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“Now, if you'll only attend and not talk so much, I'll tell you all my ideas
about Looking-glass House. First, there's the room you can see through the
glass —that’s just the same as our drawing room, only the things go the
other way. | can see all of it when | get upon a chair —all but the bit behind
the fireplace. Oh! | do so wish | could see that bit!”

Through the looking-glass, and what Alice found there,
Lewis Carroll






Abstract

This thesis is devoted to the search for and subsequent analysis of the decay
channel B? — K*0K*0, using the first data acquired by LHCb during 2010
and 2011 from the LHC proton-proton collisions at a centre-of-mass energy
Vs =7 TeV, corresponding to an integrated luminosity of 37 pb~* and 1.0
fb~! respectively.

As a result of the work presented here, the first observation of the B? —
K*0K*0 decay was performed. With the extended data sample collected in
2011, a combined angular and mass analysis was carried out, in order to assess
the longitudinal polarisation fractions of the K*O, obtaining f, = 0.201 +
0.057(stat.) = 0.040(syst.). The branching fraction for this decay was also
measured to be B(BY — K*°K*0) = (10.6 4 1.8(stat.) 4 1.0(syst.) 4 0.6
(fy/fs)) x107% in agreement with the Standard Model prediction.

All of the triple product and CP direct asymmetries measurable in the time-
integrated and flavour-untagged analysis of BY — (K7~ )(K~7™) were also
determined. No signs of CP-violation were found, in agreement with the
Standard Model expectation.






Limiar

Esta tese estd dedicada 4 procura e subsecuente andlise do canal de deca-
emento BY — K*0K*0 baseados nos primeiros datos acumulados polo LHCb
durante os anos 2010 e 2011 a partires das colisions protén-protén a una
enerxia no centro de masas de /s = 7 TeV proporcionadas polo LHC, co-
rrespondentes a unha luminosidade integrada de 37 pb=! e 1.0 fb~! respec-
tivamente.

Como resultado do traballo aqui presentado, a desintegracién B? — K*0K*0
foi observada por vez primeira. Coa maior mostra de datos, recollida no ano
2011, levouse a cabo unha analise combinada da distribucién angular e na masa
invariante co obxectivo de determinar a fraccién de polarizacién lonxitudinal
do mesén K*0, obténdose f; = 0.201 + 0.057(stat.) & 0.040(syst.). Tamén
se determinou a fraccion de desintegracion para este proceso. O valor medido
B(B? — K*K*0) = (10.6 + 1.8(stat.) 4 1.0(syst.) & 0.6(fy/fs)) x 107°
é compatible coa predicién do Modelo Estdndar.

Determindronse ademais todas as asimetrias de CP directas e asimetrias aso-
ciadas a productos triples accesibles 6 decaemento B — (K*Tmw~)(K~7™)
nun estudo independente do tempo e do sabor do meson Bg. Nestas medidas
non se atoparon sinais de violacién CP, tal e como predi o Modelo Estandar.
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Introduction

The Standard Model (SM) of Particle Physics is the most successful theory to explain
the elementary particles composing the universe and the interactions among them, with
the exception of gravity. Based on three fundamental interactions, weak, strong and
electromagnetic, the SM is able to describe most of the phenomena observed in Nature.
However, there are still questions it can not give an answer to. It fails to explain, for
example, the nature of Dark Matter, which from cosmological observations [1] is known
to account for a large fraction of the visible universe. It can neither provide a explanation
for the matter-antimatter unbalance or neutrino oscillation. Due to these issues, together
with its lack of description of gravity, the SM is considered an effective theory of a more
general picture which different High Energy Physics (HEP) experiments attempt to probe.

Currently, some of the most important experiments trying to discover physics beyond
the SM are located at CERN, as part of the Large Hadron Collider (LHC) complex. The
LHC collides protons at a nominal centre-of-mass energy of /s = 14 TeV (/s = 7
TeV during 2010 and 2011). These collisions are analysed by the four main experiments,
ATLAS, CMS, LHCb and ALICE. The work of this thesis has been developed within
the LHCb experiment, specialised in rare decays and CP-violation in the context of B-
physics. ALICE is mainly devoted to the study of quark-gluon plasma in heavy ion collisions
delivered by the LHC in special runs. ATLAS and CMS, are general purpose detectors,
that, among other measurements, have performed the discovery of the last particle of the
SM that remained unobserved, the Higgs boson.

Some of the most remarkable LHCb results so far are in the context of CP-violation.
Understanding the origin and mechanism of CP-violation is a key question in Particle
Physics. In the SM, it is described by the CKM mechanism, which, although successful in
explaining the current experimental data, is known to generate insufficient CP-violation
to originate the baryon asymmetry of the Universe. In the study of CP violation, Flavour
Changing Neutral Current (FCNC) processes are of special interest, since new particles
beyond the SM may enter the loops mediating them. In the context of B-physics two
types of b — g FCNC transitions are commonly studied: neutral B meson mixing and
loop-mediated B decays.

BY — K*9K*0 is one of the later processes. This decay into two light vector mesons
(V) proceeds solely through penguin b — s diagrams in the SM. B — V4,4 transitions
are actually three different decays, since the two vector mesons can have orbital angular
momentum / = 0, 1,2 in the final state. The BY — K*®K*9 partial width arises, thus, from
three helicity amplitudes that are mainly determined by the chiral structure of the quark
operators, both in the electroweak and QCD sectors, assuming no additional contributions
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from New Physics (NP). The interplay between the various penguin contributions has
been studied in QCD, and predictions in the framework of QCD factorisation from [2]
are (9.112%3) x 107° for the branching ratio and f, = 0.637332 for the fraction of the
total amplitude which is longitudinally polarised. According to the same paper, predictions
improve to (7.9733) x 107 and f, = 0.72733%, respectively, when experimental input is
used (mainly from B — K*¢).

The interest in BY — K*OK*0 for precision CP-violation studies has been analysed by
several authors [3—6]. The main advantage of this decay stems from the fact that its exact
U-spin rotated channel B® — K*0K*0 (b — d) is also accesible to LHCb with identical
experimental properties. This potentially allows full assesment of all relevant SM penguin
amplitudes at lowest order and next-to-leading order, as a first step to carry out precision
investigation of the CP-violating electroweak phase, qﬁ’sHde [6,7]. Moreover, even with an
untagged and time integrated analysis of BY — K*?K*9, CP-violation and T-violation may
arise from four triple products asymmetries and four direct-like asymmetries measurable
from the terms corresponding to the interference among the different amplitudes [8].

The goal of this thesis is the study of B? — K*CK*0 with the first two years of data
taken by the LHCb experiment at the LHC. The structure of the thesis is the follow-
ing. Chapter 2 overviews the most important theory aspects for the search and further
study of this process. These include a brief explanation of the SM and its predictions
on BY — K*OK*0. The LHCb experiment is presented in Chapter 3, where the de-
tector and the experimental conditions during 2010 and 2011 are described. A detailed
explanation on how to obtain the decay rate as a function of the decay angles and the
K*? masses for the transition BY — K*®K*0 (and the scalar final state contributions in
BY — (K*m=)(K~=t)) is given in Chapter 4. Chapter 5 describes the analysis that led
to the discovery of the decay with the first 37 pb~! of data recorded by LHCb in 2010.
The analysis of 2011 data is presented in Chapter 6, where the higher statistics (1.0 fb™1)
allowed a precise determination of the polarisation fractions of the decay to be performed
through a mass-dependent angular analysis. This chapter also includes the search for
NP perfromed by measuring the eight CP-violating quantities accessible to the untagged
sample. The B(B? — K*9K*0) measurement is also reported. Finally, conclusions are
drawn in Chapter 7.



Theory overview

2.1 Standard Model

The Standard Model (SM) is a quantum field theory (QFT) based on strong and elec-
troweak (EW) interactions. The SM structure is described in this section following [9-11].
The strong interactions are described by Quantum Chromodynamics (QCD) correspond-
ing to the symmetry group SU(3)c¢ of color (C), while the EW interaction is described
by the group SU(2)T ® U(1)y of weak-isospin (T) and hypercharge(Y), being then
SUBB)c ® SU(2)r @ U(1)y the full group of gauge symmetry for the SM.

Gsy =SUR)c @ SUR)T @ U(1)y (2.1)

This symmetry is spontaneously broken into SU(3)c®U(1) g by the vacuum expecta-
tion value (VEV) of (the neutral component of) a scalar isospin doublet, with hypercharge
1/2, called the Higgs

Higgs(1,2)12
e

Gsm SUB)c®U(1)em

As a result of the interaction with the Higgs field, EW bosons combine into the massive
particles W* and Z° and the massless photon. The interaction with the Higgs field gives
also masses to the elenmentary fermions. Each fermion generation, out of a total of
three, has five representations of the SM gauge symmetry

QLi(3.2)116 Uri(3.1)42/3 Dri(3.1)11y3 L1i(1,2)_1p Eri(1,1)-1

The subscript number is the hypercharge, and the numbers in parenthesis indicate if it
acts as a triplet or singlet in SU(3)¢ and as a doublet or singlet in SU(2)7. The subscript
i = 1,2,3 indicates fermion generation. The EW symmetry breaking (EWSB) and the
effects induced by the Higgs field such as CP violation and flavor depending processes
are explained in Sect. 2.1.1. The fermion and boson content of SM is explained in more
detail in Sect. 2.1.2.

Thus, the SM Lagrangian can be decomposed into three parts

L= Lkin~+ LHiggs + Lyuk (2.2)

where the kinetic part includes the corresponding covariant derivative to preserve the
gauge invariance, the Higgs part includes Higgs self interactions and the Yukawa part
includes Higgs-fermion interactions.
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2.1.1 Mass generations and eigenstates

A Lagrangian containing only the terms of the gauge symmetry is not enough to build a
model where the particles are massive. The gauge bosons are massless if the symmetry is
unbroken, and masses for the fermions as self-interactions such like ¥; Wg (Dirac mass)
or ¥, ¥; (Majorana mass) would explicitly break the SU(2) symmetry. Non-abelian broken
gauge theories are not renormalisable, thus in the SM the masses of the EW gauge bosons
and the fermions are generated via spontaneous symmetry breaking.

2.1.1.1 Boson masses and EWSM

The spontaneous symmetry breaking is achieved by the introduction of the Higgs, a scalar
isospin doublet with hypercharge +1/2,

¢+
¢= <¢°> (23)
This doublet has a self interaction of the form
£Higgs = NZ(I)T(I) - >‘(¢T¢)2 (2-4)

The first term is similar to a mass one, but with opposite sign. Such a quadratic potential
does not minimise at O (see example in Fig. 2.1), and thus acquires a VEV v = u/\.

1 /0
= 2.5
V(¢)
—2u/X — /X 0.0 772 2u/X ¢

Figure 2.1: Higgs-like potential. The minimum is not at O, and therefore the potential has
a VEV.

The VEV gives masses, through the Higgs kinetic term plus the Higgs self-interaction
Lagrangian, to the following boson combinations:

1 v
W= (W = W) My =g 3,
1 v
70— N (oW = gBD) = Mz = /g + 92 2 (2.6)
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From the degrees of freedom of the original Higgs field,

=(5)- . 5 %)

HO will be a massive scalar particle, having the massless Goldstone bosons G, “eaten” by
the gauge bosons W* and Z° | giving rise to their longitudinal polarisations and masses.
The Higgs boson, H®, the last particle in the SM to be observed, has recently been
discovered at the LHC with a mass of around 125 GeV [12,13].

2.1.1.2 Fermion masses and CKM matrix

In order to give masses to the fermions, the corresponding couplings between them and
the Higgs field are added, while keeping the Lagrangian SU(2) invariant. For example,
for a single generation

AL = ~XeE @ER — NaQ@LdDR — \u€®®Q1 o0} Ur + h.c. (2.8)

Substituting the VEV, the fermion masses have the form

m V- Xe m V- m VMg
e — u = d— — =
V2

V2 V2
These A; are inputs to the SM and thus allow having very different masses for different
fermions. When the three fermion generations are added to the theory, additional terms
mixing quarks of different generations are possible. Alternatively, it is possible to diagon-
alise the Higgs couplings by switching to a different basis for the quark fields. Writing the
Lagrangian in this alternative basis (hereinafter referred to as "mass basis” or “physical
basis”) will of course simplify Ly, but with the cost of causing a complication in the
gauge side. Calling g the interaction eigenstates and ¢’ the mass eigenstates, both bases
are related through the unitary relations

(2.9)

up = U, dl =Ujd", (2.10)

and thus the weak current @ y“d; transforms to 7R (ULUg) d' = U'LW“MJCKMd’Z.
VEKM s called the CKM matrix [14, 15] (from Cabibbo-Kobayashi-Maskawa). Its coeffi-
cients are usually written as

Vud Vus Vub
VM = | Vg Ves Voo (2.11)
Via Vis Vi

VEKM is not diagonal (the experimental values of the coefficients can be found in [16])

and such structure allows transitions between the different quark generations, giving rise
to processes in which quarks change flavour without changing its electric charge. These
processes are called Flavour Changing Neutral Currents (FCNC) and in particular include
the decay B? — K*°K*0. CP violation (CPV) also arises from the non-diagonal struc-
ture of VEKXM  requiring, in addition, the presence of three different generations (see
Sect. 2.2.4). Equivalently, if VKM were the identity matrix CP violation and FCNCs
would not exist within the SM.
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Vi u, ¢, t Vis Vi W Vi
; ; ; SAAAAYAY e
@ W W <39 u,c,t  wu,c,t
5 b s b
Ve u et Wy, fo:\/\/\{{\/\/‘\/)f’l

Figure 2.2: Diagrams contributing to B%- BY oscillation.

Another particular but very important example of process arising from the fact that
VEAM s different from the identity matrix is the oscillation of neutral mesons composed
by quarks of different generations. The off-diagonal terms of CKM matrix allow particles
such like D°, KO, BY or B? to perform particle-antiparticle oscillations (see Fig. 2.2 for
examples of diagrams involving Bs oscillation). Neutral mesons oscillation will be explained
in more detail in Sect. 2.2.1.

2.1.2 Elementary particles
2.1.2.1 Fermions

The Standard Model fermions can be divided in two groups, depending on whether they
are affected by strong interaction (quarks) or not (leptons). Each quark has three possible
color states and (at low energy) only exists in bound states of color singlets, called hadrons.
Hadrons are then composed of quarks (and gluons, the gauge bosons of QCD), being the
most common states quark - antiquark (mesons), and three quarks (baryons). Due to spin
addition, baryons are also fermions, while mesons are bosons. Leptons are e, u, T and a
neutrino (v) for each one. In the SM neutrinos are massless particles so that their helicity
becomes equivalent to chirality. This means that there are no right-handed neutrinos in
the SM and, equivalently, there are no left-handed antineutrinos?.

2.1.2.2 Bosons

Apart from mesons, the SM contains the gauge bosons corresponding to strong and EW
interactions, and Higgs (H®) boson, responsible for the masses of SM particles. The gauge
bosons of QCD are massless particles of spin 1, called gluons, and have eight possible
color states. QCD couplings have the property of becoming small at high energies (or
small distances); this effect is known as “asymptotic freedom”.

The gauge bosons corresponding to SU(2)T ® U(1)y are W‘i (i=1,23)and B, ,
for SU(2) and U(1) respectively, and the four should be massless in order to conserve the
gauge symmetry. However, the symmetry breaking induced by the Higgs field changes
them into W+, W—, Z° and photon (A*), where only the photon is massless. All of them
have spin 1.

L1t is now known experimentally that neutrinos undergo flavour oscillations, which means they are not
massless. This behaviour can be fitted into the SM with small modifications to it.
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Table 2.1: SM fermions.

T T3 Y Q@
11
v Ve, Vy, Vr 5 5 -1 0
9 1 1
a e kT 3 -3 -1 -1
9
éer, g, TR 0 0 -2 -1
/ / / 1 1 1 2
up, ¢ty 3 5 3 3
(%))
£ UrdrtR 0 0 3 3
[gv]
= l / / 1 1 1 1
o dysbr 5 -5 3 -3
d'r SR PR 0 0 -5 -3

2.2 CP violation and neutral meson decays

The CP transformation combines charge conjugation C with parity P, which means this
operation changes particles into anti-particles. If CP were an exact symmetry, the laws
of Nature would be the same for matter and for antimatter. It is observed that most
phenomena are indeed CP-symmetric. In particular, this symmetry is respected by elec-
tromagnetic and strong interactions. The weak interactions, on the other hand, violate C,
P and also CP. CP violation was first discovered in neutral K decays in 1964 [17]. Today
we have more evidences of CP violation in the B%-system, measured at the B-factories
at the turn of the 2000's [18,19], and the recently observation of CPV in the B%-system
by LHCb [20].

CP symmetry is broken in the SM by complex phases in the Yukawa couplings, through
a single CP-violating parameter in the CKM matrix. This description of CP violation,
known as the Kobayashi-Maskawa (KM) mechanism, agrees with all measurements to
date. However, the current level of experimental accuracy and the theoretical uncertainties
involved in the interpretation of the various observations leave room for additional (beyond
the SM) sources of CP violation. Moreover, the observed baryon asymmetry of the
universe, i.e., the fact that there is much more matter than antimatter in the observed
universe, could only be generated from an initial situation in which the amounts of matter
and antimatter would be equal if there is CP violation. This fact was first shown by Andrei
Sakharov in 1967 [21], who pointed out that baryon-number violation, C and CP violation,
and a departure from thermal equilibrium, are all necessary in order for it to be possible
to generate a net baryon asymmetry in the early universe. Despite the phenomenological
success of the KM mechanism, it seems to fail to accommodate the observed baryon
asymmetry [22]. On the other hand, many extensions of the SM provide new sources of
CP violation, so the search for physics beyond the SM is much in contact with the study
of CP violation [23].

Experimentally, a natural place to search for CP violation is meson decays. In particu-
lar, the study of neutral meson systems provides a lot of information about the nature of
CP violation, to the extent that much can be learned about CP violation in the SM even
from CP-conserving processes. In this section, the formalism and basic physics that are
relevant to the measurements of CP violation in neutral meson system are explained.
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2.2.1 Neutral mesons systems
2.2.1.1 The effective Hamiltonian: Weisskopf-Wigner approximation

Let PO refer to any neutral meson: K© D9 B% or BY. PY and PO have an opposite
internal quantum number (flavour quantum number) F, which is conserved by strong
and electromagnetic interactions, AF = 0, and not conserved by the weak interaction,
AF # 0. If only strong and electromagnetic interactions existed, P% and P9 would be a
stable particle-antiparticle pair with common mass mg. Because of the weak interaction,
PO and PO decay. Moreover, P% « PO transitions are also possible as a one-step process
(AF = 2) or through an intermediate state (second order AF = 1). The full Hamiltonian
for this system can be written as

H = Ho + Hw, (2.12)

where Hy is the flavour invariant Hamiltonian and Hyy,, treated as a perturbation, contains
the weak interaction. o
Consider an inicial state which is a mixure of a P° and a P9,

[W(t = 0)) = c|P%) +C|PY). (2.13)

At t > 0 this state will evolve in two different ways: oscillation between P° and PO and
decays into lighter particles. The evolved state can be described by

[9(t)) = c(t)IP°) + E(6)IPO) + ) ca(t)ln) (2.14)

where |n) represents any decay mode of the original mesons and t is the time measured
in the PO-PO rest frame. It is possible to simplify the resolution of this problem if

e only the values of c(t) and ¢(t) are of interest, i.e., if only the time evolution of the
projection of the full state, |¥(t)), on the two-dimensional subspace of the P°-P0
system is desired,

e the considered times t are much larger than the typical strong-interaction scale.

Under these assumptions, known as the Weisskopf-Wigner approximation, the system can
be described by a Schrodinger-like equation [24]

- d (le(t)) ()

— |2 =H _ 2.1

at <|c(t>> “ \2(1)) (2.15)
where the effective Hamiltonian H.rr is not Hermitian, else the mesons would just oscil-
late, they would not decay! . It is given by

Happ = (P°|Hers|PO)  (P°|Herf PO)\ _ M_lr_ </V/11 —5My Mo — §r12>
‘ (PO Here|P%)  (PO|Herr| PO) Mip =51 Mo —3502)"
(2.17)

'Since Herr is not Hermitian, the probability to observe either P° or P9 is not conserved, but goes
down with time,

L(le(P +120F) = - (et &) r(;gg) (2.16)
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where M and I are 2 x 2 Hermitian matrices. The explicit matrix elements for M and I
are given, in second-order perturbation theory by [25] (/,j = 1, 2)

UIHG =D 1y (n HG =11
mo - En

/\//,'j = mo(s,'j + <I'|H‘(/6F:2)U> + ZP
n

My = 2m Y (ilHy =V ) (nlHR=D1)a(mo — Ey) (2.18)
n

where P stands for the principal part prescription, and the sum runs over all intermediate
states n. mp and E, are the energies in the centre-of-mass frame defined as Ho|P%) =
mo| P°), Ho|P%) = mo|P%) and Hol|n) = Ej|n).

Assuming CPT as a symmetry of Hy, leads to the following relations

M11:M2QEM /—11:/—225/— (219)

The states |P9) and |P9) are eigenstates of Hy but not of Hy,. Therefore these are
not physical states (or mass eigenstates) with the corresponding consequence of mixing
and decay. A new basis {P;, Py} which diagonalizes Hers defines two fields that do not
oscillate, just decay. As Herr is not herminian, its eigenstates will not be ortogonal.

Using the shorthand notation B = \/(/\/112 — éflg)(Mfz — %/—1*2)' the eigenvalues of
Here can be shown to be

HerelPL) = (M= 37+ B)IP) = (M0 — 511 (220)
HerelPi) = (M= 37 = B)Pu) = (My = 57| Pr) (221)

where the real and imaginary parts have been grouped in the definition of M;, My, I,
and [y respectively. The corresponding eigenstates are

|PL) = p|P°) + q|PO)

|Pr) = p|P%) — qlP?) (2.22)
with
Mz, — L[*
9_ 4 127?12 (2.23)
p Mz — 5112

The state |P.) is the mass eigenstate with mass M, and inverse-lifetime ;. Similarly
the mass My and the inverse-lifetime [y are defined for state |Py). The sign of q/p
determines whether |P.) or |Py) is heavier. It is useful to define

Am = MH — ML = 2§R(B)
Al = [ — Ty =43(B) (2.24)

The common convention is the choice Am > 0, wich implies the positive sign in (2.23).
Note that this choice does not imply anything for the sign of Afl.

This choice gives also meanig to the notation of H and L to denote the “heavy” and “light” eigenstate
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2.2.1.2 Time evolution

Let |PO(t)) denote the state at time t that at t = 0 was a pure |P%). The time evolution
of the flavour states, P° and PO, is complicated: the states |P°(t)) and [PO(t)) will
be superpositions of P% and PO at t > 0. However, the time evolution of the mass
eigenstates will be given by the simple expression

P (1)) = e UMt T /2t Py ) (2.25)

as they diagonalize the effective Hamiltonian. By inversion of (2.22) the time evolution
of the states P? and PO can be expressed as

PO(1)) = gi(8)|P%) + g (t)|PO)
L p 0 p L (2.26)
o) = Lo-(IPY) + g (0)IPY)
where )
9. (t) = > (e—iMLte—%l'Lt:te—/MHte—%l'Ht>_ (2.27)

Considering decays from a initial state BS or BY to a final state |f) or to its CP
conjugate |f), the following amplitudes can be defined

Ar = (F|Hy ™=V |PO) A7 = (FIH™=V|PY)
Ar = (FIHSF=1 POy Az = (FIHSGF=1[POY). (2.28)

The decay rates are proportional to the square of the time-dependent decay amp-
litudes, the proportionality factor given by a phase space factor fps,

Alt ATt
F(PO(t) = f) = fP5|Af|2e”[(1 + |A¢[?) cosh <2> — 2R\f sinh (2>
+ (1 — |Ar[?) cos(Amt) — 2sxfsm(Amt)} (2.29)
2
_ _ _ At _ Alt
F(PP(t) — ) = fps|A7?e’t Z‘ [(1 + |X7[?) cosh (2> — RAzsinh (2>
— (1= |Af[?) cos(amt) +2%xfsin(Amt)} (2.30)
2
F(PO(t) = f) = fps|As|2e p‘ [cosh (m) — s sinh (Mt)
q 2 2
— (1 = |A¢[?) cos(Amt) + 23Af sin(Amt)} (2.31)

[(PO(t) = f) = fp5|Af|2€'/—t|:(l + |X7[?) cosh <A2/_t> — 2R\ 7sinh <A2l't>

+ (1 |A7]?) cos(Amt) — 2%5\;sin(Amt)} (2.32)
where the complex quantities As have been defined as:

_9A 5, - PAF
pAr T qAf

Ar (2.33)

and also
I+ Iy

= >

. (2.34)

10
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2.2.2 CP violation in the neutral meson system

In order to determine whether a symmetry is conserved or violated, it is necessary to
compare processes related by that symmetry. In the case of CP symmetry, it is interesting

to study pairs of processes related by a CP transformation. Let |f) and |f) be two CP
conjugated final states,

CP|f) = e'*f|f),  CP|f) = e '*f|f). (2.35)
The flavour states P° and P9 are also related by a CP transformation
CP|P%) = e'*?|PO) (2.36)

In these expressions, the phases ar and ap are convention-dependent and hence unphys-
ical. Additionally, if |f) is a CP eigenstate then e/®" = nf = £1, according to whether |f)
is CP-odd or CP-even. The amplitudes Af and A_; describe the CP conjugated processes
PO — f and PO — f

Ar = (fIHIP°) (2.37)
Ar = (fIHIPY)

(FICPT(CPHCPT)CP|PO)

e @) (f|Hcp|PO). (2.38)

There are three main independent ways in which CP is broken in meson decays:

e (CP-violation in the decay or direct CP-violation. This type of CP-violation occurs
when the decay rates for P° — f and PO — f are different. This is the only
CP-violation possible in AF = 1 processes.

e CP-violation in the mixing or indirect CP-violation. It implies that the oscillation
PO — PO s different from P9 — P?, so it manifests itself in AF = 2 processes.

e CP-violation in the interference between mixing and decay. When the final state
is accesible from P° and PO, this type of CP-violation can be observed in the
interference between the amplitudes with and without mixing.

Before entering upon the explanation on the different types of CP-violation, an im-
portant remark about the structure of the amplitudes is interesting. Consider a decay
process and its CP conjugate. If CP is not conserved, the two amplitudes do not need
to be correlated and can be completely different in modulus and phase. Two arbitrary
complex numbers A and Az can always be decomposed in the following way

J
A = D |Alete (2.39)
J

The amount of CP violation can be this way encoded iside the so called CP-violating
phases, ¢;, which arise from the CP-violating terms of the Lagrangian and change sign

11
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under CP. In the SM, these terms appear only in the weak sector (through Yukawa
couplings, see Sect. 2.1.1.2), so these phases are usually called weak phases.

The CP-conserving phases, §;, arise in the amplitudes even if the Lagrangian is invari-
ant under CP. In the SM they are normally related with the strong interaction, and are
commonly referred to as strong phases.

The descomposition (2.39) is particularly explicit in the SM, where the different terms
can be associated to contributions with the same CKM content.

C P-violation in the decay

Consider the situation in which no oscillation occurs, i.e., B=0or AM = Al = 0. Then,
following the master equations (2.32), it can be shown that

F(PO(t) = f) = fpse H|Af?

[(PO(t) = f) = fpg&*‘”\[\;F (2.40)
CP is violated if these two decay rates are different, [(PO(t) — ) # (PO(t) — f),
which will happen if

A
A * 1 (2.41)

Note that this type of CP violation requires at least two terms in (2.39) with different
weak and strong phases,

Ar? = A7 = =2 ) |AllA ] sin(d; — &) sin(8; — ). (2.42)
iJj

This type of CP violation is the only possible one in charged meson (and baryon)
decays, where mixing effects are absent.

C P-violation in the mixing

Consider now a final state f that can only come from P°, but not from P9, and its CP
analogue, that is
Ar=Ar=Xr=27=0 (2.43)

These processes are normally referred to as flavour-specific decays. The transitions
PO(t) — f and PO(t) — f can only procceed through mixing. According to (2.32),

i [cosh (A2/—t> - cos(Amt)]

2 [COSh <A2”> _ cos(Amt)] (2.44)

F(PO(t) = f) = fP5|A;|2’

T TIQ

FEO(t) = 7) = fps|Af|2\

q

Considering also that there is not CP-violation in the decay (JAf| = |Af]), the two decay
rates can still be different if

q

—| # 1. 2.45

‘p’ ( )
In such case, CP is violated in the mixing between P° and PO.

It is interesting to note that in case of CP conservation the mass eigenstates (P, and
Py) are also CP eigenstates, as can be shown from (2.22) and (2.36).

12
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T

P(t=0) fep

S P°(t) —

Figure 2.3: Interference between the direct decay P® — fcp and the decay after mixing
P9 — PO — f-p, at time t, from an initial P° meson.

C P-violation in the interference between mixing and decay

Consider, finally, the case where a final state f can be reached from both P° and PO. In
particular, if the final state f is a CP eigenstate the process falls in this category. In the
following, the case of a final CP eigenstate is treated. For examples of non-CP eigenstates
see [26, 27].

As f = f = fcp, two amplitudes interfere in the process,

A(P°(t) — fep) ~ A(P? — fep) + A(P® — PO — fcp) (2.46)

as it is sketched in Fig. 2.3. Even if neither the decay itself nor the mixing introduce
CP-violation, the interference between these two decay channels can produce a nonzero
CP asymmetry. In this situation, (2.32) can be simplified to

Al't , Al't
F(PO(t) = f) = fp5|AfCP|Qert[ (1+ [Afep|?) cosh <2> — 2R\¢., sinh <2>
+ (1= Ao P) cos(Amt) — 28Xy, sin(Amt)} (2.47)
2
— Al't Al't
F(PO(t) — f) = fPS|AfCP|2eI—t g [cosh <2> — Rr., sinh <2>
— (1= [Agp|?) cos(Amt) + 23A¢., sin(Amt)} (2.48)
(2.49)
and the following time-dependent CP asymmetry can be defined
F(PO(t) = fep) = F(P°(t) — fep)
ACP(t) = 0 0
F(PO(t) = fcp) + I (PO(t) — fcp)
(IXf]? — 1) cos(Amt) + 23 X¢ sin(Amt) (2.50)

(1 + |Ar[2) cosh (A5E) — 2RAf sinh (A5E)

From the later expresion it is clear that even if neither the decay itself nor the mixing
introduce CP violation, i.e. |A¢.,| = 1, the interference between the two decay amplitudes
can produce a nonzero CP asymmetry whenever

SAfr, #0 (2.51)

and only in the presence of P9-P9 oscillation (AM #0). In this particular situation, where
Af-p Is a pure phase, it is common to use the notation

A, = e (@utéo) (2.52)

13
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Figure 2.4: Oscillation probabilities for B® and B2 mesons. The time is given in units of the
meson lifetime.

where the mixing angle, ¢);, and the decay angle, ¢p, have been defined as

dv =arg(p/q), ¢p =arg (Ar/Ar). (2.53)

Note that these two phases are convention dependent, and consequently non physical.
The only measurable phase is arg(\r.,).

The interpretation of the different types of CP violation in terms of CKM parameters
is in general non trivial, since the hadronic quantities, A; and §; are usually afected by
large uncertainties. There are, however, some particular cases where this calculation turns
cleaner. As it will be explainded in Sect. 2.3.2.3, a B decay into a CP-eigenstates which
is dominated by a single amplitude, like BY — K*°K*?, is an example of this kind of
processes.

2.2.3 B-meson systems

The discussion about CP violation in the previous sections describes all meson systems
of different families, K, D, B® and Bs. In this section, the characteristic features of B
decays are reviewed.

There are two neutral B meson systems, B%-B° and B%-B?, with a good measure of
similarities and differences. The mass differences for both systems are [28, 29]

AM,; = 0.510 + 0.004ps~*
AMs = 17.6940.08ps * (2.54)

This means that while the B® meson oscillates relatively slowly, the oscillations of the B2
meson are very fast: ~ 25 oscillations before the decay, on average. In fact from (2.26),
the probability of finding a P° at time t from an original P? is given by

1
P(PO(t) = P°) = | g (t)|? ~ 5e—“‘ (1 + cos(AMt)) (2.55)
where [ is the average width and the approximation is valid if A" < [". Then, BS mesons
oscillate about 35 times faster than B° mesons, as it is shown in Fig. 2.4.

The width difference in the B? system is found to be small. While an initial beam
of K% and K° turns into a practically pure K; beam, this does not happen with 8°/B°

14
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beams. For the B system Al is also sizable and should be taken into account. Measured
values for these width differences can be found in [30], which average to

Aly/lq = 0.015+0.018
AT/l 0.123 4+ 0.017 (2.56)

Bounds on CP violation in B mixing have been measured using semileptonic decays. A
semileptonically decaying b-quark proceeds as b — /X, whereas the b-quark decays as
b — ITvX. At the B-factories (BaBar, Belle experiments), B and B mesons are produced
simultaneously through ete™ — 77 — BYB?. Two same-sign leptons in the final state
characterise the events where mixing has taken place, so the following asymmetry can be
determined

NH =N (PP PO~ (T P%) _ 1-[q/p’

o _ Lo Bt Gitel -
TN N T (PO 5 POY 4 (PO — PO) 1+ ]a/pf?

(2.57)

from where |g/p| can be extracted. An average of all measurements performed at B
factories yields [31]

'q = 1.0002 £ 0.0028. (2.58)

Plq

Since the energy at the B-factories is not large enough to produce BY mesons, the
measurement of |q/p| for BY system comes from the Tevatron experiments DO and
CDF [31]

= 1.0048 + 0.0033. (2.59)

S

‘q

These results are compatible with CP conservation in B% and B? mixing, as well as with
the small predicitions of the SM for these values (see Sect. 2.2.4).

The DO collaboration has reported the evidence for a large decay asymmetry AQ, in
a mixture of BY and BY semileptonic decays [32], which shows tension with the SM
prediction at the level of 3.6 standard deviations. If the measure of Ag, is confirmed, this
would demonstrate the presence of physics beyond the SM in the quark sector. The most
precise results for the separate asymmetries in BY and B° come from LHCb [33,34] and
the B-factories [31], and are in good agreement with the SM. Fig. 2.5 shows all of these
measurements and the SM prediction.

2.2.4 CP-violation in the SM

The CP-violation in the Standard Model comes from the electroweak sector, in particular,
from the Yukawa couplings. As explained in Sect. 2.1.1.2, the spontaneous breaking of
the gauge symmetry in EW theory provides masses for the quarks and introduces flavour
mixing, through the CKM matrix. Since this matrix is complex, it also allows the possibility
of CP violation.

The SM makes no predictions for the values of the CKM matrix elements, aside from
the unitarity relation VEAM(VEKMYE — 3 To see how CP violation arises in this picture
consider first the case of 2 fermion families. The most general 2 x 2 unitary matrix can
be parameterised by one angle and three phases. However, three of those phases can be
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Figure 2.5: Measurement of semileptonic B decay asymmetries. The bands correspond to
the central values 41 standard deviation.

absorbed by rephasing the four quark fields. This means that for 2 fermion families, the
CKM matrix can always be chosen to be real.

__ [cosOc sinfc
Ve = (sin O¢c cos@c) (2.60)

where 6¢ is the Cabibbo angle [14]. The conclusion is that with only two families, the
SM can not account for CP violation. This argument led to the prediction of the third
family of quarks, once CP violation was observed.

For three generations of quarks, unitarity reduces the number of independent para-
metres from 18 to 91, by applying the set of constraints

3
D Vi = 6y (2.61)
k=1

These constraints are usually pictured as triangles in the complex plane, the unitarity
triangles. For example, the first and the third columns of the CKM matrix, i.e., the b and
d sectors, can be used to build the unitarity relation

ViiaVub + VgVeb + Vea * Vi = 0, (2.62)

which can be represented as the triangle shown in Fig. 2.6, with its sides normalised to
c*dVCb'

From the remaining independent parameters of V<A™ five of them can be absorbed
in the redefinition of the quark fields. The resulting four free parameters are tree rotation
angles, the quark mixing angles 0;;, and one complex phase §. Therefore, the SM with
three families predicts CP violation provided this phase is not zero. In terms of these

A n x n complex matrix, Usxn, contains 2n® parameters. If the matrix is unitary, the number of
independent parameters decreases to n?.
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Figure 2.6: Unitarity triangle defined by (2.62).

parameters,
—id
C12C23 S512€13 513€
CKM _ 6 6
v = | —S12C23 — Cro3513€°  C12Co3 — S12503513€"° Sp3C3 | (2.63)
S12503 — C12C23513€"0  —C1oSp3 — S12C3513€0 Co3C13

where s;; = sinf;; and ¢;; = cos6;;. The interactions between quarks of different gener-
ations are scaled by the appropriate CKM matrix elements, which means that a certain
quark transition is more or less favorable depending on the value of the CKM element
involved. To clearly show this hierarchy, it is useful to use the Wolfenstein parametrisa-
tion [16], which allows to write the CKM matrix as an expansion on sj» ~ 0.22,

1-% A AN3(p—in)
VERM — —A -2 AN +0(\Y), (2.64)
AN(1—p—in) —AXN 1

with A, A, p and 1 defined by
|Vis|

V |Vud‘2 + |Vus|2,

V.
So3 = AN2 = \ |2

us

S1p = A= 51361.(S = A>\3(,0 + I"f]) = :b'

(2.65)
In this parameterisation, the complex CP violating phase is
VeV,
v = arg <“*dUb> = arg(p + in) + O\ (2.66)
Vcd\/cb

which up to O(M\*) is localized in V,, = |Vple™™ and Vig = |Vigle P, and the rest of
the entries are real. B is defined as

G = arg <VCdVCb> =arg(1 —p+in) + O, (2.67)
VigVeb

and it is zero if 7y is zero. Therefore, CP is not conserved in the SM provided «y # 0, and

the size of this violation in related to the area of the triangle shown in Fig. 2.6.
Experimentally, the sides and angles of this triangle (and analog triangles corresponding

to different unitarity relations) can be determined by measuring the decay rates and CP-

violating asymmetries of processes involving those CKM elements. Fig. 2.7 shows the

current experimental situation for the unitarity triangle defined by (2.62), from [35].
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Figure 2.7: Current best fit for the unitarity triangle defined by (2.62) by the CKM-fitter
collaboration.

2.2.4.1 Predictions for By s mixing angles in the SM

As it has been discussed in a previous section, the experimental data reveal that Al < AM
for both B meson systems. This result implies® that also |12| < |[M12], and then

* 1 £ *
q9 _ M1, — ?/_12 ~ M1, = o i%um (2.68)
p Mz = 5712 M2

This means that in order to compute the mixing angles and the mass differences, it is

enough to compute the mixing parameters Mldz's. As stated in Sect. 2.2.1.1, M1, contains
)

contributions from H‘(/SF:2 and also from transitions with intermediate on-shell states at

second order in H\(/ﬁF:D. Fortunately, in the SM the mixing of B mesons is dominated
by the AF = 2 box diagrams with a top quark in the loop, shown in Fig. 2.2 for the BS
system (equivalen diagrams for B® system, exchanging each s-quark by a d-quark).

The CKM structure of these contributions is

(ML) o (VeaVih)?
(Mfz)* X (VtthE)2-

Consequently, it is easy to see that the B%-B° mixing angle in the SM is given by
¢3™ =28+ O(\*). (2.69)

'From (2.24) and the definition of B, it can be shown that

1
(AM)? — Z(A/‘)2 4| Mo — | Mol
AM A = 4R(Mial7h)
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2.3 The B? — K*9K*0 decay

The analogous angle for the B2-system, ¢2M is zero at this level of approximation, which
means that enters in terms which are suppressed by at least A\*. However, the phase itself
is O(X\?). The angle B; is defined as

VtsWL)

=—arg| ———=|. 2.70
o= —ara (272 (270
Up to O(X°), only Vis acquires a phase, so V4s = —|Vis|e P, In fact, Bs ~ —A\n.

Then, the B2-B2 mixing angle in the SM is given by
M =28, + O(N\%). (2.71)

This is the way in which the mixing angles are related to the angles of the unitarity triangles
in the Standard Model.

2.3 The BY — K*9K* decay

The B? — K*0K*0 decay proceeds through a flavour changing neutral current (FCNC).
In particular, in this process a b quark transforms into a s quark. These kind of processes
do not arise at tree level in the SM. The reason is that in the SM, the couplings of the
quarks to the neutral Z° boson are flavour-diagonal (the terms with the neutral boson
have the form @ y*u; Z,), and the FCNC transitions can only occur at higher orders in
perturbation theory, in loop processes, such as penguin and box diagrams, see Fig. 2.8.

These processes allow physics at high energies to be probed through the virtual
particles entering the loops. This feature makes them suitable for searching for phys-
ics beyond the SM, which may introduce new heavy particles that affect the observables
related to these transitions.

In particular, time-dependent CP asymmetries in b — s modes, like B2 — K*OK*0,
are considered a very sensitive probe of New Physics (NP) [5]. The study of B® — ¢K?,
for example, has already shown tensions with the SM predictions® [36,37]. However, the
lack of a model-independent evaluation of the theoretical error is a strong limitation for
a complete and meaningful test of the SM. This is not the case of the B? — K*0K*0,
where the theoretical error can be controlled with high accuracy by using the U-spin mirror
channel B® — K*0K*0 [3].

In the next section, a brief introduction on the main theoretical tools used in the study
of B physics is given. Specific predictions for the B — K*°K*0 mode based in these
approaches are given in the following sections.

2.3.1 Factorisation and Effective field theories

In general, the term “B physics” refers to the study of weak decays of b quarks. However,
the confinement properties of QCD forbids quark level transitions, such as b — s, to
be measured directly. Instead, the decays of B mesons (or baryons) will be observed
experimentally. This means that an undersanding of the conection between quark and
hadron properties is required in order to determine the parameters of the weak sector

1CP mixing asymmetry has been measured to be S(By — ¢K°) = 0.39 & 0.18, show some tension
with the theoretical prediction sin(2G) = 0.675 £ 0.026
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Figure 2.8: Effective flavour-changing neutral current processes.

of the SM. Equivalently, (at least) two different energy scales become relevant to the
problem: the scale of weak interactions, given by the mass of the W boson, My, and the
hadronic scale Agcp.

Fortunately, in this kind of physical process, where contributions come from two (or
more) widely separated energy scales, it is possible to study the low-energy (long-distance)
phenomena independently of the details of the high-energy (short-distance) interactions.
At this point it is also useful to introduce a simpler description of the relevant features of
the full theory at a given energy scale in the form of an effective theory.

In the case of B decays, the large scale of weak interactions with respect to the mass
of the B mesons (mg < My,) motivates the use of the weak effective Hamiltonian.
Additional intermediate scales can also be considered. For example, the large mass of the
B meson compared with the low scale of the strong interaction inside hadrons allows the
definition of the Heavy Quark Effective Theory [38].

2.3.1.1 The weak effective Hamiltonian

Effective field theories [39] are used to express a full, complete theory as an effective
Hamiltonian constructed from a set of local operators O; in which the high energy degrees
of freedom, defined with respect to a mass scale A, have been integrated out. The weak
effective Hamiltonian describes weak interactions at low energy, below My, and is defined
so that the amplitude of a weak process i — f is expressed as a sum of local operator
amplitudes,

Al = ) = (A1) = S5 S uCriol (2:72)

where Gfr is the Fermi constant characterizing the strength of the underlying weak pro-
cesses, V; are the suitable CKM matrix elements for the quark transition and O; are the
local operators forming a complete set for a given transition. The coeficients associated
with the local operators, C;, are called Wilson coefficients and include the effects of in-
teractions at scales higher than w. The choice of u is arbitrary, usually chosen to be
O(mp) when dealing with B decays. The long distance interactions, on the other hand,
are contained in the matrix elements of the local operators.

Wilson coefficients are calculated by matching the prediction of the effective theory
with the assumed full theory at high mass scale, u ~ My,; at this scale the relevant
diagrams and their QCD corrections can be calculated perturbatively and evolved down to
the relevant energy scale (i ~ mjp) by making use of the renormalisation-group equations.
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2.3 The B? — K*9K*0 decay

After renormalisation, the local operators O; can be identified within the full calculation
and their corresponding Wilson coefficients can be extracted.

2.3.1.2 Hadronic Matrix elements

The Wilson coefficients of the effective weak Hamiltonian are process-independent and
can be used directly in the description of exclusive models. The theoretical precision
is thus limited by the difficulty of evaluating the, intrinsically non-perturvative, hadronic
matrix elements between initial and final state, (f|Ok|i).

The concept of factorisation of matrix elements has been used to face this prob-
lem [40]. The idea being to reduce the matrix elements to products of process-independent
form factors and decay constants that could be extracted from data or calculated using
non-perturvatibe techniques, such as lattice simulation.

In the case of B decays, this factorisation can be understood in terms of the heavy
quark approximation [38,39]. The dynamical simplifications which occur in the heavy-
mass limit are usually ilustrated by considering a hadron composed of a heavy quark, Q,
and other light constituents. The quarks confined inside hadrons exchange momentum
of magnitude ~ Agcp. The mass of the heavy quark in the hadron is, by definition,
Mg > Agcp and its Compton wavelength Ag ~ 1/Mg is much smaller than the hadronic
size Rpoq ~ 1/Agcp. To resolve the quantum numbers of the heavy quark a hard probe,
q? z l\//(%, is required. However, the soft gluons coupled to the light constituents of the
hadron can only resolve larger distances of order Rp,q and are thus blind to the flavour
and spin orientation of the heavy quark, feeling only its colour field . Therefore, in the
infinite Mg limit, the properties of the heavy-light hadrons are independent of the mass
and spin of the heavy source of colour. Based on this limit, a whole effective theory can
be constructed as an expansion in powers of Agcp/m, with m the mass of the heavy
quark. This effective theory is known as the Heavy Quark Effective Theory.

A complementary approach to B decay phenomenology relies on the approximate
flavour symmetries of QCD in order to find relations between observables of different
processes. Both approaches are usually combined, specially in the study of non-leptonic
B decays.

2.3.2 The decay BY — K*°K*0 in the Standard Model

The decay of a B meson into two light K*® vector mesons proceeds dominantly in the
SM through the penguin diagrams shown Fig. 2.9. This process has been studied in
the framework of QCD factorisation, and SM predictions of its expected branching ratio
(B) and longitudinal polarisation fraction (f., defined in the following section) have been
provided [2]. Additionally, the use of flavour symmetries has been proposed in order to
relate this decay to its B® counterpart for the study of CP-violation [4,5]. The next
sections summarize the theoretical work related to BY — K*0K*0.
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Figure 2.9: Diagrams contributing to the decay BY — K*°K*0 in the SM. Left: The colour-
suppressed penguin diagram, which is expected to be the dominant contribution. Right:
Penguin anihilation contribution.

2.3.2.1 B — VV decays: Amplitudes and Observables

The amplitude of a B meson decaying into two vector mesons V; and V, can be written,
using the notation B(p) — Vi(k1,€1)Va(ks, €2), as [41]

Ag_yvy =a €] -5+ %(p -€7)(p-e3) + /%ewpgp“q”s;psé" (2.73)
mg Mg
where ki and €1 o are the momentum and polarisation for the vector meson 1 and 2
respectively and g = k1 — k». The amplitudes a and b are linear combinations of the
amplitudes describing final states with relative angular momentum between V; and V5 of
L =0,2. The amplitude ¢ corresponds to L = 1.
Alternatively, a basis of amplitudes describing decays to final state particles with def-
inite helicity is given by

ki - k; 2
Ag=2 "2 gyp P Ar=a+2 ¢ (2.74)
mimo kl . k2 mp
In experimental analyses, the transversity basis, where Ay are replaced by A; = (Ay +

A_)/v/2 and A = (AL — A_)/V/2, corresponding to linearly polarised final states, is
preferably used .

Experimentally, the magnitudes and relative phases of the various amplitudes can be
extracted from the analysis of the angular distributions of the vector resonances’ decay
products. The full angular dependence of the cascade where both vector mesons decay
into a pair of pseudoscalar particles will be given in Chapter 4. The decay rate can be

written as
dr

5~ |AoFo(2) + Ay F(2) + ALFL(2)P (2.75)
where F;(£2) are functions describing the angular distribution of the B daughters. There-
fore, a given B — V'V decay allows the definition of five observables corresponding to the
three magnitudes and two relative phases of the helicity amplitudes or the five angular
coefficients obtained from the expansion of (2.75). A typical set of observables consist
of the branching fraction, two out of the three polarisation fractions 7., f, f., and two
phases 0y, 61, where

fi = Ao, 1 0 :arg—A”'L (2.76)
P AR AR AR T T A |
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2.3 The B? — K*9K*0 decay

It is conventional to combine the five observables of the B — V'V decay with those
of its CP conjugate B decay. Denoting the B decay helicity amplitudes as Aj, and the
corresponding transversity amplitudes as A | = (AL £A_)/v/2, the equality A | = A |
is true in the absence of CP violation. The CP average observables and asymmetries are
thus given by

= S(FF 4+ £F), AL il (2.77)
(h=L,||, L) for the polarisation fractions and
8p =68 — N6, = 68 + N6, (2.78)

for the phase observables.

2.3.2.2 The B? — K**K*® amplitude

Following the convention by Beneke, Rohrer and Yang [2], the SM weak effective Hamilto-
nian mediating BY — K*°K*0 transitions is given by

G
Herr = 7; D VeV COP+ GO+ Y GO; g+ he (2.79)
p=u,c i=3,...10,7,8g9

where Ofyz are the left-handed current-current operators arising from W-boson exchange,
O3, 6 and O7, 10 are QCD and electroweak penguin operators, and O7y and Qg4 are the
electromagnetic and chromomagnetic dipole operators. They are given by

Of = (Pb)v—a(5p)v-a, O5 = (Bibj)v-a(5ipi)v—-a.
O3 = (5b)v-a>_,(Gq)v-a, O4 = (5ibj)v-a2_4(Giqi)v-a,
Os = (5b)v-a>_,(Gq)v+a, Os = (5ibj)v—-a 2 4(Gqi)v+a,

) A i e (2.80)
O7 = (5b)v-nd_g5€4(ADvia.  Os = (5b)v-_ad_q5€4(qq)v+a
Og = (5b)v—n>_g 364(GD)v—-a. O10= (5ib)v—n >y 3€q(TiGi)v-a.
Oty = 55mp50uu (1 +75)FH¥b,  Ogg = 5% mp50,,(1 + ¥5)G* b

where (q1G2)v+a = G1Yu(1 £v5)qo, 1,J are colour indices, eq are the electric charges of
the quarks in units of |e|, and the sum runs over all active quark flavours in the effective
theory, i.e. g =u,d,s,c, b.

In general, the matrix elements (V4V5|O;|B), can be calculated using the QCD factor-
isation approach [2,42]. In this framework they can be expressed, at leading order in the
Aocp/mp expansion, as

(ViVs|0i|B) = (FEZT! % £y, + [Vi > b)) + T/ 5 fa®p * i, dy, * Aydy,, (2.81)

where non-perturbative effects are cotained in the form factors FE=Yi, the decay con-
stants f; and the meson light-cone distribution amplitudes, @ (the star products imply
an integration over light-cone momentum fractions of the constituent quarks inside the
meson). The hard scattering kernels T/I'” include only short distance effects and can
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Chapter 2. Theory overview

Table 2.2: CP-averaged branching fraction and longitudinal polarisation fraction calculated
in the framework of QCD factorisation [2]. Using experimental input from B° — ¢K*°
decays the column labeled “ag~ f. d.” is obtained. The first uncertainty is the uncertainty
associated with the CKM parameters and the second one is the theoretical uncertainty.

5/10_6 fL/%
Decay
default ag~ f.d. default ay f.d
0 %0 j#0 +0.5+11.3 +0.4+4.3 +0+42 +0+16
B = KWK™ 910036 79704309 635072 725555
%0 j¢ +0.1+0.5 0.14+0.3 1434 1+16
BY — K®K* 06151703 06001705 697175 69715

be calculated through perturbation theory. The result of computing this hard-scattering
kernels for the various operators in the effective weak Hamiltonian is usually presented
in terms of “factorised operators” A([Gv, g ][dv awv;]) with coefficients o (V1, Vo) [42].
The coeficients ocf-J contain all dynamical information, while the arguments of A; encode
the flavour composition of the final state (V4V4) to which a given term can contribute.
The matrix elements of the factorised operators, Ay,\,, are simply proportional to a form
factor times a decay constant.

The decay amplitude for the BY — K*0K*0 decay, can thus be written as (h =0, +, —)

Ay oo = D VoV { Aol + Aleyaldl” + 80" | (2.82)

p=u,c

where ﬁf"h are the coefficients corresponding to a second set of factorised operators
describing weak annihilation amplitudes. From this expression, predictions for the branch-
ing ratio, B, and the longitudinal polarisation fraction, f; of BY — K*°K*0 have been
provided [2]. These results are summarized in Table 2.2, together with the equivalent
results for B® — K*0K*0,

2.3.2.3 CP violation in BY — K*0K*0

Consider the formalism presented in Sect. 2.2 for B mesons, with f = K*K*. As the
final state is a mixture of CP eigenstates, this decay is sensitive to the three types of CP
violation. The decay amplitude for a certain helicity (or polarisation) in the final state can
be expressed as [40]

A(B? = KOK*) = =V VisPs — Vi Vs PET. (2.83)

where Ps contains the hadronic matrix elements corresponding to b — s penguins contain-
ing a t-quark loop, and PSG’M represents the GIM-suppressed difference of contributions
coming from charm and up quarks loops.

Neglecting the contribution of PE'M [5], the decay B? — K*°K*0 is mediated by
a single amplitude, so that under this asumption no CP violation in the decay can be
produced,

= =e 0 with ¢p = —20s. (2.84)

A ViV
A VipWis
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2.3 The B? — K*9K*0 decay

As was explained in Sect. 2.2.4.1, within the SM, CP violation in mixing is not expected
at a measurable level for the BZ-system,

9 _ o-i(28s) (2.85)
p
Consequently, the only source of CP violation in this process is expected to be the inter-
ference between mixing and decay. However, according to Egs. 2.84 and 2.85, there is a
cancellation between the phases arising from mixing and decay!, and the total CP-violating

O—)K*O K*O

weak phase, d)fs , Is negligibly small in the SM for this channel, as

qA(g(s) — K*OK*O) B e_@fgﬁ,@o%*o

0 E VI Z A
MBe = KK = By = KR

= 1. (2.86)

The study of CP-violation in this decay is then a null test of the SM. This is already
a very attractive feature in favour of B2 — K*9K*? but there is another one. As the
precision in the measurement of the CP-violation parameters will increase, an estimate of
the error induced by neglecting PSG’M will be needed. However, the polluting contribution,
PSG”V’, is an hadronic object, in general, difficult to compute. The advantage of this mode
is the possibility of calculating the theoretical error in a model independent way extracting
the size of PS'M from the analysis of B® — K*0K*. This will be explained with more
detail in the following section.

2.3.2.4 U-spin symmetry
- . . . . BO— K*0 *0 .

The prediction given in the previous section for ¢s° relies on the fact that the
second amplitude PSG”V’ can be neglected to a good approximation. The theoretical error
induced by this assumption has been studied by various authors [3,5, 6,43]. As already
mentioned, the main advantage of BY — K*9K*0 over other decay modes is that the
size of the polluting amplitude can be estimated from the study of the U-spin-conjugate
process BY — K*OK*0. This is a pure b — d penguin decay, whose amplitude can be
written as

A(B® = KOK™) = —ViViaPa — VipVua Pg ™ (2.87)

which is equivalent to (2.83), except that in this case the two combinations of CKM
matrix elements are of the same order of magnitude. As a consequence, the sensitivity
to the second amplitude, P$'M, is maximal in this case.

Assuming that no new physics contributes in an appreciable way to B° — K*9K*0, the
measurement of its branching fraction (B) and time-dependent CP asymmetry, allows the
determination |Py|, |P$'™| and their relative strong phase, &4. In the SU(3)-symmetry
limit, P$'M = PS!M and 64 = bs. Imposing these relations, introduces an error that is
related to the size of the SU(3) breaking. Fig. 2.10 for example, shows the precision on
the theoretical prediction expected when 100% SU(3) breaking effects are assumed [5].
In [4-6], different ways, both experimental and theoretical, of determining the size of the
SU(3) breaking are proposed.

1Other authors [8] argue that if P¢'™ is neglected, every O(X*) term needs to be neglected too. Since
b o arg(VisVes) and S(ViyVas) ~ O(XY), dur and ¢2° 7% vanish in this approximation.
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Figure 2.10: Probability density function for arg(Acp(B2 — K*°K*0)) obtained in [5] allowing
100% SU(3) breaking effects.

Additionally, calculations in the context of QCD-factorisation [44], provide SM pre-
dictions for the BY — K*°K*? longitudinal observables' in terms of the corresponding
observables for B® — K*®K*0. These predictions are summarized in Table 2.3.

Table 2.3: SM predictions for the longitudinal observables related to B? — K*°K* from [4,
44]. The SM value of the B mixing phase ¢s = —28s = —2deg is used, and the B/°"9(B° —
K*°K*0) is assumed to be larger than 5 x 107",

DMV __ B/ong(BO%K*OK*O) .
REM = Gam s g = 164 £5.2

API(B2 — KOK*0) = 123k = 0.000 +0.0014

I 0 x0 [ox0Y _ SNy
Apid (B = K*OK*0) = —2330; = 0.004 £ 0.018

2.3.2.5 Triple product asymmetries in B — K*0K*O

A powerful tool for the study of CP-violation is the investigation of triple product asym-
metries [41,45]. A four body decay gives rise to three independent final momenta in the
rest frame of the decaying particle. It is possible to construct a 7T-odd observable out
of these, e.g. p1 x (P> - p3). Equivalently, triple products (TP) of spin or polarisation
vectors in particle decays are odd under time-reversal. The presence of a non-zero TP can
be established by measuring a nonzero value of the asymmetry

_ (P x(p2-p3) >0)—I(pL x(p2-p3) <0)
[Py x (P2 P3) > 0) + (pL x (P2- p3) <0)
'The longitudinal observables are those related to the longitudinal polarisation (where only Ag occurs).

These observables, free form positive- and negative-helicity components, can be predicted with much better
accuracy than transverse ones [4].

At (2.88)
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2.3 The B? — K*9K*0 decay

this corresponding to the TP previously given as an example. This may be due to a T-
violating phase, and hence, by the CPT theorem, be a sign of CP-violation. However, the
nonzero value of such asymmetry could also be caused by a CP-conserving phase from
final state interactions. Thus the TP asymmetry At is not a true T-violating observable.
However, it is still possible to obtain a genuine T-violating (CP-violating) signal when
comparing At and A7, where At is the TP asymmetry measured in the CP-conjugated
process.

Consider Bg decays into two vector mesons V4 and V5, each decaying to a pair of
pseudoscalars, P P] and PP5, as in BS — K*(KTm=)K**(K~n+). The most general
Lorentz-covariant amplitude for the this kind of decays is given by (2.73). In |[M|?, a
triple product correlation arises from interference terms involving the ¢ amplitude. In the
rest frame of the B meson, it takes the form g - (e] x €5). This TP will be present if
S(ac*) or J(bc*) is nonzero. Since the three amplitudes contain, in general, both CP-
conserving and CP-violating phases, the origin of these terms cannot be associated with
a CP-violating effect.

Consider now the amplitude for the CP-conjugated process B(p) — Vi (k1, €1)Va(ko, €2),

— b N . C %
M=ael e+ —(p- e1)(p-€5) — ’ﬁeuupapuquelpgza (2.89)
Mp Mg

where @, b and € can be obtained from a, b and ¢ by changing the sign of the weak
phases. If CP is conserved, @ = a, b = b and € = c. Note that the term containing the
amplitude ¢ in M changes sign relative to that in M. This means the TP asymmetry in
| M|? is opposite to the one in |M|?. Thus the true T-violating asymmetry is defined by
the addition of the TP asymmetries in |[M]? and |M|?,

1 -
Abrue = 5 (Ar + A7) . (2.90)

In fact, considering the following parameterisation for the amplitudes
a= Z a,e’¢7657 , a= Z a/e_’¢7e57 ,
i i
i hb b - ihb b
b= Z bie'®’ ed b= Z bie ¥ el
i i

c= Z cie'® e c= Z cie eS| (2.91)
i i
where ¢f’b'c (6f'b'c) are weak (strong) phases, it can be shown that [8]

[S(ac™) —S(ac)] = Z ajgjsin(¢] — ¢f) cos(7 — 67) (2.92)

1)

[S(bc*) — I(bE")]| = Z bicjsin(¢? — o;) cos(6P — 67). (2.93)

J

1
2

These observables are true CP-violating quantities even when the strong phase difference
vanishes, provided that the weak phase difference between the two amplitudes is not
zero. It is interesting to note that these CP-violating quantities occur in triple product
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asymmetries measured in untagged Bs) decays —no knowledge of the flavour of the By
meson is required to determine them.

In the case E(S) can also decay to V5, the TP can be modified in time due to
B(sy — B(s) mixing. As it will be shown in Sect. 4.2.1, the time dependence of the TP
asymmetries for untagged decays is

a _ : Alt
A1) o Z ajcicos(df —6F) e It |sin(¢f — §f) cosh (2>
ij
Alt
(e + 65+ oo (28]
(2.94)
and equivalently for AtTr“e'bC(t). Ocasionally, the time-independent factors multiplying

e~ T .sinh (Art/2) are referred to as mixing-induced TP asymmetries while the factors
before e=/t - cosh (AI't/2) assume the name TP asymmetry. Therefore, the two time-
integrated true TP asymmetries will be proportional to

/ ALUeC(t)dt oc
0

2
Z aicjcos(6; — 07) [sin(@] — ¢F) —sin(¢ + ¢ + dum) O <§//__> +0 ((g;:) )]

(2.95)

where ¢y is the B — E(S) mixing phase. An equivalent expression can be written for
the time-integrated AY“¢¢(t).

Previously, it has been shown that BY — K*9K*0 is dominated in the SM by a single
amplitude corresponding to the exchange of a t quark inside the loop. In this case, no
CP violation can be produced, which implies the true TP asymmetries for this decay are
expected to be very small, O(A\?) . Note that from the point of view of searching for New
Physics, the precise predicted value of a given TP asymmetry is not particularly important.
What is relevant is that they are very suppressed in the SM, and so the measurement of
a large value for any TPA would point clearly towards the presence of physics beyond the
SM.

In the analysis presented in this thesis, the decay B? — K*9K*0 is reconstructed
from the final state B? — (K7~ )(K~m"). Consequently, an irreducible contribution
from scalar resonances in the K7 system is present in the data. While this might be
considered a disadvantage, the presence of these new amplitudes actually extends the
reach of the study by introducing a new set of CP-violating observables (TPA's and direct
CP asymmetries), described in greater detail in the Chapter 4.

2.3.3 BY — K*9K*0 beyond the Standard Model

In addition to establishing the presence of physics beyond the SM in a model-independent
way, the study of CP violation in B — K*®K*? could reveal information about the nature
of the underlying theory when a specific NP scenario is considered. In the time-integrated
untagged sample, the sensitivity to mixing-induced NP effects is limited by O(%) as
shown in (2.95), and so the most interesting possibility is that NP arises in the decay.
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Figure 2.11: Gluino-squark penguin contribution to b — sdd decay.

The case of an extended Higgs sector in which the neutral scalars have FCNC couplings
has been studied in [8], assuming that the decay b — sdd is mediated by the lowest-mass
statel. The form of each helicity amplitude is obtained for different NP operators, in
order to compute the CP-violating observables that appear in the untagged distribution.
The pattern of measurement of these quantities would then give information about the
kind of operators mediating the decay.

In the context of SuperSymmetry (SUSY), see [46] for a review, contributions from
squark-gluino loops, like the one shown in Fig. 2.11, can be comparable to the penguin-
dominated SM amplitudes. These contributions could account for an important enhance-
ment of the direct CP asymmetries expected to be very small in b — s decays [40, 47].
As already mentioned, the presence of scalar resonances in the sample enables the meas-
urement of direct CP asymmetries that could contribute in constraining the parameter
space of multiple supersymmetric models.

MThis state may be identified with the newly discovered particle of mass my ~ 125 GeV, in which
case BY — K*K*® would have the potential to explore the coupling of this new scalar to light quarks.
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3.1 The Large Hadron Colider

The Large Hadron Collider (LHC) is a hadron accelerator and collider operating at
CERN [48] since September 2008. It was installed in the 27 km long tunnel built to
house the Large Electron Positron collider (LEP), between 45 m and 170 m underneath
the surface, in the French and Swiss countryside near Geneva.

LHC was designed to collide proton beams with a centre-of-mass energy of /s = 14
TeV [49], providing a perfect enviroment to test the Standard Model and search for signals
of physics beyond it. The discovery of the Higgs boson, the last particle in the SM to
be observed, was a fundamental objective for the project. On July 2012, the ATLAS
and CMS experiments announced they had observed a new particle in the mass region
around 125 GeV [12,13]. One year later, the Nobel prize in physics was awarded jointly
to Francois Englert and Peter Higgs [50].

During 2010 and 2011, when the data used for this thesis were taken, proton-proton
collisions took place at /s = 7 TeV. Currently, protons collide at /s = 8 TeV, and
collisions at the /s = 13 TeV are expected early in 2015. Protons, obtained from
hydrogen gas, pass through several pre-accelerators before reaching the LHC. There, each
beam is accelerated to the final energy, from an injection energy of 450 GeV. Fig. 3.1
shows the CERN acceleration complex, including the LHC and all the pre-accelerators. At
these energies, a very intense magnetic field (8.33 T at the nominal 7 TeV per beam [48])
is needed to keep the two proton beams in opposite orbits along the accelerator ring. This
field is provided by superconducting magnets cooled to a temperature of 1.9 K, using
super-fluid helium. The “two-in-one” design chosen, accommodates the windings for the
two beam channels in a common yoke and cryostat, with magnetic flux circulating in the
opposite sense through the two channels. Fig. 3.2 shows a schematical cross—section of
a cryodipole.

Big experiments are placed at each of the four LHC interaction points. The two
general—-purpose experiments ATLAS [51] and CMS [52] are based on large central de-
tectors, and are designed for the direct detection of new physics particles and processes,
like the Higgs boson or SUSY particles. ALICE [53] is a dedicated heavy—ion experiment
and studies quark-gluon plasma with data resulting from nucleus—nucleus collision. For
the later, the LHC is filled in dedicated runs with heavy ions (e.g., Pb) instead of protons.
Finally, LHCb [54] is designed for the study of CP violation and rare decays focusing on
the physics of the beauty and charm quarks. Figure 3.3 shows pictures of these four
experiments.
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(c) CMS

Figure 3.3: Four main detectors in LHC

3.2 The LHCb experiment

The Large Hadron Collider beauty (LHCb) experiment was designed to look for indirect
evidence of physics beyond the SM in CP-violation and rare decays of beauty and charm
hadrons [55].

The dedication to B physics constrained the design of the dectector and the choice
of its work environment. The forward geometry of the detector takes advantage of the
large bb cross—section at low angle at the considered energies, see Fig. 3.4. Another
essencial requirement for the physics in the experiment is the ability to identify the point
where the proton—proton collision took place (primary vertex or PV) and the point where
other short—lived but flying particles decayed (secondary vertex or SV). In order to ease this
task, LHCb was designed to work at an instantaneous luminosity of 2-5x1032 cm™2-s71,
smaller than LHC nominal value of 103 cm™2 - s~1. This is achieved by changing the
beam focus at the LHCb interaction point independently from the other interaction points.

The detector is located at Intersection Point 8 of the LHC, the former location of the
LEP experiment DELPHI. A modification to the LHC optics, displacing the interaction
point by 11.25 m from the centre, has permitted maximum use to be made of the existing
cavern for the LHCb detector components [56]. In the following sections the LHCb
detector and its different subdetectors are described in more detail.
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Figure 3.4: Angular distribution of bb pairs produced in pp collisions at /s =7 TeV.

3.3 LHCb detector

The LHCb detector is a single—arm spectrometer with a forward angular coverage from
approximately 10 mrad to 300 (250) mrad in the bending (non-bending) plane, with
respect to the beam axis. In terms of pseudorapidity (n), the LHCb acceptance covers
the range 2 < < 5.

Figure 3.5 shows the layout of the LHCb spectrometer and indicates the right—handed
coordinate system adopted, which has the z axis along the beam and the y axis along
the vertical. In the following sections, each of the LHCb subsystems will be described in
detail.

3.3.1 Tracking System

An efficient and precise reconstruction of the trajectories of charged particles is of funda-
mental importance for LHCb. From a reconstructed track it is possible to determine the
bending of the charged particle in the magnetic field and thus to measure its momentum
and electric charge. Combinations of tracks allow one to define vertices, measuring their
precise location and their charged track multiplicity. Moreover, a reconstructed track
can be interpolated and extrapolated in space, permitting information to be gathered in
different subdetectors to characterise the nature of the charged particle.

The LHCb tracking system consists of the Vertex Locator (VELO) and the Tracking
Turicensis (TT) placed upstream of the dipole magnet, and the T1-T3 tracking stations
downstream of the magnet.
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Figure 3.5: View of the LHCb detector.

3.3.1.1 Vertex Locator

The VELO [57] measures the coordinates of tracks close to the interaction point, allowing
the decay vertex of the b- or c-hadron to be separated from the primary pp interaction.
It is made of 2x21 stations arranged along and perpendicular to the beam direction.
Each station contains two semicircular silicon strip sensors mounted back-to-back. One
of them measures the r coordinate, with circular strips centred around the beam axis,
and the other one measures the ¢ coordinate with straight, almost radial strips. Fig. 3.6
(right) shows one of the r-sensors. The minimum pitch in the sensors, at the innermost
radius, is 38 um, with a linear increase up to 101.6 um, ensuring that the first points on
the track are measured with the finest pitch available.

The VELO acceptance covers a pseudo—rapidity range of 1.6 < n < 4.9 for particles
coming from primary vertices in the range —10.6 < z < 10.6 cm. Two dedicated stations,
containing only r—sensors, placed upstream the VELO constitute the pile—up veto system
that was conceived to veto events with large number of primary vertices.

To improve the resolution on the primary vertex, the first measurement of the track
should be as close to the primary interaction as possible. The sensitive area of the
modules starts thus at 8mm from the beam axis. This radius is much smaller than the
aperture required by the LHC during the injection. In order to prevent severe radiation
damage in the detector, the sensors must be retracted by 3cm when LHC is being filled.
Consequently, the VELO was designed so that the two halves of the detector can be
moved away from the beam in the horizontal direction. Fig. 3.6 (left) shows the layout
of one half of the VELO detector.
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Figure 3.7: Left, layout of the four TT layers. Right, layout of one of the three IT stations.

3.3.1.2 TT and Tracking Stations

Together with the VELO, the LHCb tracking system is composed of the TT, just upstream
of the magnet, and by the tree tracking stations between the magnet and RICH2. Two
different technologies are employed in these detectors. The TT and the innermost region
of the tracking stations, called usually Inner Tracker (IT), is covered by silicon microstrip
detectors [58], for this reason the system TT-IT is also called Silicon Tracker (ST). The
outer region of the tracking stations, or Outer Tracker (OT), is made of straw—tube drift
chambers [59].

In order to get a 3D reconstruction, each of the ST stations consists of four detection
layers with vertical strips in the first and last layers and strips rotated by 452 (-59) for the
second (third) layer. The strip pitch in this modules is 200 um, which gives a single hit
resolution of 50 um. The TT covers the full acceptance of the detector. The IT covers
a small cross—shaped region around the beam pipe that constitutes only the 1.3% of a
tracking station. However, approximately 20% of the charged tracks produced close to
the primary vertex and going through the tracking stations pass through its area. Fig. 3.7
shows the layout of TT and IT subdetectors.

The OT modules are arranged in three stations, each one consisting of four detection
layers. As in the case of the ST, the first and the last layers are oriented vertically, while
those in the centre are rotated by 4+5° with respect to the others. A mixture of Argon and
COs is chosen as counting gas. It provides a drift—time below 50 ns and a drift—coordinate
resolution of 200 pum.
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Figure 3.9: B, component of the magnetic field as a function of the z coordinate.

3.3.1.3 Magnet

In order to measure the momentum of the charged particles produced in LHCb, the
experiment uses a dipole magnet [60] that provides an integrated magnetic field of 4Tm.
The measurement covers the forward acceptance of £300 mrad horizontally (bending
plane) and of 4250 mrad vertically.

The dipole is composed of two pure Al coils of conical saddle shape placed mirror—
symmetrically to each other in a window—frame Fe yoke. The magnetic field provided
by the dipole is measured with a precision of a few times 10~% to achieve the required
momentum resolution. Fig. 3.9 shows the measured magnetic field (B, component) along
the z axis.

The direction of the magnetic field is changed periodically, in order to reduce system-
atic uncertainties that might affect CP violation studies.

3.3.1.4 Tracking and Vertexing

Event reconstruction relies on the determination of the trajectories of all the charged
particles (tracks) and the position where they were generated (vertices). Tracking al-
gorithms combine hits in the VELO, TT and Tracking stations to reconstruct the tra-
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Figure 3.10: lllustration of the five different track types in LHCb.

jectory and measure the momentum of charged particles. Depending on the origin of the
hits used to define the track, these can be classified as (see Fig. 3.10):

e Long tracks: traverse the full tracking system from the VELO to the T—stations.
They provide the most precise momentum measurement, and therefore are the most
important tracks in LHCb analyses.

e Upstream tracks: traverse only the VELO and the TT. They correspond in general
to low momentum particles that were bent out of the detector acceptance by the
magnetic field.

e Downstream tracks: go through the TT and T stations. They are usually produced
by long-living particles decaying outside the VELO, such as Kg or A

e VELO tracks: are just measured in the VELO. They are typically large angle or
backward tracks, useful to reconstruct the primary vertex.

e T tracks: have only hits in the T—stations and are typically produced by particles
generated in secondary interactions.

Different algorithms are used to reconstruct different types of tracks. In the case of
long tracks, the algorithms look first for almost aligned track seeds in the VELO, where
the magnetic field is low. These seeds are then complemented with hits from the other
tracking subdetectors to form tracks [61]. Once the track is found, it is refitted using
Kalman fitter algorithm [62], that accounts for multiple scattering and energy loss caused
by crossed materials. This procedure provides also a x2 related with the probability that
the track corresponds to a real particle instead of a mixture of hits left by different particles
(ghosts). There is also the posibility of reconstructing the same track through different
algorithms (clones); in this case only the best out of the two is kept.

The efficiency to reconstruct long tracks in LHCb has been evaluated using muons
from J/4 decays [63,64]. The efficiency for 2011 data and and simulation as a function
of momentum, rapidity and the number of primary vertices is shown in Fig. 3.11 The
global efficiency is measured to be larger than 96%. Hadronic interactions not taken into
account in this calculation are reflected in a larger systematic uncertainty.
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Figure 3.11: Tracking efficiency for the 2011 data and simulation as a function of the
momentum, p (left), the pseudorapidity, 7 (centre) and the number of reconstructed primary
vertices, Npy (right).

)

&
& 4500F 5
L E >
E 4000~ > 4
= 3500- = E
Z3000F =
PRI Bs—KK g
25000 40 - > 3
5 2000t +1-; B3-body 3 E
5 2000; ..—._.. Comb. bkg 3
S 1500F 5
© 100" 8 |
- O I
5005 .. _ X L[N
ot [ &> 10! i 4 L
5 5.1 52 53 54 55 56 57 58 5000 5200 5400 5600 5800
K'n™ invariant mass (GeV/c’) MEK'KK ) [MeV/c?]
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The mass resolution is ~ 22 MeV/c? for the two body decay and ~ 15 MeV/c? for the four
body decay.

The precision in the determination of the trajectory of the particle inside the magnetic
field, is directly related with the momentum resolution, and a good momentum resolution
translates into good mass resolution, a key ingredient for the physics in the experiment.
LHCb momentum resolution goes from dp/p = 0.4% for tracks with pr = 5 GeV/c to
dp/p = 0.6% for tracks with pr = 100 GeV/c. This results in a mass resolution of ~ 22
MeV/c? (~ 15 MeV/c?) at the B—meson mass for two body (four body) B decays, see
Fig. 3.12.

VELO tracks are used to reconstruct primary vertices [66]. The resolution improves
significantly with the number of tracks used to reconstruct the vertex. This number ranges
from 5 (minimum required) up to 100. Fig. 3.13 shows the PV resolution for the x, y
and z coordinates in 2011 data, as a function of the number of tracks entering the PV
reconstruction.

A distinctive feature of events containing B or D decays, is the existence of a sec-
ondary vertex (SV) separated from the PV, due to the large lifetime of these particles.
Equivalently, particles created in these SV's will have a sizable impact parameter ! (IP)
with respect to the primary interaction. A natural way of showing the power of the LHCb
track and vertex reconstruction is through the precision achieved in the determination of
the IP and the proper—time. Fig. 3.14 shows the IPx (x projection of the IP) and IPy (y
projection of the IP) resolutions as a function of 1/pt for 2011 data and their comparison
with those for MC simulation. The proper—time resolution is at the level of 50 fs. This

1The impact parameter is defined as the geometrical distance between a track and a certain vertex,
normally the PV.
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Figure 3.13: PV resolution in x, y (left) and z (right) coordinates in 2011 data as a fucntion
of the number of tracks entering the PV reconstruction.
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excellent precision allows the fast B9-BY oscillation to be resolved, with an oscillation
frequency of Ams = 17.768 4 0.023(stat) & 0.006(syst)ps~!, as measured by LHCb [67]
(see Fig. 3.15).

3.3.2 Particle Identification Detectors

Key features for the physics at LHCb, such as the ability to tag the flavour of B mesons
or to reject backgrounds that are kinetically and topologically similar to the signal, are
only possible if particle identification is available. Distinction between different species of
long lived particles is achieved at LHCb with

e two Ring Imaging Cherenkov (RICH) detectors, for K—m separation;

e the Calorimeter System, made of a Scintillator Pad Detector and Preshower (SP-
D/PS), and electromagnetic calorimeter (ECAL) and a hadronic calorimeter (HCAL),
that provides identification of electrons, photons and hadrons with measurements
of position and energy;

e the Muon detection System, made of five stations labelled M1 to M5, used to
identify muons that have passed through the calorimeters.
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Figure 3.15: Decay time distribution for BY — D_ 7" candidates tagged as mixed (different
flavour at decay and production; red, continous line) or unmixed (same flavour at decay and
production; blue, dotted line), used in the LHCb measurement of Ams.

3.3.2.1 RICH detectors

LHCb has two RICH detectors, covering different momentum ranges. RICH1, located
upstream of the dipole magnet, is optimised for low momentum particles, from 1 to 60
GeV/c, and uses aerogel and C4F1g as radiators. RICH2, placed downstream of the
tracking stations, covers larger momenta, from 15 up to and beyond 100 GeV/c, using
a CF4 radiator. RICH1 covers the full LHCb acceptance from +25 mrad to 300 mrad
(horizontal) and +250 mrad (vertical). RICH2 has a limited angular acceptance from
~ £15 mrad to £120 mrad (horizontal) and 100 mrad (vertical), where high momentum
particles are abundant.

The Cherenkov light produced by particles traversing the radiators is reflected out
of the spectrometer acceptance by a combination of spherical and flat mirrors. Hybrid
Photon Detectors (HPDs) are used to detect Cherenkov photons in the wavelength range
200-600 nm. Fig. 3.16 shows the layout of both RICH detectors.

3.3.2.2 Calorimeter system

The calorimeter system is used to select transverse energy (E7) hadron, electron and
photon candidates for the first level of the trigger (LO) and to provide the identification
of electrons, photons and hadrons as well as the measurement of their energies and
positions.

LHCb uses an electromagnetic calorimeter (ECAL) followed by a hadron calorimeter
(HCAL) to identify electromagnetic and hadronic showers, respectively. They are both
sampling devices composed of alternating layers of scintillator and absorber, lead in the
case of the ECAL and iron in the HCAL. Fig. 3.17 (right) shows, as an example, the in-
ternal structure of one HCAL cell. Longitudinal segmentation in the electromagnetic
shower, needed to distinguish et from the overwhelming background of neutral and
charged pions, is achieved with the installation of a Scintillator Pad Detector (SPD) and a
Preshower (PS) detector before the ECAL. A thin lead converter is installed between the
PS and SPD. In all calorimeters scintillation light is transmitted to the Photo—Multipliers
(PMTs) by wavelength—shifting (WLS) fibres.
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Figure 3.17: Left, Energy deposition pattern in the different subdetectors of the calorimeter

system for photons, electrons/positrons and hadrons. Right, a schematic of the internal cell
structure of a HCAL module.

The energy resolution of the ECAL is parameterised as

O _ 0 0 €
F_\/Eng@E (3.1)

where a, b and ¢ stand for the stochastic, constant and noise terms respectively. The
stochastic and constant terms have been measured to be 8.5% < a < 9.5% and b ~
0.8%, in good agreement with the design resolution. For the HCAL the energy resolution
has been determined to be og/E = (69 +5)%//(E) ® (9 £2)% (E in GeV).

The Calorimeter PID makes use of the energy deposition along these detectors to

identify the particles. Fig. 3.17 (left) shows a sketch of the energy loss in the SPD, PS,
ECAL and HCAL for different particles.
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Figure 3.18: Side schematic of the muon system.

3.3.2.3 Muon system

The Muon System provides fast information for the high—pt muon trigger at LO and muon
identification for the High Level Trigger (HLT) and offline analysis. It is composed of five
stations labelled M1 to M5. M1 is placed in front of the calorimeter preshower, while M2
to M5 are located downstream of the HCAL, interleaved with three iron absorbers, see
Fig. 3.18.

Multi-wire proportinal chambers (MWPC) are used in the five stations, with the
exception of the inner region of station M1, where the high particle rate requires the
use of triple gas electron multiplier (GEM) detector. M1-M3 have good resolution in
the x coordinate (bending plane) in order to provide track direction and pt measurement
with ~ 20% precision. M4 and M5 are mainly designed to identify the most penetrating
particles.

3.3.2.4 Particle ldentification

Charged particles are identified using combined information from RICH detectors and
calorimeters, while, neutrals (photons and neutral pions) are identified by just using energy
deposits in the calorimeters.

RICH PID The main role of the RICH system is the identification of charged hadrons (7,
K, p), although it also helps in the identification of e and . Cherenkov rings are predicted
for each track under different particle hypotheses, and compared with the distribution of
photons found on the photodetectors. Fig. 3.19 shows the display of a typical LHCb event
in RICH1 and the reconstructed Cherenkov angle as a function of the particle momentum
for isolated tracks selected in data.

An overall likelihood is computed for all the tracks in the event and minimised by
changing the particle hypothesis for each track [68]. The final results of the particle
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Figure 3.19: Reconstructed Cherenkov angle as a function of a track momentum in the
C4F1p radiator (left). Display of a simulated LHCb event in RICH1 (right).
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Figure 3.20: Left, kaon identification efficiency and pion misidentification rate measured on
data as a function of track momentum, with two different cuts in AlogLy /. Right, proton
efficiency and kaon misidentification fraction as a function of momentum with two different

cuts in AlogL, k.

identification are differences in the log—likelihood values AlogL, which give for each track
the change in the overall event log—likelihood when that track is changed from the pion
hypothesis to each of the electron, muon, kaon and proton hypothesis. Fig. 3.20 left
demonstrates the kaon efficiency (kaons identified as kaons) and pion misidentification
(pions misidentified as kaons) as a function of particle momentum, obtained for different
requirements in AlogLy /. The analogous plot for proton efficiency and kaon misidenti-
fication is shown in Fig. 3.20 right.

CALO PID Asin the case of the RICH detectors, the discrimination of different species
of particles (mainly photons, electrons and hadrons) in the CALO PID is achieved by
means of a log—likelihood computed with the information of the energy deposits in the
different regions of the calorimeters.

A description of the algorithms used in the calorimeter particle identification can be
found in [69,70]. The electron ID performance was evaluated using B* — J/y(ete™ )K=
candidates selected in 2011 data [71]. Fig. 3.21 shows the CALO electron ID effi-
ciency and misidentification rate as a function of the momentum, for different cuts in
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Figure 3.22: Muon ID performance for different cuts in the muon likelihood. Left, muon iden-
tification efficiency vs. momentum. Middle, pion misidentification rate vs pion momentum.
Right, kaon misidentification rate vs. kaon momentum.

AlogL¢/p. The efficiency of reconstructing and selecting photons was also studied with
2011 data [72], comparing the yields of B* — J/9yK*+ (KT %) and Bt — J/4K* decays
(0 = yy).
Muon ID Muon ID is based in the fact that almost all particles able to go through the
calorimeters and hit the muon stations are indeed muons. Trajectories reconstructed in
the tracking system are extrapolated to the muon stations and hits are searched for in a
certain field of interest around the extrapolation. A muon likelihood is then built with the
identity and position of those hits and used to identify the muon candidates [73].

The Muon ID performance was studied with 2011 data [74]. Fig. 3.22 shows the
muon identification efficiency and the pion and kaon misidentification rate as a function
of the track momentum, for different requirements on the muon likelihood.

Combined PID Finally, for charged particles (e, u, 7, K, p), the information from the
two RICH detectors, the calorimeters and the muon chambers is combined into a global
log—likelihood difference between a given PID hypothesis, a, and the pion hypothesis,

L
AlogL,/x = log(L4) —log(Ly) = log [Ea] . (3.2)
™
Therefore, the log—likelihood difference between two particle hypothesis a and b is simply
Ly
AlogL,/p, = AlogL, /5 — AlogLy, /e = log | (3.3)
b
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Chapter 3. The LHC beauty experiment

Table 3.1: TCKs used during the 2011 data taking period and their the corresponding
integrated luminosity.

TCK Integrated Luminosity

0x5a0032 68 pb !

0x6d0032 100 pb~!
0x730035 196 pb~t
0x740036 5.2 pb~t

0x760037 208.7 pb~!
0x790037 39.3 pb!
0x790038 363.4 pb~!

3.3.3 Trigger System

The amount of data generated by LHC collisions is too high to be directly stored. There-
fore, a fast initial selection, or trigger, is needed to reduce it without discarding the
events that are more interesting for the physics analyses. The LHCb trigger was designed
to reduce the rate of visible interactions (those with at least two reconstructibe charged
tracks) from the nominal ~ 10 MHz, down to ~ 3 kHz, the maximum allowed by the long
term data storage resources [75]. Characteristic B or D mesons events contain tracks
with non-zero impact parameter with respect to the PV and high transverse momenta
(pt) with respect to the beam axes. LHCb trigger exploits this signatures to enrich the
proportion of interesting events in the recorded data.

The LHCb trigger is divided in two steps [76]: the Level-O Trigger (LO) and the High
Level Trigger (HLT). The LO is a hardware trigger, implemented using custom made
electronics, whereas the HLT is a software based trigger executed on a processor farm,
called the Event Filter Farm (EFF), composed of several thousands CPUs. The 3 kHz
HLT output rate is saved for permanent storage and offline analysis.

The combination of all the selections implemented in HLT, together with the LO
configuration, form a unique trigger with its associated Trigger Configuration Key (TCK),
an hexadecimal label used to identify the trigger configuration used in a specific run. This
label is stored for each event together with the information about the trigger lines that
selected it. Table 3.1 shows the different TCKs used during 2011 data taking period.

3.3.3.1 Level-0 Trigger

The function of LO is to reduce the input data rate to 1 MHz, at which value the entire
detector can be read out. The L0 decision is taken by the Decision Unit (DU), based on the
information collected, syncronously with the 40 MHz clock, from selected subdetectors:

e transverse energy (Et) of calorimeter clusters produced by electrons, photons, neut-
ral pions or charged hadrons (L0Calo).

e pr of the muon or dimuon candidates in the muon system (LOMuon).

e Multiplicities in the SPD.
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3.3 LHCb detector

The LOCalo [77] computes the transverse energy deposited in clusters of 2 x 2 cells.
The transverse energy of a cluster is defined as

4
Er =) Ejsing; (3.4)
1=1

where E; is the energy deposited in cell / and 6; is the polar angle, relative to the z-axis, of
the position of the centre of cell /. The identification of the particles producing the clusters
relies on the energy deposits across the calorimeter (see Fig. 3.17 left). Additionally, the
total E+ is also computed to reject crossings without visible interactions and to veto
triggers from muons of the beam halo.

The LO muon trigger [78] makes use of a fast stand—alone muon reconstruction. The
muon candidates are built searching for hits on a straight line in the five muon stations
pointing towards the interaction point. The pt of the track can be also measured with a
resolution of 20%. The two largest pt muon candidates are selected for the decision.

The total number of cells of the SPD which have a hit is used to evaluate the charged
track multiplicity and to reject high occupancy envents.

All this information is collected by the LO DU and combined with calibration and
random triggers into one decision per crossing, with a maximum latency of 4 us. This
decision is passed to the front-end electronics of all subdetectors, which pick-up the data
from the relevant events from buffers and send them to the EFF.

3.3.3.2 High Level Trigger

The HLT is a C++ application which runs on every node of the EFF [56]. All calorimeter
clusters and w tracks selected by the LO trigger are passed to the HLT as different kinds
of LO objects. The HLT is subdivided into two stages. The first stage (HLT1) uses a
partial event reconstruction to reduce the 1 MHz LO output rate to 43 KHz. This rate is
sufficiently low to perform a complete event reconstruction in the second stage (HLT?2).

The possible primary vertices are calculated from full 3D reconstructed VELO tracks.
The offline pattern recognition in the tracking stations is then applied to those VELO
tracks that have a larger probability to belong to a signal event, in different HLT1 lines.
A fast muon identification is performed on the events triggered by muon candidates at
LO. Requirements on the IP of the tracks with respect to any PV reduces the rate of the
non—muonic trigger lines. Minimum momentum and transverse momentum requirements
are then applied.

After the rate reduction achieved by the first stage of the HLT, a full reconstruction
of the event is possible (see Sect. 3.3.1.4). In HLT2, the different tracks are combined to
form composite particles (J/¢ — utu=, K*0 — K*r~, ...) used as input to the different
inclusive and exclusive selection. Inclusive selections, based on the topology of b—hadrons
decays, form a large share of the HLT2 output rate of 3 KHz. These require at least
two charged tracks in the final state and a displaced secondary vertex [79]. Exclusive
selections require all the decay products in a specific decay chain to be reconstructed.
After HLT2 50% of the rate consists of inclusive hadronic triggers, 25% are triggers on
leptons and the remaining rate comes from exclusive triggers.
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Figure 3.23: Average number of visible pp interaccions as a function of the fill number during
2010 (left) and 2011 (right), compared with the design value (red dashed line).

3.3.3.3 Trigger performance

The LHCb trigger was able to cope remarkably well with the non—standard conditions
imposed by the LHC machine during 2010 and 2011, when the average number of visible
pp interactions per bunch crossing was ~ 2.5 and ~ 1.5 respectively. The trigger efficiency
for several representative physics channels was calculated using 2011 data [80].

LHCb is planning to upgrade the detector in 2018 [81,82]. This upgraded detector
will feature a fully software based trigger.

3.4 LHCb running conditions during 2010 and 2011

The study presented in this thesis is based on the data recorded by LHCb during 2010
and 2011 from the proton-proton collisions at a centre-of-mass energy of /s =7 TeV
provided by the LHC.

The first data taking period, during 2010, was devoted to comissioning and estab-
lishing confidence in the operation of the LHC, and so the running conditions changed
continuously. A total integrated luminosity of 37 pb~! was delivered during this period.
Furthermore, although the LHC operated with only 10% of the nominal number of bunches
per beam, ~ 80% of the design instantaneous luminosity was achieved at LHCb by chan-
ging the focussing of the beams at the interaction point. This led to an increase in the
average number of visible interactions per bunch crossing, u, with respect to the nominal
number, see Fig. 3.23. A higher u implies a rise of the readout rate per bunch cross-
ing, the event size and the processing time. LHCb, and in particular its trigger system,
showed great flexibility to cope with this continuously changing and non-standard running
conditions.

In 2011, the LHC running conditions were more stable. During the early data taking
period, the number of bunches colliding at LHCb steadily increased from 180 to 1296,
which is about half of the final design number of bunches in the LHC machine. From
then on, peak luminosities at LHCb were leveled in order not to exceed 3-3.5 x 1032
cm~2s~!, which corresponds to an average u ~ 1.5, almost a factor four higher than
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LHCDb Integrated Luminosity at 3.5 TeV in 2011
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Figure 3.24: Integrated luminosity as a function of time during 2011.

design. Fig. 3.24 shows the integrated luminosity as a function of time for the 2011 data
taking period, during which a total integrated luminosity of 1.0 fb~! was collected by
LHCb.

During both periods, luminosity leveling allowed LHCb to mantain constant the in-
stantaneous luminosity during each fill, see Fig. 3.25. The orientation of the magnetic
field was also frequently changed, in order to record approximately the same amount of
data with positive (B, > 0) and negative (B, < 0) magnet polarity. This procedure
minimises the impact of detection asymmetries of oppositely charged particles in the final
measurements.
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Figure 3.25: Instantaneous luminosity at ATLAS, CMS and LHCb vs. time during a typical
LHC fill. The luminosity leveling yields a constant luminosity for LHCb.
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Phenomenology of
BY — KKt )K*¥ (K wh)

Among the numerous two-body charmless decays of the Bg mesons, the decay BS —
K*0K*0 is of special interest. On one hand, the final state of this decay is a CP-eigenstate,
which makes it particularly suitable for the study of CP-violation. On the other hand,
the presence of two vector resonances in the final state means that this process in fact
represents three different decays, one for each of the three possible helicities of the vector
mesons. Therefore, a larger number of observables are available compared to the decays
into PP or PV final states (P = pseudo-scalar, V' = vector).

Moreover, when a neutral vector meson is detected via its decay V. — PP’, there
is usually an indistinguishable contribution coming from the decay of a scalar resonace
S — PP’ or from scalar non-resonant PP’ production [83,84]. It is necessary thus to take
into account these additional contributions, which in the case of B? — K*9K*0 extend
the total number of amplitudes to six '. These configurations, commonly referred to as
“S—wave amplitudes”, will be shown to be also linear combinations of CP-eigenstates,
able to generate additional CP-violating quantities in the interference with the “P-wave
amplitudes”. This CP-violating observables can be measured without knowledge of the
decay time or flavour (B2 or BY) of the decaying BY meson, and can thus always be
determined, even from samples with modest statistics.

4.1 The B — V'V angular distribution

Consider the B meson decay into two neutral vector mesons, B — V4 V5, where V4 and
V% undergo two-body strong decays into pseudoscalar particles: Vj — hi{H; and Vb —
h>H»>. As already mentioned, this process is usually described by three helicity amplitudes
according to the three possible helicity configuration of the vectors in the final state.
Using the helicity formalism [85], the total amplitude can be written as

M(B = ViVh) o< Y Ax(mr, mp)e™Pdy o(61)d2y o(62) (4.1)
A=0,+1

where X is the helicity of V4 and Ax(m1, mo) is a helicity amplitude depending on the
mass of the two vectors: m; = M(hy, H1) and ma = M(hs, H2). The angles describing

1Other B2 — VV decays might not need as many new amplitudes. For example, in B® — ¢¢ the
most general description is achieved with only five amplitudes due to the presence of identical particles in
the final state [8]
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Figure 4.1: Definition of the angles involved in the analysis for the B? — K*0K*0.

the decay are shown in Fig. 4.1, 61(o) is the angle between the direction of hy(oy and the
direction opposite to the B meson momentum in the rest frame of V;(5) and ¢ is the angle
between the decay planes of the two vectors in the B rest frame. The Wigner d-matrix
elements involved can be expressed as

(I—m)!

dh () = (] P™(cos6) (4.2)

with P/"(cos0) representing the Associated Legendre Polinomials. It is useful to rewrite
the total amplitude in terms of the transversity amplitudes,

1 1
Ag = Ao, A= —= (AL +A), A =—(AL—A)), 4.3
0= Ao I \@( + ) L \@( + ) (4.3)
since they correspond to final states with definite CP-eigenvalue (n; = mo = 1 and

nL=-1).

In the particular case of B? — K*0(892)K*°(892) (V; = K*? and \» = K*7), with
hy = Kt Hy = =, h, = K—,Ho = m+. However, the Km mass spectrum does not
correspond to only a K*O(892) meson. Instead, the spectrum is a mixture of resonances
with different spin (J = 0, 1, 2), their interferences and nonresonant production. To take
these contributions into account, additional amplitudes should be included in (4.1).

In the next section, the decay rate for BY — (KTm~), (K~7"), is calculated. Since
the contribution from J = 2 resonances in the mass region of the K*9(892) is expected
to be very small, only the contributions with J; > = 0, 1 will be considered.

4.2 The B? — (K*tm™)(K~7") model

The most general description of the decay Bs — (KT7~) (K~ 7),, when the K7 pairs
are required to be in a narrow mass region around the K*°(892), i.e. only the S—wave
(J; =0) and P-wave (J; = 1) production of the K7 pairs are considered, is given by six
decay amplitudes. In addition to the usual three amplitudes corresponding to the decay
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into two vectors — commonly called P-wave amplitudes —, the S—wave amplitudes:

AVS . B— \/1 (h2H2)0
As\/ . B—>(/’71/‘/1)0 \/2
Ass © B—(hiH1)g (h2aH2)g,

need to be taken into account !. Extending (4.1) to include these contributions and using

the transversity amplitudes to describe the P—wave component, the differential decay rate
can be expressed as

A1)
\/i

d°r
’ sin 81 sin 6> cos @

7 N
df2dmidmodt

—

Ao(t) cos by cos by +

+i A\L/(;) sin 01 sin 6> sin @ )Ml(ml)Ml(mz)
- A\isfét) cos 61 My (m1) Mo(mz)
+ AS\Vf\Q()t) COSQQMo(ml)Ml(mz)
— 2550 o) Mo(ms) | (4.4)

where the dependence of each amplitude with the two body effective masses m; = M(h;H;)
has been made explicit in terms of the P—wave and S—wave mass propagators, M1 o(m).
These propagators will be described in more detail in Sect. 4.3.1.1. The time evolution
induced by BS—ES mixing is encoded in the time-dependence of the amplitudes Ax(t).

Note that, unlike the K*OK*0 final state, the S-wave configurations SV and VS
defined in (4.4) do not build CP-eigenstates. Nevertheless, one may consider the following
quantum final states:

1

st = — (KK 1)) + (KT )oK*O
s™) \@O ( Jo) +1( )oK*?))
1 _
sT) = — (IKUK 1)) — (KT )oK*® 4.5
57 = 5 (KK )o) — (K1 )oK ™) (4.5)
which are indeed CP-eigenstates with opposite CP-parities (n+ = —1 and n— = +1).

Therefore, by introducing

1
Aj = ﬁ (Avs +Asy), A

- 2 (Avs — Asv)., (4.6)

the decay rate (4.4) can be reformulated in terms of CP-odd and CP-even amplitudes

'The subscript ( ), denotes the relative orbital angular momentum, J, of the pair.
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(the SS final configuration is a CP-eigenstate with nss = 1) as follows,

d°r
rdf2dmidmodt

= N ‘ (Ao(t) cos 671 cos By + alle) sin 61 sin 6> cos @
V2
Al (t)

7 sin 01 sin @ sin @ )Ml(ml)Ml(mg)

(cos @1 M1 (m1)Mo(mz) — cos B Mo(mi) Mi(mo))

+i

_AL()
V6

A (t)
NG (cos 01 M1 (m1)Mo(mz) + cos b2 Mo(m1)Mi(mz))

ASS 2
—?Mo(ml)Mo(ﬂh)

21
= N Kn(t, my, m)Fy(£). (4.7)

n=1

In the last equality, a more compact formulation of this decay rate has been introduced.
The functions K, contain the dependence with the different amplitudes entering the decay
and F, give the angular distribution associated with each amplitude combination. These
functions are shown in Tables 4.1 and 4.2.

In order to write down the rate corresponding to the CP-conjugated decay, Eg —
(K=t) ,, (KTm™),,, the amplitudes Ay need to be substituted by the corresponding A
in (4.7). Also, the decay angles for the conjugated process 2 : {61, 6-, @} can be related
to 2:{61,62, 0} by

6 = 6
52 = 6

and the two body invariant mass My ) must satisfy
M2y = My(1). (4.9)

This is easily understood by considering BY — K*®K*9. As noted in the previous section,
in the decay B — V1 V5, the helicity angles are defined with respect to the momenta of
Vi and Vo, In BY — K*K*0, \; = K*0 and Vb, = K*0. On the other hand, in the
CP-conjugated decay B2 — K*0K*0, \j = K*¥ and Vb = K*0. That is, the indices 1 and
2 have been exchanged and the decay variables become those in (4.8) and (4.9). Note
that this transformation is equivalent to the exchange Ak (t) — mxAk(t), where 7y is the
CP-eigenvalue associated to the amplitude Ak, and so the decay rate for BY decays can

be written as
21

d°r -
=N Rn(t, my, mo)Fp(£2) (4.10)
n=1

demldmg

where F,(£2) are the same functions as in (4.7).
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Table 4.1: Values of the K, and F,, functions listed in (4.7). The time dependence is encoded
in the amplitudes, i.e. Ax = Ax(t).

n Kn(t, m1, mo) Fn(£2)
1 | Ao 2| M1 (m1) 2| M1 (mo)]? cos2 01 cos? 05
2 AP M (me)]2 M (mo)]? 1 sin? 6y sin? 6, cos?
3 AL My (m) P M (m2) P 3 sin” 61 sin” B2 sin” @
4 R(A A M1 (my)? M1 (m2)]? ﬁsin 26 sin 265 cos
5 S(ALAS) M1 (m1) 2| M1 (m2)? —2%@ sin 261 sin 265 sin @
6 S(ALAD M. (m1) 2| M (m2) P —2sin? 0y sin? 6, sin 2¢
7 3IAT + ACPIML(my) P Mo(mp)[? 5 cos? 6
8 i§R( AL AGM (m2) Mo(m2) 2 2

V2 73 Cos 01 cos 65

+AS AGM (m2) Mo(m2) ) M (1)

Z=R( AL ATM (o) Mo(m2)

o
S,_\
N

—% sin 261 sin 6> cos ¢
AT ATMG (m2) Mo(m) ) M (mn)

1 +\* *
10 E%< (AS)"ALMo(m2) Mo(m2) %sin 261 sin 6> sin @
+(AS) ALME(m2) Mo(m2) ) [ M (ms)
1 + Ax *
11 \ﬁ%< A Ass Mo (mi)Mi(my) 37\2/§C0591

+AZ Ags MG (m) Ma(my) ) [Mo(m2)
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Table 4.2: Values of the K, and F,, functions listed in (4.7), (cont).The time dependence
is encoded in the amplitudes, i.e. Ax = Ak(t). The mass function in K7 is defined as
C(m1, ma) = Mi(m)Mg(mz) Mo(m1) Mi(ms).

n Kn(t, m1, my) Fn(£2)
12 AT — AT 2| Mo(m) P Ma (m2) 2 L cos? 6,
= R( AFAIM: M
13 NG ( s AgMi1(m2) Mo(m2) %cos@l 052 6

—AZ AGME (m2) Mo(m2) ) [ M (m2)

14 \2%< A;FATIMT(’W)MO(’W) ﬁsin 01 sin 20> cos
— AL ATMEG (ma) Mo(im) ) [ M (m2) 2

15 \23< _(Aj)*AiMS(nD)MO(mﬂ —% sin @7 sin 26> sin @
_(A;)*ALMS(WD)MO(”D)) | My (mp)[?

o (AT AZSME(m)Ma () 2

V2 33 cos 05

— A7 Ass M (my) Ma (mn) ) |Mo(m: )

17 (IAfP = A5 1%) %(C(ml, m2)> —1 cos6; cosbs
+23 ((AF) A7) %(C(ml, mz))

18 [Ass I Mo (mn) P Mo(m2) 5

19 %(ASSASM*{(ml)M*{(mg)Mo(ml)Mo(mg)) —2 cos 6 cos 0>

20 %(ASSAWMT(ml)MI(m2)MO(m1)MO(m2)) —@ sin 1 sin 62 cos @

21 %(ASSAjM’{(ml)MI(mg)Mo(ml)Mo(mg)) gsin 01 sin @ sin @
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4.2 The BY — (Kt7~)(K~7") model

4.2.1 Time evolution

The time evolution of the states |B2(t)) and |B2(t)) induced by B2-BY mixing was de-
scribed in section Sect. 2.2.1.2. As a consequence of the oscillation, the helicity amplitudes
in the angular distribution are also time-dependent and follow

Adt) = (KHw|BY(D) = [g+(t)Ak+nng_<t>A‘k]
Adt) = (KIHy|BY(1) = [gg_<r>Ak+nkg+<t)Ak] (4.11)

where A = (k|Hy|B2) and Ay = (k|Hw|B?) are the amplitudes at t = 0. As noted
above, all the final states considered are CP-eigenstates, i.e. |k) = CP|k) = n¢|k), with
CP-eigenvalue ny = 1 for k=10,||,S~,SS and n = —1 for k =1,S* !

If the time dependence of the different amplitudes is made explicit, every function
Kn(t, mi, ma) can be written as

1 Al't ATt
Kn(t, my, my) = Eerst an(my, my) cosh <2> + bp(my, my) sinh (2)
“+cp(my, my) cos (Amst) + dn(my, my) sin (Amst)}
(4.12)

where the coefficients a,, b,, ¢, and d, contain combinations between the amplitudes at
t = 0 and the mass-dependent propagators. The values of these coefficients are given in
Tables A.3 to A.6 in Appendix A.

It is easy to identify CP-violating quantities when taking a closer look at the coefficients
an, by, ¢y and d,. There are four kinds of such observables:

e direct CP asymmetries: R[A(A%, — AcAL] (for k = k', they become the familiar
|Ak|? — | Ax|?), present in the coefficients a, (n=8—11)and ¢, (n=1-4,7,13—
16,18, 20, 21);

e indirect or mixing-induced CP asymmetries: S[(AfAx + AcAw*)e M), present in
the coefficients b, (n =8 —11) and d, (n=1—4,7,13 — 16, 18,20, 21);

e triple product asymmetries: S[A| A} — A1 Agl, present in a, (n=5,6,17,19) and
C12,

e mixing-induced triple product asymmetries: S[(AL A} + Aperp Ax)e™"®M], present
in b, (n=5,6,17,19) and di».

An equivalent expression to (4.12) can be found for the K, functions,

_ 1 Alt _ Alt
Kn(t, my, my) = Eerst an(m1, my) cosh <2> + bp(my, my) sinh <2>

+Cn(m1, mo) cos (Amst) + dp(my, mo) sin (Amst)}
(4.13)

1The CP-eigenvalues can be understood in terms of the total angular momentum of the final state.
States with L =0, (§S, S~ and a comnination of 0 and ||) or L = 2 (a different combination of 0 and ||)
are CP-even, while those with L =1 (1, S™) are CP-odd.
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where the time-independent coefficients @,, b,, &, and d, can be obtained from ap,
bn, ¢, and d, by exchaging Ax <> mcAx and inverting the sign of the mixing phase
¢m = arg(p/q). At this point, it is straight forward to show that

an=40a,, bya=b,, Ch=—-cn, dn=—dp,. (4.14)

This means that, in order to measure all the CP-violating observables listed above, it is
necessary to distinguish between BY and B2 decays.

4.3 Untagged analysis

The term flavour tagging (B-tagging, or just tagging) usually refers to the different tech-
niques used to determine the flavour of the B meson at production time. The efficiency
of this tagging process is generally low, of the order of a few per cent [86], since it relies
on the identification of a flavour specific decay of the accompaning B meson to infer the
flavour of the signal B, and viceversa, (different algorithms use the decays of the mesons
produced in the hadronisation of the b quark). Based on the limited statistics expected
for the B? — K*0K*0 decay?, only the untagged analysis has been attempted.

The coefficients ¢, and d,, and so most of the direct and undirect CP asymmetries,
can not be measured if separation between B and B is not available, since they vanish in
the untagged decay rate,

5 _
<dd_(2d(m/—1:rnl;2jt> = % N Z(Kn(t, ml,mz)—F/’_(n(f, ml,m2)) Fn(£2)

n

= N Z (an cosh <A2/—t> + b, sinh <A2/—t>> Fn(£2).

(4.15)

Nevertheless, the CP-violating observables encoded in the coefficients a, and b, still
survive. These quantities can be determined by performing asymmetric integrals over the
three angular variables. This will be explained in more detail in Sect. 4.3.2.

Additionally, the CP-averaged branching fraction and polarisation fractions for BS —
K*0K*0 can be determined with no information about the B meson flavour or decay
time, and compared to their SM prediction given in Sect. 2.3.2. In the next section the
time-integrated model in the context of the Standard Model is obtained.

! The analysis presented here is based on 1.0 fb~! of pp collisions at v/s = 7 TeV collected by LHCb
during 2011. At that energy, the bb production cross section in the forward direction (2 < 1 < 6) has
been measured to be o,z = 75.3+14.0 pb [87]. Taking the BY hadronisation fraction, f; = 0.1074+0.005
from [31], the expected number of B? — K*°K*° events can be calculated as

2
N = Lint X 2 X 0,5 X fgo X B(B2 — KK x <§> X € ~ 700

A branching fraction of 107 has been assumed for the B? — K**K*® decay and the factor % is the

branching fraction for K** — K*7n~. The efficiency of triggering, reconstructing and selecting this
particular channel at LHCb (g) is of the order of 1% (see Sect. 6.6).
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4.3 Untagged analysis

4.3.1 Time integration in the Standard Model

The porlarisation fractions of B? — K*®K*0 can be determined from a time-integrated
analysis of the untagged sample. In the SM, every amplitude taking part in this process
(and the corresponding decays into S—-wave final states) can be approximated by the
dominant penguin contribution. Therefore, they can be parameterised as

A = |Ay]e®ei¥p/2 (4.16)

where 0 is a strong phase and ¢p is the weak phase associated to that penguin contri-
bution and is common to all the amplitudes. Under this approximation, no CP violation
in the decay is possible and so |Ax| = |Ax| Vk. Also, the triple product asymmetries
a, (n=15,6,17,19) become zero'. Moreover, as discussed in Sect. 2.3.2.3, the global
CP-violating weak phase, ¢s = ¢p — P, is zero for this decay, which implies that all the
mixing-induced triple product asymmetries b, (5, 6,17, 19) vanish as well. Consequently,
the interference terms among A, and the CP-even amplitudes (Ao, Al As and Ass)
disappear from the final decay rate. Likewise, Al will only interfere with the CP-odd
amplitude A, since the direct and indirect CP asymmetries, a, and b, with n =8 — 11
are also zero?. The decay rate obtained after these approximations is given in Appendix A.

The last step is to perform the time integration of the decay rate. Assuming no
experimental bias in the B meson lifetime distribution3

o0 Alt 1/1 1
—Tst
e 'stcosh| — ) dt = = +>,
/o <2> 2</—H I

o0 Alt 1/1 1
e "*!sinh| — |Jdt== =— — — 417
/o < 2 > 2</_H /—L> (417)

and the untagged time—integrated decay rate can be written as

d®(r+r 21

PDF(2, my, mo) = ((W) — N ;Kn(ml,mg)Fn(Q) (4.18)
with the F, and K, functions defined in Table 4.3. A redefinition of the global amplitude
phase would not change the decay rate, therefore only differences between strong phases
can be measured. Therefore, the convention g = 0 is taken and the rest of the phases
are measured relative to the phase of Ag. Note also that the phases §, and &6} only
enter the decay rate through their difference, meaning that they can not be measured
individually. The mass propagators Mg 1(m) are described in the next section. Unitarity
is ensured by requiring

Aol + [AY? + AL + AL P + A2 + [Ass|? = 1. (4.19)

12T hese quantities are proportional to sin(¢x — @) with k # k' and therefore they vanish if the weak
phase is the same for all amplitudes.

3The lifetime of the B meson is actually biased by the requirements imposed in the signal selection, but
its global effect in the decay rate integration is expected to be small, O(Al ty) (to being the turn-on-value
of the acceptance function).
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Chapter 4. Phenomenology of B? — K*O(KTn—)K*O(K— ™)

Table 4.3: Untagged time—integrated PDF terms, assuming SM (¢, =
$q=0). Ax = Ac(t =0).

¢; Vk, Il and 2¢x +

n Fn

1 AP My (m1) 2| My (m2) 2 cos? 6, cos? 6,

2 %’A”!2|M1(m1)l2|/\/l1(m2)|2 Lsin? 0y sin? 0 cos? @
3 AIALPIM:(my) ]2 My (mp) 2 Lsin? 01 sin? 6y sin @
4 7 1A [[Ao| cos &y | My (mr) P Mo (mp) 2 T\lﬁsin%l sin 265 cos
5 fsm 267 sin 2605 sin @
6 2sm 26, sin? B> sin 2¢p
7 AT ATy Aty () Pl Mo (m2) 2 Lcos?6;

8 7*|A || Ao|R(e’s M5 (m2) Mo(mz))| My (my)[? —% cos? 61 cos 6>
9 7%| ||AH|3%(€'(55 oM (m2) Mo(m2)) My (my)[? —\%sin 267 sin 65 cos @
10 7/—%|A+||AL|C\( /(01— 6+)M0(m2)M0(m2))|M1(m1)| \%sin 201 sinB>sin @
11 5 AT [1AssIR(e® ~059) Mg (my) Ma (m) | Mo(m2) 2 2= cos6,

12 LA AT Mo(my) 2Ma (m2) 2 L cos?0,

13 —7ﬁ|A || Ao|R(e0s M (m1) Mo(my))| Ma(ms2)[? \%C0591 cos? 0>

14 TF—L]A || Ay [R(e =00 M3 (my) Mo (m1))| Mo (m2)[? g Sin 1 5in 26, cos
15 A IATIALIS(E O DM (m)Mo(m)) Ma(m2) P~ sinfysin 262 sin
16 —7/—%|A ||Ass|R(e'Cs =058 M (mp) M1 (mn))| Mo (m)[? —%cos@z

17 (‘A/—i2 lA ‘ YR(MT (M) Mg(ma) Mo(mp)M1(m2)) —1 cos6; cos b
18 /TL|ASS| | Mo(my) 2| Mo(m2)]? 3

19 71 Ass|| Ao R(e"05s M5 (mr) M (m2) Mo (m1) Mo(my)) —2 cos 6 cos b

20 /—%|ASS||A||m(ej(éss_é”)/\/l’{(ml)M?{(mz)Mo(MﬂMo(mz)) —gsmﬁ sin 6> cos
21 gsinelsinegsinw




4.3 Untagged analysis

4.3.1.1 Invariant mass propagators

In the present analysis, there are five variables in the fit, namely three angles and two
masses. In this section the mass propagators used in the analysis for the K™~ and
K~m* pairs with angular momentum zero(S—wave) and one (P-wave) are described.

The K P-wave

Similarly to the analysis described in [37], for the KT P—wave amplitude (K*, K*°) the
resonant masses are parameterised with a relativistic spin-1 Breit-Wigner propagator [30],
mgrl1(m)

Ra(m) = (m2, — m?) — imgly(m)’ (4.20)

where the subscript 1 means that the angular momentum is equal to one. The mass-
dependent width is given by

B mR1+r2q2R q 3
r1(m)=r, m 1172 \an (4.21)

where mg and g are the K*°(892) resonance mass and width, r is the interaction radius
and g is the momentum of a daughter particle in the resonance rest frame:

V(M2 = (ma+ mg)2)(m? — (ma — mB)z)_

T (4.22)

q(m, ma, mg) =

where ma and mg are the daugther masses (ma = myg, mg = my in this case) and gr is
this momentum evaluated at the resonance nominal mass, m = mg. The values of the
P—wave propagator parameters are summarized in Table 4.4.

The propagator (4.20) can also be re-written as:

_ L o i61(m)
Ri(m) = cotor(m) =i sind;(m)e (4.23)
where
m2 — m?
té =R 4.24
co l(m) le_l(m) ( )

and here, §1(m) is the phase shift.

The K S-wave

In a narrow mass window around the K*O pole, the K7 system is close to the production
threshold, and the presence of a low mass resonant structure in the / = 0 partial wave
is described by means of a standard scattering length and effective range parameterisa-
tion. This parameterisation, which effectively describes the contribution of the K3(800) or
k(800) spin-zero meson, is used in conjunction with a relativistic Breit-Wigner correspond-
ing to the K§(1430) resonance, also spin-zero, which is wide enough to contribute with
its left tail to the above region of interest. The relative phase of both scalar contributions
is actually determined by S—matrix unitarity, and gives rise to a popular parameterisation
of the S—wave propagator Ro(m), used for the first time by the LASS experiment [88],
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Chapter 4. Phenomenology of B? — K*O(KTn—)K*O(K— ™)

Table 4.4: Values of the spin dependent resonances used in the analysis. The mass of the
resonance is my, [ is the width, r the interaction radius, a the scattering length and b is
the effective range.

(Km)0 K*(892)° K3(1430)°

J=0 J=1 J=2
mgr(MeV) 1435+5+5 895.81+0.19 14324+13
I'r(MeV) 279+ 6+21 47.440.6 10945
r(Gev1) 3.0+05 27+13

a(Gev™l) 1.95+0.09+0.06 - -
b(Gev™1) 1.76 +0.36 +0.67 - -

1 2/5[3 1
— — 4.2
Ro(m) o cotdg — I te cotde(m) — i (4.25)
where
cotdg = ! +1b (4.26)
P~ aq "2 q '
and
2 2
t =K 4.27
cot 6o (m) mrTo(m) (4.27)

with e2/% being the factor required by S—matrix unitarity, mg the nominal mass of the
K§(1430) resonance, a the scattering length and b the effective range. The mass-
dependent width, [o(m), is defined as

mr (q
Fo(m) = r=—" (cm) (4.28)

with the same meaning of g and gr as above. The parameters of the S—wave propagator
can be found in Table 4.4.

The LASS parameterisation is known to provide a good description of the data of
many experiments, including those where the K7 system is produced from B—meson
decays [37,89]. The presence of the K3(800) or ~(800) resonance has been shown to
be compatible with the LASS data [90], and this meson is by now a well established
resonance, where the pole position in the complex s—plane has been determined with a
high degree of consistency [91].

As an alternative to the LASS parameterisation, a more explicit model can be chosen
where a spin-0 Breit-Wigner propagator (BW) is used for the K§(800) meson in a linear
superposition with the K;(1430), usually referred to as an Isobar model

'Ro(m) =Q BW(m,.;, /_,.;) "‘ BW(mKSO(1430), I—K80(1430)) (429)

where o is a complex constant, which can be determined from the data. In the analysis
present in this thesis, the LASS parameterisation was taken as the baseline model, albeit
a full discussion of the results obtained following the isobar model, and their comparison
with the main fit results, can be found in section 6.5.4.6.
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4.3 Untagged analysis

Phase space factor and Normalisation

The invariant amplitude in each case is proportional to R (m) [16,37]:

M, = /\/J%RJ (4.30)

where N, is a complex constant with two purposes. Its magnitude fixes the normalisation
of the mass propagators to guarantee the definition of the squared amplitudes as fractions
of different partial waves in the mass range considered. The constant phase is chosen to
redefine the overall propagator phase at the nominal mass of the K*® resonance to be
zero. This sets the definition of the S—wave amplitude phases (67, §; and dss) as the
phase difference between the S—wave and the P—wave amplitudes (in particular Ag, since
8o = 0 is assumed) at the K*° nominal mass.

To account for the four-body kinematics, the total squared amplitude is multiplied by
the phase space factor

d®4(P; p1, p2, p3, Pa) = . dk0qgoqedmidmod cosfid cosfodp  (4.31)

2
3(2m)10 m
where gg is the momentum of the K*® or K*? in the B? rest frame and -0 (Gg0) is
the momentum of the K+ (K~) or 7~ (7) in the K*® (K*?) rest frame. The mass of
the 5_9 meson is represented by mg, my is the invariant mass of the K™~ pair and m»
is the invariant mass of the K= ™ pair.

4.3.1.2 Forward-Backward asymmetry

The interference between the P and S—waves in the B — (h1H1)(haH>) decay creates
an asymmetry about 7/2 in the distribution of the polarisation angles 6; and 6> [92].
This asymmetry is given by the terms linear in cos6; > (terms 8, 11, 13, 16 and 19 in
Table 4.3). The forward-backward asymmetry originates from the different number of
events with cos 6, positive and negative and can be calculated by integrating the angular
distribution in cos#@; in the positive and negative ranges. For example, the number of
events with cos6; positive (negative) Ng (Ng) at a given value of the mass, my, is
defined by

Ne(my) = /01 {///PDF(_Q,ml,mg)dcosegd(pdmg}dcosél (4.32)

0
/ {///PDF(Q,ml,mg)dcosézdwdmg}dc0591 (4.33)
-1

where PDF is the full angular distribution given by 4.18. Equivalent expressions can be
obtained for cosf, by exchanging the subscripts 1 and 2 in 4.33. By computing the
integrals above, the following expression for the forward-backward asymmetry is obtained
(i=1,2)

Ng(m1)

Ne(mi) — Ng(mi) _
Ne(m;) + Ng(m;)
V3 éR((AO(A;)* - A’gSA;)Ml(m,-)MS(m/))

= 50 L (434)

Ars(mj)
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Figure 4.2: Asymmetry in cosf as a function of the K'm mass for different values of A, (left,
with a fixed value of §s = 0) and ds (right, with a fixed value of A; = 0.20)

where the denominator, D(mj), is given by

pm) = (14el+ (1 LA '2)> M ()P

2 Iy 'n
o (1AS12 AD R
(L (AR LAY Laep) iMomz. (435)
2 My 'n

and |Ap|? has been used to denote the sum |Ag|? + |Ay[> + (/) |AL]2.

The shape of Afgp is illustrated in Fig. 4.2 for different values of the amplitude AZ
(left) and its phase difference with respect to the longitudinal polarisation Ag (right). The
magnitude of the later amplitudes are responsible of the strength of the asymmetry as
function of myy. Also § affects to the shape of Arg by changing its my, derivative.

4.3.2 Triple products and Direct CP asymmetries

As introduced in Sect. 2.3.2.5, two CP-violating TP asymmetries arise in B — V'V decays
that are proportional to the interference terms between the CP-odd amplitude A, and
the two CP-even Ag and Aj. In order to determine these CP-violating quantities a full
angular analysis is not needed. Instead, it can be shown that they can be obtained from
the following asymmetries in the azimuthal distribution, ¢, [41]

I"(sign(cos B cosBy) sinp > 0) — ["(sign(cos By cos ) sinp < 0)
I"(sign(cos 01 cos B2) sinp > 0) + (sign(cos 6y cos ) sinp < 0)
22 S(ALAs — ALAY)

A =

= 4.36
™ Ao+ A+ AL + AT + 145 P + [AssP (439
20 _ [(sin2¢ > 0) — [(sin2¢ < 0)
T 7 I(sin2¢p > 0) + (sin2¢p < 0)
B 4 %(AJ_AW - AJ_AW) (4 37)

Ao+ AR+ AL + AT + A5 2 + |Ass|?
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4.3 Untagged analysis

When the S—wave contribution is taken into account, two more CP-even amplitudes, Ag
and A, are subject to interference with A . Asymmetric integration of the decay rate,
analogous to 4.36 and 4.37, can be worked out to measure these two new quantities.
Namely,

23 _ I"(sign(cos B + cosB2) sin > 0) — [(sign(cos by + cosBr) sinp < 0)
T I(sign(cosB; + cosfz)sinp > 0) + [(sign(cos by + cosBa)sinp < 0)
32 [S((ALAT* — ALATY) Mi(m)ME(m)) dm

- 4.38
51v/3 Aol + A + 1ALE + |ATI2 + 15 2 + | Ass? (+39)
A4 _ [(sing > 0) — (sinp < 0)
T I(sing>0)+ (sinp <0)
_3m [S((ALASs — ALALs) Ma(m)Mg(m)) dm (4.39)

T AV2 AR+ AR+ AL + AT 2+ AT 2+ |Ass)?

Since AY is also CP—odd, its interference terms with the CP—even amplitudes change
sign when going from BY to BY decay rate. In particular, these terms have the form
R(ATA}L), with k =0, ]|, s, ss. Consequently, new CP-violating quantities arise in the the
untagged decay rate in the form Re(A*A* A*A*) These terms have the structure of a
direct CP asymmetry. There are actually four ofthem accessible from Bs — KT~ K- w
decays, which from now on will be designated as A (/ =14).

Parameterising each amplitude as Ay =) ; ake"ske"t’k, these terms can be written as
follows

Re(AT A, — AT AL) = =2 " al,dfsin(6L — &) sin(dl: — ¢)). (4.40)

and are only nonzero if the weak phase difference between two amplitudes is not zero. As
in the case of the TP asymmetries, these quantities are very small in the Standard Model
(O(X?)) and the measurement of a large value for any Ag) would imply the presence of
New Physics. These quantities can also be determined from the following asymmetries in
the angular distribution

["(cos 61 cosBr(cos by — cosby) > 0) — [(cos by cosby(cosh; — cosby) < 0)
I"(cos 6y cosBr(cos B — cosbr) > 0) + [(cos by cosBz(cosfy — cosby) < 0)
_ V2 | 9 R((ATAG — AT A Mo(m)Mi(m)) dm
5V/3 | Aol + A2+ [ALR + AT ]2 + |AS ]2 + |Ass 2
5 [ R (AL ASs — AL AGs)Mi(m)Mg(m)) dm
[Aol? + A2 + |ALIZ + AL 2 + |AS |2 + |Ass|?

1
AR —

(4.41)

A2 _ ["((cosB1 — cosBr) cosp > 0) — [((cosfy — cosby) cosp < 0)
D ((cosy — cosBa) cos > 0) + ((cosh; — cos ) cosp < 0)

- f?R( (AFAT ~ A*AW)Mo(m)Mf(m» dm
53 [Ao2 + |A| 12+ |ALPR + [AL ) + [AS|? + |Ass|?

(4.42)
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3) _ ((cosfy —cosbz) > 0) — [((cosf — cosb) < 0)
Ay = — —
I"((cos 61 — cosbr) > 0) + [((cosfy — cosby) < 0)
_2V2 | B[ R((ALAS — ALAS) Mo(m)M;(m)) dm
5vV3 | [Aol? + A2 + AL + [AL]? + |AS |2 + | Ass 2
5[ R ((AFALs — AT AL ) Ma(m)Mg(m)) dm (4.43)
Aol + A2 + |ALI? + AL P + |As |2 + |Ass|? '
A®) _ I((cos? @1 — cos?B3) > 0) — [((cos? §; — cos? 6,) < 0)
D ((cos?2 01 — cos?263) > 0) + ((cos? 6; — cos?6,) < 0)
R(ATAF — AFAC*
_ ( s’s s’'s ) (4'44)

|Aol? + [A) 12+ |ALI? + |AT 2 + |AS |2 + |Ass ?

4.3.3 Summary of the analysis strategy

The analyses presented in this thesis focus on the determination of the observables acces-
ible to the untagged sample. In Chapter 5, the study of the first LHCb data (37 pb™1)
that lead to the discovery of the B — K*°K*9 mode is described.

Chapter 6 summarizes the update of those results with a larger data sample (1.0 fb_l).
The CP-averaged branching fraction and polarisation fractions for BY — K*®K*0 were de-
termined through the study of the angular distribution of the four body (K*7~)(K~n™)
final state, under the assumption of CP-conservation, following the Standard Model pre-
diction. A model independent search for New Physics was also performed by measuring
the four (CP-violating) TP asymmetries and four direct CP asymmetries associated with
the interference between BY — K*°K*9 and the different S—wave contributions.
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First observation of BY — K*0K*0

During 2010, LHCb collected the first pp collisions delivered by the LHC at a centre-
of-mass energy of /s = 7 TeV. A data sample of corresponding to 37 pb™? of integrated
luminosity was recorded. In this chapter, the analysis of these first data, which led to the
first observation of the BY — K*OK*0 decay, is presented.

5.1 Introduction

Before the start of the LHC, the decay channel B? — K*9K*9 had never been observed.
Only an upper limit for the its branching fraction of 1.68 x 10~2 at 90% confidence level
(CL) had been reported by the SLD experiment [93].

On the U-spin related channel, the b — d transition B% — K*0K*0 there is still some
controversy. First, BaBar reported its discovery (with a 60 statistical significance) and
a measurement of its branching fraction of (1.281935 +£0.11) x 107 [94]. In the same
paper, a measurement of its longitudinal polarisation fraction of f; = 0.80t8;13 + 0.06
was reported. A few years later, Belle set the upper limit B(B° — K**K*%) < 0.8 x 107

at 90% CL [95].

The strategy of the analysis detailed in this chapter can be summarized as follows.
First, a set of selection requirements was defined to identify the signal candidates, i.e.
BY — K*OK*0 decays where the K*® (K*0) resonances decay subsequently into K+~
(K~m"). This selection was optimised to reject most of the background while keeping
the efficiency for the signal as high as possible.

Then, the four-body (K7~ K~ 7") invariant mass spectrum of the signal candidates
was analysed in order to extract the number of events corresponding to BS decays and
determine the statistical significance of such a signal. The branching ratio of the signal
can then be computed by comparing the observed number of signal candidates to the
number of candidates for a reference decay channel with known branching fraction. In
this case, the 82 — J/9¥K*0 decay was chosen as the reference mode.

Additionally, a simplified version of the angular analysis presented in Chapter 4 was
performed, using only candidates with a mass in a narrow window around the BS meson
mass, with the objective of measuring the polarisation fractions of the B? — K*0K*0
decay.
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Chapter 5. First observation of B — K*0K*0

5.2 Data sample and Event selection

5.2.1 Data and Monte Carlo samples

As explained, the present analysis is performed using the 2010 LHCb dataset, which
includes ~ 37 pb~*! of integrated luminosity taken at \/s = 7 TeV. The data belong to the
Reco08-Strippingl2 campaign, and have been reconstructed with Brunel v37r8p6 [96]
and analysed with DaVinci v26r3 [97].

Two Monte Carlo samples were used in this analysis, corresponding to the decays
B — K*K*9 and BY — J/¥K*?, that were modeled using EvtGen [98]. Both samples
belong to the Monte Carlo production MC10, and were generated with the software
corresponding to the Gauss release v39r0 [99], which uses GEANT4 v92r4 [100] for the
full detector simulation. Then, they were reconstructed using Boole v21r9 [101] and
Brunel v37r8p5.

The pp interactions have been simulated assuming a beam energy of 3.5 TeV and an
average number of interactions per crossing v = 2.5, which corresponds to an average
number of visible interactions per crossing of u = 1.75.

5.2.2 Event selection

In order to search for the decay process B? — K*O(KTn~)K**(K~7*) a number of
offline selection criteria were applied. When a four-track secondary vertex is found, the
reconstructed momentum of the BY candidate is used to calculate the smallest impact
parameter with respect to all primary vertices in the event. Tracks are required to have
ptr > 500 MeV/c, and a large impact parameter (IPx? > 9) with respect to any PV.
The difference in the natural logarithm of the likelihoods of the kaon and pion hypotheses
must be greater than 2 for KT and K~ candidates, and less than O for #+ and 7~
candidates. In addition, the K7 combinations! must form an acceptable quality common
vertex (x?/ndf < 9, where ndf is the number of degrees of freedom in the vertex fit) and
must have an invariant mass within £150 MeV/c? of the nominal K*9 mass (this is around
+3 times its decay width [16]). The K*0 and K*O candidates must have pr > 900 MeV/c
and the distance of closest approach (DOCA) between their trajectories must be less than
0.3 mm. The secondary vertex must be well fitted (x?/ndf< 5). Finally, the BY candidate
momentum is required to point to the PV.

To improve the signal significance, a multivariate discriminant is defined that takes
into account the properties of the B? — K*O(K*n=)K*0(K~m™) signal, as well as those
of the background. This discriminant, in particular a geometrical likelihood (GL) [11,102],
takes the following set of variables as input:

° BS candidate impact parameter with respect to the closest primary vertex.
e Decay time of the B? candidate.
e Minimum IPx?2 of the four tracks with respect to all primary vertices in the event.

e DOCA between the two K*O trajectories reconstructed from the pion and kaon
tracks.

1This expression refers hereafter to both charge combinations: K™m~ and K~ 7.
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5.3 The B? — K*9K*0 signal
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Figure 5.1: Left: \/SSTB as a function of the GL cut. The optimal GL cut was found to be

~ 0.24. Right: Invariant mass versus GL scatter plot for BY — K*°K*? candidates in data
before any GL cut.

e pr of the BY candidate.

For a given input sample, the above distributions are converted into a set of uncorrelated,
Gaussian-distributed variables. Two vectors are defined for each event indicating its dis-
tance to the signal {S;} and to the background {B;} hypotheses by means of x% =53 S,-2
and x,zg => B,-2, where the index / runs over the five discriminating variables indicated
above. The quantity Ax? = x% — x% is found to be a good discriminant between the
two hypotheses and is used to construct the GL function in such a way that it is uni-
formly distributed in the range [0, 1] for signal events and tends to have low values for the
background. The GL was trained using a fully reconstructed B? — K*9K*0 simulation
sample for the signal, and a selected background sample from the first 2 pb~! of data

(Stripping09), which is not used in the analysis.

The GL selection requirement was determined by maximising the figure of merit 5B

where S and B are the number of events from the testing signal and background samples
that survive each cut in the GL. The optimal cut was found to be GL>0.24 (see Fig. 5.1
left). The GL requirement together with the above selection criteria, resulted in the mass
spectrum in Fig. 5.2 for the selected K™m~ K7t candidates. Fig. 5.1 shows that the
events with masses below the signal region have on average slightly higher GL values than
those with masses above. This indicates the presence of a background from partially
reconstructed B decays.

5.3 The BY — K*9K*9 signal

5.3.1 Four-body invariant mass fit

The invariant mass M(K™, 7=, K=, m") of the selected canditates was then analysed.
The model used to describe the data includes four different components. The signals
from Bs(ay — K*tm~K~mt decay modes are described by two Gaussian probability dens-
ity functions (PDF) centred at the B° and BY masses respectively and sharing a common
width. A decreasing exponential models the combinatorial background. Finally, the back-
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Figure 5.2: Fit to the KTw~ K~ w™ mass distribution of selected candidates. The fit model
(dashed pink curve) includes a signal component that has two Gaussian components corres-
ponding to the BY and B decays. The background is described as an exponential component
(dotted blue) plus the parametrisation described in (5.1) in the text (dash-dotted green).

ground coming from partially reconstructed B-decays is parameterised as follows:

M/2 Y
PhysBkg(M) = M’ (1 - I\/l,%) O(M, — MYe "M & G(M — M;ap), (5.1)
where © is the Heaviside-step function, ® represents the convolution, M’ is the variable
over which the convolution integral is calculated, G(M — M’; o)) is a Gaussian PDF with

standard deviation o, and M, and k, are free parameters. With this model,

/(M) = NBS G(M—mB(SJ,U)+NBO G(M—mB0,0')
+Ngkg (f, PhysBkg(M) + (1 — f,) e~ M) (5.2)

an extended maximum likelihood fit was performed to the four-body mass spectrum of
the selected candidates. The fit results are given in Table 5.1. The measured BY signal
yield in a window of +50 MeV/c? around the B? mass is Ngo = 49.8 & 7.5(stat.). The
width of the BY peak is in good agreement with the LHCb resolution measured in decays
with similar kinematics such as B — J/ab ¢.

In order to calculate the significance of the B signal, the fit was repeated excluding the
B signal component!. According to Wilks' theorem [103], the variation in the negative
log-likelihood between both fits follows a x?(Andf) distribution, where Andf = 1 is the
difference in number of free parameters between the model with and without the B2 signal.

1For this test, the mass and width of the Bs(qy signals were fixed to those obtained from independent
LHCb measurements in B — J/9¢ and Bg — J/¥K* respectively: mgy = (5362.88 & 0.84) MeV/c?,
mgo = (5275.75 & 0.47) MeV/c? and o = (18.80 % 0.73) MeV/c?.
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5.3 The B? — K*9K*0 signal

Table 5.1: Fitted values of the model parameters for the mass spectrum, as described in the
text. Ngo and Ngo are the number of events for the B2 and B signals, mgo is the fitted B2
meson mass and o is the Gaussian width. The mass difference between B2 and B was fixed
to its nominal value [16]. Ngkg is the number of background events in the full mass range
(4900-5800 MeV/c?), and ¢, is the exponential parameter of the combinatorial background
model. M,, o, and k, are the parameters of Eq. (5.1). Finally, f, is the fraction of the
background associated with Eq. (5.1).

Parameter Value
Ngo 50.1+ 7.5
Ngo 112+ 43
Ngkg 90 =+10
Mgy (MeV/c?) 5362.5+4.8
o (MeV/c?) 21.24+3.3

cp (10-3(MeV/c?)1)  —3.37+0.55
kp (1072(MeV/c2)™1) 55 453

fo 0.065.05
My (MeV/c?) 5170 + 170
op (MeV/c?) 37+ 23

Therefore, it is possible to turn this number into a probability according to x?-statistics,
and from there to a Gaussian standard deviation. The obtained significance was 10.9 o.
The peak at the B% mass, though not significant, is compatible with the B% — K*0K*0
branching fraction measured by BaBar [94].

5.3.2 BY — K*K*0 purity

As previously explained, among the BY — (K*7~)(K~7") candidates identified in the
previous section, not all of them correspond to BY — K*9K*0 events. In particular, scalar
resonances (and non resonant production) in the K7 spectrum can not be distinguished
from the vector-vector decay without further analysis.

The K7 mass combinations of the candidates with a four-body invariant mass within
a 50 MeV/c? window around the BY signal were studied. A maximum likelihood fit in
the (Mk+x—, Mk-r+) plane was perfomed. Three components were included in the signal
model, namely a double Breit-Wigner distribution describing B2 — K*®K*9 production,
a symmetrized product of a Breit-Wigner and a nonresonant linear model adjusted for
phase-space in the K7 mass, and a double nonresonant component.

The non-B2 component under the peak, which is essentially combinatorial background,
was included in the fit with a fixed yield determined from the results in Table 5.1. The
shape of its mass distribution was extracted from a fit to the Km mass spectrum observed
in two 400 MeV/c? wide sidebands below and above the BY mass. The sizeable K*°
contribution present in this background was taken into account.

The fit result, as shown in Fig. 5.3, gives (62+18)% K*°K*® production. A model for
BY — K*0K*0(1430), representing a broad scalar state interfering with BY — K*0K*0
was also studied. The small number of events made it impossible to measure precisely
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Figure 5.3: Background subtracted K*@w~ and K~m™ combinations for selected candidates
within a £50 MeV/c? window of the BS mass. The solid blue line shows the projection of
the 2D fit model described in the text, indicating the K*© K*? yield (dashed-dotted red line)
and a nonresonant component (blue dotted line), assumed to be a linear function times the
two-body phase space. The dashed red line indicates the overall BY — K*°X contribution.

the size of such a contribution for all values of the interfering phase. However, for values
of the phase away from /2 and 37/2 it was determined to be below 12%. Further study
of this issue requires a larger data sample and was postponed until the 2011 data was
available, see Chapter 6.

Additionally, other four-body B decays that could possibly fake a B2 — K*0K*? signal
were also searched for; in particular, decays into charmed mesons like BY — Dg(—
KTK=m~)m". However, as the K*® meson is light compared to the BY meson, the
invariant masses of the three-body systems Kt K7 and K7~ 7+ are rather high, above
those of the charmed hadrons. This kinematically excludes the possibility of contamination
from b — ¢ decays with very short charm flight distance.

5.4 Analysis of K*? polarisation

Due to the small number of events available, a full mass-dependent angular analysis as
the one propossed in Sect. 4.3.1 was not attempted. Instead, a mass integrated study of
the angular distribution of the decay products, assuming no contamination from the S—
wave amplitudes, was performed. Under these assumptions, the four-particle KT~ K~ w+
distribution in the three helicity angles, 81, 6> and ¢ (defined in Fig. 4.1), is described
by the three transversity amplitudes Ag, A and Ay. In a time-integrated and flavour-
averaged analysis, and assuming no CP-violation arises in this decay as the Standard Model
predicts, the angular distribution is given by
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5.4 Analysis of K*O polarisation

1
PDF (61,62, ¢) = /_—|A0|2cos291c05292
L
1 2l 0y o 2
+/_—|AH| 5 sin 61 sin” 65 cos” @
L
+/_—|AL| 5sin 61 sin” 6> sin“
H
1 1 . .
+FL27@|AL||AH|c056” sin 261 sin 265 cos . (5.3)

The measurable parameters of this PDF are the relative fraction of each of the amplitudes,
usually referred to as polarisation fractions,

_ | Ao k|
|ALIZ + A% 4 [ALI?

fi K k=|,L, (5.4)

and ), the phase difference between Ag and A. The definition (5.4) implies that fL+f+
fi1 = 1. The constants [ 4 are the total widths of the light and heavy mass eigenstates
of the Bg—system, respectively, and their values were fixed to those obtained from the
total BY decay width, Ic = (I, + 4)/2, and the width difference, Als = I, — Iy,
reported in [16].

The effects induced by the detector geometrical acceptance, and the reconstrucction
and selection processes need to be taken into account before comparing (5.3) to data.
These effects were determined using simulated B — K*K*9 events and were described
in terms of the acceptance function €, as a function fo the three decay angles. The
acceptance function was found to be compatible with being constant in ¢. In contrast,
it has a significant dependence on the K*® polarisation angle 81. The two-dimensional
angular acceptance function, g(cosfq,cos6,), drops asymmetrically as cosf; , becomes
close to £1, as a consequence of the minimum p and pt of the tracks imposed by the
reconstruction and selection . This effect is more important for the limit cosf — +1,
i.e. when the ™ meson is emitted backwards with respect to the K*9 momentum. This
acceptance function is shown in Fig. 5.4.

The Monte Carlo simulation of the K*® acceptance was extensively cross-checked
using the BY — J/9K*? control channel, taking advantage of the fact that the K*C
polarisation in this channel was measured at the B-factory experiments [104, 105]. This
acceptance shows no appreciable difference between K*9 and K*°, and a small average
correlation, given the size of the simulated sample. Consequently, the one-dimensional
acceptance €g(cos 6) has been used as the basis of the analysis, and it has been determined
it in five bins of cos. Since the longitudinal polarisation fraction for the Bg — J/PK*0
channel is well measured, a comparison between data and simulation is possible. Agree-
ment was found including variations of the angular distribution with longitudinal and trans-
verse K*0 momentum. In the region cos@ > 0.6 these variations were four times larger
than for lower values of cosé.

The background cos 8 distribution was studied in two 200 MeV/c? sidebands, defined
below and above the Bg signal region. Like the signal, it showed a dip close to cosf = +1

!This notation refers to a generic 6 angle, and will be followed from now on unless differences between
61 and 6, become relevant for the discussion.
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Figure 5.4: Left: Global 2D angular acceptance €(6;,8,) calculated using BY — K*0K*0
simulated events. Right: Projections of the previous acceptance function into cos6; (red)
and cos 6, (blue).

and it was parameterised as €4 X (1 + (G cosf). A one parameter fit for 8 gave the result
B =-0.18+0.13.

An unbinned maximum likelihood fit was then performed to the data in a 50 MeV/c?
window around the BY mass, in the region cos < 0.6, according to the PDF

F (61,02, ) = (1 — a)eq(61)e6(62)1(61, 62, ©)
+a(1+Bcosbr)(1+ B cosbr)eg(61)eg(62).
(5.5)

The background fraction a was determined from the fit to the BY mass spectrum described
in Sect. 5.3.1. Only three parameters were allowed to vary in the fit, namely f., fj and
the phase difference §j;.

One-dimensional projections of the fit results are shown in Fig. 5.5. The consistency of
the measurement in various regions of the K*° phase space, and of the impact parameter
of the daughter particles, was checked. The experimental systematic error on f; was
estimated from the variation of the measurements amongst those regions to be 0.03.

The acceptance for B2 — K*°K*0 is not uniform as a function of proper decay
time due to the cuts made on the IP of the kaons and pions, and a small correction
to the polarisation fractions, of order 3%, was applied in order to take into account
this effect. It was calculated from the variation in the measured polarisation amplitudes
induced by including a parametrisation of the time acceptance in Eq. 5.5. Note the
different correction sign for each polarisation fraction, as a consequence of the fact that
Al # 0.

The sensitivity of the f; measurement with respect to small variations of the cosf
distribution has been tested. These variations could be attributed to experimental effects
not accounted for in the simulation or to interference with other partial waves in the
KT system. A high statistics study using 82 — J/4K*® muon triggers revealed a small
systematic difference between data and simulation in €g(cos) as cosf approaches +1,
which was taken into account as a correction in our analysis. When this correction in varied
by £100%, f; varies by £0.02 which was consider as an additional source of systematic
error. The total systematic on f; is thus +0.04.
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Figure 5.5: cos6 (above) and ¢ (below) acceptance corrected distributions for events in the
narrow window around the BY mass. The blue line is the projection of the fit model given by
(5.3) for the measured values of the parameters f, fj and §;. The dotted lines indicate +10
variation of the f; central value.

Finally, the K*0 longitudinal polarisation fraction f; = 0.314-0.12(stat.) £ 0.04(syst.)
is measured, as well as the transverse components f” and f| . In the small sample available,
the CP-odd component f| appears to be sizeable f; = 0.38 + 0.11(stat.) 4= 0.04(syst.).
A significant measurement of ¢ could not be achieved () = 1.47 + 1.85).

As seen in (5.3), due to a nonzero Al™ time integration changes the relative proportion
between the various terms of the angular distribution, with respect to their values at t = 0.
Denoting the polarisation fractions that would have been measured under the assumption
A =0 as 2 , it can be shown that the measured values are

Al
o= 1+ mr 5.6
= (1+n5r) (56)
with CP eigenvalue nx = +1,+1,—1 for k = L, ||, L. Given the current knowledge of
Al /T [16], the magnitude of the correction to f, amounts to 4.6%, and the associated
systematic error related to the Al uncertainty is 2.6%, which has been neglected in
comparison to other sources.

5.5 Determination of B(BY — K*0K*0)

The results of the previous sections can be brought together to provide a determination of
the branching fraction of the B2 — K*0K*? decay based upon the use of a normalisation
channel with a well measured branching fraction.

5.5.1 Selection of the control channel

The decay channel BY — J/9K*9, with J4p — utu~ and K*® — KT7~, was chosen as
the normalisation channel. This decay has a similar topology to the signal, allowing the
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Figure 5.6: Fit to the mass distribution of selected B — J/9K*© events. The dashed red
curve is the Gaussian component for the B signal. The green dashed-dotted line accounts
for partially reconstructed B — J/9X (see Eq. 5.7). The pink hatched region accounts for
a possible BY — J/ih ¢ contamination, parameterised as a sum of two Crystal-Ball functions
[106]. The combinatorial background is parameterised as an exponential and indicated as a
blue dotted line.

selection cuts to be harmonised, and it is copiously produced in the LHCb acceptance. The
presence of two muons in the final state means that B — J/4K*? tends to be triggered
by a muon rather than a hadron, leading to a higher efficiency than for BY — K*0K*0. The
differences in the trigger can be mitigated by only considering Bg — J/9K*? candidates
where the trigger decision was not allowed to be based on muon triggers that use tracks
from the decay itself.

The offline selection criteria for B§ — J/$K*® were designed to mimic those of
B? — K*OK*0_ In particular, all cuts related to the B vertex definition were kept the
same. Also the same GL as for the signal was used.

The knowledge of the selection and trigger efficiencies for both the signal and nor-
malisation channels is also needed . The overall detection efficiency was factorised as
€€l x €9, The first factor €€/ is the probability of the generated tracks being ac-
cepted in the LHCb angular coverage, reconstructed, and selected. The second factor
€l''9 defines the efficiency of the trigger on the selected events. Both are indicated in
Table 5.2, as calculated from Monte Carlo simulation, along with the number of selected
events. Note that the branching fraction measurement depends only on the ratios of
efficiencies between signal and control channels.

The event yield for the selected data was determined from a fit to the Jy KT n—
invariant mass spectrum as shown in Fig. 5.6. In this fit, a constrained J/i) mass was
used in order to improve the B® mass resolution and therefore background rejection. A
component for the particular background source Bg — Jabp, with ¢ — KTK~, was
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5.5 Determination of B(B2 — K*0K*0)

Table 5.2: Selection and trigger efficiencies obtained from simulation. The observed yield
found for the signal and control channels in the full mass range are also indicated. The
efficiency errors are statistical, derived from the size of the simulated samples.

s (%) €19 (%) Yield
BY — K*OK*0 0.370+£0.005 37.12+0.39  425+6.7

BY — J/pK*O 0.547 +0.007 31.16 4+ 0.63 657 + 27
ratio 0.678 £0.013 1.191+0.027 0.065 + 0.011

included in the fit, with a parameterisation defined from simulation, yielding the res-
ult 848 events. The complete suppression of this background was confirmed using the
Armenteros-Podolanski [107] plot for the K*O kinematics. The fit model also includes a
Gaussian signal for the B% meson, a combinatorial background component parameterised
with an exponential function and an additional component to account for partially re-
constructed B — J/4 X [108]. This partially reconstructed component can be described
as

( M;V)Z

if M > pu;

(5.7)

e

[T

o(M, M, u, K) {e (B2, (=)

if M < p.

where the parameters 1, k< and M are allowed to float. The fitted signal according to this
model is indicated in the third column of Table 5.2.

A small fraction of the selected sample contains two alternative candidates for the
reconstructed event, which share three of the particles but differ in the fourth one. Those
events, which amount to 3.8 % (3.7%) in the signal (control) channels, were retained for
the determination of the branching fraction.

5.5.2 Branching fraction determination

The branching fraction of BY — K*0K*0 was calculated through the expression

€seol o
— BY—J/YK*
0 *0 ox0) __ d
B(B2 = KOK™) = A x g4
Bo— K*0K*0
trig
“By w0 Npgkeoieo
trig N .
EBQ%K*OK*O Bg—U/dJK 0
0 *0 fd 9
s

where Byis(BY — J/9¥K*9), the visible branching ratio, is the product B(BY — J/9pK*0)x
B4 — wtu™) x B(K*® — K*Tn~). The numerical value of B(BY — J/9K*0) =
(1.3340.06) x 1072 is taken from the world average in [16], B(J/p — utu~) = 0.0593+
0.0006 [16] and B(K*® — K*™mn~) = 2/3 [16]. The ratio of b-quark hadronisation
factors that accounts for the different production rate of B° and Bg mesons is fs/fy =
0.253 £ 0.031 [109]. The factor 9/4 is the inverse square of the 2/3 branching fraction
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of K*0 — KT7~. The number of candidate events in the signal and control channel data
samples are designated by Ngo_, ;w0 z:0 and NBSHJ/wK*O-

The correction factor Ay, is motivated by the fact that the overall efficiency of the
LHCb detector is a linear function of the K*° longitudinal polarisation f;. Taking into
account the measured value and errors reported in section 5.4, Monte Carlo simulation
was used to estimate Ay, = 0.812 & 0.059.

Two sources of systematic uncertainty associated to the ratio of selection efficiencies
have been considered. The first source results from discrepancies between data and
simulation in the variables related to track and vertex quality, and the second is related to
particle identification. A small difference observed in the average impact parameter of the
particles was corrected for by introducing an additional smearing to the track parameters
in the simulation [110]. While the absolute efficiencies vary significantly as a function
of vertex resolution, the ratio of efficiencies remains stable. We have assigned a 2%
uncertainty to the ratio, after comparison between simulation and the Bg — J/z/zK*O
data. The K/ identification efficiency was determined using a sample of BY — J/¢K*°
events selected without making use of the RICH detectors. As the signal channel contains
one more kaon than the control channel, a correction factor of 1.098 £0.019 was applied
to the branching fraction, and a 2% error was assigned to it. The efficiency of muon
identification agrees with simulation within 1.1% [111]. All these factors are combined
to produce an overall systematic uncertainty of 3.4% in the ratio of selection efficiencies.
The uncertainty in the background model in the BY mass fit (£2 events) contributes an
additional systematic error of 4.7%.

Trigger efficiencies can be determined, for particular trigger paths in LHCb, using the
data driven algorithm described in [112]. This algorithm could be applied for the specific
hadronic triggers used for B§ — J/¢K*?, but not for the small BY — K*9K*9 signal. The
efficiency related to cuts on global event properties, applied during the 2010 data taking, is
determined from J/1) minimum bias triggers [111]. The result indicates a trigger efficiency
of (26.8£3.8)%, smaller than the simulation result of (31.164+0.63)% shown in Table 5.2.
Although these are consistent within uncertainties, we nonetheless apply a —9% correction
to the ratio of trigger efficiencies between BY — J/9K*® and B? — K*°K* channels,
taking into account correlations in the trigger probability. A systematic error of 11% was
assigned for the uncertainty on the trigger efficiency, entirely limited by statistics, both in
the signal and control channels. Detector occupancies, estimated by the average number
of reconstructed tracks, are larger by 10% in the data than in the simulation. This implies
an additional correction of +4.5% to the ratio of efficiencies, since the control channel is
observed to be more sensitive to occupancy than the signal channel.

An ~ 8% S-wave contribution under the K*0 resonance in the BY — J/9K*? channel
has been observed by BaBar [105], and the data in a £70 MeV/c? mass interval around
the K* mass [113] yields a (9.0+3.6)% extrapolation to the £150 MeV/c? mass window.
The S-wave background doubles for the K*© K*O final state, and it may certainly have
a different coupling for both channels. Our direct measurement reported in Sect. 5.3.2
of (19+9)% is still lacking precision to be used for this purpose. When evaluating the
branching fraction, we have assumed a 9% S-wave contribution, and assigned a systematic
error of 50% to this hypothesis. A summary of the various contributions to the systematic
error can be seen in Table 5.3.
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5.6 Results discussion

Table 5.3: Estimated systematic error sources in the B (B2 — K*°K*®) measurement.

Systematic effect Error (%)
Trigger efficiency 11.0
Global angular acceptance 7.2
S-wave fraction 5.0
Background subtraction 4.7
Bg — J/YK*® and Jap — 46
wp BR uncertainty '
Selection efficiency 3.4
Total 15.9

The final result is

B(BY — K*K*9) = (2.81 + 0.46 (stat.)
+ 0.45 (syst.)
+0.34 (f;/fy)) x 107°.

As it has been explained at the end of section 5.4, unequal normalisation factors
arise upon time integration of individual polarisation amplitudes with well defined CP-
eigenvalues. This has the interesting implication that the time-integrated flavour-averaged
branching fraction (B;) as determined above cannot be directly compared with theoretical
predictions solely formulated in terms of the decay amplitudes A;° + AHZ + A2 (By).
Meson oscillation needs to be taken into account, since two distinct particles with different
lifetimes are involved. Owing to the fact that A, is CP-odd, the relationship between
these quantities reads as follows

Al
By = B; (1 + F(ﬁ + f|| — fL)> . (5.9)

According to the measurements presented in Sect. 5.4 the quantity f, + fj — L can be
calculated. The correction to the branching fraction is small (3% if current values are
taken for Al"), and thus it has not been applied to the present measurement.

5.6 Results discussion

The b — s penguin decay BY — K*9K*? has been observed for the first time. Using
37 pb~! of pp collisions at 7 TeV centre-of-mass energy, LHCb has found 49.8 £ 7.5
signal events in the mass interval 50 MeV/c? around the BY mass. Analysis of the
KT mass spectra shows that most of the signal comes from B? — K*0K*? with some
S-wave contribution which could not be determined directly from data. The branching
fraction has been measured, with the result B (B2 — K*0K*?) = (2.81 + 0.46(stat.) &
0.45(syst.)+0.34 (fs/fy)) x 1072, The CP-averaged longitudinal K*° polarisation fraction
has also been measured to be f; = 0.31£0.12(stat.) £ 0.04(syst.), as well as the CP-odd
component f; = 0.38 = 0.11(stat.) & 0.04(syst.).

When this measurement is considered in association with that of [94], it is remark-
able that the longitudinal polarisation of the K*0 mesons seems to be quite different
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between BY — K*OK*0 (fi = 0.31 4 0.12(stat.) & 0.04(syst.)) and B® — K*0K*0
(f. = 0.807319(stat.) £ 0.06(syst.)), despite the fact that the two decays are related
by a U-spin rotation. However, the ratio of the branching ratios of BS and B° decays is
consistent with 1/A? where X is the Wolfenstein parameter, as expected.
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Time-integrated angular analysis of
BY — K*0K*0

After the discovery of the BY — K*?K*0 decay channel was established with the ana-
lysis described in the previous chapter, a more detailed study of this process was performed
with a higher integrated luminosity data sample taken by LHCb during 2011. With this
larger dataset, the full angular analysis is feasible allowing an accurate determination of
the S—wave contributions in the B — (KT7~)(K~7") final state. Also, a search for
physics beyond the Standard Model can be performed through the measurement of the
eight CP-violating quantities accessible to this decay.

6.1 Introduction

One of the principal motivation of this work has been the search for possible New Phys-
ics components to electroweak phases in the amplitudes describing the decay Bs —
KTn~K~m" in a mass window of £150 MeV/c? around the K*9(892) resonance for
both KT~ and K~7T systems. As explained in Chapter 4, six amplitudes are needed to
describe such a transition, which is dominated by the B2 — K*9(892)K*°(892) (vector-
vector or VV) and the B? — K#(800)K*0(892)! (scalar-vector or SV) final states.

In an untagged and time integrated analysis, to which this study with only 1 fb~! has
been restricted, CP-violation and T-violation may be observable in 4 triple products and
4 direct-like CP asymmetries measurable from the interference terms [8]. These terms
involve the two CP-odd amplitudes A; (VV) and AF (SV).

Additionally, the full angular and mass analysis of the 4-body final state is presented.
The objective is to determine all magnitudes and measurable phases of the amplitudes
Ao, Al AL, AT AZ, and Ass, under the assumption, supported by the triple product ana-
lysis in Sect. 6.7, that the CP-violating terms are negligible. Taking into account these
results, a determination of the branching fraction of the VV mode is also provided.

Particularly relevant to this analysis has been the measurement of the longitudinal
fraction of the K*°(892) polarisation, and the magnitude of the overall S-wave contri-
bution. Important theoretical activity has been generated in relation to Bs — K*0K*0

1This notation refers to both CP-conjugated final states: BY — K3(800)K*°(892) and B? —
K*°(892)K§(800). Also, throughout this chapter the scalar contribution will be referred to as Kg(800),
which is nonetheless calculated as a superposition of a broad low mass structure and a K3 (1430) relativistic
amplitude.
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decays and their potentiality for CP-violation analysis [4—6, 44], and additional studies
have been issued more recently that include the scalar final states [114].

6.2 Data sample and Monte Carlo simulation

The analysis presented in this chapter is based on the data taken by LHCb during 2011.
This data sample corresponds to 1 fb~! of pp collisions at a centre-of-mass energy of
Vs = 7 TeV. Events have been reconstructed using Brunel v41rl and analysed using
DaVinci v29r2, as corresponds to the Reco12-Strippingl7 campaign.

The Monte Carlo samples used in this analysis belong to the MC11a generation. They
correspond to the decay channels BY — K*0K*0 and B® — ¢K*°. For this simulation, the
pp interactions per crossing v = 2.0, which corresponds to an average number of visible
interactions per crossing 4 = 1.4. The samples were generated using the Gauss release
v41r2 (which uses GEANT4 v94r2p1.p02 for the detector simulation), and reconstructed
using Boole v23r1 and Brunel v41rlpl.

6.3 Event selection and Signal Yield

In this section, the selection requirements used to discriminate the BY — K*®K*0 signal
from the background are presented, together with the study of specific B decays that
could contaminate the selected sample due to its similarities with the signal. Finally, the
study of the invariant mass of the four particles in the final state is described and the
number of B? — (K+n~)(K~m") candidates is measured.

6.3.1 Event selection

Events fulfilling the requirements in the StrippingBs2Kst0KstOLine selection, coming
from any physics trigger line!, were considered. Then, an offline selection very similar
to the one used in Sect. 5.2.2 was applied. Table 6.1 shows the relevant decisions in
each step of the trigger. Stripping and offline selections requirements are summarized in
Table 6.2.

Table 6.1: Trigger lines used for B2 — K**K*0 selection.

Trigger level Trigger lines

LO LOGlobal Decision
Hitl H1t1Phys_ Decision
HIt2 H1t2Phys Decision

To improve the signal significance a Geometrical Likelihood (GL) was introduced after
the cuts indicated above. The GL was trained using truth-matched BY — K*°K*0 MC
events as signal, from the MCl1a generation. As background, a sample of ~ 2 pb~!
of 2010 data selected through the same stripping line was used. The signal region is
excluded from the background sample by imposing [M(KmKm) — mgo| > 30 MeV/c?.
The variables combined into the GL are:

1This means that the candidates do not need to follow any specific trigger path.
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Table 6.2: The signal selection requirements are indicated. The IPx? is defined as the
variation in the fit x? for a given vertex (in this case it refers to the PV) reconstructed
with and without the considered track. The B2 meson candidate flight distance significance
(FDS), is defined as FD/orp, where FD is the distance between the PV and the BY decay
vertex and opp Is the uncertainty in the determination of that distance. BS DOCA is the
distance of closest approach between the K*° and the K*C trajectories. DLL,_, denotes the
logarithm of the ratio between the probabilities of hypothesis a and b. The last two columns
indicates the offline selection cuts, those on the right were applied after the GL definition.

Stripping selection  Offline selection

All tracks pr > 500 MeV

All tracks IPx? >9

All tracks x? <5

K* DLLky > -5 > 2 > 10
K* DLL,_x <10
7t DLLk_ <10 <0

K*9 mass window +150 MeV

K*0 p, > 900 MeV

K*0 vertex x? <9

Bs mass window +500 MeV

Bs DOCA < 0.3 mm

Bs vertex x2/ndof <15 <5

Bs FDS > 15

Bs IPx? < 25

BY — K*OK*0 GL > 0.14
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Figure 6.1: Signal (red) and background (blue) samples distribution in the different variables
entering the definition of the Geometrical Likelihood discriminator and the GL itself.

Lifetime of the BY candidate,

Minimum /Px? of the four daughters track with respect to any the primary vertex,

BY impact parameter,

DOCA between the two K*© candidates,

pr of the B.

Fig. 6.1 shows the signal and background distribution in these variables together with
the response of the calculated GL for signal and background. As expected the GL dis-
tribution is flat for the signal and clusters near O for the background. The optimal GL
cut was obtained by maximizing \/% for 500 B? — K*OK*0 expected events and 5000
background events, quantities chosen to approximate the S/B ratio expected after the
rectangular-cut selection. The obtained result is ~ 0.14, see Fig. 6.2.

The selection requirements and the GL definition presented here are similar to those
used in the analysis of 2011 data. The performace of the overall selection is therefore
similar to what was dicussed in sec:ana,>010.

After the full selection, multiple candidates per event are very rare. Only one event in
the final sample show two different candidates. For the subsequent analysis one of them
was randomly discarded.
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Figure 6.2: S/v/S + B as a function of the GL cut. The optimal GL cut was found to be
~ 0.14 and is idicated by the blue arrow in the plot.

6.3.2 Specific backgrounds

The need to keep a relatively wide mass window around the K*® resonance, could allow
peaking contribution from specific modes in the selected sample, mainly coming through
the mis-identification of one of the four particles in the final state. Harder PID cuts have
been applied in order to veto these crossfeeds, since in most cases there is no precise
knowledge about their angular distribution.

BY — pK*0 decays are likely to be selected when a pion from the p decay is misiden-
tified as a kaon. Fig. 6.3 shows the four body invariant mass (in the KmKm hypothesis)
of the events selected with different requirements in the DL L ,_, of the kaon candidates.
Events with smaller values of this discriminant tend to accumulate in the region between
the BY and B° nominal masses, where the contribution from B — pK*? is expected. A
sample of ~ 2 million Monte Carlo simulated B% — pK*? events was analysed in order to
estimate the expected size of this contribution in our dataset for different values of the
DLLy_ 5 cut. Requiring the DLLy_, of the kaons in the event to be greater than 10,
only 10 events survive. By normalising to B — ¢K*? (following the same procedure that
will be discussed in Sect. 6.6 for signal), the number of BY — pK*0 events expected in
the signal region was estimated to be 3.5+ 1.6 (8.9 & 3.5 in the full mass range).

Another possible peaking contamination comes from B? — ¢K*° decays when a kaon
from the ¢ decay is identified as a pion. No specific PID cut is applied to reject this kind
of events, since their contribution is expected in the low mass sideband, far from the B2
signal region. Fig. 6.6(b) in the next section shows the invariant mass distribution under
the KmK T mass hypotheses, of BY — ¢K*0 Monte Carlo simulated events selected using
the requirements in Table 6.2 (with the exception of the PID cuts in the mis-identified
kaon).

Finally, a possible specific background coming from A, — pmKm decays has also been
identified. Although this mode has not yet been discovered, if a proton from such a decay
were misidentified as a kaon, these events would accumulate between the mass of the
BY and the mass of the Ap. Fig. 6.4 shows the scatter plot of the four body invariant
mass evaluated under the proton (antiproton) mass hypothesis or the K+ (K~) mass

85



Chapter 6. Time-integrated angular analysis of B — K*0K*0

T T | T T T T | T T T T -

- H — K*PID,>0 ]
300 K*PID>2
- — 0<K*PID, ;<2 ]
250 ] -
200F- [ .
s 1 ]
150 3
100F- rmhﬂﬁf“mqmnﬂrﬂﬂj ] .
50F- : =
F Mﬁu\_ﬁaﬁﬂﬁ ]

O - ) I . - ) " =10 e I A .

5000 5500
M(K", 1T, K, 1) (MeV/c?)

Figure 6.3: Invariant mass of the four particles in the final state for different cuts in the
PIDy_, of the kaon candidates.

hypothesis. The contaminating signal becomes evident when the RICH detector is used.
In order to reject this source of background, the difference between the probabilities of
proton and kaon hypothesis is required to be DLL,_x < 10.

6.3.3 Four body mass fit

After the selection explained above an unbinned maximum likelihood fit was performed to
the mass spectrum of the selected KT™n~ K7™ candidates. The signal is modeled by a
combination of two Crystal Ball distributions [106] that share a common mean and width.
Their relative fraction and the parameters describing both tails (below and above a certain
threshold) are extracted from a fit to BY — K*®K*O simulated data, see Fig. 6.5, and
fixed in the fit to the data. The low mass tail of the distribution accounts for events that
undergo final state radiation while the high mass tail is present due to events reconstructed
with lower resolution. We use this parametrisation to describe both BY and BP signals.
The mass difference between BY and B is fixed to the value calculated from [16]. The
remaining two parameters (the mass of BS and a common width for BS and B% mesons)
are determined from the fit.

Even though the contribution from the different crossfeed backgrounds considered in
the previous section is suppressed by the PID cuts, a parameterisation for each of them
has been included in the fit and the fraction of each mode with respect to the total number
of background events, Npg, is allowed to float in the minimisation:

o B% — pK*O events are parameterised using a Crystal Ball distribution. The para-
meters of the distribution are extracted from a fit to data. A very tight selection was
applied to isolate B — pK*? signal (see Appendix B). Fig. 6.6(a) shows the invari-
ant mass of the four particles in the final state under the KmKm mass hypothesis
for this sample.
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Figure 6.4: Left: Invariant mass of the four particles in the final state evaluated in the
proton (antiproton) hypothesis versus the same mass in the K* (K™) hypothesis when no
p/ K separation is attempted in the RICH detector. Right: The same scatter plot under the
requirement P/D,_x > 10.

Table 6.3: Parameter values of the models describing the signal and the different peaking
contributions taken into account in the invariant mass fit. The parameters a and n represent,
respectively, the threshold and the order of the power law tail of the corresponding Crystal
Ball distribution.

Parameter B¢ — K*OK*0  BY — pK*0 BY — ¢Kk*®  AQ — pr—K*O
n (MeV/CQ) 5367.08£0.11 53492+1.6 5214.77+0.69 5496.2+1.6
o (I\/IeV/c2) 14.418 4+ 0.093 28.7+1.3 19.70 £0.52 3144+1.0

a1 1714014 —0.864+0.10 0.463+0.025 0.306+0.017
n 1.87 £0.12 8.8+3.7 8.0+1.1 3.8240.30
fepl 0.60 £0.14 1 0.987 4+ 0.013 1
o —2.00 £ 0.20 - —0.49 & 0.62 -
Mo 2.67 +0.61 - 4.0+34 -

o BY — ¢K*C contribution is modeled using a combination of two Crystal Ball distri-
butions with parameters obtained from a fit to B% — ¢K*0 simulated events, see
Fig. 6.6(b).

e Since no MC sample for /\2 — pmwKm was available, a simplified four-momentum
simulation for A — (pm)K*® was used [115]. In it, the A, momentum spectrum
is taken from the one observed for Bg in the full MC, and the 2-body phase-space
is used to perform A, decay into K*O and a pm system with the invariant mass
observed in data. The resulting M(KmK) distribution, shown in figure Fig. 6.6(c),
is modeled using a Crystal Ball distribution.

The parameters of these models are summarized in Table 6.3.

Additionaly, a modified ARGUS shape, i.e. a convolution of the ARGUS distribu-
tion [116] and a Gaussian, accounts for partially reconstructed B decays, and is described
by:
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Figure 6.5: Fit to the four—body invariant mass spectrum of B? — K*0K*0 simulated data
using the model described in the text, which contains a radiative component (red) and a high
mass tail accounting for events reconstructed with low resolution (green).

/2
fe(m) oc -n' <1 - nn772> O(Mphysgrg — m' e Pm=eis™ @ G(m — m'; o) (6.1)
0

where © is the Heaviside-step function, ® stands for the convolution product, m’ is
the variable over which the convolution integral is calculated, G(m — m’; oppysBig) is a
Gaussian p.d.f. with standard deviation oppy,sgig representing the experimental resolution,
which is forced to be the same as the signal one (o). mppysgkg and kpnyspig determine
the sape of the partially reconstructed background and are allowed to float during the
minimisation. Finally, the combinatorial background is parameterised by a decreasing
exponential with its slope (ccomp) floating in the fit.

By fitting this model to the mass spectrum of the B? — K*9K*C selected candidates,
the preferred value for the fraction of B% — pK*9 events hits the lower physical limit (by
definition fgo_, kw0 > 0). For the final result, the fraction of BY — pK*? events is fixed
to zero and the impact of a non-zero contribution from this decay is taken into account as
a systematic uncertainty (see Sect. 6.6.5.1). The results of the fit to the four body mass
spectrum are shown in Table 6.4. The fitted model is compared with data in Fig. 6.7.
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Figure 6.6: Parameterisation of the peaking backgrounds: (a) B® — pK*® candidates selec-
ted from data when the mass hypothesis of one of the pions from the p decay is changed to
the kaon hypothesis. (b) B® — ¢K*° Monte Carlo simulated events when the mass hypo-
thesis of one of the kaons from the ¢ decay is changed to the pion hypothesis. (c) ToyMC
generated A, — K*Opm events when the mass hypothesis of the proton is changed into the
kaon hypothesis.
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Figure 6.7: Results of the four-body invariant mass fit (top) and zoom around the low
statistics region (bottom). The solid points represent the selected data and the blue solid
line is the fitted model. The B? (B?) signal peak is shown as a pink (dark green) dashed and
dotted line. The different peaking background components are represented as dotted lines:
B® — ¢K*0 (red), N9 — pm~K*® (green) and partially reconstructed decays (light blue).
The grey dashed line is the combinatorial background component.
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Table 6.4: Fitted values of the model parameters for the mass spectrum. Ns, Ny are the
number of events for the BY and BP signals. ppo and o the mean and the resolution of the BY
signal. fppyskg, fr,—sprkn and fgo_gk+o are the fractions of each of the background sources
refered to the total amount of background, Npkg. The fraction of combinatorial background

is (1 — fpnysBkg = fAy—sprkr — fBOpK+0)-

Parameter Fit Value
g (Mev/c?) 5371.81+£0.77
o (MeV/c?) 17.924+0.77
Ns 697 & 31
Nqg 119420
Ngkg 396 + 36
[ 0.061 +0.061
fBo s g0 0.176 £ 0.075
fPhysBkg 0.245 4+ 0.087
Ceomp (1073(MeV/c?)™1) —-14+15
KphysBkg (1072( MeV/c?)™1) 32+2.1
MphysBkg (MeV/c?) 5189 + 16
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6.4 Acceptance effects

The detector geometry, the reconstruction and the selection of the signal candidates
introduce characteristic effects that need to be taken into account whenever the modeling
of the data is attempted. Thus the physical PDF presented in Sect. 4.1 must be corrected
with a non-uniform efficiency function before it can be compared with data.

In the present analysis, this acceptance model was estimated using B? — K*0K*0
Monte Carlo simulated events. The most important feature in the acceptance is the drop
at cos 9(1,2) — +1. In this limit, the ™ meson is produced in the direction opposite to
the momentum of the K*°, so its momentum is small and the efficiency of reconstructing
the event decreases. In terms of the event selection, the requirement in the minimum
transverse momentum (pt) of the four final tracks is responsible for most of the effect,
see Fig. 6.8.

N
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— 1, K pT>500 MeV/c
—— Full selection

=
o
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\\\\‘\\\\‘\\\\‘\\\

Normalised events/(0.04)
N

0.5

1 05 0 05 1
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Figure 6.8: cos8; distribution for MC simulated data applying different sets of cuts. The
blue points represent events with K and 7 transverse momentum greater than 500 MeV/c.
The red line corresponds to events passing the full selection described in Sect. 6.3.1.

The way the events have been triggered has an effect in the acceptance. Signal
candidates are accepted at each stage of the trigger (LO, HLT1 or HLT2) if one of the
final state particles fulfils the requirements of that particular stage. Additionally, events
can also be retained when the particle responsible for the positive trigger decision is
any other particle in the event. A different acceptance function is expected for events
selected in each way. To take this into account, the MC sample was separated into two
subsets: events that triggered on signal for every trigger level (TOS) and the rest of the
sample (non-TOS), and a different acceptance function was calculated for each of these
subsamples. In the following, two acceptance functions are always determined separately
using TOS and non-TOS events.

The factorisation of the acceptance function was also studied. Due to the limited MC
statistics available, attention was focused on possible correlations between the acceptance
in cosBy(2) and my(p). The angular acceptance could be different in various regions of
the K mass spectrum. In principle, the higher the mass, the broader the momentum of
the pions and the smaller the drop of the acceptance at cos8 — 1. However, looking at
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Figure 6.9: Acceptance as a function of cosf; (cost) calculated in different M(K*7™)
(M(K~=7m™)) bins for TOS (top) and non-TOS (bottom) simulated events.
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Figure 6.10: Acceptance as a function of the K7~ (K~w™) invariant mass calculated in
different bins of cos#; (cos8,) for TOS (top) and non-TOS (bottom) simulated events.
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Fig. 6.9, where the cos @ projection of the acceptance for diferent bins in the K7 invariant
mass is shown, no systematic evolution of the angular efficiency with the mass is visible.
This effect is confirmed when the sample is separated according to the trigger configura-
tion. Fig. 6.10, shows the mass acceptance in bins of cos8 for TOS and non-TOS events.
Again, no significant correlation between the acceptance in these two variables was found.
The acceptance model is assumed then to be factorizable in the angular variables and the
masses —acceptance function in ¢ will be shown to be compatible with a constant function
in Sect. 6.4.1— for the mass window under study. Nevertheless, crosschecks with more
general acceptance models were performed in order to assess the systematic uncertainties
related with this assumption.

6.4.1 Angular Acceptance

The shape of the acceptance as a function of the three angular variables (cos 61, cos 6>
and ) has been calculated as a ratio between the angular distribution of the reconstructed
MC-simulated data and the angular distribution expected from (4.18) for the parameter
values

Aol =0.64 § =3.14
AP =025 6, =3.14

AT]Z = |AT]? = |Ass[? =0 (6.2)

used at the generator level. The cos8; > — ¢ and ¢ projections of this 3D acceptance for
TOS and non-TOS events are shown in Fig. 6.11. The acceptance as a function of the
@ angles is found to be compatible with a flat function, the x?/ndf of the fit to a flat
function is 7.872/9 (6.564/9) for TOS (non-TOS) samples.

£(0)

1—Jﬁ+++++++++

0.5

cosf, cos8, o [

05 1
cos@,

Figure 6.11: Projections of the 3D acceptance for TOS (top) and non-TOS (bottom).

94



6.4 Acceptance effects

Consequently the angular acceptance model used in the fit to the real data is a 2D
histogram (cos6; x cos ) obtained from the ratio between reconstructed and generated
MC-simulated data distributions.

6.4.2 M(Km) Acceptance

The average of the different M(Km) acceptance functions shown in Fig. 6.10 was used to
study the dependence of the acceptance with this variable. Fig. 6.12 shows this average
for the TOS and non-TOS samples. A first order polynomial was fit to each of the
histograms. As in both cases the slope of the fitted function is found to be compatible
with zero, the acceptance function in the two body invariant mass is assumed to be flat.
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Figure 6.12: Acceptance as a function of M(K) for events in the TOS (left) and non-TOS
(right) samples. The blue (red) points correspond to the invariant mass of the K*n~ (K~ x™)
combination or my(m2). The result of a linear fit performed for each of the histograms is
also presented as a dashed line.

6.4.3 MC-Data corrections

The angular acceptance has been corrected to take into account differences between data
and MC simulation in the distribution of various observables. The efficiency of the PID
requirements is obtained from data. High statistics samples of genuine K*, ©*, p and
p tracks are selected independently of the RICH information through purely kinematic
selections. Some of these samples, of extremely high purity, are: KO — 7=, A — pr—
and D** — DO(K—n)m™ [68]. Using such control samples the efficiency of each of the
DLL cuts is then calculated in bins of the particle momentum and pseudorapidity. The
results are shown in Fig. 6.13. The MC is reweighted using these efficiencies and the
angular acceptance is recalculated. Fig. 6.14 shows the comparison between the cos
acceptance calculated before (relying on the MC description of the PID requirements
effects) and after the correction. The reweighting causes a slight acceptance increase in
the region cosf ~ —1.

As it has been shown, the acceptance drop at cos@ ~ 1 is mainly caused by the
cut in the pt of kaons and pions. Differences in the pt distributions of data and MC
could therefore have a strong effect in the angular acceptance. The main discrepancy
is observed in the pt distributions of the positive and negative pions in the final state.
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Figure 6.13: Efficiency of the PID selection of kaons and pions in BY — K*°K*? candidates
as a function of pseudorapidity.
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Figure 6.16: Top: Angular acceptance functions for TOS (left) and non-TOS (right) events
calculated from BY — K*°K*® Monte Carlo simulated data after reweighting with PID effi-
ciencies observed in data. Bottom: cos6; projection of the TOS (blue) and non-TOS (red)
acceptance functions.

However, this variable is strongly correlated with the angular distribution, as can be seen
in Fig. 6.15 where the distribution of the MC simulated events in the plane cos(6) -
pr.5 is shown. The Monte Carlo for BY — K*9K*® was generated with a certain set
of polarisation amplitudes and phases that may not agree with those observed in data.
This has no effect on the calculated acceptance corrections but it could, however, induce
differences between data and MC in some kinematic variables, for instance, the pt of the
daughter tracks. This could occur, for example, through the presence of S-wave in the
data which is not present in the simulation. Still, genuine discrepancies between data and
MC should be taken into account. In order not to overestimate these effects an iterative
procedure is applied and a systematic uncertainty is assigned in Sect. 6.5.4.3.

To take into account the different proportion of TOS and non-TOS events in data
and MC we will perform a simultaneous fit to TOS and non-TOS data aplying a different
acceptance correction to each sample. Both acceptance functions are shown in Fig. 6.16.
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6.5 Amplitude Analysis

The magnitude and phase of the different amplitudes contributing to the B? — K*0K*0
decay are determined using a 5D fit to the three helicity angles (£2: cos61, cosfs, ¢) and
the invariant mass of the two K- pairs (my = M(KT7n™), mp = M(K—w™)) of all the
candidates with a four-body invariant mass |M(K*, 7=, K=, ) — mgo| < 30 MeV/c?.

6.5.1 The 5-D model

The model used to describe the distribution of data in this five variables is given by

F(2,ml, m2) = (1 — fprg) PDF(£2, m1, m2) x €(£2, m1, m2) + fogPDFprg(£2, m1, m2)
(6.3)
where PDF (2, m1, m2) is the probability density function given by (4.18), €(£2, m1, m2)
is the acceptance function describing the effects introduced by the data reconstruction,
selection and triggering, and PDFpq(£2, m1, m2) describes de distribution of the back-
ground, which is a fraction fpkg of the full dataset.
In order to avoid non-physical values of the parameters during the minimisation, some
of them have been rewritten as follows

i = x-(1—-1f)
AP = xF-(1—-ADP)
|A55|2 = Xss(1— |A_:|2 - |A;r|2) (6.4)

where x(f)), x(JAF|?) and x(|Ass|?) are free parameters allowed to float within (0,1),
ensuring that the sum of all the squared amplitudes is never greater than 1. Consequently,
the free parameters in the fit to the data are: f;, x , |A; 2, x&F, xss, 0y, (60— 65), 65,
dss; where the usual definition of the polarisation fractions in B2 — K*0K*0,

| Ao|? ALl

fi = fi | =
ET AR AT IALR T AR AR+ [ALR

(6.5)

has been assumed. Note that only the phase difference (6, — 67) is accesible to the
untagged analysis.

6.5.1.1 Background

The expected background fraction in the 430 MeV/c? mass window around the B2 mass is
estimated from the mass fit to be (2.64+£0.27)% for the TOS sample and (4.53+£0.52)%
in the non-TOS sample. The distribution of the background in the three angles and two
masses is extracted from the events in the right-hand BS mass sideband ([5550, 5700]
MeV/c?) with lower GL values (GL> 0.01), see Fig. 6.17. We parameterise the back-
ground component as the factorised product

p.d.f.Bkg(_Q, ml, m2) = /\/IBkg(ml) X /\/IBkg(mQ) X FBkg(el) X FBkg(GZ) (66)
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Figure 6.17: Angular and masses distributions of events in the sideband defined in the text.
The blue line is the projection of the fitted background parameterisation.

with

Mekg(m) = fglMa(m)]> + (1 — f3) log(\* I m)
1430 PR (cos ) ifcosf < 0.8
Ferg(cosd) = { 0 ifcos6 > 0.8 (6.7)

where M(m1) is the spin-1 Breit-Wigner propagator defined in Sect. 4.3.1.1, and describe
background candidates containing real K*® mesons. The fraction of these events with
respect to the total is represented by fz. The background distribution in ¢ is compatible
with being flat. The result of this fit is shown in Table 6.5.

Table 6.5: Values of the parameters in the p.d.f. of the background component obtained
from the fit to the events in the sideband.

Parameter Value
fi 0.1827505
APkg (—2.3£4.2) x 107%(MeV/c?)1
cPko 0.18 4+ 0.20
e ~1.05837
ok —2.30 4 0.89
ok 0.68 4 0.42
coke 1.28+0.76

Additionally, the sFit formalism was also tried to describe the background. The results

can be found in Appendix 6.5.3.4 and are compatible with those obtained using the cFit
approach.
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6.5.2 Fit results

Using the model described above, an unbinned maximun likelihood fit has been performed
simultaneously for TOS and non-TOS B2 — K*0K*? candidates with |M(K+, m=, K=, 7")—
mBg| < 30MeV/c?. As already mentioned, the background fraction has been fixed to the
one obtained from the fit to the KmKm invariant mass spectrum.

The results of the fit are summarized in table 6.6. Fig. 6.18 shows the different
projections of the fit. The evolution of the forward-backward asymmetry with the K7
invariant mass becomes more clear in Fig. 6.19, where the cos6; (cos6,) distribution is
shown for different bins of my (my).

A low value of the longitudinal porlarisation fraction of the vector-vector component
is measured. This results is compatible with that obtained in Sect. 5.4, and therefore
still significantly smaller than the longitudinal polarisation fraction measured by BaBar for
the U-spin rotated decay, B? — K*9K*. Furthermore, the overall contribution of the
S—wave amplitudes is found to be large, |AT|? + |AZ |2 + |Ass|? = 0.665 & 0.067.

In Fig. 6.20, the profile likelihood! for the parameter f; is given, showing parabolic
behaviour around the minimum. Additionally, the (1-6 o) contour between |AZ|? and
f, is shown in Fig. 6.21. No additional minimum with inverted values of |AZ|? and f,,
that would also describe the evolution of the forward backward asymmetry with the mass
observed in data, is found.

Table 6.6: Results given by the simultaneous fit to BS — (KT7~)(K~7*) TOS and non-
TOS candidates with [M(K*, =, K=, %) — mgo| < 30 MeV/c?. The values of fj, |Af|* and
|Ass|? are calculated, following (6.4), from the free parameters in the PDF, whose correlations
have been taken into account in the error calculation.

Parameter Value
fi 0.201 £0.057
X|| 0.269 4+ 0.055
|AZ |2 0.485 4+ 0.051
xt 0.222 +0.058
Xss 0.164 + 0.050
6“ 5.31£0.24
6, —oF 1.95+0.21
05 1.79+0.19
Oss 1.06 + 0.27
f 0.215 4+ 0.046

|AT|? 0.114 +0.037
|Ass|2 0.066 + 0.022

'The profile likelihood for a particular parameter is obtained by minimising the likelihood with respect
to the rest of the parameters, for each (fixed) value of the parameter of interest.
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6.5.3 Additional cross-checks

The result obtained in the previous section confirms the low longitudinal polarisation
fraction in the B — K*9K*0 decay measured in Sect. 5.4 and reveals that the S-wave
contribution is larger than those observed in similar decays, such as B® — ¢¢ [117] and
BY — ¢K*O [118]. A series of crosschecks have been carried out in order to test the
validity of this result.

6.5.3.1 M(KT7~) x M(K~m") analysis in the wide mass window

Although the baseline analysis has focused on the £150 MeV/c? window around the
nominal K*°(892) mass, an additional invariant mass analysis has been performed in
an extended window, spanning the interval [740,1700] MeV/c?, in order to assess the
presence of higher partial waves.

In the neighbourhood of M(Km) ~ 1430 MeV/c? a resonance corresponding to the
triplet states K*%(1430) with J = 0,1,2, from B2 — K*%(1430)K*°(892), is expected.
A full mass-dependent angular analysis including all possible amplitudes with J = 0,1,2
and their corresponding interference terms, which would extend, with a similar level of
precision, the one performed in the previous section, has not been attempted. Nonetheless
a simplified version of such analysis is presented here, where only the invariant masses
my = M(K*tn~) and my = M(K~x) are used, in the m; x my plane. This allows the
relative contributions of the S, P, and D partial waves to be assessed and a rough estimate
of their extrapolation into the region [my 2 — My-0(gg2)| < 150 MeV/c? to be made. It is
particularly important to verify that the contribution of the D-wave is indeed negligible in
the region allowed by our main analysis.

The data sample used in this section has been selected through the StrippingBs2Kst_-
O0Kst_OLine stripping line from the same data sample described in Sect. 6.2. The requiere-
ments of this line, together with the offline cuts applied to the candidates are shown in
Table 6.7. All physic trigger lines were considered in this study.

Fig. 6.22 shows the scatter plot of the K™~ pair invariant mass versus the K~ m+
pair invariant mass. The background has been subtracted in each 60 x 60 (MeV/c?)>?
bin through a fit to the KK invariant mass, like the one described in Sect. 6.3.1. A
multichannel analysis has been performed on the background subtracted data, using only
the information of the invariant masses, in order to determine the contributions from the
various partial waves in the K7 system.

In this check the effect of the asymmetric acceptance in the angular integration is
neglected, so the interference terms between P—wave and S—wave cancel out. The full
model to describe the K invariant mass spectrum contains:

e S-wave component. The K{(1430) is combined with a non-resonant term using
the LASS parameterisation described in Sect. 4.3.1.1. Alternatively, the S—wave
component has been parameterised using the K—matrix formalism [119], see Ap-
pendix C.

e P—wave. The P—wave resonances are combined in a single propagator following the
expressions given in Sect. 4.3.1.1

Tp=Tko+M1TH1+Y2TH2 (6.8)
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Figure 6.22: Background subtracted scatter plot of the K™~ pair invariant mass versus
the K=o pair invariant mass.

Table 6.7: Stripping and offline requierements used to select the wide mass window dataset.
The GL discriminator is defined in Sect. 6.3.1

Stripping selection Offline selection
All tracks pr > 500 MeV
All tracks IPx? >9
All tracks ProbNNghost < 0.8
All tracks x? <5
K* DLLkq > 2 >4
K* DLL,—k <15
7+ DLLk—_x <0 <=2
K*0 mass window [740,2100] MeV/c? [740,1700] MeV/c?
K*0 p; > 900 MeV
K*0 vertex x? <9
Bs mass window +500 MeV
B, daughters 3 pr; > 5000 MeV/c
Bs DOCA < 0.3mm
Bs DIRA > 0.99
Bs vertex x?/ndof <15 <5
Bs FDS >9 > 15
Bs IPx? <25
Ap VETO (offline) - [ IM(prKm) — mp,| <50 & KDLL,_k >0 |
BY — K*K*0 GL > 0.14
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where Ty ; represents a higher P-wave resonance, K*(1410) and K*(1680). The
mass and width of these resonances have been fixed to the values in [16]. In principle
(see Ref. [120]) the high P-wave resonances should be negligible.

e D-wave. For the K3(1430) resonance the following relativistic Breit-Wigner para-
meterisation has been used:

mgl2(m)
—m?2—imgl(m)

o (6.9)

where the subscript 2 means the angular momentum J = 2, and the mass-dependent
width [2(m) is given by

ro e (L37a+ e ()] (6.10)
Rom \1+ 3r2g% + rtg* Qo '

with mgr being the resonance mass, g the resonance width, g the momentum
of the decay particles in the resonance rest frame, as given by equation 4.22, qg
denotes this momentum evaluated at m = mg , and r is the interaction radius. The
J = 2 resonance parameter values are indicated in Table 4.4.

Note that the aim of this fit is to get an estimate of the amount of non K*0 events
under the K*0 peak, rather than an accurate decomposition of the K7 spectrum. The
results of the fit are shown in Table 6.8. The global P—wave, S—wave and D—wave fractions
extrapolated to the =150 MeV/c? mass window around the K*O are also provided. As
expected, a negligible contribution from the D—-wave amplitude in the signal region is
measured.

Concerning the B — K*®K*9 contribution (fp_yave), this result has to be compared
with the result of the amplitude analysis once the effect of the angular acceptance has
been taken into account. A detailed explanation on how to compute the observed P—wave
fraction can be found in Sect. 6.6.3. The results are

fanadlar ., = 0.405+0.036
fuide mass = 0.618 £ 0.088

The discrepancy between the two results can be explained by considering that the mass
analysis in the larger window lacks some important ingredients such as the interference
between different partial waves induced by the non-uniform angular acceptance. An equi-
valent analysis to the one performed in Sect. 6.5 extended to the wide mass window would
require the introduction of the amplitudes describing the D—wave component as well as
a careful description of the acceptance in a much larger region of phase space. Such an
analysis lies outside the scope of the present work.

6.5.3.2 Fit in the narrow window

We have also performed the fit to the B2 — K*0K*0 candidates with |[M(K, ) — myeo| <
50 MeV/c?, to crosscheck the low value of the longitudinal polarisation. The same
normalisation of the mass propagators has been used, so the global P—wave contribution
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Figure 6.23: Result of the 2D fit to the background subtracted invariant mass distribution of
K*m~ and Ko™ pairs in linear (top) and logarithmic scale (bottom). The different partial
waves in the fit are represented: P—wave as a red line, S—wave as green lines and D — wave
as light blue lines.
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Table 6.8: Result of the fit to the 2D invariant mass distribution of the two K pairs, with
different models for the S—wave. The fraction of events corresponding to each partial wave
in a narrow window around the K*® mass, |[M(KT) — my-| < 150 MeV/c?, are also given.

Parameter LASS parameterisation K—matrix parameterisation
fps (x2) 0.219+£0.014 0.18115:9
fep (%2) 0.051 £0.012 0.065%5:014
fss 0.158+5-932 0.10713:93¢
fop 0.0339* 50035 0.0222 35004
| 0.854 002 1.860:25
arg(v1) (rad) 6.01+£0.75 1777929
72| 1.92+0.21 1.12+0.38
arg(712) (rad) 314707 —1.927087
Ks - (3.4+1.4)x1073
fr—wave (£150 MeV/c?) 0.618 +0.088 0.64+0.11
fs_wave (£150 MeV/c?) 0.382 4 0.087 0.3540.11

fo—wave (£150 MeV/c?)

(1.86 +0.78) x 10~*

(5.94+2.8) x 1073
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is still referred to the £150 MeV/c? window around the K*® nominal mass. Hence the
fitted values for the parameters can be directly compared with those obtained in the
previous section. The result of this fit is summarized in Table 6.9 and Fig. 6.24 shows
the projection of the fit in the mass and angular variables.

Note that, altought the fitted values for the individual S—wave amplitudes (|AS|?,
|A7|? and |Ass|?) vary somewhat, the overall S—wave contribution (|AL|?+|A |2 +|Ass|?)
remains constant: 0.665 4= 0.067 for the nominal fit and 0.697 £ 0.099 for the fit in the
narrow mass window.

Table 6.9: Results given by the fit to BY — (K7~ )(K~7") data with [M(K, T) — myo| <
50 MeV/c?. The values of fi, |Af|? and |Ass|? are calculated, following (6.4),from the
free parameters in the PDF, whose correlations have been taken into account in the error
calculation.

Parameter Value
fL 0.232 4+ 0.079
X| 0.262 + 0.063
|AZ|? 0.598 £ 0.074
x3 0.18+0.12
Xss 0.0841982¢
o 5.66 & 0.29
6. —o6F 2.164+0.42
oo 1.92+0.21
Oss 1.62 +0.84
fi 0.201 4+ 0.053

|AT|? 0.071 £ 0.057
|Ass|2 0.028 +0.033

6.5.3.3 One-dimensional fits to Arg(mkax)

The FB asymmetry in cos 61 (cos62) as a function of m; (m») depends on the longitudinal
amplitude Ag and the S—wave amplitudes AZ,Ass and Al following (4.34). Therefore, one
can perform a unidimensional fit to the FB asymmetry obtained from data to determine
the S—wave fraction, fixing the rest of the parameters to the values obtained from the full
fit.

A simultaneous fit to the FB asymmetry in cos8; and cos 6> was performed, by fixing
all the parmeters in (4.34), except |AZ|? and 07, to the values obtained from the full
mass-dependent angular fit. The obtained values for the floating parameters are

IA]? = 0.55+0.13
6; = 279+0.40

The result is shown Fig. 6.25. The value obtained for |A7| is again large and well com-
patible with the one obtained from the nominal fit.
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Figure 6.24: Projections of the model fitted to BY — (K™~ )(K~7") data with [IM(K, 7) —
My-o| < 50 MeV/c? (blue solid line). The solid dots represent the selected data after the
background component has been subtracted following (6.6) and the acceptance effect has
been corrected. The red dashed line is the P-wave component, the green dashed line is the
S-wave component and the light-blue dashed line represents the A;er interference term.
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Figure 6.25: Result of the 1D-fit to the FB asymmetry in cos6; (empty circles), cos 8, (full
triangles). The red line is the projection of the 1D-model described by (4.34) (red dash lines
represent the 10 variation interval). The blue line is the corresponding projection of the
nominal fit.

6.5.3.4 Background subtraction using sFit method

As a crosscheck to the model in Sect. 6.5.1.1, the sFit method [121] has been used
to unfold the background from the Km masses and angular distributions of the B —
(K*tm~)(K~7T) candidates. This method relies on one or more control variables, in
which the distribution of the signal and various background contributions are known, to
define a per-event signal weight. In this case the four-body invariant mass is used as
the control variable. Once the weights are calculated, they can be used to plot the
distribution of the signal in the variables of interest or even to fit the data without the
need of a parameterisation for the bakground component.

The model used for the KT~ K~ x™ invariant mass fit is described in Sect. 6.3.3.
Fig. 6.26 shows the result of the fit and the obtained weights for the B2 and BY signals
and the background component.

A weighted unbinned maximum likelihood fit is then performed using the BY signal
weights [122]. The model describing the angular variables and the K7 pairs invariant
mass is given by

Fsig(£2, m1, m2) = PDF(£2, m1, m2) x g(£2) (6.11)

where PDF(£2, m1, m2) is the probability density function given by (4.18) and £(£2) is an
simplified acceptance function calculated assuming equal proportion of TOS and non-TOS
events in the sample.

The variation in the fitted parameters with respect to those obtained with the nominal
fit is shown in Table 6.10. The projections of the fitted model in the three angular variables
and the invariant mass of the two K pairs are shown in Fig. 6.27.
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Figure 6.26: Result of the fit to the 4 body mass spectrum, from which we obtain the signal
weights (top left). B2 signal (top right), B° signal (bottom left) and background (bottom
right) weights as a function of the invariant mass.

Table 6.10: Absolute variation in the fit results with respect to the cFit method described
in Sect. 6.5.1.1, A, obtained when the sFit technique is used to separate the signal and
combinatorial background distributions. The statistical uncertainty obtained with the sFit
method for each of the parameters is also provided.

Parameter A sFit o(stat)
fL 0.008 0.050
f 0.024 0.044
IAZ 2 0.006 0.046
|AL? 0.004 0.031
|Ass|? 0.007 0.016
| 0.053 0.196
6, —oF 0.017 0.182
0y 0.060 0.173
Jss 0.169 0.210
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6.5 Amplitude Analysis

Figure 6.27: Projections of the sFit in the angular variables, the two K7 pairs masses and

the FB asymmetries.
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Chapter 6. Time-integrated angular analysis of B — K*0K*0

6.5.4 Systematic uncertainties

6.5.4.1 Fit bias

In order to study possible fit biases we have performed a simplified simulation study.
Samples of the same size as the one found in data are generated from the PDF described
in the previous sections, with values of the physics parameters similar to those obtained
from the nominal fit to the data. These toy samples are then fitted using the same PDF,
and the obtained parameters are compared with those used in generation to check that
no bias is introduced in the analysis.

In total, 500 experiments are generated and fitted. The results of the gaussian fits to
the pull distributions of the fitted parameters are shown in Fig. D.1 in Appendix D.1. In
Table 6.11 the mean and width of these gaussian distributions are summarized. Fit biases
are found to be very small and no significant under- or over-estimation of the uncertainties
is found.

The maximum between the fit bias and its uncertainty is taken as a systematic uncer-
tainty.

Table 6.11: Pull mean and width for the parameters obtained from the angular fit. The
expected bias and systematic uncertainty are also quoted.

Parameter Pull mean Pull width o(stat) Bias Syst.
fL 0.030 £ 0.033 1.000 £0.026 0.057  0.002 £ 0.002 0.002
A -0.094 £ 0.036 1.068 £ 0.031 0.046 -0.004 £ 0.002 0.004

|AT|? -0.082 £ 0.038 1.070 £0.030 0.037 -0.003 = 0.001 0.003
|AZ|? -0.064 = 0.035 1.036 £0.029 0.051 -0.003 &£ 0.002 0.003
|Ass|? -0.064 = 0.039 1.004 £0.032 0.022 -0.001 & 0.001 0.001

0 0.035 £ 0.032 0.958 + 0.024 0.240 0.008 £ 0.008 0.008
6, — 067 -0.1134+0.032 0.967 &£ 0.027 0.210 -0.024 + 0.007 0.024
o5 0.112 & 0.034 0.999 += 0.029 0.190 0.021 4+ 0.006 0.021
Jss 0.044 - 0.031 0.941 +0.023 0.270  0.012 = 0.008 0.012

6.5.4.2 MC statistics

In order to estimate the systematic error in the fit parameters induced by the limited
statistics available in the MC, the data were fitted one thousand times after performing
random variations of the acceptance function according to its statistical uncertainty. The
results can be seen in Appendix D.2. The width of a gaussian fit to the pull obtained for
each parameter was taken as the systematic uncertainty, see Table 6.12.

6.5.4.3 Data & Monte Carlo discrepancies

Appendix D.3 shows a comparison between the data and MC for the main variables en-
tering the selection. From the point of view of the angular analysis, the discrepancies in
the pt spectrum of the BS meson and its daughters need to be taken into account, since
the pt selection cut is responsible for most of the acceptance effect.
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6.5 Amplitude Analysis

Table 6.12: Systematic uncertainties of the parameters in the fit associated to the statistical
uncertainty in the determintation of the detector angular acceptance.

Parameter Pull width

fL 0.0095

fi 0.0083
|AZ |2 0.0072
|AT? 0.0050
|Ass|? 0.0007
1 0.0368
6, —oF 0.0192
o5 0.0357
Oss 0.0759

As it has been previously explained, part of these discrepancies can be related to the
different set of polarisation amplitudes generated in the simulation and measured in data.
The discrepancy coming from any different source needs to be taken into account when
calculating the angular acceptance. In order to assess this effect an iterative procedure is
applied. This procedure reweights the MC in helicity angles before comparing the B2 and
7w+ pr spectra (the K= spectra are compatible between data and MC) with those in data
to extract a correction. This correction is applied in the calculation of the new acceptance
function and the full fit to the data is repeated. The procedure goes as follows:

1. Fit to data using the acceptance function calculated from the nominal MC simula-
tion.

2. Reweight the Monte Carlo in the angular variables according to the result of the fit
in step 1.

3. Compare the BS and 7* pt distributions between MC and data and extract a
correction function for these variables.

4. Using the previous correction, recalculate the angular acceptance from Monte Carlo.
5. Use this new acceptance to fit to data.
6. Go back to step number 1, and repeat until the fit result converges.

This procedure is applied separately for TOS and non-TOS data sets. The variation
of the parameter values in each iteration are shown in Table 6.13. The result of the
fit converges after 4-5 iterations. The variations corresponding to the last iteration are
applied as a correction to the analysis, and also taken as an estimate of the systematic
error arising from incorrect description of the pt spectra in the MC. The effect of the
iterative procedure on the cos8 acceptance function is illustrated in Fig. 6.28.

Additionally, it has been checked that the MC describes well the differences between
TOS and non-TOS events. The ratio TOS/non-TOS found in data with the correspond-
ing ratio predicted by simulation have been compared, see Fig. 6.29, and were found to
be compatible with the available statistics. Thus, no additional systematic uncertainty is
considered.
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Table 6.13: Variation in the fit result for different acceptance functions calculated through
the iterative procedure explained in the text. The variation in each iteration is given relative
to the results of the nominal fit. The variation corresponding to the fifth iteration, after
which the result is stable, is taken as a systematic uncertainty.

A BS pT lter 1 [ter 2 lter 3 Iter 4 Iter 5 Syst.
fL 0.0023 0.0094 0.0100 0.0101 0.0101 0.0101 o0.0101
f -0.0006 -0.0034 -0.0037 -0.0038 -0.0038 -0.0038 -0.0038

AT -0.0005 -0.0009 -0.0018 -0.0020 -0.0021 -0.0021 -0.0021
A7 0.0031 0.0085 0.0098 0.0101 0.0102 0.0102 0.0102
|Ass|2 0.0001 0.0002 0.0003 0.0003 0.0003 0.0003 0.0003

o -0.0058 -0.0269 -0.0379 -0.0408 -0.0415 -0.0417 -0.0417
6, —06F -0.0024 0.0002 -0.0002 -0.0004 -0.0004 -0.0004 -0.0004
05 -0.0185 -0.0580 -0.0709 -0.0742 -0.0750 -0.0753 -0.0753

dss -0.0260 -0.1269 -0.1718 -0.1838 -0.1869 -0.1877 -0.1877
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6.5.4.4 Acceptance model

As explained in section Sect. 6.4.1, the acceptance function was assumed to be a fac-
torizable function of the helicity angles and the invariant mass of the K pairs. To test
the validity of this assumption, different models were tried for the acceptance function.
The small statistics in the MC! and the strong acceptance effect in cosf; » makes a 5D
treatment of the acceptance very difficult. As an alternative, a generic cos8-my, model
was tried. The acceptance was described by

g(m, cosh) = Zcifﬂ(m’)Pj(cos@) (6.12)

where P; are Legendre polynomials of order / and m’ = 2(m — Mmin)/(Mmax — Mmin) — 1
is a renormalisation of the K invariant mass. The values of muyin and mMmax are the
boundaries of the considered K invariant mass range, Mmin = My — 150 I\/IeV/C2 and
Mmax = My»o + 150 I\/IeV/cz. In order to calculate the c¥ coefficients from the Monte
Carlo sample, one can take advantage of the general averaging procedure for a generic
function f(X) of the observables X : {my, ma, Q}

Y X)) = > FX)e(X)

accepted gen generated

/PDF(X)e(X)f(X)dX (6.13)

gen

%

where €(X) represents the efficiency of accepting an event and PDF(X) is the probability
density function used to generate the MC sample in dX = dm;dmsd(cos 61)d(cos 6,)de.
In this particular case, the acceptance is assumed to factorise as €(X) = €(my, cos6y) x
€(moy, cosfy) (and be flat in ¢). By choosing

F1(X) = 2i+1 2j+1 Pi(m})Pj(cosby)
s 2 2 PDF(X)

the average provides the desired c” coefficients

S HX) ~ (2’;1) (21;1)/PDF(X) (X) ('E;igi’)sel)dx

accepted
2i4+1\ [2j+1
= Cnorm ( 5 > ( 5 ) X

XZCab/P (ml Pb(cosel) ,'(mll)lgj(cosel)dmlld(cosel)

(6.14)

= Cnorm CJ: (6'15)

where the orthogonality properties of the Legendre polynomials have been used in the last
step. The factor

N2
Chorm = 2T (mmax2mmm> /e(m’,cos 6)dm’d(cos6) , (6.16)

From ~ 2x 10° events generated, ~ 20 x 10% are selected. The sample is then split in TOS (60%) and
non-TOS (40%). However, these events are not evenly distributed in the decay variables. The MC sample
was generated with high polarisation which means that regions where cos 61> — 0 are less populated. The
same occurs in the tails of the K7 mass distribution.
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Table 6.14: Acceptance coefficients calculated using the MC simulated TOS (left) and
non-TOS (right) events as described in the text.

Coefficient TOS Value Coefficient non-TOS Value
cv0 0.250 cv0 0.250 + 0.000
col -0.091 + 0.010 cot -0.182 + 0.024
c9? -0.091 + 0.013 c9? -0.132 + 0.038
c93 -0.049 + 0.016 c03 0.082 + 0.046
co4 -0.027 + 0.019 co4 -0.001 + 0.046
cto 0.015 4+ 0.014 cto -0.018 + 0.049
cll -0.020 + 0.020 ctt 0.025 + 0.088
cl? 0.054 + 0.027 ct? 0.139 + 0.089
c13 -0.027 + 0.031 c13 -0.180 + 0.104
cl4 -0.043 + 0.039 cl4 0.039 £+ 0.111
c?0 -0.065 + 0.017 c?0 0.070 + 0.056
c?t 0.054 + 0.022 c?t -0.136 + 0.118
c?? -0.012 + 0.036 c?? 0.107 £+ 0.130
c?3 0.056 + 0.037 c?3 0.051 + 0.126
c4 0.035 + 0.045 c4 -0.124 + 0.122

is just a normalisation constant for the full acceptance and can be ignored.

Fig. 6.30 shows the acceptance for TOS events and Fig. 6.31 for non-TOS events.
The data points correspond to B? — K*OK*® MC simulated data which were divided
by the generator PDF on an event by event basis. The curve is the projection of the
acceptance calculated using the procedure described before. The values obtained for c%
are shown in Table 6.14.

The fit to the data has been repeated using the acceptance calculated above. The
difference in the fit parameters between the result obtained and the nominal one is shown
in Table 6.15, and it is considered as an estimate of the systematic uncertainty.

Table 6.15: Variation in the fit result when the analytical parameterisation explained in the
text is used as acceptance function.

Parameter A
fL 0.031
fi -0.008
|AZ|? 0.007
|AF|? 0.019
|Ass|? -0.003
ot -0.13
6, — 67 0.016
05 -0.16
Oss -0.096

total S—wave 0.022
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Figure 6.30: Acceptance of the TOS events as a function of the helicity angle and mg..
The points correspond to MC simulated data and the blue curve is the projection of the
acceptance calculated using the method described in the text.
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6.5.4.5 Mass resolution

In order to estimate the effect of neglecting the mass resolution in the model of the
KT mass spectrum, a set of 1000 independent toy experiments was performed. The
Km mass was smeared according to a gaussian resolution of 5 MeV/c?, similar to the
one estimated from Monte Carlo simulation (see Appendix D.4), and the smeared data
were fitted to the same model used at the generator level. The pull distributions of the
fit parameters are shown in Fig. 6.32, while the mean and width from a gaussian fit to
those distributions are summarized in Table 6.16. As expected, the overall contributions
of the S—wave components, represented dominantly by the |A5_|2 parameter, decreases as
a consequence of the flatter K*0 line shape. But the effect is small in absolute terms of
the S—wave fraction: -0.01 (22% of the statistical error). A small bias in the phases of
the amplitudes was also found. These variations are taken as the systematic uncertainties
associated to the invariant mass resolution.

Table 6.16: Pull mean and width for the parameters obtained from the angular fit. The
expected bias and systematic uncertainty are also quoted.

Parameter Pull mean Pull width o(stat) Bias Syst.
fL -0.027 £ 0.035 0.998 £ 0.029 0.057 -0.002 £ 0.002 -
f -0.036 £ 0.034 1.019 £ 0.026 0.046 -0.002 £ 0.002 -

IATI2 0.030 +£0.037 1.014 40031 0.037 0.001 +0.001 -
A7 -0.218 £0.033 0.987 +0.025 0.051 -0.011 & 0.002 0.011
|Ass|?> -0.028 4+ 0.041 0.965 + 0.035 0.022 -0.001 + 0.001 -

4 -0.102 £ 0.031 0.944 £ 0.023 0.240 -0.024 £ 0.007 0.024
6, —oF 0.052 £ 0.034 1.032 £ 0.027 0.210  0.011 &£ 0.007 0.011
05 -0.117 - 0.034 0.950 £ 0.026  0.190 -0.022 4+ 0.006 0.022
Jss 0.161 4+ 0.032 0.953 & 0.026 0.270  0.043 &= 0.009 0.043

6.5.4.6 S-wave mass model

As described in Sect. 4.3.1.1, the S—wave component of the K7 spectrum is described
by a combination of a relativistic Breit—=Wigner amplitude and a non—resonant amplitude
following [37]. Different models were tried to check the consistency of the result. The
first variation consisted of parameterising the S—wave component only with a relativistic
spin-0 Breit—Wigner propagator at the mass of K§(1430). A combination of two Breit—
Wigner propagators (BW) at the poles of x(800) and K§(1430) following the Isobar
model was also tried,

Mo(m) = a BW(my, Ic) + BW(my:01430). ['k:0(1430)) (6.17)

where the magnitude and phase of the constant a were both floating during the minim-
isation. Three different values of the mass and width of the kK state were tested:

(A): me =682429 MeV/c?; [, = 547424 MeV/c?
(B): mx =658+13 MeV/c?;, [, =557+ 24 MeV/c?
(C): me=700+80 MeV/c?, I, =650 120 MeV/c?
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Figure 6.32: Pull distributions of the parameters in the fit obtained from toy experiments
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Figure 6.33: Different models for the S—wave mass propagator.
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following [16], [91] and [90] respectively.

The results of the fit after these variations are summarized in Table 6.17. The informa-
tion about the goodness-of-fit and significance with respect to the LASS parameterisation
(defined in Sect. 4.3.1.1) are also provided, by means of the value of xf = —2log L in
the minimum. The difference A(x?) = x? — X? | ass Can be used to compare the quality
of the alternative fit with the nominal one. Thisyquantity behaves as a x°(ANDF), where
ANDOF is the difference in the number of free parameters for each pair of models, thus
it can be turned into a probability or into a number of Gaussian standard deviations. Since
the quality of the fit when only the K§(1430) contributes to the S—wave mass propagator
is significantly worse, only the maximum parameter variation between LASS and Isobar
models is considered as a sytematic uncertainty.

Fig. 6.33 shows the projection of the three models together with the data distribution
and the shape of the S—wave mass propagator.

Table 6.17: Variation in the results given by the fit to BY — K*®K*? data, for different
parameterisations of the S—wave invariant mass distribution.

K*(1430) ak + K*(1430)
Parameter
(BW J=0)  [16] (A) [91] (B) [90] (C)
fi -0.0122 0.0207 0.0205 0.0204
f 0.0122 -0.0047 -0.0042 -0.0045
|A2 0.0115 -0.0112 -0.0107 -0.0113
|AZ 2 -0.0202 0.0008 -0.0007 0.0009
|Ass[? -0.0015 -0.0025 -0.0020 -0.0025
8 -0.0862 0.0023 -0.0035 0.0030
6, —oF 0.0260 -0.0010 0.0049 0.0044
oo -0.1250 0.0334 0.0183 0.0307
Oss -0.0838 -0.0022 -0.0176 -0.0104
|| 0 1.18+0.47 1.23+0.43 1.23+0.49
arg(a) 0 36+15 36+1.6 36+1.6
f(s00) (%) 0 78 82 80
A(x3) 17.9 -2.5 2.4 -2.5
AnpF 0 2 2 2
\/|A(X§)| ~ Anpor 420 0.70 0.60 0.70

6.5.4.7 Model parameters

Mass propagator parameters The parameters entering the mass propagators definition
for both P—wave and S—wave have been changed by +10 (see Table 4.4) and the fit has
been repeated. Table 6.18 summarizes the variation in the results induced by the error
in those parameters. Most of these variations are much smaller than the systematic
uncertainty established in Sect. 6.5.4.6, for those parameters no additional systematic
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Table 6.18: Variation in the angular fit result induced by the uncertainty in the parameter of
the mass propagators.

Parameter P—wave propagator S—wave propagator Syst.
ma /—1 n mo /_0 a b
fL 0.007 0.003 0.004 0.0022 0.0003 0.0011 0.0012 -
fH 0.001 0.000 0.000 0.0005 0.0002 0.0003 0.0003 -

|AT? 0.002 0.001 0.002 0.0005 0.0004 0.0004 0.0009 -
|AZ|? 0.003 0.003 0.004 0.0024 0.0005 0.0009 0.0015 0.0034
|Ass|? 0.002 0.005 0.008 0.0003 0.0002 0.0001 0.0004 0.0053

9 0.003 0.003 0.004 0.0019 0.0022 0.0023 0.0050 0.0050
6, — 65 0.017 0.011 0.010 0.0101 0.0025 0.0027 0.0101 0.017
05 0.010 0.008 0.012 0.0054 0.0060 0.0061 0.0052 -

Oss 0.003 0.015 0.013 0.0107 0.0065 0.0071 0.0085 -

uncertainty is considered. For the rest of them, the maximum variation is taken as the
systematic uncertainty.

Background fraction Varying the fraction of background in +10 has a negligible effect
in the result of the angular and mass fit, as shown in Table 6.19.

Table 6.19: Variation in the agular fit result induced by the uncertainty in the fraction of
background events in TOS and not-TOS subsamples.

Parameter fb7l—(25 fb”kog”_ToS

fL 0.0005 0.0013

fi 0.0003 0.0001
|AZ|? 0.0009 0.0019
|AT|? 0.0005 0.0004
|Ass|? 0.0004 0.0031
o 0.0012 0.0006

6, — 07 0.0006 0.0027
o5 0.0010 0.0009

Oss 0.0014 0.0045

6.5.4.8 Summary of systematic uncertainties

A summary of the different contributions to the final systematic uncertainty of the para-
meters obtained from the amplitude analysis is shown in table Table 6.20. The most
important systematic effects come from the parameterisation of the angular acceptance
and the modeling of the invariant mass propagators. The final systematic uncertainty for
each of the parameters is obtained by adding in quadrature all the contributions.
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Table 6.20: Systematic uncertainties of the parameters obtained from the amplitude analysis.

Source fL f |AZ]? |AT)? |Ass|? 9 6, —o0F oF Oss

Fit bias 0.0020 0.0040 0.0030 0.0030 0.0010 0.0080 0.024 0.0210 0.0120
MC stat 0.0095 0.0083 0.0050 0.0072 0.0007 0.0368 0.019 0.0357 0.0759
Data/MC 0.0101 0.0038 0.0021 0.0102 0.0003 0.0417 0.0004 0.0753 0.1877
Acceptance 0.0310 0.0080 0.0190 0.0070 0.0030 0.1300 0.0160 0.1600 0.0960
Mass resol 0.0000 0.0000 0.0000 0.0110 0.0000 0.0240 0.0110 0.0220 0.0430
Mass model 0.0207 0.0047 0.0113 0.0034 0.0053 0.0050 0.0171 0.0334 0.0177
Total 0.040 0.014 0.023 0.019 0.006 0.144 0.040 0.186 0.229

g Jo sisAjeue Jeinbue pajesbajul-swl | "9 Jaideyd)

5
0

0x X gx M



6.6 Branching ratio of BY — K*0K*0

6.6 Branching ratio of BY — K*0K*0

Given the large value of the S—wave contribution found in the previous section, a fraction
that could not be accurately determined in the analysis of 2010 data, an update of the
B(B? — K*0K*?) was performed. The strategy followed to measure this B is based upon
the use of a normalisation channel with a known partial width. The decay B® — ¢K*? was
chosen for this purpose. The presence of four hadrons in the final state and the similar
topology of both decays allows the harmonisation of their trigger and offline selections.
The ratio of branching fractions of these two decays is given by

B(Bg — K*OK*O) . gBO—>¢K*O « AfL(BO — d)K*O) NBE X fBg%K*OK*O
B(B® = ¢K*0)  egopoio  Ap (B2 — K*OK*0) © Ngo X fgo_, ko
fu  Blp— KTK-
Jt Bl ) (6.18)

fs = B(K®O — Ktn—)

where % is the ratio of b-quark hadronisation fractions that accounts for different yield
of B® and BY mesons. Npgo and Npgo represent the number of candidate events for
BY — Ktn~K~—7t and B® — KTK~K*rT decays respectively. The amount of those
corresponding to the resonant decays, B? — K**K*0 and B® — ¢K*0, is given by the
purity factors fBgaK*OK*O and fgo_,gx=0. 850—>¢K*0/882%K*0K*0 is the ratio of reconstruc-
tion, selection and trigger efficiencies for signal and normalisation channel. The overall
efficiency for each channel depends on the angular distribution of the particles in the
final state, which motivates the factors Ar. Both the purity and the A5 factor for
BY — K*9K*0 are calculated from the results of the angular analysis in Sect. 6.5, and
combined in the factor

1

l‘{/Bg*}K*QK*O — AfL(BS — K*OK*O) X (619)

fBQ—>K*° K*0

The factor corresponding to B% — ¢K*? decay is calculated from the results in [118]. In
the following sections, the determination of all the terms entering the branching fraction
calculation is described in more detail, together with the estimation of the systematic
uncertainties related to each of them.

6.6.1 Control channel: BY — ¢K*°

The selection cuts for the normalisation channel have been chosen to match those in [118],
with the exception of the PID requirements that are tighter to harmonize with the signal
selection. These cuts are shown in table Table 6.21. The definition of the multivariate
discriminator GL(B® — ¢K*®) can be found in [118]. Regarding the trigger selection,
similarly to the signal, all physics trigger lines are considered.

Fig. 6.34 shows the KT K~ K*xT invariant mass of the selected events. In order to
extract the number of B9 candidates an unbinned maximum likelihood fit was performed.
The B? signal was modeled by a combination of a Crystal Ball and a Gaussian distribu-
tions that share a common mean. Their relative widht and fraction and the parameters
describing the tail of the Crystal Ball are fixed to the values observed in B® — ¢K*°
simulated data. The signal from the recently discovered decay Bg — ¢K*0 is also de-
scribed using this parameterisation. The mass difference between B® and B is fixed to
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Chapter 6. Time-integrated angular analysis of B — K*0K*0

Table 6.21: Offline selection cuts for B® — ¢K*°. M(KK) is the invariant mass of the
K+ 7~ pair forming the K* where the pion hypothesis is changed into a kaon hypothesis.

Selection cuts
All tracks ProbNNghost < 0.5

All tracks prt > 500 MeV/c

All tracks IPx? >9

DLLA(K*) > 10

DLLr(7F) <0

K*0 mass window +150 MeV/c?

K*® pr > 900 MeV/c

K*0 vertex x?2 <9

K*9 DIRA >0

¢ mass window +15 MeV/c?

¢ pr > 900 MeV/c

¢ vertex x° <9

B mass window [5000, 5600] MeV/c?

BY DOCA < 0.3 mm

B vertex x?/ndof <5

B? flight distance x? > 15

B P2 < 25

M(KK) < (mg —15) OR
> (mgy + 15) OR

GL(BO — ¢K*0) > 0.10

the value calculated from [16]. The partially reconstructed background is modeled using
an ARGUS distribution, described by (6.1), with all its parameters floating in the fit. The
combinatorial background is parameterised with a decreasing exponential. The results of
the fit, as well as the values of the fixed parameters, are shown in Table 6.22.

6.6.2 Efficiency ratio

The ratio of efficiencies for B? — K*°K*9 and B® — ¢K*0 is calculated using MC
simulated events. Four contributions are evaluated to get the global efficiency: generator
efficiency (£9¢"), selection efficiency (e%¢), PID efficiency (¢7'P) and trigger efficiency
(Etrig).

g = €9 x 5¢/ x PP x gtri9 (6.20)

The generator efficiency accounts for the acceptance cuts applied to the event generator.
The selection efficiency includes the effects of the offline reconstruction and the selection
cuts. The efficiency of the PID cuts is computed separately since discrepancies in the
PID variables between data and MC need to be taken into account. The trigger efficiency
is the efficiency of the trigger for events that would be offline selected.

126



6.6 Branching ratio of BY — K*0K*0

400
350
300
250
200

Events / ( 14 MeV/c?)

150

5000 5200 5400 5600
M(K K K 1)) (MeV/c?)

=
o
N

[y
o

Events / ( 14 MeV/c?)

=i
HAAQVAA
4§_<

.
-
.
-
.o
..
e
ann®

pull
o

5000 5200 5400 5600
M(K K K 1) (MeV/c?)

Figure 6.34: Result of the fit to the invariant mass of the selected KKK combinations in
linear (top) and logarithmic (bottom) scales. The solid points represent the selected data and
the blue solid line is the fitted model. The B® (B?) signal peak is shown as a red (magenta)
dashed line. The contribution from partially reconstructed decays is represented as a light-blue
dashed line. The green dashed line is the combinatorial background component.
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Table 6.22: Fitted values of the parameters in the invariant mass model for 8% —
KtK~K*wT. The parameters quoted without error were fixed to the indicated value in
the fit. g is the mean of the B? peak, f-g is the fraction of the Crystal Ball (1 —fcp is the
fraction of the Gaussian), ocp is the width of the Crystal Ball, acg and ncg are Crystal Ball
parameters and 0gquss is the width of the signal Gaussian distribution. cpkg is the slope of the
exponential distribution describing the combinatorial background. kppysgikg and mppyspig are
the parameters of the ARGUS shape describing partially reconstructed events, that represent
a fraction fppysprg Of the total background.

Parameter Value

Ngo 1049 4 33

Npgo 27.1+6.4
Ngkg 234 + 18

wa (MeV/c?) 5283.98 + 0.50
oce (MeV/c?) 14.65+ 0.41
ace 2.56

nce 1.1

fca 0.915

OGauss (MeV/c?) 24.5

Cokg ((MeV/c?)™1)  (—0.8+1.3) x 1073
fphysBkg 0.613 4+ 0.091
KphysBkg (1.40 £0.41) x 1072
MphysBkg 5153.4 £9.3
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6.6 Branching ratio of BY — K*0K*0

6.6.2.1 Generator efficiency

Generator level efficiencies are found by generating simulated signal events using the
MC11a release of Gauss (v41r4) and then counting how many events have all their fi-
nal state particles falling within the LHCb geometric acceptance. The generator level
efficiencies for signal and control channel are given in Table 6.23.

Additionally, EvtGen will not generate resonances with masses outside the range mg+
15 % g, where mg and [ are the mass and the width of the resonance. This cutoff in the
mass of the resonance applied at the generator level should also be taken into account in
the global efficiency. We compute the global efficiency as

N

€= Ngen

(6.21)

where N is the number of simulated events we have after reconstruction, trigger and
selection processes, and N9¢" is the number of generated events. To properly calculate
the global efficiency we should replace N9¢" by N9¢" /(1 —mn) (or € by € x (1 —m)), where n
is the fraction of events with |[m—m0| > 15/ according to the lineshape description used
in generation [98]. In the case of BY — K*®K*0, this number is calculated by integrating
the 2D distribution in m(K+#~) and m(K~7™"),

ffnii*o+15rwo PDF(my, ma)dmydns

n= S
f fmw-i-mK PDF(ml, mz)dmlde

(6.22)

since (Mg + my) > (Mg=0 — 15 k+0). A equivalent expression can be written for B —
$K*C. The values obtained for 7 in both channels is shown in Table 6.23.

Table 6.23: Generator efficiencies for BY — K**K*? and B® — ¢K*° decays and correction
from the generator level mass cutoff.

Channel €9¢" (%) i
B% — ¢K*0 17.47 £0.04 0.09093 =+ 0.00001
BY — K*OK*0 16.0240.04 0.02659 + 0.00001

6.6.2.2 Selection efficiency

The reconstruction and selection efficiencies, contained in €%/, were calculated from
B? — K*OK*? and B® — ¢K*0 simulated data by applying the selection in table Table 6.2
and Table 6.21 respectively, with the exception of the PID cuts. Table 6.24 contains the
selection efficiencies for both signal and normalisation channel. The uncertainties in the
efficiencies are calculated using the binomial formula,

e(l—c¢)

o(e) = N

(6.23)

where N is the total number of events before the selection is applied.
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Table 6.24: Reconstruction and selection efficiencies for BY — K*°K*0 and B® — ¢K*0
decays.

Channel %€ (%)

BY — ¢K*0 5.600 £ 0.023
BY — K*K*0 4,605+ 0.015
ratio 1.216 +0.006

6.6.2.3 PID efficiency

The efficiency associated with the particle identification cuts in the signal and normal-
isation channel selections is estimated in this section. As already mentioned, the dis-
crepancies between data and MC in the PID variables, leading to discrepancies in the
efficiencies, need to be taken into account. In order to do so, the same approach ex-
plained in Sect. 6.4.3 has been followed.Calibration samples have been used to determine
the efficiency of selecting a known ID track by applying a certain PID cut as a function
of the track properties. In this case, the momentum and pseudorapidity of the track were
used. Fig. 6.13 shows the PID performance histograms for pions and kaons selected by
imposing the DLL,_p (a,b = K,m, p) requirements in Table 6.2. This information is
then used to reweight the BY — K*0K*® MC sample and the average PID efficiency is
computed. The same procedure is followed to reweight the BY — ¢K*0 MC according to
the PID efficiencies corresponding to the requirements in Table 6.21.

The resulting PID efficiencies for signal and normalisation channel are summarized in
Table 6.25.

Table 6.25: PID efficiencies for B? — K*°K*0 and B® — ¢K*® decays. The efficiencies are
calculated separately for different magnet polarities (Magnet Up and Magnet Down) and the
average is computed.

Channel e MU (%) €% MD(%) %€ (%)

B® — ¢pK*0 4870 £0.14 48.44+0.15 48.57+0.10
BY - K*K*0 4500+0.11 4530+0.11 45.15+0.08
ratio - - 1.076 +0.003

6.6.2.4 Trigger efficiency

The trigger efficiencies for the signal and normalisation channels have been computed in
two steps: the level-0 trigger (LO) efficiency and the High level trigger (HLT) efficiency,

gl = g0 5 HLT. (6.24)

The LO is responsible for the larger efficiency loss in triggering BY — K*9K*? and B —
dK*9 decays, and its efficiency has been calculated directly from data as explained below.
Simulated events have been used to determine the efficiency corresponding to the High
level trigger.

The efficiency of any choice of trigger lines can be measured on real data using the

130



6.6 Branching ratio of BY — K*0K*0

Table 6.26: LO efficiencies for signal and normalisation channels calculated from data using
the TISTOS technique.

Channel et (%)

BY — ¢pK*0 46.5+ 3.9
BY — K*OK*0  478+5.0
ratio 0.97 +£0.13

TISTOS technique [112] as follows

trig
trig __ ~TIS N
- NTIS

£ )

(6.25)

where TIS or “Triggered Independent of Signal” designates candidates triggered by tracks
that do not belong to the final state of interest (for instance, tracks coming from decays
of the accompanying b-quark) and N9 is the total number of triggered events. The TIS

efficiency, €"'°, can also be determined from data as
T NTIS&TOS
£TIS _ (NTOS) (6.26)
]

i being a small enough region of the signal B-meson phasespace (i.e. a B pt bin) so the
signal and underlying event properties are uncorrelated.

This procedure has been followed to calculate the level-0 trigger efficiency for B2 —
K*OK*0 and B® — ¢K*O. The bias induced in the calculation of €7/ when no binning in
the B phasespace is considered is correlated with the topology of the decay under study.
Given the similar topology of B2 — K*0K*0 and B® — ¢K*O, the cancelation of this
bias in the ratio of the trigger efficiencies is assumed to be a good approximation. This
approximation was tested in simulated data as is explained in Sect. 6.6.5.3.

The number of LOT /S, LOTOS and LOT/S&LOTOS events for signal and normalisa-
tion channels have been determined from a fit to the four body invariant mass spectrum
of the events in each category, see Appendix E. The resulting LO efficiencies are shown in
Table 6.26.

The HLT efficiency, that includes the effect of HLT1 and HLT2 steps, has been
determined using MC simulated B2 — K*9K*? and B® — ¢K*0 events. Table 6.27
shows the HLT trigger efficiencies estimated for both channels.

Table 6.27: HLT trigger efficiencies for B? — K*°K*® and B® — ¢K*O decays calculated
from MC simulated data.

Channel e T (%)

BY — ¢pK*0 86.07 4 0.29
BY — K*K*0 8597 +0.22
ratio 1.001 + 0.004

6.6.3 Purity

The number of Bg candidates in the invariant mass fit correspond rigorously to the number
of B — (KTm~)(K~7") selected and triggered, with a K7 mass in a 150 MeV/c?
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Chapter 6. Time-integrated angular analysis of B — K*0K*0

window around the nominal K*0 mass. This includes K*9, but also an S—wave component
and the interference between the S—wave and P—wave components.

Here, everything that is not S—wave or P—wave and S—wave interference is considered
as K*9 since the contamination from higher resonances is expected to be negligible, see
Sect. 6.5.3.1. Therefore, the fraction of BY — K*OK*0 present in the sample is given by

/PDF(X; |AT| = |AZ | = |Ass| = 0) g(X) dX

fBg—m*OK*O = (6.27)

/PDF(X) e(X) dX

where X = {2, my, mx}, PDF(X) is the probability density function given by (4.18)
and €(X) is the acceptance function (the efficiency as a function of X). Introducing
the parameter values obtained from the amplitude analysis, see Table 6.6, this expression
yields:

fao_ koo = 0.405 4 0.036. (6.28)

where we have propagated the statistical uncertainties in the magnitude and phase of the
different amplitudes.

A equivalent approach is needed to determine the fraction of B% — ¢K*0 within the
B? — KTm~ K™K~ data. Using the results in [118], the value

foo_ygi-0 = 0.760 + 0.018 (6.29)

is obtained.

6.6.4 Overall angular acceptance

The last effect we need to take into account is the dependence of the overall (recontruc-
tion, selection and trigger) efficiency, €, with the angular distribution of the particles in the
final state of both signal and normalisation channels. This efficiency will be proportional
to the integral of the observed angular distribution, divided by the integral of the physical
distribution. For the B? — K*0K*0 signal (no S—wave) this means

J PDF(X;|AT] = |AT| = |Ass| = 0) &(X) dX
J PDF(X; AT = |AS | = |Ass| = 0) dX

(6.30)

The calculation of the efficiencies in the previous sections rely on MC simulated data
which was generated with a certain choice of amplitudes that might differ from those
measured in data. Thus the overall efficiency must be corrected by the factor

A, = Edoto _ Jx PDF(X;|AZ| = |AS| = |Ass| = 0) e(X) dX

— — 6.31
Coeme (L= |ATIR = |AS 12— |Ass?) [ PDFmc(X) e(X) dX (6.31)

where PDFyc(X) represents the probability density function used in the generation of
the MC sample. The numerator of (6.31) appears also in the expression used to compute
the fraction of B? — K*0K*0, (6.27). Therefore, it is convenient to evaluate together
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6.6 Branching ratio of BY — K*0K*0

Table 6.28: Values of the k factor calculated for BY — K*0K*? and B® — ¢K*? decays.
This factor contains the purity and angular acceptance corrections to the efficiencies entering
the B(B? — K*°K*9) calculation.

Channel K

BY — ¢K*O 1.382 £ 0.035
B? — K*0K*0  3.1234+0.257
ratio 0.442 +£0.038

}\fL/fBoﬁK*()K*o to take better into account the correlations when propagating the stat-
istical uncertainties. The factor that enters the branching ratio expression, k, is defined
as

BI KK

Ar, (B2 — K*OK*0) x
fBgﬁK*OK*O
[ PDF(X) e(X) dX 1

6.32
T PDFuc(X) e(X) aX 1= AT — 1A — 1A %)

This correction, associated to B? — K*®K*? has been evaluated from the results in
Table 6.6. The measurement in [118] allow an equivalent calculation for the kB8°=®K™.
Both results are show in Table 6.28.

6.6.5 B(BY — K*°K*0) systematic uncertainties

Three main systematic sources were considered in the calculation of the B(B? — K*0K*0):
the selection efficiency, the trigger efficiency and the mass fit bias and systematic uncer-
tainties. The systematic uncertainties associated to the purity and angular correction are
calculated by propagating the uncertainties on the results from the amplitude analysis
assessed at Sect. 6.5.4.

6.6.5.1 Invariant mass fit

The systematic uncertainties induced by the model used in the mass fit are studied in this
section. As explained before the B? signal (as well as the B signal) is described using
a double CB, where the different tails account for radiative processes and low resolution
events respectively. An alternative model, consisting of a combination of a Crystal Ball
and a Gaussian was tried and the variation in the number of B? signal events was taken
as a systematic uncertainty.

Regarding the background description, the contribution coming from B% — pK*°
decays is the most likely to cause a bias in the Bg yield, since this kind of events accumulate
between the B° and BY peaks. However, the size of this contamination after the selection
in Table 6.2 is expected to be small. As explained in Sect. 6.3.3, if the fraction of
B° — pK*0 events is let free to float during the minimisation, the lower limit of the
parameter allowed interval is hit. Thus, in the nominal fit the contribution from this
decay is fixed to zero. In order to estimate the impact of this assumption, the nominal
result is compared with the one obtained when the number of B% — pK*9 events is fixed
to the one estimated from simulation (Ngo_, k-0 = 8.9 &+ 3.5).
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Table 6.29: Variation in the number of signal events, when the parameterisation of the
different components of the fit is changed. The sum in quadrature of all the components is
taken as systematic uncertainty.

B® — pK*? background

Signal Data model MC model

free fixed free fixed
BY — K*OK*0 8.2 0.12 6.54 0.04 4.15 6.54 10.5 (1.5%)
B® — ¢K*0 7.2 - 7.2 (0.7%)

Total
Syst Systematic

Moreover, two different shapes were used to describe the shape of the B — pK*?
contribution. The first one is described in Sect. 6.3.3, where a tightly selected sample
of B® — pK*0 decays is used to fix the parameters of the model, a single Crystal Ball
distribution. For the second one, a sample of B® — pK*® MC events was selected using
the B? — K*OK*0 stripping and offline selection (with the exception of the offline PID
cuts) and fitted with the same shape to determine another set of parameters. Using these
models for the B® — pK*? background the mass fit was repeated and the largest variation
in the number of BY candidates used as systematic uncertainty.

In the case of the normalisation channel, the fit was repeated with a different paramet-
erisation of the signal shape, a combination of two Crystal Ball distributions. Table 6.29
summarizes the systematic uncertainties associated to the model used in the invariant
mass fit for both channels.

Aditionally, biases in the invariant mass fit have been searched for, by generating
and fitting 1000 toy MC experiments using the nominal invariant mass model and the
parameter values extracted from data. The number of events generated for each toy
experiment corresponds to the total number of events seen in data. The pull distribution
for the signal yield is shown in Fig. 6.35. The central value and width of this distribution
can be found in Table 6.30. Since the observed bias is compatible with zero, no correction
to the number of BY candidates is applied. The uncertainty in the central value of the
pull distribution is taken as a systematic uncertainty.

The same procedure was applied to the reference channel mass fit. Similarly, no
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Figure 6.35: B? — (K*tn™)(K~7") (left) and B® — KTK~K*n¥ (right) yield pulls ob-

tained from 1000 toy MC experiments generated and fitted with the corresponding mass
model.
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Table 6.30: Mean and width of the B — (K*7~)(K~7t) and B® — KTK~K*7T yield
pulls distribution obtained from 1000 toy MC experiments.

Yield Pull mean Pull width Bias Systematic
Ngo ~ 0.001 £ 0.034 0.998 + 0.026 0.02 1.3
Ngo  0.010 £ 0.033 0.985 4+ 0.027 0.33 1.1

significant bias is observed, therefore no correction is applied and a systematic uncertainty
is derived from the uncertainty in the pull mean.

6.6.5.2 Selection efficiencies

In order to assess the systematic uncertainty associated to the determination of the se-
lection efficiency, the distribution of the main variables involved in the selection have been
compared between B? — K*9K*0 data and MC simulation. In Appendix D.3 this com-
parison is shown. The most important differences appear for the Bg meson pt and IP
significance, as well as for the secondary vertex x2. The effect of these discrepancies is
expected to be small in the ratio of selection efficiencies 558%’_>¢K*0/€582)’%K*0K*0. Never-
theless, the size of the effect was estimated by correcting the MC distributions mentioned
above to match those seen in data. The ratio of efficiencies was then recalculated, and
the difference with respect to the nominal one was found to be 0.0089 (0.74%). This

value is assigned as the systematic uncertainty.

6.6.5.3 Trigger efficiencies

In Sect. 6.6.2.4 the LO trigger efficiency was determined directly from data using the
TISTOS technique, considering no binning in the signal B-meson phase space. The bias
induced in the ratio of efficiencies by that approximation can be determined using MC
simulated data, where the LO trigger efficiency can be computed directly as

L0 NLO

EMc = o, (6.33)

where N%¢ is the number of MC events that survive the offline selection and N9 is the
number of those which also were selected by the LO trigger decision. The LO efficiency
calculated above can be compared with the one obtained by applying the TISTOS tech-
nique to the MC sample. This comparison is shown in Table 6.31. The variation in the
ratio of efficiencies estimated with the two different methods is considered as a systematic
uncertainty in the branching ratio calculation.

Table 6.31: LO trigger efficiencies for BS — K*9K*? and B® — ¢K*O calculated from MC
simulated data with two different methods.

[0 (o L0 0
Channel evic (%) EMC;T/STOS(A))

BY — ¢pK*O 37.54+0.25 42.06 +0.20
B? — K*0K*0  50.38 4+ 1.47 53.33+1.14
ratio 0.8934+0.007  0.945 £ 0.034
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Table 6.32: Summary of the relevant quantities in the B(BY — K*°K*0) calculation. The
first uncertainty is statistical, the second systematic (if just one is quoted, it represents the
combination of statistical and systematic).

Parameter Value
Npo 697 £ 31+ 11
Ngo 1049 £33 £7
K,BO_>¢K*O/K/BS_>K*OK*O 0.442 +0.036 £ 0.024
EBO K0/ € go_, k0 0 1.30+0.17 £ 0.07

6.6.6 B(B? — K*OK*9) result

The results obtained in the previous sections were combined together in

B(BY — K*0K*0 fy € ) K \ N B(d— KTK—
( 50—> : ) _fa Epoogro  Keoogko Ny (d)o B (6.34)
B(BY — ¢K*0) fs €B0— K*0K+0 K:BSHK*OR*O Ngo  B(K*0 — K+m—)

to determine B(B? — K*9K*0) relative to B(B® — ¢K*?). The values and uncertainties
of the parameters in the previous expression are summarized in Table 6.32. The ratio
between the hadronisation fractions has been taken from [123] and is f% = 0.259£0.015.
The value of B(¢p — KTK™) = (0.489 4 0.005) is taken from [16] and B(K*® —
K*T7n~) =2/3. Using these numbers, (6.34) leads to

B(B2 — K*0K*9)
B(B% — ¢K*0)

= 1.080 4 0.182(stat.) & 0.081(syst.) = 0.063(f, /1)

Considering the value B(B® — ¢K*0) = (9.8 £ 0.6) x 107° from [16],

B(BY — K*K*9) = (10.6 + 1.8(stat.) + 1.0(syst) + 0.6(fy/f)) x 107°.
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6.7 Triple products and direct CP asymmetries

The “true” TP asymmetries and direct CP asymmetries have been calculated for B —
K*9K*9 using Eqs. (4.36) - (4.39) and Eqs. (4.41) - (4.41), respectively. These quant-
ities have been independently determined for TOS and non-TOS events. The angular
distributions of the background have been parameterised using events from the high
Bg mass sideband, and subtracted according to the fraction present in each sample,
see Sect. 6.5.1.1. After correcting for the angular acceptance, the data distribution in
the relevant angular functions are shown in Fig. 6.36 (TOS) and Fig. 6.37 (non-TOS).
Table 6.33 contains the TP and CP asymmetries measured for each sample. A weighted
average between TOS and non-TOS is taken as the final result,

AL = 0.003+0.041(stat.) + 0.009(syst.),
AZ = 0.999 + 0.041(stat.) + 0.009(syst.),
A% = 0.019 +0.041(stat.) £ 0.008(syst.),
A% = —0.040 + 0.041(stat.) + 0.008(syst.),
AL = —0.061 =+ 0.041(stat.) & 0.012(syst.),
A% = 0.0814 0.041(stat.) 4 0.008(syst.),
A3, = —0.079 4 0.041(stat.) & 0.023(syst.),
Af, = —0.081=+0.041(stat.) & 0.010(syst.).

One of the main sources of systematic error in these measurements is the effect of
the angular acceptance. The angular acceptance correction is more relevant in the case
of the four CP asymmetries with respect to the triple product asymmetries, as can be
seen in Fig. 6.38. Two sources of systematics related to the angular acceptance have
been considered, following the same approach as in the case of the amplitude analysis:
the difference in the pt spectra between data and MC (Sect. 6.5.4.3) and the statistical
error in the acceptance description (Sect. 6.5.4.2).

The lifetime dependence of the different amplitudes are modified by the lifetime biasing
cuts in the selection. This could induce a bias in the measured TPA and CP asymmetries.
To determine the size of this effect, a set of toy MC samples was generated using a

Table 6.33: TP asymmetries and CP asymmetries measured with B — K*°K*° TOS and
non-TOS events. Only statistical uncertainties are shown.

Asymmetry TOS non-TOS Average
AlT 0.028 +£ 0.058 -0.023 + 0.059 0.003 4+ 0.041
A% -0.034 + 0.058 0.052 £ 0.059 0.009 +£ 0.041
A3 -0.014 £+ 0.058  0.051 + 0.059  0.019 + 0.041
A‘-‘r -0.011 4+ 0.058 -0.069 £ 0.059 -0.040 £ 0.041
AlD -0.004 £ 0.058 -0.117 £ 0.059 -0.061 £ 0.041
AQD 0.087 £ 0.058 0.075 + 0.059 0.081 4+ 0.041
A3D -0.140 + 0.057 -0.018 £ 0.059 -0.079 + 0.041
A4D -0.118 4+ 0.057 -0.044 £ 0.059 -0.081 £ 0.041
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(bottom).
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Table 6.34: Summary of the systematic uncertainties on the Triple Products asymmetries
for the BY — K*9K*? decay mode. The total systematic uncertainty is the quadratic sum of
the individual components.

Angular Lifetime Background MC
Source _ o Total
Acceptance Acceptance Fraction Statistics
AL 0.0033 0.0030 0.0002 0.0074 0.0086
AZ 0.0044 0.0026 0.0003 0.0071 0.0087
A 0.0031 0.0014 0.0002 0.0072 0.0080
A% 0.0028 0.0010 0.0003 0.0075 0.0081
AL 0.0085 0.0011 0.0005 0.0078 0.0116
A2 0.0014 0.0010 0.0004 0.0080 0.0081
A3 0.0197 0.0087 0.0002 0.0073 0.0227
Al 0.0047 0.0028 0.0003 0.0078 0.0095

time-dependent PDF that includes the change in efficiency as a function of the lifetime of
the B2. The lifetime acceptance was parameterised using full generated B — K*0K*0
MC, see Appendix D.5. From the comparison of the values measured for the different
asymmetries with the ones that had been generated, the systematic uncertainty coming
from the lifetime acceptance was estimated.

Finally, the background fraction has been changed by 4+10 in order to estimate the
systematic effect in the measured asymmetries. The results of the systematic studies are
summarised in Table 6.34.

6.8 Result discussion

The decay channel BY — (KT~ )(K ) has been studied using 1.0 fb™! of data taken
by LHCb during 2011, which corresponds to pp collisions at /s = 7 TeV centre-of-mass
energy.

Two different analyses have been performed. First, using the Standard Model de-
scription of this process, the angular distribution of the decay products was analysed as
a function of the K7 pairs invariant mass, in order to measure the polarisation fractions
of the decay B? — K*°K*? as well as the magnitude and phase of the various S—wave
amplitudes. The low polarisation of the vector-vector decay is confirmed by the measure-
ment f; = 0.201 £+ 0.057(stat.) = 0.040syst., and a large S—wave contribution is found
(0.665 + 0.067(stat.) 4= 0.030(syst.)).

In addition, a new determination of the branching fraction of BY — K*9K*0 was
performed, using BY — ¢K*® as normalisation channel. The measurement yielded
B(B? — K*OK*0) = (10.6 4 1.8(stat.) & 1.0(syst.) & 0.6(fy/fs)) x 107°, compatible
with the theoretical prediction [2]. It is important to note that the previous measurement
given in Sect. 5.5.2, used an extrapolation from BY — J/9K*? to estimate the S—wave
contribution. This significantly augmented the value of the B to (2.81+£0.73)x107>. The
measurement given in this section takes into account the S—wave component measured
through the angular analysis of BY — (KT~ )(K~7"), which is found to be much larger
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than that assumed in Sect. 5.5.2. The 2010 measurement can be rescaled to include the
S—wave fraction determined in Sect. 6.5, which reduces it to 1.1 x 107>, compatible with
the subsequent measurement with 2011 data.

The second analysis is a search for New Physics effects. The SM predicts CP-violation
in this decay to be negligible, therefore a measurement of a large value of any CP-
asymmetry would be a sign of physics beyond the SM. Eight CP-violating quantities
accessible to the untagged sample were measured from their corresponding angular asym-
metries. However, within the statistical precision all of them were found to be compatible
with CP-conservation.
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Conclusions

In this thesis, the study of the decay channel B — K*CK*9 with the first data collected
by LHCb during 2010 and 2011 is presented. The datasets correspond, respectively, to
37 pb~! and 1.0 fb~! of proton-proton collisions at a centre-of-mass energy of \/s =7
TeV.

BY — K*°K*0 is an example of a Flavour-Chaging Neutral Current process, which
is mediated by penguin diagrams in the Standard Model. This feature makes it very
sensitive to new heavy particles circulating in the loop. Predictions for the branching
ratio and polarisation fractions of this decay have been given in the context of QCD
factorisation. Additionally, no CP-violation is expected in this decay within the Standar
Model, as long as subdominant penguins are neglected. CP observables in this process,
such as triple product asymmetries, therefore provide a good handle to test theories beyond
the Standard Model.

The first observation of this decay channel has been reported. Using the dataset
recorded by LHCb during 2010, a clear BY — (KT7~)(K~m") signal was found with
a statistical significance of more than 100. Normalising to the BY — J/9K*? decay
channel, the branching ratio of B — K*9K*? was measured, assuming the contribution
from scalar K production in the final state is equivalent to what was measured in the
normalisation channel [105]. The result is the following,

B (B2 — K*K*%) = (2.81 & 0.46(stat.) & 0.45(syst.) £ 0.34 (fs/f4)) x 107>

Additionally, a simplified analysis of the angular distribution of the decay products was
also carried out to measure the longitudinal polarisation fraction,

fi =0.31 +£0.12(stat.) + 0.04(syst.)

With the larger sample recorded by LHCb during 2011, a more precise time integrated
and untagged analysis was carried out of the decay BY — (KTm~)(K~7"). The analysed
observables were the three decay angles in the helicity basis and the masses of the KTm~
and K=t systems, in a £150 MeV/c? window of the K*°(892). In this window, the
final state is dominated by the resonant components Bs — K*9(892)K*9(892), Bs —
K*9(892)(K~m)g and Bs — (KTm)o(K~7")g, which we designate generically as P—
wave and S—wave. Among the 6 amplitudes contributing, two of them are CP-odd, the
transversity A, in the P—-wave and Al in the S—wave, and the rest are CP-even.

Two approaches have been followed in this analysis. In one of them a determination is
performed, in a model independent way, of the 8 angular asymmetries that are sensitive to
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CP-violation, accessible, even in the case of untagged analysis, through the interference
terms between either of the CP-odd amplitudes and the rest of CP-even amplitudes.
Four of them are true triple products asymmetries (A(T')), and the other four are direct

CP-asymmetries (A(Di)). The measured asymmetries are the following,

AL = 0.003+ 0.041(stat.) + 0.009(syst.),
AZ = 0.999 + 0.041(stat.) + 0.009(syst.),
A3 = 0.019 +0.041(stat.) + 0.008(syst.),
A% = —0.040 + 0.041(stat.) + 0.008(syst.),
AL = —0.0614 0.041(stat.) 4 0.012(syst.),
A% = 0.081 4+ 0.041(stat.) 4 0.008(syst.),
A} = —0.079 4 0.041(stat.) 4 0.023(syst.),
AL, = —0.08140.041(stat.) 4 0.010(syst.).

Within the statistical precision, none of them show significant CP-violation. This is ex-
pected in the Standard Model, even in the presence of a non-zero weak phase ¢s, since
the above observables depend to lowest order on differences between weak phases of
interfering amplitudes.

In the second approach, a combined angular and mass analysis was performed that
included the 6 helicity amplitudes in the 4150 MeV/c? K*°(892) mass window, where the
CP-violating interference terms were neglected. As a result of this analysis, all magnitudes
and measurable phases of the helicity amplitudes were determined. A strong S—wave com-
ponent was found (0.665+0.067+0.030), mostly CP-even. The longitudinal component
of the K*9(892) polarisation is measured to be low

fi = 0.201 £ 0.057(stat.) = 0.040(syst.),

and compatible with the previous measurement. As a further consequence of the angular
and mass analyses, the branching fraction of the vector-vector mode Bs — K*°(892)K*0(892)
has been determined to yield

B(BY — K*K*%) = (10.6 + 1.8(stat.) 4 1.0(syst.) £ 0.6(fy/f)) x 107°.

This result is in good agreement with the central values of existing theoretical predic-
tions [2] which show larger systematic errors. It is also compatible with the previous
measurement, when the large S—wave contribution observed in B2 — (KTn~)(K~n") is
properly taken into account.

This work opens the way for a high statistics flavour tagged and time dependent
analysis of the BQ oscillation, in order to probe the electroweak phase ¢s common to all
CP-even and CP-odd states, predicted to be very small in the Standard Model.
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Summary

The Standard Model (SM) of Particle Physics is currently the most reliable description
of fundamental particles and their interactions. Despite its success in explaining a large
variety of phenomena, the SM fails to incorporate elements such as gravity, Dark Matter
or neutrino’s oscillation. Several New Physics (NP) models have been proposed to solve
these issues. It is the objective of experiments such as the Large Hadron Collider (LHC) at
CERN to test NP models predictions and to look for departures from the SM expectations.

B-physics constitutes an excellent benchmark for measuring SM parameters such as
the CKM matrix elements or CP-violation. Furthermore, b — g flavour-changing neutral
current (FCNC) processes, are very sensitive to deviations from the SM induced by NP
particles circulating in the loops. One example of such a process is the decay B —
K*O K*O.

The LHCb experiment at the LHC was designed to study rare decays and CP violation
in b-hadron decays, with the hope of revealing physics beyond the SM. The work presented
in this thesis corresponds to the analysis of the decay mode B? — K*OK*0 with the data
taken by LHCb during 2010 and 2011.

S.1 B? — K*°K*9 in the Standard Model

Within the SM, the FCNC b — sdd transition responsible for the B — K*K*? decay
proceeds through one-loop gluonic penguin transitions, dominated by a virtual intermediate
top quark coupling to a W boson. Extensions of the SM predict additional one-loop
contributions that could introduce sizeable effects on the dynamics of the transition.

Predicting the observables accesible to exclusive hadronic decays, such as B —
K*0K*0 is complicated, since the hadronisation process introduces intrinsically non-
perturbative effects. Theoretical predictions can be made within QCD factorisation
(QCDf) framework, by decomposing the hadronic matrix element into from factors and
decay constants. In this context, the available prediction for the branching fraction of this
decay mode is B(B? — K*0K*0) = (9.173%3) x 1078, which improves to (7.9753) x 107°
when experimental input from B® — ¢K*9 is used.

Since the K*0 resonances have spin 1, BY — K*®K*0 is, in fact, three different decays
with K*0 helicities h = 0,41. Therefore, it is described by three different amplitudes
that can be disentangled through an angular analysis of the decay products of the two
K*9 mesons. The relative fraction corresponding to the longitudinal amplitude (h = 0)
has also been calculated in QCDf yielding fi = 0.637342 (0.7279:2% when input from
BY — ¢K*0 is used).
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Figure S.1: View of the LHCb detector.

Regarding CP violation, the SM predicts it to be negligible for this decay due to
the strong suppression of the subdominant penguin contributions. Therefore, if any CP-
violating quantity is measured to be large for this decay, this would be a signal of physics
beyond the SM.

S.2 LHCb experiment at the LHC

LHCb is one of the four big detectors placed along the LHC accelerator at CERN. It is
dedicated to the study of CP violation and rare decays in hadrons containing b-quarks.
The correct identification of the primary vertex (PV), where the b-hadron is produced,
and secondary vertex (SV), where the b-hadron decays, is essential for all the LHCb
analyses. This task becomes more difficult as the instantaneous luminosity increases, due
to the larger number of pp interactions. In order to limit the effect of overlapping events,
LHCb works at an instantaneous luminosity smaller than that of other LHC experiments.

S.2.1 The LHCb detector

The LHCb detector is a single-arm spectrometer with a forward angular coverage from
approximately 10 mrad to 300 (250) mrad in the bending (non-bending) plane of the
magnet. The main elements of LHCb, shown in Fig. S.1, are:

e Magnet: A warm dipole that provides an integrated field of 4 T - m.

e Vertex Locator (VELO): Silicon detector that provides precise information of the
production and decay vertices of b-hadrons (PV and SV).

e Tracking System: Composed of the Tracker Turiciensis (TT) before the magnet
and three Tracking Stations (T1, T2, T3) after the magnet. This system allows
the reconstruction of the trajectory of charged particles. In the TStations, the inner
part (IT) uses silicon microstrip sensors, and the outer one uses drift tubes.
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e Two Ring Imaging Cherenkov Detectors (RICH): These two detectors (RICH-1 be-
fore the magnet and RICH-2 after the magnet) have the task of identifying charged
particles over the momentum range 2-100 GeV/c.

e Calorimeter System: SPD (Scintillator Pad Detector), PS (PreShower), ECAL
(Electromagnetic CALorimeter) and HCAL (Hadronic CALorimeter) compose the
calorimeter system. The purpose of this subdetector is to provide identification of
electrons and hadrons with measurements of position and energy.

e Muon System: A combination of MWPC (Multi Wire Proportional Cambers and
GEM (Gas Electron Multiplier) are used to identify muons that have passed through
the calorimeters.

The rate of events taken by LHCb from proton-proton LHC collisions is in the order
of several million per second, too high to be managed. The LHCb trigger system uses the
information collected by the different subdetectors to reduce this huge amount of events,
while retaining as many interesting b decays as possible, before they are transferred to
long-term data storage. In particular, during 2011 the LHCb trigger reduced the rate
from ~ 15 MHz to ~ 3 kHz, by exploting the main signatures of particles coming from
b-hadron decays (high pt, impact parameter,etc).

The analysis of this thesis is based on the data taken by LHCb from the LHC pp
collision at a centre-of-mass energy of /s = 7 TeV during 2010 and 2011. The integrated
luminosity corresponds to 37 pb~! and 1.0 fb™! respectively.

S.3 The B? — (K™n™)(K~7") decay rate

The B? — K*°K*0 decay was searched for in the charged final state B — (Kt~ )(K~ ),
where the K pairs are required to have an invariant mass within 150 l\/IeV/C2 of the
K*9(892) nominal mass. In this mass window, an scalar component (S) is found in addition
to the vector resonance (V). The decay is therefore described by six different amplitudes.
Three of them are the amplitudes describing the B — V4V5 decay (P-wave), which, in
the transversity basis, are: Ag, A and A . The other three (S—wave) correspond to the
decaysl: B — V152 (A\/s), B — 51\/2 (AS\/) and B — 5152 (Ass)-

It is convenient to define the linear combinations AY = (Ays+Asy)/V2, A7 = (Ays—
Asv)/V/2, so the decay rate can be entirely written in terms of amplitudes associated to
CP-even (0, ||, s7,ss) and CP-odd (L, s™) eigenstates.

S.3.1 Amplitude analysis in the SM

In order to disentangle all of these contributions, the angular distribution of the decay
products has to be compared with the differential decay rate corresponding to the inter-
fering combination of the amplitudes. Furthermore, the mixing in the neutral B2 meson
system introduces a time dependence in these amplitudes, which is different for As and
Af, the amplitudes describing B — f and B — f respectively. However, due to the
small size of the data sample available, flavour tagging algorithms, used to determine the

'The underscript 1 (2) corresponds the KT~ (K~ 7™) pair.
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flavour of the BS meson at the production time, could not be applied. Consequently, an
untagged and time-integrated analysis was carried out.

The decay rate can thus be written as a function of the three angles in the helicity
basis (£2 : {cos 81, cosBo, ©}) and the invariant mass of the K7~ (m1) and the K~ n+
(mo) pairs as follows

21
dr
m _;Kn(ml,mg)Fn(Q), (S-l)

where the functions K, contain the dependence with the different amplitudes and F,
give the angular distribution associated with each amplitude combination. Assuming no
CP-violation, following the prediction of the Standard Model, simplifies the functions K,,.
In particular, every term proportional to the interference between a CP-odd and a CP-
even amplitude vanish. The reason is that those terms are proportional to Triple Product
aysmmetries and direct CP asymmetries, which are CP-violating quantities.

S.3.2 Triple Product and Direct asymmetries

Although no distinction between B and B decays is made in the analysis presented here,
a CP-violation study is still possible. In B — V'V decays two CP-violating triple products
asymmetries (TPA) arise in the untagged sample. In particular, these TPA are propor-
tional to the interference terms between the CP-odd amplitude A and the two CP-even
amplitudes Ag and Aj. When the S—wave contribution is taken into account, two more CP-
even amplitudes are subject to interference with A . Additionally, interferences between
the CP-odd amplitude Al and the CP-even amplitudes give rise to four CP-violating
quantities that have been verified to have the structure of direct CP asymmetries.
Therefore, eight CP-violating observables, four TPA AY) and four direct CP asym-
metries A(D’) (i=1,...,4), are measurable with the available sample. It can be shown that
these observables can be determined from an asymmetric angular integration of the decay

rate following _ _
ay N p(82) >0) = N(Ur p(£2) <0)

TP N(UE 5(2) > 0) + N(UE 5 (£2) < 0)

(5.2)

where U(T'l)D is the angular function associated with the term in the decay rate proportional

to Ag?D. Table S.1 contain the definition of each of the CP-violating observables in terms

of the amplitudes and their corresponding angular function U(TI)D. Since no CP-violation
is expected within the SM for this process, the measurement of a large value for any of

these quantities would be a signal of New Physics.

S.4 First observation of BY — K*0K*0

No evidence for the BY — K*9K*C decay had been found before the start of the LHC,
and only an upper limit for its branching fraction, B(B2 — K*0K*0) < 1.68 x 1072 at a
90% CL, had been reported by the SLD collaboration.

Both BaBar and Belle collaborations reported searches for the U-spin rotated channel,
B — K*OK*0. However, whilst BaBar claimed the discovery and presented a branching
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Table S.1: Summary of the CP-violating observables which can be measured in the untagged
analysis of BY — (KTm~)(K~7") and the angular functions associated to each of them.
The middle column gives the TPA or direct CP asymmetry which give rise to each of the
observables.

Observable TPA / Direct CP asymmetry U%D(_Q)
A(Tl) S(ALAS — ALAS) sign(cos 81 cos 6,) sin @
Al2) S(ALAT - ALAY) sin 2¢
A%f’) S(AL(AD) — AL(AD)Y) sign(cos 6y + cos6) sin
A S(ALAL — ALAL) sin ¢
R(ATAL — AL AL
AL st0 0 cos 6 cos B, (cos 01 — cos bs)
b %(AjASS_ASASS) ' .
A(D2) R(ATA; - Aj[\ﬁ) (cosB1 — cos ) cos
RATA: — ATAY)
AZ) st Ts 00 (cosfy — cosby)
b 8%(’A\j_ASS_AsAss)
A R(AT(AD)* — AT (AD)Y) (cos? 61 — cos? 6,)

ratio measurement of (1.281’838 4+ 0.11) x 107°, Belle set an upper limit of B(B® —

K*OK*0) < 0.8 x 107% at 90% CL a few years later. In the same paper, BaBar also
reported a measurement of the longitudinal polarisation fraction for B9 — K*CK*0 of
fi = 0.807019 £ 0.06.

The search for BY — K*9K*0 at LHCb is presented here, based in the data collected
from LHC pp collisions at /s = 7 TeV during 2010, which corresponds to 37 pb~! of
integrated luminosity.

S.4.1 Event selection

In the search for B? — K*0K*0, a first set of selection criteria was applied to reduce
most of the background. Essentially, candidates are required to have four high-pt charged
tracks forming a well-defined vertex separated from the primary pp interaction. Based
on the particle identification system, these four tracks need to be to be compatible with
the hypothesis of two K7 pairs, which are also required to have an invariant mass within
+150 MeV/c? of the K*9(892) nominal mass.

Further background reduction was achieved by defining a multivariate discriminant
from information regarding the event topology, the Geometrical Likelihood (GL). The GL
was trained using Monte Carlo BY — K*0K*0 events to simulate the signal and a small
data sample of early 2010 data (excluded from the rest of the analysis) as background.
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Figure S.2: Fit to the KTn~ K~ 7t mass distribution of selected candidates. The fit model
(dashed pink curve) includes two signal components corresponding to the BY and B° decays.
The background is described as a combinatorial component (dotted blue) plus a contribution
from partially reconstructed decays (dash-dotted green).

S.4.2 Invariant mass spectrum

The invariant mass of the four reconstructed particles for the candidates selected with the
previously described criteria is shown in Fig. S.2. From a maximum likelihood fit to this
spectrum the number of B? — (K+*m~)(K~7t) candidates was determined. The model
used to describe the data includes the signals from Bg(q) — K*tn~ K~ 7" decay modes,
described by two Gaussian probability density functions (PDF), a decreasing exponential to
model the combinatorial background and a modified ARGUS distribution to parameterise
the background coming from partially reconstructed B-decays.

The measured B? signal yield in a window of +50MeV/c? around the BY mass is
Ngo = 49.8£7.5(stat.), with a significance of 10.9 0. The peak at the B° mass, though
not significant, is compatible with the B9 — K*°K*0 branching fraction measured by
BaBar.

S.4.3 Angular analysis

Due to the small size of the signal, a simplified version of the angular analysis presented
in Sect. S.3.1 was performed: a mass integrated fit to the angular distribution, assuming
no contamination from the S—wave amplitudes. The measurable parameters were the
relative fraction of each of the transversity amplitudes, usually referred to as polarisation
fractions,
_ | Ao kI?

|ALIZ + A2+ |ALI?

fl k k=|,L, (S5.3)
and ¢y, the phase difference between Ag and A).

The effects induced by the detector geometrical acceptance, and the reconstrucction
and selection processes were determined using simulated B2 — K*9K*? events, and were
described in terms of an acceptance function of the decay angles. The acceptance function
was found compatible with being constant in . In contrast, it has a strong dependence
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Figure S.3: cos 6 (above) and ¢ (below) acceptance corrected distributions for BY — K*0K*0
candidates. The blue line is the projection of the fit model for the measured values of the
parameters f;, f and 5H- The dotted lines indicate +1¢ variation of the f; central value.

on the K*9 polarisation angle 8, dropping asymmetrically as cos 8 » becomes close to +1,
as a consequence of the minimum p and pt of the tracks imposed by the reconstruction
and selection. This effect is more important for the limit cos@ — +1, i.e. when the
meson is emitted backwards with respect to the K*® momentum.

After modifying the decay rate to take into account the acceptance, an unbinned
maximum likelihood was performed to the angular distribution of the candidates with a
four-body invariant mass in a +50 MeV/c? window around the BY mass. The remaining
background was parameterised using data from the BY sidebands and fixed to the fraction
determined from the the invariant mass fit. The result is shown in Fig. S.3. The K*0
polarisation fractions were measured to be f; = 0.31 £+ 0.12(stat.) &+ 0.04(syst.) and
fi = 0.38 & 0.11(stat.) & 0.04(syst.). A significant measurement of § could not be
achieved (6 = 1.47 £ 1.85). The main contribution to the systematic uncertainties
previously quoted come from the determination of the angular acceptance, where data
from the decay Bg — J/9¥K*0 weres used to correct the acceptance description obtained
from simulation.

It is remarkable that the longitudinal polarisation of the K*® mesons seems to be quite
different between B — K*0K*0 and B® — K*0K*0, despite the fact that the two decays
are related by a U-spin rotation.

S.4.4 Branching ratio determination

In order to determine the branching ratio for the B2 — K*®K*0 decay, the number of
events observed has been normalised to the number of candidates found for a reference
channel with known B. The decay BY — J/9K*® was chosen for this purpose because it
has a similar topology to the signal.
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The following expression was used

ES%I effofg N
— BY— J/ypK*0 BY— J/pK*0 BO— K*0 [<*0
0 *0 1 ~*0 _ d d s
B(BL = KK = i x o X X -
BS%K*OK*O B(S)—)K*OR*O Bd—)J/’L/}K
fa 9
xByis(BY — J/WK*) x = X7 (S.4)
s

The ratio of reconstruction and selection efficiencies (¢%¢') was calculated using simula-
tion, and validated in data. The correction factor \;, takes into account the effect of
the different polarisation between data and Monte Carlo in the determination of these
efficiencies. Trigger efficiencies for normalisation and signal channels were directly ob-
tained from data. Trigger differences induced by the two muons from the J/4 decay were
mitigated by only considering candidates selected by the hadronic trigger.

The number of candidates for the normalisation channel was obtained by fitting the
invariant mass spectrum, M(J/4, K, ). The ratio with the number of signal candidates
was then corrected to take into account the non-resonant contribution in the K system,
which was extrapolated from a previous BaBar measurement in BY — J/9K*0 decays.

Finally, the wold average of the visible branching ratio, Bys(BY — J/9K*?), which is
the product B(BY — J/YK*®) x B(Jp — ptu~) x B(K*® — K*tr~), and the ratio of
B2 and BP production fractions measured by LHCb were used. The result obtained is

B(B? — K*K*%) = (2.81 4+ 0.46 (stat.) + 0.45 (syst.) £ 0.34 (f./fy)) x 107>,

compatible with theoretical estimations within the Standard Model.

S.5 Time integrated untagged analysis of BY — K*0K*0

A more detailed analysis of the decay channel BY — K*°K*O was performed with a
higher luminosity data sample collected by LHCb during 2011, from LHC pp collisions
at /s = 7 TeV. The full amplitude analysis described in Sect. S.3.1 was performed
and provided a more accurate measurement of the polarisation fractions along with the
first determination of the S—wave contributions in the BY — (KT~ )(K~7T). This also
allowed a more precise measurement of B(B? — K*9K*0). A search for physics beyond
the SM was performed through the measurement of the eight CP-violating observables
accessible to the untagged analysis of this sample.

S.5.1 Event selection and signal yield

BS — K*OK*0 candidates were selected from data using a set of requirements similar to
those applied in the analysis of 2010 data. The GL was redefined using a new sample of
B? — K*0K*0 simulated data and the same background sample.

Peaking background contributions from three specific b-hadron decays were identified:
B — pK*0, B® — ¢K*0 and A — prKm. B® — pK*? decays are likely to be selected
when a pion from the p decay is misidentified as a kaon, and they accumulate in the region
between the B% and Bg nominal masses in the four-body mass spectrum. Strong particle
identification requirements were applied in order to suppress this contamination. A similar
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Figure S.4: Results of the four-body invariant mass fit (left) and zoom around the low
statistics region (right). The solid points represent the selected data and the blue solid line
is the fitted model. The B (B°) signal peak is shown as a pink (dark green) dashed and
dotted line. The different peaking background components are represented as dotted lines:
B% — ¢K*O (red), A — pwKm (green) and partially reconstructed decays (light blue). The
grey dashed line is the combinatorial background component.

case is the decay B? — ¢K*? when a kaon from the ¢ decay is identified as a pion. This
contribution is expected to appear in the low mass sideband. The last contaminating
decay, /\2 — pm K, had not been reported before, but it enters this spectrum in the high
mass sideband when the proton is misidentified as a kaon.

Taking into account all of these contributions, an unbinned maximum likelihood fit was
performed to the mass spectrum of the selected BY — (K*m~)(K~ ") candidates. The
fit result is shown in Fig. S.4. A total of 697 31 BY — (K7~ )(K~7") candidates
were found.

S.5.2 Amplitude analysis of BY — (KTn~)(K~n™)

The magnitude and phase of each of the different amplitudes contributing to the BY —
(Ktm=)(K~7t) ina £150 MeV/c? mass window around the K*° mass were determined
using a 5-dimensional fit to the candidates’ distribution in the three helicity angles and
the invariant mass of the two Km pairs. Candidates with a four-body invariant mass
within a =30 MeV/c? of the BY meson nominal mass were considered. The background
was parameterised using events from the high-mass sideband and fixed to the fraction
calculated from the result of the fit to the four-body invariant mass spectrum.

The acceptance function in each of the 5 variables entering the fit was extensively
studied using both BY — K*9K*? simulated events and data. As a conclusion, the angular
and mass dependence of the acceptance were assumed to be factorisable. Furthermore,
the efficiency as a function of my, m> and ¢ was found compatible with being constant.
The final model is based in a 2-dimensional acceptance function, (cos 1, cos8,), which
drops rapidly as cosf; > — 1, due, as explained, to the low momentum of the ™ meson
in such a configuration.

The candidates were split in two categories according to their trigger path. A differ-
ent acceptance correction was applied to each of the subsamples and and a simultaneous
fit was performed. The fit result is shown in Fig. S.5. The low polarisation of the
BY — K*OK*? decay is confirmed by the result f, = 0.201 + 0.057(stat.) 4- 0.040(syst.).
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Figure S.5: Projections of the 5D model fitted to B — (K*7~)(K~n") data (blue solid
line). The solid dots represent the selected data after background subtraction and acceptance
correction. The red dashed line is the P-wave component, the green dashed line is the
S-wave component and the light-blue dashed line represents the A;rAO interference term.
The two bottom plots show the forward-backward asymmetry in cosé as a function of the
corresponding K pair invariant mass for data and the fitted model.

Additionally, a large S—wave contribution is found (0.665 % 0.067(stat.) & 0.030(syst.)).
The main source of the final systematic uncertainty quoted above come from the paramet-
erisation of the angular acceptance and the modeling of the invariant mass propagators.

S.5.3 Determination of B(BY — K*0K*0)

Given the large value of the S—wave contribution found in the amplitude analysis, which
could not be accurately determined in the analysis of 2010 data, an update on the meas-
urement of the B(B2 — K*°K*?) was performed. The strategy followed to measure this
branching fraction is based upon the use of the normalisation channel B® — ¢K*°, due to
the presence of four hadrons in the final state of both decays and their similar topology.
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The ratio of branching fractions for these two processes is given by

_ tri
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(S.5)

where fy/fs is the ratio of the b-quark hadronisation fractions and accounts for the dif-
ferent yields of B and BY mesons.

The quantities Ngo and Npgo represent the number of candidate events for BY —
Ktn~K~m" and B® - Kt K~ K*7mT decays respectively. They were determined from
the corresponding fit to the four-body invariant mass spectrum. The ammount of those
corresponding to the resonant decays, B? — K**K*0 and B® — ¢K*0, is given by the
purity factors fBg—>K*0K*0 and fgo_, 0.

The ratio of reconstruction and selection efficiencies, £°¢/, was calculated using BS —
K*°K*0 and BY — ¢K*° simulated events and validated using data. The inefficiency
induced by the particle identification requirements was determined separately using high-
statistics control channels. The ratio of trigger efficiencies, €79, was computed through
a data driven method.

The overall efficiency for each channel depends on the angular distribution of the
particles in the final state, which motivates the factors Ar, . Both the purity and the Ag
factor for BY — K*0K*0 are calculated from the results of the angular analysis. The
factor corresponding to B% — ¢K*0 decay is calculated using the results obtained in the
dedicated B® — ¢pK*0 LHCb analysis.

Using the world average branching fraction for the reference channel, the result ob-
tained is

B(B? — K*K*%) = (10.6 £ 1.8(stat.) + 1.0(syst) + 0.6(f,/f)) x 1075,

compatible with the SM prediction. It is important to note that the previous measurement
used an extrapolation from 82 — J/YK*9 to estimate the S—wave contribution. The 2010
measurement can be rescaled to include the S—wave fraction determined in Sect. S.5.2,
which yields 1.1 x 107°, compatible with the subsequent measurement with 2011 data.

S.5.4 Triple product and direct CP asymmetries

Finally, all of the eight CP-violating observables accesible to the untagged analysis of the
decay B? — (K*7n~)(K~7) were measured, by computing the asymmetries in (S.2).
Candidates with a four-body invariant mass within £30 MeV/c? of the B meson nominal
mass were considered.

For each of the angular distributions, the background was parameterised using events
from the high-mass sideband, normalised to the number of events calculated from the res-
ult of the fit to the four-body invariant mass spectrum and subtracted. Those distributions
were also corrected by the angular acceptance earlier determined from BY — K*0K*0
simulated events. The lifetime biasing selection can introduce small variations in the
measurement of these asymmetries. This effect, together with the angular acceptance
correction are the two main sources of systematic uncertainty.
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The measured asymmetries are the following,

AL = 0.003+0.041(stat.) + 0.009(syst.),
AZ = 0.999 + 0.041(stat.) + 0.009(syst.),
A% = 0.019 + 0.041(stat.) + 0.008(syst.),
A% = —0.040 +0.041(stat.) + 0.008(syst.),
AL = —0.061 4+ 0.041(stat.) 4 0.012(syst.),
A% = 0.0814 0.041(stat.) 4 0.008(syst.),
A} = —0.079 4 0.041(stat.) 4 0.023(syst.),
A} = —0.08140.041(stat.) 4 0.010(syst.).

Within the statistical precision, none of them show significant CP violation. This result
is, therefore, compatible with the Standard Model prediction.
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Resumo e Conclusions

O Modelo Estdndar (SM) de Fisica de Particulas é, na actualidade, a descricién mais
fiable das particulas elementais e as slas interacciéns. A pesar do seu éxito explicando
unha gran variedade de fenémenos, o SM non incorpora elementos como a Gravidade,
a Materia Escura ou a oscilacién de neutrinos. Distintos modelos de Nova Fisica (NP)
foron propostos para resolver estes problemas. O obxectivo de experimentos como o Gran
Colisor de Hadréns (LHC) no CERN € o de pofier a proba as prediciéns destes novos
modelos e procurar desviacions do SM.

A fisica dos hadréons B, hadréons que contenen un quark b, constitlie un excelente
contexto para a medida dos pardmetros do SM tales como os elementos da matriz CKM
ou a violacién de CP. Ademais, as correntes neutras con cambio de sabor (FCNC) b — g
son moi sensibles a posibles desviacions do SM inducidas por particulas de NP circulando
nos loops. Un exemplo deste tipo de proceso é a desintegracién B — K*0K*0.

O experimento LHCb no LHC foi desenado para o estudo de desintegracions raras e
da violacién de CP no contexto dos hadréns B, coa intencién de revelar a natureza da
fisica alén o SM. O traballo presentado nesta tese corresponde coa andlise do modo de
desintegracién B — K*®K*0 cos datos recollidos polo LHCb durante 2010 e 2011.

R.1 B? — K**K*® no Modelo Esténdar

No SM a FCNC b — sdd, responsable do decaemento BY — K*®K*0 sucede a través
dunha transicién de tipo penguin gluénico, dominado por un quark top virtual que se acopla
a un bosén W. Algunhas extensions do SM predin contribucién adicionais que poderian
introducir efectos apreciables na dindmica da transicion.

Predicir os observables accesibles a desintegraciéns hadrénicas exclusivas, como B —
K*OK*0 & complicado debido a que o proceso de hadronizacién introduce efectos intrinse-
camente non perturbativos. Poden facerse prediciéns tedricas no ambito da QCDf (fac-
torizacion de QCD), no que os elementos de matriz hadrénicos pddense descompofier en
factores de forma e constantes de desintegracion. Neste contexto, a predicién dispoiible
para a fraccién de desintegracién é B(B2 — K*0K*0) = (9.171L3) x 1076, que mellora
ata (7.9753) x 107° cando se usa informacién experimental do proceso B% — ¢K*©.

Dado que a resonancia K*? ten spin 1, BY — K*OK*0 é en realidade tres decaemen-
tos distintos, cada un cunha helicidade distinta para os K*0's, h = 0, £1. Polo tanto,
este proceso ven descrito por tres amplitudes diferentes que poden ser desentrelazadas a
través dunha anilise angular dos produtos da desintegracién dos K*9's. A fraccién relativa
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Figura R.6: View of the LHCb detector.

correspondente & amplitude lonxitudinal (h = 0) foi calculada tamén en QCDf para obter
fL = 0.637042 (0.72%5:2° cando se usa informacién do proceso B — ¢pK*?).

En relacién 4 violacidon de CP, o SM predi que debe ser desprezable para este de-
caemento debido a que a contribuciéon penguin subdominante estd moi suprimida. Polo
tanto, se neste proceso se medis un valor elevado para algin observable que viole CP, esa
medida constituiria un sinal de fisica alén o SM.

R.2 O experimento LHCb no LHC

LHCb é un dos catro grandes experimentos que analizan os datos do LHC no CERN.
Estd dedicado ao estudo da violacion de CP e de decaementos raros en hadréns que
contefen quarks b.

A identificacién precisa do vértice primario (PV), onde se produce o hadrén B, e o
vértice secundario (SV), onde o hadrén B se desintegra, € esencial para tédolas andlises de
LHCb. Esta tarefa volvese mais dificil a medida que a luminosidade instantdnea aumenta,
debido ao crecente nimero de interacciéns pp. Para limitar o nimero de interacciéons
simultaneas, LHCb traballa a unha luminosidade menor que a dos outros experimentos do
LHC.

R.2.1 O detector LHCb

LHCb é un espectrometro de brazo (nico que cubre a zona dianteira cunha cobertura
angular desde aproximadamente 10 mrad a 300 (250) mrad no plano perpendicular ao
campo magnético (paralelo ao campo magnético). Os principais elementos de LHCb,
mostrado na Fig. R.6, son:

e Iman: Un dipolo a temperatura ambiente que proporciona un campo integrado de
4°T-m.
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R.3 A desintegracién B2 — (Ktn~)(K~7t)

e |ocalizador de vértices (VELO): Detector de silicio que proporciona informacién
precisa sobre o PV e o SV.

e Sistema de trazado: Composto polo Tracker Turiciensis (TT) antes do imdn e
tres estacions de trazado (T1,T2,T3) despois do iman. Este sistema permite a
reconstruccion das traxectorias de particulas cargadas. Nas estacions de trazado,
a parte interna (IT) usa sensores de micortiras de silicio e a parte externa (OT)
esta formada por tubos de deriva.

e Dous detectores de aneis Cherenkov (RICH): Estes dous detectores (RICH-1 antes
do iman e RICH-2 despois) encdrganse da identificacién de particulas cargadas no
rango de momento de 2 a 100 GeV/c.

e Sistema de calorimetros: SPD/PS (capa cintiladora previa), ECAL (Calorimetro
electromagnético) e HCAL (Calorimetro Hadrénico) compoiien este sistema. O
propdsito de este subdetector é o de identificar electréns e hadréns mediante me-
didas de posicién e enerxia.

e Sistema de deteccién de mudns: Composto por unha combinacion de MWPC (Mul-
ti Wire Proportional Cambers) e GEM (Gas Electron Multiplier), emprégase na
identificacion de mudns.

O fluxo de sucesos tomados por LHCb a partires das colisién protén-protén do LHC
€ da orde de varios milléns por segundo, demasiado elevado para ser directamente alma-
cenado. O sistema de trigger de LHCb fai uso da informacion recollida por differentes
subdetectores para facer unha seleccién rdpida e reducir esta enorme cantidade de suce-
sos, tentando reter tantos procesos interesantes como sexa posible, antes da almacenaxe
final cara 4 andlise. En particular, durante 2011 o trigger de LHCb reduciu a frecuencia
de datos de ~ 15 MHz a ~ 3 kHz, explotando as caracteristicas propias das particulas
creadas en desintegracions de hadréns B (elevado pr, pardametro de impacto,etc).

A andlise desta tese baséase nos datos recollidos polo LHCb durante 2010 e 2011 a
partir das colisién pp a unha enerxia no centro de masas de /s = 7 TeV proporcionadas
polo LHC. Estas mostras corresponden a unha luminosidade integrada de 37 pb~! e 1.0
fb~1, respectivamente.

R.3 A desintegracién BY — (KTn™)(K—n™)

A procura do proceso B2 — K*®K*? en LHCb centrouse no estado final cargado BS —
(Kt~ )(K~7™") requerindo que o os pares K tiveran unha masa invariante contida den-
tro dun intervalo de 150 MeV/c? ao redor da masa nominal do K*°(892). Atopouse
que, ademais da resonancia vectorial (V), unha compofiente escalar aparece neste inter-
valo. Deste xeito, o decaemento ven descrito por seis amplitudes distintas. Tres delas
son as amplitudes que describen a desintegracion B — V4 V4 (onda—P), que, na base de
transversidade, son: Ag, A e AL. As outras tres (onda—S) corresponden és decaementos?
B = V1S (Avs), B— S1Wb (Asv) e B — 5155 (Ass).

E conveniente definir as combinaciéns lineais AT = (Ays+Asy)/V2e A7 = (Ays —
Asy)/V2, de modo que a fraccién de desintegracion poida ser expresada exclusivamente

'O subindice 1 (2) corresponde & parella K*nr~ (K™ 7t™).
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en base a amplitudes asociadas a autoestados de CP pares (0, ||, s~,ss) e impares (L,
+
sT).

R.3.1 Andlise de amplitudes no SM

Co obxectivo de desentrelazar todas estas contribuciéns, a distribuciéon angular dos pro-
dutos da desintegracién ten que ser comparada coa fraccién de desintegracién diferencial
correspondente & combinacion coherente das amplitudes. Ademais, a mestura no sistema
de mesdéns Bg neutros introduce unha dependencia temporal nestas amplitudes, que é dis-
tinta para Ar e Af, amplitudes relativas a B — f e B — f respectivamente. Non obstante,
debido ao pequeno tamano da mostra de datos dispoiible, algoritmos de flavour tagging,
utilizados para determinar o sabor do mesén Bg no tempo de producién, non puideron ser
aplicados. Por conseguinte, levouse a cabo unha analise da mostra B + B, denominada
comunmente como andlise sen marcado de sabor , integrada no tempo.

Consideramos, polo tanto, a fraccién de desintegracién diferencial nos tres dngulos
da base de helicidade (2 : {cos @1, cos @y, p}) e nas masas invariantes das parellas K7~
(m1) e K-m™ (my), que pode expresarse como segue,

21
= Kn(my, ma)Fr(£2), (R.6)
1

dr

demlde
onde as funciéns K, contefen a dependencia nas distintas amplitudes e F, son as distri-
buciéns angulares asociadas con cada combinacién de amplitudes. Supoiiendo que non se
viola CP, tal e como predi o SM, as funciéns K, se simplifican. En particular, tédolos ter-
mos proporcionais a interferencia entre unha amplitude impar e outra par desaparecen. A
razén é que eses termos son proporcionais a asimetrias de Productos Triples e asimetrias
de CP directas, que por definicién violan CP.

R.3.2 Productos Triples e asimetrias de CP directas

A pesar de que na analise presentada aqui non se fixo distincién entre B e B, un estudo
da violacién de CP é ainda posible. Na andlise sen marcado de sabor dunha desintegracién
B — VV poden definirse dias asimetrias asociadas con Productos Triples (TPA) que
violan CP. En particular, estas TPA son proporcionais ¢s termos de interferencia entre a
amplitude CP-impar A e as ddas amplitudes CP-pares Ag e Aj. Cando se considera tamén
a contribucién da onda—S dias amplitudes pares adicionais estan suxeitas a interferir con
A] . Ademais, os termos de interferencia entre a amplitude impar Al e todas as amplitudes
pares orixinan outros catro observables de violacién de CP con estructura similar 8 das
asimetrias de CP directas. ' _

Deste xeito, oito observables, catro TPA A(T') e catro asimetrias CP directas Ag)
(i=1,...,4), poden ser determinadas a partir dos datos dispofiibles. Demostrouse tamén
que estes observables poden ser medidos a través dunha integracién asimétrica de certas
distribuciéns angulares seguindo

N(Ur p(£2) > 0) = N(Uj 5(2) < 0)
N(U7 p(£2) > 0) + N(Uy 5(£2) < 0)

APy = (R7)
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Cuadro R.2: Resumo dos observables de violacion de CP medibles na anélise sen marcado de
sabor do decaemento B? — (K*m~)(K~7") e das funciéns angulares asociadas 6s mesmos.
A columna intermedia mostra a TPA ou asimetria de CP directa que orixina cada observable.

Observable TPA / asimetria CP directa %D(Q)
A(Tl) S(ALAS — ALAS) sign(cos @1 cos 6) sin @
Al2) S(ALAT - ALAY) sin 2¢
A(T3) S(AL(AD) — AL(AD)Y) sign(cos 61 + cos 6,) sin
AP S(ALAL — ALAL) sin ¢
R(AL AL — AL AD)
AL s’0 s 0 cos 61 cos B (cos 61 — cos 6:)
b %(A?ASS _AsAss) ' ? . ?
Ag) R(ATA; - /Z\_j/z\rl) (cosB1 — cos ) cos
R(ATAS — AT AY)
AG3) s Mo s o) (cosf; — cos6>)
b §]:E(’A\j_ASS_AsAss)
Ag) RAT(AD) — AF(AD)Y) (cos? 01 — cos? 6-)

onde UQD é a funcién angular asociada co termo, na fracciéon de desintegracidn diferencial,
que é proporcional a A(T’)D. Table R.2 contén a definicién de cada un dos observables de
violacién de CP en base ds distintas amplitudes e a sta correspondente funcién angular
U(T')D. Dado que o SM predi que non existe violacién de CP neste proceso, un valor elevado

de calquera destas cantidades seria un sinal de Nova Fisica.

R.4 Descubrimento do decaemento B? — K*0K*0

Previamente ao acendido do LHC, non se tifia atopado evidencia do decaemento BY —
K*OK*0 e tan sé un limite superior para a sta fraccién de desintegracién, B(BS —
K*OK*0) < 1.68 x 1072 ao 90% de nivel de confianza (CL), fora publicado pola co-
laboracién SLD.

Tanto BaBar como Belle presentaran as stias procuras polo modo rotado por U-spin,
BY — K*0K*0. Porén, mentres BaBar anunciou o descubrimento da canle e mediu unha
fraccidn de desintegracion de (1.28:“8:38 +0.11) x 107, a colaboracién Belle, uns anos
despois, publicou tinicamente o limite superior B(B% — K*°K*?) < 0.8 x107° a0 90 % de
CL. No mesmo artigo, BaBar tamén presentou a stia medida da fraccién de polarizacién
lonxitudinal para o B® — K*0K*0, f, = 0.8079:19 £ 0.06.

Preséntase aquf a procura do B2 — K*®K*0 no LHCb, baseada nos datos tomados a
partir das colisiéns pp a /s = 7 TeV producidas no LHC durante 2010, que corresponden
a 37 pb™! de luminosidade integrada.
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R.4.1 Seleccién do sinal

Na procura do BY — K*K*9 aplicironse primeiro un conxunto de criterios de seleccién
para reducir a maior parte do fondo. Esencialmente, esixese que os candidatos tenan catro
trazas cargadas de alto pt que formen un vértice secundario ben definido e separado da
interaccién pp primaria. En base ao sistema de identificaciéon de particulas, estas catro
trazas deben ser compatibles coa hipdtese de duas parellas K7, que ademais deberan ter
unha masa invariante dentro dunha venta de +150 MeV/c? ao redor da masa nominal do
K*0(892).

O fondo reduciuse ainda mais usando un discriminante multivariable baseado na infor-
macién topoldxica do evento, a Geometrical Likelihood (GL). A GL foi adestrada usando
sucesos Monte Carlo de BS — K*0K*0 para simular o sinal e unha pequena mostra de
datos tomados a comezos de 2010 (excluidos da subsequinte andlise) como fondo.

R.4.2 Espectro de masa invariante

A masa invariante das catro particulas reconstruidas para os candidatos seleccionados cos
criterios descritos previamente mostrase na Fig. R.7. Usando un axuste de maxima verosi-
militud a este espectro, extraeuse o nimero de candidatos de BY — (KTm~)(K~nT). O
modelo usado para describir os datos inclue dias funciéns de densidade de probabilidade
(PDF) gaussianas correspondentes aos sinais de By(q) — K*tm~K~7", unha exponencial
decrecente para modelar o fondo combinatorio e unha distribucion ARGUS modificada
para parametrizar o fondo orixinado por decaementos de hadréns B parcialmente recons-
truidos.

Como resultado, nunha ventd de masa de £50MeV/c? ao redor da masa do B2,
atopdronse Ngo = 49.8 + 7.5(stat.) candidatos do sinal BY — (K*7=)(K~m"), cunha
significancia estatistica de 10.9 o. O sinal atopado en torno a masa do B, ainda que
non € significativo, é compatible coa fraccién de desintegracién medida por BaBar para o
BO N K*OK*O.

R.4.3 Andlise angular

Debido ao pequeno tamaio do sinal, levouse a cabo unha versién simplificada da analise
angular presentada na Sect. R.3.1: un axuste & distribucién angular integrado na masa e
supofiendo que a contribucién das amplitudes de onda—S € nula. Os parametros medibles
son as fraccidns relativas de cada amplitude de transversidade, normalmente denominadas
fraccions de polarizacion,

| Ao k|2

f _= k: ,J_, R8
Lk = TA P T AR+ AP | (R8)

e 6”, a diferencia de fase entre Ag e A”.

Os efectos introducidos pola aceptancia xeométrica do detector, e os procesos de
reconstruccién e seleccién determindronse usando una simulacién de sucesos de BY? —
K*9K*0 e modelouse en base a unha funcién de aceptancia dependente dos tres angulos
do decaemento. Atopouse que a aceptancia en funcién de ¢ é compatible cunha funcién
constante. Polo contrario, a aceptancia varfa fortemente co angulo de polarizacién do K*°
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Figura R.7: Axuste & distribuciéon da masa invariante de KTw~ K~ 7™ para os candidatos
seleccionados. O modelo (lifia rosa discontinua) inclie dias componentes de sinal correspon-
dentes a os decaementos de B? e B°. O fondo describese como unha compofiente combina-
toria (lifia azul de puntos) mais unha contribucién orixinada por desintegraciéns parcialmente
reconstruidas (lifia verde discontinua).

0, caendo asimetricamente a medida que cosf; » se achega a =1 como consecuencia dos
requerimentos de minimo p e minimo pt das trazas esixidos durante a reconstruccién e a
seleccion. Este efecto é mais importante para o limite cos@ — +1, é dicir, cando o meson
T se emite en direccién oposta & do momento do K*.

Tras modificar a fraccion de desintegracién diferencial para ter en conta a aceptancia,
levouse a cabo un axuste de mdaxima verosimilitude & distribucidon angular daqueles can-
didatos cunha masa invariate dos catro corpos contida nun intervalo de £50 MeV/c? ao
redor da masa do Bg. O fondo restante, foi parametrizado usando os datos corresponden-
tes 4 rexién de alta masa do espectro e a stia normalizacion fixouse ao nliimero de eventos
medidos no axuste a ese mesmo espectro. O resultado do axuste angular méstrase na
Fig. R.8. As fraccidns de polarizacién medidas son f; = 0.31 £+ 0.12(stat.) + 0.04(syst.)
e fi = 0.38 £ 0.11(stat.) £ 0.04(syst.). Non se acadou unha medida significativa da
fase 5H (6” = 1.47 £+ 1.85). A principal contribucién ao erro sistematico que se indica
nos resultados anteriores ven da determinacion da aceptancia angular, na que se usou o
decaemento BY — J/9K*? para correxir a descripcién obtida coa simulacién.

Cabe destacar que a polarizacién dos meséns K*O parece ser moi distinta nos procesos
BY — K*K*0 e B® — K*0K*0, a persar de que ambos modos estan relacionados pola
simetria de U-spin.

R.4.4 Determinacion da fraccion de desintegracién

Co fin de determinar a fraccién de desintegracién para o decaemento B — K*°K*0, o
nuimero de candidatos observado normalizouse ao nimero de candidatos atopados para
un modo de referencia con B conecida. Elixiuse para este propdsito o decaemento Bg —
J/9K*9 por ter unha topoloxia similar & do sinal.
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Figura R.8: Distribuciéns en cos @ (arriba) e ¢ (abaixo) dos candidatos de B — K*0K*0 trala
correccién por acceptancia. A lifna azul é a proxecciéon do modelo para os valores medidos dos
parametros f;, fH e 5”. As linas discontinuas indican unha variacion de +1o0 do valor central
de fL.

Empregouse, para o calculo, a seguinte expresion

— ESBeOI*)J/wK*O EtBr(;.iJ/wK*O NBO K*OR*O
B(Bg - K*OK*O) = An X =g trdig N -
BY— K*0*0 GBQ*)K*OK*O BY— J/pK*0
0 w0\ Td 9
xByis(By = J/YK™) x 7 X (R.9)

O cociente de eficiencias de reconstruccién e seleccién (e°¢/) calculouse usando simula-
cion e validouse nos datos. O factor de correccion As, , encdrgase de correxir o efecto da
distinta polarizacion nos datos e no Monte Carlo cando se calculan esas eficiencias. As
eficiencias de trigger para o modo de referencia e o sinal obtivéronse directamente dos
datos. Para mitigar as diferencias no trigger entre os dous canles de desintegracién, indu-
cidas principalmente polos dous mudns orixinados no decaemento do J/4, consideraronse
unicamente aqueles candidatos seleccionados polo trigger hadrénico.

O numero de candidatos para o modo de normalizacion obtivose dun axuste ao es-
pectro de masa invariante M(J/4, K, ). O cociente co nimero de candidatos do sinal
corrixiuse despois para ter en conta a contribucién non resonante no sistema K. Esta
contribuciéon calculouse extrapolando unha medida existente no proceso Bg — J/YK*O
publicada por BaBar.

Finalmente, empregdronse o promedio mundial para a fraccién de desintegracién visi-
ble, Byis(BY — J/9YK*0), que non é méis que o produto B(BY — J/YK*) x B(Jp —
uwru™) x B(K*® — K*m™), e o cociente de fracciéns de produccién de B® e BY medido
por LHCb. O resultado obtido é

B(B? — K*0K*%) = (2.81 £ 0.46 (stat.) & 0.45 (syst.) + 0.34 (f;/fy)) x 107>,

compatible coas estimaciéns tedricas para o Modelo Estandar.
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R.5 Andlise sen marcado de sabor e integrada no tempo de B? —
KR

Unha analise mais detallada da canle de desintegracion B? — K*9K*0 levouse a cabo
cunha mostra de datos de maior luminosidade recollida polo LHCb durante 2011, a partir
das colisions pp a /s =7 TeV no LHC. Unha medida mais precisa das fraccions de polari-
zacién e a primeira determinacién das contribuciéns de onda—Sen BY — (KT~ ) (K~ n™)
acadaronse a través da andlise de amplitudes descrita na Sect. R.3.1. Este resultado per-
mitiu & sda vez unha medida mdis precisa da B(B? — K*°K*?). Tamén se levou a cabo
unha procura de fisica alén o SM a través da medida dos oito observables de violacién de
CP accesibles & analise sen marcado de sabor desta mostra.

R.5.1 Seleccién e determinacidon do sinal

Os candidatos de B? — K*0K*0 selecciondronse nos datos usando un conxunto de crite-
rios parecidos aos empregados na analise dos datos de 2010. A GL foi redefinida cunha
nova simulacién de sucesos de BY — K*K*0 e a mesma mostra de fondo.

Identificaronse tres contribucions resonantes orixinadas por decaementos especificos
de hadréns B distintos do sinal: B® — pK*?, B — ¢K*0 e A0 — prKm. O modo
B — pK*0 pode confundirse facilmente co sinal cando un dos piéns da desintegracién
do p é identificado como kadn. Estes sucesos acumdlanse na rexion intermedia entre as
massas nominais do B° e do BY no espectro de masa invariante dos catro corpos. Co fin
de suprimir esta contaminacién, aplicaronse requerimentos moi estritos na identificacion
dos kaons. Un caso similar é o modo B% — ¢K*® cando un dos kadns da desintegracién
do ¢ identificase erréneamente como pion, de modo que estes eventos aparecen la rexién
de baixa masa. Finalmente, o decaemento /\2 — pw K, que non se tifa observado ata o
de agora, aparece na rexién de alta masa cando o protén é identificado como kadn.

Tendo en conta todas estas contribuciéns, levouse a cabo un axuste de maxima
verosimilitude ao espectro de masa dos candidatos seleccionados. O resultado deste
axuste mostrase na Fig. R.9. Atopouse un total de 697 4 31 candidatos de BS —
(Ktn= ) (K—7T).

R.5.2 Andlise de amplitudes en BY — (KT )(K~ ")

O médulo e fase das amplitudes que contribtien ao proceso B — (KT7~)(K~7*) nun
intervalo de 150 MeV/c? ao redor da masa do K*® foron determinadas a través dun
axuste 5-dimensional a distribucién dos datos nos tres angulos de helicidade e na masa
invariante das dtas parellas K. Considerdronse neste estudo os candidatos cunha masa
dos catro corpos contida nunha venta de 30 MeV/c? ao redor da masa do mesén BS. O
fondo parametrizouse usando datos da rexién de alta masa e a fixouse 4 fraccién obtida
do axuste ao espectro de masa dos catro corpos.

Estudouse en profundidade a aceptancia en funciéon de cada unha das 5 variables do
axuste, empregando tanto datos como simulacién de B? — K*°K*0. Como conclusién
deste estudo, suplixose que as aceptancias nos angulos e na masa factorizan. Ademais,
atopouse que a aceptancia en my, m» e @ é compatible cunha funcién constante. O
modelo final de aceptancia baséase na funcion bidimensional €(cos 6, cos6,), que cae
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Figura R.9: Resultado do axuste & masa invariante dos catro corpos (esquerda) e zoom
na rexion de baixa estatistica (dereita). Os puntos representan os datos seleccionados e a
lifia azul continua o modelo axustado. O sinal de BY (B®) méstrase como unha lifia rosa
(verde escura) discontinua. As diferentes contribucidns resonantes estdn representadas por
lifas de puntos: B® — ¢K*O (vermella), A9 — prKm (verde) e decaementos de meséns
B parcialmente reconstruidos (azul claro). A lifia gris discontinua é a compofiente de fondo
combinatorio.

rdpidamente a medida que cosf; » — 1, debido ao baixo momento dos mesdns m nesa
configuracion.

Os candidatos separdronse en dias categorias atendendo ao xeito do que foron selec-
cionados no trigger. Unha correcciéon de aceptancia distinta aplicouse a cada categoria e
un axuste simultdneo as dias mostras levouse a cabo. O resultado do axuste mdstrase na
Fig. R.10. Confirmase nesta andlise a baixa polarizacién no decaemento BY — K*OK*9,
fi = 0.201 £ 0.057(stat.) £ 0.040(syst.). Ademais, midese unha contribucién elevada da
onda—S (0.665 £ 0.067(stat.) & 0.030(syst.)). As principais fontes de erro sistematico
son a parametrizacion da aceptancia angular e o modelado dos propagadores de masa no
sistema K.

R.5.3 Determinacién da B(B? — K*0K*9)

Dado o elevado valor da contribucién de onda—S atopado na andlise de amplitudes, que
non se puidera determinar na andlise dos datos de 2010, decidiuse repetir a medida da
B(BY — K*9K*0). A estratexia seguida para a medida desta fraccién de desintegracién
baséase na utilizacién do modo de referencia B® — ¢K*0, debido & presencia de catro
hadréns no estado final de ambos decaementos e 4 sua similar topoloxia.

O cociente de fracciéns de desintegracion para estes dous procesos ven dado por

2 sel trig
B(Bg — K*OK*O) . gB°~>¢K*O v EBO~>¢K*O y >\fL(BO — ¢K*O)
0 *0 - sel trig 0 %0 [ *0
B(BY = ¢K*0) €5 oo g s M(BE = KOK)

NBS X fBgHK*OK*O v Q % B(¢ — K+K_)
NBO X fBO—>¢K*0 fs B(K*O — K+7T7)

(R.10)

onde fy/fs é o cociente de fracciéns de hadronizacién do quark b, que ten en conta a
produccién desigual de meséns B° e BL.
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Figura R.10: Proxecciéns do modelo 5D axustado aos datos de B — (KT7~)(K~7™)
(lina azul continua). Os puntos representas os candidatos seleccionados trala subtraccion do
fondo e a correccién por aceptancia. A lina vermella discontinua é a componente de onda—P,
a verde discontinua a componente de onda—S e a azul claro discontinua representa o termo
de interferencia Ang. As ddas ultimas figuras mostran a evolucién da asimetria en cosf
como funcién da masa do correspondente par K7, tanto para os datos como para o modelo
axustado.
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As cantidades Ngo e Npgo representan o nimero de candidatos observados para os
procesos BY — Ktn~K~nt e B — K¥K~K*nT, respectivamente. Estes niimeros
foron determinados a partir do correspondente axuste ao espectro da masa invariante dos
catro corpos. A fraccién deles que corresponde & produccién resonante, BY — K*0K*0
ou BY — ¢K*9, ven dada polos factores de pureza fao_s kw00 € To_spkn0.

O cociente de eficiencias de reconstruccién e seleccién, €%¢/, calculouse a partir da
simulacién de sucesos B? — K*0K*® e B® — ¢K*0, e validouse usando os datos. A
ineficiencia inducida polos requerimentos impostos na identificacion das particulas deter-
minouse por separado a partir de modos de control de alta estatistica. O cociente de
efficiencias de trigger, €t79, extraeuse dos propios datos.

A eficiencia global para cada decaemento depende da distribucién angular das particu-
las no estado final, o que motiva a presencia dos factores Af, . Tanto a pureza como o
factor A\r para o Bg — K*9K*0 foron calculados a partir do resultado da andlise de am-
plitudes. Os factores correspondente ao decaemento B® — ¢K*® determinouse en base
aos resultados obtidos nunha andlise dedicada ao B® — ¢K*® en LHCb.

Usando o promedio mundial para a fraccion de desintegracion do modo de referencia,
o resultado obtido é

B(BY? — K*K*9) = (10.6 + 1.8(stat.) + 1.0(syst) £+ 0.6(fy/f)) x 107°,

compatible coa predicién do SM. E importante notar que a medida previa deste observable
baseabase nunha extrapolacién da contribucion de onda-S medida en BY — J/9K*0.
A medida de 2010 pode reescalarse para incluir a fraccién de onda—S determinada na
Sect. R.5.2, resultando en 1.1 x 1079, compatible coa subsecuente medida nos datos de
2011.

R.5.4 Medida das ATP e asimetrias de CP directas

Finalmetne, os oito observables de violacidon de CP accesibles a analise sen marcado de
sabor do decaemento B — (KTm~)(K~m") foron determinadas a través da medida das
asimetrias definidas en (R.7). Consideraronse aqueles candidatos cunha masa invariante
dos catro corpos dentro dunha venta de £30 MeV/c? ao redor da masa do BY.

Para cada unha das distribuciéns angulares, o fondo foi parametrizado usando sucesos
da rexién de alta masa, normalizado ao numero de sucesos calculados a partir do resultado
do axuste & masa dos catro corpos e subtraido. As distribuciéns resultantes foron despois
correxidas pola aceptancia angular determinada anteriormente a partir da simulacion de
BY — K*OK*0. Os criterios de seleccién nesgan a distribucién en tempo propio do B?,
o cal pode inducir pequenas variaciéns na medida das asimetrias. Este efecto, xunto coa
correccién por aceptancia angular, son as duas fontes principais de erro sistematico.

As asimetrias determinadas son as seguintes,

AL = 0.003+0.041(stat.) + 0.009(syst.),
AZ = 0.999 + 0.041(stat.) + 0.009(syst.),
A3 = 0.019 £ 0.041(stat.) £ 0.008(syst.),
A% = —0.040 + 0.041(stat.) + 0.008(syst.),
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AL = —0.061 4+ 0.041(stat.) & 0.012(syst.),
AZ = 0.081 =+ 0.041(stat.) & 0.008(syst.),
A}, = —0.079 4+ 0.041(stat.) & 0.023(syst.),
AL = —0.081+0.041(stat.) & 0.010(syst.).

Dentro da precision estatistica, ningunha delas mostra un sinal significativo de violacion
de CP. Este resultado é, polo tanto, compatible coa predicién do Modelo Estdndar.

R.6 Conclusiéns

Nesta tese preséntase o estudo do canal de desintegracién BS — K*9K*0 cos primeiros
datos tomados polo experimento LHCb durante 2010 e 2011. As diias mostras corres-
ponden con 37 pb~! e 1.0 fb~! de colisiéns protén-protén a unha enerxia no centro de
masas de /s =7 TeV.

BY? — K*°K*0 ¢ un exemplo de corrente neutra con cambio de sabor, mediado por
diagrams tipo penguin no Modelo Estandar. Esta caracteristica faino moi sensible a novas
particulas circulando no loop. Prediciéns para a fraccion de desintegracién e as fracciéns
de polarizacién ténense calculado no contexto da factorizacién QCD. Ademais, o Modelo
Estandar non predi violacién de CP para este proceso mentres as contribuciéns de penguins
subdominantes se desprece. Observables de violacién de CP neste proceso, como por
exemplo as asimetrias asociadas a produtos triples, son unha excelente ferramenta para
poiier a proba modelos de fisica alén o Modelo Estdndar.

Reportouse aqui a primeira observacion deste canal de desintegracion. Usando os da-
tos recollidos por LHCb durante 2010, atopouse un sinal claro de BY — (KT7~)(K~n™)
cunha significancia estatistica maior de 10 o. Normalizando ao canal de decaemento
BY — J/¥K*?, mediuse a fraccién de desintegracion do B — K*°K*0, supofiendo que
a contribucién escalar no sistema K7 é equivalente 4 medida no canal de normaliza-
cién [105]. O resultado obtido € o seguinte,

B (B2 — K*K*%) = (2.81 £ 0.46(stat.) & 0.45(syst.) £ 0.34 (fs/f4)) x 107>

Ademais, levouse a cabo unha andlise simplificada da distribucién angular dos produtos
da desintegracion para medir a fraccion de polarizacién lonxitudinal,

fi = 0.31 £ 0.12(stat.) 4= 0.04(syst.)

Coa maior mostra de datos tomada por LHCb durante 2011, levouse a cabo unha
analise mais precisa do proceso BY — (K*m~)(K~m™"), ainda que sin informacién do
sabor do meson Bg e integrada no tempo. As variables deste analise son os tres dangulos
da desintegracién na base de helicidade e as masas invariantes dos sistemas KTm~ e
K~mF, nun intervalo de 150 MeV/c? ao redor da masa do K*O. Nesta ventd, o estado
final estd dominado polas contribuciéns resonantes Bs — K*9(892)K*0(892), Bs —
K*9(892)(K~m)g e Bs — (KT7)o(K~m")o, que designamos de xeito xenérico como
onda—P e onda-S. Entre as 6 amplitudes que contriblien a este proceso, duas son CP-
impares, A} na onda—P e AT na onda-S, e o resto son CP-pares.

Este estudo componse de dias partes diferenciadas. Na primeira, determindronse, dun
xeito independente de ningin modelo, 8 asimetrias sensibles a violacién de CP, accesibles,
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incluso no caso da mostra sen marcado de sabor, a través dos termos de interferencia
entre cada unha das amplitudes CP-impares e as amplitudes CP-pares. Catro delas son
asimetrias asociadas a produtos triples (A(T')), e as outras catro son asimetrias de CP

diretas (A(Di)). Os valores medidos son os seguintes,

AL = 0.003+0.041(stat.) + 0.009(syst.),
AZ = 0.999 + 0.041(stat.) £ 0.009(syst.),
A3 = 0.019 +0.041(stat.) + 0.008(syst.),
A% = —0.040 + 0.041(stat.) + 0.008(syst.),
AL = —0.061 =+ 0.041(stat.) & 0.012(syst.),
A% = 0.0814 0.041(stat.) 4 0.008(syst.),
A3 = —0.079 4 0.041(stat.) 4 0.023(syst.),
Al = —0.081 =+ 0.041(stat.) & 0.010(syst.).

Dentro da precision estatistica, ningunha destas asimetrias mostra signos de violacion de
CP. Esto é compatible coa predicién do Modelo Estdndar, incluso na presenza de unha fase
débil ¢ distinta de cero, dado que os observables anteriores son proporcionais, d primeira
orde, a diferencias de fases débiles entre as amplitudes que interfiren.

Na segunda parte deste estudo, levouse a cabo unha andlise combinada da distribucién
angular e da masa na ventd de £150 MeV/c? ao redor do K*O, na que se incluiron as 6
amplitudes. Os termos de interferencia proporcionais aos observables de violacién de CP
medidos na primeira parte do estudo foron desprezados. Como resultado desta anélise,
determindronse os mddulos e fases das distintas amplitudes. Atopouse una forte con-
tribucién da onda—S, maioritariamente CP-par. A compofiente lonxitudinal do K*°(892)
medida é considerablemente baixa,

f, = 0.201 =+ 0.057(stat.) + 0.040(syst.),

e compatible coa medida previa nos datos de 2010. Como consecuencia da andlise an-
gular e na masa, a fraccién de desintegracion do modo Bs — K*0(892)K*°(892) foi
determinado de novo obténdose,

B(BY — K**K*%) = (10.6 + 1.8(stat.) 4 1.0(syst.) £ 0.6(fy/f)) x 107°.

Este resultado estd en bo acordo co valor central das predicions tedricas existentes [2],
que mostran ademais un erro sistemdtico maior. Estd tamén de acordo co valor medido
previamente, cando a elevada contribucién da onda—-S en BY — (K*n~)(K~7t) se ten
en conta dun xeito apropiado.

Este traballo abre o camiiio para a futura analise dependente do tempo e con marcado
do sabor do mesén B cunha mostra de maior estatistica, co obxectivo de determinar a
fase electrodébil ¢s comun para todas as amplitudes (CP-pares e CP-impares), que o
Modelo Estdndar predi moi pequena.
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The BY — (K7™ )(K~7") decay rate

In the present work the decay channels B — (K*Tm =), (K~7"),, in the mass region
|IM(KT) — myo(gony| < 150 MeV/c? are studied. In such region, the final states with
Jio = 0,1 are expected to be the dominant contributions. The decay rate for such
process can be written as

__er
demldmz

Al

V2

+/'/\4/L§ sin By sin B, sin @ )Ml(ml)Ml(mg)
— %cos@lMl(ml)Mo(mg)
+ A\%/COS@ZMO(ml)Ml(mZ)

Ass
3

oc‘ ( Ag cos 61 cos 0 + sin 81 sin B> cos

Mo(mi)Mo(mo) || (A1)

where Ag, A and Ay represent the three different polarisation amplitudes contributing
to the B — V,V, decay (V; is a vector meson), which in the considered mass region
corresponds to the decay BY — K*°K*0. A5 represents the amplitude corresponding
to 1 =1and Jh =0, or B = K*O(K~7")g, where the scalar combination (K~7")g
is usually identified with an interference between the resonances k (or K§(800)) and
K§(1430) 1. Asy corresponds to the equivalent amplitude with J; = 0 and J» = 1. Ass
represents the amplitude of the Bg decay into two scalars, J;1 = J» = 0. M (m;) are
the invariant mass propagators corresponding to each amplitude. Finally, m; denotes the
invariant mass of the KT~ pair whilst m» reffers to K=", and the angular variables,
2 :{cosb;,cosby, @} are defined in Fig. A.1.

!Sometimes an additional nonresonant component is included.
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Figure A.1: Definition of the angles involved in the analysis for the BY — K*0K*0,

For the CP-conjugated process, B — (K~7+), (KTm™),,, the decay rate is

d°r

A
o~ ||
l_demldm2

’ ( Agcosb; cosbr + —= sin b sin B, cos ¢

i V2

_,"\4/% sinfysinBasing ) My (m)Mi(mo)

A\g cos 6o Mo(mi)Mi(mo)
Asv

V3

ASS 2
3 Mo(my)Mo(mz)

cos 01 M1(m1)Mo(mo)

(A.2)

The exchange of the indices 1 and 2, and the sign shift of the term proportional to A

come from the reparameterisation

él = 92
52 = 91
p = -y,

(A.3)

which relates the characteristic decay variables of BY (61, 8> and ¢) and B? (91, 8> and

@) decays.
At this point, it is convenient to introduce the amplitudes

1

AT = Avs + A

s \ﬁ( vs + Asv)
1

A = —(Ays—A }

s \ﬁ( vs —Asy)

(A.4)

which correspond to decays into the CP-odd and CP-even states |s*) and |s™) defined as

sty = \g (IK*O(K=1%)o) + |(K 17 )oRK"))
) = % (IKO(K=1)0) — [(K* 7)o K"))
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In this basis, the decay rates for B2 and BY take the form

__er
demlde

A
o<’ ( Aoc0591c0562+—”sin@lsin92c05(p

V2
Al . . .
—=sinf;sinBssinp )Ml(ml)Ml(mg)

V2

+

%(cos 01 M1(m1)Mo(mp) — cos o Mo(my)M1(my))

— \A;s_é(cos 61 M1(m1)Mo(ma) + cos 6o Mo(my) Mi(m2))

Ass 2
3 Mo(ml)Mo(mz) (A.6)

+i

_ A
( Ag cos 61 cos 0 + il sin 81 sin 65 cos

V2
sinfysinBasing ) Mq(m1)Mi(mo)

d°r ’
dQdmidm,

i

V2
A+

+ 3%((:05 61 M1(m1)Mo(mz) — cos G Mo(mi)Mi(mo))

—i

— %(cos 61 M1 (m1)Mo(mz) + cos O Mo(m)M1(m2))

A ‘ 2

- ;sMo(ml)Mo(mz) (A7)
Expanding the expressions above, the decay rates can be rewritten as follows
d5r =
m OC;Kn(t, ml,mg)Fn(Q) (A8)

where each term is a product of an angular function, F,, times a coefficient containing
the dependence with the amplitudes and the K invariant mass, K(t, mi, m2). Note
that the dependence of the K|, functions with the BY meson lifetime, t, is encoded in the
decay amplitudes. A equivalent expression can be derived for E;g decays, in terms of the
corresponding functions K,,(t, my1, mz). The definition of the functions F, are shown in
Table A.1. K, and K,, are defined in Table A.21.

!The mass dependence of the functions Ki; and Ki7 has been summarized in ¢(my, mo)
Mi(m1) Mo (mz) Mo(mi) Mi(mz)
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Table A.1: Definition of the angular functions, F,({2), in the decay rate of the BS —
(Kt~ )(K~7t) decay, see (A.8), and its CP conjugated process.

n Fn(£2)

1 cos? (61) cos? (62)

2 1 sin? (61) sin? (62) cos? ()

3 % sin? () sin? (61) sin? (62)

4 \/2cos () cos (61)cos (62) |sin (61)] |sin (62)]
5 —v2sin(p)cos (1) cos (62) |sin (61)] |sin (62)]
6 — sin () sin® (81) sin? (62) cos ()

7 3 cos? (61)

8 —% cos? (61) cos (6-)

9 — Y8 cos (i) cos (61) Isin (61)] [sin (62))]
10 Y5 sin () cos (61) [sin (61)] [sin (62)]
11 % cos (01)

12 3 cos? (62)

13 % cos (61) cos? (6-)

14 8 cos (p) cos (62) [sin (61)] [sin (62)]
15 —? sin (¢) cos (62) [sin (61)] |sin (62)]
16 —# cos (62)

17 % cos (61) cos (62)

18 5

19 —% cos (61) cos (62)

20 —¥2 cos () |sin (61)] Isin (62)]

21 Y2 sin () [sin (61)| [sin (62))]
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Table A.2: Definition of the mass dependent coefficients K,(t, m1, m») and K,,(t, my, my) entering the decay rate that describes the Bg —

(KTn™)(K~7") decay and its CP conjugated process.

n Kn(t, my, mo) Kbar,(t, my, mp)

1 |Aol” [ M1 (m1) P [Mi(mo)]? | Ao [Ma(m1)? [Mi(mp)]?

2 AL 1M (m) P | M (o) A7 1Ma (m) P [ M (o)

3 AL M (my)]? My (m2)? AL M (m) P [ Mo (m2)?

4 R(AoA") M1 (my) P [ M1 (ma)P R(AoA7) M (mn) 2 |Ma () P

5 S(AoAL") (M1 (my)? [My(mp)[? ~S(AoAL) IMa(my)” IMy(mo)l?

6 S(AALY) IMi(m)]? IMi(m2)? —S(AAL) IMy(my) ] IM1(mo)[?

74 (\A*\Q A5+ 2R (A5 (A)) ) IMa(m)? [Mo(mo) P & (JAE[ + | A7 |7 = 2R(A5 (AL)") ) [Mo(mo) | |Ma ()P
8 2R((AE + A3) Ac* Mo(ma)My(mz)™) [Mz(my)|? 2R((—AF + A7) ApMo(mo) My (ma)*) My (my)[?

9 ZR((AL + A3) A" Mo(mz) M1 (mz)*) [M1(my)? 2R((-Af + A7) _ﬁMo(mz)Ml(mz)*> My (my)]?
10 23((AL + Ag) AL"Mo(ma)My(m2)*) | My (my)? 2S((AF = AZ) AL Mo(m2) My (mo)*) |[My(my)[?

11 %‘e((AWA ) Az Ma(m1) Mo(m)*) [Mo(mp)|? 2R((-AF + A7) ArgMi(m)Mo(my)*) [Mo(ms)?
12 S(|Azf + AP - 2R(ASAL) ) IMo(m)P IMu(mo)lP (AL + [A5 |7 + 2R (A5 (AD)") ) IMo(m) P [Ma(mo)?
13 VIR((AS — AS) Ag* Mo(m)Mi(my)*) My (m2)|? —ZR((AF + A7) As My (m) Mo(m)*) [IMa(my))?
14 2R((AE — Ag) A" Mo(my) Ma(me)*) [Ma(m) —gm((ﬁu ;)Z\Wo(ml)Ml(ml)*) IMa(m)[?
15 ZG((Af — A5) AL*Mo(my)My(my)*) My (m2)[? 2S((Af + 5_) AL Mo(my)My(my)*) [My(mo)l?

16 ZR((AL — Ag) AL My (m2)Mo(ma)”) [Mo(my)[ —2R((AF + AT) ApsMi(m2) Mo(ma)*) [Mo(mn)?
17 (JAL] = [AS ) R(Clmu ma)) + S (AF(A)) S (Cmima)) - (JALL = |AS | ) (¢(my. m2)) = S (AT (A7)") S (i, m2)
18 | Ass|? [Mo(m1)? IMo(mo)|? ‘Ass‘ (Mo (m) P [Mo(mz)[?

19 R(AssAo* Mo(m1) Mo (mz) My(m1)* Mi(mz)*) R(Ass AgMo(m1) Mo(ma) My (my)* My(mz)*)

20 R(AssA* Mo(my) Mo (mo) My(m1)* Mi(my)*) %<A55A||Mo(m1)Mo(m2)M1(ml) Mi(mo)* )

21 S (AssAL* Mo(m1) Mo (ma) My (my)* Mi(mo)”) — S (Ass AL Mo(m1) Mo(mz) My (my)" Mi(mo)*)
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Appendix A. The B2 — (KT~ )(K~ ") decay rate

When the time evolution is included in the decay rate, it can be shown that each
function K,(t, my, my) takes the form

rt

1 A Alt
Kn(t, my, my) = Ee’—st [ an(my, my) cosh <2> + bp(my, my) sinh <2>

cn(my, my) cos (Amst) + dp(my, my)sin (Amst)} (A.9)

where the coefficients a,, by, ¢, and d, contain combinations of the amplitudes at t =
0 and the mass-dependent propagators. The values of these coefficients are given in
Tables A.3 to A.6!

The coefficients @,, bn, €, and d, describing the CP conjugated decay can be calcu-
lated from a,, by, ¢, and d, by exchanging Ar <+ nfAs, where n¢ is the CP-eigenvalue of
the |f) final state, and changing the sign of the mixing phase, ¢y. This transformation
leads to the relations

Gn=an, by=by, GCh=—Cr, dyp=—dp (A.10)

In the Standard Model, the decay amplitudes for this process are dominated by just
one contribution, As ~ Are’dre/®o with one strong phase &¢ (in priciple different for each
amplitude) and one weak phase ¢p (common for all the amplitudes)?. Moreover, the
measurable weak phase arising in the interference between this decay and the B%-mixing,

0 *0 L*0
fs_}K A 20p + ¢pm, is expected to be very small. Therefore, within the Standard
Model, no CP-violation is expected to arise in this process,
A . . BI—K*0 0
Af = A—fe_"w ~ e~ ~1 Vf (A.11)
f'

Under this assumption, the oscillation terms in the decay rate, those proportional to
cos (Amst) and sin (Amst), vanish and the time-dependent functions in the untagged
decay rate, Kp(t, m1, mz), can be written as

f(n(t, my, m2) = dp(my, my) cosh <A2Ft> + En(ml, ma) sinh <A2l—t> (A.12)

with the coefficients @, and Bn shown in Table A.7.
When the functions (A.12) are integrated over the BY lifetime, the decay rate takes
the form

d>(r+7) SN
(rmam) S pammrir o

whith the functions f(,,(ml, my) defined in Table 4.3.

In these definitions, ¢ represents the weak phase mediating the BY-B2 mixing (see Sect. 2.2.4.1).
2The corresponding CP-conjugated amplitude is then A ~ |Af|ere'®0.
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Table A.3: a, coefficients in (A.9). The mass function in @17 is defined as {(my, m2) =

M3 (1) Mg (m2) Mo(mi) Ma(mz)

n an
(1Aol” + [ Ao|?) | M (m)* (M (m2)|?
(1AL + A ) IM1(mo) ] M (m2)]?
(IALP + |ALP) M2 (m)]* [Ma(m2)]®
R(AcA|" + AoAr) [My(my) P [My(m2)
S(AAL" = AAL) | M (m)[? [ Ma(mo)|?
S(AJAL" = AYAL) [Mi(m)]? [Ma(mo)[?
S{UASE +ALP) + (A1 +1ALP)
+2R(ATALT = AC(AD)T) } IMo(m2)|? | Ma(m)?
LR (AT A + AT Ay + AT AL — ALAS) Mo(mz2)Mi(m2)™} IMa(my) P
9 LR{(ASA + A AL+ ALA]T — ALAT) Mo(ma)Mi(ma)*} [Mi(my))?
10 2 {(ATAL" — AS AT + ATALT + ALAT) Mo(ma)My(m2)*} [My(my))?
11 L2R{(AS AL + A; Al + AL AL — AL AL) Ma(my)Mo(my)) [Mo(m2)
SLUASE +IATP) + (1A +1ALP)

S B~ W N =

oo

12

— 2R(ATALT = AC(AD)) } IMo(mu)? IMa(m2)?
13 =R {(AT A+ A A5 — A Ao + AL As) Mo(mi) M (mi)"} [ Ma(mo)]?
14 —ZR{(ATA]+ A A = ALA + ALAT) Mo(mi)Ma(mi)} [Ma(m2)?

15 —2S{(A7AL — A AL — ATAL — ALAL) Mo(my)Ma(mi)™ Y M (mo)P?
16 —2R{(A; A + A A — AL AL + ALAL) Mi(mo)Mo(m2)*} [Mo(my)[?
{(AZP = 1AT1P) + (1AS 1P = 1AS ) } R(C(m, m2))

g +23 (AT AL — AS (AD)")S(C(my, m2))
18 (|Ass? + | Ass?) [Mo(m)[? | Mo(m2)[?
19 R { (AssAo™ + AssA5) Mo(mi) Mo(mz) Ma(mi)* Mi(mz2)"}
20 R{ (AssA|" + AssAT) Mo(mn) Mo(me) Ma(m) Ma(ma)*}
21 S{(AssAL" — AssAL) Mo(m) Mo(mz) Ma(mi)" Ma(mz)"}

177



Appendix A. The B2 — (KT~ )(K~ ") decay rate

Table A.4: b, coefficients in (A.9).

M3 (M) Mg (m2) Mo(mi) Mi(mz)

bn

—2R(AcAse"®) My (my)[* IMi(mo)|?

—2R(A AT ) (M (m)[? |Ma(m2)?

2R(ALAL ) |Ma(m)? | Ma(m2)?
—R{ (AoA] + AjAs) e} Mo (mo)? | Ma(m2)?
S{(AAL + ALA) €M} | Ma(m) P | M (o) ?
S{(AAL + ALA]) e} | Mo () | Ma(m2)

N o~ WO N =

10

11

R{(AF + A7) (A7 = AS)" M} [ Mo(m2)? |Ma(ma)|?

—ZR {((As Ay + As AL el

—(A5(AL) — A Ag)e™ M) Mo(mo) My (m2)"} [Ma(mn)?

—2R{((A; A + AL Ap)e?m

+(ATA" = ALAN) e M) Mo(m2)Mi(m2)"} [Ma(my)?
Ly (AT AL + AL AL et
—(ASAL" — AFALT)e M) Mo(m2) Ma(ma)"™} [Ma(mr)[?
— 2R {((AAs + AL AL e
+H(ALAT — ALAD) e M) Ma(m)Mo(m)™} [Mo(mo)[®

12

13

14

15

16

R{(AT — A7) (AL + AS)" €™} [Mo(m)? |[Ma(m)]?
R { (A5 A — AL Ag)e®m
H(ASAS + AL A" e M) Mo(my) Ma(my)*} [My(mz)[?
2R {(A5 A — AL A)eltm
+(ATAS + ALA)e M) Mo(m)Mi(m)*} [IMa(mo)?
— 2 {(AF AL — ALAT et
—(A; AL+ ALAL) e M) Mo(m)Ma(m)"} [Ma(mo)[?
LR ((A; Ass — AL Ass)e®
F(ALAL + ALAT ) e M) My (ma)Mo(m2)* } [Mo(m)?

17

—R{(As (AD)" + AL (AD)") €} R(C(mi, m2))
=S {(AL(AS) + (AT (AD)") e} S(C(my, o))

18
19
20
21

—2R(Ass AL €M) | Mo(m)|* | Mo(m2)
—R{ (Ass A" + AssAg*e ™M) Mo (m) Mo(m2) Mi(m)* Mi(m2)"}
—R{(AssAje® + A Ay e M) Mo(my) Mo(mz2) My (my)" Mi(mz)"}
S{(Ass AL e — A AL e M) Mo(my) Mo(m2) Mi(mi)* Mi(m2)"}
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Table A.5: ¢, coefficients in (A.9). The mass function in ci7 is defined as {(my, m2) =
M (m1) MG (m2) Mo(m1) My (ms)

N Crk
1 (1Aol? = | Ao]?) | Ma(m)|* (M (m2)|?
2 (1A = A P) IM1(mo)]? M (m2)]?
3 (IALP = ALP) [Ma(m)]? [Ma(m2)[?
4 R(AA" — AAT) IMy(my)? My (m2)]?
5 S(AAL™ + AAL) My (m)]? IMi(m2)
6 S(AJAL" + AAL) [Ma(m) P [Ma(m2)?
. S{UATE +1ALP) = (AP +1ALP)
+2R(AT AL+ A (AD)) } IML(m) P [Mo(m2)]?
8 LR{(AT A — A A5+ ALAG + AL AS) Mo(m2)Ma(m2)™} [Ma(mi)?
9 i R{(AS A — A AL+ ALAT + ALAT) Mo(m2)Ma(m2)”} [Ma(mi)[?

10 ZS{(ATAL +ACAL + ATATL — ALAY) Mo(mo)Ma(m)"} [Ma(my)f?
11 2R{(A Ass™ + As Al + ALAL, — AL AL) Ma(m)Mo(mn)™} [Mo(me)[?
SLOATP +ALP) = (1A PP+ IALP)

.
—2R(ATATT + A (AD)) FIMa(mu) P [Mo(m2)?

13 —ZR{(A A — A Ay — AF Ay — AL As) Mo(m)Ma(mu)™} [Ma(m2)?

14 —2R{(ATA] - A A} — AL AT — ALAT) Mo(my)Mi(my)*} [Mi(mo)?

15 —Z2S{(ATAL +ATAL — ATAL + ALAL) Mau(my) Mo(my)} [IMi(m2)?
16 —L2R{(A7 A" — A; ALy — AT AL — AFAL) Mi(m2)Mo(ma)™} [Mo(my))?
{(IAL? = [AZ1?) = (JAS 1P = 1AS ) } R(C(m, m2))

g —23(ATAST + AL(AD))S(C(m, me))
18 (IAss]? = 1Ass ) |Mo(m1) P [Mo(m2)[?
19 R { (AssAc™ — AssA5) Mo(mi) Mo(mz) Mi(mi)* Mi(mz2)"}
20 R{ (AsA|" = AsAT) Mo(my) Mo(ma) My (m1)* Mi(mz)"}
21 S{(AssAL" + A AL) Mo(mi) Mo(mz) Mi(my)* My(ms)*}
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Table A.6: d, coefficients in (A.9). The mass function in di7 is defined as {(my, m) =
M3 (m1) MG (m2) Mo(my) M (m)

n dn
1 —2G (Ao Ape™™) |M1(m1)|* |IMi(m2)|?
2 =23 (A AT eM) My (m) P My (m2)]?
3 2F(ALATEM) | Ma(mu)? [Ma(m2)
4 S{(AA] + A5A)) e} |Ma(m) [ [Ma(m2)]?
5 R {(AAT + A5AL) e} My (m))? IMi(m2)[?
6 R{(AJAL + AAL) e} | My (m) [P | Ma(mo)|?
7 S {(AF = AD) (AL + AT e™ } [ Mo(m2)? | Ma (my)]?
. L3 (A5 Ay + Al Ag)eltm
+(ALAS — AS Ac) e ™) Mo(m2) Mi(m2)"} [Ma(my)|?

. L3 {((A A7 + AL Ar)e®m

+(ALA = AS AN e M) Mo(m2)Mi(mz2)*} [M(mi)]?
0 LR (A AL + ALAL et

—(AFAL" — A AL e ™M) Mo(m2)Mi(m2)"} [My(my)|?
B A AR

+(AF Ass — AT AL) e ™M) Mo(mi) Mi(my)} [Mo(mz)|?
12 S{(AF + A7) (AF = A7) e} [Mo(my) P My (mo)]?
— 23 {((As A5 — AL Ag)elm

. —(AT A" + A A5)e M) Ma(my) Mo(my) } [Ma(m2)[?
o IS (A - A A et

—(ATA + AT AN e ™) Mo(mi)Ma(mi)*} IMa(m2)?
5 —ZR{((AT A7 — ALAT )e®m

HATAL + ATAL) e M) Mo(mi) Ma(mi)” } [Ma(m2)

6 IS A AL - AR e

—(AS Al + AL AL ) e M) Mo(m2)" Mi(mo) } [ Mo(mi)[?
17 —S{(AL(AD)" + A (AS))e™ IR(L(m1, m2))

—R{(AL(AS)" + A (AD))e™ FS(¢(mr, m2))
18 —2S (Ass ALse™M) | Mo(m1)]? IMo(m2)|?
19 S{(AssAse'™ — AssAg*e™ ™) Mo(m) Mo(mz)Ma(mi)* Mi(mz)"}
20 S {(AsAje® — ALA e M) Mo(my) Mo(m2) My (mi)" Mi(mz)"}
21 R{(AsAL ™M + A AL e ™M) Mo(mu) Mo(mz)Ma(mi)* Mi(mz)"}
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Table A.7: Coefficients @, and b, as defined in (A.12). Since only phase difference between amplitudes are measurable, the convention §; = 0
has been taken.

n an bn

1 |Aol?| M1 (m1)|2 M1 (m2)? —|Ao2 M1 (m1) P M1(m2)|?

2 A PIM 1 (my) P My(mo) 2 —| A PIM1(my) 2| M1(m2)]?

3 JALP M (1) P M () P ALRIM: (my) PIMa (mo)

4 | A1 Aol cos 8| M1 (m1) 2| My(mz)[? —| Al Aol cos § | My (my) 2| M1 (m2)?

5 0 0

6 0 0

7 LOATP + 1A- ) IMa ()P TMo(m2) P (AT = A P) IMa (my) P TMo(m2) P

8 FlAT AR (€% M; (ma)Mo(mz) ) 1M (my) P 5145 11A0IR (% M (ma2) Mo(m2) ) |Ma () P

9 LA AR (M (o) Mo(ma) ) IMa(mn) P =S AT 1Ay R (680 M (o) Mo(ma) ) M () P
10 %|A2L||AL|% ei(éL_éi)Mé(mz)Mo(mﬂ) [My(my)|? %V\?HAH% (ei(éL_éj)MS(mz)Ml(mzﬂ My (m)|?
11 %|A§||Ass|3? ei(ég_éss)Mg(ml)Ml(m1)> | Mo(m2)|? —\%|A5_HA55|9‘E (ef(5§—5ss)Mg(m1)M1(m1)> |Mo(my)]?
12 LOATP + 1A P) IMo(mu)PTM: (o) P LOATP = 1A P) IMa(m) PTMo(mo) P

13— LA Aol (&% My (m) Mo(mn) ) M1 (mo)]? T51AS 1Al (&% M3 (ma) Mo(m2) ) |Ma (i) 2
14 —FIAC (AR (0N (m)Mo(mn) ) IMa(m2)P Z5IAT LAY IR (€O DM (ma) Mo(ma) ) [Ma(my)[?
15 LIALALS (@0 My(m)Mo(mn) ) IMa(mo)? BIAFIALIS (€00 MG (o) Ma () ) [ Ma ()2
16 — 5 A [[Ass|R (ei(ég_éss)M’é(mz)Ml(mzn (Mo(m)? AT Ass|R ei(ég_éss)MS(ml)Ml(ml)) (Mo (mz)?
17 (A Z = 1A P) R (C(my, ) (AT + A7) R (C(my, m2))

18 [As PTMo () LMo () P ~[AssT? c05(2ss + bq) Mo(m)P T Mo(m2)?

19 | Ass||Ao| R (€75 M (my) M3 (ma) Mo (m1) Mo (ms)) —|Ass]|Ao|R (&= M (my) M (m2) Mo(m1) Mo(m)))
20 [Ass] |4y R (/=90 M5 (m3) M3 (m2) Mo(mu) Mo(mz) ) —[Ass| | AR (&G0 M5 (1) M3 (m2) Mo(ms) Mo(m2) )
21 0 0

SADIANIddY






Selection of BY — pK*?

For the selection of the B® — pK*? sample, 2011 and 2012 data from the stripping
line StrippingBetaSQ2B4piSelection, in the Stripping20 campaign, were used. This
stripping selection is optimised to identify B decays into quasi two-body final states.
The offline selection requirements applied to these initial candidates are summarized in
Table B.1.

For further background reduction a BDT discriminant was defined by combining the
following variables:

e [solation of the B vertex.

B vertex x2.

Track x2.

Minimum IP x? of the tracks.
e Minimum transverse momentum of the tracks.
e Minimum transverse momentum of K*? and p.

Maximum IP x? of K*O and p.

B flight distance.

B DIRA (pointing angle).
e B transverse momentum.
e BIP x°.

For the BDT training truth-matched Monte Carlo B® — pK*? events from the MC11
generation fulfilling the same stripping requiremens as the data were considered as signal.
The background sample is constructed from stripped B% — pK*? candidates from 2012
data with an invariant mass M(Kmmm) > 5430 MeV/c?.

Once this sample of B® — pK*? is obtained, the mass hypothesis of one of the pions
coming from the p decay is changed into a kaon hypothesis. Then the cuts in Table 6.2
are applied, except for the GL cut. The invariant mass of the remaining candidates in
the hypothesis KTt~ K7t is used to extract a parameterisation of the B% — pK*?
contribution.
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Appendix B. Selection of B® — pK*0

Table B.1: Cuts used to select the BY — pK*0 sample.

Selection cuts

All tracks p < 100000 MeV
All tracks pr > 100 MeV
All tracks IP@? >5

All tracks Ghost Prob < 0.5

All tracks is Muon =0

K* PIDK_q > 5

K* PID,_k <0

7+ PIDk_r <0

K*9 mass window +100 MeV
© mass window +225 MeV
K*9 and p pr > 200 MeV
K*9 and p vertex x? <20

B pr > 2500 MeV
B vertex x2/ndof <20

B flight distance x? > 20

B IP®? < 30

B DIRA > 0.999
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S—wave propagator in the K—matrix
formalism

In the alternative model for the S—wave propagator, the K3(1430) is combined with
a nonresonant term using the K—matrix formalism. First, a K;(1430) K element is con-
sidered

~ mglo(m)
Kkg(1430) = W (C.1)
which has a corresponding invariant K element:
. 1
Kk (1430) W (C.2)

A (real) constant term is added to this element to account for nonresonant background,
(see formula 84 in [119]):
Ks = Ki:(1430) + Ks (C.3)
The mass propagator can then be written as
Ks Ks

Ts x . =
1—I(KK5(1430)+/€SPK) 1—/(%&2)“!‘55,0%(*)
o

(C.4)

where py0 =2 <mi;<7,) and represents the phase space factor for the K final state.
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Systematic studies

D.1 Fit bias

Fig. D.1 shows the pulls for the different angular parameters obtained from 500 toy
experiments performed asuming the same statistics and parameter values observed in
data.
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Figure D.1: Pull distributions of the parameters in the fit obtained from toy experiments
simulating data used for the final result.
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Appendix D. Systematic studies

D.2 Monte Carlo statistics

To estimate the systematic error in the angular parameters induced by the limited statisctic
available in the MC for the calculation of the angular acceptance, the fit was repeated
one thousand times using different angular acceptance. In each iteration, the 2D angular
acceptance is modified according to its statistical error in each acceptance bin. The pulls
obtained for the fitted parameters are shown in Fig. D.2. The width of a gaussian fit
to these pulls was taken as the systematic uncertainty for each of the parameters, see

Table D.1.
T T T T
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60 60[- 60
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Figure D.2: Pulls for the different angular parameters obtained by fitting the data with an

acceptance function modified acording to its statistical error.

D.3 Comparison Data / Monte Carlo

In this section, the main selection variables of the B2 meson and its daughters are com-
pared between MC and data. The data distributions have been obtained using SP/ot
technique [121], using as control variable the four-body invariant mass.
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D.3 Comparison Data / Monte Carlo

Table D.1: Variation of the different fit parameters induced by the statistical error in the

determination of the angular acceptance. The mean and width of a gaussian fit to each
parameter values distribution is quoted.

Parameter Pull mean (x1073) Pull width (x1073)

fL 0.72 + 0.32 9.54 4+ 0.23
fi -1.79 + 0.27 8.28 4 0.20
|AS|? -0.73 £0.23 7.22 +0.19
|AF|? 0.65 4+ 0.16 5.03 + 0.12
|Ass|? 0.027 + 0.031 0.651 + 0.020
o 55+ 1.2 36.79 + 0.96
6, —6F -0.35 + 0.62 19.15 4 0.47
o; 53+ 1.2 35.68 + 0.94
Oss 53426 759+ 2.0
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Figure D.3: Left: Comparison of the B? pr (top), DOCA (middle) and flight distance

significance (bottom) distributions in data (points) and MC simulation (solid green). Right:
Ratio between data and MC.
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Appendix D. Systematic studies
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Figure D.4: Left: Comparison of the Bg IP significance (top) and secondary vertex x?
(bottom) distributions in data (points) and MC simulation (solid green). Right: Ratio between

data and MC.
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Figure D.5: Left: Comparison of the K*O (top) and K*® (bottom) pr spectra in data (points)
and MC simulation (solid green). Right: Ratio between data and MC.
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D.3 Comparison Data / Monte Carlo
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Figure D.6: Left: Comparison of the K*O (top) and K*° (bottom) vertex x? distributions in
data (points) and MC simulation (solid green). Right: Ratio between data and MC.
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Appendix D. Systematic studies
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Figure D.8: Left: Comparison of the 7" (top) and w~ (bottom) pt spectrum in data (points)
and MC simulation (solid green). Right: Ratio between data and MC.
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data (points) and MC simulation (solid green). Right: Ratio between data and MC.
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D.4 M(K) resolution

o
s
s
8
= Jﬂwl 1N
FT T TH
07 I I 4‘
0 50 100 150
" IPS
150 o’
o 3
v <
a
1001 o
501 ; ‘\‘J‘:S“ \‘h‘h ‘\“
AT T %
0 I ; ™~ ) S B T PR
0 50 100 150 0 50 100 150

m IPS T IPS

Figure D.10: Left: Comparison of the w™ (top) and 7~ (bottom) IP significance spectrum
in data (points) and MC simulation (solid green). Right: Ratio between data and MC.

D.4 M(Km) resolution

The M(K) resolution was estimated from Monte Carlo simulated data. The difference
between the reconstructed and generated invariant mass of the K7 pairs was paramet-
erised using three gaussian distributions with a common mean. The result of the fit is
shown in Fig. D.11. From this result an effective resolution of o = 3.202+0.048 MeV/c?
was obtained. A single gaussian model with a effective width of 0 =5 MeV/c? was used
for the systematic checks described in Sect. 6.5.4.5.

D.5 Time acceptance

In order to estimate the efficiency as a function of the lifetime of the BY meson, B —

K*0K*0 MC simulated events have been used. In this case, the sample was generated

i i B(S)—)K*OR*O i . i
assuming CP-conservation (¢s = 0) and with the following set of values for the

three polarisation amplitudes:
[Ao| = Al = [ALl=1
50:5“2@_:0 (D.l)

The generated lifetime distribution for that sample can be written as [98]

dar 2 _p 1
~ “ It - Iyt D.2
Jr <3¢ + 3¢ (D.2)
where [y and [, are the lifetime of the "heavy” and “light” mass eigenstates of the
Bg—system, that can be expressed in terms of the usual parameters [ (BS lifetime) and
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Figure D.11: Resolution in the measurement of the invariant mass of the K'm pairs. Points
represent the difference between reconstructed and generated mass for MC simulated data.
The blue solid line is the triple gaussian model fitted to the data. The dashed lines correspond
to the contribution of each of the three gaussians.

AT (width difference between the two mass eigenstates) as

Al
o= Ts==-
Al
r, = /—s—l——2 (D.3)

The ratio between the lifetime distribution of the reconstructed and selected events and
the generated PDF given above is shown in Fig. D.12. This ratio has been parameterised
using the analytical function

3

e(t) = ——
(®) p1 + t3

x (1 — pot). (D.4)

and the values of the parameters p; and p> have been estimated from a fit to the data.
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Figure D.12: Time acceptance calculated from MC simulated B? — K*°K*? events. The
solid line represents the fit of the model described in the text to the data.
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TISTOS technique

In order to apply the TISTOS technique to calculate the LO trigger efficiency from
data, the number of LOT /S, LOTOS and LOT/S&LOTOS events need to be determined.
The LO efficiency is calculated as

Lo
ELO _ ELOTIS N (E 1)
- NLOTIS :
where L0715 js approximated by
NLOTOS&LOTIS
ELO,T/S _ (E 2)
NLOTIS :

just for the computation of the ratio of efficencies between B2 — K*0K*® and B —
$K*C. The determination of the signal events in each of the categories for signal and
normalisation channel is obtained from a fit to the four body invariant mass spectrum.
The models used to describe the BY — K*°K*® and BY — ¢K*O spectra are those
explained in Sect. 6.3.3 and Sect. 6.6.1 respectively. Fig. E.1 shows the result of the fit
in each category for both channels. The number of signal events in each category and
the calculation of the LOTIS and LO efficiencies are detailed in Table E.1.

Table E.1: Number of B — K*9K*® and B — ¢K*0 signal candidates in each trigger
category and determination of their LO trigger efficiency.

Channel LOTOS  LOTIS LOTOS&LOTIS  ghoTls glo

BY — ¢K*O 520 +23 685427 157 + 13 30.3+2.0 46.4+3.9
B? — K*0K*0 360+20 448+ 24 111+11 308+24 47.8+5.0
ratio - - - - 0.97 +0.13
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Appendix E. TISTOS technique
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Figure E.1: Result of the fits to the four body invariant mass for BS — K*°K*0 (left) and
B® — ¢K*O (right), for each of the trigger categories: LOTOS (top), LOT/S (middle) and
LOTOS&LOTIS (bottom).
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