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Résumé

L’objectif principal de cette these est I’étude des désintégrations de B‘()S) — J/yn")
avec 'expérience LHCb au Grand Collsionneur de Hadrons/Large Hadron Collider
(LHC) du CERN. Au niveau des quarks, ces désintégrations procédent par des transitions
a I'arbre supprimées de couleur pour les désintégrations de BY ou les transitions b— ccd
supprimées par Cabibbo pour les désintégrations B’. Ces mésons B neutres peuvent
osciller entre les états de particule B et d’antiparticule B. Comme létat final J/ip 5'")
est accessible aux mésons B comme aux anti-mésons B, il est possible d’observer une
violation des symétries de charge-parité (CP). Cette violation provient de I'interférence
dans les désintégrations avec et sans oscillations BY-BY. Elle peut étre mesurée a partir
de I’asymétrie temporelle entre les désintégrations de BY — J/yy(") et de BY — J/yny(")
qui est liée a la différence de largeur de désintégration AI's et a la phase ¢s. Une mesure
future de ¢ dans ces canaux peut alors étre utilisée pour tester le Modele Standard.
Cependant, il existe une contribution a cette mesure qui provient de désintégrations
a boucles appelées diagrammes pingouins. Il est donc nécessaire de sur-contraindre
les parametres des diagrammes pingouins. C’est en partie ce qui est étudié dans cette
thése a travers les mesures suivantes des rapports d’embranchement des désintégrations
B?s) — J/py") et du mélange entre les mésons 7 et 7. Dans la mesure de ce mélange, il
pourrait entrer également une faible contribution d’un meson hypothétique formé de
gluons de valence, appelé gluonium ou glueballs. Cela conduit 8 mesurer deux angles de
mélange a partir des différentes fractions de rapports de branchement. L'un des angles
est associé au mélange entre les états de quark des mésons 7 et i1’ et ’autre pour leur

mélange avec I'état gluonium.

La objectif de cette these est de mesurer ces rapports de branchement et les angles
de mélange en utilisant les états finals J/p — uu~ et les désintégrations des mésons 7
et 7’ dans les états finals: 7 — 7wt w7y, 1 — (7= yy), 7' = (P°— 77T )y et
n'— (5 — 7). Ces mesures exploitent un échantillon de données enregistrées
lors de collisions proton-proton a /s = 7, 8 et 13 TeV qui correspond a une luminosité
intégrée d’environ 9 fb ! qui été collectées lors des périodes d’opération I et IT du LHC.
Les mesures des états finals 7 et 77’ sont compliquées par la présence de photons et
I'environnement hadronique. Il a donc été nécessaire d’effectuer également une analyse
des performances de la simulation pour calibrer 'efficacité de la reconstruction des
photons et des 7°.
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Abstract

The main objective of this thesis is the study of the decays of B?S) — J/py") with
the LHCb experiment at CERN’s Large Hadron Collider. At the quark level, these
decays proceed by colour-suppressed b— ccs transitions for the B! decays or Cabibbo-
suppressed b— ccd transitions for the BY decays. These neutral B mesons can oscillate
between the states of particle B and antiparticle B. As the final state ]/ (") is accessible
to both B mesons and B anti-mesons, it is possible to observe a violation of charge-parity
symmetries (CP). This violation arises from the interference in the decays with and
without oscillations BY-BY. This can be measured from the time asymmetry between the
decays of B — J/yn") and BY — J/y") which is related to the difference in decay width
AT's and the phase ¢s. A future measurement of ¢ in these channels can then be used
to test the Standard Model. However, there is a contribution to this measurement that
comes from loop decays called penguin diagrams. It is therefore necessary to constrain
the parameters of the penguin diagrams. This is partly what is studied in this thesis
through the following measurements of the branching ratios of the decays B?S) — J/yy")
and of the mixing between the mesons 1 and 7’. In the measurement of this mixing, there
could also enter a small contribution of a hypothetical meson formed by valence gluons,
called gluonium or glueballs. This leads to the measurement of two mixing angles from
the different branching ratio fractions. One of the angles is associated with the mixing
between the quark states of the mesons # and 1" and the other for their mixing with the

gluonium state.

The objective of this thesis is to measure these branching ratios and mixing angles
using the final states J/ — puu~ and the decays of mesons 7 and 7’ in the final states:
n— nmtny,n— atn (= ), 7' = (° = 7t )yand ' — 7t (n = ).
These measurements were performed using a sample of data recorded in proton-proton
collisions at /s = 7, 8 and 13 TeV which corresponds to an integrated luminosity of about
9fb~! that were collected during LHC operation periods I and II. The measurements of
the final states 7 and 7’ are complicated by the presence of photons and the hadronic
environment. It was therefore necessary to also perform a simulation performance

analysis to calibrate the efficiency of the photon and 7° reconstruction.
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Introduction

This thesis covers the comprehensive experimental study of the decays of B?S) — J/yy"). This
primarily includes the updated measurements of the branching ratios of these decays and
consequently the mixing between 77 and #’ mesons. The measurement of these decays with
J/— uru~ and multiple 1) final states (namely  — w77t ~, y — 7w+~ 7° with 70— 7,
1" — p%y with p* — 7t 7~ and 5’ — 7t w5 with 7 — 77) was a key factor in achieving the
most precise measurements of the branching ratios to date.

The improved understanding of the mixing between the # and 7’ mesons and hence the
branching ratios of B(()S) — J/¢n") leads to a clarification of the quark content of these mesons.
An extension of the mixing scheme to include non-conventional mesons made of valence
gluons, commonly referred to as glueballs or gluonium, can also be investigated. This allows
for an inclusion of not just the meson’s quark composition but an additional component of
glue.

The data samples used were combined from proton-proton collisions in CERN’s Large
Hadron Collider at the centre of mass energies of 7, 8 and 13 TeV amounting to 9 fb ! collected
at the LHCb experiment in the two operating periods spanning over the years 2012 to 2018.
Using this combined data set with the multiple final states of the 7"} mesons allowed for great
improvements in the statistical uncertainties of the updated measurements of B?s) — J/pn") in

comparison to others performed within and without the LHCb Collaboration.

Yet there are unique challenges in measuring final states with photons in the LHCb exper-
iment. There is a necessity in this work, and many others, for simulation data to reproduce
the reconstruction and selection of efficiencies of these decays produced within the detector
environment. In the case of photons, there are many factors that may produce differences in the
measured efficiencies. There is imperfect knowledge of the photon interactions throughout the
detector material, the calibration and performance of the Preshower, Scintillating Pad Detector
and Electromagnetic Calorimeter is also imperfect, issues with the pile-up of the detector
and other factors. The accumulation of these imperfections lead to significant differences
in the measured efficiencies of photons that must be corrected for or factorised out of any
measurements involving photons.
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Therefore this thesis also includes a study of the reconstruction efficiencies of photons and
provides a correction for simulation by use of the decays of B" — x Kt with xo — vJ/¢
(for single photons) and Bt — J/$K*T(892) with K**(892) — Kt 7% and 7® — ~+y (for two
photons originating from a 71°). These decays are then compared to the topologically similar
BT — J/pK™ to mitigate the effects of the charged particles involved in the decays.



Chapter 1.

Theoretical Motivation

In this chapter the various interesting aspects of physics relevant to this thesis are discussed.
These include the Standard Model of Particle Physics in Section 1.1 giving a overview of
the Standard Model in the first part and a more in depth look at the Flavour Sector of the
Standard Model in the second part. As this thesis studies B! decays through b — ccs (with a
reasonably large yield) it is worthwhile to explore the possibility of future measurements of
the time-dependent CP asymmetries that result from the oscillations of the neutral mesons,
especially in the BY-B? case. The physics of these oscillations and how they relate to the CP
phase ¢; is therefore discussed in Section 1.2.

After the general discussion of B physics it is necessary to also discuss the physics of the
interesting 77(") mesons in the decay products in Section 1.3. This first requires an understanding
of some the interesting sectors of the quark model (Section 1.3.1). In Section 1.3.4, this model
is used to describe the physics of the daughter pseudoscalar mesons, the 7(’), and make
predictions on an angle that parameterises their mixing with each other. These predictions
tend to be less reliable for pseudoscalar mesons (compared to the near-ideal situation of the
vector mesons) so a brief description of other predictions made by an Effective Field Theory
(EFT) is necessary. This EFT has been shown to provide more successful phenomenological
predictions, especially in limits where it becomes difficult to make calculations using Quantum
Chromodynamics (QCD). Then it is discussed that there is a possible connection in the mixing
of 7 and 1" with a possible bound state of non-g7 meson states, specifically with valence gluons,
commonly called glueballs.

Since the physics of the mesons of interest is described, the application of this physics
to the decays of B(()s) — J/yn"), which this thesis concerns, then follows in Section 1.4. The
decay amplitudes and branching ratios of the decays of B?S) — J/ypy"") will be described in
terms of their respective Cabibbo-Kobayashi-Maskawa matrix elements, phase-space, other
kinematic quantities and the #-7’ mixing angles. This description allows for the determination
of these mixing angles through the measurements of various ratios of branching ratios. These
different ratios will be measurable many times by considering different (") decay channels



4 Theoretical Motivation

to a number of pions and/or photons, namely: ") = vy, 7 — 7ta =, 5’ = (0°— 7t 7)Y,
n— ntn (7= yy)and ' — 7t (n— 7).

It is worth noting that, throughout this manuscript, the speed of light and reduced Planck
constants are both considered unitary, i.e.c =7 = 1.

1.1. The Standard Model

1.1.1. Introduction to the Standard Model

The Standard Model of particle physics (SM) is a description of the fundamental particles and
their interactions. It is a successful quantum field theory that provides a common framework
for the strong force and unified electroweak force. It has at least 18 free parameters in its
simplest form (with massless neutrinos), each relating to the masses of particles and the
couplings of interactions between them, as well as the parameters describing the Cabibbo-
Kobayashi-Maskawa matrix described in Section 1.1.2. In the Standard Model elementary
particles (summarised in Table 1.1) can be categorised into two groups by their spin. Spin-half
particles are called fermions and the integer spin particles are bosons, where there are the
spin-one gauge bosons and the spin-zero Higgs boson (the only scalar boson currently in the
Standard Model). They also have other quantum numbers such as their baryon or lepton
numbers and electromagnetic (EM) or colour charges.

There are twelve fermions: six quarks and six leptons along with their associated anti-
fermions. With three generations (pairs of quarks and pairs of leptons), of which, most
observable matter is made of the first generation. The lepton generations contain charged
leptons that define the reference value for electromagnetic charge quantum numbers (Q = —1),
and their respective neutrinos of zero charge. For quarks these generations are pairs of up-type
and down-type quarks with electromagnetic charges of Q = +2/3 and Q = —1/3 respectively.

Interactions between fermions are mediated by the exchange of gauge bosons responsible
for one of the three fundamental interactions of the Standard Model. These bosons and their

respective interactions are:
1. photons (y): electromagnetic force,
2. gluons (g): strong force,
3. weak bosons (W* and Z): weak force.

In the Standard Model, these forces have been shown to be successfully described by two gauge
theories. Quantum chromodynamics (QCD) is the theory for the strong interaction involving a
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Table 1.1.: The Standard Model groupings of fundamental particles and their key quantum numbers [1].

Name Spin Baryon No. Lepton No. EM Charge Colour Charge
Quarks

u,c, t 3 1 +2 r,g,b

d,s, b % % —% r,8,b

Leptons

e, U, T : 0 1 -1 0

Ve, Vi, Vr % 1 0

Gauge bosons

0% 1 0 0 0 0
W=,z 1 0 0 +1,0 0
g (8 types) 1 0 0 0 octetof r, g, b

Scalar bosons
H 0 0 0 0 0

SU(3). symmetry group. The electroweak (EW) theory unifies both the electromagnetic and
weak interactions in a U(1), ® SU(2); symmetry [1].

Quarks couple to all interactions with their electric and colour charges. Up (1) and down
(d) quarks are in the first generation, charm (c) and strange (s) in the second, and top (t) and
bottom/beauty (b) making the third generation. The mass hierarchy of the generations are
such that the down-type quarks are the lightest and up-type quarks are the heaviest with

overall mass increasing with generation.

Colour charge is the attribute carried by quarks that allow for strong interactions via gluons.
This is categorised as red, green, blue, and their respective anticolours (r, g, b,7,§ and b). The
strong force confines quarks to bound states called hadrons. These hadrons must have no
net colour charge (i.e. be colour singlets) due to an effect called colour confinement. Mesons
(e.g. K and ) are quark-antiquark pairs bound with colour and respective anticolour charges
17, ¢ or bb. For baryons (e.g. protons and neutrons) there are three quarks with one of each
type of all colours (rgb) [1]. There have also been observations of rarer baryons considered to
be tetraquarks and pentaquarks [2—7]. Tetraquarks are bound states of two quark-antiquark
pairs (of which are colour-anticolour pairs) and pentaquarks are five quarks consisting of three

quarks in a colour singlet and a quark-antiquark pair.

Similar to quarks, gluons carry colour but simultaneously carry a colour and anticolour

pairs. These colour pairs can be represented in an octet to represent the eight gluon types, e.g.

[]:



6 Theoretical Motivation

(a)

Figure 1.1.: Example diagrams of interactions involving gluons where a) is self-interacting gluons and
b) is gluon-fermion interaction.

1, - 1,
ﬁ(rb +br), —lﬁ(f’b —br),
1, L
E(rnggr), zﬁ(rg g7),
é(bgwb), —i\%(bg—gw,
1 - 1, -
—Z(rr — bb), %(rr +bb —2g3).

Therefore gluons can both couple to quarks and also self-couple in ways like those displayed in
Figure 1.1. These gluons are associated to a gauge field G;; where a = 1,....8 from the SU(3)

symmetry group.

Leptons do not carry colour charge so would only interact weakly or electromagnetically
for charged leptons. As neutrinos only interact weakly, they are elusive in comparison to
other fermions. Each generation is considered to hold a characteristic flavour: first is the
electron and electron neutrino; secondly the muon and muon neutrino; and finally the third
generation is the tau lepton and tau neutrino. Standard Model neutrinos have zero mass,
although experiments have found this to not be the case and have observed their oscillations
between these lepton flavours.

With the electroweak interaction there is the three fields Wﬁ where b = 1,2,3 related to
the gauge group SU(2); and one field B, from U(1),.. This gives us the relation for the field
description of the massive charged bosons W=:

W:t

1 .
= ﬁ(w; TiWy). (1.1)
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There is then the W;’ and B, fields describing the two neutral physical boson states by their
mixing with an angle 6y, called the Weinberg angle:

Ay = Wy sinfy + B, cos Oy, (1.2)

Z, = W, cos By — By sin By, (1.3)

where A, and Z, are the field descriptions of the massless 7y and massive Z boson respec-
tively [9]. The Weinberg angle can be given by a relation between the independent group
couplings involved in electroweak interactions

gsinfy = ¢ cosOy =e, (1.4)

where ¢ and ¢’ are the coupling constants for the Wﬁ and B fields respectively and e is the

classical coupling constant for U(1), fields [1].

Photons mediate the electromagnetic force by coupling to electric charges and Z mediates
the neutral current of the weak interaction by coupling to fermion and antifermion pairs. The
charged current of the weak interaction is mediated by the W* bosons which is the only case
where inter-generational fermions can interact with each other. W* boson interactions are
dependent on the chirality of the fermions, as they only interact with left-handed fermions (or
right-handed antifermions). This allows for processes where one fermion decays to produce
fermions of other generations (i.e. flavour changing). This is the primary concern of the Flavour
Sector of the Standard Model.

The Standard Model Lagrangian can be expressed in three terms as
L = Liinetic + EHiggs + Lyukawas (15)

where the kinetic term describes the interactions between fermions and the gauge fields G,
Wﬁ and B, as

ﬁkinetic = ilp(Dy’Y}[)lpr (16)

where 1 are the spinor field describing the three fermion generations and ¥ = ¥'7". The
covariant derivative D* introduces the gauge field interactions as

Dy = 9y +igsGiA* +igWho" +ig'B,Y, (1.7)

where A? and ¢? are the Gell-Mann and Pauli matrices respectively and Y is the hypercharge.
The coupling constants of the respective gauge fields are g, g and g’ [10].
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Table 1.2.: Summary of the spinor fields’ attributed weak isospin and hypercharge. The electromagnetic
charge is related to these quantum numbers by the expression Q = I3 + Y /2.

Name Weak Isospin (I3) Weak Hypercharge (Y) EM Charge (Q)
Quarks

(QL)i  +3(u-type),—3(d-type) +3 +3(u-type),— 3 (d-type)
(up)i 0 +3 +2

(dR)i 0 ~2 —1

Leptons

(L/L)l +%(VCIVHIVT)/_%(61V/T) -1 O(Vg,VH,VT),—l(e,]/l,T)
(Ir)i 0 -2 ~1

The spinor fields contain five ways to represent fermions in the interacting basis. These are
categorised by their values of the weak hypercharge Y:

1. (Qp)i for quarks with Y = +1/3, containing a SU(3) triplet and left-handed SU(2),
doublet.

2. (uk)i for up-type quarks with Y = +4/3, containing a SU(3) - triplet and right-handed
SU(2) singlet.

3. (dy)i for down-type quarks with Y = —2/3, containing a SU(3) - triplet and right-handed
SU(2) singlet.

4. (L} ); for leptons with Y = —1, containing a left-handed SU(2); doublet.
5. (Ix)i for charged leptons with Y = —2, containing right-handed SU(2) singlet.

where i denotes the three fermion generations and L or R signifies left or right-handed chirality.
An overview of their respective weak isospin (I3) and electromagnetic charges (Q = I3 + Y /2)

is given in Table 1.2. The left-handed quarks can also be expressed more intuitively as

u ul ul
Qpi=|(*% " . (1.8)
dé d, d;, 4

This notation represents the SU(3) - triplet with colours , g and b and the SU(2); doublet with
up and down-type quarks [10].
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The term Lpy;qqs describes the Higgs field interactions with the strong and electroweak
bosons. It introduces an isospin doublet

n 0
¢ = (5;0 , ¢ = _(P(P ) (1.9)

It is this Lagrangian that supplies the W and Z bosons their respective masses as

Liiges = (D) " (D) — 12" — A(p"9p)%. (1.10)

where 12 is the negative mass-squared parameter and A is the positive Higgs self-coupling’.
The first term shows the interactions of the Higgs scalar and vector boson fields, whereas the
second and third terms describe the Higgs potential (—Vpjgqs). The minimisation of Vijges is at
(pTp) = v*/2 = —u?/2A, where v is the vacuum expectation parameter.

However the generation of the fermion masses arises in the Yukawa term Ly, 5., describing

the Yukawa couplings (i.e. the coupling between fermions and the Higgs field). This term is

£Yukawa = —Yz]@qb(glm)] + h.c. (1.11)
= —YH(QD)ip(dR); — YI(QL)ip(uR); — Yi(L))igp(IR); + h.c., (1.12)

where Yj; are the 3 X 3 Yukawa coupling matrices responsible for the interactions between the
different fermion generations [10]. This links the generation of fermion masses in the Standard

Model Lagrangian explicitly into the Flavour Sector. This is expanded on in Section 1.1.2.

Discrete symmetries

There are the charge-conjugation (C), parity (P) and time-reversal (T) symmetries that were
originally believed to be invariant. Parity transforms are the reversal of spatial dimensions

when operating on a space-dependent wavefunction e.g.

Y'(7) = Pyp(7) = ¢(-7) (1.13)

Py(7) = +¢(7). (1.14)

Parity eigenvalues are explored for mesons in Section 1.3.1. Time-reversal transformations

are a similar concept where there is a reversal of the time dimension under the operation on a

INot to be confused with the Wolfenstein parameter A
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time-dependent wavefunction

Y(t) = Ty(t) = p(—t). (1.15)

T transforms would be invariant if processes have the same time evolution in the forward and

backward time directions [11].

Charge-conjugation is the operation of transforming particles into their respective antipar-
ticles. It changes the sign a particle’s charge and quantum numbers related to its flavour, see
Section 1.3.1 for the quark quantum numbers. Neutral particles with no net fermion flavour
remain unchanged under a C transform. They are their own antiparticles in this case. Examples

of the C transform are:

ot S (1.16)
ve S 7, 1.17)
05 70 (1.18)
7S (1.19)

Similarly to parity, the only possible eigenvalues of charge-conjugation are 7c = £1. These
symmetries were originally believed to be invariant, which still appears to be the case for the

electromagnetic and strong interactions.

First suggestions of parity violation in the weak interaction arose from the observations of
two kaon decays K™ — 7t 71% and K™ — 77t~ 7t From the two-pion decay, the parity of the

spin-zero kaon would be expected to be the square of the pion parity
np(K) = np(m)*(-1)' = (-1)*(-1)', (1.20)

and the relative spin of the two pions, I, must be equal to the spin of the kaon so I = 0.
Therefore the parity of the kaon here must be 77p(K) = +1. Yet, in the case of the three-pion
decay the sum of the relative pion spins, I + I, would also be zero due to the zero spin of the
kaon, i.e. |I;| = |l2]. So the pion parity must be cubed

np(K) = np(m)°(=1)17"2 = (-1)° = -1, (1.21)

and it therefore has the opposite parity eigenvalue. As it was assumed by many at the time
that parity would be conserved, it was hypothesised that there were two different particles
with the kaon mass that each had different parities [12]. It was first suggested by Lee and
Yang that parity conservation was not always true, since all experimental data suggested that
these two hypothetical kaons had identical masses and lifetimes. They therefore suggested

multiple tests of parity conservation using f-decays [13]. The first evidence to provide proof
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that parity was in fact violated was the experimental study of B-decays of polarised cobalt-60
nuclei (where ®°Co — ®°Ni*e~7,). The electrons produced in this decay travelled in a preferred
direction. This meant that the spin of the electron was always opposite to its momentum, this is
referred to as left-handedness [14]. This means that the charged-current weak interaction, that
is responsible for these decays, could only couple to left-handed particles (¢~) or right-handed
antiparticles (v,) [12]. This was also confirmed in an experiment measuring the polarisation
and resonant scattering of photons produced in the orbital electron capturing in decays of '>?Eu
which proved that 100% of the neutrinos produced were left-handed particles [15]. Therefore,
symmetry under parity can be violated. Another consequence of this is that charge-conjugation
can also be violated in weak decays as a decay involving right-handed antineutrinos operated
under a charge conjugation does not occur. It was then posited that the combined CP operation
would be invariant as nothing about this property of the weak interaction would directly
forbid this [1]. Though this was found to not necessarily be true. When studying neutral kaon
decays it was found that the long-lived kaon state |[KY) with CP = —1 could decay to two
charged pions with CP = +1 [16]. This meant that a small amount of CP violation was indeed
entering into kaon decays [1].

The combined CPT transformation is invariant (CPT = 1) for all processes in Quantum
Field Theory was first given in Schwinger’s work in 1951 [17]. This was later proven as a
theorem under general assumptions by Liiders and Pauli in 1954 [18, 19]. This means that
particles and their corresponding antiparticles all have equally sized masses, charges, magnetic
moments and lifetimes. Hence tests of CPT invariance include measuring the mass differences
of particles and antiparticles (e.g. K% and K° where |myo — ml@\ / Mapg < 6 X 1019 [ ]) or
magnetic momenta of ™ and p~ (such as in g — 2 experiments [11]). CPT invariance implies
that, with measurements of CP violation, there must also be T violation.

1.1.2. Flavour Sector of the Standard Model
The Cabibbo-Kobayashi-Maskawa Matrix

The Cabibbo-Kobayashi-Maskawa (CKM) matrix was an extension from the Cabibbo matrix
which was introduced to describe the universality of the weak interaction in the context of two
quark families [21]. The extension with a third quark family was necessary to produce a model
that can describe CP violation [22]. For the purpose of understanding the quark mass terms
and their connection to the CKM matrix, the quark terms in Ly, k., must be expanded on after
the spontaneous symmetry breaking of the Higgs field induced by the Higgs potential

¢+ G+
o=" -1, N (1.22)
¢ ﬁ(U+H +iG”)
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where H is the Higgs boson, G™ are Goldstone bosons and v is the vacuum expectation
parameter related to the Higgs self-coupling and mass. The parameter v gives W= and Z
bosons their masses defined by My = gv/2 and My = /g2 + g?v/2 [23]. It then follows that
the quark terms in Ly, x4, are

Lyukawa = _Yz’j(QlL)l(P(d}{)] - Yzljl(Q/L)lcﬁ(u{Z)] + h.c. (1.23)
= _Yz‘?(d/L)i\%(d%)j — Y (u])i—= () + hc. (1.24)
= —M{(d))i(dR); — Mii(u))i(uk); + hec., (1.25)

N

where Mflj’” = Yg’”v/ \/2 are the mass terms which when diagonalised give the masses of the

quarks
my 0 0
v
Mgiag = 0 ms O = ﬁugLydudRr (1.26)
0 0 my
m, 0 O
v
Mo =10 me 0 |= EUILY”UMK, (1.27)
0 0 my

where the unitary matrices Uy, , Uy, U, and Uy, are employed for this purpose [10,23]. These
matrices therefore also give a rotation of the quark states from the interacting basis into their
respective mass eigenstates

(ur)i = (U, )ij(uy); (ur)i = (Uug)ij(uR)js (1.28)
(dr)i = (Ug, )ij(dy); (dr)i = (Ugg)ij(dR)j- (1.29)

Taking just the charged current terms in the Kinetic Lagrangian written in this quark mass
basis gives

Liinetic,cc = — 5= (g )in" (dL)iW, + hec. (1.30)

(ﬂL)i(uuLu;L)ij’Y”(dL)]’W; +h.c., (1.31)

Sl e

where (ur); and (dr); are the left-handed quarks in the mass basis; and U, with Uy, are the
respective unitary matrices that rotate the quarks from the interacting basis (1} ); and (d} ); to
the mass basis [10,23].
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It is from these terms in the lagrangian that the 3 x 3 unitary matrix arises
(Vexm)ij = (UuLu,:lrL)ij/ (1.32)

which is the Cabibbo-Kobayashi-Maskawa matrix [21,22]. Conventionally the CKM matrix is
only used to rotate the down-type quarks from the weak interacting eigenstates to the mass

eigenstates, whereas the up-types are chosen to be equal:

I _
ui—ul',

d; = (Vexm)ijd),

ie.
d d\ (Vi Vi Vi) (@
s|=Vexm |[s| =V, Ve V,|]s]- (1.33)
b’ b Va Vis V) \b

The CKM matrix elements V;; are defined by the transitions of quarks from down-type (j =
d,s,b) to up-type (i = u,c, t) or anti-up-type to anti-down-type [10,23]. The complex conjugates
Vlf’.‘

]

Therefore invariance under a CP transformation requires that all Vj; = Vi (i.e. that these

either describe transitions of up-type to down-type or anti-down-type to anti-up-type.

elements have no complex phase).

There are two commonly used parameterisations of the the CKM matrix. One is the Chau
and Keung notation [24] which introduces Euler angles 6;; for generations i and j. Shortening
cos 8 and sin 0;; to ¢;; and s;; respectively allows for the expression of the CKM matrix as

c12 s1p O C13 0 513€_i513 1 0 0
Vekm = | —s12 c1p 0 0 1 0 0 c3 523 (1.34)
0 0 1 —513€i§13 0 C13 0 —s3 023
C12€13 512C13 s1ze” 01
= | —s12023 — C12523513€0  C12023 — S12523513€°13 523€13 | - (1.35)
i613 id13

512€23 — €12€23513€ —C12523 — 512€23513€ C13C23

In this parameterisation the complex phase is introduced by the parameter é;3 which is the
source of the CP violation in the CKM mechanism of the Standard Model. The hierarchy of
the small angles is sinf;y > sinfhs > sinf3. An intuitive approximation can be used to
understand the relative importance of each matrix element. This is the Wolfenstein parame-

terisation [25] that uses powers of A = sin 6, ~ 0.225, with the higher order substitutions of
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0,0) 1 | (1,0)

Figure 1.2.: The unitarity triangles formed from the orthogonal relations given by a) equation (1.47)
and b) equation (1.48). These triangles introduce the definitions of the angles &, 8, v and Ss.

AA? = sinfp3 and AA3(p — in) = sin 613¢ 1 to approximate the CKM matrix as

1—1A2 A AX3(p—in)
Vekm = A 1122 AN2 + O(AY), (1.36)
AN (1—p—iy) —AA? 1

where A, p and the imaginary # are all parameters of order 1. Note that for the CP violation in
system of BY-BY oscillations (see Section 1.2.2) the matrix element V,; needs to be considered at
a higher order of A:

V, = —AA2 4 %)\4(1 —2(p+in)) + O(A9). (1.37)

For V,,, the complex term is of order A* (and therefore the CP violation) is small in comparison
to that of V,, and V,, which are of order A°. This has an important consequence for the size of
the angles of the unitarity triangles that are introduced in the following part of this thesis.

Unitarity triangles and CP violation

As the CKM matrix is a 3 x 3 unitary matrix (VgKMVCKM = 1), its elements will have 9
conditions to satisfy. There will be 3 unitary relations and 6 orthogonal relations. These
relations arise from

Vi Verm = VermViku (1.38)
Vud VMS Vuh Vu’< Vlts* Vub* 100
VieaVexm= | v, v, v, || v, v.o v, | =]0o 1 0], (1.39)

th Vts th th* Vts* vV,

. 00 1
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which implies that the unitarity relations are

Vuqud* + VusVus* + Vuqub»< = 1' (1'40)
Vcdvcd* + VCSVCS>|< + Vcbvcb»< = 1' (1'41)
ViaVid +VisVism + ViV =1, (1.42)

and the orthogonal relations neglecting complex conjugates are

ViaVed + VisVes ™ + ViV =0, (1.43)
ViaVia' +VisVis" +V V" =0, (1.44)
VoaVid  + Vi V" + VvV, =0, (1.45)
ViaVis' + Vg Vo' + Vi Vi," =0, (1.46)
ViV + VYV + VigViy™ =0, (1.47)
VuSVMb)k + Vcchb* + Vtthb* =0 (1.48)

It is from the relations that involve complex phases that the unitarity triangles are formed. For
these relations to form triangles and equal 0 there must be complex phases present, as seen in
the previous parameterisations. If there are no complex phases present then it is not possible
to form triangles, i.e. they would be flat in a complex plane.

Considering the unitarity relation from equation (1.47), and dividing by V_,V_,*, can give
a unitarity triangle in a complex space (see Figure 1.2) with three sides: 1, -V ,V ,*/V_V_*
and —V,,V,,*/V_,V_,*. This triangle defines the three angles «, f and 7 and three vertices at
(0,0), (1,0) and (p, 77) where

Vud Vub*
ralt
Vcd Vcb

p+in = (1.49)
which is the apex of the unitarity triangle with a unitary base. The definitions of p and 77, in
terms of the Wolfenstein parameters, are

2 2
p=p(1-2)+ 00, T=10- %)+ 00 (1.50)

The equivalent triangle for a system where the d is replaced by an s introduces the fourth
and final angle of interest B; and is given by equation (1.48) and shown in Figure 1.2. Other
triangles can be formed from the other orthogonal relations but this will not introduce any
fundamentally new angles.
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The formal definitions of these angles are then given as

th th* Vchcb* Vud Vub*
= —— |, = —— | = - 1.51
* "8 [ Vud Vub* ‘B "3 th th* ! "8 Vcd Vcb ( )

for the first triangle, and

V.V, *
Bs = arg [—V”V”’ ] (1.52)

¢s ' ch

for the second triangle. This angle is of special interest in this thesis and will be practically
substituted for the angle

s = _2,55 (1.53)

from this point forward. The utility of the replacement of Bs; with ¢ is evident in the parame-
terisation of the CP asymmetries of B decays involving b — ccs transitions, which is covered
in Section 1.2.2.

It can be intuitive to consider the CKM matrix with the introduced CP violating phase

angles factorised out:

V.l Visl — [Viple™™
Vekm = | —|V,] V4| v, | +00n), (1.54)
[Vigle™  =[Vile™® |V,

giving a simple description of Vxa where the sign of the real matrix elements is known along
with the complex parts. It is now evident from the Wolfenstein parameterisation of the element
V,s (shown in equation (1.37)) that the angle B; must be considerably smaller than the other

angles.

Experimental status of the CP violating phases and the CKM matrix elements

The current measurements of the CKM matrix elements V;; are summarised in Table 1.3. The
details of the fit are described in [28]. These are values measured and included in the fit
shown in Figure 1.3 to aid in the determining of the size of the unitarity triangle sides using a
number of observable inputs. Therefore there are available CP violating phase angles, that are
determined by the fit to be

a = (91.987082)°, B = (22.4273%0)°, v =(655T13)°.  (1.55)
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Figure 1.3.: The results of a fit on the measured CKM elements, B and BY oscillation parameters and
the CP phases «, 8 and <. Results are shown in the p and 7 plane [26].

The angles are constrained by experimental measurements. The most precise measurements
of « are determined in isospin analyses via B — p7, B — 7t and B — pp decays; f is best
determined by B — J/¢K or B — DK’ decays; and v is usually determined via B — DK
decays [28].

As for the angle ¢, the principle method of determination is through analyses of B!
decays including a b — ccs transition. The most precise modes for these measurements being
BY — J/YK*K~ and B? — J/p7ti~. The combined averaging from various experimental
measurements is shown in Figure 1.4. The averaging method is given in [27]. This determined

that the angle measured with b — ccs transitions is
$s“ = —0.050 £ 0.019 rad. (1.56)

The most precise measurements to date come from the LHCb Experiment, for example the latest
result (at the point of writing this thesis) is the updated measurement using the most favourable
decay mode BY — J/$K* K, sometimes referred to as the Golden Channel for measuring ¢s.
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Figure 1.4.: Plot of the results of the fit done on results from the ATLAS, CMS, CDFE, DO and LHCb

experiments. These results are shown in the ¢s and AI'; plane [27].

Table 1.3.: The current measurement status for the CKM elements (Spring 2021 global fit) [28]. This
includes the type of decay channels that provided the best precision measurements [10].

Vckm element  Best mode Current measurement
V. nuclear B decay rate 0.974353 1000002

Ve semileptonic K decays 0.22500 59902

Vo semileptonic B decays 0.003667 0000058

V., semileptonic D decays 0.22487 50002

7 semileptonic D decays 0.973521 t8;88882§

I’ semileptonic B decays 0.041451“8:8882&1;

v, BY-B? oscillations 0.008519 0900075

Vi BY-BY oscillations 0.04065 ) 0004

v Bl WB)/Bt— W'q) 0.999142/3%0m8

The combination of the studies of this mode gave ¢s = —0.081 £ 0.032 rad [29, 30]. Combining
all LHCb (including the additional modes of BY — J/¢r*7~, BY — ¢(2S)¢ and BY — D D;)
results gave ¢ = —0.042 £ 0.025 [29-35]. These values are currently still compatible with the
Standard Model expectation of ¢; = —0.0370"505%7 rad within two standard deviations. Then
there is the global fit of [28] (same that gave equation (1.55)) which determines the angle to be

¢s = —0.03680. 00 rad, (1.57)

which has the same compatibility of two standard deviations.
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In this thesis, a study of the pseudoscalar to vector and pseudoscalar decays B? — J/yn()
is shown. This decay involves a b — ccs transition so it is necessary to explore the possibility
of using this decay channel in an analysis at the LHCb experiment to contribute towards
the measurements of ¢;°°. This is a mode of particular interest for these kinds of analysis
as it has the advantage of not requiring a full angular analysis. This is unlike the previous
channels of study such as BY — J/yK*K~ and BY — J/¢* 7~ which both have contributions
of intermediary resonances (dominantly ¢ — K™K~ and p? — 7" 717) which explicitly involve
the decay of the pseudoscalar B? to two vectors.

1.2. Neutral mesons

As this thesis concerns B?s) decays, it is good to note some of the most interesting tests of
Standard Model physics available in the decays of these neutral mesons. It may be possible
to study the oscillations of the BY mesons in the BY — J/y(") decay modes. In this section,
the time development of neutral mesons and their decay amplitudes are described with the
intention of deriving the CP violating asymmetries arising in the interference between the rates
of decay of a meson or anti-meson decaying to the same final state. Then it is shown how, in
the case of b — ccs, these asymmetries relate to the CP phase ¢;.

1.2.1. Neutral oscillations

The CP violating phases of the CKM matrix can be determined by the experimental measure-
ments of the oscillations of neutral mesons. These oscillations occur between a meson P? and
anti-meson P° where I(D_d = ?O, l()_d, I(S_d, 1(3_9 . This is measured in the relative phase difference
between the decay amplitudes to a given final state that is a CP eigenstate accessible to both the
decaying meson and anti-meson. This phase difference originates in the differences of lifetimes
to be described in this section. Considering the particle-antiparticle states as oscillating in a
state

[9(1)) = a(t)[P°) + b(1)| P°), (1.58)

with time-dependent coefficients a(t) and b(t), and considering the Schrodinger equation

.0
i [9(t)) = Hlp(t)). (1.59)
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The Hamiltonian H is a 2 x 2 matrix in the P’ and P basis that can be separated into imaginary
and real parts

H=M- ig, (1.60)

where M and I are the 2 x 2 mass and decay matrices that are both Hermitian.

Under the assumption that CPT is conserved Hi; = Hp; and due to the hermiticity of H
Hj = Hj, so this Hamiltonian can be written as

M —iT11/2 My —il1p/2 M —iT11/2 My —il1p/2
b 1 1 12 12 _ 1 1 12 12 / (1.61)
My — il /2 My —iln/2 Mi, —il'7,/2 My —il'11/2

where the diagonal matrix elements describe the propagation of the mesons and the off-
diagonal matrix elements are responsible for the transitions between P’ and PY. The on-shell
contribution (via real intermediary particles f in P — f— PP) and off-shell contribution (via
box-diagrams with virtual particles) to the oscillations are associated with the —iFg) /2 and
MS) terms respectively. From these transitions a phase can be determined between on-shell
and off-shell intermediate states

o= arg [_Mu] . (1.62)

The mass eigenstates can be determined by the diagonalisation of H to give two states | Pyy)
and |Pp) ? with Am = my —my > 0 and AT = I'; — I'yy. The corresponding eigenvectors are
then the states

|P) = p|P%) —q|PY), (1.63)
|Pa) = p|P°) +q|P°) (1.64)

which, due to the decision that Am > 0, gives q/p° as a positive value

q M, —il'},/2
- =y 1.65
p\ Mpp—il1p/2 (165

A relation between the on-shell and off-shell transition phase and the g/ p is therefore

|Cl|> T12| . AT
21—+ | =~ sing ~ — tan ¢. 1.66
( pl) ™ Ml S o Y (160

2There is an exception to this notation in the case of P = K where instead of heavy (Py) and light (Pr) states, the
use of short-lived (Ks) and long-lived (K} ) are used. In this notation Am = m — mg and from experimental
observation AT =I's —I't > 0 where CP|K) = —|KL).

3In the K case, there is also the historic use of the parameter ¢ instead of p and g where g/p = (1 —¢€)/(1 +¢).
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Time dependence

From the mass eigenstate relations in equations (1.63) and (1.64), the flavour states P% and P°

can be written in terms of the mass states as

POy = 21p<\PH> +1PL)), (L67)

|P%) = o= (IPu) — |PL)). (1.68)

1
2
q
The evolution of the mass states over time are determined from Schrédinger’s equation (1.59)

as

[PL(t)) = e~ T2 PL(0)) = e T2 (p| PO) — g|PY)), (1.69)
[Pr(t)) = e "t Tut2| Py (0)) = et Tul2(p|PO) 4 q|P)), (1.70)

and by substituting equations (1.69) and (1.70) into equations (1.67) and (1.68) gives the time
dependence of the oscillations between particle and antiparticle states

(1)) = g (£)|P°) + Zg<t>|P°> (1.71)
|P°(t)) = ’q’g_<t>|P0> + g+ (H)|PY), (1.72)

where the time-dependent functions are

1

g:l:(t) — E(e impgt—Tyt/2 :te_imLt_rLt/2)’ (173)
with a squared modulo
Tt
g ()2 = "T [cosh (ATt/2) + cos (Amt)] (1.74)
and
Tt
L (Dg(t) = % [— sinh (ATt/2) £ isin (Amt)], (1.75)

whereI' = (I'L +T'y)/2 = 1/7 is the decay constant.
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Then for a particle starting in either the | P°) or | P?) states, the probability that it is measured
as |P%) or | PY) can be found by projecting equation (1.71) or (1.72) to those states:

(PP = |9+ (1) (176)
(PP = g+ ()] w77)
2
(P[P (1)) = \q 5 (), 178)
2
(PP (1)) = \Z 5 ()2 (1.79)

These relations give the different probabilities of net oscillations* at a time ¢ from production,
depending on the starting state. Therefore the probability that there are zero net oscillations is
given in equations (1.76) and (1.77). The probability of oscillations from P to P? is given in
equation (1.78), and the probability for PP to PV oscillations is in equation (1.79).

Meson decays

With an understanding of the different P and P states as well as P® — P? oscillations, experi-
mental studies of CP violation in the meson system also require a time dependent description

of the decay rates of these mesons to final state f. The definition of the decay amplitudes are
As = (f|T|P%), As = (fIT|P), (1.80)

where T is the transition matrix. Including the time dependency that was given in equations
(1.71) and (1.72) leads to the decay amplitudes for the starting states P or P” at a time t from
production

Apiisr = 8+ (VA7 + 8- (1 Ay, (1.81)

Apysf = Zg_(t)Af+g+(t)Af. (1.82)

4By net oscillations, it is meant that the flavour of the meson at the two moments of interest, production and
decay, are different (one net oscillation) or the same (zero net oscillations). If there is an even number of meson
oscillations it is treated the same as zero oscillations, and inversely if there is an odd number of oscillations they
are treated as one oscillation.
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By employing the common substitution of Ay = %% and A = At s - the squared modulo of
these decay amplitudes can then give the decay rates as

Upogrysf = |Af!2 (lg+ (O + [A£[Plg— () * +2Re[Arg’ (g (1)]) , (1.83)

Iy |Af|2 (Ig—(f)|2+ AfP1g+ (1) + 2Re[Asg+ (1™ (1)]) (1.84)

and considering the antiparticle equivalent final state (i.e. CP conjugate) similar relations can
be inferred:

(Ig- (O + 17218+ (D2 +2RelApg (g™ (8)]), (1.85)

pog = AP (Ig+ (DR + A7 Plg-(DP +2Re[Azgt (D-(8)]),  (1.86)

The equations with the |/ p|? or | p/q|* factors describe the decays with a net oscillation having
occurred at the time of measurement. The terms 2Re[Afg(t)g* (t)] come from the interference
between decays with and without oscillations.

The decay rates can be written in a form (termed master equations) that are obtained by
substituting equations (1.74) and (1.75) into equations (1.83) and (1.84):

e !t ATt ATt
Tpotysy = |Af|2(1 + ’/\f|2)T [Cosh <2> Dfsmh< 5 >

+Cy cos (Amt) — Sy sin (Amt)], (1.87)

2 —Tt
e AT't
Lpogyp = 2 Z (1+ AP — 5 cosh ( > D¢ sinh < 5 )
—Cf cos (Amt) + Sgsin (Amt)], (1.88)
— — e T ATt ATt
rﬁo(t)—>? = | 7‘|2(1 + ’/\f|2) 5 cosh < ) fs nh ( 5 >
+C cos (Amt) — Sysin (Amt)], (1.89)
2 Tt ATt ATt
Tporys7 = ‘ (1+ ]/\ & ) 5 cosh ( > <2>

—Cfcos (Amt) + Szsin (Amt)], (1.90)
where parameters are used to simplify the equations

. 2R€[)\f]

1-— |/\f’2 . sz[/\f]
P 1A

=17 s P14 A

(1.91)

2 2 | Q2
w1tth—|—Cf+Sf_1
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The three types of CP violation in the context of neutral mesons

In the context of neutral meson decays there is a distinction made between the sources of
CP violation: the direct CP violation of a decay, the case of CP violation in the oscillations of
neutral mesons and the CP violation in the interference between decays that occur with and
without prior meson oscillations. Both the cases involving meson mixing are considered to be

the indirect cases of CP violation.

For direct CP violation the rate of decay of the neutral meson P° to a final state f is not the
same as the rate of the anti-meson P° to f (i.e. Tpo_, f # I'p _3). From equations (1.87) and (1.89)
it is therefore implied that [Af| # |A7|. This is the only possible type of CP violation to occur
in mesons that do not oscillate (i.e. in charged meson decays). Over the years of 2007 to 2012
experiments such as BaBar, Belle, CDF and LHCb have precisely measured direct CP violation
in neutral channels such as B — K*71~, B — w7t~ and B — Kt 7t~ [36-39]. Although this
section is primarily concerning neutral mesons, this type of CP violation is also present in the
B* system such as found in studies of B* — K* ¥ [37] and BT — DK™ [40].

For the indirect CP violation from mixing the rate of oscillations from neutral meson P? to
anti-meson PY is not the same as the inverse case (I'po_, 5o # I'po_, po). This type of CP violation
occurs if |q/p| # 1, as is evident in equations (1.88) and (1.90).

When meson decays have the same final state whether or not the mesons were particles
or antiparticles at the moment of decay (i.e. when f = f), then the second indirect type of CP
violation may occur. This is due to the interference between the decay amplitudes of the meson
PY to a final state f and the decay of P? to the same state f. This interference arises between
two amplitudes that contribute to the total decay amplitude. These two amplitudes are for
when the decays occur with one or zero net oscillations. Measurement of CP violation must be

done via studies of the time-dependent decay rate by defining the CP-asymmetry as

~ Tpogysr = Tpogyss  Sysin (Amt) — Cycos (Amt)

Tpos + Ty cosh (5F) — Dysinh (%)

AT ()

where |q/p| is considered to unitary in this case, which in Section 1.2.2 is shown to be a correct
approximation due to the direct CP violation being much smaller than the CP violation in
the interference between the decay amplitudes of P° and P°. The term proportional to Cy is
related to the direct CP violation occurring in the decay amplitudes if I'po(y ¢ # T () ie. if
|Af| # \A7|. That leaves the imaginary term Sy and the real term Dy as the terms describing
CP violation related to the interference.
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1.2.2. Time-dependent CP asymmetries for B® and B? decays

Convenient approximations arise in the cases of the B’ and B systems. With negligible CP
violation expected to arise in the mixing of B°-B° or BY-BY, the value of the mixing parameters
are supposed to have equal magnitude (|q/p| = 1). This also means the parameter A can
be simplified to |A¢| & |Af/ Af|. In the B system the difference between the lifetimes of the
heavy and light mass eigenstates is negligible meaning that AT’y ~ 0. The decay rates from
equations (1.87) and (1.88), when applied to the BY system, can then be written as

< e T ATt (ATt
Tpo(sf = (JAF*+ A ) 5 COSh< 25 ) —Dfsmh( 25 )

+Cy cos (Amst) — Sy sin (Amst)], (1.93)
N ATt . (ALt
Thoyss = (|Af\2+ |Af\2) 7 _COSh< 25 ) - Dfsmh( 25 )
—Cycos (Amst) + S sin (Amst)]. (1.94)

For the CP-asymmetry, this yields the same relation as equation (1.92). For the B® meson
AT3/T4 = 0.001 £ 0.010 [41] so the approximation of AT ~ 0 for the BY system is typically
used. In this case the decay rates are no longer sensitive to Dy and cosh Al';/2 ~ 1 giving

—I4t

_ e +d .

Loy f = (|Af]2 + |Af]2) 5 [1+4 Cycos (Amgt) — Sysin (Amyg)], (1.95)
_ g*rdt .

Tgopss = ([Af[> +Af ) 5 [1— Cycos (Amgt) + Sy sin (Amgt)] . (1.96)

with the simpler relation for the CP-asymmetry as

Iz T
AP (1) = rlio(t)%f T FBO(tHf = S¢sin (Amgt) — Cy cos (Amgt). (1.97)
BO(t)=f BO(t)»f

Considering the case of negligible direct CP violation (Cf ~ 0) the terms for interference
become simply Dy = Re[As] and Sy = Zm[A]. This reduces the CP-asymmetries for B’ and
B? systems to single terms as

Ty —Tpogysr

AL (1) = = TIm[A¢] sin (Amgt (1.98)
() Ugoysr + oty Al sin (Amat)

for the BY, and

A (1) = Fgg(t)%f —I'pogrys s _ Tm[As]sin (Amst)

(1.99)
rEg(t)—>f +Ipotysf  cosh (%) - Re[/\f] sinh (%)
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C
s Vg Vi b
W= W
b t 5
Vi Vis

Figure 1.5.: Diagram for the dominant b — c¢s decay transition after a single B — B? oscillation. The
virtual t and f could also be u7 or ct, although these are less common.

for the Bg, where the denominator is non-negligible due to AT’ /T's = 0.128 £ 0.007 being much
larger than AT’y /T [41].

Time-dependent CP asymmetries in relation to ¢; via b— ccs transitions

In b— ccs transitions in the B system there can be a spectator s. Figure 1.5 shows the dominant
process for these transitions with virtual ¢ pairs in the B-B? oscillation and the relevant CKM
matrix elements describing this. Considering the case where cc forms a charmonium ]/
meson and f is a CP eigenstate, the definition of As_j/yss gives

A oss ViV, VU
A = <”l> W5 _ oy Yt ts Veb Ve (1.100)
Vs P/ po Ajpyss 1 VisVip Ve Ves

with 5cp as the CP eigenvalue of the final state equal to +1 or —1 for CP-odd or CP-even states
respectively. It is defined by the relation |f) = CP|f) = 5jcp|f) which implies that Ap = nep Ay
and 27 = 1jcpAs. From the definition of B in equation (1.52) and cancelling the real parts of

the matrix elements leaves

Ajppss = Ncpe?Ps = nepe 9. (1.101)

It is possible to introduce the CP-violating phase ¢ into the parameters Dj/ys and Sj/ys5 by
considering that

Djsyss = 1cp cos ¢s, Sijpss = —1cp Sin@s (1.102)
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This now gives the relation between the time-dependent CP asymmetry and the mixing angle

¢s as

AP(t) = Taoysr — UBityr . —1cp sin ¢s sin (Amist)
— rgo(t>_>f+r30(t)ﬁf o cosh <Arst> _ . (Arst)
s s 5 1cp €os ¢s sinh | =

(1.103)

1.3. 11(’) physics

In order to understand the physics underpinning the light (compared with B‘()S)) #'") mesons,
it is necessary to consider their quark content and the descriptive power that comes with
this. This is why this section starts with an overall description of the quark model and how it
describes and categorises mesons. There is focus on the mixing between zero-isospin mesons
which has noticeable impacts on the production and decay rates of these mesons. In this thesis,
this mixing is studied by the measurement of various decays of B?s) — J/yn"). Predictions of
the mixing can be made using this quark model but, as will be shown in this section, there are
inconsistencies that arise in this model due to the gluon dynamics of theses mesons at low
energies. This is why calculations must also be made with the use of an EFT (called chiral

perturbation theory) that better describes these mesons in this energy regime.

There is also the discussion of the possible glueball states that enter in the mixing of #-7’
mesons and so must also be accounted for in studies of the mixing. These glueball states could
possibly be attributed to pseudoscalar meson resonances somewhere in between the masses of
the " and the 7. meson, the lightest charmonium (cc) state. There are also a large number of
other interesting physics tests not explored in the analyses of this thesis. These tests are also
summarised at the end of this section to give a broad overview of the prospects for () mesons
in studying Standard Model and Beyond Standard Model physics.

1.3.1. The quark model
Quarks

Hadrons are described by quantum numbers that are directly related to their quark content.
This description is called the quark model and considers the hadronic wavefunctions in terms
of the valence quarks. The quarks are spin-1 fermions which are also attributed with the

quantum numbers:
1. Q: electric charge (+2/3 for up-type quarks and —1/3 for down-type quarks),

2. B: baryon number (1/3 for all quarks),
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O8]

. It isospin (4+1/2 for u and d quarks and O for s, ¢, b and t quarks),
4. I3: third component of isospin (—1/2 for d and = +1/2 for u),

5. S: strangeness (—1 for the s quark),

6. C: charm (+1 for the ¢ quark),

7. B: bottomness (= —1 for the b quark),

8. T: topness (41 for the t quark),

The definition of another quantum number of interest can also be determined by the values of
some of these other quantum numbers. This is called the strong hypercharge® and is calculated
as

1
Y, =B+S—2(C+B+T), (1.104)

where Y; = 1/3 for u and d quarks and Y; = —2/3 for the s quark. The electric charge of only
the non-zero Y, quarks (1, d and s) can be determined by the use of the Gell-Mann-Nishijima
formula

Y,
Q=L+ 35 (1.105)

The sign convention for the charge is therefore the same as the value of the sign of the flavour
quantum numbers.

Mesons

Mesons are bound states of quarks and antiquarks (g7) and can be characterised by their spin |
and their charge-conjugation C and parity P eigenvalues. Their spin can be calculated by the
equation

I—s| <] <|l+s], (1.106)

where [ is the relative angular momentum between quarks and s is the net spin of the two
quarks (3 £ 1 = 1,0 for aligned or anti-aligned spins). The numbers ! and s also determine the
values of C and P as

C=(-1)", P=(-1)". (1.107)

The categorisation of mesons can then be given by the multiplets J7C:

5Not to confused with the variable introduced earlier as the weak hypercharge.
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a)
>
I3
b)
>
I3

Figure 1.6.: Diagrams of the multiplets for a) the SU(3) triplets (3 ® 3) and b) the SU(3) octet and singlet
(8 @ 1) for the pseudoscalar mesons.

—_

. JP€ =0~ * with! = 0 and s = 0 are the pseudoscalar mesons,

2. JP€ =17~ with = 0 and s = 1 are the vector meson,

3. JP€ = 0t* with I = 1 and s = 1 are scalar mesons,

4. JPC = 1t+(1*+~) with | = 1 and s = 1(0) are axial vector mesons,
5. JPC = 2*+* with I = 1 and s = 1 are tensor mesons.

The light mesons with just u, d or s quarks can be grouped into a singlet and octet from

their fundamental triplet quark combinations:
33=1a8.

This is a SU(3); group representation shown in Figure 1.6, where the various mesons can be

represented in the quark flavour basis as an octet with a multiplet structure for their respective
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isospins. With isospin-1 pions

") = |ud),

|707) = |ud),

and the isospin-0

1

|78) = \@(WW +|dd) —2|s5)),

with I3
with I3
with I3
with I3

withl; =1,Y =0,
with I; = —1,Y = 0,

with I3 =0,Y =0,

=1/2,Y =1,
=-1/2,Y = -1,
=-1/2,Y=1,
=1/2,Y = -1,

with 3 =0,Y =0.

The additional singlet state introduces the second isospin-0 pseudoscalar

1

m) = \/§(|W>+Idﬁ>+lsg>),

with I3 =0,Y =0,

(1.108)
(1.109)

(1.110)

(1.111)
(1.112)
(1.113)
(1.114)

(1.115)

(1.116)

where the singlet and octet states of the 77 and 1’ mesons represented as #; and g respectively.

All I = 0 mesons of the same JP© multiplet can mix due to the breaking of SU(3) symmetry

which results from the reality that m, # my; # ms. This is why 7 and 1" mix, but also in

general terms, f and f’ also may mix which can be described with a single mixing angle 6

while considering general isospin-zero octet (y3) and singlet (1) states:

(f’}) _ (cos@
|f) sin 6

—sinf
cos 6

(¢s>)
[P1)

where the octet and singlet wave functions are the same as 71 and 7s:

1

$1) = \@(\L@ +|dd) + |s5)),

ls) =

1

V6

(|uw) + |dd) — 2]ss)).

(1.117)

(1.118)

There is the case where the state |f') = —|s3) and |f) = (|uut) + |dd))/+/2, which is referred
to as the ideal mixing. This angle §; = 35.3° is the ideal mixing angle where tan §; = 1//2.



Theoretical Motivation 31

Mass formulae

A way to calculate the mixing angle can be found through the diagonalisation of the mass
matrix of the two zero-isospin mesons ; and {5

mg m
M= T, (1.119)
mig 1y
where mg = (ips|H|s), m1 = (P1|H|ip1) and mgy = mig = (Ps|H|¢1). The meson masses m¢
and mg are the eigenvalues of the diagonalisation where M|f) = m|f) and M|f') = mp|f’).

mg Mgy cos 0 cos
mig My —sinf —sinf

So the meson masses can then be given in terms of the mixing angle 6 and the masses mg and

This implies that

mqg as

tang = 2 7" (1.121)

mig

The masses mg and m1g can be calculated from considering the constituent quark masses for

the mesons
1 2
g = 2 (1 + g + 4ms) my = 3 (1 + g + ms) (1.122)
2
mig = \3[(7111[ +my — 4m5). (1123)
Therefore, by assuming m,, = my = m, the masses are
1 1
V2 2v2
Mg = ?(Z[mq +my —2[ms +my)) = T(m” —my), (1.125)

where m, and m; are masses of general mesons (of non-specific J°“ multiplets) where |a) = |47)
and |b) = |g5), where g = u, d, giving two relations for the mixing angle in terms of the meson

masses

4:77’117 — my; — 3mf/

2v/2(m, —my)

tanf =

(1.126)
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Table 1.4.: The calculated mixing angles for zero-isospin pseudoscalar and vector mesons. This gives
the results of using the two mass formulae (1.126) and (1.128) with both linear (lin.) masses
and the quadratic (quad.) mass replacements.

6/°
JP€  Meson type ff' (1126)lin.  (1.128)lin. (1.126)quad. (1.128)quad.
0~* pseudoscalars ' n —11.7 —245 —6.3 —11.4
17—  vectors w ¢ 39.0 37.8 44.5 36.0

Another mass formula can be determined by using the unitarity of the mixing matrix instead

of considering equation (1.120)

Mg Mg cosf sinf mp 0 cosf —sin6
= . (1.127)
mig My —sinf cosf 0 my sinf cos6
This leads to a second mass formula involving both meson masses ¢ and m ¢
dmy —m, — 3mp
tan29 = —— 007 (1.128)

dmy —mg —3my’

supplying a second requirement on the mixing angle.

So the meson masses can then be an indicator of the expected mixing angles for I = 0
mesons. In the vector case, a calculation can be performed using the neutral J7¢ = 17~
masses 1m, = My = (775.26 £0.25) MeV, m;, = my.o = (891.66 £ 0.26) MeV, mp = my =
(1019.461 + 0.016) MeV and m s = m,, = (782.65 £ 0.12) MeV [41]. The two calculated angles
are 6y = 39.0° and 6y = 37.8° using equation (1.126) and (1.128) respectively. As these two

calculations yield similar results, the model seems to hold well for vector mesons.

For the pseudoscalars the situation becomes different, using the neutral meson masses
mg = myp = (134.9768 £ 0.0005) MeV, m;, = myo = (497.611 £ 0.013) MeV, mp = m, =
(547.862 +0.017) MeV and my = m,y = (957.78 £ 0.06) MeV [41], gives the 77 and ;" mixing
angle as 0p = —11.7° or 8p = —24.5° for the same respective equations. It is then clear that the
naive quark model does not hold when applied to the mixing of pseudoscalars due to SU(3)
symmetry breaking. A more suitable model is needed in order to make phenomenological
predictions of the mixing between the 7 and 1’ mesons. For this Chiral Perturbation Theory
with an extension of high number of colours has had phenomenological success.

There is the case where there is a replacement of the masses in equations (1.126) and (1.128)
with the square of the masses. This is sometimes theoretically justified by Chiral Perturbation
Theory (x-PT) [41] (see Section 1.3.2) or less stringently by the entry of squared masses in
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the Klein-Gordon equation [42]. By doing this, there is another set of angles for vectors
and pseudoscalars: from the quadratic version of equations (1.126) and (1.128) the vector
mixing angles are 6y = 44.5° and 6y = 36.0° and the pseudoscalar angles are 6p = —6.3°
and 6p = —11.4°. All angles are summarised in Table 1.4. In this version of the relations, the
two angles for the vector mesons have large disagreement and the pseudoscalars have an
improved agreement. This model therefore only holds better, although not perfectly, for the
pseudoscalars. This is likely due to the model of x-PT only being necessary for the description
of pseudoscalars as a singlet and octet of pseudo-Goldstone bosons, where the meson mixing

is not as near to the ideal mixing as the vector meson case.

An explanation for the pseudoscalar deviation from the ideal angle arises from a pertur-
bation model adding a non-vanishing constant term into the singlet state |i1) mass matrix.
This state perturbation arises from the exchange of a state of gluons [42]. According to the
Landau-Yang theorem [43,44], due to the conservation of spin in decays, the vector mesons
require at least three intermediary (spin-1) gluons in this type of transition. This is not the case
for the pseudoscalars which can transition into a two gluon state [42]. The Okubo-Zweig-lizuka
(OZI) rule [45-47] states that the transitions, with hadronic initial and final states that can
be separated into separate diagrams without any quark lines between them, are suppressed
relative to decays where this is not the case [12]. Therefore these gluon transitions are ex-
pected to be suppressed. Also the transitions with the three gluon states (proportional to the
strong coupling cubed «2) is more suppressed than the two gluon case (proportional to a?),
by gluon-line counting [41]. This explains why these effects appear more prominently in the
pseudoscalar case [42].

1.3.2. Mixing angle calculations from Chiral Perturbation Theory

Due to the strong coupling «; running at the low energy limit, the common description of
QCD begins to lose viability. Therefore it is necessary to apply an effective theory based on
chiral symmetries (that is the symmetry of left-handed and right-handed fermions) called
chiral perturbation theory to make predictions in this limit. For 77 and 5’ mesons, this is
the energy range of concern. In this theory the pseudoscalar octet (including 73) enters as a
natural consequence. Yet for the recovery of the singlet 71, there is a need for an extension to
the theory, towards an infinite number of colours [45]. This has some especially interesting
phenomenological consequences and, with the right inputs, predictive power for the mixing
angle 6p. In [49] a combination of 77 and #’ phenomenology is studied by exploiting 1 and 7’
data leading to the calculation of the value of 6p = (—15.4 +1.0)°.
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1.3.3. Mixing angle calculations from Lattice QCD

There are also some simulations of the 77-1’ mixing scheme using lattice QCD. The precision
of the calculated mixing angles are becoming increasingly competitive [45]. In [50] a phe-
nomenological determination of the 7 and 7’ masses and their mixing angle 6p was performed.
This gave m; = (557 + 11 (stat) &= 3(xPT)) MeV and m,; = (911 + 64 (stat) +- 3(xPT)) MeV for
the masses and 0p = (—15.9 £+ 2.2 (stat)2.4 + (xPT)), where the respective uncertainties are
the statistical and the systematic uncertainty related to extrapolation in the chiral limit at
discretised lattice spacing.

1.3.4. n-' meson mixing

The isoscalar pseudoscalar states |7) and |7’) can be generally described by the mixing singlet
and octet states |#1) and |#s):

17) _ cos@p —sinfp 178) , (1.129)
17" sinfp cosOp 171)

where the pseudoscalar mixing angle is 6p. The singlet and octet states can be expressed by
their quark components in the same way as equation (1.118).

It is also useful to consider the rotation into the quark flavour basis with mixing angle ¢p.

Equation (1.129) can then be written in terms of these angles as

)\ _ [cosgp —singp) () , (1.130)
") singp  cos ¢p |75)

where flavour basis states are
) = —
77’7 \ﬁ

which is the mixing basis used in the content of this thesis.

(|utt) + |dd)), [115) = [55)-

The consideration of singular mixing angles 6p or ¢p does not give a complete explanation
of this mixing system. It is important to note that the mixing of 7(") singlet and octet weak
decay constants, f](;(’?), has a requirement for two angles:

f,? f,(]) _ fscostly —fosinfy , (1.131)
f]?, ff;, fssinfs  focosby
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where the pseudoscalar mixing angles are 6y and 65 for the singlet and octet states and fy g are

basic decay constants. Similarly there is this representation in the flavour basis given as

q .
fu f,; _ fqcos0, —fssinbs / (1.132)

fo fy fqsin6,;  fscos b,
with analogous mixing angles ¢, and ¢, ° [48].

There has been phenomenological success by the use of the assumption that ¢s ~ ¢; = @p.
This is justified by large-N. x-PT calculations of both ¢s and ¢, where they are found to be
compatible, as well as this being a required approximation for mixing schemes where OZI-
breaking effects are neglected [49,51-55]. For example, in [53] the experimentally measured
values (circa 2004 [56]) of the decay widths I'(7 — 77y) and I'(5y’ — 77) as well as the ratio
of ]/ decay widths T'(J/¢ — n'v)/T(J/{ — n7) were used as inputs in a fit of the mixing
angles in the large-N. x-PT scheme. The values were found to be ¢, = (39.9 £1.3)° and
¢s = (414 +£1.4)°, in good agreement with each other and the result of the review in [49] of
¢p = @5 = @s = (39.3 £1.0)°. These calculated values are also within the range of values
found in the linear and quadratic mass equations of (1.126) and (1.128) of p = —24.5° to
—6.3° which corresponds to pp = 30.2° to 48.4° in the equivalent basis. This establishes
the single-angle mixing scheme for the 77 and 7’ mesons. It is useful to consider this mixing
basis which is relative to the ideal mixing angle at tan §; = 1/+/2. This angle ; would be the
hypothetical angle at which the 7 is a pure ss state.

1.3.5. 77 and 5’ masses and the connection to gluonium

For hadrons, the majority of their mass does not equal the sum of the valence quark masses.
As quarks are confined in bound states as a result of the strong force mediated by gluons,
their mass is increased by the potential of confinement described in QCD. However, a spon-
taneous chiral symmetry breaking between left-handed and right-handed quarks gives rise
to a description of pseudoscalar mesons as Goldstone bosons. This means that there is a
proportionality between the squared meson masses and the valence quark masses, without the
need of contributions from the gluon dynamics [453]. Yet this model only holds for 71° and K,
for 7 and ' there are much larger masses measured than the description of pure Goldstone
bosons can provide. In this case the gluon dynamics give, not only an increase in their masses,

but also noticeable effects in the measured decay or production rates of 77 and 7’.

It is interesting to extend the 7-7’ mixing model to include a small amount of mixing with
a third pseudoscalar zero-isospin state formed of two or three valence gluons |¢), typically

called gluonium or glueballs [57]. As a practical approximation, it is assumed that there is

®Not to be confused with the CP phase ¢s
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negligible mixing with the lower mass 7 (m, = 547.862 4- 0.017 MeV [41]) and only introduce a
small mixing angle ¢¢ in the higher mass 7’ case (m, = 957.78 £ 0.06 MeV [41]). Since this
connection to gluons is the source of the high masses, then the mixing is more prominent in
the 77’. This leaves two well-identifiable mesons (1 and #’) and two mixing angles (¢p and ¢g).
Therefore extending the mixing scheme in equation (1.130) gives

|17) = cos @plig) — sin @plys), (1.133)
") = cos @ sin @p|1yg) + cos @ cos @p|ns) — sin ¢cl1G), (1.134)

where |17) is the gluonium state in the flavour basis.

The scalar pseudoscalars have been well studied. Three zero-isospin scalar mesons around
this mass are the f,(1370), fp(1500) and f,(1710) observed states [58—60] which are expected
to mix heavily with the gluonium state, but not necessarily be the physical state themselves. In
fact, at Crystal Barrel there have been various observed decays of these mesons that suggest
that fp(1370) and fy(1500) are predominantly u + dd states. This is due to their dominant
decays being to 71°7° and 7 17 [61,62] and not KK [63]. In CERN’s WA102 experiment f,(1370),
£0(1500) and f£y(1710) decays were observed in their decays to two pions or two kaons. This
confirmed that the f;(1370) and f;(1500) do decay to 7t7t states at much higher rate than KK
and that the inverse is true for the f;(1710) state [64]. So the f,(1710) state is predominantly
ss [42]. Contradictions on this subject have been found though. A fit of WA102 and BES
data found that in a mixing scheme of these three mesons with a gluonium component that
£0(1500) has a significantly large gluonium content [65]. There has also been a notable absence
of fo(1500) in v production at the Belle and LEP experiments, supporting the hypothesis
that £((1500) could be gluonium as photons would then couple very weakly [42]. Yet more
recent studies at BES-III of the £;(1710) decay rates found a suppression of its decays to # 1’
which suggested significant glue contributions in this state [66]. At this current epoch of meson
spectroscopy our understanding of gluonium remains in relative infancy. There is a great need

to better understand the quark and gluon compositions of these mass states.

In the pseudoscalar sector there is less success in searches for gluonium candidates. The
observed pseudoscalar states above the 7(") masses are 1(1295), 17(1405) /5(1475), 1(1760)
and 7(2225) as well as X(1835), X(2120), X(2370), X(2500) and perhaps X(2600) [67]. There
have been suggestions that the two lowest mass states #(1295) and 7(1405) /1 (1475) could be
either be low-mass gluonium states or simply radial excitations of the 77 and 7', respectively.
Generally, it is believed that gluonium states would be above 2 GeV. In a number of Lattice
QCD calculations performed over more than two decades, the mass of a gluonium pseudoscalar
has been consistently suggested to be over 2 GeV [66-72]. Although there has been a suggestion
that this mass would be reduced to about 1700 MeV if the meson is not pure gluonium, but is
predominantly gluonium with some mixed |7;) and |77s) contributions [73].
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1.3.6. Key physics tests possible with 7 and 3’ decays

The decays of the light # and 7’ mesons can be used to test various aspects of low-energy
QCD as well as BSM physics. These are highlighted, in depth, in the review [48]. The review
also provides suggestions on the most high-priority of these. This includes looking at -7’
mixing (the focus of this thesis), which can be done in ways that aren’t described in the
following section. There is also a way of measuring this mixing through the determination
of the decay widths of 17(/ )= vy. High precision measurement of this is not only useful for
mixing measurement, but also plays a major role in understanding the anomalous magnetic
moment of the muon. This is because the transition form factors of these decays have important
contributions to the hadronic parameters of (g — 2), [48]. This can also be combined with
measurements of 17 decays to three pions in Dalitz plots to allow for a precise measurement of

the light-quark mass ratio which could improve matching to EFTs.

For the test of C and CP violation, studies of 7 — p*u~ decays could be used to test the
muon polarisation asymmetries. Decays of (") — 7 could be an interesting decay to search
for as it would be a CP conserving but C and P violating decay. Therefore this would be a
particularly interesting candidate to probe BSM physics [45].

There is some potential for various dark energy or dark matter searches, such as dark
photons, a new leptophobic scalar or axion-like particles (ALPs). In the case of massive dark
photons, there could be a resonance in the dilepton resonance of (") — ¢*¢~+ decays which
could be a be measured in (") factories. For the measurements of the leptophobic scalar, there
could be a scalar appearing in the two-photon resonance in 7"} — yy7? decays, as a 77
resonance in ") = 7w7r7r decays or as a dilepton resonance in ") — ¢ ¢~ 0. There is a need
for more theoretical motivation for ALP searches, so a definite proposition of decay modes is

not proposed in [48].

1.3.7. Key physics laboratories for ") physics
14. B}, — Jipy") decays

In this thesis the study of the decays of B?S) — J/yn") are performed with the principle
goal of measuring their rates and the angles ¢ and ¢p. These measurements were needed
to provide a better understanding of the hadronic structure involved in these decays. An
understanding which is necessary for a future study of the CP asymmetries of the B! system
using the BY — J/yn'") decay channels. In order to do this, an of the underlying physics of
mesons in both the context of BY-BY oscillations (Section 1.2) and the mixing between the 7
and 1’ mesons (Section 1.3) is needed.
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1.4.1. Decay amplitudes and -1’ mixing measurement

This section discusses the decays of B(()S) — J/y") which are a worthwhile channel to study
the mixing between the 7 and 1’ mesons and how measurements of their decay rate can be
exploited to calculate the mixing angles. For a two-body decay, the differential decay rate can

be determined from the expression

2 %
i — 1 |A]fp*dQ

=5 p (1.135)

where |A| is the decay amplitude for the decay mode, M is the mass of the parent particle
(mpo or mp), d€1 is the solid angle of the decay. The momentum of the decay products p* are
equal in the centre of mass frame due to the conservation of momentum and is calculated by

considering conservation of energy for the two-body decay

M=Ei+Er=\/p2 +md+/p?+m3 (1.136)

2 2
= pt = % [1 _ <ml]\—4mz> [1 _ <ml+m2> ] - %, (1.137)

M 2
E and m are the energies and masses of the two decay products. ® is introduced as a phase-

space factor to simplify the expression. For the specific case of the B‘()S) — J/ypy"") decays a

/

useful notation to adopt is with m; = m I/, M2 = My, M and M =m Bo, Mpo SO

n
O] r 2 2
0 29 My — M, 0 My + M ()
of =i i (M) ] [1— () ] (1138)
M go Mmpgo Mgo
(1 B 2 2
0 241 My — M, () My + M, 0
ol =2 _ | |1_ (Wv> 1— (W") . (1.139)
Mo mMpo "By

As the decay isa P — VP transition, where the P = B?S), 1"") are pseudoscalars and V = J/i
is the vector, it is isotropic in the centre of mass frame. This would mean that an integration
over the solid angle and the substitution of equation (1.136) into equation (1.135) yields

O]
r _ 1 Mo P 1.140
BJ/pn" ™~ 167 Migo ’ (1.140)
(1
1 1A o 2!
r A s (1.141)

BT/ ™ 167 Mipo
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For the decays of B’ — J/yn") and B — J/y5(") the respective quark transitions are b — ccd
and b— ccs. This implies that the relevant CKM matrix elements for the transition amplitudes
are V_; V3 and V V) respectively. The decay amplitudes for the four decays can then be found

by projecting the 17 and 7’ states to s5 or dd:

|ABO—>]/¢;7| R |VchcE|pZ|PBO—>]/1pdE||<da|77>|f (1.142)
| Ao | & [Ves Vi | P2 [Faoy s | (5111, (1.143)
| Ao gy | ’VchCE\PZ, | Fpo_, 1/paall (dd|y")|, (1.144)
[ Agos g | o VsVl P |Baos sl | (5517, (1.145)

where Fp__,/yq7 are the hadronic form factors for the B?S) decays which describe the underlying

physics interactions in the decays of B; — J/{qq. The proportionality to momenta p'g:; enters
as a consequence of the 4-vector polarisation of the vector J/¢ in a P— PV transition. These
amplitudes can then be substituted into equation (1.140) to give the decay rate in terms of the
form factors and CKM matrix elements

Mpo
Tons gt * o Vea Vil (@) )\FBMW! [(dd|y )2, (1.146)

o & o ViV (@1) [Fans s P55l ) (1.147)

Then the decay channel probabilities (i.e. Branching Ratios) are

Byo gy = o VeV (@) [Fyos, gl ) P, (1.148)
Bipsrg = g Ves Vil (1) [ Fog s Pl 551D 2 (1.149)
BMW:TBWB“!VM P (@) g ygaal?l ) P, (1.150)
By = o ViV 2 (@) Fappgel?] (5517') P (1.151)

As both final states J/y 17 and J/i 11" are CP-even the lifetime Tz must be for the light mass
eigenstate of the B! meson. The lifetime Tz and the masses mp and mpy have negligible
differences between the mass eigenstates of the respective parent B(()S) mesons and so do not
need this distinction.
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From the description of the 7 and 7’ states in terms of their flavour states and a gluonium
contribution (in equation (1.133)) the projection onto the ss and dd yields

_ 1
dd|n) = —= cos ¢@p, 1.152
(ddl) 5 oS (1.152)
(ss|y) = —sin @p, (1.153)
(dd|n')y = écos @G sin @p, (1.154)
(ss]y") = cos @p cos ¢¢. (1.155)

The relations in equation (1.148), (1.149), (1.150) and (1.151) can be used to determine the
relationship between ratios of branching ratios and the mixing angles ¢p and ¢¢. First

considering the ratio of J/i 1’ and J/i 7 final states with the same parent B, meson gives
g L) L) p s) g

3
®"\" B /
Rd — d/ M — COSZ qu tanz (PP/ (1156)
P’ Bpo_sj/py
3
T\ B /
RS = q)S/ M — COSZ GDG COtZ §0p, (1‘157)
@l ) Brosyyy

The determination of both angles ¢p and ¢ can be done using the four branching ratios by

R
RiRs = cos? G, ﬁd = tan* @p. (1.158)
S

So with the measurement of these branching ratios it is possible to also measure the mixing
angles ¢ and ¢p.

There are two other ways to measure ¢p with these sets of branching ratios. This can be
done by defining another two fractions R, and R,

3 2
_— ! Bgo_ _ Tgotmigo Ve 2| F B )/pdd | cot® gp (1.159)
1 @) ) By Teomeo | Ves || Feos s 2
I\ 3 2
R ﬁ Bgoﬁj/lml _ TgoMgo ﬁ 2 ‘FBO—U/lI’dH tan’ ¢p (1.160)
! ®) ) Brosypy  Taomey | Ves || Faosyyes 2
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Neglecting breaking of the SU(3) symmetry, the approximation that Fy ,; Jpdd = Fosjpss can
be employed to simplify these relations:

3
R — @\ Beosyypy _ tgompo [V * cot’ gp (1.161)
To\@ ) By Teomp | Ve 2’
N3
R, = L\ Broyyy _ tpmp | Vey|” tan® gp (1.162)
Too\el ) Brey  momm [Vl 2

With the lifetimes and masses known to good precision in [41] and the CKM matrix elements
are given in Table 1.3, it is possible to determine ¢p in a second and third way. Yet it is
important to note that R,/ /R, = R/Rs.

-’ mixing in relation to the rate of B’ — Jip°

Another way to calculate these mixing angles is to measure the fraction of the branching ratios
of the decays B® — J/yn") and B’ — /7. The branching ratio of B — J/pn* is similar to
that of B’ — J/i7 in equation (1.148), so can be written as

__ Tpohipgo %12 0\3 2 10\ (2
Bposjyn =~ | Vea V| (‘Dn) | Fgo_yjpaal” [{dd| ) |7, (1.163)

where the flavour state of the 7° is %ﬂuﬁ) — |dd)) which implies that |(dd|7°)|> = 1/2. This
allows the introduction of the ratio dependent only on ¢p [74,75]

3

o™\ B

Ro = d,7 B iy _ cos? ®p, (1.164)
CI)d BBO_>]/¢7T0

and another two-angle relation with B® — /iy

3

o™ \" B :

Ry = d B2I _ o2 @G sin® @p. (1.165)
qDZ BBO*)]/EDHO

It is worth noting that these relations are now proportional to cos? gp and sin® ¢p instead of
tan? @p and cot? @p in the respective relations for R, Rs, Ry, and R,. This means that Ry and
Ry are more sensitive to any uncertainties in the measured branching ratios of B’ — J/yy (")
and B® — J/yn0.
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Figure 1.7.: The exclusion plot for the mixing angles ¢p and ¢ determined by the Particle Data
Group [41] averages of the relevant branching ratios substituted into the ratios R, a) R’Zm

and b) RO(’) .

Current experimental averages

The relevant branching ratios for the calculation of the mixing angles are averaged in [41] as

Bpo, jppmo = (1.66 £0.10) x 1072, (1.166)
By, jjpy = (1.084£0.23) x 107, (1.167)
Byo sy = (7.6 £24 ) x107°, (1.168)
Bpojppy = (40 £07 ) x 1074, (1.169)
Byo gy = (3.3 £04 ) x107% (1.170)
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Which can be used to determine the values of each ratio R, Rs, R, and R, Ro and Ry. So
substituting these into equations (1.156-1.157,1.161-1.162,1.164-1.165) gives the averages:

R = 0.89 £ 0.34 = cos® ¢ tan® ¢p, (1.171)

Rs = 1.03 £ 0.22 = cos® ¢ cot® @p, (1.172)
V_,|? cot?

Ry = 0.057 +0.016 = 2B ‘Cd o e (1.173)
TBgmBQ VCS 2
V_,|? tan?

Ry = 0.050 4 0.017 = 28 ‘Cd an e (1.174)
TBgmBg VCS 2

Ro = 0.72+0.16 = cos’ gp, (1.175)

Ry = 0.64 +0.21 = cos® g sin® p. (1.176)

These ratios can then be shown as exclusion plots in the plane of the two angles ¢p and ¢ as
done in Figure 1.7.

BY— Jiyn(") as a laboratory for ¢p; measurements

The decays of B? — J/pn\") can provide an interesting testing ground for measurements of ¢.
This would be analogous to the use of BY — J/i¢ but with the added advantage of being a
decay of a pseudoscalar (BY) to a vector (/1) and pseudoscalar (17(")), as opposed to a second
vector (¢). This study would therefore remove the complication of performing an angular
analysis but at the expense of statistics, the branching ratios of B — J/y5") are about one
third of that of the BY — J/y¢.

An important application of the measurements of ¢p and ¢ is determining whether a
future ¢ measurement is in agreement with the Standard Model or not. The different possible
decay topologies can restrict the precision at which a measurement of ¢s can be used to
determine if there is evidence of new physics. The amplitudes of these topologies include a
dependency on mixing angles @p and ¢g. It is therefore suggested in [74] to use the fraction of
the branching ratios of B® — J/y") and B? — J/ym(") to give a constraint on these parameters
and provide an important prediction on the precision at which a future ¢; measurement can be
made. It is also suggested in [74] to use a measurement of the effective lifetime of these decays
to constrain AT.

1.5. Concluding remarks

The study of the B?s) — J/py") decays opens up opportunities for an improved understanding
of interesting aspects of meson physics, from the oscillations of B mesons to the mixing of
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") mesons. By studying their decay rates, and therefore the mixing between # and 7’ it is
possible to test the reliability of the quark model, QCD and x-PT calculations. A second but
no less important consequence of these measurements is their quality of being a foundation
for future measurements of the CP violation in oscillations of BY-BY. In the following chapters,
the measurements of the B((’S) — J/yy") decays at the LHCb experiment will be shown. These
measurements are an update and broader extension of previous analyses performed at LHCb,
one being a measurement of the absolute branching ratio of BY — J/y") decays with data
taken in 2011 [76] and another analysis of both data taken in 2011 and 2012 that studied the
mixing of 7 and 7’ with measurements of BY — J/p5(") and B — J/yy") [77]. This thesis
shows the reanalysis of these two results with full Run-1 (data-taken in 2011 and 2012) and
Run-2 (2015 to 2018), as well as more final states of the 77 and 1" decays. This greatly increased
the available statistics in the measurement of the absolute branching fractions of B(()S) — J/py")
as well as the ratios of branching fractions Ry, Rs, Ry and R, while also providing the first
direct measurement of the ratios Rg and Ry.



Chapter 2.

The LHCb experiment

The data samples used in the analyses of this thesis originated in the LHCb experiment. This
chapter describes this experiment by first introducing the source of the decays, the Large
Hadron Collider, then describing the various systems of the LHCb experiment: tracking,
calorimetry, triggering and particle identification. There is also a section that covers the
reconstruction and identification algorithms used for neutral particles as this is of particular
interest to this thesis as the efficiency of these processes were studied.

2.1. The Large Hadron Collider

The CERN Large Hadron Collider (LHC) is a circular synchrotron particle accelerator and
collider with a 26.7 km circumference making it the largest particle accelerator in the world. It
primarily collides protons and has so far reached centre of mass energies (1/s) up to 13 TeV. It
is built with two rings that accelerate beams in opposite directions through separate magnetic
tields and vacuum chambers. As the proton beams are accelerated in a synchrotron they pass
through the following sections of the ring: they are accelerated linearly by Radio Frequency
(RF) electric field cavities, focused by superconducting quadrupole magnets and bent into a
circular orbit by superconducting dipole magnets.

Before injection into the LHC, proton beams are initially accelerated up to 450 GeV via a
chain of accelerators from the Linac2 to Proton Synchrotron Booster to Proton Synchrotron and
finally the Super Proton Synchrotron. These accelerators were specifically tuned and upgraded
to reach the required 450 GeV for injection into the LHC. Each LHC proton beam contains 2808
sets of protons (bunches) that each carry 1.15 x 10! protons [78].

In the data-taking years of 2010 to 2012 (called Run-1), these protons were accelerated up to
3.5TeV and later 4 TeV, and in the data-taking years of 2015 to 2018 (Run-2) this reached 6.5 TeV.
Once they have reached these energies they would then collide at interaction points which

are where the two beams intersect. These intersections are the locations of the four largest

45
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Figure 2.1.: Diagram of the LHC, its beams, and the locations of the main experiments. [78]
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experiments: ATLAS, CMS, LHCb and ALICE. Figure 2.1 shows the a view of the beams of
the LHC and the locations of the four main experiments.

ATLAS and CMS are two general purpose detectors aimed at studying Higgs and Beyond
Standard Model (BSM) physics. For this task they exploit the maximum luminosity capabilities
of the LHC. In contrast, ALICE and LHCb experiments operate at a reduced luminosity. ALICE
takes advantage of data from heavy-ion collisions to probe physics in the quark-gluon plasma
state of matter. The LHCb experiment is the apparatus that concerns this thesis. Designed
for the measurement of Heavy Flavour physics, in particular, CP violating decays, LHCb
targets high precision measurements by operating at a near-constant instantaneous luminosity
of £L = 10*2cm?s~! [78]. The instantaneous luminosity is kept levelled by the slight mis-
alignement of the two proton beam axes to lower the rate of proton collisions adjusted for the
control of pile-up, this is shown in Figure 2.2.

At intersection points the instantaneous number of events generated by proton collisions is

given by

N =L, 2.1)

where 0 is the cross-section of particular collision modes and £ is the instantaneous luminosity
which is dependent on a number of beam conditions. The measured luminosity over the
data-taking years are included in Table 2.1. These events correspond to luminosity values
integrated over the time of operation of the LHCb experiment during its first two Runs (see
Figure 2.3) and to the cross-sections of bb pairs produced within the acceptance of the detectors
o(pp— bbX) = (72.0 4 0.3 (stat) - 6.8 (syst)) ub and (144 + 1 (stat) & 21 (syst)) ub for collision
energies of 7 TeV and 13 TeV respectively [79]. Throughout this thesis (stat) and (syst) label
the statistical and systematical uncertainties respectively.
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Figure 2.2.: The collected luminosity over time by ATLAS, CMS and LHCb during an LHC fill. The
LHCb luminosity is kept roughly constant for the first 15 hours of filling due to the tuning
of the alignment of the two beams [80].

Table 2.1.: An Overview of the data-taking years and their respective beam energies; cross-section for

bb production and expected number of bb produced in the LHCb acceptance.
*: Estimated as a linear interpolation of 3.5 TeV and 6.5 TeV results.

Year (lumi)/fb™! Egan/TeV o (pp— bbX)/ ub N(bb)/ x 10°
2010 0.04 3.5 720+ 03+6.8 2.88 £0.01 + 0.27
2011 1.11 3.5 72.0£03+6.8 7994+ 03+7.6
2012 2.08 4.0 84.04+03+68 1747+ 1+14
2015 0.33 6.5 144+ 1421 475+ 03+69
2016 1.67 6.5 144+ 1+21 2405+ 2+35
2017 1.71 6.5 144+ 1+21 2462+ 24136
2018 2.19 6.5 144+ 1+£21 315+ 2+46
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LHCb Cumulative Integrated Recorded Luminosity in pp, 2010-2018
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Figure 2.3.: The yearly cumulative gain of integrated luminosity from proton-proton collisions at LHCb.
Run-1 corresponds to 2010 to 2012 and Run-2 corresponds to 2015 to 2018 [81].
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2.2. The LHCb detector

The LHCb experiment is the LHC’s primary flavour physics experiment with a special focus
on precise measurements of beauty and charm physics. The experiment attempts to search
for new physics indirectly by precisely comparing Standard Model predictions of flavour
parameters to their measured values. In the sector of beauty decays there has been ~ 1 x 1012
bb pairs within the acceptance of the experiment in the first two data-taking periods (i.e. in
Run-1 and Run-2). The full estimations of the number of bb pairs are given in Table 2.1.

First the identity of the b hadrons has to be established, this requires the identification of
its displaced vertex. The b hadron flies from production at the proton-proton collision point,
the Primary Vertex (PV), until it decays at its Secondary Vertex (SV). The compatibility of
reconstructed vertices to measured decay products is determined by the impact parameter
(IP) (the distance of closest approach between the PV and the trajectory of the decay products)
and the decay time. Combined with sufficient energy and momentum resolutions of the
decay products, this information provides measurements of the invariant mass at high enough
resolution to precisely locate the studied B resonances (called signal) and discriminate against
backgrounds in the distribution that arising from other decays with similar-enough topology

or combinatorial events.

LHCb MC

Vs=14 TeV

0, [rad] ™2

L HCb MC
s =14 TeV

Figure 2.4.: The production rates of bb at the LHC as a function of 2-D a) polar angles and b) pseudora-
pidity (defined in Section 2.2). These plots are made from Monte Carlo (MC) simulated data.
(b) compares the acceptance of LHCb (red square) to General Purpose Detectors (yellow
square) such as ATLAS and CMS [82].
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Figure 2.5.: Cross-section view of LHCb, cut in the non-bending y—z plane. [84]

The detector needs to be capable of reconstructing a wide enough range of decay products
including electrons, muons, photons, neutral mesons (usually via photon reconstruction)
charged mesons and other long-lived hadrons. The extraction of useful information from the
high-intensity environment of proton collisions is made possible with the dedicated Trigger
selection and data acquisition systems.

Unlike the general purpose detectors on the LHC, LHCb is a forward single-arm spec-
trometer that covers a relatively narrow angular coverage of 10 mrad to 300(250) mrad in the
horizontal(vertical) plane. This geometry is capable of capturing almost half of the b-hadron
decays because the hadrons are produced by parton collisions with asymmetric energies and
are therefore boosted at a trajectory that is close to the beamline [83]. This can be seen in a

figure of the bb production rate for different angles in Figure 2.4.

The detector has a geometry system defined relative to the interaction point where the
positive z-axis is in the direction of the beamline into the detector. The x and y-axes are situated
along the horizontal and vertical directions respectively. Positive x is directed such that the
detector has a left-handed geometry. Throughout this thesis a transverse plane will be referred
to, this corresponds to the x-y plane (i.e. transverse to the beamline), this is especially useful
in the context of the energy or momentum of particles that may be boosted in the direction
of the beam line. The definition of the transverse momentum (pr) of particles is related to

its Cartesian momentum via a polar angle in the transverse plane (¢) and the angle from the
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transverse plane, i.e. the pseudorapidity (7). The definitions are as follows:

px = pTCOS P (2.2)
py = prsing (2.3)
p> = prsinhy. (2.4)

These coordinates are convenient to use for trajectories close to the beamline as seen in LHCb.

The layout of the detector is shown in Figure 2.5, as a cross-section on the y—z plane.

The bending dipole magnet allows for the measurement of particle momenta from the
deflection of charged particles in the horizontal (or bending) plane. This magnet has an
integrated field of 4 Tm. The terms upstream and downstream will be relative to this magnet
throughout this manuscript. There is the Vertex Locator (VELO) around the point of interaction
which is made of silicon modules arranged to give the coordinates of the primary and secondary
vertices. There are three main sets to the tracking system: the Tracker Turicensis (TT) located
upstream of the bending magnet; the three downstream Inner Tracking (IT) stations, T1-T3;
and an Outer Tracker (OT). The TT and IT stations all employ silicon microstrip sensors, unlike
the OT which uses layers of Kapton straw trackers filled with 70% Argon and 30% CO,. The
tracking system is described in Section 2.2.1.

For charged hadron identification (K-t separation) there are the two Ring Imaging Cherenkov
detectors (RICH1 and RICH2). The system covers a momentum range of about [2,100] GeV,
where the upstream RICH]1 is suited to lower momentum values up to 60 GeV and the down-
stream RICH2 for the higher momenta from 15 GeV [30,83].

The multipurpose calorimeter system is aimed at the detection of charged and neutral
hadrons, electrons and photons. It determines their identities, energies and positions using four
layers of sub-detectors: the Scintillating Pad Detector (SPD), the Preshower (PS) scintillator,
the electromagnetic calorimeter (ECAL) and the hadronic calorimeter (HCAL). The SPD is
responsible for separation of electron and photon signatures where typically neutrals would
not be detected, whereas charged electrons and muons would. The PS separates electrons
and charged pions due to differing deposited energy distributions. Between the SPD and
PS detectors is a 15 mm thick layer of lead corresponding to 2.5X (radiation lengths) where
electron and photon showers will begin [53]. The calorimeters are described in more detail in
Section 2.2.2

For the detection of muons there are five stations (M1-M5). M1 is upstream of the calorime-
ters and its inner section is the only triple Gas Electron Multiplier (GEM) detector. The outer
section of the M1 and the rest of the stations (M2-M5) are rectangular Multi-Wire Proportional
Chambers (MWPC) and make the furthest downstream detector system.
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Figure 2.6.: Schematic view of the cross-section in the x—z (above) and x—y (below) plane of the Vertex
Locator stations [83].

2.2.1. Tracking
Vertex Locator

The VELO precisely measures a track close to the interaction point. One of its principal aims is
to identify decays of b-hadrons by locating their displaced secondary vertex. In cylindrical
polar coordinates, the radial and angular measurements are determined by silicon detectors for
the specific purpose of being R and ® sensors. For the purpose of measuring signal, there are
42 of each type of sensor with an addition of four R sensors for vetoing pile-up events. These
sensors are all kept within a vacuum enclosed in a thin aluminium wall chosen to minimise

the amount of detector material (and so multiple scattering) close to the interaction point.

The reconstruction of the displaced vertices is important for analyses at LHCb to reduce
backgrounds. This provides the lifetime measurement and impact parameter of the hadrons
decaying in flight, in turn, giving useful information to be used in the High Level Trigger (HLT,
described in Section 2.2.3) and offline signal selections.
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The angular coverage of the VELO with hits in at least three silicon stations ranges from
15mrad to 300 mrad covering the acceptance of the LHCb experiment. This corresponds to the
pseudorapidity range of 1.6 < 1 < 4.9 for vertices created up to z values of 10.6 cm. The VELO
system was constructed with two halves that overlap slightly in order to proactively avoid
issues with possible detector misalignment. [83] In Figure 2.6 the overall layout of the VELO is
shown as a cross-section in x-z plane along with an illustration of the two halves of the VELO
in the x—y plane.

Silicon Trackers

The TT and IT (the inner part of the T1-T3 trackers also called the T system) are both ~ 200 um
pitch silicon strip detectors. The IT is located upstream of the magnet and covers the LHCb
acceptance with an area corresponding to a width of 150 cm and height of 130 cm. Downstream
of the dipole magnet are the three stations of the TT which covers an inner subsection of the
LHCb acceptance with a width of 120 cm and height of 40 cm. These trackers are designed to

give spacial resolutions at the level of 50 um [83].

A variable detector granularity was adopted to account for the differing potential occu-
pancies in different regions of the detector. This is achieved by changing the strip lengths
for the inner and outer (close and far from the beamline) regions, in line with the charged
particle densities. Excellent time resolution is necessary to reduce the pile-up of events from
the high collision rate around the interaction area. Therefore the front-end amplifiers have to
have a time shape of the same order as the proton bunch crossing time interval of 25ns [33].
A maximised signal-to-noise ratio (S/N) allows for the maintenance of a good single-hit effi-
ciency for each module of the tracker system. This was calculated as the most probable signal
amplitude for an ionising particle divided by the root-mean-square (RMS) of the modules
noise distribution. The detector was designed to keep this ratio over 12, with the expected

radiation damage accounted for [53].

As particles travel through detector material there is an increasing effect of multiple
scattering on the global resolution of the detectors. It is for this reason that the minimisation
of detector material is adopted in its design. This is why, most of the detector supports and
front-end electronics are positioned to be outside of the LHCb acceptance and do not contribute
to these effects. In the case of the IT, this was not possible due to its positioning relative to the
OT. Therefore the components of the IT had a specially chosen design to use less material in

the construction of the system supports and front-end electronic cooling systems.
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Outer Trackers

To measure momentum in the outer region of the LHCb acceptance where there is less particle
occupancy, the use of drift-time detectors was adopted. These detectors make up the outer
trackers (OT), the part of the T system (T1-T3). This design used layered straw drift-tubes
filled with a gas admixture of 70% Argon and 30% CO;. This design allowed for a drift time
lower than 50 ns and spatial resolution of 200 pm [53].

The individual modules were specifically designed to have a mechanical stability that
is sufficient to ensure the desired precision of 100 um and 500 pm in the x and z direction
are maintained. This included the requirement that the centrality of the anode wire was not
compromised across the length of the straw tubes and that any gas leakage under the pressure
of 10 mbar does not exceed 0.8 mls—! [83].

Similar to the silicon tracking system, the minimisation of multiple scattering effects in the
OT was ensured by keeping detector material below a few percent of Xy [53]. The minimisation
of noise and crosstalk caused by electromagnetic interference in the drift-tubes was ensured by
keeping the tubes firmly grounded and forming a Faraday cage around all of the modules and
their electronics.

Track Reconstruction and Performance

There are five track categories that can be reconstructed with the LHCb tracking system
depending on the combination of the tracking sub-detectors they are formed from. These are
demonstrated in Figure 2.7 and defined as:

1. VELO Tracks: tracks reconstructed in the VELO system and used for vertex reconstruction.
These typically travel outside of the acceptance of the other trackers due to a large polar
angle.

2. Long Tracks: tracks originating in the VELO and passing the TT and IT systems.

3. Downstream Tracks: tracks reconstructed only using the TT and IT systems. These are
reconstructed from decays that occur outside of the VELO acceptance.

4. Upstream Tracks: tracks that do not reach the T systems but do originate in the VELO and
reach the TT. These usually have momentum low enough to be deflected by the magnet
to outside of the detector.

5. T Tracks: tracks just from the T trackers. These are unlikely to be produced in a signal
decay from proton-proton collisions.
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Early simulations of B’ — J/¢KZ have determined that there is an average of 72 recon-
structed tracks per bb event. This amounts to 26 VELO tracks, 26 long tracks, 11 upstream
tracks, 4 downstream tracks and 5 T tracks [83].
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Figure 2.9.: The layout of the LHCb Calorimeters highlighting the PS, SPD, ECAL and HCAL struc-
tures [85].

The tracker momentum resolution over particle momentum had achieved o, /p = 0.05%
at momenta below 20 GeV and as high as 1% as momentum reaches 200 GeV. For the impact
parameter (IP) of tracks (i.e. the tracks distance of closest approach to the primairy vertex),
there is a linear dependence with respect to 1/ pr. It ranges from about 15 um to 80 um in the
1/ pr range from 0 GeV~! to 3GeV ! [80]. Both resolutions are given in Figure 2.8.

2.2.2. Calorimeters
Overview
The primary goal of the calorimeter system is to tag the transverse energies (Et) of hardware

trigger (LO described in Section 2.2.3) candidates as well as particle identification. These

candidates are separated by four low-level categories: electrons (e), photons (y), neutral pions
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Figure 2.10.: The layout of one quarter of the calorimeter cell structures for the a) three sections of the
SPD, ps and ECAL and b) the two HCAL sections [83].

(1% and charged hadrons (/). At the level of data analysis the accurate reconstruction of these

photons and neutral hadrons (e.g. 7/71° — 7) is an important feature of the detector system.

The LHCb calorimeter system takes a four-layered approach with the ECAL and then
HCAL layers typical of particle physics detectors along with two layers to aid in PID and
background rejection, the PS and SPD detectors. Each of these detectors are subdivided into
cells that are in the x—y plane. These cells have different sizes depending on the regions, of
which there are two sections for the HCAL and three for the others. The smaller cells are
located nearer to the beamline in order to give higher detector granularity to accommodate for
the larger particle flux in these regions. An overview of this design layout with the cell sizes
for the respective regions is given in Figure 2.9 and Figure 2.10.

Each of the four detectors are scintillators with layers of either lead or iron in between the
scintillating layers. When interacting particles traverse the scintillators, they produce light that
passes through wavelength-shifting (WLS) fibres to either photomultiplier tubes (PMT) for
the ECAL and HCAL or multi-anode photomultiplier tubes (MA-PMT) for the SPD and PS.
The PMT and MA-PMTs then give electrical signals to the Front-End electronics located on a
platform above the calorimeters.

The SPD and PS detectors are used for particle identification where the PS separates
electrons from pions while the SPD helps separate charged and neutral particles. The SPD
also provides information on the charged particle multiplicity in events which can help
remove events that have higher detector occupancy and will be too slow to reconstruct.
The measurement of the energy of electrons and photons comes from the combined energy
deposited in the PS and the ECAL. The HCAL provides energy measurements for charged
hadrons. All four detectors combined are used for offline PID.
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The SPD and PS detectors have very similarly designed cells of scintillators with WLS
tibre coils inside for light collection leading to the MA-PMT output modules. These two are
separated by the lead wall of 2.5X as the absorber for the PS.

The ECAL is a shashlik detector of successive scintillator-lead layers. The overall thickness
of this detector is 25X which allows for a complete energy measurement from electromagnetic
showers and good energy resolution. The ECAL and the LHCb outer tracker are designed to
have equal angular acceptances. The energy resolution has been measured by a test beam of
electrons and is given by

o(E)  (9.0+0.5)% 0.003

== VE ® (0.84+0.2)% ® Feng ’ (2.5)

where E is the energy of the measured particle in GeV and 6 is the polar angle relative to the

z—axis [86].

The HCAL is made from scintillator-iron layers of total thickness equal to 5.6 interaction
lengths. This uses the same PMT modules and has an energy resolution determined by use of
a pion test beam to give

o(E) (67%5)%

- S (9£2)%), (2.6)

where E is the energy of the measured particle in GeV [57].

SPD Calibration

Precalibration of the SPD was performed to ensure that its performance was correct before
the beginning of data taking. Then during data-taking further calibration was necessary to
account for the ageing of the PMTs caused by radiation damage to the photocathodes and
scintillator material. To calibrate the SPD, the reconstructed track of a charged particle is
matched with hits in the SPD. The ratio of events with clear hits at the expected point from a
track’s trajectory and the total number of tracks that should lead to the SPD gives the efficiency
of the SPD. This can be measured as a function of the threshold energy per cell corresponding
to a single Minimum Ionising Particle (MIP) and compared to a theoretical efficiency. The
initial calibration of the SPD detector was done by measuring cosmic rays in coincidence of
the ECAL and HCAL. This gave the initial global correction to the gain of the detector.

In the data-taking year of 2010 at /s = 7 TeV scans of threshold energy values from 0.3 to
2.1 MIP energies were performed. The theoretically expected efficiency was fitted for each of
the SPD cells at these energies. This allowed for the extraction of correction factors from these
tits that could then be applied periodically. This was repeated in Run-1 in June 2011, April
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2012 and November 2012. The radiation ageing corresponded to an average SPD efficiency
decreased from 95% to 88% by the end of the first LHCb run [85].

During the long shutdown between Run-1 and Run-2 annealing effects improved the
SPD efficiency by about 3% at the beginning of Run-2 (October 2015) compared to the end
of Run-1. In the beginning of the 2017 data-taking there was a re-calibration effort to fit new
efficiency distributions. This meant up-to-date effects of ageing were taken into account and
new corrections could be calculated. With new regular monitoring methods using fast streams

of calibration data the average cell efficiency was 94% after 2017 recalibration [85, 55].

PS Calibration

The calibration of the PS was done using charged particle tracks that are extrapolated to the
cells. The first calibration was done by use of cosmic rays and then partially reconstructed
proton-proton collision data were used to improve the corrections. Completely reconstructed
MIP tracks that traverse the PS were used to ensure the cell responses were equal across
the detector. A corrective multiplicative factor was applied to the high voltage gain of the
electronics. Each calibration performance is determined by fitting the energy distribution of
each cell and determining the MIP variance. This is done for each data-taking period.

ECAL Calibration

The calibration of the ECAL was done by changing the PMT High Voltage (HV) gains. The
precalibration of the PMTs was performed using fixed amplitude LEDs. These LEDs were built

for each readout channel for monitoring the gain of the PMTs.

In Run-1 a method of calibration was employed to update the PMT gains to compensate
for ageing effects. The ageing effects arise from two principle sources: radiation damage
to the scintillator tiles and fibres and the degradation of the PMTs due to the high current
integrated over time. The method of correction was a fine calibration approach to ensure the
fitted 7t° mass was equal to the nominal 77° mass. In the original design there was a plan to use
LED responses for monitoring the gain corrections over data-taking but the LED clear fibres
themselves experienced strong ageing effects and were not reliable for use. Therefore in Run-1
LED monitoring was not used to follow the ageing effect. Checks of the 71 mass were then
used to monitor the age per zone.

For Run-2, in order to use the originally planned LED monitoring system, the replacement
of the LED clear fibres with radiation hard ones was necessary. This meant that the calibration
methodology was partially altered. In the data-taking years of 2015 and 2016, the gain changes
to compensate for ageing effects was calculated and applied manually. For the subsequent
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data-taking years these were then automatised. The HV gains were then altered so that the

LED signal was matching with an LED reference value.

The second method of calibration was finely calibrating the reconstructed 7° mass to match
the nominal value. This was performed by the reconstruction of 71 — 7y for pairs of cells so
that the calibration of each cell was dependent on the calibration of others. For this reason,
an iterative approach was required to calibrate every cell multiple times so that the PMT gain
correction factors cause the ¥ mass to converge to the nominal value for each cell. This is
done in a total of 7 iterations to ensure the new set of corrections is robust. The results of this
calibration can be seen in Figure 2.11. This is repeated once per data-taking month (a total of 6
times per year) by 2018 [85].

HCAL Calibration

To calibrate the HCAL two 37Cs sources are used. These sources are attached to each half of
the subdetector and are attached by a hydraulic system that moves across each cell to measure
the PMT responses. Taking into account the activity of the sources, this system can determine
the proportionality between the sensitivity of the cells and the PMT response.

The ageing of the detector becomes apparent when comparing the hadron trigger efficien-
cies over time for the same selection thresholds. These changes would arise from the difference
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in the sensitivity of cells and a correction must be applied over time. The method to apply
a correction is to calculate a correction factor to the voltage gain of the PMTs. The largest
corrections would have to be applied to the central region of the detector due to the higher
particle fluency in data taking periods. It is also the case that the most downstream layers
of the HCAL are not affected by ageing. Most of the corrections are based either on LEDs or

Caesium source information.

2.2.3. Trigger

The LHCDb trigger system is how the experiment does its earliest selection requirements. This
is achieved by a three-level system including one hardware stage Level-0 trigger (L0) and two
software stages, the High Level Trigger 1 and 2 (HLT1 and HLT2). The LO trigger system is
connected to the Decision Unit (DU) where information is collected and determines whether to
reject events or not. This stage initially reduces the incoming event rate from the 40 MHz bunch
crossing rate to a 1 MHz readout rate. Both HLT1 and HLT2 use C++ algorithms to partially or
fully reconstruct events where HLT1 determines what data is saved to local machines and in
turn sent to the HLT2 for further selection of events to be stored offline. This reduces the rate
of events going to storage to 5(12.5) kHz for Run-1(Run-2).

The hardware trigger

Events are initially selected based on the algorithms of the combined hardware and software
trigger systems summarised in Figure 2.12. This limits the rate of data-taking and stores data
from decays of interest.

The hardware or LO trigger makes use of the energy deposited into the calorimeters and
makes decisions based on 2 x 2 clusters of energy in the ECAL and HCAL. This is normally
using transverse energy as to be independent of the boosting that arises in the asymmetry of
proton-proton collisions and keep the distributions within a standard energy range. These

energies are then given as
ET == Zl‘El‘ sin 91‘, (2.7)

where E; and 6; are the energies and polar angles (relative to the z-axis) of individual cells
i. The energies will correspond to either hadrons, photons or electrons depending on their
signatures in the PS/SPD system. An electron will cause a registered hit in the SPD, whereas a
photon would not.

For triggering on muons, a track is searched for in the muon stations. The transverse
momentum is calculated from interpolating this track to the interaction point with the dipole
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Figure 2.12.: The LHCb trigger system for Run-1 (2012), Run-2 (2015) and the Run-3 Upgrade [59].

bending magnet causing its change in direction. The transverse momentum of a muon
measured in this way then needs to be above the threshold which is configured for the
LOMuon trigger decision algorithm or the product of two muon momenta must be above the
threshold for LODiMuon. The configuration of L0 thresholds is varied over data-taking to

ensure the output is a high as possible for different beam configurations.

The high level trigger

The events accepted by the hardware stage are then fed into the Event Filter Farm (EFF) which
processes the software level triggering algorithms (HLT). The first level of this stage is the
HLT1 which performs a partial reconstruction of the events. This involves the reconstruction of
tracks of particles that pass through the full tracking system with sufficiently high transverse
momentum (above 500 MeV) and the precise measurement of the primary vertices. At this

stage the only PID algorithm that is used is the identification of muons [90].

The next stage is the full reconstruction of events with the HLT2 algorithms. This stage
will perform full reconstruction of tracks that do not necessary pass through the full tracking
system, reconstruct neutrals, and make use of PID algorithms. In the Run-1 the reconstruction
of HLT2 is different from offline reconstruction, but in Run-2 it is the same methodology.
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Figure 2.13.: The RICH1 reconstructed Cherenkov angles versus charged particle momenta [91].
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2.2.4. Charged particle identification

The identification of charged particles comes from a combination of information from the
calorimeters, muon systems and RICH detectors. The primary goal of the RICH systems is to
identify hadron type as the leptons and neutral particles are all well separated by the other
subdetectors at LHCb. The distribution of the angle of the Cherenkov light against particle
momentum is distinct for different particle identities, see Figure 2.13. The system is composed
of two detectors: RICH1 which is upstream of the magnet and just downstream of the VELO
and RICH2 which is downstream of the magnet just before M1 and the calorimeters. Each
RICH detector covers a different momentum range with RICH1 designed for lower momenta
(about 1 — 60 GeV) and RICH2 for high momenta (over 15 GeV) [83].
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The information is combined by use of artificial neural networks as multivariate analysis
tools. These then create a variable (ProbNNy,) for each particle hypothesis (x = K, 7T, ¢, jt, p)
which functions as a probability density function from 0 to 1. Combinations of ProbNNg and
ProbNN; are shown in Figure 2.14 to illustrate the rejection capabilities of these variables
when used as a function with each other.

Specifically for the identification of muons are the muon stations (M1-M5). These produce
a binary signal that gives the position of the muons relative to the interaction point. M2-M5
and the outer part of the M1 station are MWPCs with anode wires and cathode pads that
include layers of 80 cm iron absorbers. Whereas the inner part of M1 is a triple GEM detector
with an anode pad. These all have a fast gas mixture with 4 gas gaps for M2-M5 and 2 for M1.
A 6 GeV muon that hits all 5 stations penetrates about 20 interaction lengths including the iron
layers and the rest of the detector. There is a binary selection variable based on hits on these
stations called IsMuon. The average efficiency of selecting muons is about 98% with 0.5% for

mis-identification [92].

2.2.5. Dataflow

After events are selected by the trigger systems the raw data are stored. The reconstruction
takes all of the information from detector hits and creates physics objects to be stored and ready
for further selections. The next stage of selections are called the Stripping selections which tar-
get certain decays of interest. These are offline selections that use the data of fully reconstructed
events and categorise them by decay and use loose selections requirements to remove common
backgrounds. This thesis concerns analyses of decays involving the J/¢ — u*u~ decay. There
is a specific Stripping line (called “StrippingFullDSTDiMuon]psi2MuMuDetachedLine”) used
that broadly targets events in the full datasets that have this decay.

2.2.6. Software

LHCb simulation is handled by the software framework called GAUDI [93] which handles the
data processing applications with the aid of external libraries. The measurement of selection
and reconstruction efficiencies is determined by simulated Monte Carlo (MC) data. The MC
proton-proton collisions are generated initially by use of the physics modelling simulation
packages PYTHIA 6 [94] or PYTHIA 8 [95]. The EVTGEN package [96] adds decay and time
information using B-physics modelling and is of key importance to measuring time-dependent
CP asymmetries. For the simulation of photons, there must be corrections made to replicate
the leading-order processes and photon behaviour, this is ensured by the use of the PHOTOS
package [97]. Together these packages are handled by the GAUSS application which generates
the initial events and simulates the particle propagation through the detector [95]. Another
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principle part of the simulation software is the simulation of the detector and its interactions
as particles traverse the experiment which is performed by the GEANT4 [99]. This data is
then digitised by BOOLE [100] to replicate the responses of the detector electronics and the LO
trigger hardware. This final stage leaves data-types identical between real and simulated data.

For the reconstruction of both the simulation output of BOOLE and real collision data the
software package BRUNEL [100,101] is used. This application then produces the Data Summary
Tapes (DSTs) for the use in analysis with DAVINCI [100,101]. It also produces data files with
less information than full DSTs, called reduced DSTs (rDSTs), to be processed in the stripping
selection stage. DAVINCI is the analysis framework used for the selections of physics events
through the manipulation and analysis of physics objects.

2.3. Neutral reconstruction and identification at LHCDb

2.3.1. Neutral reconstruction

For the measurement of photons the energy and momentum are determined by the deposits
in the cells. To do this the cells of the ECAL are clusterised by the Cellular Automaton
algorithm [102]. In the ECAL these are formed from 3 x 3 cell clusters around a local maximum
(i.e. the cell with the largest proportion of deposited photon energy), this is called the seed
cell. There are requirements that the seed cells have at least 50 MeV of transversal energy
deposited and are separated by at least one cell. When there is overlap between two clusters,
then the energy in the concerned cell is divided between the two clusters proportionally to
their total energy. This is an iterative process, repeated five times to ensure that the total energy
converges. All 3 x 3 clusters can be attributed three parameters based on each constituent cell
i with central coordinates of (x;, y;): firstly a cluster energy

Eecar = LiE;,

its transverse barycentre (i.e. energy weighted position)

Pecar = (ZiEixi, ZiEiyi) = (xXb,Ys),
ECAL
and the transverse dispersion
1 SEi(xi — xp)? ZiEi(xi — xp) (i — Yo)

SECAL = (2.8)

Eecar \ 5iEi(xi — x,) (vi — ) Ei(yi —yp)?
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Table 2.2.: The measured photon energy reconstruction calibration parameters in 2012.

Parameter Photon type ECAL Section
Inner Middle Outer
% non-converted 1 1 1
converted 1.0144 1.0306  1.0002
B non-converted 10.23  10.06 7.92
converted 1343 11.16 10.27
0% non-converted 175 125 90
converted 446 222 205

In order to determine that these clusters are reconstructed from neutral particles there
needs to be a check that there are no tracks in the event that are pointed towards the cluster.
Therefore the reconstructed track trajectories are extrapolated to the ECAL and are assigned to
the best-matching clusters. The goodness of the matching is determined by

X3p(P) = (P — P)C,; (Pecar — P) + (Pecar — P)"Sgda; (Pecar — P), 2.9)

where the extrapolated position of the track is B,,, with a covariance matrix C;,. The selection
of clusters and their positions are determined by the minimisation of x3,,. A selection criteria

of x5 > 4 is used to remove most of the clusters from charged particles [85, 103].

The photon energy E, is calculated by the relation
E. = aEgcar + BEps + 7, (2.10)

where Epcar, and Epg are the energy deposits measured in the ECAL and PS with « and 3 are
factors to correct for energy leakages in the respective subdetectors [103].

The factor « is the product of many corrections:
X =0ng X A X &g X Ax X &y X &p (2.11)

where
1. ag: the global ECAL correction factor
2. ag: corrects for longitudinal leakage
3. ap: corrects for transverse leakage

4. ay: accounts for dead module material in the x—direction
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5. ay: accounts for dead module material in the y—direction
6. ap: for PS energy dependency

The « factors are obtained by a sample of photons with small PS deposits. Then p is determined
given that value of «. There are sets of &,  and < for converted and non-converted photons in

each ECAL region. The measured values of these parameters are in Table 2.2.

The energy of the ECAL had to be subtracted by the pile-up energy E i, which was
modelled as having a linear dependence on the number of hits in the SPD (nSPDHits) which is
indicative of the event occupancy. This means Ercar = E3x3 — Epilgup(nSPDHits) where E3y3

is the raw energy of a 3 x 3 cluster of cells.

For the reconstruction of the photon momentum, an assumption that the photon originates
from the primary vertex to the cluster barycenter is used by default. For the measurement of
the z. longitudinal position, a penetration depth correction (L-correction) must be performed.
This is given as

z¢ = zpcaL +aInE; + b(Epsg).

This energy dependent correction normally gives the penetration depth as ~ 10 — 20 cm. This

is called the L-correction.

A second correction to the transversal barycenter coordinates is necessary to account for
the non-linearity of the transversal profile of the shower shape (S-correction). This correction
assumes the energy profile of the cluster in the transversal plane can be modelled as an
exponential (E(r) = Ege'/?), the correction gives the x and y—coordinates from a single

parameter function Sp(b):

(xe,¥e) = Sol(xp, 1), b] = bsinh ™! th’Ayb) cosh i] p

where A is half the size of a cell and b is the decay constant of the exponential. Further
corrections to this were necessary to account for the non-spherical shower shape. The total

S-correction is therefore

(xe,ye) = Sol(xv, yv), b] + Sl (x5, )] + S2[(x6, y1)],

where S corrects for the residual S-shape and S, corrects for the geometrical asymmetries [103].

These corrections are determined from MC simulations.
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Figure 2.15.: The efficiencies of the photon PID variables for various photon samples [104].

2.3.2. Neutral particle identification

In this thesis, a crucial part of the analyses performed is the identification of the final state
photons. The identity of photons are ensured by the use of Neural Networks based on
discriminating variables. The variables IsNotH and IsPhoton are multivariates trained on
simulated signal and background categories with a set of input variables that are chosen for
their distinction between the two categories. IsNotH is used for the separation of photons
from hadrons and IsPhoton is for the separation of photons from merged 7°. Therefore
signal category is chosen as reconstructed photon candidates that match those generated, the
background for IsNotH is the reconstructed photons that are matched as non-electromagnetic
particles (e.g. hadrons) and for IsPhoton these are merged 0 (71— vy where both photons
are so close to each other that they are reconstructed as one cluster).

There are input variables used in the training of IsNotH including:

The X%D of the cluster.

The energy deposits in the PS.

The ratio of the energy in the seed cell and the total energy in the 3 x 3 cluster in the
ECAL.

The ratio of the energy in the seed cell and the total energy in the 3 x 3 cluster in the PS.

The ratio of the energy in the HCAL over the ECAL.

The 2 x 2 PS cells with the highest energy upstream of the ECAL cluster.

The total number of PS cells with hits upstream of the ECAL cluste.r
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* The multiplicity of the 3 x 3 SPD cells upstream of the ECAL.

¢ The showershape matrix elements shown in equation (2.8) [105].

In the training of IsPhoton a different set of variables is used:

The showershape matrix elements shown in equation (2.8) are used to create a number of
variables. The first is

12 =< r* >= (Sgcar)11 + (SecaL)2- (2.12)

Another is related to the tails

<r?>?
24 =1-— . 2.13
g <rt> @13
A variable « is related to the ratio of eigenvalues of the showershape matrix
detS
K=4/1—4——. 2.14
Tr’S @14)
Another is related to the asymmetry of the shower shape and is parameterised as
S
asym = (Secathiz (2.15)

v/ (Secar)11(Secar)2

The ratio of the seed cell and the total cluster energies is used, as well as the ratio of the
sum of the seed and second most energetic cell over the total cluster energies.

Then the multiplicities at different energy deposit thresholds were also included [106].

These variables are then combined to produce the single variables IsNotH and IsPhoton

using a multi-layer perceptron. The performance of the IsPhoton and IsNotH are shown in

Figure 2.15 where the discriminators perform very similarly for the different single photon

channels, slightly poorer for resolved 71 —  and noticeably poor for merged 7°. To illustrate

the effectiveness of the IsNotH variable to remove non-photon backgrounds, Monte-Carlo

simulation of real photons can be compared to photon candidates which are not real photons,

as shown in Figure 2.16.
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Figure 2.16.: The normalised distribution of IsNotH for real (black) and fake (red) photons. This is
a comparison of photons from B™ — x4 K™ where x.1 — J/¢y and fake photons of
BT — J/pK™ reconstructed and selected as Bt — x.1K' (samples used in the analysis of
Chapter 4).
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Chapter 3.

Measuring B decays to charmonia at the LHCb

experiment

In this thesis there is the presentation of two analyses performed on data taken at the LHCb
experiment. One is a physics analysis to measure the branching ratios of B?s) — J/py")
normalised to the previously well studied branching ratio of B® — ]/p° (where p° is p° (770))
and the mixing angles between 1 and 7’ calculated in the ratios of the B(()S) — J/py") decays.
The final states of the 57(") decays include two charged pions and either one or two photon, yet
the p° nearly always decays to just two pions. Therefore in the measurement of the branching
ratios there would be no cancellation of the photon reconstruction efficiencies. This meant that
another dedicated performance analysis was needed in order to understand these efficiencies
and make corrections such that the efficiencies estimated by Monte Carlo simulated data are as
expected in data. These corrections are calculated by a similar method as that employed in the
measurement of branching ratios, using the measurement of B™ — x4 K™ with x.1 — J/¢y for
single photons and B — J/pK*T with K** — K 7? for photons originating from 71° — 7y

decays.

As both of these analyses make use of B decays to charmonia (i.e. B— J/¢X) there were
also commonalities in the overall selections, corrections and systematic uncertainties. This
chapter is intended to introduce both analyses in Section 3.1 for the physics analysis and
Section 3.2 for the performance analysis, as well as give an overview of the data samples used
(Section 3.3), the common basic selections (Section 3.4), the corrections made to simulation for
the estimation of efficiencies (Section 3.5), the Multivariate Analysis methods used for further
selections after applying those corrections (Section 3.6), and the fitting strategy used to extract
signal yields (Section 3.7).

73
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3.1. Analysis strategy for the measurement of the Branching Ratios of

B, — Jipy") and 5-5’ mixing

This study is intended to determine the the -1’ mixing angles and the absolute branching
ratios of B?s) — J/py") decays by measurement of ]/ — utu~ final states that are triggered
and reconstructed at high efficiencies and with good purity. Throughout this thesis, the charge
conjugates of all decays are implied. In previous LHCb analyses of these decays [76,77] a
limiting factor in measured parameters was the low amount of statistics. This is partly due to
the studies measuring just a few final states. For the mixing measurements (and consequently
the B — J/yy")), only the  — wtn= (7 = v7) and 5’ — w7~ (1 — 7) final states were
measured. In order to improve on the precision by increasing statistics, a combination was
performed with the 17(’ ) final states of 7771~ , 7771y and 7. Explicitly these states are
produced in the 57 decays 7 — 7t~y and n— 7t 7w~ (7° — 77) as well as the respective 7’
modes of 7' — (0°— 7wt~ )y and ' — 7w 7w~ (5 — 7). By measuring four final states of the
1), this analysis provides the most comprehensive view of B(()S) — J/py") decays yet.

To determine the ratios of branching ratios from measurements at LHCb, the number

of recorded signal events N3,
(s)
likelihood fits of the invariant mass distributions of the B® and BY. These yields can be related

_, of the various decays are to be determined by maximum

to the branching ratios by the following formula:

= 2 fas x 0 (UD) X Lint X €50%, i 0 X Byg oo BD)

S

B —]/pmt X0
where the fragmentation fractions f; and f; are the probabilities that a b hadronises to a B’
or BY meson respectively. The cross-section o'(bb) and integrated luminosity Lin: provide the

number of bb pairs produced in the proton-proton collisions at the LHCb experiment. The

data
B?S)%]/l/)n”r X0

the single photons, 71 — 7 or 7 — 7 final states. In this study the normalisation channel
would not include that X°.

data efficiencies ¢ and B BY /- x0 aTe decay-dependent where X are either

For measuring the absolute branching ratios of the B?S) — J/py") decays, it was necessary
to use a normalisation channel that is similar in topology, previously well-studied (i.e. having
low uncertainty on its measured branching ratio), and can also be measured precisely with
high statistics at LHCb. The chosen channel that fits these criteria was the B’ — ]/yp® where
the decays of ]/ — u*u~ and p° — 7771~ provide the same final state tracks as the signal
channels. The principal difference between the final states are the single or two additional
photons in the signal channels. Therefore, most systematic uncertainties will be minimised
in the double ratios of Monte-Carlo efficiencies and real collision data signal yields. The

Monte-Carlo photon reconstruction efficiencies and their associated uncertainties were also
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accounted for in the correction factors found using B" — x4 K™ and B — J/¢K*" normalised
to BT — J/K" determined in the study of the next chapter.

Table 3.1.: The branching ratios of the 77 and 1’ decay modes as well as the 7’ — 7. The values are
averages from PDG [41].

Channel B/%
n— Ty 422 +0.08
n— mtr a0 2292 4028

70— 98.823 + 0.034
n' — %y 29.5 +0.4
0 — ~ 100

n—ntny 425 +05
where — vy 39.41 +£0.20

The calculation of the absolute branching ratios would therefore be determined by the
double ratio of the signal channels over the normalisation channel as

S MC

Bgoy gy Noos jpgy) €805y 1 (3.2)

- MC ’ :
Brosiper Noospyger €502 gy Byoox

S MC

~ Naoyn €55y 1 fa (3.3)
= MC ’ :
BBUﬁ]/tppO N§0—>]/1pp0 839%]/4”7(/) Bq(’)aX fS

B BO—J/yn")

where the intermediary branching ratios of the 7(") decays to final states are included as B, x
and Bpo, ;- ~ 1. In the case of the B? decays versus B’ channels there are the different
production fractions for these mesons at LHCb referred to as the fragmentation fractions fs/ f;.
These are proton-proton centre of mass energy dependent factors that were measured precisely
in [107] to be 0.2390 £ 0.0076, 0.2385 + 0.0075 and 0.2539 4 0.0079 at 7 TeV, 8 TeV and 13 TeV
respectively. The precision of these measurements and the average of previous measurements
of Bpo_, jyp0 = (2.55:’8}2) and the intermediary decay channels in Table 3.1 (from the Particle

Data Group [41]) are considered as external systematic uncertainties on the results.

3.2. Analysis strategy for the measurement of the photon

reconstruction efficiencies using decays involving charmonia

In physics analyses at LHCb the reconstruction and selection efficiencies are calculated using

Monte-Carlo (MC) simulations. As these simulations are imperfect, the discrepancies between
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collision and Monte-Carlo simulated data must be well understood. These discrepancies
arise from many factors, including mis-modelling of the detector material and imperfect
reconstruction. For instance, when reconstructing photons in the electromagnetic calorimeter
(ECAL). A number of analyses at LHCb work with neutral particles in the final state normalised
to modes without neutrals [76,109, 110] including the primary analysis of this thesis. It is
therefore important to provide the reconstruction efficiencies of these neutrals, as well as
correction factors to be applied to the reconstruction and selection efficiency for the mode with

a photon or neutral pion in the final state.

In this thesis a detector performance study provided these efficiencies and correction
factors for 71° and 7. These were calculated by performing a data-driven comparison of decay
modes with similar final states where there is one additional photon or 7¥ in the modes
with neutrals. The decay modes B™ — xaK* (where x4 — J/¢y) and Bt — J/pK™ are
used for the -y reconstruction study; and similarly B* — J/yK** (where K** — K 7¥ and
n® — yv) and BT — J/$K* for the ¥ reconstruction study. The decay B® — J/$K*? (where
K*® — K*77) is also measured as a background control channel. Doing this allows for the
reduction in the systematic uncertainty on this background contribution that appears in both
the Bt — x.1 K" and Bt — J/pK** studies. These decay modes were all studied using the
decays of J/ — uTu~ as this is a well triggered and reconstructed mode. This similarity
with the measurement of the B?S) — J/py") meant that there was a significant overlap in the
analysis strategy: selections, reweighting, signal yield extraction from collision data, Monte-
Carlo efficiency estimation and resulting systematic uncertainties. Therefore the primary
concern of this chapter is the common analysis strategy of the two analyses and the following
chapters will describe the specifics of each and the respective results.

For both analyses, these decay mode choices allow for the reduction of various sources
of systematic uncertainty by cancellation in the double ratio of their yields and efficiencies.
This is due to their similar topology along with their selection requirements being well aligned

Table 3.2.: The branching ratios of the signal and normalisation modes. The values are averages from
PDG [41]. The branching ratio of B* — x K™ is a more recent average to be published
in [108].

Channel B

Bt — J/yKt  (1.020 4 0.019) x 103
BT — xaKT" (4.74 £0.22) x 1074
Xe1 = T/ (343 +1.0)%

Bt — J/yK** (143 40.08) x 103
K**t — Kt n? 1/3

0 — vy (98.823 4 0.034)%
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where possible. Therefore the selections for the common particles in all of the channels remains
the same. The chosen selection strategy includes the use of boosted decision trees (BDTs)
for multivariate analysis (MVA) by use of the the package [111]. These BDTs were trained
individually per signal and normalisation channel. The input variables used in training were
chosen to be as close as possible between the modes. This ensures the selections are as close
as possible between these modes. This leaves the principle difference as the reconstruction of
the additional «y and 7t for the respective signal decay channels to be directly measured using
Bt — xaK' and B™ — J/pK** normalised to BT — J/K", and applied as multiplicative
factors to the Monte-Carlo efficiencies of B(()s) — J/ym") channels when they are normalised
to B® — J/pp°. Other smaller discrepancies are controlled as systematic uncertainties or are
corrected for as factors applied to the efficiencies measured by Monte-Carlo. The event yields
for the respective decays are counted by performing a binned maximum likelihood fit to the
reconstructed B invariant mass distributions with kinematic constraints. In LHCb the yields
for decays of BT mesons are calculated similarly to B(()S) mesons as shown in equation (3.1),
and correspond to

N5 oy =2 % fu x 0(bb) X Line X €532 x Bpi_,x, (34)

where f, is the fragmentation fraction for a u quark; o(bb) is the cross section for the production
of bb pairs at LHCb; Ly is the integrated luminosity for the respective data-sets; e42% is the
total measurement efficiency of the respective decays in collision data; and B is the total
branching fraction of those decays.

To measure the reconstruction correction factors we take the ratio of the yields for and by
using Equation 3.4, this gives

dat
Np. J/pK* €5, J/pK* Bp+ . j/px+
NS ~ cdata “B < B ’ (3:5)
BY (/4N Kt EB = (J/py)y, K Bt —xaK* Xa—T/py

doing this cancels the common factors in the ratios, including the branching fraction of
e

The data efficiencies are unknown and estimated by using MC simulated data. The ratio
of efficiencies are expected to allow for the cancellation of many discrepancies between MC
simulated and real collision data due to the common particles in the final state and similar
kinematics. Yet some discrepancies remain and are either corrected for or accounted for as

systematic uncertainties on the final result. Controlling for all of these factors will leave only

the photon reconstruction correction factor applied to e}IS Ykt S
gdata eMC
BY—J/pKt Bt —J/pK+ 36
gdata T eMC x Reorr (3.6)
B+ﬁ(]/¢’)/))(cl K+ B+_>(]/¢IY)X51K+ v
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This can be substituted into equation (3.5) R is the photon reconstruction correction factor
measured as

NS eMC B
cor B = (/7)xq K* Bt —J/pK+ Bt —J/pK+
Ry = B e X B B (3.7)
Bt —]/yK* EB+( T )y KT B*—xaK* Xea— ]y
Similarly the 7¥ reconstruction correction factor is
NS . MC B
cor _ _ BY—=J/pKHt B —=J/pK* % Bt —J/pK+ , (3.8

0 MC
" leng*)]/l/JKJr 8B+—>]/¢(K+7TO)K*+ BB*—>]/1,{J(K+7IO)K*+ X Byt gm0 X Bno—wfy

where the branching ratios from PDG [41] are given in Table 3.2. These values give the double
ratio of decay rates for BT — x4 K™ and BT — J/pK™ as

BB**)]/I[JK*

— 6274036 (3.9)
B+ xak+ X By jrpy

This contributes an uncertainty on the overall correction factor of 5.8%. The same ratio for
Bt — J/YK** and BT — J/$pK* is

BB+—>]/1[JK+

— 2174013, (3.10)
B+ jppxe+ X Bkt 70 X Brosos

corresponding to an uncertainty of 5.9% on the 7t° correction factor.

3.3. Collision data samples

This physics analysis uses data collected in the Run-1 (2011 and 2012) and Run-2 (2015 to 2018)
data taking periods of the LHCb experiment. These data sets correspond to a total integrated

Table 3.3.: List of the stripping versions used for the respective data-taking periods and the correspond-
ing centre of mass energies and integrated luminosities.

Period Stripping /s(TeV) [L(fb™)

2011 v21rl 7 1.11
2012 v21 8 2.08
2015 v24r2 13 0.33
2016 v28r2 13 1.67
2017 v29r2 13 1.71

2018 v34 13 2.19
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luminosity of [ £ = 9.09 fb~!, of which J£=111 fb~! was taken in 2011 at /s = 7 TeV,
[ £ =208fb ! was taken in 2012 at /s = 8 TeV, and the remaining [ £ = 5.90 fb" ' was taken
over the years from 2015 to 2018 at /s = 13 TeV.

For each data set, referred to by their year of data-taking, the Stripping software versions
used for the processing of data are given in Table 3.3. Typically in LHCb software project
releases are categorised by a version numbering system vXrY, where X signifies a fundamental
software version and Y is a major update to this software version. This nomenclature is used
for the different Stripping versions. Each Stripping release comes with list of different sets of
selection criteria called Stripping lines. The Stripping line used for all channels in this analysis
is Ful1DSTDiMuonJpsi2MuMuDetached for the selections of decays involving J/ — u*u~ as
described previously in Section 2.2.5. The specific selection criteria contained within this line
is described in Section 3.4.1. This is used for the earliest level of selections of the signal decay

channels in both analyses.

3.4. Event selection of B— JipX decays

In this section the criteria for selecting the signal channels and reducing backgrounds are
described. The backgrounds are originating from either combinatorial backgrounds or decays
of similar topology to signal, referred to as physics backgrounds. All of which include [/ —
utu~ decays. The principal aim of selections is to have the highest possible efficiency of the
signal modes while reducing backgrounds to a level where the uncertainty on measured signal
yields is as low as possible. To minimise systematic uncertainties on the double ratios of signal
yields and efficiencies, it was also necessary to keep selections as close as possible between
the complementary decay modes with the same number of photons as well as between the
signal modes and the normalisation channels. All differences in selections are then corrected
for (Section 3.5), or are analysed as contributions to the systematic uncertainties summarised

at the end of the two following analysis-specific chapters.

This section describes these selections at different stages as performed chronologically on
the simulated data samples as the data efficiencies are estimated with simulation. At the level
of generation, all of the Monte Carlo samples are required to be within the acceptance of the
LHCb experiment, this is ensured by requiring that the azimuth angle of all tracks is within
0.005rad < ¢ < 0.4rad and that all photons are within the ECAL by the requirements that
px/p- < 0.36 and p,/p. < 0.28. Hence the generation efficiencies should typically correspond
to the acceptance of the experiment. This was then followed by the offline Stripping selections
(Section 3.4.1), the online trigger selections (Section 3.4.2) and other offline selections, referred
to here as preselections (Section 3.4.3). Corrections are then made to the MC in order to give the
best agreement between real collision and simulated data (Section 3.5). This was a necessary
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Table 3.4.: Ful1DSTDiMuonJpsi2MuMuDetached selections for all Stripping versions J/ — u™u~ selec-
tions. *: Only in Stripping v21 and v21r1 for Run-1.

Variable Requirement
J/W— uTu~ Best PV |DLS| >3

Min. Alog £, » >0

Min. pr(p) > 500 MeV

Max. x2./ndf(u)* <5

X2 /ndf <20

im(ptu=) —m(J/p)| < 100MeV

prior step before performing a multivariate analysis (Section 3.6), which uses Boosted Decision
Trees to combine multiple variables into one variable that maximises discrimination between

chosen signal and background categories.

3.4.1. Stripping selections

The /¢ — utu~ candidates were selected offline using the Stripping line Ful1DSTDiMuon-
Jpsi2MuMuDetached for all decay channels. This included a set of requirements highlighted in
Table 3.4. These selections were kept mostly the same for all data-sets, the only exception is a
requirement that the maximum muon )(2 /ndf of the track fit (thr /ndf) was no greater than 5
that was removed in the Stripping versions used after Run-1 (i.e. only in Stripping v21 and
v21rl). The selections that were common for Stripping versions used in both Run-1 and Run-2
included a requirement that the muon pr was greater than 500 MeV and the PID requirement
that the difference in the log-likelihood that they are muons or pions is greater than zero
(Alog L, > 0). There were also requirements that in the muon combination, the measured
invariant mass of [/ — pt ™ is within 100 MeV of the nominal J/¢ mass, the J/¢ decay vertex
fit had x2 /ndf < 20 with the magnitude of the decay flight significance |DLS| > 3.

3.4.2. Trigger requirements

Events selected for this analysis were only required to trigger on either the single or two
muon trigger algorithms at the hardware stage (i.e. using only the L0 trigger). This trigger has
built in selection requirements that the transverse momenta of the muons and the number
of hits in the SPD detector are sufficiently large. The thresholds for these quantities have
been varied throughout data-taking periods. The sets of selections are categorised by their
Trigger Configuration Keys (TCKs). Yet, in simulation only one TCK was used per year. All
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Table 3.5.: Summary of preselections on all decay modes. In this table the selections for J/— utpu~
and B— J/pX were applied on all signal and normalisation channels.

Variable Requirement
B— J/pX DIRA > 0.9995

IP < 0.2um

X% <20

o /ndf <10
Jp—utp xp(p®) >4

pr(pt) > 550MeV

of the TCKs and their contributions in the Bt — J/{yK™ samples are shown in Section A.3.
Therefore the trigger selections in simulation and real collision data are different and the data
efficiencies are in disagreement. This difference was expected to be similar between decay
channels, meaning this difference should have partially cancelled in the ratio of efficiencies. It

was important to make p§ and nSPD dependent corrections for each channel per year.

3.4.3. Preselections

With the principal aim of keeping the selection criteria across channels as equal as possible the
general selections on the u ™ pairs, [/ and B were kept the same. Selections were kept as
similar as possible for the channels that have the same number of photons (i.e. between the
two cases where X? = « and between the cases where X? — 7). With these constraints on
selection criteria taken into account, this section describes the full preselections as summarised
in Table 5.6.

There were requirements to ensure that the endvertex of the B in B — J/$X was re-
constructed with good compatibility with its daughters and that the B itself came from an
identified primary vertex. To do this there was a lower limit on the cosine of the angle between
the direction of the B in flight and the total momentum of its daughters (DIRection Angle,
DIRA > 0.9995). The minimum distance of the B to the primary vertex, called the Impact
Parameter (IP), has an upper limit to ensure good compatibility between the B and the PV
IP < 0.2 um. This is along with requirements that there is good confidence in that compatibility
by use of the cut x% < 20 for the fit between the B and the primary vertex and x2, /ndf < 10
for the end vertex of the B and its daughters.

For the selection of the oppositely charged muon daughters in the [/ — u™u~ decays, the
decay vertex fit quality was ensured by requiring that x% > 4 for the two muons. The two

muons were also required to have a high transverse momentum greater than 550 MeV.
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For all decay channels, the B candidates were reconstructed with a kinematic fit called
Decay Tree Fitter (DTF) [112], making useful kinematic assumption to improve the resolution of
the measured mass of the B, giving improved measurements of parameters in the mass fits. This
fit constrains the B mesons to the primary vertex and sets the masses of narrow intermediary
resonances to their expected mass based on the particle identity hypothesis. For all decay
channels the J/ — u* u~ resonance was set to the mass of the J/i meson at 3096.900 MeV. The
X mesons were all set to their expected masses, specifically m(K**) = 891.66 MeV, m(y) =
547.862 MeV, m(57') = 957.78 MeV and all 7r° mesons were set to m(7°) = 134.9768 MeV. For
the BT — x1 KT decay, x1 mass is constrained to the expected mass m(x.1) = 3510.67 MeV.
These are the final requirements on the B candidates applied after the other selections to be
used primarily in the extraction of signal yields via fits to the collision data. In the case of
two photon channels with the additional resonances of 7° — 7 or 7 — 7, there was an
additional selection on the DTF x?/ndf > 2.5 which effectively removed events that had the
largest disagreement with the mass hypotheses and primary vertex positioning with respect to
the B.

The rest of the preselections were analysis-specific and so are highlighted in Section 4.2.1
for the photon reconstruction efficiency study and in Section 5.2.1 for the branching ratio and

-1" mixing studies with B?S) — J/py") decays.

3.5. Monte Carlo corrections

Monte Carlo simulations are used throughout this analysis for background yield estimation
(affecting the signal yields); modelling the shapes of various decay signatures in the B mass
spectrum; and calculating the MC efficiencies for all decay channels. As a key component
to the measurements made in this analysis are the ratios of efficiencies determined from the
simulation, it is important that the MC samples are calibrated to be in agreement with the real
collision data as they do not provide a perfect description. This calibration had to be performed
separately for each data-taking year to ensure that the changing event conditions are take
into account. In order to achieve this an approach of reweighting distributions using Boosted
Decision Trees is used, this method is named Gradient Boosted Reweighting (GBR) [113]. This
is done by choosing common variables in good agreement across the signal and normalisation
channels. A control channel with good statistics and a high purity signal is then used to train a
reweighting machine learning algorithm for each year. This is followed by corrections made to
the particle identification variables ProbNNg , by use of calibration samples to compute the
cut efficiencies directly from data.
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3.5.1. Gradient Boosted Reweighting

There are distinct differences between MC and collision data so it is necessary to provide
corrections to MC by applying weights to the distributions calculated from the comparison
of certain variable distributions. This is done by employing a method of reweighting using
Boosted Decision Trees. This method uses background-subtracted collision data for particular
control modes to provide representative data distributions. This can then be compared with MC
in order to correct differences between the event occupancy, kinematics and vertex fit quality
of the collision data and simulation. For the photon reconstruction analysis, the normalisation
channel B — J/pK* has high statistics and so is an ideal control channel for use with the
reweighting procedure. In the case of the -7’ mixing and B(()S) — J/yn") branching ratio
measurements, the normalisation channel BY — J/ip° has much fewer statistics due to being a
more Cabibbo-suppressed channel. To compensate for this, B® — J/¢K*® with K** — K* 7~
is used as a proxy. This channel has the same number of tracks and a similar available phase
space so functioned perfectly as the control channel given that no varaibles related the the

charged pions or the kaon were used.

The reweighting procedure is employed to directly correct key variables which well repre-
sent the signal kinematics and vertex quantities as well as underlying event occupancy and
kinematics. Through variable correlations, corrections on these key variables will cause the
incidental correction of other important variables, especially those used in the next stage of
selections, the inputs for the multivariate analysis. Each variables intended purposes are for
the alignment of:

1. the signal kinematics: the transverse momentum of the B, pr(B),
2. the signal vertex: the impact parameter of the ]/, IP(J/),

3. the underlying event occupancy: the number of tracks and primary vertices, nTracks and
nPVs,

4. the underlying event kinematics: charged cone isolation variables calculated in a com-
parison of the B track with all other tracks inside of a cone centred on the B track.
The radius of which is \/¢? +72 = 1.80, where ¢ is the azimuthal angle and 7 is
the pseudorapidity around the B?S). The variables used are the total tracks’ transverse
momenta calculated as a sum of 3-momenta, called vPT, and the asymmetry in the z-
component of the momentum between the B?S) and the other tracks in the cone calculated

as pz” = [pz(B) — Zpz(cone)]/ [p=(B) + Zp:(cone)].

These variables are also chosen for their representative use in those key purposes and for the
alignment between decay channels of the MC-data discrepancies.



84 Measuring B decays to charmonia at the LHCb experiment

The weights produced in this method were used firstly in the training of the multivariate
analysis described in Section 3.6. The alignment of the MVA input variable distributions gave
good confidence in its performance in real data and in the corrected Monte Carlo efficiencies.
The sum of the weights could then be used to calculate the efficiencies of every selection stage
of the analyses after this point.

3.5.2. Particle identification corrections

In order to calibrate the efficiencies of the charged PID requirements of ProbNN,, for kaons
and pions the use of a calibration sample for data driven corrections were used. These samples
were D*t — DYt where D? — K* 7t~ for the kaon and 7 [114]. The samples are chosen for
their high statistics and low background leading to the calculation of sWeights with confidence.

The systematic uncertainty that arises from these sWeights are to be determined.

The efficiencies were found by estimating the signal yields for the decay with and without
the PID requirement in the calibration samples. These signal yields were calculated as the
sum of sWeights determined using the sPlot method [115]. Efficiencies are determined in bins
of charged hadron momentum (p) and pseudorapidity (77) as well as the number of tracks in
the event (nTracks). This is so that each event in the MC samples could then be assigned an
efficiency determined by the location of the event in the respective bins.

These efficiencies are used as a multiplicative factor to the efficiencies estimated by the
Gradient Boosted Reweighted Monte Carlo samples. Therefore the selections on the particle
identification variables were removed in the estimation of the Monte Carlo efficiencies before

performing this calculation.

3.6. Multivariate Analysis

The final step in selections for the isolation of signal from backgrounds as well as improving
the separation of the B® — J/yy") and B? — J/yy"") signals was to train Boosted Decision
Trees (BDTs) with the TMVA toolkit [116]. The BDTs combine a group of variables, that are
well-discriminating when comparing the combinatorics and the signal channels, into one

powerful discriminator.

As the primary aim of the BDTs were to remove combinatorial backgrounds, therefore the
chosen sample for the background category was the side-bands of the J/i mass resonance
defined as being 60 MeV from the nominal J/i mass, corresponding to about 4.5 times the
measured width of the J/i mass. This region ensures that, in this category, there was no
inclusion of any signal or physics background contributions (of which all would include a ]/
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resonance) which are typically signal-like and can reduce the background rejection power of
the BDTs. The Monte Carlo samples of the respective signal and normalisation modes were
used for the signal category. GBR weights were used to correct all of the distributions used in
the training of the BDTs to ensure that the responses of signal MC and real signal candidates in
collision data were the same.

The input variables used for the training of the BDTs were:

1. : The p] for the single photon final states or the minimum and maximum p/. for the

two-photon final states.

2. B: pr, X2, /ndf, the smallest Ax? of the decay fit when adding another track candidate to
the fit, the number of vertex fits with x> < 9 when performing a swap in track candidates,
DIRA IP.

3. J/¢: prand IP.
4. yi: minimum pr and maximum IP.

5. Charged cone isolation: the multiplicities within the cone normalised by the number
of photons in the event, pgsy , the pt of the vector sum of all tracks in the cone, and the
differences in the pseudorapidities Ay = 1732 — 17°" and polar angles A¢ = (pBg — e,

There was good separation of the two categories for the various distributions. The combination
of information from the input variables led to BDT responses with clear separation of signal
and background that is much more effective than any of the inputs alone. The determination
of the BDT cuts were done with different aims for each analysis so are described separately in
Chapters 4 and 5.

3.7. Data fitting strategy

A binned maximum likelihood fit is used to describe histograms of the Decay Tree Fitted
invariant B mass distributions using probability density functions PDFs. The integral of
the signal PDF determined the signal yields. This was accomplished using the package for
mathematical and statistical methods for data modelling called RooFit [117], which is a toolkit
for the ROOT analysis framework [118]. The two analyses had signal yields that greatly
differed in statistics. The BY — J/p5") yields were of order of a thousand events in all of Run 2,
whereas BT — J/{K™ had a yield of up to the order of one million for each of the last three
years of data-taking. This meant that the signal PDFs that were appropriate for the smaller
yield channels were not able to well describe higher yield channels. Therefore two different
signal PDFs were used for the two analyses.
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3.7.1. Fit models for signal

The peaking structures of signal channels in their B DTF mass distributions are modelled using
a double-sided Crystal Ball function (introduced in [119]) for the lower yield B?S) — ]/1/117(’ )
and B®— J/yp° decays. The Crystal Ball function depends on four parameters, two of which
are related to the energy calibration and resolution (¢ and ¢) and the other two can be referred
to as tail-shape parameters (2 and n). a functions as a threshold parameter where the tail of the

distribution becomes modelled by a power-law. The PDF as a function of x is given as

Ae—1(55)? fora > H;X
f(ﬂ,u,a,a,n): n\" —%a?
A (fx) ¢’ 7 for a < u,
(VT—F%—a) I

where

Al=¢ (Znile—éﬂz n \/f {1 +erf <\%>D . (3.11)

This gives a shape with a Gaussian core and one non-Gaussian tail, meaning that for the
measurement of channels with non-Gaussian tails on both sides of the peak, there must be the
use of two of these functions added together with equal event population. For modelling the
tail of the left-hand side of the distribution, the parameter a is set to a positive number and for

the right-hand side it is set to negative number.

For dealing with the larger yields of the channels in the photon reconstruction analysis,
the more sophisticated double-sided Hypatia function (based on [120]) was used. This is a
function that extends the Crystal Ball to better fit the non-Gaussian core of higher yield decays.
This then treats the resolution as a generalised hyperbolic instead of Gaussian, giving a core

function of

15 1 — 2
Glxl,0,1,8,8) = ((x =) + A3 (0)o?) "+ Pk, (g\/1+ (XA(C?U) ) o

where

_ TKA(9)
Ky+1(8)

and K (¢) are the special Bessel functions of the third kind. The full PDF of the double-sided
Hypatia function uses this core with two power-law tails using threshold and power-law

A3(Q) (3.13)
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parameters a;, n;, a, and n,.

(
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1 i - 7 if a; < v
< _n]G(.“)/G’(“.)fa,o)
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In both analyses the parameters of the tail-shape (ar r, nr,r) and, in the Hypatia case,
the core-shape parameters (A, ¢ and p) are determined by fits of the models to Monte Carlo
data samples. The determined parameter values are then fixed as constants in the fits to real
collision data. This leaves the different y parameters in different peaking structures of the
same mass distribution to be shifted by a common calibration from MC to the true distribution
means and their resolutions ¢ to be scaled, by a common multiplicative factor, to the true
resolutions achieved by the detector. This means only two free parameters associated with the
peaking structures of distributions (other than the data yields) were typically required in the
tits to collision data.

3.7.2. Treatment of backgrounds

A common background found in all data samples is the combinatorial background, the re-
construction of events with one or more particle originating from the underlying event, i.e.
not the decay of interest. To account for this background every collision data fit included an
exponential model with a free slope parameter that can typically be well measured with a
high-mass side-band that is clear of any peaking structures.

Physics backgrounds, if their shape permit, were fit with the same PDF as the signal,
otherwise a better fitting model was used. Therefore the overall fitting strategy can be kept
the same: shape-parameters fixed to values obtained with MC with the same calibration shifts
and resolution scaling factors applied as those used for the signal. The yields of backgrounds
N' were constrained relative to the signal yields N*, where the expected yield was calculated
using the scaling factor

Nt ¢ b

f=1p= 5% g (3.15)

where e’ and &° are the MC efficiencies of the background and signal respectively; and B” and B*
are the product total of the current PDG averaged branching ratios [41] of the background and
signal decays. The background yields measured in real collision data were constrained using a
Gaussian function with the expected yield ratio of equation (3.15) set as the Gaussian mean
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and the Gaussian width as the propagated uncertainty from the efficiencies and branching

ratios used in the calculation.

3.7.3. Signal yield measurement

In the combined model used to fit the data, typically, the parameter of interest were the signal
yields. The other free parameters would therefore be the energy calibration and resolution, the
exponential slope of the combinatorial background, and the Gaussian-constrained yields of
the various peaking backgrounds. The uncertainty from the fit is therefore dominated by, not
just the statistics of the signal decay, but also from the quality of the fit and the variation of the

other parameters in the fit.



Chapter 4.
Photon Reconstruction Efficiency

This chapter gives the specifics of the analysis to determine the reconstruction efficiencies for
both individual photons produced radiatively and via 1% — 7 decays. These efficiencies are
then used to calculate year-by-year correction factors to Monte-Carlo efficiencies involving
photons that could then be applied to the result of B (B?s) — J/yy ")), with final state photons,
normalised to B (B® — J/ipp"), a channel with no photons in the final state. The overall analysis
strategy was given in the previous chapter. This chapter includes the samples used (Section 4.1),
all of the signal selections unique to this analysis (Section 4.2), corrections to Monte Carlo
(Section 4.3), the specifics of the MVA in this case(Section 4.4), mass fits (Section 4.5) used to
extract the signal yields and the corrections to the MC efficiencies of reconstructing photons
(Section 4.6).

4.1. Simulation samples

Monte-Carlo samples were used for B* — J/¢K*, BT — xqK*, Bt — J/¢K** and B? —
J/pK*0. Tt was important that the simulation conditions of these Monte Carlo samples were
kept the same to ensure that any significant biases in simulation would cancel in the ratios of
Monte Carlo efficiencies as shown in the Equations 3.7 and 3.8. This was ensured by using

Table 4.1.: Summary of generator level selections on the two signal decay modes for the photon recon-
struction study. *: applies only to Bt — x4 K™.

Particle Variable Requirement

T pT > 500 MeV
p > 6GeV*

K* pr(KT) > 150MeV

¥ pr(7) > 150 MeV

J/p pr(J/w) > 500 MeV

89
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Table 4.2.: List of the stripping versions used for each Monte Carlo signal and normalisation data-set
and the corresponding number of events generated.

Decay Channel Eventtype Year Magnet Polarity Stripping N(events)

BT — xaK™" 12243204 2011 Up v21rl 506371
2011 Down v21rl 509254
2012 Up v21 963741
2012 Down v21 1038948
2016 Up v28r2 1464803
2016 Down v28r2 1459632
2017 Up v29r2 1572574
2017 Down v29r2 1687717
2018 Up v34 1854499
2018 Down v34 1868496

BT — J/pK** 12143403 2011 Up v21rl 509170
2011 Down v21rl 600109
2012 Up v21 915330
2012 Down v21 923901
2016 Up v28r2 1003095
2016 Down v28r2 1092842
2017 Up v29r2 1000868
2017 Down v29r2 1081467
2018 Up v34 1002217
2018 Down v34 1002619

BT — J/pK* 12143001 2011 Up v21rl 5026583
2011 Down v21rl 5006996
2012 Up v21 5001199
2012 Down v21 5002830
2016 Up v2812 4993938
2016 Down v281r2 4960561
2017 Up v29r2 4997838
2017 Down v29r2 5008348
2018 Up v34 5005409

2018 Down v34 5009929
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Table 4.3.: List of the stripping versions used for each Monte Carlo control and background data-set
and the corresponding number of events generated.

Decay Channel Eventtype Year MagnetPolarity Stripping N(events)
BY — J/pK*O 11144001 2011 Up v21rl 5031100
where K*0 — Kt 7~ 2011 Down v21rl 5001989
2012 Up v21 5000741
2012 Down v21 5003370
2016 Up v28r2 5064565
2016 Down v28r2 5008395
2017 Up v29r2 5003787
2017 Down v29r2 5007707
2018 Up v34 5000153
2018 Down v34 5000010
BT — J/YK{ 12143440 2012 Up v21 1003782
2012 Down v21 1006999
2016 Up v28r2 2019437
2016 Down v28r2 1987778

samples of the most up-to-date simulation software version. A summary of the signal and
normalisation channels and their statistics is given in Table 4.2 and the control channel along
with a background which appears in the DTF B mass spectrum of BT — J/pK*T is given in
Table 4.3.

4.2. Event selection

At the level of Monte-Carlo generation, all samples had selections applied to ensure that the
events generated were in the acceptance of LHCb. As Bt — xK* and BT — J/¢K*" are
decays with large photon (or neutral pion for Bt — J/{K**) combinatorial backgrounds, they
required tighter than typical selections at the point of generation in order to ensure the samples
contained decays with well-reconstructed tracks at the expense of statistics. These selections
are summarised in Table 4.1. This was aimed at improving sample statistics by a factor of ~ 2
for the same expenditure of computer resources. These same selections were applied across all
channels for both real and simulated data. These tight cuts were applied to the true variable
values for the simulated data and to the variable values determined by reconstruction for the
real collision data samples. The selections required for the decay J/i — p* ™ included a lower
bound on the transverse momentum of pr > 500 MeV for the J/¢ and the muons, whereas



92 Photon Reconstruction Efficiency

the K™ and photons were required to have a py > 150MeV. In the case of the BT — x4 K*
samples, the muons also had a lower bound on the total momentum of p > 6 GeV.

4.2.1. Preselection

With the selections of B candidates and J/¢ — u*pu~ described in Section 3.4 this section
focuses on the analysis-specific selections. These selections include the selections on the K™ for
all decay channels, the single photon and x.1 — ]/ resonance selections for B" — x4 K™,
the selections of the 7 — v and K** — 77 7? for Bt — J/¢K**, and the 77~ of K*0 — K* 7~
selections of the control mode B® — J/pK*. All particles are selected using stripping containers
with implicit selection criteria summarised in Table 4.4. The summary of the preselections
described in this section are given in Tables 4.5 (PID and pr selections) and 4.6 (reconstructed

mass requirements).

Kaons were selected using stripping container StdLooseKaons. In order to ensure that
the kaon is correctly identified, an Artificial Neural Network (ANN) designed to determine
particle identification (PID) probabilities was used. These were ProbNNg and ProbNN; for
the charged kaon and pion respectively. The requirements applied are ProbNNg > 0.1 and
ProbNNg (1 — ProbNN,) > 0.2. For B® — J/$K*? charged pions were selected using similar
selections with StdLoosePions and the inverse of the kaon PID selections.

For the Bt — J/yK*" and B™ — x4 K™ decays, the stripping container StdLooseAl1Pho-
tons selected the photon candidates. The transverse momentum requirement of pJ > 500 MeV
was applied to the single photon in .1 — J/¢y to decrease the combinatorial background. To
identify the photons and to separate them from neutral hadrons another ANN based variable
was used, isNotH, with a common cut of isNotH > 0.05. The invariant mass of the decay
Xc1 — J/¢y was required to be within approximately 3¢ = 90 MeV of the nominal x.; mass.
For resolved 7° (using stripping containers StdLoosePi02gg) in B¥ — J/@wK** decays with
K** — K*7t% and 7% — 7 cuts to pr need to be tight enough for the 7° to be well identified
with pp > 1000 MeV. The K and 7° are required to have a invariant mass compatible with a
K** within 75 MeV of the expected mass of 891.66 MeV [41].

4.2.2. Mass vetoes

A significant background for BT — x4 K*, Bt — J/yK** and B® — J/pK* is the BT —
J/WK* where the J/ip and K™ are combined with photons from the underlying event. These
backgrounds form a large structure in the high mass side-band of the B mass distributions of
the signal modes. For Bt — x4 K™ the fit was performed in a narrow range so this background
does not appear in the distribution. For B* — J/¢K** and B® — J/$K* the DTF 4-momenta
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Table 4.4.: Summary of Stripping containers used for the selection of all the particle candidates in the

decay modes of interest.

Stripping container Variable Requirement
StdLooseKaons pr(K1) > 250 MeV
Xip >4
StdLoosePions pr(K1) > 250 MeV
Xio >4
StdLoosePhotons  pr(7) > 200 MeV
StdLoosePi02gg im(7°) —m(yy)| < 60MeV

Table 4.5.: Summary of preselections on all decay modes for the photon reconstruction study. In this
table these selections are in addition to those described in Section 3.4

Variable Requirement

K+ pr(K*) > 150 MeV
ProbNNg (1 — ProbNN,) > 0.2

vin xe — J/py pr(7) > 500 MeV
IsNotH > 0.05

0 — vy pr(7y) > 200 MeV
IsNotH > 0.05
pr(7°) > 1GeV

7~ in K**— K*7r1~  ProbNN,(1 — ProbNNg) > 0.2

Table 4.6.: Summary of mass windows on all decay modes, counted as preselections.

Channel Mass range

Bt — J/yKt  m(J/pKT) € [5200, 5500] MeV
B — xaKt  m(J/yK*y) € [5200, 5400] MeV
X1 = J/y |m(J/py) — m(xe1)| < 90 MeV

Bt — J/pK*t  m(J/pK ) € 5000, 6000] MeV
Kt — Kt |m(KTyy) —m(K*)] < 75MeV

B — J/pK**  m(J/pKtm) € [5200,5600] MeV
K= Ktm  |m(Ktm) — K9 < 75MeV
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of the muons and kaon are used to calculate the J/{K™ invariant mass allowing the rejection
of events within 30 MeV of the BT mass (5280 MeV), effectively removing the background.

4.3. Monte Carlo corrections

4.3.1. Gradient Boosted Reweighting

As described in Section 3.5.1, Gradient Boosted Decision Trees were employed to create event-
by-event weights that were defined by the matching of distributions with similar shapes in all
modes, as shown in Figure 4.2. This matching was performed using B™ — J/¢K* background-
subtracted collision data (using sPlot, see Figure 4.1) and Monte Carlo simulation per data-
taking year due to this decay mode having a good signal purity and statistics. The performance
of the weights in improving the training variables directly is shown in Figure 4.3, leading to
excellent agreement between Monte Carlo and real collision data. As this is performed before
the training of the Boosted Decision Trees (as described in Section 3.6), the performance of the
weights needed to be validated for the variable distributions used in that training. Therefore
these distributions are also checked before (Figure 4.4) and after (Figure 4.5) applying these
weights.

All but one of the variables reach excellent agreement, the only exception is the charged
cone multiplicities normalised to the number of photons in the event (labelled cc multiplici-
ties/nPhotons in the figures). This is due to the number of photons in the event being well
described in MC before correcting the number of tracks (nTracks). Therefore, as the occupancy
variables are typically correlated, the correction of one poorly described occupancy variable
will degrade the MC to real data agreement of a better described variable. As this is a small
effect, and considering the improvement achieved in the other fourteen BDT input variables,
this reweighting strategy does improve the expected reliability of the Monte Carlo efficiencies
for the BDT. This is also in parallel with the improvement of the number of tracks, which is an
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Figure 4.1.: Fit to the decay tree fitted BY mass distribution of the collision data sample of the recon-
structed signal B — ]/1p1<*0 for 2018. This is the fit that was used in the sPlotting [115] for
the background-subtracted data used in the training of the Gradient Boosted Reweighter.
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Figure 4.2.: The distributions of the input variables and expressions used for the training of the Gradient
Boosted Reweighter. The orange distribution is the background-subtracted B™ — J/pK+
2018 collision data used as a target. The blue distribution is the original BT — J/{K* 2018

MC data.
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Figure 4.3.: The distributions of the input variables and expressions used for the training of the Gradient
Boosted Reweighter. The orange distribution is the background-subtracted B* — J/{K™
2018 collision data used as a target. The blue distribution is the B — J/pK* 2018 MC data
after applying the event-by-event weights that were calculated by the reweighter.
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Figure 4.4.: The distributions of the variables and expressions used in the training of the MVA (omitting
those unavailable to BT — J/pK™ decays) as well as occupancy variables. The orange
distribution is the background-subtracted Bt — J/pK* 2018 collision data used as a target.
The blue distribution is the original BT — J/¢K* 2018 MC data.
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Figure 4.5.: The distributions of the variables and expressions used in the training of the MVA (omitting
those unavailable to BT — J/pK™ decays) as well as occupancy variables. The orange
distribution is the background-subtracted B™ — J/K* 2018 collision data used as a target.
The blue distribution is the BT — J/$K™ 2018 MC data after applying weights calculated
by the reweighter.
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samples to allow for corrections to all reconstruction and selection efficiencies in a consistent

way.

4.3.2. Corrections to the underlying event photon efficiencies

Table 4.7.: The correction factors to the underlying event photon background used in the DTF B
invariant mass fits to collision data.

Year RYS/%  RUE/%

2011 90.8+05  625+21
2012 8932+036 579+13
2016 80.05+£0.26 6l4+1.1
2017 80.35+027 621+1.1
2018 81.76 £0.27 634+1.1

The most significant background in the Bt DTF mass distributions of the signal channels
BT — J/pK** and BT — x4 K™ were originating from incorrectly reconstructed signal decays
with the true signal tracks and swapping a number of true signal photons with underlying
event photons that do not originate from the signal decay. This kind of background needed
to be calibrated for a better understanding of its yield. This is especially important as this
background peaked at the mean mass of the B¥, and so the measured signal yields were
particularly sensitive to this backgrounds yield. Therefore a study of the reconstruction
and identification efficiencies for these photons was necessary. To do this, the Bt — J/¢K™"
normalisation channel was reconstructed and selected as the two signal channels to give the
rate of combining signal tracks with underlying event photons. This gave the perfect data set
for the study of photons from the underlying event that pass BT — J/¢K*™ and Bt — x4 K*
selections because all of the tracks originate from the large Bt — J/{K™ data sets so the only
effects that do not cancel are from the photons and the selections of the signal channels.

To find these corrections, the yields of fits of /K™ reconstructed using the DTF 4-vectors
were found. Therefore the determination of the Bt — J/yK™ yield was done using the data sets
of the signal channels and the B — J/¢K* data sample. The ratio of the yields of Bt — J/pK*
reconstructed and selected as the two signal channels and as B" — J/pK* gave the rate at
which signal tracks were combined with underlying event photons in real data. Taking the
ratio of Monte Carlo efficiencies found using the Bt — J/{K* sample reconstructed and
selected as BT — xq K" or BT — J/pK** and as BT — J/pK™ gave that rate in Monte Carlo.
An example of these fits is given in Figure 4.6. The ratio of these rates in real data and in
MC gave a correction factor for the yields of the mis-reconstructed backgrounds which were
determined from MC. These correction factors are shown in table Table 4.7 In the final fits
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Figure 4.6.: The fits of the DTF J/pK* mass used to produce the corrections for the photon mis-
reconstructed background. The fits of the 2018 MC samples of BT — J/pK™ reconstructed
and selected as a) BT — J/K" and b) Bt — x1 K. The fits of the 2018 real data samples
of Bt — J/K™ reconstructed and selected as ¢) B" — J/¢K™ and d) Bt — x K. The fits
in (a) and (b) gave the Hypatia shape parameters of (c) and (d).

to real data, this background is then Gaussian constrained with the corrected expected yield
relative to the signal peaks as the central value, and the combined statistical uncertainty of
these corrections and of the Monte Carlo samples used to estimate the efficiency of these
backgrounds as the Gaussian width.

4.3.3. Particle identification corrections

In Section 3.5.2 the method of determining the real data efficiencies for the kaon particle
identification selections of ProbNNg > 0.1 and ProbNNkg (1 — ProbNN) > 0.2 is described.
The statistical uncertainty of the calibration samples are quoted with the efficiencies given
in Section 4.6. Other systematic uncertainties of this method come from the binning of the
samples. This includes the compatibility between the Monte Carlo and calibration samples,
and negative sWeights in the calibration samples due to low statistics in one bin. These are all
shown in Section 4.7.2.
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4.3.4. LO trigger efficiency corrections

Table 4.8.: The TIS and TOS efficiencies of the B* — J/pK ™ simulated and real collision data reweighted
to the muon kinematics and event occupancy of the signal and normalisation channels.

Channel

MC o,
Year &7 crns/ %

RD o
€TisT0s/ %

ef%10s /0
SMC / /0
TISTOS

BT — J/yK*

BT — XC1K+

BT — J/pK**

2011 91.92+£0.09
2012 88.05£0.10
2016 85.93 £0.09
2017 89.89 £0.09
2018 86.00£0.10
2011 93.71 £0.09
2012 91.07 £0.10
2016 88.99 £0.09
2017 91.82£0.12
2018 89.18=0.10
2011 92.11£0.09
2012 88.60 £0.10
2016 86.73 £0.09
2017 90.24 £0.12
2018 86.81 £0.10

91.72 £0.28
88.96 £0.18
85.79 £0.14
86.43 £0.14
83.03 £0.13
93.30 £ 0.25
91.50 £0.16
87.56 £ 0.12
88.27 £0.12
86.02 £ 0.12
91.92 £0.25
89.27 £0.16
85.98 = 0.12
86.50 £ 0.12
83.57 £0.11

99.78 £ 0.32
101.03 £0.23
99.83 £0.20
96.15+£0.19
96.55 £ 0.19
99.57 +£0.28
100.47 £0.21
98.39 £ 0.17
96.13 £0.19
96.45 £ 0.17
99.80 £ 0.29
100.75 £0.21
99.13 £0.17
95.85 £0.19
96.27 £0.17

Table 4.9.: The correction factors to the L0 trigger efficiency ratios used in the calculation of the correc-
tion factors R, and R 0.

Year R.,/%

R0/ %

2011
2012
2016
2017
2018

100.22 £0.43
100.57 £ 0.31
101.47 +0.27
100.02 £ 0.28
100.10 £0.26

99.98 £0.43

100.28 = 0.32
100.71 £ 0.27
100.31 £0.28
100.29 £0.26

The trigger configurations of each real collision data set changes over the data-taking

periods with the simulation kept constant. This leads to small differences between the Monte

Carlo efficiencies and the real data efficiencies. To provide precise corrections for these

differences the BT — J/iK™ data samples were reweighted using GBR to align the J/p — p*pu~

kinematics and the overall event occupancy with that of the signal channels. Since the trigger

requirements involve selections on just the transverse momenta of the muons and the number
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of SPD hits, the GBR was trained on these variables. With weights that match these quantities
between BT — J/K™ and the signal channels it is possible to estimate the trigger efficiencies
more precisely, exploiting the larger statistics of the BT — J/pK* samples. The method used to
estimate these efficiencies was the TISTOS method [121] which calculates the trigger efficiency
as

Nris¢TOS
ETISTOS = Ny rseros + Nrisetos 4.1)
where N7js¢10s is the number of events that pass both the selection highlighted in Section 3.4.2
(TOS) and also a global LO requirement that accepts any hardware-level triggering indepen-
dently of signal (TIS). This calculation is performed with both real data and Monte Carlo to
give the efficiencies and ratio of efficiencies in Table 4.8. As the correction factors for photon
and 71¥ reconstruction were a double ratio of signal yields and efficiencies, then the respective
double ratio of the Bt — J/K™ efficiency ratio over that of the BT — x4 K' and Bt — J/pK**
would give the L0 trigger efficiency corrections. The resulting corrections to final result are
given in Table 4.9. The uncertainty on these corrections is assigned as a systematic uncertainty
on the final result.

4.4. Multivariate Analysis

The methodology of the training of the Boosted Decision Trees is described in Section 3.6, with
all of the input variables corrected with the GBR technique. Individual BDTs were trained for
the signal and normalisation channels (B™ — x4 K", BT — J/wK*t* and BT — J/pK™), their
common input variables in the signal and background categories for 2018 data are shown in
Figures 4.7, 4.8 and 4.9, while the photon pr inputs for the signal modes are shown in Figures
4.10 and 4.11. Individually these variables gave good separation between the two categories
making them ideal input variables for a powerful discriminator. The other positive aspect
of using variables only related to the B, /i, muons and the underlying event is that there is
strong agreement of these distributions between the signal and normalisation channels. This
means, as targeted, there was a minimisation of differences in their selections and greater
confidence in the ratio of their Monte Carlo efficiencies. The responses of the BDT for the signal
and background category is shown in Figure 4.12. The responses show excellent separation
of the two categories for the signal channels, but the already pure normalisation channel
with no photons available for input variables has less discriminating power. The BDT of
the normalisation channel has a decreased ability to separate signal and background, and a
noticeable signal contamination in the background category. The large statistics of BT — J/{K*
causes a non-negligible (of 1.5% efficiency) amount of the high-mass radiative tail of the J/y
that is outside of the £60MeV veto window for the J/i mass.
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Figure 4.7.: The distributions of the variables and expressions used in the training of the MVA (omitting
those unavailable to BT — J/pK™ decays) as well as occupancy variables. The orange
distribution is the background category B™ — J/pK™ 2018 collision data when the difference
between the measured y 3~ mass and nominal mass of the J/i is greater than 60 MeV. The
blue distribution is the signal category B* — J/pK™ 2018 MC data with weights from GBR.
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Figure 4.8.: 15 of the 16 distributions of the variables and expressions used in the training of the MVA
(omitting those unavailable to Bt — x. K" decays) as well as occupancy variables. The
orange distribution is the background category Bt — x.K' 2018 collision data when
the difference between the measured 1~ mass and nominal mass of the J/¢ is greater
than 60 MeV. The blue distribution is the signal category B* — x4 K* 2018 MC data with

weights from GBR.
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Figure 4.9.: 15 of the 17 distributions the variables and expressions used in the training of the MVA

(omitting those unavailable to BT — J/K** decays) as well as occupancy variables. The
orange distribution is the background category Bt — J/K** 2018 collision data when
the difference between the measured ™~ mass and nominal mass of the J/¢ is greater
than 60 MeV. The blue distribution is the signal category Bt — J/pK** 2018 MC data with

weights from GBR.
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Figure 4.10.: The remaining distribution of the variables and expressions used in the training of the
MVA (omitting those unavailable to BT — x.1 K™ decays) as well as occupancy variables.
The orange distribution is the background category B* — x4 K™ 2018 collision data when
the difference between the measured ;i mass and nominal mass of the J/y is greater
than 60 MeV. The blue distribution is the signal category BT — x4 K™ 2018 MC data with
weights from GBR.

115 F
11.0 F

105E

loot

min pj. max pj.

Figure 4.11.: The remaining distributions of the variables and expressions used in the training of the
MVA (omitting those unavailable to Bt — J/wK** decays) as well as occupancy variables.
The orange distribution is the background category BT — J/pK** 2018 collision data
when the difference between the measured p* 3~ mass and nominal mass of the J/¢ is
greater than 60 MeV. The blue distribution is the signal category Bt — J/pK** 2018 MC
data with weights from GBR.
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Figure 4.13.: The x? values for the a) BT — x4 K* and b) BT — J/¢K** photon pr distributions over
cuts of the BDT. In (a) the test is performed between the minimum and maximum photon
pr histograms of B* — J/¢K** and B? — J/yy[n 7~ 7] in black or B — J/yy' [t 1]
in red. In (b) the test is performed between the photon pr histograms of B* — x4 K™
and BY — J/py[mt 7w 7] inblack, BY — J/py'[0%7] inred, or BY — J/py’ [t 1] in green.
The dashed lines show the optimal selection choices for the two decay channels.

As the corrections of the photon reconstruction efficiencies were produced for the mea-
surement of the B(()S) — J/ym") branching ratios, the optimum cut on the BDT was chosen to
best align the photon kinematics of the single photon in x1 — J/i-y channel with the photons
iny — ntny, 5’ — p% and the individual photons of " — 777w #5[yv]. Therefore the
minimisation of the x? value between the photon pr distributions of the decay channels for
different cuts of the BDT was performed to decide on the cut applied. In the case of the decays
including a 7% — 7 resonance, the x? test was performed in two dimensions for the minimum
and maximum photon pr. The implementation of the x? test was that of ROOT [118] based
on [122]. The x? distributions are shown in Figure 4.13 where it can be seen that only in the
extreme of the BDT cuts (with very low statistics) would the diphoton pr of the 7° — 7+ be in
good agreement with 77 — . In the comparison of the two cases of 7’ — vy (B — J/pK**
and BY — J/yy[nt i~ n°]) good agreement is found by default with looser cuts of the BDT.
Therefore the use of the BT — J/pK** sample to find diphoton reconstruction correction
factors is only applicable to 7 — 77 and not 7 — . This is the reason why the single photon
correction factor with BY — x4 K™ decays is applied not just to the two channels with single
photon in the final state but also to the two photons of 7 — 77y, with a squared correction. The
cuts chosen are therefore 0.08 for the BT — J/¢K** BDT, the highest cut with good agreement
of the 7%, and 0.13 for the B — 1K BDT as a cut that gives good agreement between the

photon pr distributions in all of the use-cases.

For the selections of B — J/pK™ there were two cuts chosen to achieve similar BDT
efficiencies with the two signal modes for the respective efficiency corrections. The cuts
chosen were 0.7 for the alignment with BT — J/{K* and 0.4 for B" — x1K*. The respective
efficiencies and their ratios are given in Tables 4.22 and 4.23 of Section 4.6.
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4.5. Mass fits and extraction of signal yields

4.5.1. Fit models

As described in Section 3.7 the signal model used to describe the shape of the signal channels
in the Decay Tree Fitted B mass distributions was the double-sided Hypatia PDFE. The core
(A, ¢ and P) and tail (arr, n1,r) shape parameters are determined in fits of the PDF to the
Monte Carlo samples and then fixed to these values in the fits to the real data samples. With
the exceptionally high statistics yielded from the normalisation (B™ — J/K™) and control
(B — J/pK*%) channels, an additional component was added when fitting to the real collision
data. An extra Gaussian PDF with the same mean as the double-sided Hypatia was used to
help fit the tails of the distributions. While the model of the double-sided Hypatia worked
well to fit the Monte Carlo samples, there was a failure of this same model in its application of
the high statistics real data, which would have led to large pulls.

4.5.2. Backgrounds impacting the BT — JipK™ mode

e B* — J/yrt: Similar to B® — J/(p° — 7t7~) in B® — J/pK*?, the pion could be
misidentified as a kaon and could have appeared in the invariant mass spectrum as a small
contribution to the high mass tail of B" — J/{K™. Yet, along with the suppression of the
kaon PID requirement, there is Cabibbo suppression leading to a negligible contribution
well below the precision of the measured signal yields of BY — J/pK™.

4.5.3. Backgrounds impacting the BT — JipK*+ mode

Table 4.10.: The ratio of Monte Carlo efficiencies of the underlying event photon background over the
signal efficiencies.

Year NJ/N¥(B*— xaK™)% NY/N$(BT— J/yK**)% NE /N*(BT— J/pK**)%

2011 13.56 = 0.0025 43.07 = 0.005 7.034 +£0.19
2012 14.08 £ 0.0019 47.57 £ 0.0044 9.073 £0.17
2016 14.57 £0.0015 50.33 = 0.0041 9.921 £0.16
2017 13.34+£0.0013 51.31 4 0.0042 9.352 £0.15
2018 11.65+0.0012 51.00 £ 0.0043 9.617 £0.16

* mis-combined photons or neutral pions: There are also contributions where one or both
of the -y combined to the decay of resolved 71° can instead have come from the underlying
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event occupancy. For this background it is particularly important that the yield relative to
the signal is well understood as it peaks at the same point in the B™ mass distribution
as the signal. It is necessary to use MC for Bt — J/pK* to try to model this type of
background. The ratio of the yields of the combinatorial /7° background and the
BT — J/pK** signal are Gaussian constrained in the data fit with the mean value as the
estimated yield determined by the ratio of efficiencies in the combined MC sample, see
the last two columns of Table 4.10. This background category is sensitive to the occupancy
and the PID efficiencies of neutrals, this is why the corrections made in Section 4.3 were
necessary. The width of the gaussian is then determined to be the combined uncertainty
of the MC sample statistics and the uncertainty on the corrections.

o BY— J/$K*0: In the decay K** — K71~ the 7~ may be replaced in reconstruction with
a random 7¥ in the event and pass signal selections. The fit model and yield for this
background was determined using MC simulation. As this is a contamination involving
a 7Y from the underlying event, the same correction factor for this type of background
was applied.

* B — J/pKmm: This background is a partially reconstructed background where in the
dominant case the additional 7° from the decay K1 — K** 70 is expected to be lost.
Although there were numerous contributions with different combinations of photons
from the two 7° or from the underlying event. To approximate with MC, samples of
specifically B* — J/(K*1(1270) — K**(892) ") were used. It was therefore necessary
in this fit to use multiple PDFs to fit different types of shapes dependent on the origins

of the two 7°

mesons. For the dominant case of a partially reconstructed background, a
common PDF to use is an Argus function convoluted with a normal distribution to model
the resolution of the detector. For the other photon combinations, a Crystal Ball function
was used to aid in the modelling of a wide Gaussian-like distribution with a large tail
entering the signal region. The shape parameters of the Crystal Ball and Argus were fixed
on MC, along with their relative prominence. The widths were scaled, and the Crystal
Ball mean and Argus threshold were shifted with other peaking backgrounds and the

signal.

e Non-resonant contribution: Assuming isospin symmetry between K** and K*°, the
expected contribution of the non-resonant component will be the same for both B? —
J/YK*® and Bt — J/$K** resonances, therefore the same contribution calculated from
the fits of BY — J/pK*¥ and K*® — K71~ are used to correct for this background category.
This is described in more detail in Section 4.5.5 where Table 4.11 shows the factors used.
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4.5.4. Backgrounds impacting the BT — x.1 K™ mode

¢ Mis-combined photons: This is along with an incorrectly combined photon background
similar to BT — J/K** with resolved 71°. The ratio of the yields (from integration of the
PDFs) of the combinatoric photon background and the Bt — x4 K™ signal are Gaussian
constrained in the data fit on the corrected value observed by the combined MC sample,
as shown in Table 4.10. This is done in the same way as this type of background in
Bt — J/$K**. In the use of the Decay Tree Fitter the J/ipy distribution is constrained to
Xc1 mass which causes the shape of this background to be triangular in the J/pyK™ mass
distribution.

e BY — xoK': Because this decay has the same final state as the signal it is a fully
reconstructed background. Yet due to its B being about 1% of the size of the signal B, it
has a very low yield in the B invariant mass distribution. It is an irreducible background
because of the small difference between the x.; and x», masses, Am = 45.50 MeV. It
appears as a peak well within the B* mass signal region and is well within the x.; mass
window. Due to the DTF constraining the reconstructed mass of the x> to the mass of a
Xc1, there is a skewed shape to the BT mass distribution. Therefore there was a need for
two double-sided Hypatia functions with different means in the fit.

e B* — J/pK**: There are two contributions to the background originating from this decay
mode. One is when the 71¥ is completely missed in reconstruction and an occupancy
photon in the event is mis-combined to appear as a signal event. The other is when the
photon is one of the photons in the decaying 7’ — 7+ cascading from B+ — J/yK**.
Both of these backgrounds have broad distributions with different shapes, yet appear in
the low mass region with only the tail in the fitting region, and are accounted for in the

same PDF as the combinatorial.

e BO ]/l[JK*O: When this mode decays as K*0 — K*t7~ the 7~ can be missed and
an occupancy photon is mis-identified as a signal photon similar to the BT — J/pK**
background. Therefore they have a very similar shape due to the closeness in masses
of BY and B* and of 71¥ and 7t~ There is a 4% uncertainty on the branching fraction of
B — J/pK*?, any estimation of the yield of this background using this branching ratio
would have a large contribution to the uncertainty on the signal yield. Therefore, by fully
reconstructing this decay, a more precise estimation of its contribution can be made. The
yield of this decay as a background for BT — xK* was equal to the yield of the full
reconstruction scaled by the ratio of MC efficiencies when partially reconstructed as a
background over the fully reconstructed MC efficiency. To do this, a fit of the BY — J/yK*?
in the DTF m(J/pK* 1~ ) was necessary. This fit is performed with an MVA trained on
Bt — xa K™ with just the photon pr removed. Using this MVA would cancel out the
most of the uncertainty related to using the MVA. Scaling the yield from this fit by the
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Figure 4.14.: Fit to the K* — K¥ 71~ mass distribution of the collision data sample of the reconstructed
signal B® — J/yK*? for 2018.

ratio of efficiencies of the full reconstruction and partial reconstruction as a background
contribution gives a well estimated yield for the fits of this background in the B* — x4 K™

invariant masses.

4.5.5. Backgrounds impacting the B® — JipK*? mode

Table 4.11.: The correction factors to the underlying event photon background used in the DTF B
invariant mass fits to collision data.

Year f(K*'— nt7n™)/%
2011 719+£0.6

2012 729+£0.5

2016 71.04+£0.41

2017 72.89 £0.41

2018 73.324+0.38

e B — J/p(p® — 7t 77): When one of the charged pions originating from the decay
pO — 7ttt is misidentified as a charged kaon, the tail of the combined mass of the
two pions (with one under a kaon mass hypothesis) can be within the K* 77~ mass
requirement. Yet due to the ANN used in the selections for PID, and particularly its
Cabibbo suppression, this background is well suppressed. No visible peak could be seen
in the BT mass spectra. The inclusion of this background was found to have a negligible
impact on the measured signal yield of the B® — J/ywK*? fit.

e Non-resonant contribution: There will be contributions to the J/{K* 7~ mass spectrum
from the direct decay Bt — J/¢K™ 7~ (S-wave). This decay appears as signal in the
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J/YK* 7t~ invariant mass spectrum so must be controlled by studying the K*0 — K* 7~
resonance. Signal will appear as a peak in the K* 71~ spectrum, whereas the S-wave
would not. Therefore we fit for the shape parameters in MC and then fit the collision
data, see Figure 4.14. So to estimate this contribution, the high mass region of the Kt~
is selected as being in the range [1100,1190] MeV. Then using this region, the peaking
structure at the BY mass will primarily be the non-resonant J/{K* 7~ component. So
using the yield in the B® mass fit, the non-resonant component within the signal region
can be extrapolated to the signal region (+£75MeV around the nominal K** mass). This
allowed for the non-resonant contribution to the signal yield to be calculated as a fraction
that could be used as a correction factor to the signal yield.

e BY— J/$K*? For the contribution of the decay with the same final state but originating
from a BY meson, the fit model used was the same as the signal but with the mean
increased by the difference in the masses of BY and B® mesons. The width was kept
the same as any difference would have a small effect on the overall fit and would not
impact the signal yield due to good separation of the B and B? peaks. The yield of this

contribution was kept free in the invariant mass fit.

o BY— J/pKP;: Although this background appears in an analogous way to BT — J/{K™
in BT — J/pK**, and due to isospin symmetry is likely to be just as prominent, it is
not included in the fit. This is because the reconstructed J/¢K* 7~ DTF mass resonance
is much narrower than that of the J/¢K* ¥ [y ] resonances. Therefore by using the
relatively narrow fit range of m(J/{K"7~) € [5200,5600] MeV, the need to include this

background in the fit is avoided.

4.5.6. Combined model fit to collision data

The signal fits to real collision data all had similar sets of free or fixed parameters. In all
cases the parameters that determine the overall shape of the PDFs were fixed on Monte Carlo,
but with a free shift from the Monte Carlo mean position to that of the real data and a free
scale factor of the width of the PDF from the MC size to that of the real data. These factors,
within a B DTF mass distribution, are kept in common for all signal and physics background
contributions. Therefore there were always at least two free parameters related to the energy
calibration and resolution. Another free nuisance parameter used in all distributions was the
slope of an exponential used to model the combinatorics. All other observable parameters were
the yields of the signal channels, the combinatorial background, and the typically Gaussian
constrained physics background yields. One of the two physics backgrounds without Gaussian
constrained yields were the BY— J/pK*0in B — J/pK*O (in Figure 4.15), as this background
was distinct from the signal and unnecessary to constrain due to the simplicity of the fitting
procedure for a fully reconstructed background with no neutrals. The other background
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Figure 4.15.: Fit to the decay tree fitted B™ mass distribution of the collision data sample of the recon-

structed signal BY — J/pK*? for a) 2011, b) 2012, c) 2016, d) 2017, e) 2018 and f) 2018 in

logarithmic scale. The cyan component is the additional Gaussian to improve the fit of the
tails.

without a constraint on its yield was the B— J/¢Kmrr decays in B¥ — J/K** (in the low mass
of Figure 4.19), as it is a poorly understood background with potentially many contributions
of different decays involving strange mesons designated as K1 or K*. These totalled to 7
free parameters in the fit to BT — J/pK™ data (Figures 4.16 and 4.17 which included an extra
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Figure 4.16.: Fit to the decay tree fitted Bt mass distribution of the collision data sample of the re-
constructed signal Bt — J/yK™ with the MVA selections of Bt — x4 K™ for a) 2011, b)
2012, c) 2016, d) 2017, e) 2018 and £) 2018 in logarithmic scale. The cyan component is the
additional Gaussian to improve the fit of the tails.

Gaussian width and relative contribution), 6 for B — J/ypK*? (Figure 4.15), 7 for B* — J/{pK**
(Figure 4.19) and 8 for BT — xa K™ (Figure 4.18). See Table 4.12 and Table 4.13 for tables
summarising the yields of the signal channels B — 1K' and B™ — J/pK** as well as the
normalisation channel BT — J/K™ with both signal BDT cuts applied. There are also the
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Figure 4.17.: Fit to the decay tree fitted Bt mass distribution of the collision data sample of the re-
constructed signal BT — J/$K™ with the MVA selections of Bt — J/pK** for a) 2011, b)
2012, c) 2016, d) 2017, e) 2018 and £) 2018 in logarithmic scale. The cyan component is the
additional Gaussian to improve the fit of the tails.

tit parameters related to the shapes of the fit models and background yields are in Tables
4.14-4.21.
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Figure 4.18.: Fit to the decay tree fitted Bt mass distribution of the collision data sample of the re-
constructed BT — x.1 K™ for a) 2011, b) 2012, c) 2016, d) 2017 and, e) 2018 and f) 2018 in

logarithmic scale.
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Figure 4.19.: Fit to the decay tree fitted Bt mass distribution of the collision data sample of the re-
constructed Bt — J/yK*T for a) 2011, b) 2012, c) 2016, d) 2017, e) 2018 and f) 2018 in
logarithmic scale.
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Table 4.12.: The signal yields of the BT — x4 K™ and B* — J/wK™ with the BDT selections of a similar
efficiency as BT — x4 K™.

Year Np. J/pK+ N vakr Npeyox/Npe J/pK* /%
2011 157294 4+409 7718 + 88 491 £ 0.06

2012 353695+ 607 16997 +130 4.806 £+ 0.038

2016 659970 + 668 29662 + 172 4.494 4 0.026

2017 626166 1015 287944170 4.598 £ 0.028

2018 771941 +£1506 34728 186 4.499 4 0.026

Table 4.13.: The signal yields of the BT — J/wK*T and BT — J/{KT with the BDT selections of a similar

efficiency as BT — J/pK**.

Year Npi, i Ni e Nposypgres/ N ypyiee /%
2011 250659 + 512 7428+ 208 2.96 +0.08

2012 559671 + 765 16002+ 105  2.859 4 0.019

2016 902206 + 1004 27003 +357 2.993 +0.039

2017 911225 + 1020 26235£380  2.879 £ 0.042

2018 (1.1107 £0.0011) x 105 31949+ 452  2.876 £ 0.041

Table 4.14.: The fit parameters of the Bt — J/{K" BDT selections of for BT — x4 K*.

Year Ap/MeV  f(0) exponential

2011 0.574+0.025 1.1554=+0.0034 (—2.4+0.8) x 1073
2012 0.614£0.017 1.1097 £0.0028 (—3.23 £0.36) x 103
2016 0547 +0.011 1.117+0005  (—27+1.5) x 1073
2017 0.366+£0.007 1.106+0.005  (—2.1423) x 1073
2018 0.525+£0.009 1.0921+0.0024 (—3.4+1.0) x 103

Table 4.15.: The fit parameters of the Bt — J/wK™ BDT selections of for BT — x4 K™.

Year

o(Gaus.)/ MeV  f(Gaus.)/%

exponential

2011
2012
2016
2017
2018

28+5
20.6 £0.6
279 £3.8
276
28.0£3.7

0.6421 +0.0017 (1.2440.11) x 10°
1.5940 +0.0021 (3.46 +0.13) x 10°
1.698 +0.005  (5.1+1.2) x 10
1.9752 £0.0037 (4.7 +1.4) x 10°
2.07140.005  (6.54+1.2) x 103
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Table 4.16.: The fit parameters of the Bt — J/pK™ BDT selections of for B — J/{pK*™.

Year Ap/MeV

(o)

exponential
0

2011
2012
2016
2017
2018

0.570 £ 0.020
0.620 £ 0.013
0.524 £ 0.011
0.355 £ 0.008
0.544 £ 0.009

1.1466 £ 0.0031
1.1068 £ 0.0022
1.1105 £ 0.0019
1.1131 £ 0.0019
1.0929 £ 0.0016

(
(
(
(
(

—2.5140.39) x 1073
—2.824+0.25) x 1073
—3.34+0.22) x 1073
—2.0+0.7) x 1073

—3.18 4 0.24) x 1073

Table 4.17.: The fit parameters of the Bt — J/wK* BDT selections of for BT — J/yK* ™.

Year o(Gaus.)/MeV  f(Gaus.)/% Nebxponential

2011 20.5£0.7 1.1424 £0.0022  (3.02 £0.12) x 103
2012 20.0+£0.5 1.6985 +0.0017 (6.93 £0.12) x 10°
2016 23.1+£0.7 22994 4+ 0.0014 (1.191 £ 0.032) x 10*
2017 28.0£3.8 1.9227 £0.0043  (1.05£0.13) x 10*
2018 27.0+£0.9 2.1297 £0.0010 (1.418 4 0.044) x 10*

Table 4.18.: The fit parameters of the Bt — x4 K™ DTF B" mass fits to collision data per year.

Year Ap/MeV f(o) pSXponenﬁal

2011 054+012  1.157+£0.018 (—1.280.27) x 102
2012 0.4140.08 1.138 £0.012 (—-75+1.3) x 1073
2016 0.55+0.06 1.1354+0.009 (—9.09 +0.29) x 1073
2017 0.51 4+0.06 1.1254+0.008 (—4.50 +0.27) x 1073
2018 0.3714+0.005 1.135+0.008 (—7.0+0.8) x 102

Table 4.19.: The background fractions or yields in the B¥ — x4 K+ DTF BT mass fits to collision data

per year.
Year f(rand. v) Ngo—ﬂ/lpK*O Nebxponent
2011 0.1479 £0.0021 (1.75+0.25) x 10®> (1.96 +0.30) x 10°
2012 0.1915+£0.0017 (2.340.6) x 10> (6.3+0.7) x 10°
2016 0.1168 +0.0012 (6.07 £0.07) x 10* (1.026 £ 0.019) x 10*
2017 0.1072£0.0011 (3.61 £0.16) x 10> (1.459 +0.043) x 10*
2018 0.0953 +0.0010 (3.440.9) x 103 (1.27 £0.10) x 10*




120

Photon Reconstruction Efficiency

Table 4.20.: The fit parameters of the Bt — J/pK** DTF B mass fits to collision data per year.

Year Ap/MeV f(o) o onential

2011 —-1.540.6 1.151 +£0.032 (—3.67 £0.12) x 102
2012 —243+042 1.1584+0.016 (—3.17+0.23) x 1073
2016 0.59 +0.31 1.1234+0.012 (—3.33+0.13) x 103
2017 0.70£0.28 1.108 £0.012 (—3.21+0.15) x 1073
2018 —2.00+0.29 1.1924+0.015 (—3.30+0.15) x 1073

Table 4.21.: The background fractions or yields in the Bt — J/pK** DTF B™ mass fits to collision data

per year.
Year f(rand. ) f(rand. y7) ng%]/me foponent
2011 0.244 +£0.032 0.150 +£ 0.005 0£25 (4.4540.23) x 103
2012 0.400£0.041 0.1774+0.0043 (1.5+0.6) x 10° (7.8 +1.0) x 10°
2016 0.3484-0.028 0.1841 £0.0042 (1.340.5) x 10®> (1.516 +0.036) x 10*
2017 0.44240.031 0.1746 £0.0041 (1.940.5) x 10> (1.27 £0.10) x 10*
2018 0.39840.029 0.1837 £0.0043 (3.04£0.7) x 10> (1.34 £0.12) x 10*
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4.6. Monte Carlo efficiencies

The Monte Carlo efficiencies, with the exception of the PID efficiencies, are determined as the
sum of the weights determined by GBR (Section 4.3.1) after an analysis stage. The uncertainties
are therefore assumed to follow Poissonian statistics. These efficiencies are divided into the
different analysis stages: the Acceptance is the efficiency of the generation stage which primar-
ily involves the ensuring that the generated simulation samples were within the acceptance of
the LHCb, the Reconstruction and preselection stage which has the selections highlighted in
Section 4.2.1 as well as the efficiency for the reconstruction of events, the trigger selection which
were corrected by the factors given in Section 4.9, the BDT selection giving the efficiency of the
BDT cut which was intended to be similar between the signal and normalisation channels and
the PID selection efficiency which is given last due to the efficiency being determined from
calibration samples and therefore being an external factor to be applied.

In general the acceptance increases with the collision energy, hence the increases from 2011
to 2012 and 2012 to Run-2. This is due to the higher collision energies giving a smaller opening
angle for the BT decay products and so are more likely to be withing the forward acceptance
of the LHCb detector. These changes are seen across all channels yet it appears that the neutral
modes see a larger effect. In the reconstruction and preselection stage the efficiencies remained
flat for all channels across years. As would be expected this efficiency decreases for every
additional photon being reconstructed. Typically the BDT efficiencies seemed to be higher for
Run-2 than Run-1 for all channels. There seemed to be more fluctuation in the PID efficiencies

of different years as the response of the ProbNN variables are different for every year.

4.7. Systematic uncertainties

Due to the analysis strategy adopted in this study, the avoidance of many sources of systematic
uncertainties was made possible. This is done by the alignment of selections between signal
and normalisation channels, through the corrections of the Monte Carlo distributions before the
training and application of the BDTs, along with using real collision data to determine the PID
efficiencies and calibrating the efficiency of measuring backgrounds with one or more photon
originating from the underlying event. There were also systematic uncertainties that were
accounted for in the statistical uncertainties, this includes the uncertainties on the background
signal yields due to their expectation being calculated using MC efficiencies and branching
ratios. By applying Gaussian constrains, with the statistical uncertainties and the uncertainties
on previous measurements of branching ratios as the width of the Gaussian, these uncertainties

were accounted for in the fit uncertainties on the signal yields.
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Table 4.22.: The reconstruction and selection efficiencies for the signal BT — x4 K* and BT — J/¢K™*

Monte-Carlo simulated data for all data-taking periods.

Year 511\3/I+C—>]/¢1<+ /% 8]zé4+c—>(]/¢7))(d]<+ /% 811\3/I+C—>(I/W)ml<+ /811\3,/I+(3_>]/W<+ /%
Acceptance
2011 15968 +0.027 9.601 +0.018 60.13 £0.15
2012 16.2734+0.025 9.859 + 0.017 60.58 +£0.14
2016 17.361+0.041  10.682 £ 0.027 61.53 +£0.21
2017 17.3384+0.033  10.721 £ 0.026 61.83 +£0.19
2018 17.346+0.033  10.672 + 0.025 61.52 £0.18
Reconstruction and preselection
2011 23.298 +0.015  10.272 + 0.045 0.4409 4+ 0.0020
2012 21908 +0.015  9.522 +0.030 0.4346 +0.0014
2016 23.601+0.015  10.542 £+ 0.027 0.4467 4+ 0.0012
2017 23.4794+0.015  10.551 + 0.025 0.4494 4+ 0.0011
2018 23.4384+0.015  10.654 + 0.024 0.4545 4+ 0.0011
Trigger requirements
2011 92.42 +£0.06 93.28 +0.42 1.009 4+ 0.005
2012 88.11 £ 0.06 90.33 + 0.31 1.0251 + 0.0036
2016 82.50 £ 0.06 85.77 +£0.24 1.0396 + 0.0030
2017 87.23+£0.06 89.18 + 0.23 1.0223 + 0.0027
2018 82.37 £0.06 86.07 +0.21 1.0450 + 0.0026
BDT selection
2011 52.74 +0.05 56.93 +£0.34 1.079 4+ 0.007
2012 52.97 +0.05 55.79 +£0.25 1.053 + 0.005
2016 64.65+0.06 63.09 +0.22 0.9759 4+ 0.0035
2017 61.23 £0.05 60.07 +0.20 0.9811 4+ 0.0033
2018 62.19 +0.06 59.23 +£0.19 0.9524 4+ 0.0031
PID selection
2011 86.96 +0.29 88.07 +£0.34 1.013 4+ 0.005
2012 86.14+0.14 87.46 +0.17 1.0152 + 0.0026
2016 88.94+0.06 90.72 £ 0.06 1.0200 + 0.0009
2017 85.27 £0.05 87.65 + 0.06 1.0279 + 0.0009
2018 85.32+0.05 88.00 + 0.05 1.0315 + 0.0009
Total
2011 1.577 4+ 0.006 0.4612 4+ 0.0033 0.2924 4+ 0.0023
2012 1.433540.0029 0.4137 £ 0.0021 0.2886 4+ 0.0015
2016 1.9437 +0.0023 0.5527 + 0.0019 0.2844 4+ 0.0011
2017 1.85414+0.0021 0.5311 £ 0.0018 0.2865 4+ 0.0010

2018

1.7770 £ 0.0020

0.5101 = 0.0016

0.2871 == 0.0010
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Table 4.23.: The reconstruction and selection efficiencies for the signal Bt — J/pK** and BT — J/¢K™*
Monte-Carlo simulated data for all data-taking periods.

Year ejlc, jgxr ! %o ey, J/p (K 70) s /% efc, J/p(KH 70) et /eys, k! %
Acceptance
2011 15968 £0.027  6.511 +0.012 40.77 £0.10
2012 16.2734+0.025  6.690 +0.013 41.114+0.10
2016 17.361+0.041 7.293+0.018 42.01+0.14
2017 17.3384+0.033  7.298 +0.019 42.09+0.13
2018 17.35+0.033 7.278 £0.019 4196 +0.13
Reconstruction and preselection
2011 23298 +£0.015 2.738 +£0.016 11.75 £ 0.07
2012 21.908 £0.015  2.826 4-0.012 12.90 £ 0.06
2016 23.601+0.015 3.021 +0.012 12.80 £ 0.05
2017 23.479+0.015  2.966 +0.012 12.63 £ 0.05
2018 23.4384+0.015  3.007 4= 0.012 12.83 £0.05
Trigger requirements
2011 92.42 +0.06 919+ 0.6 99.5+£0.6
2012 88.11 +£0.06 87.88 £0.41 99.7£0.5
2016 82.50+0.06 84.30 £0.36 102.18 +0.45
2017 87.23+0.06 88.23 £0.38 101.15+£0.44
2018 82.37 +0.06 83.95 £ 0.37 1019+ 0.5
BDT selection
2011 79.04 +0.06 80.9£0.5 102.4+0.7
2012 78.47 +0.06 82.56 £0.43 1052+ 0.5
2016 84.44 4+ 0.07 83.11 £0.39 98.4£0.5
2017 84.15+0.06 81.43 £0.39 96.8 £0.5
2018 84.74 4 0.07 82.53 £0.40 97.4£0.5
PID selection
2011 87.27+0.30 91.79 £0.27 105.2+0.5
2012 86.68 £0.15 91.60 £0.13 105.67 £ 0.23
2016 89.4540.06 94.26 +0.05 105.38 + 0.09
2017 86.23 +0.06 92.73 £0.05 107.54 £ 0.09
2018 86.36 - 0.05 93.085 4 0.043 107.79 £ 0.08
Total
2011 2.37240.008 0.1218 £ 0.0009 5.134 £0.041
2012 2.1367 +0.0041 0.1256 4 0.0007 5.879 £ 0.033
2016 2.5534 4+-0.0027 0.1455 4= 0.0007 5.698 £ 0.028
2017 2.5768 +0.0027 0.1442 £ 0.0007 5.597 £ 0.027
2018 2.4507 +0.0025 0.1411 4 0.0007 5.759 £ 0.029
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There were a few remaining statistical uncertainties that needed to be determined indi-
vidually. These included the uncertainties on the choice of the PDFs used in the fits as they
would not necessarily perfectly describe the DTF B mass distributions in reality. Therefore an
uncertainty could be determined by refitting and extracting the signal yield with a different
PDF. This was done twice, once with different signal PDF choices and again with different
combinatorial background PDF choices. Another source of uncertainty can arise from the
requirements that the signal must have triggered either LOMuon or LODiMuon algorithms. The
trigger algorithms are varied within each data-taking period and contain different thresholds
for the muon transverse momenta and the number of SPD hits. Each algorithm and hence their
associated thresholds are assigned a Trigger Configuration Key (TCK) for their identification.
Yet in simulation only the most common TCK was used so the Monte Carlo efficiencies for
the trigger are different from those of the collision data. In principle, this difference would
be the same for all samples if the [/ — u*p~ kinematics and event occupancy were similar.
Corrections were found using the B" — /K sample and the uncertainty on this correction

was assigned as a systematic uncertainty.

There were also variations made in the B mass fitting boundaries to check the stability of
the fit models over wider or narrower ranges. This tests the effect on the free background
yields and hence the signal yields. The mass windows used would not cancel in the ratio of the
signal channels over the normalisation and so must be tested. Therefore these were also varied
to check their effect on the signal yield and efficiency ratios to determine how well estimated
the Monte Carlo efficiencies were. Another efficiency that may not cancel in the ratios were the
BDT efficiencies, so they were evaluated with and without the application of the GBR weights
and their difference in Monte Carlo efficiencies were assigned as a systematic.

4.7.1. Fit model choice

Table 4.24.: The systematic uncertainties on the measured yields of the binned maximum likelihood fits
due to the choice of signal PDF.

Year Unc. on N§+_>I/¢K+/% Unc. on N3

B (J/§7) K /% Unc. on N§+—>]/1P(K+7TO)K*+ /%
11 0.11 0.17 0.7
12 0.01 0.23 0.4
16 0.11 0.05 0.4
17 0.23 0.13 0.8

18 0.25 0.11 2.7
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Table 4.25.: The systematic uncertainties on the measured yields of the binned maximum likelihood fits
due to the choice of combinatorial background PDE.

Year Unc. on N§+H1/¢K+/% Unc. on NISS*ﬁ(]/lM)mW /% Unc. on leg+*>]/¢(K+7TO)K*+ /%
11 0.09 0.14 0.7
12 0.20 0.19 0.8
16 0.08 0.90 1.4
17 0.09 0.18 0.7
18 0.02 0.18 0.3

There is imperfect knowledge of the B(()S) mass descriptions of the signal and background
distributions. The models used may come with their own biases that needed to be tested
for. The associated systematic uncertainty of this was determined by performing all of the
tits with a different signal model PDF. The Monte Carlo simulated samples were fit with the
alternative model, fixing the tail parameters and using the same methodology as the nominal
titting procedure to measure the signal yields. A systematic is assigned as the difference
between the nominal and newly measured signal yields. The chosen alternative model was
the double-sided Crystal Ball function. This is a similar function with asymmetric tails, usually
preferred for fits of lower statistics than found in this analysis. The resulting uncertainties on
the signal yields are shown in Table 4.24

In the fits of collision data it is assumed that the combinatorial background is well estimated
by the model of an exponential function. In a similar method to the one used for the systematic
on the signal PDFs, the fits to collision data are repeated using alternative models, a second
order and a third order Chebychev polynomial. The systematic uncertainty is assigned as the
RMS uncertainty of the nominal fit and the two alternatives. This gives uncertainties on the
signal yields summarised in Table 4.25.

4.7.2. PID calibration binning scheme

There was the issue that the binning scheme of the calibration, for some events, could not
produce a PID efficiency. This sometimes occurred when the sWeights in the calibration sample
were produced in a region where too low statistics are found and therefore could create a
negative weight and so efficiency. More commonly, this occurred when the Monte Carlo
samples used in this analysis had a small number of outlier events outside of the binning
range. In both of these cases there needed to be an additional systematic uncertainty on the

efficiency equal to the fraction of events that fell into these two categories. These are shown in
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Table 4.26.: The systematic uncertainties on the binning of the PID calibration samples.

Year Unc. on sg/ﬂc_) e /% Unc. on S%Af; /) K /% Unc. on e%{c_) (K 7)o /%
11 0.42 0.20 0.05
12 0.64 0.23 0.08
16 0.92 0.37 0.05
17 0.92 0.35 0.07
18 0.93 0.34 0.08

Table 4.26. The probability that the kaon had a momentum larger than the binning sample was
higher for Bt — J/{K™ due to its higher available phase-space, leading to a larger uncertainty.

4.7.3. Varying the DTF B mass boundaries in data fits

Table 4.27.: The systematic uncertainties on the measured yields of the binned maximum likelihood fits
due to the fitting boundaries.

Year Unc. on N1§+—>]/¢1<+/% Unc. on leé*ﬁ(]/l/’“r)mK* /% Unc. on N153+—>]/1p(1<+n0),<*+ /%
11 0.22 0.87 1.0

12 0.21 0.51 1.1

16 0.07 0.60 1.0

17 0.26 0.74 0.32

18 0.26 0.51 0.23

The mass fit results may have been dependent on the DTF B mass ranges used, it was im-
portant that the variation in the measured signal yields due to the variation of these boundaries
be assessed. This uncertainty is indicative of how well modelled the combinatorial background
is, or if there are missing background components close to the fit boundaries. Therefore the
boundaries were either widened or tightened symmetrically by 50 MeV to estimate the scale
of this variation. Therefore the variations of the signal yields are incidental to the changes
in the resulting amplitude of the combinatorial background around the signal region. The
uncertainties assigned in Table 4.27 were determined at the RMS uncertainty of the nominal,
wider and narrower fit ranges. It is clear that he effect was more significant from 2011 to
2016 in the fits of BT — J/¢K* T data, this is likely due to the low mass partially reconstructed
background of B — J/iyK™; which had a free yield in fits.
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4.7.4. Varying the mass windows in data fits

Table 4.28.: The systematic uncertainties on the ratio of measured yields of the binned maximum
likelihood fits over the Monte Carlo efficiencies due to the mass windows.

N % N % . B %
Year Unc. on <£M >Xcl—>I/1P7/ % Unc. on (SMC)K*+—>K+7T0/ 70 Unc. on <£MC>7T°—>W/ %
11 0.69 0.64 1.20
12 0.58 0.74 1.06
16 0.61 1.56 0.44
17 0.31 0.78 1.57
18 0.27 0.17 1.59

For the mass windows used, there may be a difference in the real collision data and
Monte Carlo simulation efficiencies. Since these are some of the largest differences in the
selections of signal and normalisation channels it was important that the variation in the ratio
of signal yields and Monte Carlo efficiencies be determined for changes in these selections.
For xa — J/¢y and K** — KT 7% windows, a roughly +30 mass requirement was used in the
nominal result, so the variation chosen was to use tighter +2.5¢ selections and looser +3.5¢
selections. For the 7 — 7 window, the mass requirement was +-60 MeV ~ +60¢ therefore
tighter selections of =3¢ and £2.50 were used in the assessment of systematic uncertainty.
The RMS uncertainties of the ratio of signal yields and MC efficiencies were calculated for the

three selections and assigned as the systematic uncertainty on the mass windows as shown in
Table 4.28.

4.7.5. BDT efficiencies

Table 4.29.: The systematic uncertainties on the ratio of measured yields of the binned maximum
likelihood fits over the Monte Carlo efficiencies due to the mass windows.

Year Unc. on 8%4+C_>]/¢K+ /% Unc. on S%A*C%(]/IPV)MK* /% Unc. on EII\S/{*C—ﬂ/l/J(KﬂTO)KH /%
11 1.9 3.9 2.1
12 2.0 25 1.7
16 0.9 0.8 0.5
17 1.1 0.9 0.1
18 1.3 2.6 0.8

A principal aim of the reweighting of the Monte Carlo was to align the BDT input variables
to improve the reliability of the measured BDT efficiencies. To determine the systematic
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on these efficiencies the relative difference in the Monte Carlo efficiencies with and without
reweighting was used. These relative differences are assigned as uncertainties shown in
Table 4.29. From the efficiencies given in Tables 4.22 and 4.23, it can be seen that the Run-1 BDT
efficiencies were typically lower than that of the Run-2, this seemed to cause larger variation
in the efficiency differences and so a typically larger uncertainty on the results.

4.7.6. Total of systematic uncertainties

Table 4.30.: The sources of systematic uncertainty for the measurement of each of the correction factors
and their contributions as a percentage.

Year Unc.onR,/% Unc.onR o/%

11 4.6 34
12 3.5 3.3
16 2.0 2.7
17 1.9 24
18 3.2 2.5

Under the assumption that the uncertainties assessed in this section, taking the quadratic
sum of all uncertainties summarised in this section, as well as the uncertainty on the trigger
efficency corrections given in Section 4.3.4, supplies the uncertainty for the correction factors
shown in Table 4.30. These uncertainties were well below the external uncertainty supplied by
the previously measured branching ratios of the signal and normalisation channels. Therefore
the overall control of uncertainties were sufficient for the precision limit of this analysis.

Table 4.31.: The photon reconstruction efficiencies calculated from data signal yields.

Year ¢(y)/% e(r%) /%

2011 30.8+ 0.4(stat) £ 1.8(B) 4.56 = 0.18(stat) = 0.27(B)

2012 30.1+0.2(stat) £ 1.7(B) 446+ 0.04(stat) £ 0.26(B)

2016 28.2+02(stat) £ 1.6(B) 455+ 0.08(stat) +0.27(B)
(stat) (B) (stat) (B)
(stat) £1.6(B) (stat) (B)

2017 289+ 0.2(stat) =1.7(B) 4.49 +0.09(stat) + 0.26(B
2018 282+ 0.2(stat) £1.6(B) 4.53 +0.09(stat) +0.27(B
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Table 4.32.: The photon reconstruction efficiencies calculated from Monte Carlo efficiencies.

Year

8(’)’) /0/0

e(1%) /%

2011
2012
2016
2017
2018

29.24 4 0.23(stat)
28.86 + 0.15(stat)
28.44 + 0.11(stat)
28.65 + 0.10(stat)
28.71 + 0.10(stat)

5.134 £ 0.041(stat)
5.879 & 0.033(stat)
5.698 + 0.028(stat)
5.597 + 0.027(stat)
5.759 £ 0.029(stat)

4.8. Photon reconstruction efficiencies and correction factors

With the signal yields extracted from the B DTF mass fits, and the branching ratios of the
signal and normalisation channels, the reconstruction efficiency of a photon measured with
these selections is calculated as

Ng. + Bp-+ +
data _ Bt—xaK BT—]J/¢K
€ (r)/) NG B B ’ (42)
B—J/pK+ P BT xa Kt Pxa—=v]/¢
and the reconstruction efficiency of a 710 is calculated as
S
gdata(n.O) _ I\]BJF—U/UJK*Jr BB+_>]/¢K+ ) (43)

NES}+~>]/1/JK+ BB+_>]/¢K*+ BK**—)K*T[OBT[O—V}/')/

where the signal yields are given in Tables 4.12 and 4.13. These calculations result in the
efficiencies summarised in Table 4.31.

The Monte Carlo efficiencies in Tables 4.22 and 4.23 can be used to determine the same
reconstruction efficiencies as

MC

MC( ) _ €B+ﬁXc1K+

MC (o ) (4.4)

- eMC
BT—J/pK+

and

epe, Tkt
M () = 2, (4.5)

eMC
Bt—J/pK*

leading to the photon and 7° efficiencies as seen in Table 4.32.
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From these two efficiencies the <y correction factor is calculated as

INE gMC B
R — _BroxaKt o BYoJ/yK: B+ —J/pK+ (4.6)
T NB+—>]/IIJI<+ XVIDS%/IEA)( K+ BB‘F‘)XHK‘F X BXH_WI/W,
which is used to calculate the correction factors for the data-taking years as
R (2011) = (1053 £ 1.5(stat) + 4.8(syst) £6.1(B))%, (47)
R™(2012) = (104.5 £ 1.0(stat) £ 3.7(syst) + 6.0(83))%, (4.8)
RP™(2016) = (99.2 £0.7(stat) +2.0(syst) £5.7(B)) %, (4.9)
RP™(2017) = (100.7 £ 0.7 (stat) £ 1.9(syst) =5.8(B))%, (4.10)
RP™(2018) = (98.3 £0.6(stat) 4 3.1(syst) £5.7(B))% . (4.11)
The 7° correction factors for each year are
°27(2011) = (88.8 £ 3.5(stat) = 3.0(syst) =5.2(B))%, (4.12)
°27(2012) = (75.8 £ 1.8(stat) & 2.5(syst) £4.5(8))%, (4.13)
°27(2016) = (79.9 £ 1.5(stat) & 2.1(syst) £4.7(B))%, (4.14)
Or(2017) = (80.2 + 1.6(stat) + 1.9(syst) + 4.7(B))%, (4.15)
°27(2018) = (78.6 £ 1.6(stat) = 1.6(syst) =4.6(B))% . (4.16)

4.9. Discussion of results

There was a previous study of the photon reconstruction efficiencies at LHCb performed using
Run-1 data [123]. In this study there were a number of differences in the analysis strategy,
the biggest difference being that they did not use B" — x K™ to analyse single photon
efficiencies but made the assumption that the square root of the 7° correction would suffice.
In the selection requirements this thesis uses a multivariate analysis to remove combinatorial
backgrounds to a level where physics backgrounds became more noticeable. In the fitting
strategy of Bt — J/pK** there was most noticeably no measurement of the background where
signal tracks were combined with underlying event photons. A background that the signal
yields were very sensitive to due to its mean position underneath the signal. There was also
a different strategy for Monte Carlo corrections, where weights were found using histogram
division with just the BT transverse momentum and pseudorapidity. There were no corrections
for the non-resonant component of B* — J/pK ' 7° which is a significant background when
considering that, in the calculation of the correction factors, the precise B¥ — J/pK** and
K** — KT 7" branching ratios are explicitly used. All of these factors together lead to strikingly
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large differences in the central value of the results where they have the corrections as
R 0(2011) = (103.2 4 2.6 (stat) & 2.3 (syst) == 6.7(B) )%, (4.17)
R 0(2012) = (105.6 &= 1.8 (stat) & 1.6 (syst) == 6.7(B) )%, (4.18)
which are incompatible to more than two ¢ when considering just the statistical and systematic
uncertainties, as the branching fractions are the same. The uncertainties in this thesis are
particularly due to the inclusion of the uncertainty on the mass windows and and boundaries.
These were not investigated in the older study and have been shown to have large effects on

the overall result.

Another important test was performed in this analysis, to determine if the reconstruction
efficiencies of the ¥ were simply the square of the photon reconstruction efficiencies. This
is an assumption that was made in [123] which would have fortunately meant that, in the
conversion of 7t¥ efficiency corrections to single photon corrections, the uncertainties would be
reduced by a factor v/2. Yet in this thesis the results suggest that, by directly measuring the
single photon reconstruction efficiencies independently from the ¥ reconstruction efficiencies,
this assumption does not hold well. The square root of the 72° corrections are

\/m = (94.2 + 1.8(stat) £ 1.5(syst) £ 2.6(1B))%, (4.19)
RET(2012) = (87.1 + 0.4(stat) + 1.8(syst) +2.3(B))%, (4.20)
cort(2016) = (89.4 + 0.8(stat) + 1.1(syst) + 2.4(B))%, (4.21)
VR (2017) = (89.6 + 0.8(stat) +0.9(syst) +23(B))% , (4.22)
RS (2018) = (88.7 + 0.8(stat) + 0.8(syst) +2.3(B))% . (4.23)

These values have a consistent average difference across all years of about 12 MeV which is
about a 20 disagreement. Therefore corrections to the single photon reconstruction efficiencies
should use the result of using B" — x.1K* and so will be subject to the larger uncertainties seen
in this direct result. These are chiefly originating from the uncertainty on the branching frac-
tions of B (BT — xaK™') and B (x.1 — J/¢7y). Therefore the prospects for improved precision
on these corrections are dependent on a better understanding of these two branching fractions.
The most precise measurements so far originate from studies from the BaBar collaboration
in 2008 [124] and the Belle collaboration in 2011 [125]. Therefore Belle II would be in a good
position to continue producing precise measurements of B to charmonia branching fractions,
which remain very competitive due to the experiment having much lower backgrounds in e*e
collisions when compared to the LHCb experiment.
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Chapter 5.

Measuring the Branching Ratios of
B(()S) — Jipy") and 5-' Mixing

With the efficiency corrections for photon and 7t° reconstruction, the efficiencies of the recon-
struction of the photons in B?S) — J/yy") with the final states 7 — wtm=y, 1 — 7t 70,
7" — % and ' — 7wt y[yy] could be well known. These efficiencies are particularly
important in the measurement of the absolute branching ratios of B?s) — J/ym"") normalised to
BY — J/p° where the differences in simulated and real data efficiencies would not cancel. This
chapter describes both the measurement of these absolute branching fractions of B(()S) — J/py)
and the mixing of 77-1’ mesons, as was introduced in Section 3.1. In a similar structure to the
previous chapter this chapter summarises the event selections specifically for the ;") mesons
and their decay products in Section 5.2, the corrections made to the simulation samples in
Section 5.3, the specifics of the fits to simulated and collision data to determine signal yields
in Section 5.5.6 and the corrected Monte Carlo efficiencies separated by analysis stage (in the
same way as the previous chapter) in Section 5.6. All of these sections then lead to the results

of Section 5.8.

5.1. Simulation samples

Similarly to the photon reconstruction study, the simulation samples were required to be
of a sufficiently up-to-date simulation version. This is to ensure the major properties of
the simulation were produced under similar conditions. Separate simulation samples were
used for the B® — J/yn") and B — J/y") to ensure that the subtleties of the difference in
resolution for the B® and BY reconstruction are taken into account, as well as the difference
in efficiencies, principally caused by the different available phase-spaces of the two decays.
Note that only 2016 MC samples are used for this analysis, as shown in Tables 5.1 and 5.3. For
the normalisation (B® — ]/ with p° — 77 717) and control channel used in the reweighting
procedure (B® — J/pK*® with K*® — K*717) see Table 5.4. In the decay of B(()S) — J/¢yn" with
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Table 5.1.: List of the stripping versions used for each Monte Carlo B? — J/yy( ) signal data-set and the
corresponding number of events generated.

Decay Channel Gen. Cuts Year Magnet Polarity Stripping N(events)

B — ]/

n— Ty Acc. 2012 Up v21 504999
2012 Down v21 503000
2016 Up v28r2 505000
2016 Down v281r2 509915

=t Acc 2015 Up v24r2 569758
2015 Down v24r2 500034
2016 Up v28rl 1517485
2016 Down v28rl 1528126
2016 Up v28r2 527835
2016 Down v281r2 527835
2017 Up v29r2 1003363
2017 Down v29r2 1104122
2018 Up v34 1079621
2018 Down v34 1141007

B)— J/yn’

7' — % Acc. 2012 Up v21 1510492
2012 Down v21 1561350
2015 Up v24r2 505109
2015 Down v24r2 506538
2016 Up v28r2 1525642
2016 Down v281r2 1502633
2017 Up v29r2 2007219
2017 Down v29r2 2006185
2018 Up v34 2123957
2018 Down v34 2001632

n—ntny Acc. 2015 Up v24r2 535353
2015 Down v24r2 569714
2016 Up v281r2 1507152

2016 Down v28r2 1507024
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Table 5.2.: List of the stripping versions used for each Monte Carlo B — J/y") signal data-set and the
corresponding number of events generated.

Decay Channel Gen. Cuts Year Magnet Polarity Stripping N(events)

B — J/yy

n— Ty Acc., Tight 2011 Up v21rl 383000
2011 Down v21rl 377921
2012 Up v21 376999
2012 Down v21 380618
2015 Up v24r2 275046
2015 Down v24r2 276773
2016 Up v28r2 381000
2016 Down v28r2 375000
2017 Up v29r2 752268
2017 Down v29r2 750099
2018 Up v34 772667
2018 Down v34 760622

n— ntn O Acc., Tight 2011 Up v21rl 250747
2011 Down v21rl 256201
2012 Up v21 507663
2012 Down v21 503901

B)— J/yn'

7' — p%y Acc., Tight 2011 Up v21rl 380333
2011 Down v21rl 377965

n—ntny Acc., Tight 2011 Up v21rl 376468
2011 Down v21rl 378927
2012 Up v21 630419
2012 Down v21 628835
2017 Up v29r2 632199
2017 Down v29r2 638004
2018 Up v34 625624
2018 Down v34 629138
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Table 5.3.: List of the stripping versions used for each Monte Carlo B® — J/yy( ) signal data-set and the
corresponding number of events generated.

Decay Channel Gen. Cuts Year Magnet Polarity Stripping N(events)

BY— J/yn

n— Ty Acc. 2012 Up v21 500902
2012 Down v21 507000
2016 Up v28r2 500997
2016 Down v28r2 500999

=t Acc 2016 Up v28r2 1001793
2016 Down v28r2 1048622
2017 Up v29r2 1000301
2017 Down v29r2 1143677
2018 Up v34 1043178
2018 Down v34 1004731

B = J/py’

7' — p%y Acc. 2012 Up v21 505000
2012 Down v21 503000
2016 Up v28r2 502998
2016 Down v28r2 501795

n—=ntny Acc. 2012 Up v21 501000
2012 Down v21 503000
2016 Up v28r2 503846

2016 Down v28r2 503000
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Table 5.4.: List of the stripping versions used for each Monte Carlo B® — J/0° normalisation and

B? — J/pK*? control data-set and the corresponding number of events generated.

Decay Channel Gen. Cuts Year Magnet Polarity Stripping N(events)

Normalisation

BY— J/pp° Acc. 2011 Up v21rl 1025668
2011 Down v21rl 1000677
2012 Up v21 1006701
2012 Down v21 1160031
2015 Up v24r2 501947
2015 Down v24r2 500074
2016 Up v28r2 5004032
2016 Down v28r2 5070415
2017 Up v29r2 6154606
2017 Down v29r2 5000342
2018 Up v34 5151574
2018 Down v34 5524075

Control

BY — J/pK*Y Acc. 2011 Up v21rl 5031100
2011 Down v21rl 5001989
2012 Up v21 5000741
2012 Down v21 5003370
2015 Up v24r2 5002796
2015 Down v24r2 5007891
2016 Up v28r2 5064565
2016 Down v28r2 5008395
2017 Up v29r2 5003787
2017 Down v29r2 5007707
2018 Up v34 5000153
2018 Down v34 5000010
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Table 5.5.: List of the stripping versions used for each Monte Carlo B — J/p¢, B — J/pX and
BT — J/pX background data-set and the corresponding number of events generated.

Decay Channel Gen. Cuts Year Magnet Polarity Stripping N(events)

BY— J/y¢ Acc. 2016 Up v28r2 1016673
2016 Down v28r2 1009219
2017 Up v29r2 2003827
2017 Down v29r2 2005935
2018 Up v34 1975214
2018 Down v34 2004996
B — J/yX Acc. 2016 Up v281r2 4950339
2016 Down v281r2 4986926
BT — J/pX Acc. 2016 Up v281r2 5956066
2016 Down v281r2 5052491

1" — oy there were physics backgrounds present before the tight selections that required
modelling in the optimisation process (see Section 5.4.2) and their samples are given in Table 5.5.

Unlike the samples used in the photon reconstruction study, the selections applied at the
level of Monte Carlo generation only required that all particles were within the acceptance of
the LHCb experiment. Therefore the efficiencies at generation were larger and are indicative
of only the acceptance of the experiment itself.

5.2. Event selection

5.2.1. Preselections

With the principal aim of keeping the selection criteria across channels as equal as possible
the general selections on the 77t 7t~ pairs, u™ u~ pairs, J/ip and B(()S) were kept the same across
the different decay channels. Again, all of the selections on the J/i — u™u~ and B that are
summarised in Section 3.4 were also applied to this analysis. Selections on the ") — 77+ 77~ X°
were kept as similar as possible for the same number of photons (i.e. between the two cases
where X = 7 and between the cases where X — 7). With these constraints on selection
criteria taken into account, this section describes the full preselections which are summarised

in Table 5.6.

The pions were selected in the same way as B® — J/yK*? with K** — K7~ as shown in
Section 4.2.1, using the Stripping containers StdLoosePions with their identification ensured
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Table 5.6.: Summary of preselections on all decay modes. In this table these selections are in addition to
those described in Section 3.4

Variable Requirement
4 Pr > 0.1
Pr(1—Pk) > 0.2
n— Ty Xiw/ndf <25
pr(7) > 500 MeV
IsNotH > 0.05
pr(n) > 1.5GeV
im(mty) —m(y)] < 100MeV
n'— py pr(7) > 500 MeV
IsNotH > 0.05
pr(1') > 1.5GeV
im(7tn=y) —m(y’)| < 100MeV
p'—= T Xin/ndf <25
m(p°) € [600,900] MeV
n— e n®  xie/ndf <25
pr(7°) > 1GeV
pr(n) > 1.5GeV
im(7t o yy) —m(n)] < 100 MeV
= vy pr(7) > 200 MeV
Min. IsNotH > 0.05
[m(yy) — m(n%)] < 60 MeV
n'—= Ty Xe/ndf <25
pr(n) > 1GeV
pr(1') > 1.5GeV
im(mt = yy) —m(y')| < 100MeV
=7 pr(7) > 200 MeV
Min. IsNotH > 0.05
[m(yy) —m(n)| < 100 MeV
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by a combination of two cuts on the artificial neural network variables (see Section 2.2.4)
ProbNN, > 0.1 and ProbNN x (1 — ProbNNg) > 0.2.

The selection of photons in all ") decays were done initially using the StdLooseA11Photons
stripping container. A minimum transverse momentum requirement of p; > 500 MeV for
single photon modes and # — 7y and lower requirement of p% > 200 MeV for 7 — 7y was
used to initially reduce photon combinatorics. For identification the photons had a loose
requirement determined by the ANN-based PID variable (see Section 2.3.2) IsNotH > 0.05.

The good vertex fit of the two pions was ensured with a requirement that x2,, /ndf < 25 for
n") — mt = X% and p° — 71771, All intermediary resonances have initial mass requirements
to have a loose agreement between their reconstructed mass and the mass of the desired parent
decay. The mass requirements were such that the mass of the p® — 77771~ were in the range
[600,900] MeV, the ;") mesons were within £100 MeV of their respective expected masses
(from the Particle Data Group’s latest averages in [41]) and the 77 meson was within 60 MeV
of its expected mass.

The decaying intermediary mesons also had reasonably high transverse momentum require-
ments in the early-stage selection requirements to further reduce combinatorial backgrounds.
The requirement on the four (") — 77+ 7~ X modes was pr(17")) > 1.5GeV and the two photon
(1/7° — y7v) modes was pr(17/7°) > 1GeV.

5.2.2. Mass Vetoes

For the normalisation channel, B’ — ]/ with p® — 771, there were mass vetoes deter-
mined using the DTF 4-vectors in order to reconstruct different mass hypotheses for one of the
pions in p” — 7 7t~. This was done specifically to remove the backgrounds of B® — J/yK*°
with K** — K7t~ and BT — J/$KT. Yet since there were two possible options for the 77-K PID
swap, the 7t with the highest PID probability of ProbNNg was the one that was measured with
the K mass hypothesis and then vetoed at 30 MeV from the B or B* mass at about 5280 MeV.

5.3. Monte Carlo corrections

5.3.1. Gradient Boosted Reweighting

The GBR technique was used to improve the agreement between Monte Carlo simulated and
real collision data. A control sample was needed to give good statistics for each individual
data-taking period. This is particularly important for the exceptionally small data set of the
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Figure 5.1.: Fit to the decay tree fitted BY mass distribution of the collision data sample of the recon-
structed signal BY— J/wK*0 for 2016. This is the fit that was used in the sPlotting [115] for
the background-subtracted data used in the training of the Gradient Boosted Reweighter.
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Figure 5.2.: The distributions of the input variables and expressions used for the training of the Gradient
Boosted Reweighter. The orange distribution is the background-subtracted B® — J/{K*°
2016 collision data used as a target. The blue distribution is the original B® — J/yK*? 2016
MC data.
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Figure 5.3.: The distributions of the input variables and expressions used for the training of the Gradient
Boosted Reweighter. The orange distribution is the background-subtracted B’ — J/pK*°
2016 collision data used as a target. The blue distribution is the BY— J/ IPK*O 2016 MC data
after applying the event-by-event weights that were calculated by the reweighter.
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Figure 5.4.: The distributions of a subset of the variables and expressions used in the training of the
MVA (omitting those unavailable to BY— J/yK*? decays) as well as occupancy variables.
The orange distribution is the background-subtracted B’ — J/pK*? 2016 collision data used
as a target. The blue distribution is the original B’ — J/$K*? 2016 MC data.
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Figure 5.5.: The distributions of a subset of the variables and expressions used in the training of the
MVA (omitting those unavailable to B — J/¢K*? decays) as well as occupancy variables.
The orange distribution is the background-subtracted B — J/$K*? 2016 collision data used
as a target. The blue distribution is the B® — J/yK* 2016 MC data after applying weights
calculated by the reweighter.
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2015 data. Therefore the decay process B — J/$K*® where J/p — u*p~ and K* — K+~
was employed for its similarity of many variables. The real collision data were background
subtracted using the fit shown in Figure 5.1. Figure 5.2 shows the chosen input variables and
expressions chosen for Monte Carlo and background-subtracted real data. After reweighting,
these variables reached near-perfect agreement between the MC and real data, as seen in
Figure 5.3. This yields similar agreement levels as the procedure described in Section 4.3.1,
with excellent agreement in all variables but the charged cone multiplicities over the number
of photons as can be seen in the comparison of Figures 5.4 and 5.5. Therefore there can be
reasonable confidence that the BDT efficiencies were well described in Monte Carlo.

5.3.2. Particle identification corrections

As described in Section 3.5.2, the particle identification efficiencies were determined using
calibration samples in replacement of the Monte Carlo efficiencies of the requirements that both
7t and 71~ in the signal and normalisation channels satisfy ProbNN, > 0.1 and ProbNN (1 —
ProbNNg) > 0.2. The uncertainty due to statistics of the calibration samples are included in
the uncertainties given in efficiency tables in Section 5.6 and the uncertainty due to the limited

binning of the variables used in the method are given in Section 5.7.2.

5.3.3. LO trigger efficiency corrections

Table 5.7.: The TIS and TOS efficiencies of the BT — J/iK™ simulated and real collision data reweighted
to the muon kinematics and event occupancy of the signal and normalisation channels.

Channel eMC /%  eRD /% i‘%%gi /%

powtr oy 867841009 86474012 99.65+0.17
p— w0 87904009 8676+012 98.70+0.17
7 — o0y 87414009 87.004012 99.5440.17
W=ty 87.994009 87.81+£012 99.79+0.17
Pt 86814009 85614012 98.62+0.17

Similarly to the method of Section 4.3.4, the efficiencies of the trigger in Monte Carlo
and real collision data needed to be determined so that corrections could be made to the
measurements of the absolute branching ratios and the ratios of different final states used to
determine ¢p and ¢g. Therefore the BT — J/iK* samples were reweighted again with the
signal and normalisation channels of this analysis in order to estimate the trigger efficiencies.
The resulting efficiencies in data and MC are given in Table 5.7. The resulting corrections on the
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Table 5.8.: The correction factors to the efficiency ratios used in the calculation of the branching ratios
of B?S) — J/¢n") and the ratios R .

Channel Ry /%
Single photon
B (B(()S) — J/yn) 9897 £0.24
B (B?s) — J/yn’)  99.08 £0.24
Ras 100.11 £0.24
Two photon

B (B(()S) — J/py)  99.92+0.24
B (B‘()s) — J/yy’) 98.82£0.24
Ras 98.91 +0.24

branching ratio fractions are then given in Table 5.8 with the associated statistical uncertainties
assigned as the systematic uncertainty of the corrections.
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5.4. Multivariate Analysis

5.4.1. Classification and training

The MVA classification process was performed using the methodology of Section 3.6. The
Monte Carlo samples of the BY — J/p5") and B® — J/ipp® were used for the signal category.
GBR weights were used to correct the BDT inputs as shown form Figure 5.4 to Figure 5.5 (in
Section 5.3.1). Using the # — 7" 71~ 1y final state as an example, Figures (5.6) and (5.7) show
normalised distributions of the training variables for the signal and background categories
superimposed. Those figures show the separation of the two categories for the various
distributions. The combination of information from the input variables led to the response
shown in Figure 5.8. The BDTs trained on BY — J/y(") were then applied to B® — J/yn(").
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Figure 5.6.: Fifteen of the sixteen input variables used in the training of the Boosted Decision Trees.

Theses distributions are of the B) — /¢y where 7 — 7+ 71~y signal Monte Carlo (blue) and
the combinatorics in the collison sample, where |m(utu~) — m(J/p)| > 60MeV (orange).
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Figure 5.8.: a) The response of the BDT for BY — J/yn where 7 — 7+ 71~ +. Showing the response of
signal Monte Carlo (blue) and the combinatorics in the collision sample, where |m(utpu~) —
m(J/¢)| > 60 MeV (red). b) The overlaid background rejection verses signal efficiencies for
the BDT responses of the signal and normalisation channels.
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5.4.2. Optimisation of selections

The Cabibbo suppressed B® — J/y") decays require selections targeting not only the reduction
of combinatorial backgrounds, which the BDTs were primarily trained to do, but also a
separation from physics backgrounds and the B — J/y") signals. In this section the targeting
of B®— J/yn") was chosen specifically for the purpose of measuring the ratio R, as precisely
as possible. The relatively low yield of B’ channels meanth that this particular ratio is the
precision limiting factor of measuring both ¢p and ¢ and so ensuring the statistical uncertainty
is as low as possible greatly improved the precision at which these angles were measured. This
is a compromise that means the statistics of the BY — J/y() are reduced in favour of better

precision in the mixing measurements.

In the optimisation process it was important to have a complete model of the backgrounds
that appear with the preselections. For the modelling of the combinatorial background a
sample of collision data was used where the decays were reconstructed with the two pions
having the same sign instead of opposite. Then this sample was scaled to the level expected by
the high mass side band of the correct sign collision data to ensure that it is well describing the
real background.

In the case of the single photon 7 — 771~ and 1’ — p°7 final states, multiple physics
backgrounds could limit the precision of the measurement of the B® — /g () yields. For
1 — 1ttt there were background contaminations from both of the two photon final states
(n— 7t~ n° and ' — 7t 71 ) arising from the partial reconstruction of these channels with
only one of the two photons entering in the initial 777 77~y mass window of 100 MeV.

For— p%y there were two cases in which partially reconstructed backgrounds appear in
the B mass fit range. One is BY — J/p¢ with ¢ — 7+ 77~ ¥ which has a high enough invariant
mass to produce pions from p° decays. The dominant case is therefore when a photon from
the 71¥ is lost and the pions decay via o — 777 7w~. The other background is from B— J/¢Krr
which appears similarly to this background in B® — J/pK**, as described in Section 4.5.5, yet
it is likely to dominantly decay via a p°.

More information on these backgrounds is given in Sections 5.5.2 and 5.5.3. All of these
backgrounds were modelled using Monte-Carlo samples of these decays reconstructed as
J/wrt 7ty with their yields estimated relative to the respective signal channels. The scaling
of these yields were determined using the ratios of their efficiencies in MC and the averaged
previous measurements of the branching ratios involved (from the Particle Data Group [41]).

Compared to measuring the single photon modes, the two photon modes require the recon-
struction of an additional photon which gives a wider resonance in the B(()S) mass distribution.
Therefore the wider BY and B? distributions overlap with each other and can be difficult to

separate. To aid in the improvement of the significance of the B® — J/yy") signal, tighter
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Figure 5.9.: The significance plots over different selections of the BDT and difference in the mass of
the nominal (") and reconstructed 7w+ 71~ for B® — J/yn'") where a) § — w7y and
b) 7' — p’y. The lower bin boundaries for the y-axis are the BDT cuts BDT > y and the
upper bin boundaries for the x-axis are the mass windows [AM(5"))| < x. The z-axis and
numbers quoted in the bins are the average significance (S/+/S + B) of the B? peak.

m 16 T T T ™ o 12 T T T |
(7) B ] d:) L ]
Dk 1 24 ;
8 ] 8 [ ]
8 uf 1 Bwf E
£t 1 £t -
> [(a ] > [ ]
LR 15 ]
2 . 8F- 3
uk = 7B =
10- N N T 6: N S T T
0.1 0.15 0.2 0.25 0.15 0.2 0.25 0.3
BDT cut BDT cut

Figure 5.10.: The significance plots over different selections of the BDT and difference in the mass of
the nominal ") and reconstructed 7r+ 7w~y for B — J/yy(") where a)  — 71t 7~ 7° and
b) ' — 7 1. The lower bin boundaries for the x-axis are the BDT cuts BDT > x. The
y-axis and numbers quoted in the bins are the average significance (S/+/S + B) of the B°
peak.
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mass windows than those defined in the preselections were needed for the single photon
channels. The selection of the DTF x?/ndf < 2.5 (as described in Section 3.4) led to narrower
distributions in the DTF B(()s) mass distributions and so good separation of the B® and B!
peaks. This meant that the need for tight mass windows in the two-photon channels was
negated. Therefore the optimisation of the BDT selection was performed simultaneously with
the selection of the mass windows of the single photon modes, and just the BDT selection for
two-photon modes.

The figure of merit for the determination of the optimum selections was the significance of
the B” — J/yy"") signal, estimated as S/+/S + B where S is the number of B — J/") and B is
the combined yield of the combinatorial backgrounds, physics backgrounds and B? — J/y; (")
all measured within 3¢ of the BY mass peak. These yields are estimated repeatedly using
bootstrapped Monte Carlo. Bootstrapping is a statistical resampling method to simulate MC
production and allows for greater certainty of the estimations for S/+/S + B by taking the mean
value of S/+/S + B for resampled MC. This meant the reduction of the statistical fluctuations
in these estimations from the limited MC sample sizes.

After performing a fit to the B(()S) mass spectrum using the original Monte Carlo sim-
ulated data, the resulting parameters of the PDFs are used to generate the bootstrapped
MC distributions. These samples were produced with the same statistics as the original
Monte Carlo samples. Then new fits of these samples were performed where the yields
of these fits were used to determine new efficiencies. These efficiencies were combined
with the ratios of averaged branching fractions of the Particle Data Group [41] to determine
the expected yields of each signal B?S) — J/wn") and their respective backgrounds. These
yields were then used to estimate the S/+/S + B value of B — J/yn(") for each set of toy
Monte Carlo sample. This was repeated 100 times for each decay channel and each set of
BDT and mass window selections which led to the averaged significance values shown in
Figure 5.9 for single photons and Figure 5.10 for two photons. Therefore the chosen selec-
tions are BDT > 0.1 with |[M(y) — M(rttt~7)| < 15MeV for  — ntn~+y, BDT > 0.15
with [M(") — M(t" )| < 22.5MeV for ' — p°y, BDT > 0.22 for 5 — nt 7~ n° and
BDT > 0.28 for /' — .

5.5. Mass fits and signal yields

5.5.1. Fit models

As described in Section 3.7, fit model of both the signal and background physics signatures
(with the exception of the backgrounds of B‘()s) — J/yy" with 5" — p%y) was a double-sided
Crystal Ball function. This is two equally populated Crystal Ball functions used to model
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asymmetric tails with common means and widths. For the combinatorial backgrounds in real
collision data, a free exponential function was used as the model. Unlike the previous analysis
the background of a photon from the underlying event being combined with signal tracks was
negligible for all channels. It seems that with the additional track (two pions instead of one
kaon) the probability of this mis-match of the photons is reduced to the point where it could
be neglected throughout this analysis.

5.5.2. Backgrounds impacting the B‘(’S) — Jipy with y— 7~ mode

. B?S) — ]/ with n — 7t* 7~ 71%: When a photon is lost in 77° — 7 there is the possibility
that the invariant mass of the remaining 7 77~ is still within the mass bounds of the
n— ntayat|m(nttny) —m(n)| < 15MeV. Then as there is a mass constrain from
the DTF the lower 77 mass contamination is skewed to the higher B mass region with a
broad distribution. This is therefore included in the total fit model. The yield expectation
is determined by the ratio of efficiencies in Monte Carlo and the branching ratios of
71— ntn yand n— 7t~ 70 times that of 1° — . The central value of the Gaussian
constrain was set to the expectation relative to the signal of 66.2% with the width set to

the uncertainty on this expectation at 2.0%.

e RO 0
BGs)

reconstruction and the 71+ 71~ invariant mass is just within selections. Yet, it is only the

— J/yy’ with " — 7ttty Similarly to ¥ — 7" 71~ 71”, one photon can be lost in
extreme end of the tails of the 77 77~ and so with the tighter requirements determined
in the optimisation process it is able to be accounted for in the combinatorial model with
the exponential PDF. The expected contribution relative to signal would be (7.3 £ 1.6)%.

5.5.3. Backgrounds impacting the B(()s) — Jipy’ with ’ — p%y mode

e BY— J/¢p with ¢ — 7t 71~ 710: There are a few ways that the ¢ can decay to the w7t~y
final state to be mistakenly reconstructed and selected as ' — p%y. The dominant case
is when the ¢ — p°71° where one photon is lost. The other cases involve both photons
lost and one underlying event photon is combined with the true decay tracks or the ¢
can also decay to (o — 7+ %7, yet these other decays are less dominant. In the tight
selections of this channel this background is reduced. This is a necessary consequence of
the optimisation procedure as it did peak at a position near the B’ — J/¢5’. Therefore
maximising the BY signal significance necessarily meant the removal of this background.
The expectation from the branching ratios and efficiencies would be (9.2 +1.4)% of signal.
Yet due to this being a broad shape in the low mass region, this had a negligible effect on

the result.
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* B— J/wKm: Similar to BT — J/wK** and B — J/pK*? in the previous analysis, there is
the possibility of different partially reconstructed backgrounds to originate from different
K77t resonances. Section 4.5.3 highlights the most relevant case of BT — J/¢K*T. Yet
in this case it is less likely to originate from K*(1270) — K**(892) 7, as the pions can
also originate from a p also. Therefore the use of the dedicated B* — J/y(K*1(1270) —
K**(892)7t%) MC sample of the previous analysis was less helpful. Instead, as shown in
Table 5.5, two samples of B’ — J/$X° and B — J/{X* were used. Within these samples,
there are inclusions of the different intermediary decays from K;(1270) to the K77 final
states. This was used in the optimisation process of the selections, but after applying the
optimal selections the overall shape in the fit range was that of an exponential-like tail so
was accounted for in the same model as the combinatorial background.

5.5.4. Backgrounds impacting the B’ — Jiyp® mode

e BY — J/yy' with 4’ — p%y: This background is a partially reconstructed background
where the photon is lost leading to a distribution underneath the signal which had to be
fit for. The fitting strategy is the same as that used for B— J/Kmnw within BT — J/pK**
(see Section 4.5.3), as the dominant case for this background was the loss of one 7, the
overall shape is very similar. Therefore an Argus background PDF convoluted with a
Normal distribution was added to a Crystal Ball function for this background.

5.5.5. Monte Carlo fits

For the fit of the signal channels, it was necessary to first perform fits to the MC simulated data
to determine the tail-shape parameters (a1 and n; for the left tail, or a; and n; for the right tail)
of the double-sided Crystal Ball PDFs. These parameters are then fixed in the fits on collision
data. This takes advantage of the large MC statistics while also limiting the number of floating
parameters in the collision data fit. Both of these advantages enable the determination of the
signal yields at good precision. Tables 5.9 and 5.10 contain the resulting fit parameters of the
signal fits in Monte Carlo that are propagated to the real data fits. Interestingly the parameters
of the left-hand tails are most similar between modes that include a p° — 77" 77~ resonance or
between modes that do not. For the right-hand tails, the parameters are more similar between
the channels with photons, as the uncertainty on the right-handed tails are usually made more

pronounced by photon pile-up.
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Table 5.9.: The resulting tail parameters for B — J/yn! ) and B® — J/yp" from fits to full Run-1 and
Run-2 MC simulated data. These parameters are fixed and used in the fits to Run-2 collision

data.
Channel aR ng g nr,
n— Tty —0.929 4+ 0.008 8.51 +£0.28 1.1124+0.010 7.1140.25
n— ntnn® —0.7404+0.013 254 +4.1 1.192+0.018 7.340.5
7' — p%y —1.129 4+ 0.008 5.68 +0.13 1.452 +0.011 5.20+0.15
n'—=ntny  —0.7698+0.007 20.0+1.4 0.8166 +0.010 130.954 +0.019
0=t —1.9223 +0.0027 6.9722 £0.0038 1.726 +0.006 9+8

Table 5.10.: The resulting mass mean and width parameters for B?s> — J/yn") and B — J/pp° from fits
to all available Run-1 and Run-2 MC simulated data.
B — J/yX BY— J/wX
Channel u/ MeV o/ MeV u/ MeV o/ MeV
n— Ty 527958 £0.08 13.50+0.08 5366.63 +0.04 13.406 + 0.039
n— -’ 5280.08+0.25 12.98+0.17 5366.67 +-0.08 16.60 + 0.08
7' — % 5279.54 £0.06 8.93 £0.06 5366.74 £0.02 9.656 £ 0.020
W —mntny  5279.81+0.17 14.26+021 5366.75+0.02 15.740 £0.018
0= mtm 5283.42 £0.02 7.793£0.012 - -
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Figure 5.11.: Fit to the decay tree fitted BY and B” mass distribution of the Run-1 and Run-2 collision

data of the reconstructed signal B?S) — J/yn") witha) y — 7t 7~y and b) ' — .
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Figure 5.13.: Fit to the decay tree fitted B’ mass distribution of the Run-1 and Run-2 collision data of
the reconstructed signal B® — J/ipp°.

Table 5.11.: The resulting signal yields for B(()S) — J/wy"") using the maximum-likelihood fit with Run-1

and Run-2 collision data.

Channel N(B?) N(BY) N(B%) /N(BY?)
J/p(p— mtmy)  1938+£60 162+ 36 0.083 + 0.019
J/p (g — mtm ) 2695455 278 423 0.103 = 0.009
1Y (' — 0%) 7764 +107 515+ 56 0.066 =+ 0.007
J/p (' — ) 2305452 172420 0.075 =+ 0.009
J/p (0°— trrT) 5498 +£87 278844213 -
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Table 5.12.: The fit parameters of the B(()S) — J/yn") and B® — J/pp° DTFE B? ) mass fits to Run-1 and

Run-2 collision data for each final state.

(s

Ap/ MeV (o) gxponential

n— Ty —0.6+05  1.045+0.039 (3.32+0.15) x 1073
n— atrn® 03405 1.162+0.026 (—3.61+0.28) x 1073
n' — pOy 035+£0.16  1.074+0.017 (—3.2540.06) x 103
n'— mtm g —04+05 115140031 (—1.6640.19) x 103
o mtr —38340.06 1.070+£0.007 (—3.49+0.24) x 103

Table 5.13.: The background fractions or yields in the B(()S) — J/yn") and B — J/po® DTF B(()S) mass fits
to Run-1 and Run-2 collision data for each final state.

Channel f(77—> e 7T0) Nl?’%po’y Nebxponent
n— ntay  0.204 +0.006 - 2.79 £0.09) x 103

n— P

n'— %y
N —ntny
o= tm

(9.39 +£0.31) x 103

(
(4.98 +0.31) x 10
(1.282 4 0.014) x 10*
(7.52 £ 0.36) x 10
(8.99 +0.28) x 103
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5.5.6. Combined model fit to collision data

Every fit on collision data comes with combinatorial backgrounds that are well-modelled with
an exponential PDF which has one free decay constant or slope parameter. The rest of the fit
model is just the combination of the MC fitted signal and physics background PDFs with free
parameters representing energy calibration and scaling of the detector resolution. These are a
shift in PDF nominal means and multiplicative factors in model nominal widths respectively.
The estimated yields of physics backgrounds are used in Gaussian constraining the measured
yields with respect to the observed signal yields. The Gaussian mean is the central value of the
calculated yield expectations and the Gaussian standard deviation is the combined uncertainty
of the efficiencies and branching ratios used in the yield estimation.

The combined models fit to the full Run-1 and Run-2 collision data are shown in Figures
5.11-5.13. The models of the BY and B° signal signatures are determined by their MC fits, where
both take the tail parameters from B — J/yy) fits (Table 5.9). The nominal B mass means are
taken from the same fits, yet the nominal B® mass is fixed on the expected difference from that
B? mass (5366.88 — 5279.65 = 87.23 MeV). In both the B? and B? cases the nominal widths of
the distributions are inherited from their fits to MC. The resulting signal yields determined by
these fits are given in Table 5.11. The ratios of the B’ and B yields are found to be consistent
between the same B?S) decay modes of different final states. In the case of B® — J/y0°, the

BY — J/yrt 1~ peak used the same fit model shape parameters as the BY — J/1p° model.

With the same fitting procedure as Section 4.5.6, the only free parameters were the signal
and background yields, as well as the combinatorial background slope parameter and the
common width scale factor and PDF mean position change. This led to six free parameters
in the two-photon and the 7’ — p%y channels: the number of signal decays from BY (N*(BY)),
the number of B signal decays (N*(B?)), the combinatorial background yield (N (exponent)),
the difference between the collision data and simulation mean position (Ay), the scaling factor
for physics shape widths f (o) and the decay constant of the exponential used to model the
combinatorics (pSXponenﬁal). The 7 — 7t 7t~y final state also includes the Gaussian constrained
yield of the partially reconstructed 7 — 7w+ 71~ 71° background. The normalisation channel has
the additional background yields of B — J/¢7t™ 7t~ and B — ]/’ (where 11’ — p%). All of
the parameters related to the model shapes are in Table 5.12 and the background yields or
fractions of signal are in Table 5.13.

5.5.7. Correction to the yield of the normalisation channel B® — J/ipp°

In this analysis the normalisation channel has the resonance specific branching fraction and
Monte Carlo samples of B® — J/1p® with 0® — 71" 71~. There are contributions to the measured
signal yield in the DTF mass spectrum of [/t 71~ originating from decays of B® — J/¢7tt



Measuring the Branching Ratios of B((’S) — Jipy") and 5-if’ Mixing 159

T
H H Model
------- f0(500) pdf
rho(770) pdf

o
=)
a

omega(782) pdf

2(1270) pdf
------- rho(1450) pdf
------- rho(1700) pdf

o
S

Prgjection of model

o
Q
@®

o
Q
]

o
o
=1

2
m(TeTt)/(GeV/c?)

Figure 5.14.: The PDFs from [126] projected to the 7t 71~ mass. The vertical dashed line highlights the
range used in this analysis.

that pass through other resonances of X — 71" 71~ These contribution must be accounted for
by measuring the amplitude of o — 77" 771~ within the mass range of [600,900] MeV.

In the previous studies of the B’ — ]/yp? at LHCb an amplitude analysis had to be per-
formed in order to determine the branching ratio of this decay. Hence, the non—p0 contributions
in a larger m(7t* 7t™) fit range were already calculated in [126]. To determine this fraction
for the relatively narrow fit range of [600,900] MeV, the fit parameters for all of the multi-
dimensional 71" 71~ resonances’ PDFs were taken from [126] and the PDFs were projected to
m(7t"7t7), as shown in Figure 5.14. The ratio of the integral in [600,900] MeV of the p°(770)
PDF over the sum of the integrals of all the PDFs was multiplied by the p°(770) fit fraction to
obtain the correction of (87.0 & 4.3)%. The uncertainty on this correction is already accounted
for in the branching ratio of B® — J/ip" so can be omitted in the uncertainty budget of the
analysis of this thesis.

5.6. Monte Carlo efficiencies

The efficiencies were estimated by Monte Carlo samples as the sum of GBR weights and, as
shown in Table 5.14, and are broken down by analysis step. These efficiencies were estimated
as a weighted average based on the expected statistics of each year calculated by the product
of the energy dependent cross section and integrated luminosity, see Table 2.1 in Section 2.1 for
a summary of this. The efficiencies of B — J/p5(") and B — J/yy") were particularly similar
for the acceptance, trigger and PID selections, other differences are likely to arise from the
difference in available phase-space for the decays and therefore subtly different kinematics
can be expected. Generally the efficiencies were more similar between channels with the same
number of photons. It can be assumed that these similarities in efficiencies would imply that,
in the use of the ratios in the calculations of R, Ry, Ry and R, there would be cancellation
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Table 5.14.: The weighted average reconstruction and selection efficiencies for the signal B?S) —J/ lpiy(’ )

and B? — J/pp" Monte-Carlo simulated data. The weights in the average were determined

year-by-year as proportional to the product of expected cross-sections and integrated

luminosity.
Channel eMC(BY) /% eMC(BY) /%
Acceptance
n—ntny 1159 +£0.17 15.63 £0.28
n— ntnn® 13.37 £0.08 15.52 +0.04
7' — 0% 15.442 +0.09 15.93 £0.29
n—ntny 10.34+0.14 14.68 £+ 0.27
0=t - 15.908 £ 0.035

Reconstruction and preselection

n—mtnTy 372440016  2.51440.016
n— mtra® 1.2814£0.009  0.960 +0.007
7' — 0% 2116 £0.009  1.887 4+0.014
W' — atny  2275+£0.013  1.388+£0.012
0=t - 7.209 +0.011
Trigger
n— mtry 85244040 83.9 +0.6
n—ntnn® 863406 85.4+0.7
7' — 0% 85.59 +0.37 84.5+0.7
W=ty 872405 86.8 +0.8
0=t - 83.59 +0.15
BDT selection
n— nmntmny  89.88+£0.45 88.6 +0.6
n—atra’ 720406 69.7 £ 0.6
n'— p%y 84.41 +0.40 83.5+0.7
W=ty 715405 69.2 + 0.8
0=t - 80.09 £ 0.16
PID selection
n— mntny 9532 +0.08 94.85 +0.07
n— ntr % 95.3240.06 95.266 + 0.035
7' — % 94.69 + 0.08 94.05 + 0.07
n'—ntry 96.184+0.11 95.94 +0.09
0=t - 93.07 4 0.09
Total
n— mtmy 03110 £0.0016 0.2769 + 0.0020
n— % 0.0912 +£0.0008 0.0845 + 0.0008
7' — p%y 0.2203 4 0.0011  0.1997 =+ 0.0017
n'— ntmy  0.1339+£0.0010 0.1176 +0.0013
0=t - 0.7144 £ 0.0016
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of biases and Monte Carlo mis-modelling effects on the final results. Although it is worth
noting that in the case of the single photon channels it appears there is a higher reconstruction
efficiency for 7 — 71" 71~y as opposed to 7 — p’y, due to the higher transverse momentum of
the photon it is more likely to pass the pJ > 500 MeV requirement.
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5.7. Systematic uncertainties

5.7.1. Fit model choice

Table 5.15.: The systematic uncertainties on the measured yields of the binned maximum likelihood fits
due to the choice of signal PDF.

Channel Uncertainty on N(BY)/% Uncertainty on N(B%)/%
n— Ty 0.75% 0.10%

n— e 1.7% 2.7%

n'— p%y 0.20% 1.1%

n—ntny  0.020% 3.4%

0=t - 2.24%

Table 5.16.: The systematic uncertainties on the measured yields of the binned maximum likelihood fits
due to the choice of combinatorial background PDE.

Channel Uncertainty on N(BY)/% Uncertainty on N(B%)/%
n— Ty 1.3% 0.11%

n— e 1.9% 4.0%

7' — p%y 1.1% 0.99%

n—ntny  0.68% 3.6%

0=t - 0.40%

The same method to study this systematic uncertainty is applied as shown in Section 4.7.1
The chosen alternative model in this occasion was the double-sided Hypatia function [120].
This is a Crystal Ball-like function with a hyperbolic core and asymmetric tails, the uncertainties
are determined as the relative difference in the signal yields between the two methods and are
shown in Table 5.15. In the case of the background model the same alternatives were used as
described previously giving the RMS uncertainty on the different measured signal yields as
the systematic uncertainties in Table 5.16.

5.7.2. PID calibration binning scheme

As described in Section 4.7.2, there are a certain number of events in the Monte Carlo samples
that are either in bins that give negative sWeights in the calibration samples or are outside
of the binning range altogether. These events therefore do not give an efficiency of the PID
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Table 5.17.: The systematic uncertainties on the binning of the PID calibration samples.

Channel Uncertainty on eM€(B?)/% Uncertainty on eéM¢(B?) /%
n— mtry  0.26% 0.21%
n— ntn " 0.04% 0.02%
7' — % 0.48% 0.29%
p'— ey 0.05% 0.05%
A 0.49%

requirements and must be accounted for a small systematic on the overall PID efficiencies. The
fraction of events, i.e. the systematic uncertainty, are given in Table 5.17. The number of events
with exceptionally high pion pr is increased in the case of the two photon channels as there is
higher available phase-space for these pions. This causes the larger uncertainties as they are
more likely to be outside of the upper bound of that binning variable.

5.7.3. Varying B DTF mass fit boundaries

Table 5.18.: The systematic uncertainties on the measured yields of the binned maximum likelihood fits
due to the fitting boundaries.

Channel Uncertainty on N(BY)/% Uncertainty on N(B%)/%
n— Ty 1.2% 5.2%

n— e’ 1.0% 3.8%

7' — p%y 0.56% 5.2%

n—ntny  0.78% 2.6%

R i 0.65%

Varying the chosen boundaries for fitting can impact the measured yields due to the
variation in the combinatorial background fitted yield and slope. The variation chosen was
symmetrically £50 MeV, the same as described in Section 4.7.3. The RMS uncertainty of the
three signal yields with nominal, narrower and wider boundaries are shown in Table 5.18.
It is clear that these effects were particularly important to the low yield B? peak which was
closer to the boundary and very sensitive to these changes. There is another factor leading to
the increase in this systematic, in the single photon modes, there were the backgrounds that
appeared in the low mass region. These backgrounds were included in the optimisation of the
cuts for the BDT and mass windows but were neglected in the final fit. These were neglected
because the tails of these backgrounds were able to be accounted for in the combinatorial

tit. Therefore the larger systematic uncertainties that arise in the single photon case, as these
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backgrounds have a larger effect in the wider fitting range and therefore count the extra
uncertainty that comes from the decision to neglect these backgrounds.

5.7.4. Varying intermediary decay mass window boundaries

Table 5.19.: The systematic uncertainties on the ratio of measured yields of the binned maximum
likelihood fits over the Monte Carlo efficiencies due to the mass windows.

Channel Uncertainty on (ﬁﬂ—;) (BY)/% Uncertainty on <SIA\]A—Z) (B%) /%
n— Tty 2.2% 2.1%
n—ntna® 1.1% 3.3%
0 — vy 2.6% 6.5%
7' — p%y 1.8% 1.6%
W—ntny  0.79% 4.1%
n— vy 0.57% 3.9%
0= e - 1.7%

An important source of uncertainty would arise from the measured efficiencies of the
selections on the intermediary particle masses. These mass windows are unique to each decay
channel and therefore any discrepancy in the efficiencies from Monte Carlo and real data
remains in the final result of the branching ratio measurements and R, but not R, ;. The
systematic uncertainties shown in Table 5.19 are calculated by varying the mass windows
of ") — 71771~ X° to be wider or narrower by a few MeV and taking the RMS uncertainty
of the ratio of signal yield over Monte Carlo efficiency for the nominal, wider and narrow
selections. The RMS uncertainty is then assigned as a systematic on these ratios. The particular
variations for the two photon modes which had 43¢ mass windows were £0.50 = 6 MeV
from the nominal mass difference for 7 — 7771~ 7% and £0.50 = 14MeV for ' — "7 7. In
the single photon cases there were already tight mass windows so smaller variations sufficed.
For 7 — 7t 7t~y this was £0.5MeV and +2.5MeV for 1’ — p’y. A similar test is performed
on the loosely selected 1’ — v and 7 — 7y and p® — 77" 7~ where the mass windows are
reduced to 3¢ and +2.50 and the RMS uncertainty is again used.

5.7.5. BDT efficiencies

The method to determine the uncertainty on the BDT efficiencies was used as that shown in
Section 4.7.5. Table 5.20 shows that the resulting uncertainties were all at the sub-percent level

for this analysis. It appears that, by using the B® transverse momentum in the control channel
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Table 5.20.: The systematic uncertainties on the BDT efficiencies.

Channel Uncertainty on eM€(B?)/% Uncertainty on eéM¢(B?) /%

n—ntny  0.92%
n— ntn " 0.40%
7' — % 0.11%
n—=ntn Ty 0.62%
A

0.10%
0.08%
0.81%
0.04%
0.71%

as an input in the training of the GBR, the weights typically caused greater differences to the BY

channels efficiencies that of the BY channels. This could be increasing the uncertainty quoted

here for the B modes.

5.7.6. Total of systematic uncertainties

The combination of all of the systematic uncertainties was done by adding in quadrature the

relevant uncertainties for each ratio of branching fractions. These are shown in Table 5.21

with uncertainties on the weighted average. The largest uncertainties arise in the BY— |/ lpiy(’ )

measurements which were particularly sensitive to changes in the fit models, fit boundaries,

and the mass windows.
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Table 5.21.: The sources of systematic uncertainty for the measurement of each of the ratios of Branching
fractions and their contributions as a percentage.

Single photon
Channel Ra Rs R, R, Bl B Bl BI
Signal model 1.1 08 08 11 22 24 25 22

Background model 10 1.7 13 15 04 14 11 12
PID calibration 04 06 03 06 05 06 06 07

Fit boundaries 74 13 53 52 52 14 52 09
Mass windows 26 28 30 24 27 28 23 25
Trigger efficiency 02 02 0 0 02 02 02 02
BDT efficiency 08 09 09 08 07 12 11 07
Total 80 38 63 61 63 44 64 338
Two photon
Channel Rs Re Ry Ry B! B! Bl B
Signal model 43 1.7 32 34 35 28 41 22
Background model 6.5 20 58 37 40 19 36 038
PID calibration 01 01 00 01 05 05 05 05
Fit boundaries 46 13 39 27 39 12 27 10
Mass windows 92 30 78 57 75 33 59 20
Trigger efficiency 02 02 0 0 02 02 02 02
BDT efficiency 01 07 04 06 07 08 07 09
Total 129 43 110 81 100 50 85 34
Average
Channel Ras Re Ry Ry Bl B! Bl B
Total 68 28 55 49 53 33 51 25

5.8. Branching ratio and #-7’ mixing results

5.8.1. Calculating R, ) 4

The four ratios Ry, R,, Rs and R can each be calculated twice: one (RZU), d,s) with the single
photon final states 7 — 7t 77~y and 5’ — p%y and the other (R% ’ d,s) with the two photon final
states 7 — 777t~ 7° and 5’ — 7t* w7 7. The calculation of these ratios are done by the double
ratio of the signal yields (from Section 5.5.6) and efficiencies (from Section 5.6). In the case of
Rs and R, the calculation requires the ratio of intermediary branching ratios as the ratios are
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Table 5.22.: The absolute measurements of ¢p and ¢ and the ratios or combination of ratios used to
measure them.

Single photon
¢r(°) ¢c(°)
Ry 46.5 + 4.3 (stat) £ 1.4 (syst) £ 0.6(fs/ f1) -
Ry 40.2 £2.0(stat) £ 2.1 (syst) £ 0.6(fs/fs) -
Re&Ry 4344 1.9 (stat) £ 0.6 (syst) 18.8 £ 10.7 (stat) & 3.6 (syst) + 1.4(B)
Two photons
¢r(°) ¢c(°)
R, 44.0 £ 1.7 (stat) & 2.1 (syst) = 0.6(fs/ f4) -
R 42.4 +2.2 (stat) = 1.5 (syst) £ 0.6(fs/ fa) -
Rsand R; 43.2+1.1(stat) = 1.0 (syst) 21.6 £+ 5.3 (stat) £ 4.9 (syst) £ 0.9(B)

between two different final states; and in the case of the R, and R, fractions this involves
fs/ fa as these are between BY and B initial states with the same final state.

So R;’ and R are calculated as

3
Ry = <©Z> By _ Novoygy e80ypgn Bioreny
(=

: = (5.1)
@1 ) By Neoyy €85y Byspoy
3
RY — 32 BB?%WU’ _ Npossjypy €019y Byt (5.2)
s = [ - 7 .
@ ) Beosyrgy  Nbvsygy €sypy Bypoy
and R)" and R!" are calculated as
3
v [P\ Beowr _ Newsipy 25gn Byt w0 Briosy 5.3)
’ @1 ) Beyy  Neosypyy €8sy Byt oy By
3
RIY — 3157 BB?—>I/1P'7’ _ NB?—WW’ EBO—T/yy Biﬁﬂ*ﬂ*ﬂogﬂoﬁw (5.4)
S - / - . .
@I ) Besypy  Neosyy €80prpn Byt By

(5.5)
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and for both single and two-photon channels, R, and Ry are calculated as

3
o — (21 Beoy _ Newsyyn s0opn fo 56
p= (D) e 2 , 5.6)
;) Brisimn  Noosyrgy €50y fa
N\ 3
R, — !\ Beosyyy _ Noes gy €01 fs (5.7)
! @1 ) Bersypy  Novsipgy €50 jrpy fa

This gives the resulting ratios as

R = 0.80 + 0.20 (stat) + 0.06 (syst) + 0.02(5), (5.8)
RY = 1.004 + 0.035 (stat) = 0.037 (syst) = 0.023(3), (5.9)
R = 0.025 4 0.006 (stat) 4 0.002 (syst) + 0.001(f/ f2), (5.10)
R, = 0.0201 00022 (stat) = 0.0014 (syst) = 0.0006(f; / fa), (5.11)

for one photon, and

R} = 0.76 + 0.11 (stat) = 0.10 (syst) £ 0.01(B), (5.12)
RI" = 0.98 +0.03 (stat) + 0.04 (syst) & 0.02(B), (5.13)
RJ" = 0.0300 == 0.0026 (stat) == 0.0033 (syst) & 0.0009(fs/ fa), (5.14)
R, = 0.0234 = 0.0028 (stat) == 0.0019 (syst) = 0.0007(fs/ fa), (5.15)

for two photon modes. By using equations (1.156), (1.157), (1.161) and (1.162), these ratio
values give the absolute measurements of pp and ¢; and summarised in Table 5.22 as well as

the exclusion plots in Figure 5.15.

5.8.2. Averaging of ratios over different final states

The resulting measurements of R, ) ; ; are uncorrelated between the single and two photon
channels as they originate form different data sets. Therefore an uncertainty-weighted average

of the results can be made using the definitions

Y wix;

W/ (5-16)

X =

where w; = 1/0? and each measurement is x; =+ 0;. The uncertainty is then propagated as

R (5.17)

Y w
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Figure 5.15.: The exclusion plot for the mixing angles ¢p and ¢ as measured by the relevant branching
ratios substituted into the ratios R;; and R,(/) a) for the single photon channels (7 —

ntny and ' — p%y) and b) for the two photon channels (7 — ¥ 7~ 7° and 5" —
).
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Figure 5.16.: The exclusion plot for the mixing angles ¢p and ¢ as measured by the relevant branching

ratios substituted into the ratios R ;s and R,(/) taking an average of single and two photon
channels.

The results of this averaging are:

Ry = 0.77 £ 0.10 (stat) = 0.05 (syst) + 0.01(5), (5.18)
R = 0.990 & 0.023 (stat) & 0.028 (syst) + 0.014(B), (5.19)
Ry = 0.0291 + 0.0023 (stat) & 0.0016 (syst) + 0.0006( s/ ), (5.20)

R, = 0.0213 £ 0.0017 (stat) 4= 0.0010 (syst) &= 0.0005(fs/ f4)- (5.21)
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Table 5.23.: The absolute measurements of the branching ratios and the final states used to measure
them.

Channel B(BY — J/yn)

n— Ty 17.03 £ 0.55 (stat) + 0.32(B) = 1.10(R,) £ 0.53(f./ f1)
n— e 18.99 £ 0.45 (stat) £ 0.23(B) £ 1.29(R 0 ) & 0.59(fs/ i)
Channel B(BY— J/yn)

n— w0405 0.091 (stat) = 0.008(B) = 0.026(R.,)

n— mtan® 0,537 £ 0.045 (stat) = 0.007(B) £ 0.037(R.)

Channel B(BY — J/yny")

7' — % 13.77 £ 0.23 (stat) = 0.19(B) % 0.89(R., ) = 0.43(f./ f1)
p'— oy 1179 4030 (stat) + 0.15(B) + 1.08(R,, ) £ 0.37(f./ f1)
Channel B(B°— J/yny")

7' — % 0.256 £ 0.028 (stat) = 0.003(B) £ 0.017(R)

n'— oy 0.255 £ 0.030 (stat) = 0.003(B) £ 0.023(R)

The averaged ratios then give the complete exclusion plot summarising all of the results in

Figure 5.16 which correspond to the averaged mixing angles

gRt/Rs — (432 4 1.0 (stat) + 0.5 (syst))°, (5.22)
gt Rs — (20.8 + 4.8 (stat) + 2.8 (syst) + 0.8(B))°, (5.23)

where the intermediary branching ratios cancel in the ratio of R;/Rs removing their contribu-
tion to the uncertainty of ¢p. Whereas, in the multiplication of R; X R, this contribution is

increased. The other two averaged ratios are

pN' = (445 4 1.5 (stat) = 1.1 (syst) = 0.4(fs/ f1))°, (5.24)
o’ = (41.14 1.5 (stat) + 0.9 (syst) = 0.4(fs/ fo))° (5.25)

where these calculations have assumed that the transition form factors Fy, , Jpdd and Fgo_,j/yss
are equal. It is worth noting that these two measurements are not independent of the mea-
surement in equation (5.22) and that measuring ¢p using the ratio R, /R, would be the exact
same calculation as R;/Rs using ratios of the same signal yields, efficiencies and branching

ratios.
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5.8.3. Absolute branching ratios B (B‘(’S) — ]/1/111(’ ))

This section gives the result of the branching ratios of the four decays B?S) — J/py") with

two results for each final state of 77 and ', and an average of the two. Combining the signal
yields of Section 5.5.6 with the efficiencies of Section 5.6 into equations (3.2) and (3.3) gives
the normalised ratio of branching ratios as shown in Table 5.23. The average of the results for

single and two-photon final states gives

B

B2 18,08 4 0.35 (stat) + 0.59 (syst) £ 0.19(B) + 0.84(R,) £ 039(fs/f1),  (5.26)
BBO‘)]/VJPO
B
B 0511 4 0.040 (stat) + 0.023 (syst) £ 0.005(B) + 0.021(R.,), (5.27)
BBOH]/IIJPO

B /

BRI 1973 4 0.18 (stat) £ 0.32 (syst) £ 0.12(B) £ 0.69(R,) = 028(fs/f1),  (5.28)

By jrgen

BT 0,255 + 0.020 (stat) = 0.013 (syst) == 0.002(B) = 0.014(R.,), (5.29)
BBO_>]/¢pO

which, by multiplying by the known branching ratio B(B® — J/ypp°) = (2.557018) x 1075 [41]

gives the average absolute branching ratios as

Bros /oy = (4 61 0.09 (stat) = 0.15 (syst) % 0.05(5) =+ 0.21(R,,) £ 0.10(fs/ £2) *$33 (B, g0 )) x 1074,

(5.30)

Byo_,jppy = (1.30 4+ 0.10 (stat) + 0.06 (syst) & 0.13(B) + 0.05(R7)t8;8g(BBO%WPO)) x 107>,
(5.31)

Bgo s gy = (3.25 +0.05 (stat) = 0.08 (syst) == 0.03(B) + 0.18(R.,) +0.07(fs/ fa) 030 (Bros 0 )) x 1074,
(5.32)

By, gy = (6.51 +0.52 (stat) = 0.33 (syst) = 0.06(B) =+ 0.34(R,) 035 (Bpo_, 10 )) x 107°.

(5.33)

5.9. Discussion of results

5.9.1. Compatibility between single photon and two-photon results

In the case of both the branching ratio measurements and the mixing angles there was excellent
agreement (less than one o) between the results with one photon or two photons in the
final state. This suggests that the selections and overall methodology for the two cases were

performed in a consistent way. With the similar statistical uncertainty of the single and two-
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Figure 5.17.: Comparison of the average branching ratio measurements from the previous Run-1 re-
sult [77] and the current Run-1 and Run-2 result presented in this thesis. a) showing the

results for the B — J/yn(") branching ratios and b) showing the results for the B® — J/in ")
branching ratios. The uncertainties shown are statistical in red and total in blue.

photon results, it has proven useful to perform these measurements with multiple final states
to take advantage of the increased statistics, in contrast to the previous Run-1 analysis of -4’

mixing [77] which only used the results from the two-photon channels for that aim.

5.9.2. SU(3) symmetry

There were calculations of the mixing angle ¢p, given in Table 5.22 or averaged as equations
(5.24) and (5.25), that relied on the assumption that SU(3), symmetry is not broken, i.e. that
the form factors Fpo pdd ~ Fposppss: If this were not the case then the measurements of ¢p
using R, and R, would not have agreed with each other or the results from R;/R;. Yet, at
the precision of these studies, this seemed to be the case. This implies that future studies with
these decay channels may need increased statistics in order to be sensitive to SU(3) ; symmetry
breaking effects.

5.9.3. Previous measurements at LHCb: B measurement

There were two previous analyses of these decays at LHCb. One using only 2011 data studied
the absolute branching ratios of only BY — J/y5(") with the same number of final states as
this thesis (only using 7 — 77 instead of 7 — 7+ 7~ 7) of the ") [76]. As this data set is
particularly small, that analysis could not measure the B’ — J/g5"") precisely enough. The

results with external factors at the time were

B(B)— J/pn) = (3794031 (stat) {30 (syst) 03 (fi/ fa) £056(B)) x 1074, (5.34)
B(B = J/py') = (3.42 +0.30 (stat) 012 (syst) FO28 (£, / £,) + 0.51(3)) x 1074, (5.35)
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which are both compatible with the results of this thesis. From Table 2.1 in Section 2.2 it can be
seen that, due to the luminosity and cross-section, there should be (850 £ 120) x 10° bb pairs
in the full Run-1 and Run-2 data set and (80 + 8) x 10° in 2011. Therefore the improvement
on the statistical uncertainty should be by a factor of 3.3 with the same analysis strategy, yet
with the strategy of this thesis, especially with the use of a multivariate analysis, the statistical
uncertainty has actually improved by a factor of 3.9 for BY — J/yy and 6 for B — J/yn’.

B /(")

B
In Figure 5.17 a comparison of these results are made where the ratio of and

B0 J/pp0
the previous measurements of R, () [77] are multiplied with the current PDG average of the

branching ratio of BY — J/1p° to get the most up to date measurements.

5.9.4. Previous measurements at LHCb: -1’ mixing measurement

Another analysis performed at the LHCb experiment aimed to measure the same mixing angles
of this thesis [77]. This previous study was performed on 2011 and 2012 data (i.e. Run-1 with
(255 4-22) x 10° bb pairs) and looked solely at the two-photon channels. The measured ratios
of R4, Rs, Ry and R, are all compatible between the Run-1 and Run-2 result of this thesis and
the previous Run-1 result. Therefore the same can be said for the mixing angles themselves.

The four ratios were quoted at the time as

Ry = 1.111 & 0.475 (stat) = 0.058 (syst) + 0.023(1), (5.36)
Rs = 0.902 4 0.072 (stat) = 0.041 (syst) + 0.019(), (5.37)
Ry = 0.0185 + 0.0061 (stat) + 0.0009 (syst) & 0.0011(fs/ f4), (5.38)
R,y = 0.0228 % 0.0065 (stat) & 0.0010 (syst) = 0.0013(fs/ f2)- (5.39)

With the increased statistics of Run-1 and Run-2 there should be an improvement in statistical
uncertainty of a factor of 1.8. For R; using the same two photon channels (equation (5.12)) the
improvement was by a factor of 2.8, and with the additional single photon channels it becomes
a factor of 3.2. In Section 5.4 the expressed purpose of the BDT cut choice selections method
was to improve the precision of measuring B® — J/") and therefore R ;. For the fraction of
Rs the improvement using the same channels was a factor of 2.7 and with all channels was 3,

so overall there was a similar improvement in the result.

The previous results of pp were gp = (43.5713)° using R; and R, well within one
of the result of this thesis. Under the same assumption of SU(3); symmetry their results
were @p = (43.8727)° and ¢p = (49.4752)° using R, and R;, again in agreement with this
thesis. The mixing angle related to the mixing between 7" and a gluonium state was measured
as ¢c = (0 £24.6)° in Run-1, which is compatible with the full Run-1 and Run-2 result of
¢c = (20.2 £ 5.3 (stat) £ 0.8(B)). The major difference is that the central value of the mixing
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angle ¢¢ is 3.7 from zero and provides evidence that there could be mixing between the 7’
and a non-ggq bound gluonium state.

5.9.5. The bound gluon states

4.0
35} ]
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Figure 5.18.: The exclusion plot of the mass of a pseudoscalar gluonium, mg, versus the mixing angle,
¢c produced in [127]. This is produced in a #-%'-7g-7. mixing scheme with assumed

angles pp = 43.7° and ¢ = 11.6° where ¢g is the mixing angle between 7. and 7. The
green region is determined by uncertainty on the gluonic field strength. The red vertical
dashed line shows the ¢ central value of a phenomenological analysis ¢ = 12 13 [128].

Providing evidence of the mixing between the 1’ meson and gluonium 7 with a measure-
ment of ¢¢ can also suggest the mass that a gluonium pseudoscalar would have. In [127]
they determine reasonable values of the physical mass of gluonium by studying the mixing
between ;") and gluonium, namely as a function of ¢ with other parameters constrained.
This produces the plot given in Figure 5.18. With the resulting measurement of this thesis
and that correlation with the mass, the mass range of the gluonium state should be about
1.5GeV to 2.1 GeV, in agreement with the suggestions of [47], and as discussed in more depth
in Section 1.3.5. This thesis therefore provides further evidence that the identification of a
physical gluonium state could be done through the study of resonances around this range.
Although studies of gluonium are still in their infancy, there are two good candidates (17(1760)
and X(1835)) that fit well within the range suggested in this thesis.

The 7(1760) was first observed in /i — 0% decays as a resonance in p°p by the DM2
Collaboration [129]. A partial wave analysis was later performed by the BES Collaboration
which found this meson in [/ — 1 (1760)[ww] decays [130] and shows that it may have a
large gluonic component and so is a good candidate. The Belle Collaboration also reported
the presence of 17(1760) decays in vy production to 7r" 7t~ ' [131] which is analgous to the
' — nt w1y channel of this thesis. The 7y production of 7(1760) in would be expected to be
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very low if #7(1760) was indeed mostly gluonium, which has been estimated to be as low as
(1.4 £0.7) keV [132].

X(1835) has previously been suggested as a good gluonium candidate by [133] after it was
first seen decaying to 77w~ 1’ by BES-II and has been reported many times again by BES-II,
CLEO and BES-III [134-142]. In the latest BES-III study of this meson it was determined that it
is likely to have a sizeable ss component as it decays to ¢y. Today, there is still need for further
studies of the gluonic and g component of both 7(1760) and X(1835) before a conclusive
rejection or acceptance of these mesons as mostly bound gluon states can be made.
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Chapter 6.

Conclusions

This thesis has highlighted the latest results in studies of the decay rates of B?s) — J/yn") at
the LHCb experiment. Chapter 1 showed why these decays are interesting to understand
both conventional and non-conventional meson spectroscopy, as well as highlighting the
possibility of future measurements of ¢;. It covered how decays of B — J/y5") could be used
in measurement of the time-dependent CP asymmetries of BY decays. Described the quark
model and the mixing schemes of the 7 and #" mesons, with predictions from phenomenology.
It then described the extended mixing scheme with the inclusion of gluonium and how we
could determine the contributions with new measurements of the branching ratios.

In Chapter 2 a brief overview of the LHCb experimental apparatus and its performance
was shown in order to aid the reader in understanding the origin of data samples used, along
with the source of their associated variables and the environment at which data was collected.
There was then some focus on the methods on the reconstruction and identification of neutrals
as this was particularly relevant to the performance analysis of this thesis and the process of

measuring neutrals in the final states of the physics analysis.

Chapter 3 concerned the analysis strategies of both analyses and the commonalities in their
methodology. Covering the selections for B— J/¢X decays used, the strategy for correcting
simulation occupancy and kinematics variables using the Gradient Boosted Reweighting
method, the use of particle identification calibration samples for determining what the real
data particle identification efficiencies are, and the strategy for measuring the signal yields by
fitting signal and background models to data.

In Chapter 4, the efficiencies of reconstructing individual photons and 7° — 7y were
determined for both simulated and real data for the purpose of determining corrections for
the simulation efficiencies to be applied in the physics analysis. By effectively controlling
other factors, the corrections for neutrals were determined as a ratio of the signal yields
efficiencies and branching ratios for either Bt — x4 K™ or B¥ — J/{K** over BT — J/{K™,
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the normalisation channel. The corrections were determined to be

RET(2011) = (1053 £ 1.5(stat) £ 4.8(syst) £6.1(B))%,
RP™(2012) = (104.5 & 1.0(stat) £ 3.7(syst) = 6.0(B))%,
R (2016) = (99.2 0.7 (stat) £ 2.0(syst) £5.7(B))%,
(2017) = ( )
(2018) = ( )

~— —

R™(2017) = (100.7 & 0.7(stat) £ 1.9(syst) =5.8(B))%
R™(2018) = (98.3 & 0.6(stat) £ 3.1(syst) £5.7(B))%,

for single photons, where the corrections were consistent between 2011 and 2012 (Run-1) and

also consistent between 2016 to 2018 (Run-2) but not between Run-1 and Run-2. The corrections

0

for photons originating from 77° mesons were

REGT(2011) = (88.8 4 3.5(stat) + 3.0(syst) £ 5.2(B))%, (6.1)
O (2012) = (75.8 + 1.8(stat) & 2.5(syst) + 4.5(8))%, (6.2)
O (2016) = (79.9 + 1.5(stat) + 2.1(syst) + 4.7(B))%, (6.3)
r(2017) = (80.2 + 1.6(stat) + 1.9(syst) + 4.7(1))%, (6.4)
O (2018) = (78.6 + 1.6(stat) + 1.6(syst) + 4.6(18))%, (6.5)

where the Run-2 corrections were consistent with each other but the Run-1 corrections were
not.

Chapter 5 was the final chapter that gave the specifics of the physics analysis and its results.
This chapter follows the same structure as the preceding one due to the similarities in the
overall analysis strategy: calculating a ratio of signal yields, efficiencies and branching ratios to
produce various ratios of two branching ratios, whether it be signal and normalisation or two
different signal channels. The resulting ratios of the various B?S) — J/py") channels averaged

between 1) — 7wt 71~ and ") — 1t 7~ final states were
n i
"\ B ,
Ry = ( ;j) CBIT 0,77 +0.10 (stat) £ 0.05 (syst) £ 0.01(8),
P

o7 BBO_>]/¢,]

® By
B 0,0291 + 0.0023 (stat) < 0.0016 (syst) = 0.0006( s/ f1),
Bpos 1y

BB —>]/1p77

= 0.990 + 0.023 (stat) + 0.028 (syst) & 0.014(B),
BBO_>]/¢,7

BBO_>]/¢,]

= 0.0213 = 0.0017 (stat) & 0.0010 (syst) == 0.0005( fs/ f4).-
BBO_>]/¢,]
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where (IDZ:S are phase-space factors for the B(()S) — J/yn"") decays. The quark and gluonium
content of the 77 and 7’ mesons were discerned from these results to be

l7) = (0.729 4 0.012 = 0.006)|17,) — (0.69 =+ 0.06 = 0.04) 75),
') = (0.64 +0.24 4+ 0.01)]3,) + (0.68 + 0.24 + 0.01)]75) — (0.355 & 0.030 + 0.017)| 576,

where the gluonium component of 7 is assumed to be negligible. Alongside these results were
updates to the branching ratios of B(()S) — J/py") decays normalised to the branching ratio of

BY— J/pp":

B
BRI _ 18,08 + 0.35 (stat) & 0.59 (syst) £0.19(B) + 0.84(R,,) £0.39(fs/ f4),

BBO_}]/UJPO

T — 0511 4 0.040 (stat) & 0.023 (syst) & 0.005(B) + 0.021(R,),
BBO—>]/1[JpO

Beos gy

=T — 12,73 4 0.18 (stat) =+ 0.32 (syst) + 0.12(B) + 0.69(R.,) + 0.28(f:/ f4),
BBO—>]/1/JPO

B /
BRI 0255 4 0.020 (stat) + 0.013 (syst) £ 0.002(B) 4 0.014(R.,).
BBO—>]/1/JPO

Together these results were the most precise measurements of branching ratios of these decays,

and the mixing between 1 and 7’ using these decays, to date.
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Appendix A.

Supplementary material for Chapter 4

A.1. Gradient Boosted Reweighting plots for all years

In Section 4.3.1, only 2018 Monte Carlo and collision data for the BT — J/K* decays were
shown as examples for the performance of the reweighting with Gradient Boosted Decision
Trees. Yet, this was performed on data from all data-taking periods, so this section displays all

of these as supplementary material.

A.2. Kolmogorov-Smirnov distances for all variables used in GBR
and BDT training
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Table A.1.: The Kolmogorov-Smirnov distances for each variable used in the training of the Gradient
Boosted Reweighter or the Multivariate Analysis for the Bt — J/pK* 2011 MC sample.

Variable KS distance
Before reweighting  After reweighting
GBR inputs
nTracks 0.1310 0.0114
nPVs 0.0533 0.0095
log(B pr) 0.0176 0.0117
log(J/y IP) 0.0065 0.0039
log(cc vector pr) 0.0602 0.0075
cc asymmetry p, 0.0499 0.0102
BDT inputs
log(B pr) 0.0176 0.0117
log(B IP) 0.0443 0.0545
log(1 —|DIRA|) 0.0091 0.0068
log(B x%4) 0.0234 0.0193
Number of vtx with x> <9  0.0266 0.0564
log(Smallest Ax? one track) 0.0242 0.0149
log(J/¢ p1) 0.0265 0.0281
log(J/y IP) 0.0065 0.0039
min log(u IP) 0.0100 0.0100
max log(u x%) 0.0203 0.0233
cc multiplicities/nPhotons  0.0271 0.0202
cc asymmetry p, 0.0499 0.0102
log(cc vector pr) 0.0602 0.0075
cc A¢ 0.0195 0.0067

cc Ay 0.0300 0.0257
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Table A.2.: The Kolmogorov-Smirnov distances for each variable used in the training of the Gradient
Boosted Reweighter or the Multivariate Analysis for the Bt — J/pK* 2012 MC sample.

Variable KS distance
Before reweighting  After reweighting
GBR inputs
nTracks 0.1281 0.0131
nPVs 0.0249 0.0132
log(B pr) 0.0148 0.0145
log(J/y 1P) 0.0047 0.0036
log(cc vector pr) 0.0777 0.0138
cc asymmetry p, 0.0532 0.0162
BDT inputs
log(B pr) 0.0148 0.0145
log(B IP) 0.0176 0.0380
log(1 —|DIRA|) 0.0110 0.0063
log(B x%4) 0.0179 0.0142
Number of vtx with x> <9  0.0327 0.0691
log(Smallest Ax? one track) 0.0221 0.0189
log(J/ p1) 0.0424 0.0370
log(J/y 1P) 0.0047 0.0036
min log(u IP) 0.0100 0.0080
max log(u x%) 0.0045 0.0150
cc multiplicities/nPhotons  0.0365 0.0184
cc asymmetry p, 0.0532 0.0162
log(cc vector pr) 0.0777 0.0138
cc A 0.0082 0.0114

cc Ay 0.0305 0.0284
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Table A.3.: The Kolmogorov-Smirnov distances for each variable used in the training of the Gradient
Boosted Reweighter or the Multivariate Analysis for the Bt — J/pK* 2016 MC sample.

Variable KS distance
Before reweighting  After reweighting
GBR inputs
nTracks 0.1949 0.0262
nPVs 0.0263 0.0280
log(B pr) 0.0199 0.0241
log(J/y 1P) 0.0101 0.0043
log(cc vector pr) 0.0232 0.0286
cc asymmetry p, 0.0286 0.0284
BDT inputs
log(B pr) 0.0199 0.0241
log(B IP) 0.0325 0.0518
log(1 —|DIRA|) 0.0116 0.0310
log(B x%4) 0.0258 0.0196
Number of vix with x> <9  0.0042 0.0134
log(Smallest Ax? one track) 0.0105 0.0232
log(J/ p1) 0.0277 0.0345
log(J/y 1P) 0.0101 0.0043
min log(u IP) 0.0069 0.0107
max log(u x%) 0.0161 0.0245
cc multiplicities/nPhotons  0.0113 0.0748
cc asymmetry p, 0.0286 0.0284
log(cc vector pr) 0.0232 0.0286
cc A 0.0169 0.0191

cc Ay 0.0081 0.0286
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Table A.4.: The Kolmogorov-Smirnov distances for each variable used in the training of the Gradient
Boosted Reweighter or the Multivariate Analysis for the Bt — J/pK* 2017 MC sample.

Variable KS distance
Before reweighting  After reweighting
GBR inputs
nTracks 0.1585 0.0256
nPVs 0.0352 0.0229
log(B pr) 0.0145 0.0218
log(J/y 1P) 0.0214 0.0154
log(cc vector pr) 0.0220 0.0226
cc asymmetry p, 0.0257 0.0264
BDT inputs
log(B pr) 0.0145 0.0218
log(B IP) 0.0087 0.0201
log(1 —|DIRA|) 0.0014 0.0184
log(B x%4) 0.0424 0.0349
Number of vtx with Y2 <9  0.0013 0.0151
log(Smallest Ax? one track) 0.0048 0.0286
log(J/ p1) 0.0320 0.0355
log(J/y 1P) 0.0214 0.0154
min log(u IP) 0.0147 0.0110
max log(u x%) 0.0090 0.0162
cc multiplicities/nPhotons  0.0151 0.0686
cc asymmetry p, 0.0257 0.0264
log(cc vector pr) 0.0220 0.0226
cc A¢ 0.0174 0.0119
cc Ay 0.0075 0.0252
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Table A.5.: The Kolmogorov-Smirnov distances for each variable used in the training of the Gradient
Boosted Reweighter or the Multivariate Analysis for the Bt — J/pK* 2018 MC sample.

Variable KS distance
Before reweighting  After reweighting
GBR inputs
nTracks 0.1752 0.0290
nPVs 0.0384 0.0256
log(B pr) 0.0220 0.0204
log(J/y 1P) 0.0244 0.0170
log(cc vector pr) 0.0247 0.0233
cc asymmetry p, 0.0240 0.0266
BDT inputs
log(B pr) 0.0220 0.0204
log(B IP) 0.0170 0.0114
log(1 —|DIRA|) 0.0089 0.0163
log(B x%4) 0.0364 0.0285
Number of vtx with x2 <9  0.0026 0.0158
log(Smallest Ax? one track) 0.0085 0.0317
log(J/ p1) 0.0566 0.0480
log(J/y 1P) 0.0244 0.0170
min log(u IP) 0.0177 0.0130
max log(u x%) 0.0077 0.0161
cc multiplicities/nPhotons  0.0148 0.0735
cc asymmetry p, 0.0240 0.0266
log(cc vector pr) 0.0247 0.0233
cc A¢ 0.0174 0.0153

cc Ay 0.0165 0.0257
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Figure A.1.: The distributions of the input variables and expressions used for the training of the Gradient
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2011 collision data used as a target. The blue distribution is the original BT — J/{K* 2011
MC data.
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Figure A.2.: The distributions of the input variables and expressions used for the training of the Gradient

Boosted Reweighter. The orange distribution is the background-subtracted Bt — J/pK*
2011 collision data used as a target. The blue distribution is the Bt — ]/ l/JK+ 2011 MC data
after applying the event-by-event weights that were calculated by the reweighter.
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Figure A.3.: The distributions of a subset of the variables and expressions used in the training of the
MVA (omitting those unavailable to B — J/iK™ decays) as well as occupancy variables.
The orange distribution is the background-subtracted Bt — J/{K™ 2011 collision data
used as a target. The blue distribution is the original B* — J/pK* 2011 MC data.
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Figure A.7.: The distributions of a subset of the variables and expressions used in the training of the
MVA (omitting those unavailable to B — J/iK™ decays) as well as occupancy variables.
The orange distribution is the background-subtracted Bt — J/{K™ 2012 collision data
used as a target. The blue distribution is the original B* — J/pK* 2012 MC data.
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Figure A.8.: The distributions of a subset of the variables and expressions used in the training of the
MVA (omitting those unavailable to BT — J/K™ decays) as well as occupancy variables.
The orange distribution is the background-subtracted Bt — J/{K™ 2012 collision data
used as a target. The blue distribution is the Bt — J/$K* 2012 MC data after applying
weights calculated by the reweighter.



Supplementary material for Chapter 4 193

0.004

0.002

0.000 :
0 250 500 750 2
nTracks

11.0

los

. 190l
50 -25 00 0 5 10 ) 0 1

log(.J/ IP) log(cc vector pr) cc asymmetry pr

Figure A.9.: The distributions of the input variables and expressions used for the training of the Gradient
Boosted Reweighter. The orange distribution is the background-subtracted B™ — J/pK*
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Figure A.10.: The distributions of the input variables and expressions used for the training of the
Gradient Boosted Reweighter. The orange distribution is the background-subtracted
Bt — J/$K™ 2016 collision data used as a target. The blue distribution is the B* — J/pK™
2016 MC data after applying the event-by-event weights that were calculated by the
reweighter.
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Figure A.11.: The distributions of a subset of the variables and expressions used in the training of the
MVA (omitting those unavailable to BT — J/{K™ decays) as well as occupancy variables.
The orange distribution is the background-subtracted B™ — J/pK™ 2016 collision data
used as a target. The blue distribution is the original BT — J/ypK* 2016 MC data.
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Figure A.12.: The distributions of a subset of the variables and expressions used in the training of the
MVA (omitting those unavailable to B — J/pK* decays) as well as occupancy variables.
The orange distribution is the background-subtracted B* — J/pK™ 2016 collision data
used as a target. The blue distribution is the Bt — J/pK* 2016 MC data after applying
weights calculated by the reweighter.
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Figure A.13.: The distributions of the input variables and expressions used for the training of the
Gradient Boosted Reweighter. The orange distribution is the background-subtracted
Bt — J/$K™ 2017 collision data used as a target. The blue distribution is the original
Bt — J/$pK* 2017 MC data.
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Figure A.14.: The distributions of the input variables and expressions used for the training of the
Gradient Boosted Reweighter. The orange distribution is the background-subtracted
Bt — J/$K™ 2017 collision data used as a target. The blue distribution is the B* — J/{K™
2017 MC data after applying the event-by-event weights that were calculated by the
reweighter.
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Figure A.15.: The distributions of a subset of the variables and expressions used in the training of the
MVA (omitting those unavailable to B — J/pK* decays) as well as occupancy variables.
The orange distribution is the background-subtracted Bt — J/yK™ 2017 collision data
used as a target. The blue distribution is the original B™ — J/¢K™ 2017 MC data.
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Figure A.16.: The distributions of a subset of the variables and expressions used in the training of the
MVA (omitting those unavailable to BT — J/{K™ decays) as well as occupancy variables.
The orange distribution is the background-subtracted B* — J/pK™ 2017 collision data
used as a target. The blue distribution is the B* — J/$K* 2017 MC data after applying
weights calculated by the reweighter.
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A.3. The trigger configuration keys for each data set

Table A.6.: The trigger configuration keys for BT — J/pK™ 2011 data. This includes the associated
minima for muon momentum and number of SPD hits, as well as the fraction of the data set
with certain configurations. Red highlights the configuration key used in the MC samples.

Muon DiMuon

Mag dec hex contr./% pX(u) SPD(mult) pi(p1)pi®(u2) SPD(mult)

Up 0050 0032 7.44+0.04 37 600 1050 900
0051 0033 0.329 £0.008 20 600 1050 900
0053 0035 31.53+0.08 37 600 1050 900
0054 0036 1.031+0.014 40 500 2500 900
0055 0037 3297£0.08 37 600 1050 900
0056 0038 26.70+0.07 37 600 1050 900

Down 0050 0032 22.724+0.05 37 600 1050 900
0051 0033 0.379 £0.007 20 600 1050 900
0052 0034 0.209 £0.005 37 600 1050 900
0053 0035 11.05+0.04 37 600 1050 900
0055 0037 32.84+£0.06 37 600 1050 900

0056 0038 32.80+0.06 37 600 1050 900
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Table A.7.: The trigger configuration keys for Bt — J/pK* 2012 data. This includes the associated
minima for muon momentum and number of SPD hits, as well as the fraction of the data set
with certain configurations. Red highlights the configuration key used in the MC samples.

Muon DiMuon

Mag dec hex  contr./% p(u)  SPD(mult) pi(p1)pi®(p2) SPD(mult)

Up 0061 003D 28.69 £0.04 44 600 1600 900
0066 0042 35.51=£0.05 44 600 1600 900
0067 0043 0.254£0.04 44 600 1600 900
0068 0044 22.81 £0.04 44 600 1600 900
0069 0045 9.950£0.024 44 600 1600 900
0070 0046 2.789£0.013 44 600 1600 900

Down 0061 003D 25.64+0.04 44 600 1600 900
0064 0040 6.582=+0.020 37 600 1050 900
0066 0042 18.825+0.034 44 600 1600 900
0068 0044 25.37 £0.04 44 600 1600 900
0070 0046 23.57 £0.04 44 600 1600 900

Table A.8.: The trigger configuration keys for BT — J/pK* 2016 data. This includes the associated
minima for muon momentum and number of SPD hits, as well as the fraction of the data set
with certain configurations. Red highlights the configuration key used in the MC samples.

Muon DiMuon

Mag dec hex contr./% po(n) SPD(mult) p0(u1)pio(pp) SPD(mult)
Up 5641 1609 84.244+0.05 26 450 676 900

5649 1611 5.4964+0.013 30 450 784 900

5650 1612 10.269 £0.018 32 450 900 900
Down 5635 1603 4.591+0.012 22 450 400 900

5636 1604 3.2984+0.010 26 450 576 900

5637 1605 10.152+0.018 30 450 676 900

5641 1609 8.3174+0.016 26 450 676 900

5646 160E 6.6314+0.015 30 450 676 900

5647 160F 67.01 £0.05 36 450 900 900
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Table A.9.: The trigger configuration keys for BT — J/pK™ 2017 data. This includes the associated
minima for muon momentum and number of SPD hits, as well as the fraction of the data set
with certain configurations. Red highlights the configuration key used in the MC samples.

Muon DiMuon

Mag dec hex contr./% p(p) SPD(mult) piO(p1)pi(p2) SPD(mult)

Up 5890 1702 0.367 = 0.004 14 450 324 900
5891 1703 3.051 +0.011 22 450 400 900
5892 1704 3.264 +0.011 26 450 576 900
5893 1705 15.515+£0.024 30 450 676 900
5894 1706 3.059 £0.011 38 450 1296 900
5895 1707 23.537 £0.029 34 450 1296 900
5896 1708 13.171+0.022 22 450 400 900
5897 1709 38.04 +0.04 28 450 676 900

Down 5895 1707 49.06 £ 0.04 34 450 1296 900
5896 1708 17.143+0.024 22 450 400 900
5897 1709 33.748 +£0.034 28 450 676 900
6055 17A7 0.0538 +0.0014 34 450 1296 900

Table A.10.: The trigger configuration keys for B — J/pK™ 2018 data. This includes the associated
minima for muon momentum and number of SPD hits, as well as the fraction of the data set
with certain configurations. Red highlights the configuration key used in the MC samples.

Muon DiMuon
Mag dec hex  contr./% pE(u)  SPD(mult) pL(p1)pi®(p2) SPD(mult)
Up 6145 1801 38.3114+0.034 35 450 1296 900
6306 18A2 53.13 £0.04 35 450 1296 900
6308 18A4 8.562+0.016 35 450 1296 900
Down 6145 1801 45.20+0.04 35 450 1296 900
6306 18A2 27.99040.028 35 450 1296 900

6308 18A4 26.766+0.028 35 450 1296 900
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Table B.1.: The Kolmogorov-Smirnov distances for each variable used in the training of the Gradient
Boosted Reweighter or the Multivariate Analysis for the BT — J/$K* 2011 MC sample.

Variable KS distance
Before reweighting  After reweighting
GBR inputs
nTracks 0.1185 0.0109
nPVs 0.0459 0.0087
log(B pr) 0.0209 0.0095
log(J/y IP) 0.0152 0.0108
log(cc vector pr) 0.0594 0.0072
cc asymmetry p, 0.0565 0.0100
BDT inputs
log(B pr) 0.0209 0.0095
log(B IP) 0.0472 0.0551
log(1 —|DIRA|) 0.0073 0.0159
log(B x%4) 0.0396 0.0344
Number of vtx with Y2 <9  0.0348 0.0601
log(Smallest Ax? one track) 0.0276 0.0176
log(J/ p1) 0.0176 0.0089
log(J/y IP) 0.0152 0.0108
min log(u IP) 0.0110 0.0098
max log(u x%) 0.0112 0.0172
cc multiplicities/nPhotons  0.0070 0.0256
cc asymmetry p, 0.0565 0.0100
log(cc vector pr) 0.0594 0.0072
cc A¢ 0.0182 0.0072

cc Ay 0.0263 0.0217
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Table B.2.: The Kolmogorov-Smirnov distances for each variable used in the training of the Gradient
Boosted Reweighter or the Multivariate Analysis for the BT — J/$K* 2012 MC sample.

Variable KS distance
Before reweighting  After reweighting
GBR inputs
nTracks 0.1215 0.0137
nPVs 0.0308 0.0116
log(B pr) 0.0110 0.0112
log(J/y 1P) 0.0123 0.0138
log(cc vector pr) 0.0783 0.0090
cc asymmetry p, 0.0594 0.0111
BDT inputs
log(B pr) 0.0110 0.0112
log(B IP) 0.0177 0.0375
log(1 —|DIRA|) 0.0052 0.0170
log(B x%4) 0.0323 0.0267
Number of vtx with x> <9  0.0410 0.0701
log(Smallest Ax? one track) 0.0286 0.0213
log(J/ p1) 0.0191 0.0165
log(J/y 1P) 0.0123 0.0138
min log(u IP) 0.0219 0.0145
max log(u x%) 0.0099 0.0073
cc multiplicities/nPhotons  0.0128 0.0323
cc asymmetry p, 0.0594 0.0111
log(cc vector pr) 0.0783 0.0090
cc A¢ 0.0086 0.0103
cc Ay 0.0233 0.0221
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Table B.3.: The Kolmogorov-Smirnov distances for each variable used in the training of the Gradient
Boosted Reweighter or the Multivariate Analysis for the BT — J/$K* 2015 MC sample.

Variable KS distance
Before reweighting  After reweighting
GBR inputs
nTracks 0.1997 0.0275
nPVs 0.0274 0.0266
log(B pr) 0.0128 0.0185
log(J/y IP) 0.0065 0.0067
log(cc vector pr) 0.0381 0.0247
cc asymmetry p, 0.0338 0.0248
BDT inputs
log(B pr) 0.0128 0.0185
log(B IP) 0.0312 0.0554
log(1 —|DIRA|) 0.0130 0.0377
log(B x%4) 0.0438 0.0324
Number of vtx with x2 <9  0.0021 0.0074
log(Smallest Ax? one track) 0.0108 0.0206
log(J/ p1) 0.0342 0.0276
log(J/y IP) 0.0065 0.0067
min log(u IP) 0.0050 0.0088
max log(u x%) 0.0122 0.0221
cc multiplicities/nPhotons  0.0170 0.0478
cc asymmetry p, 0.0338 0.0248
log(cc vector pr) 0.0381 0.0247
cc A¢ 0.0250 0.0148

cc Ay 0.0184 0.0251
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Table B.4.: The Kolmogorov-Smirnov distances for each variable used in the training of the Gradient
Boosted Reweighter or the Multivariate Analysis for the BT — J/$K* 2016 MC sample.

Variable KS distance
Before reweighting  After reweighting
GBR inputs
nTracks 0.1848 0.0259
nPVs 0.0333 0.0258
log(B pr) 0.0332 0.0280
log(J/y IP) 0.0050 0.0109
log(cc vector pr) 0.0326 0.0250
cc asymmetry p, 0.0328 0.0258
BDT inputs
log(B pr) 0.0332 0.0280
log(B IP) 0.0377 0.0557
log(1 —|DIRA|) 0.0228 0.0403
log(B x%4) 0.0375 0.0281
Number of vtx with x> <9  0.0027 0.0078
log(Smallest Ax? one track) 0.0160 0.0183
log(J/ p1) 0.0208 0.0202
log(J/y IP) 0.0050 0.0109
min log(u IP) 0.0029 0.0074
max log(u x%) 0.0086 0.0180
cc multiplicities/nPhotons  0.0157 0.0750
cc asymmetry p, 0.0328 0.0258
log(cc vector pr) 0.0326 0.0250
cc A 0.0137 0.0207
cc Ay 0.0065 0.0307
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Table B.5.: The Kolmogorov-Smirnov distances for each variable used in the training of the Gradient
Boosted Reweighter or the Multivariate Analysis for the BT — J/$K* 2017 MC sample.

Variable KS distance
Before reweighting  After reweighting
GBR inputs
nTracks 0.1502 0.0239
nPVs 0.0397 0.0213
log(B pr) 0.0262 0.0242
log(J/y 1P) 0.0072 0.0019
log(cc vector pr) 0.0293 0.0213
cc asymmetry p, 0.0300 0.0229
BDT inputs
log(B pr) 0.0262 0.0242
log(B IP) 0.0100 0.0255
log(1 — |DIRA|) 0.0122 0.0278
log(B x%4) 0.0425 0.0346
Number of vtx with Y2 <9  0.0010 0.0100
log(Smallest Ax? one track) 0.0068 0.0238
log(J/¢ p1) 0.0146 0.0158
log(J/y 1P) 0.0072 0.0019
min log(u IP) 0.0236 0.0195
max log(u x%) 0.0041 0.0070
cc multiplicities/nPhotons  0.0180 0.0659
cc asymmetry p, 0.0300 0.0229
log(cc vector pr) 0.0293 0.0213
cc A¢ 0.0136 0.0135

cc Ay 0.0069 0.0262
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Table B.6.: The Kolmogorov-Smirnov distances for each variable used in the training of the Gradient
Boosted Reweighter or the Multivariate Analysis for the BT — J/$K* 2018 MC sample.

Variable KS distance
Before reweighting  After reweighting
GBR inputs
nTracks 0.1662 0.0263
nPVs 0.0437 0.0246
log(B pr) 0.0102 0.0206
log(J/y 1P) 0.0110 0.0040
log(cc vector pr) 0.0274 0.0232
cc asymmetry p, 0.0265 0.0262
BDT inputs
log(B pr) 0.0102 0.0206
log(B IP) 0.0134 0.0165
log(1 —|DIRA|) 0.0047 0.0258
log(B x%4) 0.0394 0.0302
Number of vtx with Y2 <9  0.0023 0.0111
log(Smallest Ax? one track) 0.0045 0.0288
log(J/ p1) 0.0265 0.0267
log(J/y 1P) 0.0110 0.0040
min log(u IP) 0.0278 0.0212
max log(u x%) 0.0050 0.0067
cc multiplicities/nPhotons  0.0183 0.0697
cc asymmetry p, 0.0265 0.0262
log(cc vector pr) 0.0274 0.0232
cc A 0.0147 0.0161

cc Ay 0.0141 0.0257
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B.2. The Monte Carlo efficiencies separated by year
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Table B.7.: The reconstruction and selection efficiencies for the signal B?S) — J/ lpiy(’ ) and B? — ]/ 1pp0
2011 Monte-Carlo simulated data.
Channel eMC(BY) /% eMC(B%) /%
Acceptance
n— Ty 9.61+£0.21 -
n— ntnn® 6.09+0.16 -

7' — p%y 9.34 £0.20 -
n—ntny 8.06+0.17 -
Ot - 14.798 =+ 0.024

Reconstruction and preselection
n— Ty 3.984 +£0.023 -
n— o’ 230240.021 -

7' — O 3116+£0.020 -

n—mntny  2421+£0.018 @ -

0=t - 7.166 £ 0.019
Trigger

p— Tty 907 +0.5 -
n— atr® 91.9+£09 -

7' — p%y 91.8+0.6 -

W—ntny 924407 -

0=t - 90.81 4 0.25
BDT selection

N Tty 892406
n—ntnn® 740408 -

7' — 0% 84.9+0.6 -

W—ntny  726+07 -

0=t - 80.99 +0.25
PID selection

n— Ty 92844035 -
n— e 9277 +0.23 -

7' — 0% 92.61 £0.34 -

W —ntny  93.12+0.55 -

0=t - 91.51 +0.37
Total

n— Ty 02878 +£0.0021 -
n— mtn 7’ 0.08844+0.0010 -
7' — p%y 0.2102 £+ 0.0017 -
n'— mtmy  0121940.0013 -
0=t - 0.7137 4+ 0.0037
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Table B.8.: The reconstruction and selection efficiencies for the signal B?S) — J/yn") and BY — J/pp°

2012 Monte-Carlo simulated data.

Channel eMC(BY) /% eMC(BY) /%
Acceptance
n— Ty 1291+0.25 1495 +0.27
n— ntnn® 6.2240.12 -
7' — p%y 15.18 £0.15 15.02 +£0.27
n—ntny 8174014 14.00 £0.26
0=t - 15.115 £ 0.026
Reconstruction and preselection
n— ntay  3.007 £0.013 2.34525 +0.015
n— ntra® 19664+0.014 -
7' — 0% 1.836 + 0.008 1.685 +0.013
N —ntny  2133+0.013 1.143 £0.011
0=t - 6.699 +0.018
Trigger
n— Ty 87424041 87.4+0.6
n— ntrn® 883+£0.7 -
7' — 0% 87.36 +0.39 87.5+0.7
n—ntny 886+07 89.1+0.9
0=t - 86.23 +0.24
BDT selection
n—ntny  89.32+044 87.7893 £ 0.7
n—ntnn® 720406 -
7' — 0% 84.18 + 0.41 82.6251 0.7
W—ntny 720+£06 69.1988 + 0.8
0=t - 79.34 +0.25
PID selection
n—ntny  93.72+£0.15 93.73+0.15
n— ntn % 93.56 +0.10 -
7' — 0% 93.35+0.15 93.29 +0.16
n'—ntny  94.50+0.22 94.37 £0.24
0=t - 92.17 +0.17
Total
n— tmy  0.2841+£0.0015 0.2521 £+ 0.0019
n— ntn 7 0.0728 +0.0007 -
7' — % 0.1913 £ 0.0010 0.1708 + 0.0016
n'— mntn y  0.1050 +0.0008 0.0931 £ 0.0011
0=t - 0.6385 £ 0.0024




Supplementary material for Chapter 5 213

Table B.9.: The reconstruction and selection efficiencies for the signal B?S) —J/ lpiy(’ ) and B — J/ Po°
2015 Monte-Carlo simulated data.

Channel eMC(BY) /% eMC(BY) /%
Acceptance
n— Ty 10.31+£0.26 -
n— ntnn® 15.5344+0.038 -
1" — %y 16.125+£0.040 -
W —ntny 15.1294+0.037 -
POt - 16.204 = 0.034
Reconstruction and preselection
n— Ty 3.980+0.027 -
n— a7’ 103940010 -
' — %y 2.0014+0014 -
n—ntny 1540+£0.012 -
Ot - 7.170 4 0.027
Trigger
n— Ty 761406 -
n— ntrn® 78.0+£0.8 -
7' — p%y 762+ 0.6 -
W—ntny  793+07 -
O Tt - 74.60 +0.32
BDT selection
n— ATy 909407 -
n—ntnn® 732409 -
n'— p%y 85.6 +0.7 -
W—ntny  732+07 -
0=t - 80.8569 + 0.39
PID selection
n— Ty 94.94+0.10 -
n— ntn 7 95.03 +0.09 -
n'— p%y 93.79 +0.10 -
n—ntny  96.15+0.11 -
0=t - 91.49 +0.11
Total
n— Tty 0.2696+0.0022 -
n— ntrn 7 0.087540.0011 -
7' — p%y 0.1973 +0.0017 -
p'— oy 01299 +£0.0013 -
00— - 0.6412 £ 0.0033
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Table B.10.: The reconstruction and selection efficiencies for the signal BY., — J/yy( ) and B® — J/1po°

2016 Monte-Carlo simulated data.

(s)

Channel eMC(BY) /% eMC(B%) /%
Acceptance

n— Ty 13.68 £0.26 15.83 £0.29

n— ntnn® 1548 £0.12 15.5205 + 0.04

7' — %y 16.05£0.15 16.205 £ 0.29

n'—ntny  1513+0.14 14.885 £+ 0.28

0= atr - 16.186 £ 0.036

Reconstruction and preselection

n— Ty 3.275+0.014 2.565 +0.016

n— 't 7’ 1.038 £ 0.005 0.960 £ 0.007

7' — p%y 2.071 £ 0.008 1.948 +0.014

n'— ntn y  1.550+0.007 1.461 4+ 0.012

0= te - 7.303 £ 0.009

Trigger

n— Ty 82.96+0.38 829+£0.6

n— ntn ¥ 84.39+045 85.46 +0.7

n'— p%y 83.58 & 0.37 83.6 +0.7

n—ntny 85111043 86.0£0.8

0=t - 81.32£0.11
BDT selection

n— mtmny  89.80£0.43 88.8 £0.6

n— ntn ¥ 72034045 69.7 + 0.6

7' — % 84.24 £ 0.40 83.8£0.7

n—ntny 71494042 69.2+0.7

0=t - 80.2017 £ 0.12
PID selection

n— mtmy 95241 +0.040 95.188 £ 0.041

n— ntnn® 95.240 4+ 0.035 95.266 +0.035

7' — % 94.190 £ 0.041 94.278 +0.044

n'—ntnTy  96.293 4+ 0.048 96.416 £+ 0.047

[ A 91.940 + 0.046

Total

n— mtmny 03179 +£0.0015  0.2844 + 0.0021

n— 't 7% 0.0930 +0.0006  0.0845 + 0.0008

7' — %y 0.2205+0.0011  0.2084 + 0.0018

n'— ntn y  0.13744+0.0008  0.1249 + 0.0013

= 7t~ -0.7087 £ 0.0011
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Table B.11.: The reconstruction and selection efficiencies for the signal B(()s) — J/ lpiy(’ ) and B — ]/ 1pp0
2017 Monte-Carlo simulated data.
Channel eMC(BY) /% eMC(B%) /%
Acceptance
n— Ty 10.64 +£0.16
n— e n® 15535 £0.037

7' — o0 16101 £0.041 -
n—ntny 895+0.15 -
0=t - 16.134 4 0.038

Reconstruction and preselection
n— Ty 4.131+0.017 -
n— a7 1.056 4+ 0.007

7' — p%y 2.106 + 0.007 -

n—mntny  2.66+0.014 -

0=t - 7.325 + 0.008
Trigger

n— Ty 87.98+0.38
n— ntrn® 883+£0.6 -

7' — 0% 88.10 £0.32 -

n—ntny 89.3+05 -

[ b S 86.13 £0.10
BDT selection

n— Ty 89.78 +£0.41 -
n— ntrnn® 7136 +0.6 -

7' — 0% 84.06 £ 0.34 -

W —ntny  71.71+£049 -

0=t - 79.83 +0.11
PID selection

n— Ty 96.560+0.036 -
n— ntnn® 9653840032 -

7' — % 95.966 £0.038 -

n—ntny  97269+0.042 -

R 94.509 + 0.042
Total

n— Ty 0.3352+0.0015 -
n— wtr®  0.0997 +0.0008 -
7' — % 0.2409 £0.0010 -
p'— oy 01486 +0.0010 -
Ot - 0.7680 + 0.0011
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Table B.12.: The reconstruction and selection efficiencies for the signal B(()s) —J/ lpiy(’ ) and B — J/ Po°
2018 Monte-Carlo simulated data.

Channel eMC(BY) /% eMC(BY) /%
Acceptance
n— Ty 10.71+£0.16 -
n— ntnn® 155424+0.033 -
' — pOy 16.050 +0.041 -
n—ntny 884+0.15 -
POt - 16.19 = 0.04
Reconstruction and preselection
n— ntny  4.040+0.016 -
n— a7’ 1.04040.007 -
7' — %y 2076 +£0.007 -
W—ntny 267940015 @ -
0=t - 7.347 £ 0.008
Trigger
n— ntny  83.63+£0.37 -
n— ntrn® 85.0+£0.6 -
' — %y 84024031 -
n—ntny 86.1+£05 -
[ b S 81.39 £0.10
BDT selection
n— Ty 90.35+0.42 -
n—ntnn® 71.84+06 -
7' — Oy 84644+034 -
W —ntn y 70514049 -
0=t - 80.26 +0.11
PID selection
n—ntny  96.004+£0.033 -
n— ntnn® 96.109+0.030 -
7' — Oy 95.474+0.034 -
n—ntny  96.962+0.038 -
00— mhm - 93.953 + 0.037
Total
n— ntny 03137 +£0.0015 -
n— mtr % 0.0948 +0.0008 -
n'— %y 0.2263 £0.0009 -
n'— atay  0.1395+0.0010 -
0=t - 0.7302 + 0.0011
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