is rejected. This is done
in both, the data and simulated samples. The fraction of events that contain multiple signal
candidates is given in Tab. for both the rare mode region as well as the resonant mode. All
the fractions in the signal simulation are well below one percent.
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Figure 5.3: The (left) Run 1, (middle) Run 2pl (right) and Run 2p2 data sets after the
preselection used to determine the signal and background proxies from the blue and red re-
gions,respectively, for the BDT classifier training.
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Figure 5.4: Examples of the signal (blue) and background (hashed red) distributions for the
input variables used in the BDT training. Example taken from one of the folds in the Run 1
data-set.
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Table 5.8: List of BDT input parameters in order of separation power.
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Figure 5.5: Overtraining check (top) and ROC (bottom) for the different BDTs, integrated
over all folds. The BDT efficiency corresponding to the chosen selection is indicated.
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Table 5.9: Percentage of events with multiple candidates in the fully selected data sets in a
50 MeV/c? window around the BY? mass. In the case of simulation, this is truth matched. For
2012 rare mode data, no event with multiple candidate is found. For the other years, between
1 — 3 events with multiple candidates are found. The fluctuations are, therefore, of statistical
nature given the small size of the rare mode data set.

BY— ¢ptpu~ sim.  BY— Jh) ¢ sim. | rare ¢* data resonant ¢? data
2011 0.017% 0.004% 0.787% 0.090%
2012 0.015% 0.008% none 0.099%
2016 0.015% 0.005% 0.674% 0.197%
2017 0.002% 0.035% 0.355% 0.181%
2018 0.002% 0.056% 0.149% 0.202%
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5.5 Corrections to simulation

Simulation in LHCb is known to model some distributions of variables imperfectly. For this
reason, the data-simulation agreement of variables used in this thesis is tested using B — J/) ¢
control mode decays. The variables found to not be modelled sufficiently well are the track
multiplicity (nTracks), the transverse momentum of the B? meson (pr(B?)), the LO trigger
efficiency and the response of particle identification (PID) variables. The first three variables
are corrected for by reweighing the distributions, and the PID variables are corrected using
the MEERKAT tool [225/227]. When determining the corrections as few selection criteria as
necessary are used. Furthermore, the corrections are not determined on the rare mode, but on
the control mode due to the higher yields. The weight-based corrections are obtained in the
control mode and are also used to correct the rare mode simulation. Furthermore, the weight-
based corrections are determined after taking the previous corrections into account. The track
multiplicity weights are obtained first, the pp(B?) weights second and the LO trigger efficiency
correction is determined last.

5.5.1 Reweighting of the track multiplicity

The track multiplicity of simulated events is corrected by determining per-event weights from
the comparison of data and fully reconstructed simulation of the control mode. These weights
are then applied to both, control mode and rare mode simulation. The application to the rare
mode utilises the fact that the decay mode of the B? meson is largely independent of the track
multiplicity. In Fig. the nTracks distributions of BY — J/i¢ and B? — ¢u*p~ simulation
are shown, indicating this assumption to be valid.

0.012 LHCb unofficial

—— BYJ/yo (2012)

— B>oup (2012) )
_ 4
&_§ D Lk hll.u ||ulr‘|;.'4‘._r " Jllll oty ol | 1|" o L lllF’
~0 100 200 300 400

5
nTracks

Figure 5.7: Comparison of nTracks between truth matched simulated samples of the control
and rare decay modes directly after the stripping selection. B?— J/i) ¢ simulation is compared
to BY— ¢uTpu~ for 2012 simulation conditions.

To derive the weights, the same selection is applied for the control mode data and simulation,
namely any event needs to pass the trigger and stripping selections, as well as be in a +50 MeV/c?
region around the known mass of the B? meson and a +12MeV/c? region around the known
mass of the ¢ meson. The combinatorial background is statistically removed from data by
applying sWeights derived on a control mode sample with the same selection. The weights to
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correct the track multiplicity are determined as the ratio of the thus selected events on data
and simulation using the nTracks distribution, split into 50 bins with roughly equal number
of entries, in the range of 0 to 600. Bins of equal population, as opposed to equal width, are
taken to avoid large fluctuations in weights in regions of low density. The weights are shown in
Fig. for Run 1 Run 2pl and Run 2p2 in different colors. The agreement of BY — J/) ¢ data
and simulation is shown in Fig. for the different data taking periods. In this figure, the data
is shown as black markers, the green line indicates the uncorrected simulation whereas the red
line represents fully corrected simulation, meaning simulation with all weight-based corrections
applied. The agreement of the red line is greatly improved with respect to the green line. While
the low nTracks region is compatible across the years, the weights in the high nTracks region
are quite different across the years.
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Figure 5.8: Weights to correct the nTracks distributions in the simulated samples for 2012
conditions in black, 2016 conditions in red and 2017 conditions in green.
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Figure 5.9: Comparison between sWeighted B? — J/ib ¢ data and simulation for (left) 2012,
(middle) 2016 and (right) 2017 data taking conditions. The data (black markers), raw (green
line) and fully corrected simulation (red line) are shown, and the pulls indicate the difference
between data and corrected simulation.

5.5.2 Corrections to the Bg kinematics

As the transverse momentum of the BY meson (pr(B?)) is used in the BDT, good agreement
between data and simulation in this variable is especially important. For this reason, the
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deviation in p(BY) from the control mode simulation with respect to the control mode data
is corrected for using weights. The weights are derived using the full selection except for
the BDT by comparing simulated B? — J/i) ¢ events with the nTracks correction applied to
sWeighted control mode data, in full analogy to the nTracks correction. The pr(BY) weights are
determined in 60 equally populated bins in the range of 0 MeV/c? < pr(BY) < 60000 MeV/c2.
The histograms of the weights for the three data sets can be found in Fig. [5.10] and the
corresponding comparisons between raw or fully corrected simulation and s Weighted B? — J/i) ¢
data in Fig.|[5.11] The agreement of the corrected simulation and sWeighted control mode data
is greatly improved.
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Figure 5.10: Weights to reweight the pp(BY) distributions for 2012 simulation in black, 2016
simulation in red and 2017 simulation in red.
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Figure 5.11: Comparison of s Weighted B — J/i) ¢ data and simulated samples for (left) 2012,
(middle) 2016 and (right) 2017 data taking conditions. The data (black markers), raw (green
line) and fully corrected simulation (red line) is shown, and the pulls indicate the difference
between data and corrected simulation.

5.5.3 Correction to the LO trigger

The third variable corrected for using weights is the LO trigger response. Considering that data
is only available after the trigger selection, one needs to carefully choose the definition of the
trigger efficiency. Therefore, one cannot use the naive approach of defining the trigger efficiency
of all events in the LHCb acceptance eryig|acc, namely

NTrig\Acc

€Trig|Acc = ~a7 >
NACC
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where Nryig|ace s the number of events passing the trigger given they are in the LHCDb acceptance
and Ny is the number of events in the LHCb acceptance, as Nac. is not directly observable.
For this reason the TISTOS method [228] has been developed. In this method, the trigger
efficiency is determined after applying a selection and is given as

NTrig\Sel

€Trig|Sel — )
NSel

where Ng is the number of events passing a given selection and Nrygger corresponds to the
number of events passing the trigger requirements in addition to the given selection. Assuming
the TOS trigger decision to have little to no correlation with the TIS trigger decision, the TOS
efficiency can be determined on a sample of events triggered by the TIS trigger. It is then given

as
NT IS&&TOS

NTIS

The TOS efficiency determined on the TIS sample will be referred to as the TISTOS efficiency
from hereon.

When determining the TISTOS efficiency each event is required to have passed the TOS
requirement for the other trigger stages. For example the LO trigger sample requires both HLT
trigger TOS selections to be passed. The TIS sample used to derive the LO trigger efficiencies is
constructed by requiring a positive TIS trigger decision of the LOElectron, LOHadron, LOPhoton
or LOMuon trigger lines. These trigger lines have been chosen to give a large sample for the
efficiency determination. For the efficiencies of the HLT stages, the TIS sample is constructed
by requiring a positive TIS decision of the corresponding HLT trigger lines given in Tab. [5.4]
Considering that the HLT selection used in this analysis is already fairly inclusive, the sample
is sufficiently large and does not require the addition of additional trigger lines.

The comparison of the TISTOS efficiency is done using control mode data and simulation.
For both samples, the preselection and BDT are required to have been passed. Given that
the efficiency is determined from events that need to fulfill the TIS decision compared to those
fulfilling the TIS and TOS decision, the sPlot technique can not be used here. Therefore, the BY
candidates have to additionally be located in the invariant mass region of +50 MeV/c? around
the known mass of the B? meson to get a clean data sample. After this set of selections, the
data set is considered to be sufficiently clean and as such background subtraction is not needed.
The simulated sample is also truth matched and has the corrections for the nTracks and pr(BY)
applied. As the stripping contains an HLT filter for Run 1 data, as outlined in Tab. 5.5} it is
also applied to the simulated sample. The TISTOS efficiencies, and subsequently the weights,
are determined as a function of max(pr((u"), pr(p~)). This choice allows the trigger response
to be compared between data and simulation for different kinematic regions of the muons, even
though the muon pr distribution is different across the rare and control modes.

While the TISTOS efficiency is well simulated for the HLT1 and HLT?2 trigger stages, as shown
in Fig. and Fig. [5.13] respectively, the LO trigger is not simulated sufficiently well and is,
therefore, corrected.

The comparison of the binned LO TISTOS efficiencies (e™57%: ) in data and simulation
exhibits deviations, most notably in Run 2 as shown in Fig. [5.14] The disagreement originates
from simulated events always being generated with a single trigger configuration (TCK), rep-
resenting the configuration used for the majority of data events, while data comprises a mix
of different configurations. When comparing only data that was taken with the TCK modelled

__ _TISTOS __
€ros = € =
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in simulation, the disagreement vanishes, as shown in Fig. [5.15 This difference in €"ST08. L0

is corrected for using weights. They are calculated such that the LO efficiency curve of the
simulated sample aligns with the one found in data. The weights are calculated for all years
independently and can be found in Fig. [5.16| The weights are close to unity for Run 1 as the
agreement in Fig. is already good.

The final agreement of the full TISTOS efficiency is shown in Fig. between B?— Jfi) ¢
simulation with all weight-based corrections applied, shown as red markers, and data, shown as
black markers. No significant deviations are found over the full maximum muon pr distribution.
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the distributions.
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5.5.4 Correction of the PID response using MEERKAT

The PID distributions are not modeled perfectly in the simulation and can be corrected using
clean calibration samples taken from data. These calibration samples are processed LHCb wide
in the PIDCalib package [229] and are detailed in Tab. [5.10] From the available methods to
correct the PID distributions in the PIDCalib package, the MEERKAT tool [225-227] is used in
this thesis. The name MEERKAT is an abbreviation for “Multidimensional Efficiency Estimation
using the Relative Kernel Approximation Technique” essentially describing the approach used
in the tool. The particle identification variables of the calibration samples are parameterised
in four dimensions using the kernel density estimation (KDE) technique. The four dimensions
are the particle identification variable, the number of tracks of the event (nTracks) as well
as the pseudorapidity (n) and the transverse momentum (pr) of the particle of interest. The
parameterisation is done in two steps, first each of the four dimensions probability density
functions (PDF) are estimated using a KDE in a single dimension. In the second step, the
one-dimensional PDF's are iteratively combined into a four-dimensional PDF. This approach
to parametise the four-dimensional distribution is shown to be able to describe fine features in
Ref. [225].

Table 5.10: The decay modes used to correct the PID response of each particle type in the
PIDCalib package.

Particle Decay mode
K Dt — (D°— K—7n")nt

T D — (D°— K—nt)xt
P A — pK—rnt

It Jfp —

e

Bt— (p—efe)KT

The MEERKAT tool supports two different subpackages to correct the PID distributions, the
PIDGen and PIDCorr packages. The PIDGen package uses a resampling approach, in which
the corrected PID variable is randomly drawn from a one-dimensional PID distribution in the
range of the lower bound of the distribution up to the original value of the PID variable in the
event. The one-dimensional PID distribution is generated by evaluating the four-dimensional
phasespace at the point in pr, 7 and nTracks for the given candidate being resampled. This
approach does not capture the correlation between PID variables for the same candidate and
consequently combinations of corrected variables are often not correctly described.

To correctly describe the particle identification variable and combinations of different vari-
ables, the PIDCorr package can be used. In the PIDCorr package a simulated sample is used in
addition to the calibration sample from data and a variable transformation method is employed
instead. The distributions of the particle identification variable from data and simulation are
obtained in the same way as in the PIDGen package. To determine the corrected value for the
particle identification variable .., first the point xpc needs to be determined, which is the
point at which the cumulative probability density for the particle identification variable in the
simulated sample is same as in the data sample for a given point in 7, pr and nTracks. The
corrected value ., is then given by the transformation

Teorr = Pt (Puc (omc|pr, 0, nTracks) |pr, 7, nTracks) ,

exp
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where P is the cumulative PDF.

Which of the two methods is used to correct the PID response depends on the PID variable
and the type of the track at generator-level. While only using PIDCorr is preferable, this
method is typically not available for tracks generated as leptons. Therefore, PID variables of
leptons are corrected for with the PIDGen package, whereas hadron PID variables are corrected
for with the PIDCorr, whenever available. The used MEERKAT subpackage for the PID variables
used in this analysis is shown in Tab. for each of the different generated particle species.

Table 5.11: The MEERKAT subpackage used for the correction of the particle identification vari-
ables used in this analysis is shown for the different generated particle species.

particle identification variable | particle species | MEERKAT subpackage
ProbNNk K, m,p PIDCorr
ProbNNk W, € PIDGen
ProbNNp K, p PIDCorr
ProbNNp W, e PIDGen
PIDmu W, e, K, m p PIDGen
ProbNNmu W, e, K, m p PIDGen

5.5.5 Comparison of control mode data and simulation

In this section the effects of the corrections are shown using B? — J/ip ¢ data and BY — J/) ¢
simulation generated according to the conditions in 2017. Figures for the remaining data taking
periods are shown in Figs. located in App.[Bl For both samples the stripping and trigger
selections have been applied. Furthermore, the dikaon mass is required to be within +12 MeV/c?
of the known mass of the ¢ meson, and ¢* has be to within [8.0 — 11.0] GeV?/c*. The control
mode simulation is shown in green without corrections and in red with corrections for nTracks,
pr(BY), the LO trigger response and the PID response. After all corrections, data and simulation
agree sufficiently well. There are minor discrepancies in the BY meson’s impact parameter as
well as the vertex y? remaining when comparing 2017 data to simulation, as shown Fig. [5.18]
This is the most likely reason for the slight difference in the BDT response.

In order to estimate the effect of this difference, the BDT efficiency for BY — J/i) ¢ events
is compared between sWeighted data and simulation. In data the BDT efficiency is found to
be 96.700% for 2017, and to be 96.670% in simulation. This is a relative difference of less
than 0.1% and will be neglected in the following, as it is sufficiently small and well-covered by
the systematic uncertainty assigned to the corrections of the simulation, which is discussed in

Sec. 8.6l
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Figure 5.18: Data and simulation comparison of the BDT input variables and the BDT response
(bottom right) for the BY — J/i ¢ control mode under 2017 data taking conditions. The data
(black points), as well as the raw (green) and corrected (red) simulation are shown.
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Chapter 6

Signal and background yields

As the selection for this analysis is developed with the signal window taken as 450 MeV/c?
around the known BY meson mass in the rare mode blinded, rare mode data cannot be used to
determine the signal and background yields and, therefore, the relative contribution of back-
ground sources. As a consequence the signal and background yields must be estimated. This
chapter details how the expected signal yields and contributions from peaking backgrounds are
estimated.

The total number of events produced at the LHCb experiment, N4, can be calculated
using the production cross section, o4, and the integrated luminosity, Ly, using the formula
Nprod = Oprod X »Cint .

The production cross section for a given B hadron of type B; decaying into a specific final state
is given by

(6.1) Oprod = 0(pp— bbX) x f; x B(B;— final state),

where o(pp— bbX) is the production cross section of a bb pair in a pp collision, 7 indicates the
type of the B hadron, f; is the hadronisation fraction, which describes the probability for a b
quark to hadronise into a B hadron of type i, and B(B; — final state) is the branching fraction
of the B hadron of type i to decay into the final state of interest. When considering the decay
of a AY baryon the same approach and formula is used with the corresponding constants. Given
that not every produced event is selected in the final data set, the selection efficiency (e) is
taken into account and the number of selected events (Ng) is determined as

(62) Nsel =€ X Nprod = € X Oprod X Eint .

While this equation can in principle be used to determine the expected yield for a given decay,
in practise a normalisation channel is used to determine the expected yield. The advantage of
using a normalisation channel is the cancellation of factors with potentially large uncertainties,
such as the bbX production cross section with a relative uncertainty of roughly 10% [89]. Using
Eq. and Eq. the ratio of yields of the decay of interest (Np _sfnal state) With Tespect to
the yield of the normalisation channel (N,om) is then given by

B;—final state
NBiﬁﬁnal state 6Bi%ﬁnal state fz B(Bz — ﬁnal State) Linlt

= X
Nnorm €norm fnorm B(HOI'IH) Eporm

int
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Rearranging this equation and using the control mode BY — J/i) ¢ as the normalisation channel
from the same data set, the yield of the decay of interest can be calculated by

Ngng/was y ﬁ B(B; — final state)

6.3 Np, nal state — X —final state X ’
( ) Bj;—final stat S 1, €B;—final stat B(BSO—>J/¢¢)

where the superscript data indicates that the yield of the normalisation channel is taken from
data.

6.1 Considered decay modes

In this thesis, two different type of backgrounds are considered: peaking backgrounds and
combinatorial background. The peaking backgrounds can originate either from a single final
state particle misidentification or from a double misidentification of final state particles. The
considered peaking backgrounds will be introduced in the following. The combinatorial back-
ground will not be discussed in this Chapter as they are included in the fit model as discussed
in Sec. [.2]

The final states of the decays B® — (K* — K*n " )u*u~ and A) = pK p*tp~ can be
misidentified as the K+ K putpu~ final state with a single pion or proton misidentification,
respectively. They are single misidentification backgrounds in this analysis and considering their
related topologies and comparably large branching fractions can contribute to the KK~ ™y~
spectrum. Contributions from the charmonium tree-level decays BY — J/i ¢ (B° — Jhy K*°)
occur via the double misidenfication background. Here, a kaon (pion) is misidentified as a
muon and a muon of the same charge is misidentified as a kaon of B?— Jip ¢ (B — Jh K*°)
decays. If this double misidentification occurs these decays can also be misreconstructed as
signal as the invariant dimuon mass can fall into the rare mode ¢* region. Given their large
branching fractions with respect to the signal branching fraction, these double misidentification
backgrounds can also constitute a sizeable source of background events. All considered decay
modes and their branching and hadronisation fractions are given in Tab. [6.1] where the values
for the branching fractions are mostly taken from Ref. [65] and the hadronisation fractions
are taken from Ref. [230]. The branching fraction for A) — pK~puTu~ decays has not been
measured yet and has, therefore, been taken from the SM prediction [231] for the branching
fraction of AY — A°(1520)u"p~ decays and the fit fraction of A} — JA)pK~ decays in the full
angular fit of A) — Jip A°(1520) decays [232]. The A) — A°(1520)u* = SM prediction depends
on the choice of form factors. There are two sets of form factors [233] available, the SCA form
factors, based on a non-relativistic reduction of the quark spinors and computed using a single
component wave function, and the MCN form factors, based on the full relativistic form for
the quark spinors and the multi-component quark model wave function. The SM predictions
based on these form factors are found to be [233]

B(A)— A°(1520)pu™ ™) = 1.3 x 1077 (SCN) or 2.1 x 107" (MCN).

Given the MCN form factors make use of fewer assumptions, they are expected to be more
reliable. Furthermore, their prediction for the branching fraction yields the larger value such
that using this value can be considered a more conservative approach. The distance between
the two predictions is taken as the uncertainty on the branching fraction. Therefore, the value

B(A) — A°(1520)put ™) = (2.1 4+ 0.8) x 1077
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is used as the branching fraction for the calculation. This prediction then needs to be scaled
by the branching fraction of a A°(1520) baryon decaying into the pK ~ final state. This is given
in Ref. [65] as

B(A°(1520) — pK ) = 22.5%.
Lastly, the ratio of A) — Jih A°(1520) decays excluding decays with pentaquark intermediary
states to AY — J/b (A°(1520) — pK~ decays has been measured in data [232] to be

B(Ay—= JfppK™)
B(AY— Jj (A°(1520) — pK-))

=6.05.

Assuming the hadronic structure in the J/) mode and the rare mode to be the same, the
SM prediction is scaled by this factor. Using these components, the branching fraction of the
A — pK~ptu~ decay is given as

BAY— pK ptp ) =(29+1.1)x 1077,
with the uncertainty being propagated from the uncertainty on B(A)— A%(1520)pu™u™).

Table 6.1: Numerical values for branching and hadronisation fractions used to calculate the
expected number of signal events. If applicable, the branching fraction of a meson such as the
¢ or K*® into the hadronic final state particles or the J/i into a pair of muons is given as the
hadronic (had.) and leptonic (lep.) branching fraction, respectively.

Decay B had. B lep. B fil fs
BY— J/wK*O 1.27(5) - 1073 66.6% 0.05961(33) | 3.86(30)
B Kt~ | 94(5)-107 | 66.6% 1 3.86(30)
A — pK—ptp | 2.9(11) - 1077 - 1 1.85(33)
B = i 1.08(8)- 10 % | 49.2(5)% | 0.05961(33) | 1
BY— gt | 8.2(12)- 1077 | 49.2(5)% 1 1

6.2 Determination of selection efficiencies

The selection efficiencies of the control, rare and background modes needed in Eq. are
determined using simulation. For both, the signal mode and the control mode, the simulation
is corrected as described in Chap. 5.5, whereas only the PID response is corrected for background
modes as the weight-based corrections are not easily transferable between different final states.
However, as will be seen in Sec. [6.3] the contributions from peaking background are found to
be negligible and not taking the small effect from neglecting the corrections into account in the
estimation is in turn a negligible effect. The efficiency of a given decay is determined by

sim
(64) €B,—final state — ﬁ X €acc s

DST

where NS is the number of events selected in the simulation for the decay B; — final state,
NE#. is the number of events generated within the LHCb acceptance and saved on tape and

€ace 18 the efficiency of the LHCb acceptance.
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The numerical values for the number of events on tape within the LHCb acceptance, the
number of events after all selection as well as the LHCb acceptance efficiency for the 2012,
2016 and 2017 data taking conditions are given in Tab. . The simulated samples for A —
pK ™~ p~ decays are generated with a phase-space model for the kaon-proton and the dimuon
spectra and are, therefore, not expected to correctly model the decay. These sample are,
therefore, reweighted to match the shape of the ¢? distribution given by the theory prediction
for A — A°utp~ [234] and the invariant mass distribution of the pK~ system found in the
full angular analysis of A) — J/h A°(1520) decays [232]. The distributions before and after
reweighting are shown in Fig. [6.1}

Table 6.2: LHCb acceptance efficiency and number of events on tape (

background decays. No filtering is applied to any sample.

NgimL) of the simulated

Decay year | €acc. [%] Npgr N el
BY— K*9uTu~ | 2012 | 16.009(33) 2520250 61
BY— K*Ou*tp~ | 2016 | 17.045(39) 1365262 35
B — K*Outpu~ | 2017 | 17.127(59) 4014543 117
BY— Jpp K*° 2012 | 15.7(1) 4422426 0
BY— JpK*0 2016 | 16.8(1) 2449607 0
BY— Jpp K*0 2017 | 16.701(57) 4127863 0
A pK~ptp~ | 2012 | 16.300(35) 2019539 179
A)— pK~—ptu~ | 2016 | 17.303(46) 7974997 681
A pK—ptp | 2017 | 17.297(70) 2225233 304
B)— Jjp o 2012 | 16.744(31) 2014253 0
BY— Jhp ¢ 2016 | 17.770(43) 3975972 0
B — Jhp¢ 2017 | 17.751(25) 20035067 O
BY— ¢utu~ 2012 | 16.933(23) 2046275 77200
BY— ¢utpu~ 2016 | 17.938(23) 3917516 153046
BY— ¢utp 2017 | 17.939(34) 7992126 350728
0.045 = T . —
0.04 _; gg: %_ Lb_pKmumu sim. _%
3 F pK rew. Lb_pKmumu sim. 3
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Figure 6.1: Comparison of unweighted (green) and weighted (red) generator-level simulation
of A)— pK~p*u~ decays. First, the weights to align the pK~-mass spectrum to what is found
in AY — JAippK~ data, are applied (blue), then also the weights to align the ¢* distribution to
the theory prediction (red). The (left) ¢* and the (right) p/K ~-mass spectra are shown.

The yields of the control mode as found in fits to data as well as the respective selection effi-
ciencies needed in Eq. [6.3] are summarised in Tab. [6.3] The yields and efficiencies are combined
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into an efficiency-corrected number of B? — J/i) ¢ events according to the data sets. They are
given in Tab. [6.4]
Table 6.3: Yields in data and corresponding efficiencies for BY — J/ib ¢ decays across the years.

‘ N2, W é ‘ €0 ppe [
2011 | 19570 £ 150 | 1.2410 + 0.0041
2012 | 43510 £ 230 | 1.1566 4+ 0.0037
2016 | 61500 £ 270 | 1.3347 4 0.0040
2017 | 66980 + 280 | 1.4363 4 0.0050
2018 | 81850 + 310 | 1.3533 4 0.0047

Table 6.4: Combination of efficiency-corrected B?— J/i) ¢ events for the different runs.

| Naosps/€Bosips

Run 1 | (5.338 £ 0.026) - 10°
Run 2p1 (4.607 + 0.025) - 106
Run 2p2 (10.711 + 0.040) - 108

6.3 Expected signal and background yields

The signal and background yields in Run 1, Run 2p1 or Run 2p2 are calculated with Eq.[6.3] As
inputs the efficiency-corrected normalisation mode yields given in Tab. are used along the
branching and hadronisation fractions given in Tab. |6.1|and the efficiencies for a given final state
calculated according to Eq. using Tab. [6.2] For the double misidentification backgrounds,
no events pass the full selection in the simulated samples. Therefore, limits at 90% confidence
level are determined and found to be less than 1.03, 0.56 and 0.22 events for BY — J/i) ¢ decays
in the region of +50MeV/c? around the known B? mass for Run 1, Run 2pl and Run 2p2,
respectively, and less than 1.12, 0.95 and 2.23 B® — Ji) K** decays for Run 1, Run 2pl
and Run 2p2, respectively. To have a better estimate for the background from B? — J/)¢
decays, the efficiency to select a background event is assumed to be independent of the year
and the three simulated samples are added to determine a single efficiency for all three years.
Furthermore, the effect of the charmonium vetoes on the B?— J/i) ¢ and B — J/ip K*0 decays
is assumed to factorise with the rest of the analysis specific preselection. These assumptions
reduce the limits on the background contribution from B?— J/i) ¢ decays to 0.03 0.03 and 0.07
for the three Run periods, respectively, and to less than 0.74, 0.64 and 1.42 for B — Jjp K*°
decays in the three Run periods.

The expected amount of signal and background in the rare BY — ¢u*p~ channel is sum-
marised in Tab. [6.5] No single source of peaking backgrounds is expected to contribute more
than 0.5% in any data set and will as such not be modelled in the fit. The effect of this choice
on the angular observables is determined as a ¢*-dependent systematic uncertainty in Sec. [8.2

Table 6.5: Total number of expected events in the rare signal region, with applied ¢? vetoes
and in a BY mass window of £50 MeV/c? around the known value for the mass of the B? meson,
for background modes and the B — ¢u™*pu~ signal.

Decay Run 1 Run 2p1 Run 2p2
BY— ¢utu~ 434 + 63 411+ 60 1070 %+ 160
BY— KT~ 1.58£0.25 1.53+0.29 4.08 4+ 0.54
A)— pK 1.71+£0.73 1.50£0.62 56+24
BY— J/) ¢ (double mis-id) < 0.03 < 0.03 < 0.07
B — J/p K*O (double mis-id) < 0.74 < 0.64 < 1.42
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Chapter 7

Angular analysis of the decay
0 —_
B — ¢ptp

In this Chapter, the angular analysis of the decay BY — ¢u™p~ will be discussed. The angular
acceptance modelling the efficiency shape in the decay angles and ¢? is introduced in Sec. .
The model used to perform the four-dimensional fit to the decay angles and the mass of the B?
meson candidate is discussed in Sec. [7.2] In Sec. the validation of the fit using simulated
events, BY — J/i ¢ control mode decays, and pseudoexperiments is detailed.

7.1 Angular acceptance

The angular and ¢? distributions of the B? — ¢u™u~ decay are significantly distorted by the
detector geometry, as well as the trigger, reconstruction and selection used in this analysis.
These effects are referred to as acceptance effects and it is crucial that they are properly
accounted for. The efficiency shape is parameterised in four dimensions, the three decay angles
and ¢2, and is denoted as €(cos 0, cos g, ¢, ¢*). For the parameterisation, a product of Legendre
polynomials L of order ¢, j, k and [ are used. The efficiency shape is thus parameterised as

e(cos O, cos 0y, ¢, ¢*) = Z cijraLi(cos 1) Li(cos Ox ) Li(6) Li(q*)

i7j7k7l

where the ¢;;; are coeflicients determined on simulated events using the method of moments 235,
236, taking advantage of the orthogonality of the Legendre polynomials. The coefficients are

determined by
B 1% o [ (201N (2541 [2k+1\ (2041
Gkt = N £ e 2 2 2 2

X L;(cos ;) L;(cos GK)L;@(@Ll(QQ)} )

where NV is the number of simulated events, wS™ will be weighting factors to correct for the

non-flat ¢? distribution of the phasespace simulation as discussed below and additionally absorb
the corrections to the simulation discussed in Sec. [5.5] and N’ is a normalization factor defined
as N' = Zévzl w™. The parameterisation is calculated up-to and including orders 7 < 4, 7 < 2
(4 for Run 2), £ < 6 and [ < 7, which was found to be the lowest set of orders necessary to
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sufficiently describe the acceptance shape. Considering the flavour-symmetrical final state, only
even orders in the decay angles are used in the parameterisation. A systematic uncertainty to
this specific choice of orders for the acceptance is assigned, as discussed in Sec. [8.3]

The acceptance is determined on fully reconstructed and selected simulated events of the
B? — ¢utp~ decay. The decay angles are described using a phasespace model, meaning
they are generated flat in all three angles, whereas the distribution of ¢? is not generated
flat. This choice of generation model is advantageous, as the efficiency shape in the fully
reconstructed and selected sample in the decay angles is the shape of the acceptance effect and
can be parameterised directly. As the ¢ spectrum is not flat at the generator-level, weights
are determined as a function of ¢? on a large sample of 50M events at generator-level to correct
for the non-flatness. These weights are then applied to the fully reconstructed and selected
sample, such that also the ¢? efficiency shape corresponds directly to the shape induced by
the acceptance effect. The effect of the weights on the ¢? distribution of the generator-level
sample is shown in Fig. As the angular distribution generated under a phasespace model
is independent of 2, the angular distributions also remain flat at generator level after the
application of the weights to correct for the non-flatness in ¢%.

_ xo
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Figure 7.1: The ¢ distribution for the phasespace MC at generator-level is shown before (left)
and after (right) applying weights to force the ¢? distribution to be flat.

The sample used to determine the acceptance for the combined 2011 and 2012 data sample,
is simulated using only 2012 data taking conditions. This is possible as the reconstruction
and trigger conditions are similar enough to allow the 2012 simulation to be used for both
years. In contrast, the data taken in Run 2 of the LHC need a separate parameterisation of the
acceptance effects, as the data taking conditions and the performance of the PID variables are
significantly different from the conditions in Run 1. The Run 2 data set is further subdivided
into data taken in 2016 (Run 2pl) and data taken in 2017 and 2018 (Run 2p2). This is
motivated by different trigger thresholds between the two subsets and a bug being present
in the trigger configuration causing the DiMuonDetached and DiMuonDetachedHeavy lines to
be virtually identical and subsequently introducing a step like behaviour in both data and
simulated events in the 2016 sample. To determine the acceptance for 2016 data, the simulated
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sample use the running conditions from 2016, while for 2017 and 2018 data, a simulated sample
with 2017 data taking conditions is used. Only using a simulated sample with 2017 data taking
conditions is again possible due to the near-identical data taking conditions in 2017 and 2018.
The corrections described in Sec. are applied to each of the simulated samples used to
calculate the acceptance. These corrections are the reweighting of the track multiplicity, the
B? pr spectrum and the LO response using the TISTOS method, as well as the PID resampling
using the MEERKAT tool.

The one-dimensional projections of the angular acceptance in the decay angles and ¢ are
shown in Figs. for Run 1, Run 2p1 and Run 2p2, respectively. The distribution of events
as found in simulation are indicated as crosses while the solid line indicates the parameterisation.
The ¢? distribution shown in Fig. exhibits a step-like feature around 9.5 GeV?/¢* for the
Run 2p1 simulation caused by the omission of the DiMuonDetached trigger in the 2016 selection.
The omission originates from the aforementioned bug incorrectly setting the threshold in ¢? such
that the DiMuonDetached line has almost 100% overlap with the DiMuonDetachedHeavy trigger.
As a consequence of this incorrect threshold, the low ¢? region is not as populated as it should
be, which causes this step-like feature. However, this step can be described by the acceptance
parameterisation using the chosen orders in ¢?. The distributions of the three angles are well
described for each year, which confirms the use of only even orders to be sufficient.
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Figure 7.2: One-dimensional projections of the angular acceptance as found in simulated events
overlaid with the parameterisation for Run 1 simulation. From left to right and top to bottom,
the distributions in cos 0, cos#;, ¢ and ¢* are shown.

In principle, the acceptance also affects the decay-time distribution (¢) of the B? meson,
however, as this analysis is performed time-integrated, this t-dependency is not taken into
account by default. A systematic uncertainty for this choice is assigned in Sec.[8.4] Additionally,
a systematic uncertainty is assigned to the choice of using a simulated sample generated with
AT’y = 0, as discussed in Sec.
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Figure 7.3:
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For the corrections using weights, namely to correct the nTracks and the B? pr distributions,
and the LO TISTOS efficiency shape a systematic uncertainty is assigned, as outlined in Sec. [8.6]
For the correction of the PID response using the MEERKAT tool a separate systematic uncertainty
is assigned, which is the topic of Sec. 8.7 In addition, a systematic uncertainty estimating the
impact of the phasespace MC sample having limited statistics is assigned. This systematic
uncertainty is discussed in Sec. [8.8

7.2 Fit model

An unbinned maximum likelihood fit to the three decay angles (€ = (cos 6, cosfx,¢)) and
the reconstructed mass of the B? candidate (m (K™K~ u*u~)) is performed in regions of ¢* to
extract the angular observables Fi,, Ss, S;, As, ASE, S;, Ag and Ag, which were introduced
in Sec. 2.3.4 The data set used for this fit does not exclusively consist of signal events, but
also contains background events originating from combinatorial background. Other sources of
backgrounds such as single and double misidentification backgrounds contribute less than 0.5%
in any data set and will not be modeled as discussed in Sec. [6] The likelihood function (L) is
then given by

—In [,(m, Q|Xphy57 Xnuisance) = - Z In |:,Ptot (ma Q|Xphy37 Xnuisance)]

events

= — Z In [fsigpsig(mv Q|Xphys; Xnuisance)

events

+(1 - fsig)Pbkg<m7 Q|Xnuisance):| )

where Aphys and Apuisance denote the physics and nuisance parameters, fq, is the fraction of sig-

nal events, Pgq(m, Q|Xphys, Xnuisance) is the signal PDF and Pyig(m, Q|Xnuisance) the background
PDF. The mass and angular components of the PDF are assumed to factorise in both signal
and background, such that

7Dsig (bkg) (TTL, Q|>\phyS7 )\nuisance) = 7>sig (bkg) (m|>\nuisance> : 7Dsig (bkg) (Q|/\phy57 Anuisance) .

Furthermore, the maximum likelihood fit is performed simultaneously to the data taken in
Run 1, Run 2pl and Run 2p2 by combining the logarithmic likelihoods according to

RN = SV YRun 1
—1In »Ctot(m, Q|)\phys7 )\nuisance) = = Z In [Pmt(m’ Q|/\phy57 )‘nuisance)}
Run 1 events
2V YRun 2pl
— E In [Ptot (m7 Q‘)‘physa Anuisance ):|
Run 2pl events
=07 YRun 2p2
— E In |:7Dtot (m; Q|)\physa )‘nuisance )} :
Run 2p2 events

—

The angular component of the signal PDF (Pg,(€2)), is given by Eq. taking the angular
acceptance additionally into account. This is done either by performing a weighted fit, where
each event is weighted by 1/ e(ﬁ,q2) or directly as an additional term e(ﬁ,qQ) in the PDF.
Details on the implementation of the angular acceptance will be given in Sec. [7.2.2] The
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mass component of the signal PDF (Pgg(m)), is given by a sum of two Crystal Ball functions
(CB) [224], each of which is Gaussian function with a power-law tail. The parameters of the
CBs are the mean and width (o;5) of the Gaussian and the tail parameters (n;2 and ;).
Furthermore, a fraction (frac) relating the first and second CB is used as a parameter in for the
mass component of the signal PDF. The power-law tails of the two CBs are chosen to point to
opposite sides of the mean of the Gaussian.

The background PDF, Py (m, Q), is given by an exponential function for the mass com-
ponent, where the slope of the exponential function () is the only parameter. A product of
first order Chebychev polynomials (P") is used for the angular component. The background
PDF is, therefore, given as

Prig(m, cos by, cosbO, @) = Prkg(m) - Pokg(cos ;) - Prig(cos k) - Pokg ()
1
= — - exp(—am -m) - [1+ &= P (cosh))]

N

14 €955 PER (cos B )]
[+ PO,

where N is the normalisation of the background PDF, the c]1 are the coefficients for the Cheby-
chev polynomials of the decay angle j and are free parameters in the fit.

Several systematic uncertainties are assigned to specific choices made in the fit model:
The size of the effect induced by omitting peaking backgrounds in the fit model is covered by a
systematic uncertainty, as described in Sec.[8.2] In Sec.[8.9] a systematic uncertainty is assigned
to the choice of a double CB as the signal mass model. A further systematic uncertainty is
assigned to the use of a product of first order Chebychev polynomials instead of using higher
orders, as discussed in Sec. [8.10]

7.2.1 Fit model parameter determination

The fit model for the simultaneous fit consists of 17 free parameters for the three data sets in
the rare mode. Eight out of these 17 free parameters are the angular observables, which are
shared between the data sets, and three parameters are used to describe the signal fraction
in each of the data sets. The remaining six free parameters are connected to the description
of the combinatorial background, with three parameters encoding the slope of the exponential
describing the mass component in each data set and the other three free parameters correspond
to the coefficients of the Chebychev polynomials. The coefficients of the Chebychev polynomials
are shared across the data sets to stabilise the fit. This stabilisation of the fit is especially
important in the ¢* region ¢ € [0.1,0.98] GeV?/¢*, in which only very few background events
are available.

The parameters of the signal mass model are fixed from simulation or control mode data.
The mean and the width of the CBs in each data set are taken from control mode data and
the tail parameters as well as the ratio between the CBs are taken from simulated B — J/) ¢
events. To account for ¢ dependent resolution effects in the rare mode, a scale factor (s) is
introduced in the rare mode for the widths. The scale factor is determined for each ¢ region
on simulated B? — ¢ut ™ events generated according to the BTOSLLBALL v6 model by fitting
the reconstructed mass of the BY candidate. The scale factors are shown in Fig. .

The ranges for the angular observables are set to the range [—1, 1], except for F}, where
the lower bound is set to the physical boundary of zero. All angular background parameters
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are allowed to float in the fit in the range of [—2,2].
A systematic uncertainty is assigned for the effect sharing the angular background param-
eters negligible has on the angular observables. This is discussed in Sec. [8.11}
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Figure 7.5: Factors s to scale the fit model widths from control to rare mode in order to
account for the ¢g>-dependent mass resolution.

7.2.2 Implementation of the angular acceptance in the likelihood

The effects of selection, reconstruction and resolution distort the distributions of the decay
angles and ¢?. Therefore, it is crucial to account for the acceptance effect in fits to data or
simulated events. The acceptance effect can be either included by performing a weighted fit,
in which the events are weighted by 1/e($, ¢%), or by directly including the effect in the signal
PDF.

In the first option, the per-event weight (w,) is included in the likelihood as follows

—Inf =— Z We X lnptot(ﬁe7m€>

event e

In this approach, all events will be weighted, meaning not only events originating from B? — ¢u™tp~
decays but also those originating from background candidates. However, the background events
are still well described with a first order polynomial even when correcting for the angular accep-
tance. The weighted fit approach is the preferred for the wide ¢* regions, ¢* € [1.1,6] GeV?/c?]
and ¢* € [15.0,18.9] GeV?%/ ¢!, considering that this method can account for possible variation
of the acceptance within a ¢? region. Furthermore, the expected signal yield in these ¢* regions
is sufficiently large to reduce possible fit stability issues arising from the use of a weighted fit.
Special care needs to be taken when estimating the parameter uncertainties since weighted fits
in general need special methods to give correct coverage [190]. Obtaining uncertainty estimates
via bootstrapping has been shown to generally be a reliable method of guaranteeing good cov-
erage in weighted fits [190]. As such, the bootstrapping approach described in Sec. is used
in this analysis. The coverage is validated on pseudoexperiments as outlined in Sec. [7.3.3]

The second option to include the acceptance effects is the inclusion of the efficiency in the
signal PDF. The signal PDF is then given by
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events A/;rg

_ Z [ln ( ) +1n (Psig(m, Q|Xphys, Xnuisanw))]

events

+N/\/;ig )

where N is the number of events and /\fsig is the normalisation of the signal PDF. The term
In ((—:(Q, q2)) is a constant for a given data set and can, therefore, be neglected in the minimisa-

tion without changing the physics parameters at the minimum. In contrast, the normalisation
of the signal PDF needs to be taken into account in the minimisation. It can be written as

= 32% (;/Si&((f)dq? +Z/Ajfj(q2)dqz> :

where the index 7 is taken for the CP-averages S; from [lc, 3,4, 7], the index j is taken for the
CP-asymmetries from [5,6s,8,9]. The angular terms f; (j)(ﬁ) are defined by Eq. and & ;)
encodes the mtegral of the efficiencies and projected onto the angular terms and is defined as
&y =/ (Q @) fi)(Q )dQ This approach of 1nclud1ng the angular acceptance in the signal
PDF is the preferred approach for the narrow ¢? regions, as it is more stable than a weighted
fit for low event yields. As the acceptance is not expected to vary significantly over the narrow
¢* region, the acceptance is evaluated at a single point in ¢?. This evaluation point is the
median value for the ¢? distribution in a given ¢? region. The median value is determined on
simulated events of the BY — ¢u™u~ decay generated according to the BTOSLLBALL v6 model.
A systematic uncertainty for this choice is assigned in Sec.[8.12, For the narrow ¢ regions, the
statistical uncertainties are determined using the Hessian matrix, as implemented in the ROOT
framework in the HESSE function. Before running HESSE, the limited parameter range imposed
during the fitting procedure is removed. This results in good uncertainty coverage, as discussed

in Sec. [7.3.3]

7.3 Fit validation

When performing an angular analysis, it is crucial to validate the fit behaviour before performing
a fit to the rare mode data. In this analysis three avenues are used to perform this validation.
The validation is performed with simulated events, as described in Sec. [7.3.1] using control
mode events in data, as discussed in Sec. [7.3.2] and with pseudoexperiments, as introduced in
Sec. [7.3.3] These three options have different advantages and can be used to probe different
effects. Simulated events can be used to validate the acceptance, by comparing the extracted
observables corrected for acceptane effects to the observables used in generation. Each of the
three acceptance parameterisations is validated independently of each other with this method.
As the values for the B — J/i) ¢ control mode have been measured before, the values extracted
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from fits to control mode data can also be used to validate the fit behaviour and the angular
acceptance. The control mode data can further be used to validate the simultaneous fit, by
validating that the angular observables extracted from fits to the individual data sets agree and
that the results of the individual data sets agree with those of the simultaneous fit. The third
option, namely the use of pseudoexperiments, allows to test the coverage and fit bias for the
expected event yields in the rare mode fits.

7.3.1 Fit validation using simulation

The parameterisation of the acceptance is validated by comparing the angular observables ex-
tracted from fits to generator-level simulation to those from fits to fully reconstructed and
selected simulation. If the acceptance correctly describes all reconstruction, selection and res-
olution effects, the angular observables in the fit to the fully reconstructed and selected simu-
lation will be the compatible with those extracted from the generator-level sample within the
statistical uncertainty.

The values for the observables on generator-level are extracted by performing a fit to a
privately generated, high yield sample. This sample contains 50 000 000 events that have been
generated according to the BTOSLLBALL v6 model [212,213]. Considering the size of the simu-
lated sample, a fast simulation technique known as particle gun [237,238] is used, where only
the signal decay is generated and simulated instead of the full proton-proton interaction. For
this sample, PHOTOS [206] is not used in the generation, as the acceptance includes corrections
for the emissions of photons. In the fit to this sample, the angular acceptance is not taken into
account considering the generator-level simulation does not suffer from detector effects.

To extract the observables from fits to fully reconstructed and selected simulation, sam-
ples centrally generated by the LHCb collaboration according to the BTOSLLBALL v6 model
are used. These fits are performed separately under Run 1, Run 2pl and Run 2p2 data tak-
ing conditions. The angular acceptance is implemented as described in Sec. [7.2.2] A visual
comparison of the angular observables extracted from fully reconstructed and selected simu-
lation and the comparison with generator-level values can be found in Fig. [7.6] The shown
uncertainties are only of statistical nature. The values extracted from the fits to reconstructed
simulation typically agree with the values from the fit to generator-level simulation at the level
of 0.01 or lower. The most significant deviation found is 0.023 for 2016 simulation in Fy, in
the ¢2 region [0.1,0.98] GeV?/ct. The significance of this deviation depends on what is consid-
ered the appropriate uncertainty. One can consider just the statistical uncertainty from the
fit, the statistical uncertainty from the fit plus relevant systematic uncertainties (i.e. involving
the acceptance) or the expected sensitivity from data. These options correspond to the signifi-
cances of 4.4 OMC stats, 2.6 OMC statistics+relevant systematic OT 0.5 Oexpected sensitivity TeSpeCtiVely‘ The
second of these options is the most reliable as the relevant effects are considered and should,
therefore, be used to evaluate the deviation. Taking the number of observables and number
of ¢? regions used in this validation into account, the deviation of 0.023 with a significance of
2.6 OMC statisticstrelevant systematic 15 considered to be acceptable. As a consequence, the overall
agreement is considered to be good.
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Figure 7.6: The extracted values for the angular observables are shown as a function of ¢?.
From left to right (first row) Fy,, S3 and Sy, (second row) Az, A%, and S7, and (third row) Ag
and Ag are shown. In red, violett and green observables extracted from the fully reconstructed
simulation generated under Run 1, Run 2pl and Run 2p2 data taking conditions are shown,
respectively. The blue hatched regions indicate the 1 ¢ region of the values from the generator-
level simulation.
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7.3.2 Fit validation using control mode data

Several aspects of the fit can be validated with a fit to control mode B? — J/i) ¢ data. These
aspects are the general ability of the PDF to describe the data, the compatibility of the three
control mode data sets with each other, the correction for the angular acceptance and the
behaviour of the simultaneous fit. These validation steps include fitting each individual data
set and comparing the extracted values to each other and to previously published results. The
results of these validation steps will be presented in the following.

7.3.2.1 Results from control model fits

In order to validate the full simultaneous angular fit, the result from the simultaneous fit to
control mode B? — J/i) ¢ data across all data-taking periods is compared with the results to
individual fits of each data-taking period. These fits use the fit model described in Sec.[7.2] In
Figs. [7.7}[7.9] the projections of the fits to the independent data sets onto the mass and the three
decay angles are shown for the Run 1, Run 2pl and Run 2p2 data sets, respectively. The pulls
comparing the data distribution and PDF projections for all data sets statistically fluctuate
around 0 and are, therefore, considered to be well described.
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Figure 7.7: The projections of the angular fit on B — J/ib ¢ control mode data using Run 1
data are shown. From top left to bottom right, the distribution of the mass (logarithmically),
cos Oy, cosf; and ¢ are shown. Each pull fluctuates around 0 and does not show any sign of
obvious misbehaviour of the fit.
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Figure 7.8: The projections of the angular fit on B?— J/i) ¢ control mode data using Run 2pl
data are shown. From top left to bottom right, the distribution of the mass (logarithmically),
cos Ok, cos and ¢ are shown. Each pull fluctuates around 0 and does not show any sign of
obvious misbehaviour of the fit.
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Figure 7.9: The projections of the angular fit on B?— J/i) ¢ control mode data using Run 2p2
data are shown. From top left to bottom right, the distribution of the mass (logarithmically),
cos Ok, cos; and ¢ are shown. Each pull fluctuates around 0 and does not show any sign of
obvious misbehaviour of the fit.
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In Fig. the differences for the obtained angular observables between the simultaneous
fit of BY — J/p ¢ control mode data and the fits to the individual data sets are given. The
uncertainties for the angular observables are only of statistical nature and expected to be sys-
tematically dominated. For the fits to the individual data sets, a mild tension in S3 of 2.3 ggat.
can be seen between the fits to Run 1 and Run 2 data, however, this is unremarkable given
the number of observables being compared. Furthermore, the absolute size of this deviation
(0.013) is negligible compared to the expected precision on the rare mode, which depends on
the ¢* region and is in the range of [0.042,0.089] for S3. The three data sets are, therefore,
considered to be in good agreement with each other.
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Figure 7.10: The difference in the angular observables between the simultaneous fit of
B — J/b ¢ control mode data and the fits to the individual data sets are given in red, black
and blue for Run 1, Run 2pl and Run 2p2 data, respectively.

7.3.2.2 Comparison with dedicated B2—> J/1 ¢ analyses

Comparing the measured observables to the ones from a dedicated BY — J/i) ¢ analysis per-
formed at LHCb [239,1240], is not straightforward as dedicated B? — J/i) ¢ angular analyses
typically measure transversity amplitudes as opposed to the angular observables measured in
this analysis. However, the angular observables and the transversity amplitudes are linked to an-
other as the angular coefficients (I;) depend on the transversity amplitudes as shown in Eq. 2.7,
Furthermore, the comparison is complicated due to the fit strategy employed in this analysis
differing from the strategy used in the dedicated B?— J/i) ¢ analyses. The latter typically are
time-dependent, flavour-tagged analyses that take the spin-0 component of the KK~ system
(S-wave) explicitly into account. The differences in fit strategy arise from the branching frac-
tions of the two decay modes being vastly different. The branching fraction of the B — J/) ¢
mode is roughly a factor 100 larger than that of the B — ¢u™p~ mode over the complete ¢?
range. As a consequence the yields are roughly 100 times as large in the B — J/)¢ mode
and the dedicated B? — J/i) ¢ analyses are able to be performed time-dependent and flavour-
tagged, but are also required to consider the approximately 2% of S-wave events. Therefore,
the measured angular observables illustrated in Fig. can only be meaningfully compared to
the transversity amplitudes measured in the dedicated analyses [239,240], which are performed
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at LHCb using Run 1 and Run 2p1 data, by converting the angular observables to transversity
amplitudes while the differences in the fit strategies are corrected for.

The conversion of the CP-averaged observables to the transversity amplitudes is done using
Eq. 2.7 Following these equations, the observables F}, and S; are given as

A + A

N N ()

_ LALOF + AL =40 - |40
2 N(t) ’

Fi(t)

and Sg (t)

where N (t) is a shorthand for the normalisation, defined as
< 2
Ny = 3 (AP +[A0F) .
i=0,L,|

As the amplitudes are time-dependent, the angular observables exhibit a dependence on the
decay time as well. Following Ref. [241], the time dependence of the amplitudes A;(t) has the
form

|Az’(t)|2 = |Ai(0)|2 e Tst (cosh <A2FS

t) — & cos(¢s) sinh <A2FS t) + & sin(¢s) sin(Amst)) :
where the index ¢ indicates the polarisation and is taken from [0, L, ||], the factor &; is +1 for
the polarisations 0 and || or —1 for the polarisation 1, AT’y denotes the decay width difference
of the mass eigenstates of the two BY? meson and ¢, denotes the CP-violating phase in the
BY system. The barred amplitudes A;(t) have the same general dependency but the sign of
the term &; sin(¢s) sin(Amgt) is flipped. Therefore, this last term vanishes when summing the
amplitude and the barred amplitude.

In the dedicated amplitude analyses, the values of the amplitudes are taken at ¢t = 0. In
this case, the amplitudes can be expressed as

(7.1) [Ao(0)* + | Ao (0)]" = F.(0)

(7.2) and A, (0) +|4,(0)) = (sg(()) _ “TFL(O)) .

This expression even holds true for all ¢ if the decay width difference is negligible, i.e.
ATy = 0, or if the efficiency is nearly independent of t. For Al'y # 0 and a significant time-
dependence of the efficiency, the time-integrated angular observables measured in data include
the integral over the time-dependent selection and reconstruction efficiency, €(t). The angular
observables F1, and S3 as measured from data are given by

Jo et (|A0 &) + | Ao(t) \2> dt
e ([ + [Ao®) | + [ALOP + [AL®)]” + [A ) + |4 0)])at
S e (AL + AL O] — |40 — [Ay@)|")dt
2 [ e(t) (| Ao ()2 + |Ao() " + |AL(O + | AL )] + |4 0)] + |4, ()] )t

=

and S3 =
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These two equations can now be solved for the transversity amplitudes. The detailed cal-
culation is given in App. . The final equations for |Ay(0)|* + ‘AO(O)|2 and [AL(0)]* + ‘/L(O)‘?

are given by

2 7 2 (283—FL,+1)

(7.3) [40(0)]" + }A0(0)| = I (1 + F+(1_253+F;)+FL,(1+253—FL)) (Fy = F—))
2 - 2 F_(2835—Fi,+1)

<74) |AJ‘<O)| + |AJ‘(0) | - F+(17253+FL)3+F_L(1+2537FL) ’

where F. are terms absorbing the integral of the product of the time-dependent efficiency e(t)
with the time-dependent components of the amplitudes. They are defined as

Fy = /OO e(t)e Tt (cosh <%t) + cos(¢,) sinh (A;St>) dt.
0

The time-dependent efficiency is determined using fully reconstructed B? — J/ib ¢ simulation
and a privately produced generator-level BY — J/i) ¢ simulation, generated with the fast simu-
lation technique known as particle gun [237,238].

Since the S-wave component is neglected in this analysis, but not in Refs. [239] and [240],
the amplitudes are corrected for the effect of including the S-wave in the angular decay rate.
There are two key effects to consider: The effect of the S-wave on the overall normalisation of
the P-wave PDF, and the effect of the S-wave angular terms on the measured P-wave angular
observables. The change in normalisation is an effect on the percent level and is trivial to
correct for. To account for the new normalisation, an additional factor of ﬁ, where Fy is
the fraction of the S-wave, is included in the P-wave PDF. Thus each angular observable is
rescaled by this factor. In contrast, the effect of including the full PDF for the S-wave in the
fit is expected to be small and non-trivial to correct for. As such, this effect is neglected

The dedicated analyses measure the S-wave contamination in 6 bins in mgg. To obtain the
expected value of Fs for the single mgg bin, the values from the internal LHCb notes for the
dedicated analyses are averaged over accounting for the relative contributions. The resulting
S-wave fractions are F&g"™ = 0.024 4 0.005 and FZ"""™**' = 0.021 + 0.003.

The results of the fits to B? — J/) ¢ events in the three data sets are compared to the
dedicated analyses [239,[240] in Tab. [7.1] The results that are corrected for the effects of
the time-integration and the S-wave agree well with those from the dedicated analyses. The
largest difference observed is a 2.6 044 shift between the | Ag|? value found in Run 2p2 and the
one found in the dedicated analysis of Run 2p1 data [240][T] This corresponds to an absolute
difference of 0.0114, which is substantially smaller than the expected statistically uncertainty
in the rare mode and, therefore, considered to agree sufficiently well. The central values for
Run 1, Run 2pl and Run 2p2 agree at the level of 1.5 gy, or better with each other.

The effect neglecting the S-wave component has on the rare mode is assigned as a systematic
uncertainty, as discussed in Sec. [8.13] Similarly, effects due to the lifetime dependent efficiency
are considered as a systematic uncertainty, as discussed in Sec. 8.4

IThe significance takes both statistical uncertainties into account and assumes them to be independent of
another.
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Table 7.1: Summary table for the comparison of the transversity amplitudes |Ao|* and |A|*
determined from fits to B? — J/i)¢ data in each Run period are compared to those measured
in Ref. [239] and Ref. [240]. The fit results are stated both with the corrections concerning the
time-integration and the S-wave. The corrected fit results are given without uncertainties as
no systematical uncertainties are estimated and the coverage of the statistical uncertainties has
not been tested.

PRL 114 (2015) 4 Run 1 | EPJC 80, 601 (2020) | Run 2pl | Run 2p2
corrected corrected | corrected

|AO|2 0.5241+£0.0075 0.5235 0.5186+0.0037 0.5283 0.5300
|AL|2 0.250440.0061 0.2515 0.2456+0.0044 0.2459 0.2457

7.3.3 Fit validation using pseudoexperiments

To further validate the simultaneous fit of the rare signal mode, the bias and coverage of the
angular observables extracted by the fit are determined using pseudoexperiments for each ¢?
region. For each ¢* region 5000 pseudoexperiments are performed. A simultaneous fit to three
separately generated pseudo data sets, representing the Run 1, Run 2pl and Run 2p2 data
sets, is performed for each pseudoexperiment. The event yields for each of the data set is
taken from blind fits to the mass distribution of the corresponding data set. Furthermore, the
values for the angular observables used for the generation are taken from blind fits to data
(best-fit values). Due to potential statistical fluctuations in the fit parameters there is no
guarantee that the signal PDF calculated using observables from data will be positive across
the entire angular phasespace. Pseudoexperiments generated flat across the decay angles are
used to determine whether the signal PDF in a given ¢? region has negative PDF regions for the
angular observables taken from data. For each of the pseudoexperiments, 100 000 pseudoevents
are generated. Using these pseudoexperiments, the best-fit values for the angular observables
are found to have a signal PDF which is positive across the entire angular phasespace for
all ¢? regions, with the exception of the ¢* regions [4.0,6.0] GeV¥c* and [11.0,12.5] GeV?¥/ct.
For these ¢? regions, the fraction of pseudoevents with a negative signal PDF are 1.43 % and
0.22 %, respectively, and the fraction of data events with a negative signal PDF 0.3 % and
0 %, respectively. To avoid any bias from the negative PDF regions due to the generation of
pseudoevents, in the two affected ¢? regions, new sets of angular observables with a purely
positive PDF are used to generate the pseudoexperiments instead. The new sets of angular
observables are ensured to be the ones closest to the best-fit set with a purely positive signal
PDF by minimising over the Euclidean distance d. The distance defines how close an alternative
set of observables is and is given as

2
Anew — Qorig.
d— 3 Onew — Qorig. ) -
Ou

a€angular observables

where o is the uncertainty on the angular observable as taken from HESSE. To find the minimum
for d, 1000000 sets of angular observables are generated. The set with the lowest value for d
for which none of the 100000 generated pseudoevents in a pseudoexperiment, generated flat in
the decay angles, has a negative signal PDF is chosen to generate the pseudoexperiments for
the ¢* regions [4.0,6.0] GeV?%/¢* and [11.0,12.5] GeV?/c?.
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To determine the bias and coverage, the value and pull distributions of each angular ob-
servable are fit with Gaussian distributions, where the pull is defined as the difference of the
fitted and generated values divided by the uncertainty of the fit (#*=") The results from
the fit validation pseudoexperiments are given in Tabs. [T.2{7.8] The proportion of fits that
successfully converged, defined as MIGRAD having found a minimum with sufficient precision
within 40000 iterations (return code 0) and for HESSE to be positive definite (return code 3),
for each ¢? region is given in the captions of the tables.

The fits to the pseudoexperiments exhibit good behaviour, with most biases being less
than 10% of the statistical uncertainty. The largest bias is found to be approximately 15% of
the statistical uncertainty in the ¢* region [4.0,6.0] GeV%/c*. The remaining bias in the value
distribution is assigned as a systematic uncertainty, as discussed in Sec. [8.14] The pull widths
in general indicate slight undercoverage but are mostly contained within the region of [0.9, 1.1].
In the final fit to data, the coverage is corrected by multiplying the uncertainty given by HESSE
(ougpsse) by the pull width found in the pseudoexperiments as follows

Ovalue = ougsse X pull width |
where oyame represents the true error. All distributions of the pulls can be found in App. [D]

Table 7.3: Absolute bias, pull means and pull
widths for the angular observables from blind
fits to data in the bin from 1.1 to 4.0 GeV?/c?
are shown. 5000/5000 pseudoexperiments con-
verged successfully.

Table 7.2: Absolute bias, pull means and pull
widths for the angular observables from blind
fits to data in the bin from 0.1 to 0.98 GeV?/c?
are shown. 4818/5000 pseudoexperiments con-
verged successfully.

variable bias pull mean pull width variable bias pull mean pull width
F, 0.002 £ 0.001 | —0.004 £ 0.015 | 1.048 +0.011 F, 0.002 £ 0.001 0.045 £0.014 | 1.022 £ 0.010
Ss 0.002 £ 0.001 0.030 £ 0.014 | 1.005 % 0.010 Ss —0.000 = 0.001 | —0.006 £ 0.015 | 1.063 £ 0.011
Sy 0.004 £ 0.001 0.079 £ 0.016 | 1.084 +0.011 Sy —0.000 £ 0.001 | —0.017 £ 0.015 | 1.031 £ 0.010
As —0.000 £ 0.001 | —0.003 £ 0.015 | 1.037 £ 0.011 As 0.002 £ 0.001 0.030 £0.014 | 1.021 £ 0.010
AGE 0.009 £ 0.001 0.139 £ 0.014 | 1.001 £ 0.010 AGE 0.000 £ 0.001 0.015 £ 0.015 | 1.052 +£0.011
Sz 0.000 £ 0.001 | —0.017 £ 0.015 | 1.057 £ 0.011 Sz —0.001 £ 0.001 | —0.015+0.015 | 1.028 £ 0.010
As —0.004 +0.001 | —0.055 £ 0.015 | 1.044 £ 0.011 As 0.001 £ 0.001 0.017 £ 0.015 | 1.028 £ 0.010
Ay 0.001 £ 0.001 0.015 £ 0.015 | 1.054 +0.011 Ay 0.001 £ 0.001 0.016 £+ 0.015 | 1.055 4+ 0.011
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Table 7.5: Absolute bias, pull means and pull
widths for the angular observables from blind
fits to data in the bin from 6.0 to 8.0 GeV?/c!
are shown. 5000/5000 pseudoexperiments con-

Table 7.4: Absolute bias, pull means and pull
widths for the angular observables from blind
fits to data in the bin from 4.0 to 6.0 GeV?/c!
are shown. 4999/4999 pseudoexperiments con-

verged successfully.

verged successfully.

variable bias pull mean pull width variable bias pull mean pull width
a3 0.002 £ 0.001 0.056 £ 0.015 | 1.063 = 0.011 a3 —0.000 £ 0.001 0.004 £ 0.015 | 1.028 £ 0.010
Ss —0.010 £0.001 | —0.152 £0.016 | 1.140 £ 0.011 Ss —0.000 £ 0.001 | —0.001 £0.015 | 1.055 £ 0.011
S —0.009 £ 0.001 | —0.127 £ 0.016 | 1.098 £ 0.011 S —0.001 £ 0.001 | —0.033 £ 0.015 | 1.040 £ 0.010
As —0.003 +0.001 | —0.046 4+ 0.015 | 1.090 + 0.011 As 0.001 £+ 0.001 0.014 +0.015 | 1.034 £ 0.010
ASE —0.002 +0.001 | —0.036 + 0.015 | 1.065 £+ 0.011 ASE 0.001 £+ 0.001 0.016 4+ 0.015 | 1.046 +0.010
Sz 0.003 £ 0.001 0.044 4+ 0.015 | 1.040 +0.010 Sz 0.002 £ 0.001 0.026 4+ 0.015 | 1.031 +0.010
As 0.001 £ 0.001 0.015 4+ 0.015 | 1.054 +0.011 As —0.002 +0.001 | —0.041 +0.014 | 1.021 £ 0.010
Ay 0.001 £ 0.001 0.021 £ 0.016 | 1.098 +0.011 Ay 0.001 £ 0.001 0.007 £ 0.015 | 1.060 + 0.011

Table 7.6: Absolute bias, pull means and pull
widths for the angular observables from blind
fits to data in the bin from 11.0 to 12.5 GeV?/c!
are shown. 5000/5000 pseudoexperiments con-
verged successfully

variable bias pull mean pull width
F, 0.001 +£0.001 |  0.005+0.014 | 1.014 £+ 0.010
Ss 0.001 £ 0.001 | —0.011 £ 0.015 | 1.049 £+ 0.010
Sy —0.004 £0.001 | —0.094 £ 0.015 | 1.073 £ 0.011
As 0.001 +£0.001 | 0.018 £0.015 | 1.049 £+ 0.010
ASE —0.000 £ 0.001 | —0.004 £+ 0.014 | 1.008 £ 0.010
Sz —0.000 £ 0.001 | —0.012 £ 0.015 | 1.037 £ 0.010
As 0.002 4+ 0.001 | 0.032+0.015 | 1.029 £+ 0.010
Ay 0.000 £ 0.001 |  0.009 £ 0.015 | 1.044 £+ 0.010

Table 7.8: Absolute bias, pull means and pull
widths for the angular observables from blind
fits to data in the bin from 15.0 to 18.9 GeV?/c!
are shown. 5000/5000 pseudoexperiments con-

Table 7.7: Absolute bias, pull means and pull
widths for the angular observables from blind
fits to data in the bin from 1.1 to 6.0 GeV?/c*

are shown. 5000/5000 pseudoexperiments con-

verged successfully.

verged successfully.

variable bias pull mean pull width variable bias pull mean pull width
F, 0.001 £ 0.001 0.051 +0.014 | 1.003 +0.010 F, —0.003 +0.000 | —0.138 +0.015 | 1.044 £ 0.010
Ss 0.001 £ 0.001 | —0.004 £+ 0.015 | 1.027 £ 0.010 Ss —0.001 +0.001 | —0.078 £ 0.014 | 1.020 £ 0.010
Sy —0.001 £ 0.001 | —0.044 £+ 0.015 | 1.027 £ 0.010 Sy —0.000 + 0.001 | —0.046 +0.014 | 1.016 £ 0.010
As —0.000 + 0.001 | —0.016 £ 0.014 | 1.002 £ 0.010 As 0.001 £ 0.001 0.001 £ 0.015 | 1.028 +0.010
ASE —0.001 £ 0.001 | —0.031 +0.014 | 1.016 £ 0.010 ASE 0.000 £ 0.000 | —0.006 £ 0.014 | 1.011 £+ 0.010
Sz —0.001 £ 0.001 | —0.017 £ 0.014 | 1.009 £ 0.010 Sz 0.001 £ 0.001 0.011 £ 0.014 | 1.000 + 0.010
As 0.000 £ 0.001 0.001 £ 0.014 | 1.000 + 0.010 As 0.001 £ 0.001 0.016 £ 0.015 | 1.039 +0.010
Ay —0.000 + 0.001 | —0.018 £ 0.014 | 1.001 £ 0.010 Ay 0.000 £ 0.001 | —0.002 £ 0.014 | 1.023 £ 0.010
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Chapter 8

Systematic uncertainties

In this Chapter, the approach to determine the systematic uncertainties will be introduced in
Sec. and all considered sources of systematic uncertainty will be discussed, subsequently.
These include the systematic uncertainties associated with the omission of peaking backgrounds
in the fit model (Sec. , the choice of the acceptance orders (Sec. , the effect of neglecting
time-dependent efficiencies (Sec. , the effect of using simulated B? — ¢u*u~ events with
ATy = 0 (Sec. B.5)), the corrections to simulation excluding PID (Sec. [8.6]), the PID correction
(Sec. , the effect of limited size of simulated samples on the angular acceptance (Sec. ,
the choice of the signal mass model (Sec. [8.9), the background modeling (Sec. [8.10)), sharing
the angular background parameters across data sets(Sec. , using an acceptance evaluation
point in ¢* (Sec. , neglecting the S-wave contribution (Sec. , and the remaining fit
bias (Sec. [8.14). The combination of the systematic uncertainties is given in Sec. [8.15

8.1 Approach to the determination of systematic uncer-
tainties

Systematic uncertainties are determined for specific assumptions taken in this analysis, such as
the maximum order of the acceptance or signal mass model amongst others. These choices can
bias the measured angular observables. The sources of systematic uncertainty can be divided
into two categories: (i) effects arising from mismodelling of the angular acceptance, (ii) effects
due to assumptions imposed on the fit model and effects originating from the composition of
the events (e.g. additional background events). The procedure used to determine systematic
uncertainties relies on pseudoexperiments.

For systematic uncertainties arising through case (i), an alternative acceptance is calculated
and used to generate pseudoexperiments in each ¢? region. The generated pseudoexperiments
are then fit once using the varied acceptance and once using the default acceptance. These fit
results are generally not identical and exhibit shifts in the angular observables. The resulting
distribution of the differences between the ensembles of observables extracted from the fits
using the altered and default acceptances is fit with a Gaussian function. The mean of this
Gaussian function gives the parameter shift and is quoted as the systematic uncertainty. By
fitting the pseudoexperiments twice, once with the alternative and once with the default model,
fluctuations introduced by finite pseudoexperiment statistics are reduced.

For the majority of systematic uncertainties falling under case (ii) a very similar approach
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is followed, but the pseudoexperiments are generated using an alternative fit model. The
experiments are then fit with both the default and alternative model, and the differences are
assessed in the same way.

An exception are systematic uncertainties relating to neglecting certain backgrounds in the
fit model. Here, it is not feasible to alter the fit model and instead only the composition of the
pseudoevents in the pseudoexperiments is altered to reflect the expected contamination from
given backgrounds. The systematic uncertainty is taken as the difference between the angular
observables used to generate the pseudoexperiments and the values for the angular observables
extracted from the fits.

For each pseudoexperiment, 50 000 events are generated for the Run 1 data set. The number
of events generated for the Run 2p1 and Run 2p2 data sets corresponds to 50 000 events scaled
with the ratio of the yields observed in blind fits to that ¢* region in Run 1 and Run 2pl or
Run 2p2, respectively. For each systematic uncertainty investigated, 500 pseudoexperiments
are generated per ¢? region. For the high statistics pseudoexperiments used for the evaluation
of the systematic uncertainties, the success rate of the fit is 100%.

8.2 Peaking backgrounds

Only background events originating from combinatorial background are considered in the fit
model used in the fit to data. In contrast, peaking backgrounds, namely, A — pK~pu*u~
and B°— K*9u* = decays, are neglected. The effect of neglecting these peaking backgrounds
is covered by assigning a systematic uncertainty. The systematic uncertainty is evaluated by
injecting events representative of the relevant neglected background into the pseudoexperiment.
The background shapes for A) — pK~pTp~ and B® — K*9u*pu~ decays for the angular and
mass distributions are modelled using a kernel density estimation obtained from simulation. The
number of events injected into each pseudoexperiment is determined by the ratio of expected
background to signal events as given in Tab. The pseudoexperiments are fitted and the
difference of the fitted value and the generated value for each angular observable is taken as a
systematic uncertainty.

The resulting absolute values for the systematic uncertainty are shown for every variable in
every ¢ region in Tab. [8.1] The systematic uncertainty is found to be 4.2% of the statistical
uncertainty or less.

Table 8.1: Values for the systematic uncertainty originating from neglecting the peaking back-
grounds in the fit model.

q2 region FL Sg S4 A5 Agf; 57 Ag Ag

0.1,0.98] GeV?/c? 0.000 0.000 0.000 0.000 0.000 | —0.000 0.000 | —0.000
[1.1,4.0] GeV?/c* | —0.000 0.000 | —0.000 | —0.000 | —0.000 | —0.000 0.000 0.000
[4.0,6.0] GeV?/c* | —0.000 | —0.000 0.000 | —0.000 0.000 | —0.000 | —0.000 0.000
[6.0,8.0] GeV?/c? 0.000 | —0.000 0.000 | —0.000 0.000 0.000 | —0.000 0.000
[11.0,12.5] GeV?/ct | —0.000 0.000 | —0.000 0.000 | —0.000 | —0.000 | —0.000 | —0.000
|

]

[1.1,6.0] GeV?/c* | —0.000 | —0.000 0.000 | —0.000 | —0.000 | —0.000 | —0.000 0.000
[15.0,18.9] GeV?/c* | —0.001 | —0.000 0.000 0.000 | —0.000 | —0.000 | —0.000 | —0.000
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8.3 Acceptance orders

The choice of the orders for the Legendre polynomials used to parameterise the acceptance
can potentially influence the fit results for the angular observables. Therefore, a systematic
uncertainty is assigned to the specific choice of orders by determining a new acceptance with
the next highest, allowed order. For the angles the orders are increased by 2 as only even orders
are taken into account and 1 for ¢? as also odd orders are used. With these new acceptances
the systematic uncertainty is evaluated according to approach (i). The resulting systematic
uncertainty is shown for every variable in every ¢? region in Tab.[8.2l The size of the systematic
uncertainty is below 2.3% of the statistical uncertainty in all ¢ regions except for the region
of ¢* € [15.0,18.9] GeV?/c* where it has a size of 31.7% of the statistical uncertainty. This ¢?
region is especially sensitive to small changes in the modelling of the acceptance given the low
number of events in simulation close to the kinematically allowed border of ¢* = 18.9 GeV?¥/¢*.

Table 8.2: Values for the systematic uncertainty originating from increasing the acceptance
orders to the next higher order.

q2 region FL 83 54 A5 A}gl]; 57 Ag Ag

0.1,0.98] GeV?/c* | —0.001 | —0.002 | —0.000 | —0.000 | —0.000 | —0.000 | —0.000 0.000
[1.1,4.0] GeV?/c* | —0.001 0.000 0.000 0.000 | —0.000 | —0.000 0.000 | —0.000
[4.0,6.0] GeV?/c* 0.001 0.000 0.000 | —0.000 0.000 0.000 0.000 | —0.000
[6.0,8.0] GeV?/c? 0.001 0.000 0.000 0.000 | —0.000 0.000 | —0.000 0.000
[11.0,12.5] GeV?/c! 0.000 | —0.000 0.000 | —0.000 0.000 | —0.000 0.000 | —0.000
]
]

[1.1,6.0] GeV?/c* | —0.000 0.000 | —0.000 | —0.000 0.000 0.000 | —0.000 0.000
[15.0,18.9] GeV¥/ct | —0.009 | —0.004 0.000 0.001 | —0.001 0.000 0.001 | —0.000

8.4 Effect of neglecting time-dependent efficiencies

The combined angular coefficients J; &+ J; used to construct the angular observables S; and
A; are time-dependent as can be seen in Eq. and Eq. [2.10] In this analysis, the angular
observables are measured integrated over time ignoring the time-dependent efficiency (e(t)).
The efficiency €(t) is determined from centrally produced B? — J/i) ¢ simulation, where the
normalisation is taken from a privately generated sample on generator level with particle gun.
The efficiencies for the three data sets are shown in Fig. 8.1} The difference between the time-
integrated observables using ¢(t) = 1 and €(t) as taken from simulated B? — J/i)¢ events is
assigned as the systematic uncertainty and can be found in Tab.[8.3] The time-dependent terms

have the form
> AT
/ e(t)e " cosh ( St) dt,
0 2

o Alt
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and the time integration is performed numerically in steps of size 0.2ps in the region of
t € [0,20] ps. Furthermore, the constants needed for the integral are taken as Al's/I'; = 0.166,
x = Am, /Ty = 26.89 and I'y = 65.6895 - 101571 [65], whereas the angular coefficients J;, J;
and h; are taken from the flavio software package. The s; coefficients are not implemented in
the flavio software package and are, therefore, calculated following Ref. [57].

This systematic uncertainty is below 19.7% of the statistical uncertainty everywhere and is
one of the dominant systematic uncertainties.

% 17LHCb unofficial _; :6/ 17LHCb unofficial \6/ 17LHCb unofficial ‘ _:
0.8F . 0.8F 0.8 ‘:_,.m..w.,m’mW ”w MH | .
0.6F . 0.6F 06f * | { |H} ]
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Figure 8.1: The efficiency of the selection for Run 1 and Run 2pl and Run 2p2 from left to
right, respectively, as a function of the time in units picoseconds.

Table 8.3: Values for the systematic uncertainty originating from the effect of time-dependent
efficiencies in the time integration.

q2 region FL 53 54 A5 Ag}}; 87 Ag Ag

0.1,0.98] GeV#/c* | 0.009 | 0.010 | 0.002 | 0.000 | 0.000 | 0.001 | 0.000 | 0.001
[1.1,4.0] GeV?/c* | 0.006 | 0.003 | 0.001 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000
[4.0,6.0] GeV?/c* | 0.006 | 0.004 | 0.002 | 0.001 | 0.000 | 0.000 | 0.001 | 0.000
6.0,8.0] GeV?/c¢* | 0.008 | 0.006 | 0.003 | 0.001 | 0.000 | 0.000 | 0.001 | 0.001
[11.0,12.5] GeV?/c* | 0.007 | 0.009 | 0.005 | 0.001 | 0.001 | 0.000 | 0.001 | 0.001
1.1,6.0] GeV#/c* | 0.006 | 0.004 | 0.001 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000

[
[15.0,18.9] GeV?/c* | 0.004 | 0.007 | 0.003 | 0.000 | 0.001 | 0.000 | 0.001 | 0.001

8.5 Effect of using simulated B? — ¢utp~ events with
Al'ys =0

Simulated B? — ¢utpu~ decays are generated assuming ATy = 0. This means that the BY
lifetime distribution is incorrectly modelled and the correlation between the lifetime of the
B? and the angular terms is lost. As a consequence, the resulting effect on the angular and
¢*>-dependent efficiency of any selection shaping the lifetime distribution may not be properly
modelled. To study the size of this effect, a data set is generated from a five-dimensional
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PDF which correctly accounts for the dependence of the decay rate on ¢?, the angles and the
BY lifetime. The five-dimensional PDF is taken from Egs. following Ref. [57]. The
numerical values for I;(¢%), I;(¢?) and h; are taken from the flavio software package [109], and
the lifetime I'y and lifetime difference AI'y are set to the values used in the EvtGen simulation,
namely I'y = 65.6895 x 10'°s~! and AT',/T'y = 0.166 [65]. Given that the CP-asymmetries are
approximately zero in SM, the time dependence of these terms are ignored.

Weights are then derived for the phasespace simulation used for the determination of the
angular acceptance by comparing the phasespace simulation at generator-level with the five-
dimensional distribution simulated using the PDF given by the flavio software package. Cru-
cially, the application of these weights to the phasespace simulation means that the angular
and ¢? distributions now follow a physics model, and are no longer flat at generator-level. To
ensure the efficiencies still have the correct shape, a second set of four-dimensional weights is
applied to guarantee flatness in the angles and ¢* at generator level. These weights correspond
to a division of the shape after all selection by the shape at the generator-level. This set of
two separate weights is used to determine an altered acceptance which is compared with the
default acceptance following approach (i). The resulting systematic uncertainty is shown for
every variable in every ¢? region in Tab. . This systematic uncertainty is found to be 25.0%
of the statistical uncertainty or less and constitutes the dominant systematic uncertainty in
most ¢* regions.

Table 8.4: Values for the systematic uncertainty originating from the effect of using simulated
B?— ¢uTu~ events with AT, = 0.

q2 region FL 53 54 A5 Ag]]; S7 Ag Ag

0.1,0.98] GeV#/c* | 0.011 | —0.010 | —0.000 | —0.000 0.000 | —0.000 | —0.000 | —0.000
[1.1,4.0] GeV?/c* | 0.007 | —0.003 0.001 | —0.000 | —0.000 0.000 | —0.000 0.000
[4.0,6.0] GeV?%/ct | 0.008 | —0.004 0.002 | —0.000 0.000 | —0.000 0.000 | —0.000
6.0,8.0] GeV#/¢* | 0.008 | —0.007 | 0.002 | —0.000 | 0.000 | —0.000 | —0.000 | —0.000

)

]

]

[11.0,12.5] GeV?/ct | 0.007 | —0.009 0.002 0.000 0.000 | —0.000 | —0.000 0.000
[1.1,6.0] GeV?/c* | 0.009 | —0.005 0.001 | —0.000 0.000 0.000 | —0.000 0.000
[15.0,18.9] GeV?/c* | 0.006 | —0.008 0.001 0.000 0.000 0.000 | —0.000 | —0.000

8.6 Corrections to simulation based on weights

The response of the LO trigger, the nTracks distribution and the B? pr distribution in simulation
are corrected for mismodelling by using weights derived from the B? — J/1) ¢ channel. These
weights can impact the efficiency shape in the decay angles and ¢?>. To estimate the size of
the systematic uncertainty arising from these corrections, angular acceptances are recalculated
without these corrections. This is performed for each of the three corrections and the largest
difference for a given angular observable is taken as systematic uncertainty. The resulting
systematic uncertainty is shown for every variable in every ¢? region in Tab.[8.5] This systematic
uncertainty is found to be 10.7% of the statistical uncertainty or less except for the ¢* region
of [15.0,18.9] GeV?/c*, where its size is 43.6% in Fy,. The large effect of the correction on the
angular observables in this ¢? region is due to a weighted fit being performed in this region. The
weighted fit is sensitive to large weights, which can occur in this ¢? region following to the sparse
population in simulation as a consequence of the kinematic boundary at ¢* = 18.9 GeV?/c?.
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Table 8.5: Values for the systematic uncertainty originating from the corrections to simulation.

q2 region FL Sg S4 A5 Agg 87 Ag Ag

0.1,0.98] GeV?/c* | 0.005 | 0.001 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000
[1.1,4.0] GeV?/c* | 0.003 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000
[4.0,6.0] GeV?/c* | 0.000 | 0.001 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000
6.0,8.0] GeV?/c* | 0.002 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000
[11.0,12.5] GeV?/c* | 0.004 | 0.001 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000
[1.1,6.0] GeV?/c* | 0.003 | 0.001 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000
[15.0,18.9] GeV?/c* | 0.013 | 0.002 | 0.000 | 0.001 | 0.000 | 0.001 | 0.001 | 0.000

8.7 Correction of the PID response

The PID response in the simulated samples is corrected for using the MEERKAT tool. Follow-
ing the recommendations given in the MEERKAT twiki [227], a systematic uncertainty for the
correction of the PID response is determined by using alternative PID response templates to
obtain the corrected PID response. There are separate templates covering two different effects.
The first alternative template estimates the effect associated with using a given kernel width
when parameterising the PID control samples. Here, the kernel density estimates in MEERKAT
are recalculated using a 50% wider kernel width. The second considered effect is the limited
size of the PID calibration samples used when correcting the PID variables. Here, five templates
are derived to estimate the size of this effect. While using only five different templates gives
limited precision, using five templates is sufficient given the small size of the effect. For each
new template the selection is then rerun with the new PID response variables. Using this new
selection a new acceptance is determined and the systematic uncertainty is determined follow-
ing approach (i). As these effects are independent of one another, they are added in quadrature.
The resulting systematic uncertainty is shown for every variable in all ¢? regions in Tab. [8.6]
This systematic uncertainty is found to be 6.6% of the statistical uncertainty or less.

Table 8.6: Values for the systematic uncertainty originating from the correction of the PID
variables.

q2 region FL Sg 54 A5 Ag}}; 87 Ag Ag

0.1,0.98] GeV#/c* | 0.001 | 0.001 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000
[1.1,4.0] GeV?/c* | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000
[4.0,6.0] GeV?/c* | 0.001 | 0.001 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000
6.0,8.0] GeV?/c* | 0.001 | 0.001 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000
[11.0,12.5] GeV?/c* | 0.000 | 0.001 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000
1.1,6.0] GeV#/c* | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000

[ ]
15.0,18.9] GeV¥/¢* | 0.002 | 0.002 | 0.001 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000

[ ]
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8.8 Limited size of simulated samples for acceptance

A systematic uncertainty is assigned to account for the limited size of the simulated samples
used to calculate the angular acceptance. For each pseudoexperiment a new acceptance is
determined by bootstrapping the simulation samples with a unique seed. Using these 500
altered acceptances, the systematic uncertainty is determined following approach (i). Here,
however, the spread of the pseudoexperiments instead of the mean shift is taken as the value
for the systematic uncertainty. The resulting systematic uncertainty is shown in Tab. 8.7} This
systematic uncertainty is found to be 0.3% of the statistical uncertainty or less except for the
q? region of [15.0,18.9] GeV?/c*, where its size is 19.9% in F,. The increase of size in this ¢?
region originates in the angular acceptance being sensitive to small variations in the number of
available events given the sparse population in this ¢? region in simulation.

Table 8.7: Values for the systematic uncertainty originating from the statistics of the phases-
pace simulation.

q2 region FL Sg 84 A5 Agg S7 Ag Ag

0.1,0.98] GeV?/c! 0.000 0.000 0.000 0.000 | —0.000 0.000 | —0.000 | —0.000
[1.1,4.0] GeV?/c* | —0.000 | —0.000 | —0.000 0.000 | —0.000 | —0.000 | —0.000 0.000
[4.0,6.0] GeV?/¢ 0.000 | —0.000 0.000 | —0.000 | —0.000 | —0.000 0.000 | —0.000
6.0, 8.0] GeV?/¢* 0.000 | —0.000 0.000 | —0.000 | —0.000 | —0.000 | —0.000 | —0.000
[11.0,12.5] GeV?/c! 0.000 | —0.000 0.000 0.000 0.000 | —0.000 0.000 | —0.000
]

]

[1.1,6.0] GeV?/c* | —0.000 | —0.000 0.000 | —0.000 0.000 0.000 0.000 | —0.000
15.0,18.9] GeV?%/¢* | —0.006 | —0.002 0.000 0.000 | —0.000 | —0.000 | —0.000 0.000
[

8.9 Signal mass model

The reconstructed BY? mass is used to separate signal from combinatorial background events.
The choice of signal mass model can have a influence on the angular observables. A systematic
uncertainty is assigned to the specific choice of the signal mass model by comparing the default
model to an alternative model, namely the Hypatia function [242]. The parameters for the
Hypatia function are determined in a similar approach as is chosen for the double Crystal Ball
function. The tail parameters are fixed from fits to simulated B? — J/)¢ events and the
width from B?— J/i)¢ data. A width scale-factor is determined for each ¢* region using rare
mode simulation. The systematic uncertainty is then determined based on approach (ii). The
resulting systematic uncertainty is shown for every variable and all ¢? regions in Tab. . This
systematic uncertainty is found to be 0.4% of the statistical uncertainty or less in the narrow
q? regions and 16.7% or less in the wide ¢? regions. The wide ¢* regions are affected the most
by the change in the fit model due to the scale factors for the width being ¢* dependent. As a
consequence the larger a ¢? region is, the larger the effect is expected to be. Nevertheless, the
systematic uncertainty assigned to the signal mass model is not dominant in any ¢? region.
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Table 8.8: Values for the systematic uncertainty originating from using different mass models.

q2 region FL 53 54 A5 Agg 57 Ag Ag

[0.1,0.98] GeV?/c! 0.000 0.000 0.000 0.000 0.000 | —0.000 | —0.000 | —0.000
[1.1,4.0] GeV?/c? 0.000 0.000 | —0.000 0.000 | —0.000 | —0.000 0.000 | —0.000
[4.0,6.0] GeV?/c* | —0.000 0.000 0.000 | —0.000 | —0.000 0.000 | —0.000 0.000
[6.0,8.0] GeV?/c* | —0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
[11.0,12.5] GeV?/c! 0.000 | —0.000 | —0.000 0.000 0.000 | —0.000 0.000 | —0.000
|

]

[1.1,6.0] GeV?/c* 0.002 0.001 | —0.002 | —0.000 0.000 0.000 0.000 | —0.000
.0, 18. eV</c* | —0. . —0. —0. . —0. —0. —0.
[15.0,18.9] GeV?/c! 0.005 0.000 0.000 0.000 0.000 0.000 0.000 0.000

8.10 Background modeling

The angular background is modeled with Chebyshev polynomials of order one. A systematic
uncertainty is assigned to this choice by investigating the effect of using polynomials of order two
in the fit. The coefficients describing the combinatorial background are determined by fitting
the mass sideband in the ranges [5100, 5270] MeV/c? and [5570, 5700] MeV/c? with the increased
order. Then pseudoexperiments following approach (ii) are generated with these coefficients
and fit back with the altered and default fit models. The resulting systematic uncertainty is
shown for every variable in every ¢ region in Tab. . This systematic uncertainty is found
to be 21.2% of the statistical uncertainty or less. The regions most affected by the modelling
of the background are the ¢* regions of [1.1,4.0] and [4.0,6.0]. These ¢* regions suffer from
low event yields and are, therefore, more sensitive to small changes in the modelling of the
background.

Table 8.9: Values for the systematic uncertainty originating from increasing the order of the
background Chebychev polynomials from one to two.

q2 region FL 53 S4 A5 Ag}]; 57 Ag Ag

0.1,0.98] GeV?/c? | —0.000 | —0.001 0.001 | —0.000 0.000 0.000 0.000 0.000
[1.1,4.0] GeV?/c* | —0.006 0.000 | —0.001 0.000 | —0.000 0.000 0.000 0.000
[4.0,6.0] GeV?/c? 0.010 0.001 | —0.003 0.000 0.001 0.000 0.000 | —0.000
[6.0,8.0] GeV?/c* | —0.003 | —0.002 | —0.001 0.000 0.000 0.000 0.000 0.000
[11.0,12.5] GeV?/c? 0.004 | —0.002 0.002 | —0.000 0.000 | —0.000 | —0.000 0.000
|

]

[1.1,6.0] GeV?/c? 0.002 0.000 | —0.002 0.000 0.000 0.000 0.000 | —0.000
[15.0, 18.9] GeV?/c? 0.004 | —0.001 0.001 0.000 0.000 | —0.000 | —0.000 0.000

8.11 Shared angular background parameters

The angular background parameters are shared across data sets to improve fit stability. In par-
ticular, the HESSE algorithm fails to converge for roughly 20% of pseudoexperiment fits in the
first ¢ region if the angular background parameters are not shared. However, the background
parameters are not guaranteed to be identical across the different data taking periods. To as-
sess the systematic uncertainty associated with sharing the angular background description, the
upper mass side band in data is fitted for each year independently, and the resulting angular co-
efficients are used to generate high statistics pseudoexperiments. Following approach (ii), these
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pseudoexperiments are then fitted twice, once with a shared background, once without, and the
resulting difference on the angular observables is taken as a systematic uncertainty. The result-
ing effect on the angular observables is given in Tab. This systematic uncertainty is found
to be 3.2% of the statistical uncertainty or less except for the ¢* region of [0.1,0.98] GeV?/c?,
where its size is 12.0% in F},. The increase of size in this ¢? region is expected as this region is
the only region to suffer from HESSE not converging when not sharing the angular background
parameters.

Table 8.10: Values for the systematic uncertainty originating from the shared angular back-
ground parameters.

q2 region FL 83 54 A5 Agl]; S7 AS Ag

0.1,0.98] GeV?/c! 0.006 | —0.001 0.000 | —0.000 | —0.001 | —0.000 0.000 | —0.000
[1.1,4.0] GeV?/c* | —0.001 0.000 | —0.000 | —0.000 0.000 | —0.000 | —0.000 | —0.000
[4.0,6.0] GeV?/¢* 0.000 0.000 0.000 0.000 | —0.000 | —0.000 | —0.000 | —0.000
[6.0,8.0] GeV?/c? 0.000 0.000 0.000 0.000 0.000 0.000 | —0.000 | —0.000
[11.0,12.5] GeV?/c! 0.000 0.000 | —0.000 0.000 | —0.000 0.000 0.000 0.000
]
]

[1.1,6.0] GeV?/c? 0.000 | —0.000 | —0.000 | —0.000 | —0.000 | —0.000 | —0.000 | —0.000
[15.0,18.9] GeV¥/ct | —0.000 | —0.000 0.000 | —0.000 0.000 | —0.000 | —0.000 | —0.000

8.12 Acceptance evaluation point in g*

For the narrow ¢? regions the acceptance is evaluated at a specific point in ¢?. The choice of
the evaluation point can impact the value for the angular observables as the ¢? efficiency shape
is not perfectly flat across the ¢? regions. To estimate the size of the effect of the ¢? variation
inside a ¢? region, events are generated with the ¢ shape from the SM prediction obtained
by the flavio software package. Only signal events are generated for this systematic. These
events are fit twice, once with the acceptance entering as a per-event weight, which is sensitive
to the variation of both the ¢? efficiency and distribution of ¢* inside a ¢ region, and once
with the default approach. The difference between the fit results is assigned as a systematic
uncertainty. The resulting systematic uncertainty is shown for every variable in every ¢? region
in Tab.[8.11] It should be noted, that the ¢ regions of [1.1,6.0] GeV?/c* and [15.0, 18.9] GeV?/c*
are performed as weighted fits, which already account for the ¢®> dependence of the acceptance
and this systematic uncertainty is, therefore, not applicaple in these ¢? regions. The systematic
uncertainty is found to be 6.7% of the statistical uncertainty or less.

Table 8.11: Values for the systematic uncertainty originating from neglecting the ¢* depen-
dence.

q2 region FL 83 54 A5 A}g]]; 57 Ag Ag
0.1,0.98] GeV#/c* | —0.003 0.001 | —0.000 | —0.000 | —0.000 0.000 | —0.000 | —0.000
[1.1,4.0] GeV?/¢! 0.002 | —0.000 0.000 | —0.000 0.000 0.000 0.000 0.000
[4.0,6.0] GeV?/c* | —0.001 | —0.000 | —0.000 | —0.000 0.000 | —0.000 0.000 0.000
[6.0,8.0] GeV?/c* | —0.000 | —0.000 | —0.000 0.000 | —0.000 | —0.000 | —0.000 | —0.000
[11.0,12.5] GeV¥/c* | —0.000 | —0.000 0.000 | —0.000 | —0.000 0.000 0.000 0.000
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8.13 Neglecting S-wave contribution

In this analysis, the contribution from events originating from the two kaons in the spin 0
configuration (S-wave) is neglected in the fit. This is motivated by the low amount of expected
S-wave events in the narrow ¢ window. In the dedicated LHCb B? — J/i) ¢ analyses using the
Run 1 and Run 2p1 data sets, an S-wave fraction of approximately 2% has been measured [239,
240]. To estimate the effect that neglecting a 2% S-wave component would have on the angular
observables, 500 pseudoexperiments are generated from a PDF in which the S-wave component
has been included. The PDF including the S- and P-wave has the form

1 dYT +T 1 dYT +T

_ - = (1—F = =
AT +T/dg® dg2d3Q ser = U g Fag dg?d3(} 7
3 .
+ EFS Sln2 91
9
+ 32_71'(511 + Slg COS QQl)COS QK
+ i(514 sin 26; + Si3sin 6;) sin Ok cos ¢
327
+ i(516 sin 0, + Si3sin 26;) sin 0k sin ¢ .
321w

For this systematic uncertainty the interference terms are set to zero and the S-wave fraction
(Fs) is set to 2%. These generated events are then fit with the default PDF and the difference
of the values for the angular observables to the equivalent generated value is taken as the
uncertainty. The resulting systematic uncertainty is shown for every variable in every ¢* region
in Tab.[8.12] This systematic uncertainty is found to be 19.9% of the statistical uncertainty or
less and, therefore, one of the dominating systematic uncertainties.

Table 8.12: Values for the systematic uncertainty originating from neglecting the S-wave
contribution.

q2 region FL 53 S4 A5 Aglg S7 AS Ag

0.1,0.98] GeV?/c* | —0.000 | —0.001 | —0.002 0.000 0.000 0.000 0.000 | —0.000
[1.1,4.0] GeV?/c* | —0.009 0.000 0.001 | —0.000 | —0.000 0.000 0.000 0.000
[4.0,6.0] GeV?/c* | —0.006 0.001 0.003 0.000 0.000 0.000 | —0.000 0.000
[6.0,8.0] GeV?/c¢* | —0.004 0.001 0.004 | —0.000 0.000 0.000 | —0.000 0.000
[11.0,12.5] GeV?/c* | —0.000 0.003 0.004 0.000 | —0.000 | —0.000 | —0.000 | —0.000
|
]

.1,6. eV</c* | —0. . . —0. —0. . . .
1.1,6.0] GeV¥/c? 0.006 0.000 0.002 0.000 0.000 0.000 0.000 0.000
[15.0,18.9] GeV?/c! 0.000 0.005 0.005 0.000 | —0.000 | —0.000 | —0.000 | —0.000

8.14 Remaining fit bias

In Sec. the fit validation using pseudoexperiments was detailed. A remaining bias of up
to roughly 15% of the expected statistical uncertainty was found in pseudoexperiments using
the angular observables from blind fits to data. The bias in the value distribution of each
observable in each ¢? region is assigned as a systematic uncertainty to cover this effect. The
resulting systematic uncertainty is shown for every variable and all ¢? regions in Tab. .
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This systematic uncertainty is found to be 15.9% of the statistical uncertainty or less. This
systematic uncertainty often constitutes the dominant systematic uncertainty for all angular
observables except Fy, and Sj.

Table 8.13: Values for the systematic uncertainty originating from the remaining bias in the
fit validation using the angular observables from blind fits to data.

q2 region FL Sg S4 A5 Agg S7 Ag Ag

0.1,0.98] GeV?/c* | —0.002 | —0.002 | —0.004 | 0.000 | —0.009 | —0.000 0.004 | —0.001
[1.1,4.0] GeV?/c* | —0.002 0.000 |  0.000 | —0.002 | —0.000 0.001 | —0.001 | —0.001
[4.0,6.0] GeV?/c* | —0.002 0.010 | 0.009 | 0.003 | 0.002 | —=0.003 | —0.001 | —0.001
6.0,8.0] GeV?/c* 0.000 0.000 | 0.001 | —0.001 | —0.001 | —0.002 0.002 | —0.001

)

]

]

[11.0,12.5] GeV%/c* | —0.001 | —0.001 0.004 | —0.001 0.000 0.000 | —0.002 | —0.000

[1.1,6.0] GeV?/c* | —0.001 | —0.001 0.002 | —0.001 | —0.001 | —0.002 | —0.001 0.001
15.0,18.9] GeV?/¢* 0.003 0.001 0.000 | —0.001 | —=0.000 | —0.001 | —0.001 | —0.000
[

8.15 Combination of systematic uncertainties

The systematic uncertainties are combined by summation in quadrature. The quadratic sum
of the systematic uncertainties relative to the expected statistical uncertainty is shown for
cach ¢? region separately in Tabs. where each source is given explicitly in the table,
again relative to the expected statistical uncertainty. In App. [E| the absolute values for the
systematic uncertainties are also given for each ¢? region separately. In Tab. a summary
table showing the absolute values of the combined systematic uncertainty for all ¢? regions. The
equivalent table showing the total systematic uncertainty relative to the statistical uncertainty
in % is given in Tab. [8.22] This analysis is still statistically dominated, as the combined
systematic uncertainty for any variable is always smaller than or equal to 0.02, while the
statistical uncertainty is always larger than 0.03. The systematic uncertainty of Fy, is typically
largest at the level of 30% of the statistical uncertainty. The largest value for the systematic
uncertainty of Fy, is found to be at the 60% level in the ¢? region [15.0, 18.9] GeV?/c*.
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Table 8.14: Systematic uncertainties relative to the statistical uncertainty in % in the region
q* € [0.1,0.98] and its quadratic sum in comparison with the statistical uncertainty.

systematic uncertainty Foin% | Ssin% | Syin% | Asin% | AL in % | S7in % | Ag in % | Ag in %
peaking backgrounds 0.0 0.1 0.0 0.1 0.0 —-0.1 0.1 —0.0

signal mass model 0.2 0.0 0.1 0.0 0.0 -0.0 -0.0 -0.0

angular background model —0.2 -1.9 1.1 —0.0 0.2 0.4 0.0 0.3
acceptance order —-1.9 —-2.3 —0.1 —0.0 —0.0 —0.0 —0.0 0.0

simulation correction 10.7 1.3 0.1 0.0 0.0 0.0 0.0 0.0

PID correction 1.7 1.3 0.0 0.0 0.0 0.0 0.0 0.0

simulation statistics 0.2 0.6 0.0 0.0 -0.0 0.0 —0.0 —-0.0

¢* dependency —6.7 0.7 —0.2 —0.0 —0.0 0.0 —0.0 —0.0

S-wave —-0.2 -0.9 —2.2 0.1 0.0 0.7 0.2 -0.0

lifetime mismodelling 22.3 —14.2 —0.1 —-0.0 0.0 —-0.4 —-0.0 —-0.0

time integration 19.7 14.0 3.1 0.4 0.3 0.9 0.4 1.2

shared backgrounds 12.0 -0.9 0.1 —0.0 —1.4 -0.1 0.0 -0.1
remaining Bias —3.8 —-2.9 —5.2 0.6 —14.4 —-0.1 5.0 —1.6

quadratic sum 34.8 20.5 6.6 0.8 14.5 1.3 5.0 2.0

quadratic sum, absolute value 0.017 0.014 0.005 0.001 0.009 0.001 0.004 0.001
absolute expected statistical 0.048 0.068 0.080 0.068 0.063 0.067 0.081 0.068

Table 8.15: Systematic uncertainties relative to the statistical uncertainty in % in the region
¢® € [1.1,4.0]and its quadratic sum in comparison with the statistical uncertainty.

systematic uncertainty Frin% | Ssin% | Syin% | Asin % | AL in % | S7in % | Agin % | Ag in %
peaking backgrounds —0.2 0.0 -0.0 —0.1 -0.0 —-0.1 0.3 0.0

signal mass model 0.4 0.0 —0.0 0.0 —0.0 —0.0 0.0 —0.0

angular background model —13.5 0.2 -1.0 0.0 -0.0 0.1 0.0 0.0
acceptance order —2.1 0.4 0.0 0.0 —0.0 —0.0 0.0 —0.0

simulation correction 6.6 0.6 0.5 0.0 0.0 0.0 0.0 0.0

PID correction 0.6 0.7 0.0 0.0 0.0 0.0 0.0 0.0

simulation statistics —0.2 —0.0 —0.0 0.0 —0.0 —0.0 —0.0 0.0

¢* dependency 4.1 —-0.2 0.3 -0.0 0.0 0.0 0.1 0.0

S-wave —19.9 0.2 1.6 —0.1 —-0.0 0.7 0.3 0.0

lifetime mismodelling 14.3 —4.7 0.8 -0.0 -0.0 0.0 -0.0 0.0

time integration 12.4 6.5 0.8 0.3 0.4 0.3 0.3 0.6

shared backgrounds —3.2 0.0 —-0.3 —0.0 0.2 —-0.1 —0.0 —0.2
remaining Bias —4.1 0.0 0.5 -3.0 -1.1 0.8 —-1.4 —-1.7

quadratic sum 32.1 8.1 2.3 3.0 1.2 1.2 1.5 1.8

quadratic sum, absolute value 0.015 0.004 0.002 0.002 0.001 0.001 0.001 0.001
absolute expected statistical 0.047 0.054 0.079 0.071 0.045 0.071 0.080 0.054
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Table 8.16: Systematic uncertainties relative to the statistical uncertainty in % in the region
q* € [4.0,6.0] and its quadratic sum in comparison with the statistical uncertainty.

systematic uncertainty Froin% | Ssin% | Syin% | Asin% | AL in % | S;in % | Ag in % | Ag in %
peaking backgrounds —0.0 —-0.3 0.2 —0.0 0.2 —0.4 —0.4 0.2

signal mass model —0.2 0.0 0.1 —0.0 -0.0 0.0 —-0.0 0.0

angular background model 21.2 2.1 —4.0 0.0 1.1 0.3 0.1 —-0.3
acceptance order 1.0 0.2 0.0 —0.0 0.0 0.0 0.0 —0.0

simulation correction 0.4 0.8 0.1 0.0 0.0 0.0 0.0 0.0

PID correction 1.0 0.9 0.1 0.0 0.0 0.0 0.0 0.0

simulation statistics 0.0 —-0.0 0.0 —-0.0 -0.0 —0.0 0.0 —-0.0

¢* dependency —1.8 —-0.2 —0.2 —0.0 0.0 —0.0 0.0 0.0

S-wave —12.1 1.1 4.4 0.0 0.0 0.1 —0.2 0.3

lifetime mismodelling 15.7 -5.8 2.4 —-0.0 0.0 —-0.0 0.0 —-0.0

time integration 13.1 6.7 2.4 0.8 0.2 0.1 0.7 0.5

shared backgrounds 0.8 0.0 0.1 0.0 -0.0 -0.1 -0.0 -0.3
remaining Bias —4.2 15.9 10.8 4.1 4.3 —-3.5 —-1.7 -2.1

quadratic sum 32.2 18.4 12.8 4.2 44 3.5 1.9 2.2

quadratic sum, absolute value 0.016 0.012 0.010 0.003 0.002 0.003 0.002 0.001
absolute expected statistical 0.050 0.066 0.080 0.078 0.047 0.080 0.083 0.066

Table 8.17: Systematic uncertainties relative to the statistical uncertainty in % in the region
¢ € [6.0,8.0] and its quadratic sum in comparison with the statistical uncertainty.

systematic uncertainty Froin% | Ssin% | S;in% | Asin % | AL in % | S;in % | Agin % | Ag in %
peaking backgrounds 0.2 -0.1 0.1 —-0.3 0.0 0.1 -0.1 0.0

signal mass model —0.2 0.0 0.1 0.0 0.0 0.0 0.0 0.0

angular background model -5.9 —2.8 -0.9 0.1 0.0 0.0 0.0 0.0
acceptance order 14 0.3 0.1 0.0 —0.0 0.0 —0.0 0.0

simulation correction 3.2 0.3 0.4 0.0 0.0 0.0 0.0 0.0

PID correction 14 1.0 0.1 0.0 0.0 0.0 0.0 0.0

simulation statistics 0.2 —-0.0 0.0 —0.0 —0.0 —0.0 —0.0 —0.0

¢* dependency —0.6 -0.0 -0.0 0.0 -0.0 -0.0 -0.0 -0.0

S-wave —7.1 1.7 5.4 —0.3 0.2 0.4 —0.1 0.1

lifetime mismodelling 17.2 -94 2.7 -0.0 0.0 -0.0 -0.0 -0.0

time integration 15.6 9.3 4.0 0.8 0.6 0.1 0.9 0.7

shared backgrounds 0.4 0.0 0.0 0.0 0.0 0.0 —0.0 —0.0
remaining Bias 0.6 0.3 1.6 —-1.6 -2.3 —2.4 2.1 -0.9

quadratic sum 25.3 13.7 7.5 1.8 2.4 2.5 2.3 1.1

quadratic sum, absolute value 0.012 0.009 0.006 0.001 0.001 0.002 0.002 0.001
absolute expected statistical 0.049 0.069 0.077 0.075 0.048 0.078 0.081 0.069
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Table 8.18: Systematic uncertainties relative to the statistical uncertainty in % in the region
q? € [11.0,12.5] and its quadratic sum in comparison with the statistical uncertainty.

systematic uncertainty Froin% | Ssin% | Syin% | Asin % | AL in % | S;in % | Agin % | Ag in %
peaking backgrounds —0.2 0.3 —0.0 0.2 —0.2 —0.2 —-0.1 —0.2

signal mass model 0.0 -0.0 -0.0 0.0 0.0 -0.0 0.0 -0.0

angular background model 9.6 -3.3 2.9 —0.2 0.0 —0.0 —0.0 0.0
acceptance order 0.7 —-0.2 0.2 —0.0 0.0 —0.0 0.0 —-0.0

simulation correction 8.4 1.1 0.5 0.0 0.0 0.0 0.0 0.0

PID correction 0.7 1.6 0.2 0.0 0.0 0.0 0.0 0.0

simulation statistics 0.0 —0.2 0.0 0.0 0.0 —0.0 0.0 -0.0

¢* dependency —-0.5 —-0.2 0.0 —-0.0 -0.0 0.0 0.0 0.0

S-wave -0.2 4.3 7.0 0.2 —-0.2 -0.0 -0.1 —0.2

lifetime mismodelling 17.5 —13.6 2.5 0.0 0.0 —0.0 —0.0 0.0

time integration 17.1 14.6 7.3 1.0 1.1 0.0 1.2 1.1

shared backgrounds 0.0 0.2 —0.0 0.0 —0.7 0.5 0.0 0.2
remaining Bias —1.4 -0.9 6.2 —-1.8 0.2 0.2 —2.8 -0.3

quadratic sum 27.6 20.8 12.5 2.0 1.3 0.5 3.0 1.1

quadratic sum, absolute value 0.012 0.013 0.008 0.001 0.001 0.000 0.002 0.001
absolute expected statistical 0.043 0.065 0.063 0.062 0.045 0.067 0.069 0.065

Table 8.19: Systematic uncertainties relative to the statistical uncertainty in % in the region
q® € [1.1,6.0] and its quadratic sum in comparison with the statistical uncertainty.

systematic uncertainty Froin% | Ssin% | Syin% | Asin% | AL in % | S;in% | Agin % | Ag in %
peaking backgrounds -0.3 -0.5 0.2 —-0.2 -0.3 —0.2 -0.0 0.0

signal mass model 6.2 14 -3.0 -0.0 0.3 0.4 0.0 —-0.2

angular background model 5.6 0.9 —-3.2 0.0 0.3 0.2 0.0 —0.2
acceptance order —0.3 0.2 —0.0 —0.0 0.0 0.0 —0.0 0.0

simulation correction 9.6 1.2 0.7 0.0 0.0 0.0 0.0 0.0

PID correction 1.1 0.9 0.0 0.0 0.0 0.0 0.0 0.0

simulation statistics —-0.3 —-0.2 0.0 —-0.0 0.0 0.0 0.0 —-0.0

S-wave —-17.7 0.5 3.7 -0.2 -0.0 0.7 0.2 0.5

lifetime mismodelling 25.0 —10.7 2.4 —0.0 0.0 0.0 —0.0 0.0

time integration 17.1 9.0 1.7 0.6 0.3 0.2 0.7 0.7

shared backgrounds 0.0 -0.0 -0.0 -0.0 -0.0 —0.2 -0.0 -0.2
remaining Bias 3.7 -2.1 3.4 —-0.9 -3.5 -3.3 —-1.5 1.6

quadratic sum 37.5 14.3 7.3 1.1 3.5 3.4 1.7 1.9

quadratic sum, absolute value 0.013 0.006 0.004 0.001 0.001 0.002 0.001 0.001
absolute expected statistical 0.036 0.043 0.059 0.054 0.034 0.055 0.060 0.043
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Table 8.20: Systematic uncertainties relative to the statistical uncertainty in % in the region
q? € [15.0,18.9] and its quadratic sum in comparison with the statistical uncertainty.

systematic uncertainty Froin% | Ssin% | Syin% | Asin % | AL in % | S;in % | Agin % | Ag in %
peaking backgrounds —4.2 —0.0 0.2 0.2 —0.4 —0.2 —0.0 —-0.3

signal mass model —16.7 1.3 —0.2 -0.0 0.0 -0.0 -0.0 -0.0

angular background model 15.3 -3.6 3.1 0.0 0.0 —0.0 —0.0 0.0
acceptance order —31.7 —11.5 0.6 1.1 —2.7 0.8 2.2 -1.3

simulation correction 43.6 4.4 0.4 1.1 1.2 2.7 1.0 0.8

PID correction 6.6 5.2 1.0 0.6 1.5 0.4 0.6 0.3

simulation statistics —-19.9 -3.9 0.2 0.2 —-1.2 —0.2 —-0.0 0.0

S-wave 0.3 14.1 10.2 0.2 -0.0 —-0.2 -0.0 -0.5

lifetime mismodelling 19.9 —21.6 1.9 0.0 0.0 0.2 -0.2 -0.0

time integration 12.2 18.8 6.4 0.8 1.9 0.0 1.8 2.3

shared backgrounds —0.0 —0.0 0.0 —0.0 0.8 —0.2 —0.0 —0.0
remaining Bias 9.8 3.9 0.6 —-1.5 —1.2 -2.3 —-1.2 -0.3

quadratic sum 67.2 35.2 12.7 2.4 4.3 3.7 3.4 2.9

quadratic sum, absolute value 0.019 0.014 0.006 0.001 0.001 0.002 0.002 0.001
absolute expected statistical 0.029 0.038 0.048 0.048 0.026 0.048 0.049 0.038

Table 8.21: Absolute values for the quadratic sum of the systematic uncertainties.

q2 region FL Sg S4 A5 Ag‘g 57 Ag Ag

0.1,0.98] GeV%¢* | 0.017 | 0.014 | 0.005 | 0.001 | 0.009 | 0.001 | 0.004 | 0.001
[1.1,4.0] GeV#/c* | 0.015 | 0.004 | 0.002 | 0.002 | 0.001 | 0.001 | 0.001 | 0.001
4.0,6.0] GeV?/c* | 0.016 | 0.012 | 0.010 | 0.003 | 0.002 | 0.003 | 0.002 | 0.001
6.0,8.0] GeV#/c* | 0.012 | 0.009 | 0.006 | 0.001 | 0.001 | 0.002 | 0.002 | 0.001
[11.0,12.5] GeV¥¢* | 0.012 | 0.013 | 0.008 | 0.001 | 0.001 | 0.000 | 0.002 | 0.001
]
]

[1.1,6.0] GeV%/c* | 0.013 | 0.006 | 0.004 | 0.001 | 0.001 | 0.002 | 0.001 | 0.001
[15.0,18.9] GeV%/ct | 0.019 | 0.014 | 0.006 | 0.001 | 0.001 | 0.002 | 0.002 | 0.001

Table 8.22: Values for the quadratic sum of the systematic uncertainties relative to the expected
statistical uncertainty.

¢* bin Frin% | Ssin% | Syin% | Asin % | ASE in % | S7in % | Agin % | Ag in %
[0.1,0.98] GeV¥/ ¢t 34.8 20.5 6.6 0.8 14.5 1.3 5.0 2.0
[1.1,4.0] GeV?/c* 32.1 8.1 2.3 3.0 1.2 1.2 1.5 1.8
[4.0,6.0] GeV?/ct 32.2 18.4 12.8 4.2 4.4 3.5 1.9 2.2
6.0,8.0] GeV?/c* 25.3 13.7 7.5 1.8 2.4 2.5 2.3 1.1
[11.0,12.5] GeV¥/ ¢t 27.6 20.8 12.5 2.0 1.3 0.5 3.0 1.1
[1.1,6.0] GeV?/c? 37.5 14.3 7.3 1.1 3.5 3.4 1.7 1.9
[15.0,18.9] GeV¥/ ¢t 67.2 35.2 12.7 2.4 4.3 3.7 3.4 2.9
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Chapter 9

Results for the angular observables

In this Chapter, the results of the measurement of the angular observables (Fy,, Ss47, AGE
and Asgg) introduced in Sec. for the rare mode B? — ¢u*pu~ are given. The angular
observables are extracted in several ¢* regions using an unbinned maximum likelihood fit to
LHCb data taken during Run 1 and Run 2 of the LHC as described in Chap.[7} The statistical
uncertainties on the angular observables are corrected for over- and undercoverage as described
in Sec. [7.3] The systematic uncertainties have been studied and described in Chap. [§

The results for the angular observables are given numerically and graphically in Sec.
and the correlations are given in Sec. Finally, the compatibility with the SM is tested by
varying the Wilson coefficient Re(C)T) in Sec. [9.3]

9.1 Results for angular observables

The four-dimensional unbinned maximum likelihood fit to the three decay angles and the recon-
structed mass of the BY candidates has been performed according to the fit model introduced
in Sec. [7.2l The fit describes the data well as can be seen in the fit projections given in
Figs. |[F.1 in App. [F] and shows no sign of systematic deviations. The numerical values for
the CP-averages (Fy, and Ss47) and CP-asymmetries (ASE and Asgg) are given in Tab. ,
where the first uncertainty is always of statistical nature and the second is the total systematic
uncertainty. The results are statistically limited for all ¢ regions and observables. A visual
representation of the results for the angular observables is given in Fig. for each of the ¢ re-
gion except for the region of [1.1,6.0] GeV?/c?. In this figure the results of this measurement [46]
are given as black crosses and are overlaid with the result from the previously published LHCb
measurement [15] as grey crosses and the SM predictions from Refs. [109,243-245], obtained
from the flavio software package |109], as blue boxes, where available. The light grey bands
indicate the regions of the charmonium resonances and the B?— (¢— KTK™)(¢p— utu™)
region, which are removed from this analysis.

The CP-averages are generally consistent with the SM predictions provided by the flavio
software package. The largest local deviation are of O(2.10) of local significance. The largest
deviation is found in Sy in the ¢? region of [0.1,0.98] GeV?/c* with a local significance of —2.1 0.
While S5 4 7 do not show strong signs of a systematic shift from the SM prediction, the measured
values of the angular observable Fy, consistently lie below the prediction in the three narrow ¢
regions in the range of [0.1,6.0] GeV?/c?. The global agreement with the SM is determined in
Sec. . The CP-asymmetries are compatible with the SM prediction of zero in all ¢* regions,

109



with the largest deviation being a shift of —2.1 ¢ found in the observable Ag in the ¢* region of
[6.0,8.0] GeV%/ . This measurement constitues the most precise measurement of the angular
observables in BY — ¢uTu~ decays to date.

Table 9.1: CP-averages Fi, and S347 and CP-asymmetries Agﬁ and Asg g9 obtained from the
maximum likelihood fit. The first uncertainty is statistical and the second is the total systematic

uncertainty, which was described in Chap. . This table also appeared in Ref. [46].

¢ [GeV¥Y | F, Ss Sy Sz
[0.1,0.98] 0.254 4 0.045 +0.017 —0.004 £ 0.068 + 0.014 0.213£0.082 £ 0.005 —0.178 +0.072 £ 0.001
[1.1,4.0] 0.723 £0.053 +0.015 —0.030 = 0.057 £0.004 —0.110 £ 0.079 £0.002 —0.101 £0.075 % 0.001
[4.0,6.0] 0.701 £0.050 +0.016 —0.162 4+ 0.067 +0.012 —0.222 £+ 0.092 + 0.010 0.175 £ 0.089 + 0.003
[6.0,8.0] 0.624 £0.051 +0.012 0.013 £0.080 £ 0.009 —0.176 £ 0.078 £ 0.006 0.033 £ 0.081 £ 0.002
[11.0,12.5] 0.353 £0.044 +0.012 —0.138+0.071 £0.013 —0.319 £ 0.061 +0.008 —0.170 % 0.069 £ 0.000
[1.1,6.0] 0.715+£0.036 £ 0.013 —0.083 = 0.047 £ 0.006 —0.155 £ 0.058 £ 0.004 0.020 £ 0.059 £ 0.001
[15.0,18.9] 0.359 £0.031 +0.019 —0.247 +0.042 +0.014 —0.208 & 0.047 + 0.006 0.003 4 0.046 £ 0.002

q? [GeV¥ct ] As AGE Ag Ag
[0.1,0.98] 0.043 £ 0.067 £+ 0.001 0.068 £ 0.064 £ 0.009 —0.007 £0.073 = 0.004 —0.030 £ 0.079 £ 0.001
[1.1,4.0] 0.026 £ 0.067 £ 0.002 0.023 £ 0.054 £ 0.001 0.038 £ 0.082 £ 0.001 0.020 £ 0.068 £ 0.001
[4.0,6.0] —0.084 +0.084 +0.003 —0.030 & 0.051 £ 0.002 0.012 + 0.090 £ 0.002 —0.008 4+ 0.061 4 0.001
[6.0,8.0] —0.022 +0.082 £ 0.001 0.032 +0.049 £0.001 —0.170 +0.080 £ 0.002 —0.012 4+0.090 + 0.001
[11.0,12.5] 0.035 £ 0.063 £ 0.001 0.034 £ 0.048 £+ 0.001 0.046 £ 0.070 £ 0.002 0.017 £0.071 £ 0.001
[1.1,6.0] —0.007 £ 0.051 £ 0.001 0.006 = 0.036 £ 0.001 0.016 £ 0.062 £ 0.001 0.009 £ 0.046 4+ 0.001
[15.0,18.9] —0.025+0.043 £0.001 —0.011 £ 0.033 £ 0.001 0.072 £ 0.051 £ 0.002 0.021 £ 0.042 £ 0.001
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Figure 9.1: CP-averaged angular observables F}, and S 47 and CP-asymmetries ASE and As g9
shown by black crosses, overlaid with the SM prediction |109}243-245] as blue boxes, where
available. The grey crosses indicate the results from Ref. [15]. The light grey bands indicate
the regions of the charmonium resonances and the B? — ¢¢ region. This figure also appeared
in Ref. [46].
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9.2 Correlation matrices

In Tabs.[9.29.4) the correlation matrices for the angular observables in each of the ¢? regions are
given. The angular observables generally show little correlation with each other, typically at
the level of 10% or lower. The largest correlation coefficient is found to be 29% in the ¢* region
of 0.1 < ¢* < 0.98 GeV¥c* between S; and Ag. The correlations are an important input when
combining angular observables in a global fit. These global fits are often used to determine

the shift of Wilson coefficients, such as the shift in the real part of the muonic vector coupling
(ARe(CY)).

Table 9.2: Correlation matrix for the ¢? regions [0.1,0.98] GeV?/c* and [1.1,4.0] GeV?/c*. This
table also appeared in Ref. [46].

Correlation matrix for 0.1 < ¢* < 0.98 GeV?/¢*
B S Si A5 AT S Ay A

Fy,  1.00 -0.03 0.06 0.10 0.02 —-0.20 —-0.05 —-0.04

Ss 1.00 0.11 0.00 —0.06 0.07 —0.05  0.02
Sy 1.00 0.03 —-0.06 0.08 —0.05 —0.01
As 1.00  0.12 —-0.07 0.06 —0.09
ASE .00 0.02 -0.04 0.07
Sy .00 0.29 -0.03
Ag 1.00  0.06
Ag 1.00

Correlation matrix for 1.1 < ¢* < 4.0 GeV?¥/¢*
RS S A AL S Ay A

F1, 1.00 —-0.12 0.03 —-0.03 —-0.07 —0.12 0.03 —-0.01

s 1.00 —0.07 —0.00 003 004 —0.04 0.05
S 1.00 0.2 009 001 —0.02 —0.02
As 1.00 —0.08 0.02 001 0.6
ACP 1.00  0.02 —0.02 0.03
S 1.00 —0.06  0.06
As 1.00 —0.04
Aqg 1.00
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Table 9.3:
[11.0,12.5] GeVQ/c4.

Correlation matrix for the ¢* regions [4.0,6.0] GeV?/¢*, [6.0,8.0] GeV?/c* and

Correlation matrix for 4.0 < ¢* < 6.0 GeV?/¢?

F, S Sy As AGE Sy Ag Ag
Fy, 1.00 0.15 0.06 —0.08 0.01 —-0.01 -0.04 —-0.08
Ss 1.00 —-0.04 —-0.02 0.05 —-0.06 —-0.04 0.22
Sy 1.00 —-0.12 —-0.02 0.05 —-0.04 -0.07
As 1.00 —-0.11 —-0.06 0.04 0.05
ACP 100 —0.01 010 001
Sy 1.00 —0.13 0.02
Ag 1.00 —0.05
Ag 1.00

Correlation matrix for 6.0 < ¢* < 8.0 GeV?/¢?

RS S Ay AL S Ay A
Fy, 1.00 0.03 0.07 —0.04 —-0.10 0.01 —-0.03 -0.04
Ss 1.00 —-0.08 —-0.02 —-0.02 —-0.01 0.04 —-0.05
Sy 1.00 —0.09 0.02 —-0.06 —-0.08 —0.06
As 1.00 —-0.12 —-0.05 —-0.05 0.05
ACP 100 —0.04 —0.04 —0.01
S, 100 —0.14  0.03
Ag 1.00 —0.05
Ag 1.00

Correlation matrix for 11.0 < ¢* < 12.5 GeV?/¢?

R S S, Ay AL S Ay A
Fy, 1.00 0.09 0.02 -0.05 -0.10 -0.03 —-0.04 -0.07
Ss 1.00 -0.14 —-0.01 -0.02 0.11 —-0.06 —0.06
Sy 1.00 —-0.04 0.18 —-0.01 -0.07 —-0.05
As 1.00 —-0.23 —-0.11 0.01 -0.02
ACP 100 0.04 —0.06 0.02
Sy 1.00 0.06 —0.05
Ag 1.00 —0.11
Ay 1.00
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Table 9.4: Correlation matrix for the ¢* region [1.1,6.0] GeV%¢* and [15.0, 18.9] GeV?/c¢*. This
table also appeared in Ref. [46].

Correlation matrix for 1.1 < ¢* < 6.0 GeV?/¢?
Fy, S3 Sy As ARE St As Ag

Fy, 100 -0.03 005 -0.02 -0.07 —-0.08 -0.04 -0.03

Ss 1.00 —0.07 001 003 —007 —0.07 0.10
S 1.00 —0.00 —0.00 —0.06 —0.02 —0.01
As 1.00 —0.07 —0.00 005 0.08
ACP 1.00 001 005 0.07
Sy 1.00 —0.08  0.01
Ag 1.00 —0.03
Aq 1.00

Correlation matrix for 15.0 < ¢* < 18.9 GeV?/¢?
R S S. A AL S Ay A

Fy, 100 020 -0.04 -0.03 0.03 0.00 -0.03 —-0.10

Ss 1.00 —0.06 0.03 —0.11 —0.08 0.00 0.13
S, 1.00 —0.13 —0.03 —0.04 013  0.06
As 1.00 —0.11  0.05 —0.08 0.05
AGF 1.00 010 —0.00 —0.03
Sy 1.00 003  0.01
As 1.00 —0.07
Aq 1.00
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9.3 Compatibility of the CP-averages with the SM

The CP-averages measured in Sec. are generally consistent with the SM predictions at
the level of 20 local significance. To determine the global agreement of the measured angu-
lar observables with the SM prediction, a global fit to the CP-averaged angular observables
is performed using the ¢? regions [0.1,0.98] GeV?/c?, [1.1,4.0] GeV?/c?, [4.0,6.0] GeV¥/ ¢! and
[15.0,18.9] GeV?/c*. The fit is performed with the flavio software package [109] and is used
to determine a shift in the real part of the Wilson coefficient Cy (ARe(Cy)) which describes the
vector coupling to the muons. The C'P-asymmetries are omitted from the fit given that the SM
prediction is not implemented in the flavio software package. The ¢* regions [6.0,8.0] GeV?%/¢*
and [11.0,12.5] GeV?/¢* are not taken into account in this global fit, as they are sensitive to
long-distance effects from charmonium resonances which are not fully understood and currently
under discussion [103H107]. The correlations between the CP-averages in a ¢* region given in
Sec. are taken into account in the likelihood used to the global fit. The logarithmic likelihood
is defined as [109]

“2log =Y (07— ONCA)) [Cog + Culdl)] (077~ OC)

where G () indicates the experimental measurement (theoretical prediction) for the observ-
ables, 0 indicates the set of central values of the theory parameters, Cexp, 1n) are the covariance

matrices for the experimental measurements (theoretical prediction) and C indicates the Wilson
coefficients. The resulting logarithmic likelihood profile (—Alog £) is shown in Fig. as an
orange line. The best fit value is found at the minimum of the negative logarithmic likelihood
to be ARe(Cy) = —1.3 10 which is consistent with the SM value of ARe(Cy) = 0 at the level of
1.9 0, assuming the uncertainties follow that of a Gaussian distribution. The given uncertainties
are taken as the difference of the best fit value to the values at —2Alog £ = 1. Consistent shifts
in ARe(Cy) have been observed in other angular analyses of b— s¢*¢~ transitions performed
at LHCb, namely the angular analyses of BT — K*Tutyu~ [21] and B®— K*Outpu~ [22]. This
is illustrated in Fig. [0.3] While it is intriguing that the shift has consistently been measured
for different spectator quarks, it does not constitute a strong sign of NP, yet. This is due to the
fact that it is not clear if this is a genuine NP effect or induced by long-distance effects from
the charmonium resonances, which can not theoretically be calculated from first principles in
the SM [56]. The effect of the long-distance effects from the charmonium resonances is a topic
of discussion |103107].
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Chapter 10

Summary and outlook

This thesis presents an angular analysis of the rare decay B? — ¢up~ using proton-proton
collision data corresponding to an integrated luminosity of 8.4fb™! collected with the LHCb
experiment at centre-of-mass energies of 7,8 and 13 TeV during the LHC Run 1 and Run 2.
The BY — ¢u™u~ decay mode is an especially interesting probe of the SM due to the nar-
row ¢ resonance. The narrow ¢ resonance allows for a particularly clean selection with very
little background contributions and small contribution from the S-wave configuration of the
K™K~ p*tp~ final compared to B— K*utpu~ decays. The angular observables are measured in
regions of the invariant dimuon mass squared (¢?) and correspond to either CP-averaged (Fy,,
S3.47) or CP-asymmetric (ASE, Asg9) observables. The measured values for these observables,
along with their associated statistical and systematic uncertainty are given in Chap. [9.1 where
they are also displayed graphically alongside the SM predictions. Each of the CP-averages is
consistent with the considered SM prediction [109,243245|, typically at the level of 20 and
each of the CP-asymmetries is consistent with the SM prediction of zero, typically at the level
of 1o. The largest local deviations for the CP-averages and CP-asymmetries are found in S7
in the ¢* region of [0.1,0.98] GeV?/c* with —2.1 0 and in Ag in the ¢° region of [6.0, 8.0] GeV?/c?
with —2.1 0, respectively.

The global compatibility of the CP-averages with the SM across the ¢? regions has been
evaluated with a fit of the shift in the muonic vector coupling (ARe(Cy)) using the flavio
software package. The shift was found to be ARe(Cy) = —1.3707 which corresponds to a
global agreement at the level of 1.90, assuming the uncertainty follows that of a Gaussian
distribution. While the results agree with the SM, they show the same trend of a downwards
shift in ARe(Cy) as seen in other angular analyses of muonic final states |21,22]. As such
additional data taken in future runs of the LHC will be crucial to be able to draw conclusions
regarding NP scenarios.

This measurement of the angular observables represents the most precise measurement to
date with the finest partition of the low ¢? region yet, and, therefore, supersedes the previous
measurement performed at LHCDb [15]. The increased statistical power and the ability to use
the finer ¢? partition are driven by an improved selection alongside the addition of Run 2
data which adds nearly a four-fold increase in B? mesons compared to Run 1 data due to the
additional luminosity and the higher center-of-mass energy.
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Outlook

A future update with data taken in Runs 3 and 4 of the LHC with the upgraded LHCb
detector [246,247] is, therefore, eagerly expected. By 2030 an integrated luminosity of 50 fb™*
is expected which would enlarge the sample size by more than a factor of 6 assuming the same
efficiencies for the new data set. The enlarged data set could be used to perform the most
precise measurement of the angular observables. With the increase in statistics, an untagged,
time-dependent angular analysis could be performed to measure the effective lifetime of the
decay BY — ¢uTu~ for the first time. This is a crucial step towards a full time-dependent

angular analysis [248] which additionally requires flavour-tagging of the B? and ES mesons.
Given the increased size of the Run 3 data set and assuming an effective tagging power of
5%, the full time-dependent angular analysis is expected to be able to be performed. The
full time-dependent angular analysis would allow for the measurement of the CP-averages S,
Sg¢, Sg and Sy, the CP-asymmetries A7, A3, Ay and A7 as well as the h; and s; observables
introduced in Ref. [57]. Considering that branching fraction of the BY — ¢u*u~ decay has only
been measured at D0 [249], CDF [250] and LHCb [11,/15,24] and LHCb is the only experiment
to perform angular analyses of this decay [11}/15],46], both, the improved statistical power and
the additional avenues of probing for New Physics are interesting prospects.
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Appendix A

Definitions for additional
time-dependent angular observables

In this Appendix, the angular observables related to the time-dependent angular distribution h;
and s; are defined following Ref. [57]. The new angular distributions depend on the transversity
amplitudes introduced in Sec. [2.3.3] Here, the scalar amplitude Ag is also taken into account
when deﬁnlng the h; and s; terms. Furthermore, the notation Ax denotes the amphtude of

the B meson decaying into the final state without applying the CP-conjugation (A = nxAx,

where A denotes the amplitude of the BS meson and can be obtained by changing the signs of
all weak phases and 7nx is the CP-parity of the amplitude).

The h; are connected to the real part Re of combinations of the transversity amplitudes
and given by

2+ﬁ2 7 1 * 7y * 7y * 7y *
his = = Re[e{AL AL + AAR + ATAT + AFA[Y]
4m2 i ~ * - —q * T Rx
+—LRe[e{ AL AT + ALA} + e7{ AL AR + AL AT
he = 2Re[e”{AFAF" + AFATY]

8m2 .~ o L
+%[Re[e’¢AtAf] + Re{e® ALAR: 4 e=i¢ AL AR 4 232 Rele®{ Ag A%)]

2 ~ ~ ~ ~
Moo = DLRele{ALAY + AfAY + ARAR 1 ARARY

hoe = —2B;Rele{AFAG" + AT AT
hy = BiRele®{Ak Al — AL Al 4 ARAR: — AR AR

1 id [ A * * —i * A R
hy = —=BRe[e{AFAl" + ATA} + e {AF Al + ATA[Y

V2
hs = V208,|Rele®{ALAL — ARARY | miof AL AL _ AR JR*Y)

——Re[ Ol AL AL + ARALY + e P { Al A + AR ALY

Ve

hes = 2B;Rele’*{Af Al — AL AT} + e Af AL — AR AT
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hs

hg

m L~ ~ . ~ ~
4547%734@@{%@ + ARALY + e AL AL + ARALY

VI8, | Imfe“{ AF AT — ATAT} + e AF AL — ATARY)

+%Im[ei¢{2{§ C ARALY 4 e AL Ay 4 ARALY
q

1 ; Y * Y * —3 A Lx A Rx
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The s; are connected to the imaginary part Zm of combinations of the transversity ampli-
tudes and given by
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Appendix B

Comparison of control mode data and
simulation for all years

This Appendix shows the complete comparison for relevant distributions between simulation
and data for the control mode B?— J/i¢. All distributions are shown for the used simulation
in this thesis, namely under data taking conditions as they were in 2012, 2016 and 2017 data.
The corrected and non-corrected simulation is given in red and green, respectively, and the
data is given as black points. Full details of the corrections are discussed in Sec. [5.5.5]
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Figure B.9: Data and simulation comparison of the BDT input variables and the BDT response
(bottom right) for the BY — J/i ¢ control mode under 2017 data taking conditions. The data
(black points), as well as the raw (green) and corrected (red) simulation are shown.
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Appendix C

Determining amplitudes from angular
observables

In this Appendix the conversion of angular observables into amplitudes is derived taking the
time dependence into account. This is an important step when comparing the fits to control
mode data discussed in Sec. @ to the dedicated B? — J/i) ¢ angular analyses performed at
LHCD in Refs. [239] and [240]. In Refs. [239,240], the amplitudes of the ¢ meson (|4o|* and
|A,[*) are measured at ¢ = 0. Therefore, a comparison with these results, requires the |Ag(0)[?
and | A, (0)|* to be expressed in terms of the time-integrated angular observables extracted using
the maximume-likelihood approach employed in this analysis. In Sec. the relationship
between the amplitudes and the angular observables is given in Eqgs. as

2 T 2 (283 — FL + 1)
O+ O = A (14 g PR s )

R, (1-2S3+ F)+ F_(1+2S5— F)’

ALO) + |41 (0) Fo(28— Fi+1)

where F_ and F'; are constants which account for the time-dependence of (|A(0,||) (1) {2 + | A, () |2>
and (|AL(75)|2 +|AL (t)|2) [241], respectively and are defined by

o (AL (AL,
F —/0 e(t)e (Cosh( 5 t)IFcos(gbs)smh( 5 t))dt.

The SM values used to calculate Fx are I'y = 65.6895 x 10'°s~! and AL'y/T's = 0.166 [65]. The
e(t) term is the time-dependent efficiency and is determined on B?— J/i) ¢ simulation.
The derivation of Eqs. [7.3}{7.4] starts with the definition of F, given in Eq. as

= ett) (14 + | Ao(0))
J57 ([ Ao(®)* + [ Ao + 1AL OF + [0 + |40 + | 4@ )t

=

The denominator can be rewritten by defining the time-dependent normalisation (N (t)) as
N@) = > ico1y (\Ai(t)\Q + }fli(t)‘?). At t = 0, the normalisation (N(0)) is unity, explic-

itly N(0) = >0 (|Ai(0)|2 + ‘/_11-(0)|2> = 1. With this definition, the denominator in the
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definition of F}, can be rewritten as

/Omeu)/v(t) - /we(@ S (A0 + (A0

0 i=0, L,

> (IAOP + [AOF) -+ (JA.OF + 4.0 £

i=0,||
[1 - <|AL(0)|2 + \AL(O)\QH Fo+ (|AL(0)|2 + \MO)\Z) F,

— F 4 (\AL(O)F + |;1L(0)|2) (F, —F.).

With this relationship, Fr, can be given in terms of the transversity amplitudes at ¢ = 0 as
- 2
(146 (0) + [Ao(0) ) F-

(C.1) L = — .
Fo+ (JALOFP +[AL0)) (7 - F)

In Eq. 2.7 Ss is similarly defined as

g — 1)y (AL + AL~ |40 - |40)])dt
P2 TN () |

S5 can analogously be given in terms of the amplitudes at ¢ = 0 by rearranging:
(14:0F + [4.OF) P = (|4©F + |4 0]) £
Fo+ (JALO)F + 4. 0)) (F. - F)
(14:O)F + |4 O) (B + F2) — (1= (I46(0)F + | Ao0)*) ) F-
Fo+ (|4 )P + |41 0)7) (Fy - F)
(14 O)P + AL )) (Fy + F) - F-

= — 2 +FL
F_+ (JALO)F +[A.0)) (Fs - F)

3 prm—

With this dependency, the transversity amplitude <|A L)) + |AL (0)‘2> can be solved for by
rearranging and is found to be

’2) o F_ (253—FL+1)
Fi(1—-2S3+ )+ F_(14+2S;—Fr)

(C2) (14 ) +]4.(0)

Similarly, rearranging Eq (C.1| for <|AO(O)|2 + !AO(O)f) and substituting Eq. [C.2| to write the
transversity amplitude in terms of angular observables gives

Fo+ (JALO)f + | A1()[*) (P - F)
F_
(285 — Fy, + 1)
Fy (1—2S5+ F) + F_ (14255 — F))

<|A0(0>|2+M0(0)’2) = I

_ A (1 T (P, — F_>> .
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Appendix D

Distributions of the pulls from the fit
validation

In this Appendix the pulls for the each of the angular observables from the pseudoexperiments
for the fit validation are shown in Figs. for the angular observables from blind fits to
data.
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Figure D.1: The pulls from the pseudoexperiments for the fit validation for each angular
observable in the ¢* bin of [0.1 GeV?%/¢*,0.98 GeV?/¢?]. The angular observables are taken from
blind fits to data.
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Figure D.4: The pulls from the pseudoexperiments for the fit validation for each angular
observable in the ¢* bin of [6.0 GeV?¥/ ¢!, 8.0 GeV?/c?]. The angular observables are taken from
blind fits to data.
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Figure D.5: The pulls from the pseudoexperiments for the fit validation for each angular
observable in the ¢? bin of [11.0 GeV?/c?, 12.5 GeV?¥¢!]. The angular observables are taken from
blind fits to data.
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Figure D.6: The pulls from the pseudoexperiments for the fit validation for each angular
observable in the ¢* bin of [1.1 GeV¥/ ¢!, 6.0 GeV?/c?!]. The angular observables are taken from
blind fits to data.

3 o
5000 of 5000 - Fy pull distribution 5000 of 5000 S, pull distribution 5000 of 5000 ;S pul distribution 5000 of 5000 4 Acpul distribution
fits were successiul 0.138 +0015 fits were successful X=-0078 0014 E fits were successful X=-0.046 0014 £ fits were successful x=0001 £0.015
++ 6= 1044 £0.010 E ©,=1.020 £0.010 E =1016 0010 $300E ©=1.028 0010
s
E 250F
200 2000
150 150
100F- 100F-
sof- sof
L L L , L . L L i
E = ) 0 e N I = =
5000 of 5000 A, pull distribution 5000 of 5000 + , pull distribution 5000 of 5000 Ay pull distribution 2 3% 5000 of 5000 + A, pull distribution
fits were successful X=-0006 £0014 fits were successful x=0011 +0014 Z390F fi were successful x=0016 +0015 2ok fits were successful x=-0002 0014
o= 1011 £0010 E 6= 1000 £0.010 E300F- 6= 1039 £0010 Ea 6= 1023 £0010
£ g F
E of
250F- 2505 E
E 200
200 200F- 3
150 b 1E-
100F- 100f- 100E-
sof- s sof-
Il L E b L
= = =

Figure D.7:  The pulls from the pseudoexperiments for the fit validation for each angular
observable in the ¢? bin of [15.0 GeV?/c?, 18.9 GeV?/¢!]. The angular observables are taken from
blind fits to data.
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Appendix E

Alternative tables for the systematic
uncertainties

In this Appendix the absolute values for each systematic uncertainty and the quadratic sum are
given for each ¢? bin independently. In the last line, the expected statistical uncertainty is also
given. The summary table with the systematic uncertainty relative to the expected statistical
uncertainty is also given. Furthermore, in Tab. the absolute values for the remaining bias
using the fit validation pseudoexperiments with angular observables from the SM are given for
completeness.

Table E.1: Absolute systematic uncertainties in the bin ¢ € [0.1,0.98] and its quadratic sum
in comparison with the statistical uncertainty.

systematic uncertainty £, Ss Sy As AGE S, Ag Ag
peaking backgrounds 0.000 0.000 0.000 0.000 0.000 | —0.000 0.000 | —0.000
signal mass model 0.000 0.000 0.000 0.000 0.000 | —0.000 | —0.000 | —0.000
angular background model | —0.000 | —0.001 0.001 | —0.000 0.000 0.000 0.000 0.000
acceptance order | —0.001 | —0.002 | —0.000 | —0.000 | —0.000 | —0.000 | —0.000 0.000
simulation correction 0.005 0.001 0.000 0.000 0.000 0.000 0.000 0.000
PID correction 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000
simulation statistics 0.000 0.000 0.000 0.000 | —0.000 0.000 | —0.000 | —0.000
¢* dependency | —0.003 0.001 | —0.000 | —0.000 | —0.000 0.000 | —0.000 | —0.000
S-wave | —0.000 | —0.001 | —0.002 0.000 0.000 0.001 0.000 | —0.000
lifetime mismodelling | 0.011 | —0.010 | —0.000 | —0.000 0.000 | —0.000 | —0.000 | —0.000
time integration 0.009 0.009 0.003 0.000 0.000 0.001 0.000 0.001
shared backgrounds 0.006 | —0.001 0.000 | —0.000 | —0.001 | —0.000 0.000 | —0.000
remaining Bias | —0.002 | —0.002 | —0.004 0.000 | —0.009 | —0.000 0.004 | —0.001
quadratic sum 0.017 0.014 0.005 0.001 0.009 0.001 0.004 0.001
absolute expected statistical 0.048 0.068 0.080 0.068 0.063 0.067 0.081 0.068
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Table E.2: Absolute systematic uncertainties in the bin ¢ € [1.1,4.0]and its quadratic sum in
comparison with the statistical uncertainty.

systematic uncertainty , Ss Sy As ASE S7 Ag Ag
peaking backgrounds | —0.000 0.000 | —0.000 | —0.000 | —0.000 | —0.000 0.000 0.000
signal mass model 0.000 0.000 | —0.000 0.000 | —0.000 | —0.000 0.000 | —0.000
angular background model | —0.006 0.000 | —0.001 0.000 | —0.000 0.000 0.000 0.000
acceptance order | —0.001 0.000 0.000 0.000 | —0.000 | —0.000 0.000 | —0.000
simulation correction 0.003 0.000 0.000 0.000 0.000 0.000 0.000 0.000
PID correction 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
simulation statistics | —0.000 | —0.000 | —0.000 0.000 | —0.000 | —0.000 | —0.000 0.000
¢* dependency 0.002 | —0.000 0.000 | —0.000 0.000 0.000 0.000 0.000
S-wave | —0.009 0.000 0.001 | —0.000 | —0.000 0.001 0.000 0.000
lifetime mismodelling 0.007 | —0.003 0.001 | —0.000 | —0.000 0.000 | —0.000 0.000
time integration 0.006 0.004 0.001 0.000 0.000 0.000 0.000 0.000
shared backgrounds | —0.002 0.000 | —0.000 | —0.000 0.000 | —0.000 | —0.000 | —0.000
remaining Bias | —0.002 0.000 0.000 | —0.002 | —0.001 0.001 | —0.001 | —0.001
quadratic sum 0.015 0.004 0.002 0.002 0.001 0.001 0.001 0.001
absolute expected statistical 0.047 0.054 0.079 0.071 0.045 0.071 0.080 0.054

Table E.3: Absolute systematic uncertainties in the bin ¢* € [4.0,6.0] and its quadratic sum
in comparison with the statistical uncertainty.

systematic uncertainty Fr, S3 S,y As ASE Sq Ag Ag
peaking backgrounds | —0.000 | —0.000 0.000 | —0.000 0.000 | —0.000 | —0.000 0.000
signal mass model | —0.000 0.000 0.000 | —0.000 | —0.000 0.000 | —0.000 0.000
angular background model 0.011 0.001 | —0.003 0.000 0.001 0.000 0.000 | —0.000
acceptance order 0.001 0.000 0.000 | —0.000 0.000 0.000 0.000 | —0.000
simulation correction 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000
PID correction 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000
simulation statistics 0.000 | —0.000 0.000 | —0.000 | —0.000 | —0.000 0.000 | —0.000
q* dependency | —0.001 | —0.000 | —0.000 | —0.000 0.000 | —0.000 0.000 0.000
S-wave | —0.006 0.001 0.004 0.000 0.000 0.000 | —0.000 0.000
lifetime mismodelling 0.008 | —0.004 0.002 | —0.000 0.000 | —0.000 0.000 | —0.000
time integration 0.006 0.004 0.002 0.001 0.000 0.000 0.001 0.000
shared backgrounds 0.000 0.000 0.000 0.000 | —0.000 | —0.000 | —0.000 | —0.000
remaining Bias | —0.002 0.010 0.009 0.003 0.002 | —0.003 | —0.001 | —0.001
quadratic sum 0.016 0.012 0.010 0.003 0.002 0.003 0.002 0.001
absolute expected statistical 0.050 0.066 0.080 0.078 0.047 0.080 0.083 0.066
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Table E.4:  Absolute systematic uncertainties in the bin ¢* € [6.0,8.0] and its quadratic sum
in comparison with the statistical uncertainty.

systematic uncertainty I, Ss Sy As ASE S7 Ag A
peaking backgrounds 0.000 | —0.000 0.000 | —0.000 0.000 0.000 | —0.000 0.000
signal mass model | —0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
angular background model | —0.003 | —0.002 | —0.001 0.000 0.000 0.000 0.000 0.000
acceptance order 0.001 0.000 0.000 0.000 | —0.000 0.000 | —0.000 0.000
simulation correction 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.000
PID correction 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000
simulation statistics 0.000 | —0.000 0.000 | —0.000 | —0.000 | —0.000 | —0.000 | —0.000
¢* dependency | —0.000 | —0.000 | —0.000 0.000 | —0.000 | —0.000 | —0.000 | —0.000
S-wave | —0.004 0.001 0.004 | —0.000 0.000 0.000 | —0.000 0.000
lifetime mismodelling | 0.009 | —0.006 0.002 | —0.000 0.000 | —0.000 | —0.000 | —0.000
time integration 0.008 0.006 0.003 0.001 0.000 0.000 0.001 0.001
shared backgrounds 0.000 0.000 0.000 0.000 0.000 0.000 | —0.000 | —0.000
remaining Bias 0.000 0.000 0.001 | —0.001 | —0.001 | —0.002 0.002 | —0.001
quadratic sum 0.012 0.009 0.006 0.001 0.001 0.002 0.002 0.001
absolute expected statistical 0.049 0.069 0.077 0.075 0.048 0.078 0.081 0.069

Table E.5:  Absolute systematic uncertainties in the bin ¢* € [11.0,12.5] and its quadratic sum
in comparison with the statistical uncertainty.

systematic uncertainty Fr, S3 S, As ASE S7 Ag Ag
peaking backgrounds | —0.000 0.000 | —0.000 0.000 | —0.000 | —0.000 | —0.000 | —0.000
signal mass model 0.000 | —0.000 | —0.000 0.000 0.000 | —0.000 0.000 | —0.000
angular background model 0.004 | —0.002 0.002 | —0.000 0.000 | —0.000 | —0.000 0.000
acceptance order 0.000 | —0.000 0.000 | —0.000 0.000 | —0.000 0.000 | —0.000
simulation correction 0.004 0.001 0.000 0.000 0.000 0.000 0.000 0.000
PID correction 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000
simulation statistics 0.000 | —0.000 0.000 0.000 0.000 | —0.000 0.000 | —0.000
¢* dependency | —0.000 | —0.000 0.000 | —0.000 | —0.000 0.000 0.000 0.000
S-wave | —0.000 0.003 0.004 0.000 | —0.000 | —0.000 | —0.000 | —0.000
lifetime mismodelling |  0.007 | —0.009 0.002 0.000 0.000 | —0.000 | —0.000 0.000
time integration 0.007 0.009 0.005 0.001 0.001 0.000 0.001 0.001
shared backgrounds 0.000 0.000 | —0.000 0.000 | —0.000 0.000 0.000 0.000
remaining Bias | —0.001 | —0.001 0.004 | —0.001 0.000 0.000 | —0.002 | —0.000
quadratic sum 0.012 0.013 0.008 0.001 0.001 0.000 0.002 0.001
absolute expected statistical 0.043 0.065 0.063 0.062 0.045 0.067 0.069 0.065
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Table E.6:  Absolute systematic uncertainties in the bin ¢ € [1.1,6.0] and its quadratic sum
in comparison with the statistical uncertainty.

systematic uncertainty £, Ss Sy As AGE S, Ag Ag
peaking backgrounds | —0.000 | —0.000 0.000 | —0.000 | —0.000 | —0.000 | —0.000 0.000
signal mass model 0.002 0.001 | —0.002 | —0.000 0.000 0.000 0.000 | —0.000
angular background model 0.002 0.000 | —0.002 0.000 0.000 0.000 0.000 | —0.000
acceptance order | —0.000 0.000 | —0.000 | —0.000 0.000 0.000 | —0.000 0.000
simulation correction 0.003 0.001 0.000 0.000 0.000 0.000 0.000 0.000
PID correction 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
simulation statistics | —0.000 | —0.000 0.000 | —0.000 0.000 0.000 0.000 | —0.000
S-wave | —0.006 0.000 0.002 | —0.000 | —0.000 0.000 0.000 0.000
lifetime mismodelling 0.009 | —0.005 0.001 | —0.000 0.000 0.000 | —0.000 0.000
time integration 0.006 0.004 0.001 0.000 0.000 0.000 0.000 0.000
shared backgrounds 0.000 | —0.000 | —0.000 | —0.000 | —0.000 | —0.000 | —0.000 | —0.000
remaining Bias | —0.001 | —0.001 0.002 | —0.001 | —0.001 | —0.002 | —0.001 0.001
quadratic sum 0.013 0.006 0.004 0.001 0.001 0.002 0.001 0.001
absolute expected statistical 0.036 0.043 0.059 0.054 0.034 0.055 0.060 0.043

Table E.7: Absolute systematic uncertainties in the bin ¢ € [15.0,18.9] and its quadratic sum
in comparison with the statistical uncertainty.

systematic uncertainty I, Ss Sy As AGE S, Ag Ag
peaking backgrounds | —0.001 | —0.000 0.000 0.000 | —0.000 | —0.000 | —0.000 | —0.000
signal mass model | —0.005 0.001 | —0.000 | —0.000 0.000 | —0.000 | —0.000 | —0.000
angular background model 0.004 | —0.001 0.002 0.000 0.000 | —0.000 | —0.000 0.000
acceptance order | —0.009 | —0.004 0.000 0.001 | —0.001 0.000 0.001 | —0.001
simulation correction 0.013 0.002 0.000 0.001 0.000 0.001 0.001 0.000
PID correction 0.002 0.002 0.001 0.000 0.000 0.000 0.000 0.000
simulation statistics | —0.006 | —0.002 0.000 0.000 | —0.000 | —0.000 | —0.000 0.000
S-wave 0.000 0.005 0.005 0.000 | —0.000 | —0.000 | —0.000 | —0.000
lifetime mismodelling 0.006 | —0.008 0.001 0.000 0.000 0.000 | —0.000 | —0.000
time integration 0.004 0.007 0.003 0.000 0.001 0.000 0.001 0.001
shared backgrounds | —0.000 | —0.000 0.000 | —0.000 0.000 | —0.000 | —0.000 | —0.000
remaining Bias 0.003 0.002 0.000 | —0.001 | —0.000 | —0.001 | —0.001 | —0.000
quadratic sum 0.019 0.014 0.006 0.001 0.001 0.002 0.002 0.001
absolute expected statistical 0.029 0.038 0.048 0.048 0.026 0.048 0.049 0.038

Table E.8: The values for the systematic uncertainty originating from the remaining bias in
the fit validation using the SM angular observables are shown.

q2 bin FL Sg 54 A5 A(F’Yg 57 Ag Ag

[0.1,0.98] | —0.001 0.000 | 0.000 | —0.001 | —0.001 0.001 | 0.000 | —0.001
[1.1,4.0] | —0.003 0.002 | 0.002 0.001 0.001 0.002 | 0.001 0.002
[4.0,6.0] | —0.002 0.001 | 0.003 0.001 | —0.001 | —0.000 | 0.002 | —0.000
6.0,8.0] 0.000 0.001 | 0.002 0.001 0.001 0.000 | 0.003 | —0.001

[11.0,12.5] 0.001 | —0.001 | 0.004 0.000 0.000 | —0.000 | 0.000 0.000
[1.1,6.0] | —0.001 0.000 | 0.002 | —0.000 | —0.000 | —0.001 | 0.001 | —0.001
[15.0, 18.9] 0.003 | —0.001 | 0.001 | —0.000 0.000 | —0.001 | 0.001 | —0.000
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Appendix F

Projections of fits to rare mode data

In this Appendix the fit projections of the four-dimensional unbinned maximum likelihood fit
to the three decay angles and the mass of the BY candidate to the Run 1 and Run 2 data sets
are shown in Figs. .21l The fit model describes the data well.
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Figure F.1: Mass and angular distributions of B? — ¢uTu~ candidates in the region
q? €10.1,0.98] GeV?/c* for data taken in 2011-2012. The data are overlaid with the projec-
tions of the fitted PDF. This figure also appeared in Ref. .
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Figure F.2: Mass and angular distributions of B? — ¢uTu~ candidates in the region
q® € [0.1,0.98] GeV%c* for data taken in 2016. The data are overlaid with the projections
of the fitted PDF. This figure also appeared in Ref. [46].
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Figure F.3: Mass and angular distributions of B? — ¢uTu~ candidates in the region
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tions of the fitted PDF. This figure also appeared in Ref. [46].
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of the fitted PDF. This figure also appeared in Ref. [46].
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the fitted PDF. This figure also appeared in Ref. [46].
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Figure F.7: Mass and angular distributions of B? — ¢uTu~ candidates in the region
q? € [4.0,6.0) GeV¥/¢* for data taken in 2011-2012. The data are overlaid with the projections
of the fitted PDF. This figure also appeared in Ref. [46].
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¢ € [4.0,6.0) GeV¥/¢* for data taken in 2016. The data are overlaid with the projections of
the fitted PDF. This figure also appeared in Ref. .
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Figure F.9: Mass and angular distributions of B? — ¢uTu~ candidates in the region
q? € [4.0,6.0) GeV¥/¢* for data taken in 2017-2018. The data are overlaid with the projections
of the fitted PDF. This figure also appeared in Ref. [46].
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Figure F.10: Mass and angular distributions of B? — ¢u™u~ candidates in the region
q* € [6.0,8.0] GeV¥/¢* for data taken in 2011-2012. The data are overlaid with the projections
of the fitted PDF. This figure also appeared in Ref. [46].
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Figure F.11: Mass and angular distributions of B? — ¢u™u~ candidates in the region
¢ € [6.0,8.0) GeV¥/¢* for data taken in 2016. The data are overlaid with the projections of
the fitted PDF. This figure also appeared in Ref. [46].
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Figure F.12: Mass and angular distributions of B? — ¢u™u~ candidates in the region
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of the fitted PDF. This figure also appeared in Ref. [46].
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Figure F.14: Mass and angular distributions of B? — ¢u™u~ candidates in the region
q® € [11.0,12.5] GeV?/c* for data taken in 2016. The data are overlaid with the projections
of the fitted PDF. This figure also appeared in Ref. [46].
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Figure F.15: Mass and angular distributions of B? — ¢u™u~ candidates in the region
q? € [11.0,12.5] GeV?/c* for data taken in 2017-2018. The data are overlaid with the projections
of the fitted PDF. This figure also appeared in Ref. [46].
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Figure F.17: Mass and angular distributions of B? — ¢u™u~ candidates in the region
q® € [1.1,6.0) GeV¥/¢* for data taken in 2016. The data are overlaid with the projections of
the fitted PDF. This figure also appeared in Ref. [46].
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Figure F.18: Mass and angular distributions of B? — ¢u™u~ candidates in the region
¢ € [1.1,6.0] GeV¥/¢* for data taken in 2017-2018. The data are overlaid with the projections
of the fitted PDF. This figure also appeared in Ref. [46].
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Figure F.20: Mass and angular distributions of B? — ¢u™u~ candidates in the region

¢ € [15.0,18.9] GeV?/c* for data taken in 2016. The data are overlaid with the projections
of the fitted PDF. This figure also appeared in Ref. [46].

160



) LA LA L L N - 1 " "1 1 ]
§ 100 HCb 150< @< 189GeV¥ct] 2 100 LHCb 15.0 < ¢2 < 18.9 GeV¥ct]
o [37f! ] g [37m! .
= 80 - = < soF .
o [ = [ ]
Z L + Data eS| [ ‘l—'_l— ]
— 60 - g 60 I [ -
g — Total PDF o) i I
_—a 401 - Background ] 40 7]
o] [ C ]
=] L 4 L i
8 20 C ] 20+ ]
5300 5400 5500 5600 5700 -1 -0.5 0 0.5 1
m(K*K i) [MeV/c?) cosé,
N T 8 e — T ]
< 100F LHC]ID 15.0 < 2 < 18.9 GeV¥ct S 100E LHCII) 15.0 < g2 < 18.9 GeV¥¢* ]
s [371fb ] ~ [37fb ]
g f 1 2 | ]
5 80p 1 5 8op ]
S I + ] 2 0t 1
= r - ) r ]
8 60: | ] g 60 - 1
N T 1 ] ®) =
40 + +t 407 7]
20F . 20F .

=
(=]
I

1 -0.5 0 0.5 1 -2 0 2
cosfy ¢ [rad]

Figure F.21: Mass and angular distributions of B? — ¢u™u~ candidates in the region
q? € [15.0,18.9] GeV?/c* for data taken in 2017-2018. The data are overlaid with the projections
of the fitted PDF. This figure also appeared in Ref. [46].
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