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Abstract

This thesis presents a measurement of the CP-violating phase ¢, arising in the inter-
ference of BY mixing and the amplitudes of B® — Jjy¢ and B® — Jjyn*n~ decays. The
phase ¢ is an observable with very high sensitivity for physics phenomena beyond
the Standard Model. New, heavy particles could contribute to the mixing process and
influence the measured value of ¢s. As the prediction for ¢ is very precise, already
small deviations of the measured value would be a hint for new physics effects.

The presented measurement is done with a data set corresponding to an integrated
luminosity of £ = 1.0fb™!, collected during 2011 with the LHCb experiment. The
determination of ¢, with B — Jjy¢ decays requires a time-dependent analysis, de-
pending also on the decay angles of the B to separate the CP-eigenstates of the decay.
A four-dimensional maximum likelihood fit, including as well information of the B?
production flavour, is used to determine ¢, from the corresponding measured time
and angular distributions. The measurement of the strong phase difference between
K*K~ P-wave and S-wave amplitudes, as a function of the invariant K*K~ mass, al-
lows to resolve a twofold ambiguity (¢, < 7 — ¢) in the differential B® — Jiy¢
decay rate. The measured value is ¢ = 0.069 = 0.091 (stat.) + 0.014 (syst.) rad. Per-
forming a combined analysis of B — Jiy¢ and B — Jiyn*n~ decays a value of
¢s = 0.043 £ 0.076 (stat.) = 0.014 (syst.) rad is determined. The obtained results are in
agreement with the prediction.

Kurzfassung

In der vorliegenden Arbeit wird eine Messung der CP-verletzenden Phase ¢, vorgestellt,
die in der Interferenz von BY Mischung und B® — Jjy¢ oder B® — Jpyn*n~ Zerfallsam-
plituden auftritt. Die Phase ¢, ist eine Observable mit hoher Sensitivitit fiir physikalis-
che Phinomene jenseits des Standard Modells. Neue, schwere Teilchen konnen zu
der Mischung beitragen und so den gemessenen Wert von ¢, beeinflussen. Da die
Vorhersage fiir ¢ sehr prézise ist, sind bereits geringe Abweichungen in der Messung
Anzeichen fiir neue physikalische Effekte.

Die vorgestellte Messung benutzt einen Datensatz, der einer integrierten Luminositit
von £ = 1.0fb~! entspricht und wiihrend 2011 mit dem LHCb Experiment aufgenom-
men wurde. Zur Bestimmung von ¢ mit Hilfe von B — Jjy¢ Zerfillen ist eine zeitab-
hiéingige Analyse notwendig, die auch von den Zerfallswinkeln des BY abhingen muss,
um die CP Eigenzustinde des Zerfalls zu separieren. Um ¢, von den gemessenen Zeit-
und Winkelverteilungen zu bestimmen, wird ein vierdimensionaler Maximum Likeli-
hood Fit benutzt, der Informationen iiber den Bg Produktionszustand beinhaltet. Die
Messung der Phasendifferenz von K* K~ P- und S-Wellen Amplituden als Funktion der
K"K~ Masse wird benutzt um eine Ambiguitiit (¢, <> 7 — ¢;) in der B® — Jjy¢p Zerfall-
srate aufzulosen. Der gemessene Wert ist ¢g = 0.069 + 0.091 (stat.) = 0.014 (syst.) rad.
In einer kombinierten Analyse von B? — Jiy¢ und BY — Jjyrn*n~ Zerfillen wird ein
Wert von ¢, = 0.043 + 0.076 (stat.) £ 0.014 (syst.) rad bestimmt. Die gemessenen
Ergebnisse sind in Ubereinstimmung mit der Vorhersage.
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CHAPTER 1

Introduction

The current knowledge of the fundamental particles and their interactions is described
by a single theory, the Standard Model of Particle Physics [1] [2] [3]]. It was exten-
sively tested during the last decades and, although it is very succesful in describing
the observations of particle physics experiments, some hints appeared that it cannot
explain all aspects of nature:

e Cosmological observation showed that only ~ 5% of the energy density of the
universe is explained by the matter described in the Standard Model. The re-
maining part is so called Dark Matter with ~22% and Dark Energy with ~73%
of the energy density [4] [S]. Both components do not exist in the theoretical
framework of the Standard Model.

e Matter and Antimatter were produced in equal amounts in the Big Bang. Nev-
ertheless, today the universe is dominated by matter. This asymmetry cannot be
explained by the mechanisms in the Standard Model[6] [7].

To address these and other open questions in particle physics, and to confirm the ex-
istence of the Higgs-boson, a fundamental particle in the Standard Model, the Large
Hadron Collider (LHC) was built. It is located at CERN near Geneva and is the most
powerful particle accelerator today, colliding protons with center-of-mass energies up
to v/s = 14 TeV. Four large particle detectors are located at the collision points, follow-
ing different approaches to search for physics effects beyond the Standard Model (New
Physics). ATLAS and CMS are general purpose detectors to perform direct searches
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10 1. Introduction

for new particles. ALICE is a detector designed for heavy-ion collisions. LHCb is a
specialised detector for precision measurements of b- and :hadron decays, searching
for indirect effects of new virtual particles in quantum loops.

The LHCb detector profits from the large production cross section of bb quark pairs
at the LHC. In 2011 at a center-of-mass energy of /s = 7TeV and an integrated lu-
minosity of £ = 1.0fb~!, approximately 3 - 10'" bb pairs were produced. This allows
for a huge variety of precision measurements of b-hadron decays. The most sensi-
tive processes for indirect searches for New Physics are so called flavour changing
neutral currents (FCNC). In the Standard Model these transitions are only allowed in
loop processes. An example for FCNC in the Standard Model is the mixing of neutral
B-mesons, transitions between B and anti-B, that is only possible through suppressed
box diagrams. Potential new particles can contribute to the mixing diagram and change
both the absolute value and the phase of the mixing amplitude. The phase in loop pro-
cess is experimental accesible via the measurement of time-dependent CP violation.
CP violation arises when the symmetry of the combined charge (C) and parity (P)
transformation of a process is violated.

This thesis presents a measurement of the CP-violating mixing phase ¢ that arises in
the interference of BY mixing and decay amplitudes to final states as Jiy¢. The predic-
tion for ¢, is very precise, ¢, = —0.0364 +0.0016 rad [8]]. This makes ¢, to an excellent
observable for New Physics effects, as already small deviations from the prediction can
be interpreted as New Physics. The currently available measurements of this phase still
allow for large deviations from the Standard Model values.

The measurement of ¢, using B — Jjy¢ decays requires a four-dimensional fitting
technique, based on the maximisation of a likelihood function, to determine ¢, from
a flavour dependent analysis of the decay time and angular distributions of the decay.
This technique relies on the correct description of detector acceptance and resolution
effects. To perform the analysis flavour dependent, the production flavour of the B°
mesons must be determined.

The measurement is performed with the data sample collected during the 2011 run of
the LHC, using reconstruted BY — Jjy¢ decays as well as B — Jjyn*n~ decays to
determine ¢;.

The following thesis presents the analysis techniques and results of this measurement.
It is organised as follow: Chapter [2|discusses the theoretical background, starting from
a general introduction of the Standard Model and the phenomenological description
of B mixing, followed by to the derivation of the equations describing the B® — Jiy¢
and BY — Jlyn*n~ decay. Chapter 3|introduces the LHCb experiment by explaining
the working principle and performance of the subdetector components. In chapter 4] a
short introduction to the analysis strategy will be given. Chapter [5| describes the data
taking conditions as well as the reconstruction and selection process of the used data
sample. Chapter [6]disusses the algorithms and methods used to determine the produc-
tion flavour of the BY mesons. The determination of the decay time resolution of the de-
tector is presented in chapter[7} The detector acceptances that incluence the measured
distribtuions are discussed in chapter [§] The fitting technique used to determine ¢ is

10



11

explained in chapter [0 with a detailed discussion of the functions describing the signal
and background components. Chapter [[0]and [T 1] present the results for the physics pa-
rameters extracted first in a simplified and then in an extended fit of B® — Jjy¢ decays.
In chapter [12] the systematic uncertainties of the measurement are evaluated, before,
in chapter [13|a combined result of ¢, using B® — Jiy¢ and B° — Jiyntn~ decays is
presented. Finnaly, chapter [[4] summarises the measurement and gives a short outlook
in the future prospects.

11
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1. Introduction

12



CHAPTER 2

B! mixing and CP violation

In this chapter the theoretical background of the presented measurement will be given.
The Standard Model of particle physics ( [1], [2], [3]) will be introduced shortly, fol-
lowed by a phenomenological discussion of B meson mixing and CP violation. The
decay BY — Jjy¢ will be discussed in detail with its possible impact on physics beyond
the Standard Model.

2.1 The Standard Model of Particle Physics

The Standard Model of Particle Physics is a renormalisable field theory, describing the
fundamental particles of nature and the interactions between them ([10], [11]). The
particles that construct the known matter are described by fermion fields with half-
integer spin. They can be divided in quarks and leptons and are grouped in three
generations as shown in Table 2.1] Each generation contains a lepton with electric
charge (e, u, 7), one lepton without electric charge, called neutrino ( v,, v,, v;), one
up-type quark (u, c,t) and one down-type quark (d, s, b). For each fermion f exists an
anti-fermion f with opposite quantum numbers.

The interactions between the fermions are mediated by integer-spin gauge bosons.
They are introduced in the Standard Model by transforming the global symmetries of
the Standard Model Lagrangian to local gauge symmetries that are separately valid at
each space-time point. The gauge bosons, listed in Table[2.2]carry the three fundamen-
tal forces: The massless photon (y) mediates the electromagnetic force, the massless

13



14 2. B° mixing and CP violation

gluons (g) the strong force and the massive W* and Z° bosons mediate the weak force.
The gravitational force is not described in the Standard Model. The Higgs-boson H
is not related to a fundamental force but its existence is a consequence of the mass
mechanism of the Standard Model and will be discussed later.

The gauge symmetry group of the Standard Model is SU(3)c ® SU(2). ® U(1)y. Each
symmetry implies a quantum number that is conserved in the related interaction. In
the following the different fundamental interactions and their relation to the Standard
Model gauge symmetry group will be discussed:

The theory of the strong interaction (QCD) is based on the SU(3)¢ gauge group
and defines the interactions and couplings of the quarks. C denotes the quantum num-
ber related to the symmetry, called colour. The strong force acts on all fermions with
colour quantum number. The quarks can have the quantum numbers red, green, blue
and the corresponding anti-colours. The gauge bosons of the strong interaction, the
gluons, have colour quantum number as well and can therefore self-interact. Leptons
do not have colour and thus do not take part in strong interactions. A special feature
of the strong interaction is that quarks can only exist in bound states, a phenomena re-
ferred to as confinement. The bound states are called hadrons. There are two types of
hadrons: the mesons consisting of a quark anti-quark pair and the baryons consisting
of three quarks of different type.

In the Standard Model the electromagnetic interaction and the weak interaction are
unified to a common theoretical description, the electroweak interaction with gauge
group SU(2). ® U(1)y. The SU(2). symmetry introduces three gauge bosons W;. The
related conserved quantum number is the weak isospin 7' with third component 7.
Only left-handed fermions and right-handed anti-fermions have T # 0 and couple to
the W; bosons. The symmetry of the U(1)y gauge group implies the hypercharge quan-
tum number Y and introduces a gauge boson A. The hypercharge of a fermion is given
by Y = Q — T where Q is the electric charge. The exchange bosons of the electromag-
netic and weak interactions are given by linear combinations of the gauge bosons W;
and A:

The exchange boson of the electromagnetic interaction, the photon, is a combination
of the W5 and A gauge bosons. It couples to the electric charge Q of the fermions. All
fermions except the neutrinos have an electric charge and take therefore part in elec-
tromagnetic interaction processes.

The weak interaction processes can be classified by two different types: The neutral
current is mediated by the Z° boson that is similar to the photon a combination of the
W3 and A gauge bosons. Due to charge conservation, it couples only to fermion anti-
fermion pairs. The charged current is carried by the charged W* bosons that are linear
combinations of the W; and W, gauge bosons. The charged current is the only process
in the Standard Model where fermions of different generations can take part. Flavour
changing neutral currents (FCNC) are not allowed in the Standard Model in tree-level
processes.

14



2.2. THE CKM FORMALISM 15

Experiments have demonstrated that the W* and Z° gauge bosons have masses.
Separate mass terms in the Standard Model Lagrangian however would violate the
local gauge symmetry. By introducing a scalar Higgs-field with non-zero vacuum
expectation value, the electroweak symmetry is spontaneously broken and the bosons
gain masses. A consequence of the Higgs-mechanism is the existence of an additional
scalar Higgs-boson H. A first observation of a Standard Model H-like particle was
made by the ATLAS and CMS collaborations [[12] [[13]. Similar to the boson masses,
the masses of the fermions are introduced by their coupling to the Higgs-field (Yukawa-
coupling).

quarks leptons
generation type mass type mass

1 u 1.7-33MeV v, <2eV

d 41-58MeV e 0.511MeV
) c 1.27 GeV Vi <2eV

s 101 MeV J7i 105.7 MeV
3 t 172 GeV Vr <2eV

b 4.19 GeV T 1.78 GeV

Table 2.1: Fermions in the Standard Model, grouped in three genera-
tions. The mass values are taken from [9]].

interaction gauge boson mass
electromagnetic 0% 0
strong g 0
weak W= 80.4 GeV
Z° 91.2 GeV
- H ~ 125GeV

Table 2.2: Bosons and fundamental forces in the Standard Model. The
mass values are taken from [9]].

2.2 The CKM formalism

A result of the electroweak symmetry breaking is additional mass terms for the fermions
(Yukawa terms) in the Standard Model Lagrangian. The Yukawa terms of the quark
fields can be expressed as [[14]

v

1
T2

(d, Yydly + it] Yuly) + h.c. @2.1)

15



16 2. BY mixing and CP violation

where the quark fields u; , denote the weak eigenstates of the left-handed and right-
handed up-type quarks and the quark fields dj , denote the weak eigenstates of the
left- and right-handed down-type quarks. i , and JL g are the corresponding fields
describing the anti-quarks. The Yukawa matrices Y, and Y, are 3 X 3 complex matri-
ces. They have non-zero off-diagonal elements which leads to the fact that the weak
eigenstates of the quarks are not equal to their mass eigenstates.

The mass eigenstates u; g and dp g are obtained by unitary basis transformations
ur = Vi pit) g and dy g = v /rd{ g With unitary matrices V}' , and vd g that must be
constructed such that the Yukawa matrices are diagonalised.

If both Yukawa matrices can not be diagonalised simultaneously by the same matri-
ces (V' R F Vf /R), the basis transformation leads to a remaining factor Vcgy = Vﬁ‘Vﬁ”
in the term of the Lagrangian describing the charged weak current L. [14]:

Lo = —i(ﬁL’}/‘uW: VexkmdyL + dLy“W/j V(JE/KMML) . (2.2)

V2

Vekw 18 the unitary 3 X 3 Cabbibo-Kobayashi-Maskawa matrix [15] connecting left-
handed down-type quarks to left-handed up-type quarks. In particular, the off-diagonal
elements of the CKM-matrix allow for transitions between quarks of different genera-
tions.

Using a notation with quark flavour indices, the CKM-matrix can be written as

Vud Vus Vub
Vekm = | Vea Ves V|- (2.3)
th Vts th

with complex matrix elements V;; and thus in total 18 parameters. They can be reduced
by taking into account the unitary relation of the CKM-matrix Vegm V(T:KM = 1 and re-
defining the quark-fields by absorbing 5 unobservable phases. Four free parameters
are left, three real mixing angles (6,,, 63, 6>3) and one complex phase (d3).

Due to the remaining complex phase, the Lagrangian is not invariant under CP trans-
formation. CP means a combined parity (P) transformation, inverting the space co-
ordinates of the fields, and a charge (C) conjugation, transforming particles to anti-
particles. Applying the CP transformation to the charged current leads to [14]:

LEP = _%@yﬂwu— Vet + By W Veady) 2.4)

The complex phase in the CKM-matrix implies Vegm # Vi, and results in different
complex couplings for quarks in weak transitions. The CP symmetry of the charged
current Lagrangian is broken (CP violation). In fact the complex phase in the CKM-
matrix is the unique source of CP violation in the Standard Model.

16



2.2. THE CKM FORMALISM 17

To better reflect the hierarchical order of the matrix elements, Vcxy is often ex-
pressed in the Wolfenstein parameterisation [16]

A2 3 .
1-= A i AX(p —in) \
Vekm = -1 - % AA? + 01 (2.5)
AV -p—in) -AL 1

as an expansion in A = sinfy,, with A = Si‘;# and p + in = sin 6;3¢3 /AA>. The values

of the parameters are obtained from global fits using experimental data to [9]:

A=0.23, A =081,

22 A2 (2.6)
p=p1-=7)=013,  f=n(l-=)=035.

The diagonal elements of the CKM-matrix are ~ 1 and transitions between quarks of
the same generation are therefore preferred. Transitions between the generations, de-
scribed by the off-diagonal elements, are suppressed (up to A* for Vi, and Vi4). The
parameter 77 in Vy, and Vy, defines the imaginary parts of the CKM-matrix elements
that can lead to CP violation in the corresponding quark transition processes.

From the unitarity condition of the CKM-matrix (Vcxm VEKM = 1), one can derive
six relations of the form

ViVir * VoV, + V.V, =0, 2.7)
which can be interpreted as triangles in the complex plane with the related angles
V.V v .V v v
@ = arg (——td o ), B = arg (——Cd ib) , Y= arg (——“d Zb) : (2.8)
Vud Vub th th Vcd Vcb

Figure [2;1'] shows the corresponding triangle with sides normalised to V4V, .

The unitarity triangle in Equation is often called the "BY triangle" because the
related CKM-matrix elements are accessible via measurements of Bg meson decays.
Similarly, there is a second triangle that can be constrained using B meson decays
("B triangle"). It is given by the relation

Vusvljb + Vcsvc*b + Vtsvt*b =0. (29)
Of particular interest for this thesis is the small angle
VisVio
s = - , 2.10
N @10

which is, via the complex matrix elements Vi (at O(1%)), sensitive to CP violation.

The CKM-matrix elements are not predicted by the Standard Model. Many mea-
surements have been performed to determine the CKM-matrix elements and test the
unitarity of the CKM-matrix. Figure [2.2] summarises the current experimental status
of the "BY triangle" and the "BY triangle":

17
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2. B° mixing and CP violation
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Figure 2.1: Unitarity triangle, corresponding to Equation with
side lengths normalised to V4V, . The figure is taken from [17].

The length of the left side of the triangles is constrained by branching ratio mea-
surements of semileptonic B decays. The branching ratio of B — Xlv decays is
proportional to the CKM-matrix element |V|* or |V|?, if X contains a u or a ¢
quark, respectively.

The right side of the triangles is constrained by measurements of BJ-B° and BY-
B mixing.

The angles of the unitarity triangles can be determined by precision measure-
ments of CP violation in B meson decays. Currently, the strongest constraint for
the "Bg triangle" is given by measurements of sin 23 using Bg — J/(//Kg decays.
For the "B triangle" the angle B can be measured with BY — Jjy¢ decays.

Additional constraints are given on the position of the apex of the triangles by
neutral kaon physics.

2.3 B’-B" mixing

The charged current in the Standard Model (Equation [2.2)) allows for interactions

between up-type and down-type quarks. As a consequence, transitions between the

flavour eigenstates of neutral B mesons are possible. This process is called B-B mix-
ing. The theoretical description of B-B mixing is identical for BY and B? mesons. In
the following, they will simply be denoted as B,. The leading-order mixing process
can be described by a box-diagram shown in Figure [2.3] The dominant contribution to

18



2.3. B}-B} MIXING 19
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Figure 2.2: Current experimental status of the unitarity triangles de-
fined in equations and 2.9 The single measurements limit the apex
of the triangles to 95% confidence intervals indicated by the red dashed
regions. Both figures are taken from [18].

the mixing amplitude is the process with a f-quark in the internal loop.

The phenomenology of Bq-Fq mixing is discussed in several documents and will
only be briefly summarised here. The following details are extracted from References
[19], [20] and [21].

The state vectors of flavour eigenstates at + = 0 can be denoted as |B,) = lbg) and
|§q) = |bg). They behave under a CP transformation as

CPB,) = -|B,y, CPB,)=-|B,). (2.11)

The time evolution of these states |B,(¢)) and Iﬁq(t» is given by the phenomenological
Schroedinger equation for the 2-state system:

A (1B ):( . 5)( 1B, )
ldt(qu(l» M=iz I\ B,y |- (212)

The mass matrix M and the decay width matrix I" are 2 X 2 hermitian matrices. Due to
the CPT invariance theorem, their diagonal elements are identical:

My =My, T'yh=Ixn. (2.13)

The off-diagonal elements My, = M;, and I';, = I7, are responsible for the Bq-ﬁq
mixing. M, represents short-distance effects where the mixing is processed via virtual
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20 2. BY mixing and CP violation
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Figure 2.3: Leading-order diagrams contributing to B,-B, mixing
(shown for B? mesons). The figure is taken from [22].

Sy

w

heavy states as shown in Figure 2.3 T'j, represents the long-distance mixing via real
on-shell particles such as an intermediate 77~ state. For Bq—Eq mixing, the short-
distance effects are dominant and therefore |M 5| >> |14

The non-zero off diagonal elements also imply that the mass eigenstates of the B,
mesons are not identical to the flavour eigenstates. The mass eigenstates at t = 0,
represented by the state vectors |By) and |By), can be obtained by diagonalising the
matrix (M — i g) and can be related to the flavour eigenstates via:

|BL) = plB,) + q|B,),

_ (2.14)
|Br) = pIBy) — q|By)

where |p|*> + |g|*> = 1. The corresponding mass eigenvalues (My — il'y/2) and (M, —
il'L/2) lead to the time evolution of the mass eigenstates such that

|By(t)y = e MitTu/2i g,y

BL()) = e M, ). e

My and My are the masses and I'y, I'L the decay widths of the corresponding mass
eigenstates. It is possible to relate these parameters to the parameters in the flavour
eigenbasis by defining the variables

_MH+ML F_FL+FH

2 ’ 2 (2.16)
Am:MH—ML, AFIFL—FH,

m

where Am is the mass difference, often called mixing frequency, and Al is the decay
width difference of the states |By) and |B.). The mixing frequency in the Bg system,
in the following denoted as Amgy, was first measured by the ARGUS collaboration
[23]. The current world average is Amg = 0.507 + 0.004 ps™" [9]. The B’ meson
oscillates much faster and the mixing was first observed by the CDF collaboration
[24]]. The currently best value of the mixing frequency was measured by LHCb with
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2.3. B}-B} MIXING 21

Amg =17.63 £0.11 ps_1 [25]].
The variables in Equation[2.16|are related to M, and I';, by

1 .
(Am)* — Z(AF)Z =4 Mp,* - T, AmAT = —4R(M,I%,) . (2.17)

Similarly, one can relate g/ p to the off-diagonal matrix elements by

g Am+iAT/2  2Mj,—il},

- == = . 2.18
p 2M, — iy Am + IAF/Z ( )
As [I'15| << |Mi,] in the Bq—Eq mixing, the above expressions can be expanded in {4—'122,

leading to

Am =2|My,|, AT = 2|12 cos @y, »

q [ T (2.19)

— —igm
—=—e"™M1 -z Sin Pazy,/ry,) 5
p 2|M12| 12/T12

with @y, = arg(—%) and ¢y = arg(M,,). It is possible to approximate g/p even
further to g/p = —e™M,

Given the relations of flavour and mass eigenstates in Equation [2.14] the time evo-
lution of the flavour eigenstates can be calculated from Equation[2.15]as

B,(1) = g,(1)|B,) + %g_<r>|ﬁq>,

_ p _ (2.20)
1B, (1)) = gg—(t)lBﬁ +g+(DIBy),
The functions g.(¢) contain the full time-dependence and are given by
, A Amt Al't . Amt
g.(t) = e™e 12 | cosh — cos 2 isinh = gin 222 ,
4 2 4 2
(2.21)

Amt
4 2 ]

: AT’ Amt Al't
g_(1) = g7 M M2 (— sinh — cos Tm + icosh — sin —

The time dependent decay rate of a produced B, meson decaying into some final
state f is given by

[(By(1) = @) _ 1 dN(B(1) = f)

o 2
dt " N ar [CFABy (DI, (2.22)

where Np is a normalisation factor giving the total number of produced B, mesons.
N(B,(t) — f) is the number of initially produced B, mesons decaying to the final state
f at time t. For simplification of the further expressions, the decay amplitudes at t = 0
will be denoted as:

Ar={(fIB,), A;={fIB,) (2.23)

21



22 2. B° mixing and CP violation

In addition, the complex parameter Ay is introduced, defined as

_ a4y

1 .
vy

(2.24)

Ay will play an important role in the discussion of CP violation in the next section.

Using Equation [2.20]and the above notations, the differential decay rates for at time
t = 0 produced B, and B, mesons into the final state f can be written as

I'(B,(t) > f) 1+, ATt 1=
— ———¢Co +

A |? -F'[ Amt
” |As|"e > > > cos(Amt) (225
ATt '
- Ry sinh =~ - 34, sin(Amt)] .
[(B,(t) — 1+ 22 ATt 1=,
T8, = f) o |Af|2|£|2e‘rt[ 4l cosh - 4l cos(Amt)

Al't
- ?’\/1]( sinh 7 + S/lf sin(Amt)] ,

Both decay rates differ only in the sign of the oscillation terms sin(Amt) and cos(Amt)
and in an additional factor |’—;|2.

For the decay of the B, mesons in the CP-conjugated final state f with |f) = CP|f)
one can write the decay amplitudes at r = 0 as

A7 =(fIB). A;=(fB,). (2.27)

The differential decay rates for at time ¢+ = 0 produced B, and Fq mesons in the final
state f are then given by:

LB — ) _ L+ Are 1 -2
&0 =7 q(d) iR oc |Af|2|€|2e—“[ 2|f | cosh - 2|f | cos(Amt)
t p o (2.28)
- 1t -
- Riipsinh = + Sizsin(amn)|,
B, —-f - L+12 ATr 1= P
(By(1) = f) o |Af|2€_n[ |—f| co + 41 cos(Amt)
dr 2 2 2 (2.29)

AT
- Ripsinh = - Sipsin(amo)|,

i

where A 7 is defined as Af = g =

22



2.3. B}-B} MIXING 23

2.3.1 CP violation

From the differential decay rates described above, three different mechanisms of CP
violation can be observed and will be discussed in the following. The measurement of
CP violation is only possible in the interference of two amplitudes, each containing a
complex phase that changes the sign under CP transformation, called weak phase and
a phase that does not change sign under a CP transformation, called strong phase. The
weak phase usually originates from weak interactions and is related to the complex
phase in the CKM-matrix.

CP violation in decay

CP violation in decay happens when the decay amplitude of B, decaying to the final
state f is different than the decay amplitude of the CP-conjugate process, Eq decaying
to f. In terms of the decay rates, this is realised when (B, = f) # F(Fq - f)
corresponding to

A7 1 2.30
IA—f|¢ : (2.30)

CP violation in decay can be observed by measuring the time-integrated asymmetry

L TB = - I'(B, - f)
I'(B, - f)+T(B, - f)

(2.31)

It can, for example, be measured in Bg — K*n~ decays where the CP violation is
introduced by a large interference between tree and suppressed penguin amplitudes.

CP violation in mixing

CP violation in mixing occurs when the oscillation probability of B, — Eq is different
than the probability of B, — B,. This is realised when I['(B, — f) # I'(B, — f)
corresponding to

l #1. (2.32)
Pl
The CP violation is introduced by the interference of two different mixing amplitudes,

shown in Figure It can be measured with the time integrated asymmetry

e I'B, — f)-T(B, - f)
(B, —» /) +T (B, - f)’

(2.33)

when the process B, — f can only happen via an oscillation B, — Fq — f (flavour
specific decay). Examples of this are semileptonic Bg — XI*v decays. The Standard
Model prediction for the asymmetry for Bg — XI"v decays is small, O(10~%) [14].
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24 2. B° mixing and CP violation

CP violation in interference of mixing and decay

An additional type of CP violation can occur when the final state f is a CP eigenstate
fep for which CP|fcp) = ncplfcp), where nep = £1. In this case the amplitudes of
B, decaying directly to fcp and the amplitude of B, oscillating first to Eq and then
decaying to fcp can interfere. The process is illustrated in Figure 2.4, The relative
phase between the two amplitudes can introduce CP violation in the interference of
mixing and decay.

It is related to a difference in the decay rates I'(B, — fep) and F(Eq — fcp) (see
Equations [2.25]and [2.28) that is introduced by the complex parameter A, which, for a
decay into a CP eigenstate f-p, can be denoted as

Acp = ———. (2.34)

The decay amplitude Ay, of B, — fcp can be written as
Afep = |Asple® o) (2.35)

where ¢p is a weak phase that enters the decay amplitude and its CP conjugate with
different signs. ¢ is a strong phases that does not change sign under a CP transforma-
tion. The decay amplitude of Eq — fcp can be related to Ay, using the property of
CP eigenstates |fcp) = ncplfcp), and assuming no CP violation in decay ,as

Ascp = NcrAz o, = NeplAscple™ ™, (2.36)

The ratio of the two amplitudes is then given by

A; .
ICP _ pepe™ . (2.37)
Af cp

Following equation , the ratio % is approximated to % = —e M with ¢y = arg(M»)
(implying Il%l = 1). Both phases, ¢\ and ¢p, are convention dependent; the ratio Acp is
not. The phase of Acp, expressed as

¢ = —arg Ace = d — 26p (2.38)
is a phase difference and thus an observable. As a consequence, even if |%| =1 (no

CP violation in mixing ) and |%| = 1 (no CP violation in decay ) the relative phase
CcP

Ar . . .
between % and ﬁ can introduce CP violation.
Jcp

CP violation in the interference of decay and mixing can be measured with the
time-dependent asymmetry

_T(B, = /)®)—=T(B, = 1)

a(t) = — .
I'(B, = /)0 +T(B; — ()

(2.39)
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2.4. TIME DEPENDENT DECAY RATE FOR Bg — Jiy¢ 25

If |Acp| = 1, the asymmetry is given by

_ S/lcp sin(Amt)
~ cosh(AT't/2) — RAcp sinh(AT'1/2)

a(t) (2.40)
It was, for example, measured for the decay channel Bg - J/:,bK_g where due to Al'y = 0
expression [2.40| simplifies to

a(t) = JAcp sin(Amgt) = —ncp sin(¢) sin(Amgt) . (2.41)

By —— fer

5

q

Figure 2.4: Illustration of the interfering amplitudes (red and blue) con-
tributing to CP violation in interference of decay and mixing.

2.4 Time dependent decay rate for B — Jjy¢

This thesis presents a measurement of CP violation in the interference of BY mixing and
decay. Two different final states f = JAyK*K™ and f = Jjiyn*n~ are used for this: The
most important case is when the JiyK* K~ is reached via an intermediate ¢ resonance
with  — K*K~. The branching ratio for this decay is BR(BY — Jiy¢) = 1.097033 .10~
[9]]. This case is called P-wave amplitude as the ¢ is a spin-1 meson. The P-wave am-
plitude can interfere with a much smaller contribution of non-resonant B — JA/K* K~
decays or B — Jiyf,(980) decays with f,(980) —» K*K~, that contribute to the same
final state. These are called S-wave amplitude as the non-resonant K™K~ system as
well as the f,(980) resonance are spin-0.

In addition the final state Jiy*n~ can be used with a branching ratio relative to B —

I of BEWII) — (21,28 +0.51+0.56)% [26]. This final state can be reached via
several interfering resonances, the most important one is JiJ f5(980) with f,(980) —
n*n~. A detailed discussion of the Jiyn*n~ resonance structure will be given in Chap-

ter

The dominant transition diagrams for the different final states are very similar, as
shown in Figure The total amplitude of the B? decaying to Jjy¢ is, following [27],
given by

Ap =V Vo (T + P, — P)+ Vi Vi (P — Py, (2.42)
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26 2. BY mixing and CP violation

where T denotes the tree-level amplitude, shown in the left diagram of Figure [2.5]
and the P; with i = u,c,t denote the penguin amplitudes (right diagram of Figure
. Vs V7, is suppressed by a factor 2> ~ 0.05 compared to V, V7, and, with the
expected precision, needs not to be considered in this analysis. For the Ji/n*z~ final
state, the quark composition of the intermediate resonances is not very well known.
Therefore additional amplitudes might contribute [28], but also not relevant for the
precision of this analysis. The weak phase of the decay amplitudes is then only given
by ¢p = arg(vcs V:b)

The weak phase of the B?—E? mixing amplitude, ¢y, is given by the CKM-matrix
elements of the leading box-diagram (figure @) ¢m = —2arg(Vi V). The observable
phase in the interference of B mixing and decay to the final states f = JWK'K™,
Jiynt = will be denoted as ¢ and is, using Equation [2.38f

V..V;
¢ = ¢m — 2¢p = —2arg(ViVy) — 2arg(Ve V) = —2arg (— V”V’f) =26, (243)
cs '’ ch
where f3; is the angle in the "B unitarity triangle" as defined in Equation Within
the Standard Model, 23, has been determined indirectly from global fits to experimen-
tal data as 26, = 0.0364+0.0016 rad [8]. The precise Standard Model prediction makes
the measurement of ¢, an excellent test for New Physics contributions.

) 710 d‘ It
wf] 7 RN

‘ KYK—,nrn~ ‘ KtK—,ntn™

Figure 2.5: Diagrams contributing to the decay of a BY meson to the
JWK*K™ and Jiyn*n~ final states. Left: tree diagram, right: penguin
diagram. The figure is taken from [22].

This analysis will mainly concentrate on the measurement of ¢ with BY — Jjy¢
decays as the most sensitive decay channel for ¢,. Nevertheless, the interference with
a JWK* K~ S-wave contribution needs to be taken into account. A measurement of ¢,
with the Jiyn* 7~ final state will be presented in Chapter [I3]

In general, the differential decay rates for B? and F(S’ decaying into a pure CP eigen-
state fcp are given by Equations [2.25|and [2.26] and can be expressed, assuming no CP
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2.4. TIME DEPENDENT DECAY RATE FOR Bg — Jiy¢ 27

violation in mixing (||pi|| =1),as

dI(BY — fcp)

1 ALt . ALt
oc |ACP|2€_Fslm [COSh(T) + Dncp smh( 5 )

dr (2.44)
+ C cos(Amyt) = Sncp sin(Amyt)
dI'(B® — fcp) | ATt . [AT¢t
— "« |Acplre ™ —— | cosh| == |+ D h
5 o« |Acp|e 3¢ [cos > Ncp SIN 2 (2.45)

— C cos(Amyt) + Sncp sin(Amyt) |,

where |Acp|* is the decay amplitude and ncp = +1 the CP eigenvalue of f-p. The terms
C, D and S are defined as

1 —|Acpl 2|Acpl 2|Acp| .
oMol AR s S = ——2P Gng 2.46
T+ el T+ el 07 Tl 0 249
where ¢ = —arg(Acp) was used.

In B — Jiy¢ however, a pseudo-scalar meson with spin-0 decays to two vector
mesons with spin-1, allowing for a relative angular momentum / = 0, 1, 2 between the
Jiy and ¢ meson. Thus, the final state is not a pure CP eigenstate with definite n¢p but
a mixture of CP-even (/ = 0,2) and CP-odd (/ = 1) decay amplitudes

CPUI) = (=1)1pd) . (2.47)

The three components with different angular momentum can be disentangled by per-
forming an angular analysis where the final state is described in a basis of three decay
angles. The measured physics observables are independent from the choice of the ba-
sis, but the basis determines the power to separate the three components. Two bases
can be used for this kind of measurement: the transversity or the helicity basis.

e The transversity basis with the three transversity angles Q.. = {, 6, ¢} is defined
in Figure The angles 6 and ¢ are defined in the rest frame of the Jiy. The
x —y plane is defined by the K* K~ plane, the x-axis by the flight direction of the
¢ and the y-axis such that p,(K*) > 0. The angle 6 is then defined as the angle
between the u* flight direction and the z-axis. The angle ¢ is the angle between
x-axis and the projection of the u* flight direction on the x — y plane. The angle
W is defined as the angle between x-axis and the K* flight direction in the K* K~
rest frame.

e The helicity basis with the three helicity angles Q = {6,, 6k, ¢} is defined in
Figure 6, is the angle between the u* and the opposite BY flight direction
in the u*u~ center-of-mass frame. 6 is similarly defined as the angle between
the K* and the opposite BY flight direction direction in the K* K~ center-of-mass
frame. The relative rotation of the two decay planes is defined by ¢y, as the angle
between the K~ side of the K* K~ plane and the u* side of the u*u~ plane.

27



28 2. BY mixing and CP violation

Figure 2.6: Definition of transversity angle basis. The figure is taken
from [22]].

Figure 2.7: Definition of helicity angle basis used to separate the CP
eigenstates of the B’ — Jjy¢ decay. The figure is taken from [22].

Both angular bases provide the same separation power for the three angular momentum
states of the B — Jiy¢ decay and could both be chosen. While in former analysis the
transversity basis was used, this analysis is performed with the helicity basis which has
advantages in the description of background and detector acceptances.

The theoretical B® — Jfy¢ decay rate is then expressed differentially in time and
the three helicity angles Q. Instead of separating the decay amplitude in three different
angular momentum states, it can be decomposed in three complex polarisation ampli-
tudes Ay(?), A () and A, (¢) that correspond to different polarisation states of the Ji¥
and ¢ mesons. The polarisations are illustrated in Figure Ay(t) corresponds to the
longitudinal polarisation of the mesons, A(f) and A, (¢) to a transverse polarisation,
where the polarisation vectors are either parallel (A(#)) or perpendicular (A, (¢)). For
t=0,Ay) = Ayt =0)and A = A)(t = 0) correspond to the CP-even part of the decay
amplitude (I = 0,2) while A, = A, (¢ = 0) corresponds to the CP-odd part (/ = 1).

Each of the amplitudes has a related strong phase 6 = arg(4,), 6, = arg(A,) and
0o = arg(Ao).

Following equations[2.44]and [2.45]and accounting for interference of the single ampli-
tudes, the time and angular dependent differential decay rate for produced B? decaying
to a Ji¢ final state can be written as [29]

dI'(B)— Jly¢)

6
e~ D (D) Q). (2.48)
k=1
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Ay A, Ay
ey e s e

Figure 2.8: Tllustration of the three polarisation amplitudes of the B? —
Jip¢ decay. Ay(t) corresponds to the longitudinal polarisation of the Ji¥
and ¢ mesons, A (7) and A, (?) to a parallel and perpendicular transverse
polarisation.

The functions f;(€2) depend only on the chosen angular basis . For comparison, they
are given in Table [2.3] for both helicity and transversity basis. The time-dependent
functions A (¢) depend on the polarisation amplitudes and are defined as

i (f) = Ake‘r*’l i - [ak cosh (%Al“st) + by sinh (%Arst) (2.49)

+ ¢; cos(Amyt) + d; sin(AmSt)] ,

where the coefficients Ay, ax, by, ¢ and dy are given in Table [2.4] _C, D and S are
defined in Equation [2.46/ The differential decay rate for a produced BY decaying to a
Ji¢ final state is given by

dr(BY— Jid) <
——ag © 2,0 A, (2.50)

k=1

where /(t) can be derived from /(f) by replacing ¢, — —ci and dy — —d.

24.1 Contribution of the JiyK*K~ S-wave

The decay B — Jjy¢ with  — K*K~ can interfere with JiyK* K~ S-wave amplitudes,
either due to non-resonant K* K~ or an intermediate f,(980) resonance. As the K* K~
system is spin-0 in both configurations, the S-wave amplitude is CP-odd. It can be
described by the amplitude A (r) with A; = A (t = 0) and strong phase s = arg(A;).
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30 2. BY mixing and CP violation

L

V2
—1 V2 'sin 26k sin 26, sin ¢, \/Lj sin 24 sin 26 cos ¢

% 2 sin 26k sin 26, cos ¢y, sin 2y sin” @ sin 2¢

k ﬁ((e;h 9K7 Qph) ﬁ((99 w’ SD)

1 2 cos’ G sin” 6, 2 cos? (1 — sin” fcos? p)
2 | sin” 6k (1 — sin’ g, cos? (ph) sin® (1 — sin” @ sin® @)
3 | sin® 6k (1 — sin® 0, sin’ goh) sin® ¥ sin® 6

4 sin’ fg sin’ 6, sin 2¢p, — sin” ¢ sin 26 sin ¢

5

6

Table 2.3: Definition of angular-dependent functions f; in the dif-
ferential B — Jiy¢ decay rate, Equation [2.48| for helicity angles
(f«(8., 6k, ¢n)) and for transversity angles (f(0, ¢, ¢)) [21]], [30].

Ay a by Ck d
|Ao|? 1 D C )
1A 1 D C -
A, |? 1 -D C S

|A||AJ_| C sin(él - 5”) S COS(5J_ - 5”) Sin(d}_ - 5”) D COS(é}_ - 5”)
|A0AH| COS((SH - 60) DCOS(5|| - 60) C COS(5|| - 60) -S COS((SH - 60)
|ApA L] | Csin(6, —dg) | S cos(d, —0g) | sin(d, —dy) | Dcos(6, — dy)

AN N AW =X

Table 2.4: Definition of the time-dependent functions /(¢) in the dif-
ferential BY — Jjy¢ decay rate, Equation m

The differential decay rates for B? — Jjy¢ decays in and[2.50|need to be modified:
dr(By - Ji9)

10 o 32 (D) - fil Q) (2.51)
dr(B° — Jhye) _
WM o S0 hu(n) - fil ), (2.52)

where the coefficients appearing in A (Equation[2.49) and the terms f; withk =1-6
are identical as before and given in Tables 2.4 and 2.3] The additional terms with
k = 7 — 10 account for the S-wave amplitude and the interference of S-wave and
P-wave amplitudes. They are introduced in Tables and Again, /i (f) can be
derived from A (t) by replacing ¢, — —c; and d;, — —d.

The differential decay rate as written in Equation [2.51}{2.52]is invariant under the trans-
formation

(¢sa AFS, 5||a 5J_, 657 é‘0) - (7T - ¢sa _Ars» _6||» T 6J_a _63’ _60) (253)

and thus gives rise to a twofold ambiguity in the measured results.
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k ﬁ((ej.la 9K9 Soh) f}<(95 w9 SD)

7 Zsin’ 6, 2(1 - sin” 6 cos® )
8 | 1 V6sin b sin 26, cos ¢y V6 sin® 6 sin y sin 2¢
9 —% 6 sin 6 sin 26, sin ¢y, V6 sin 20 sin ¢ cos ¢

10 % 3 cos b sin’ 0, 43 cosy(1 — sin’ 6 cos? @)

Table 2.5: Definition of angular-dependent functions f;, that are re-
lated to the S-wave amplitudes in the differential B® — Jjy¢ decay rate,
Equation[2.51] They are given for helicity angles (f;(6,, 6, ¢n)) and for
transversity angles (f(6, ¥, ¢)), [30], [31].

k Ak ay bk Ck dk
7 1 |A) 1 -D C S
8 | [AsA)l | Ccos(6) —6s) | S sin(d) — 6s) cos(0) — 6s) | Dsin(d — ds)
9 | |AAL]l| sin(6, —ds) | =Dsin(6, — ;) | Csin(d, — &) | S sin(d, — )
10 | |A,Ap| | Ccos(6g — ) | S sin(dy — 6s) cos(dg — O5) | Dsin(6y — o)

Table 2.6: Definition of the time-dependent functions /,(¢) that are
related to the S-wave amplitudes in the differential B — Jiy¢ decay

rate, Equation [2.5T]

For simplicity in the rest of this thesis, the expression B — Jjy¢ will be used,
including both the P-wave as well as the interfering JAyK* K~ S-wave contribution. An
explicit distinction between both components will be done in case it is required.

Mass dependence of polarisation amplitudes

In general the decay amplitudes depend on the mass mg+g- of the K*K~ final state
[31]. Thus the theoretical decay rate for Bg — Jiy¢ should be a function of mg+g-. The
mg+- dependence of the decay amplitudes can be expressed as

Aog(mg+k-), A (mgrg-) = Aglmgg-),
Ayg(mg+k-), Asmgg-) = Agv(mgg-).

Ao(mg+g-)

Ay (2.54)

As the three P-wave amplitudes describe the BY — Jiy¢ decay, their my: - dependence
is defined by the ¢ meson which has a resonant structure in mg-+g-. Their mg+ - depen-
dence can therefore be described by the same function g(mg+g-) [31]], which is usually
a Breit-Wigner function. v(mg-g-) describes the mg+ - dependence of the s-wave am-
plitude which can either be a linear function for the non-resonant JAyK* K~ final state
or a resonant function for the case of an intermediate f,(980) resonance.

The mg+g- dependence of the decay amplitudes can be incorporated in the differential
B® — Jly¢ decay rate. The different my+g- dependence of P- and S-wave amplitudes
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32 2. BY mixing and CP violation

would single out one physically correct solution of Equation [2.53] and thus resolves
automatically the twofold ambiguity in the differential decay rate [31]].

In this measurement however a simpler strategy is used and the mass dependence of
the decay amplitudes is not explicitly modeled. As a consequence additional correction
factors for the amplitudes need to be introduced in the differential decay rate. The size
of the correction depends on the considered mg-g- mass range [m}(+ K-> mﬁﬁ P
The decay amplitudes appear in the differential decay rate as terms A;A%, A;A} and
A A with i = ||, L,0. To determine the correction factors these terms are integrated
over mg+k- choosing g(mg+x-) and v(mg+-) to be normalised in the considered mass
range [32]:

2 2

Myt g~ -
[ A Igmg )P = 1AIIAL, [ AAIVg-x)P = AP,
m! ml
KK~ 2 K+K— (255)
KtK— ‘
[ AAs gk v (mge ) = AiAT - Cpe™,
ml
KTK—

The terms in the differential decay rate that are proportional to A,-Aj. and AA, (k =
1 — 7 in Equation [2.5TH2.52]) stay unchanged when integrating over mg-x-. The terms
describing the interference of P-wave and S-wave on the other hand ( k = 8 — 10 in
Equation ) have to be multiplied by a correction factor Cy,e™* with absolute
value Cy, and phase d,,. It is given by

2
mK+K‘

glmge - )V (mgg-) = Cope™7. (2.56)

1
My oo

2.5 New Physics contributions to ¢

Physic effects beyond the Standard Model description (New Physics) can affect the
B°-B? mixing, for example through heavy virtual particles contributing to the mixing
diagram. The effect on M|, can be parameterised in a model-independent way by
introducing a complex parameter A [33]], [34]

My, — MYYA, = MDY Al , (2.57)

where M 1s;v1 corresponds to M, in the Standard Model. With ¢\ = arg(M),) this gives
for the CP-violating phase ¢;:

bs = dm — 2¢p > SN + Pa, - (2.58)

M corresponds now to the Standard Model phase defined in Equation This
means that additional contributions from New Physics in M, result in a change of
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the mixing phase ¢y and thus change also the measurable phase ¢;. As the Standard
Model prediction of ¢ is small and precise, already small New Physics effects can be
observed in the measurement of ¢, in B — Jfy¢ decays.

Figure [2.9] shows the experimental constraints on the New Physics parameter A in
summer 2011 from measurements of ¢, the Bg and B° mixing frequencies Amy and
Amy, the decay width difference Al'y and the CP asymmetry in semileptonic B-decays.
A is constrained to two areas in the complex plane, one of them compatible with
the Standard Model prediction. Given the constraints from Amgy and Amys, a precise
measurement of ¢ will provide excellent new constraints on Ag.

1T T 7T ‘ T T 7T L LI T T 7
excluded area has CL > 0.68

ImA,
T T ‘ T T
1 I — ‘ 1 -

L

Figure 2.9: Constraints on New Physics in B-B? mixing. The blue
areas are constraints from measurements of ¢, with B® — Jjiy¢ decays.
The red areas show the 68% confidence level region of A,. The figure is
taken from [18].

2.6 Experimental status of ¢,

Figure 2.10| shows the experimental status of ¢, and the decay width difference in the
B? system, ATy, in spring 2012. Results from the CDF [33]] and DO [36] collaborations,
as well as a previous result from the LHCb collaboration [37], are included. The figure
shows the two-dimensional 68% confidence contours of the individual measurements
as well as the combination of them. The uncertainties of the single measurements are
still large, allowing for possible contributions of New Physics to the phase ¢;.
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Figure 2.10: Experimental status of ¢ and the decay width difference
in the BY system, AT}, in spring 2012. Shown are results from CDF
[35]], DO [36] and LHCb [37]. The shaded region is the combined 68%
confidence level contour. The figure is taken from [38§]].
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CHAPTER

The LHCb experiment

The LHCb (Large Hadron Collider beauty) detector is one of the four large particle
physics experiments at the Large Hadron Collider. It is especially designed to measure
decays of b- and c-hadrons and search for CP violation and rare B meson decays.
The following chapter will briefly discuss the running conditions of the Large Hadron
Collider and the production mechanism of b-quarks in proton-proton collisions. The
working principles and technical details of the various LHCb detector components
will be summarised. At the end the measured, and simulated event samples used in
this thesis are introduced.

3.1 The Large Hadron Collider

The Large Hadron Collider (LHC) [39] is a proton-proton (pp) collider located at
CERN in Geneva. In a 27km long underground tunnel, two proton beams are acceler-
ated and brought to collision at four interaction points which house the four major LHC
experiments: ATLAS, CMS, ALICE and LHCb. Figure [3.1| shows the main acceler-
ator ring with the four experiments. ATLAS and CMS are general purpose detectors,
whereas ALICE is specialised for heavy ion collisions and LHCb is a experiment ded-
icated to measure b- and c-hadron decays.

The design energy of the LHC is /s = 14TeV. At a design luminosity of £ =
10 cm™2s7!, the proton beams are separated into 2808 bunches, each containing
~10'"! protons. With a bunch spacing of 25 ns, this gives an interaction rate of 40 MHz.
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36 3. The LHCb experiment

Uin order to

For the LHCb experiment the design luminosity is £ =2 —5-10*2cm™ s~
limit the number of interactions per bunch-crossing.

In the 2010 and 2011 runs of the LHC, the protons were collided with an energy
of 4/s = 7TeV. The instantaneous luminosity delivered to LHCb increased from
L£L=2-102cm™2s"in2010to £ = 4 - 10”2 cm™2s7" in 2011. The collision energy
was increased to /s = 8 TeV in 2012.

The total integrated luminosity recorded by the LHCb experiment was L, = 0.04 fb™!
in 2010, L, = 1.0fb7! in 2011 and L, = 2.2 fb~! with the higher energy in 2012.

This presented analysis will focus on the data collected during the 2011 run.

 Overall view of the LHC exp

ALICE
=5 Point 2

Figure 3.1: Schematic overview of the LHC accelerator ring and the
location of the four particle detectors ATLAS, CMS, ALICE and LHCb.
The figure is from [40].

3.2 b-hadron production at the LHC

At the LHC, b-quarks are predominantly produced in inelastic pp collisions in pairs of
quark and anti-quark (bb). The dominant process is the fusion of two gluons (gg) or
two quarks (¢g). Figure[3.2]shows the leading-order Feynman diagrams of the produc-
tion processes.

The cross section of producing bb pairs depends on the production angle. The momen-
tum fraction carried by the partons of the colliding protons is defined by the parton
density functions. The energy threshold to produce the bb pairs is small enough that
they can also be produced by partons with very different momentum fractions. Thus
it is likely that the bb system is boosted in forward or in backward direction relative
to the beam line. Figure shows the polar angle distribution of produced bb pairs,
which clearly peaks at small and high polar angles. To maximise the bb production in
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the detector acceptance, the LHCb detector is built as a single-arm forward spectrom-
eter. The details of the detector will be discussed in the next section.

The total bb cross section in inelastic pp collisions at a center-of-mass energy of
vs = 7TeV was measured at LHCb using J/ from B hadron decays to be o(pp —
bEX) = 288 + 4 + 48 ub [41]. With a recorded integrated luminosity L, = 1.1fb!
in the 2011 run of the LHC, the number of produced bb-pairs can be calculated to
N, = o(pp — bbX) Lin; ~ 3-10"". Approximately 25% of them are produced within
the LHCb detector acceptance.

(a) b g (b)

S]]
SN

g g
q b g b
g (c) b g (d) b
g b g b

Figure 3.2: Feynman diagrams of the dominant bb production pro-
cesses in pp interactions at the LHC. The figure is from [42].

3.3 The LHCDb detector

The LHCD detector [43]] is designed as single-arm forward spectrometer to cover the
optimal acceptance for b-hadron decays. The layout of the detector is shown in figure
3.4 The coordinate system is defined by the z-axis along the beam line and the y-axis
in the vertical direction. The acceptance coverage is 10—300 mrad in the bending plane
(x-direction) and 10 — 250 mrad in the non-bending plane (y-direction) of the dipole
magnet. It consists of several subdetectors that can be summarised in two categories:

e Tracking detectors: the Vertex Locator (VeLo) surrounding the pp interaction
point; the Tracker Turicensis (TT) as first tracking station directly before the
main dipole magnet; and three tracking stations (T1-T3) after the dipole mag-
net consisting of an Inner Tracker close to the beam line and an Outer Tracker
covering the outside acceptance.
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LHCb MC
(s=7TeV

Figure 3.3: Simulated two-dimensional polar angle distribution of pro-
duced bb pairs. Both b and b quark are either produced in forward or in
backward direction. The red region marks the LHCb acceptance. The
figure is taken from [44]].

e Particle identification detectors: two Cherenkov detectors (RICH1 and RICH2),
one located directly after the VeLo and one located after the three tracking sta-
tions; the calorimeter system consisting of the Scintillating Pad Detector (SPD),
Pre-shower Detector (PS), an electromagnetic (ECAL) and hadronic (HCAL)
calorimeter, and the muon system made of 5 stations (M1-M5).

The single detector components are discussed in detail in Reference [45] and will be
shortly summarised in the following sections:

3.3.1 Tracking detectors

The main purpose of the tracking system is the momentum measurement of charged
particles. They are bent in the magnetic field of the dipole magnet. Their trajectories
are measured before the magnet with the vertex detector and the TT and after the
magnet with the three main tracking stations. The momentum can be determined from
the deflection of the particle trajectory. The magnetic field is designed to be almost
homogeneous, with a large component in y-direction and only small components in x-
and z-direction. Particles moving in z-direction are therefore bent mainly in the (x-z)
plane. Figure [3.5/shows the field strength as a function of the z-coordinate. Integrated
over a length of / = 10 m the field strength is

del:4Tm. 3.D

As indicated in Figure[3.5] the orientation of the magnetic field can be switched, giving
a powerful tool to measure charge dependent detector asymmetries.
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Figure 3.4: Layout of the LHCb detector showing the Vertex Locator,
the two Cherenkov detectors (RICH1, RICH?2), the Tracker Turicensis
(TT), the tracking stations (T1-T3), the scintillating pad detector (SPD)
and preshower detector (PS), the electromagnetic (ECAL) and hadronic
(HCAL) calorimeters and the five muon stations (M1-M5). The figure
is from [43]).

Vertex detector

The Vertex Locator (VeLo) is a silicon strip detector positioned closely around the pp
interaction point to measure precisely the positions of the primary interaction and sec-
ondary displaced vertices. It is built of 21 stations, as shown in Figure [3.6] with each
containing a pair of silicon modules with half disk shape. The modules have an overlap
in the x-direction and are mounted in 2 mm intervals in the z-direction. They consist
of two different types of 300 um thick sensors, mounted back to back. The r-sensors
measure the radial distance of a particle track to the beam axis and are made of circular
strips around the beam. The ¢-sensors are made of straight radial strips and measure
the polar angle of the tracks. Figure[3.7]illustrates the r — ¢ geometry of the sensors. To
ensure a homogeneous occupancy the pitches between the strips increase with larger
distance to the beam, from 38 um to 97 um for the ¢-sensors and to 102 um for the
r-sensors. Additional two pile-up stations are located upstream of the VeLLo consisting
of two r-sensor modules. They are used in the hardware trigger to detect beam-gas
interactions.

The precision of the reconstructed vertices depends on the extrapolation of the mea-
sured track positions. Therefore the VeLo modules are placed close to the interaction
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Figure 3.5: Field map of the LHCb dipole magnet. The polarity of the
magnetic field can be switched from positive to negative. The figure is
taken from [45]].

point. The sensitive regions of the modules starts in 8 mm distance from the beam line.
The sensors are separated from the beam vacuum by a thin aluminium foil at 5 mm
distance to the beam. To protect the sensors during unstable beam conditions, the half
modules can be moved away from the beam line.

Tracker Turicensis

The Tracker Turicensis (TT) is a silicon strip detector located upstream of the dipole
magnet. It consists of two 150 cm wide and 130 cm high stations with a detection
area of about 8.4m?. The distance between the stations is 27 cm. Each station has
two detection layers, where the strips are arranged in (X, u) layers for the first station,
and in (v,x) layers for the second station. The x-layers have vertical strips, while they
are rotated in the u- and v-layers by a stereo angle of +5°. This allows for a three
dimensional track reconstruction with the best precision in the horizontal bending-
plane of the magnet. The strips are 500 um thick with a pitch of 183 um. Figure |3.8
shows the layout of a x- and u-layer of the TT. Depending on their distance to the
beam line, a different amount of strips are connected to a single readout. The readout
electronics is located at the top and the bottom of the detector. The single hit resolution
of the TT is about 50 um.
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Figure 3.6: Cross section of the Vertex Locator (VeLo) in (x-z) plane
showing the 21 stations with r- and ¢-sensors. The pileup stations are
only used in the trigger. The figure is from [45].
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Figure 3.7: Illustration of the r- and ¢-sensors of the VeLLo modules.
The figure is from [45]].

Inner Tracker

The Inner Tracker (IT) is a silicon strip detector located in the center of the three
tracking stations after the dipole magnet. It covers a 120 cm wide and 40 cm high cross
shaped region around the beam line with an active area of about 4m?. Each station is
built of four layers where the strips are arranged in a (X, u, v, X) geometry. Similar to
the TT the strips in the x-layers are vertical but rotated by +5° in the u- and v-layers.
Figure [3.9)illustrates the layout of an IT x-layer. The strip sensors are arranged in four
detector boxes. They are 320 um thick for the boxes above and below the beam line
and 410 um thick for the boxes that are placed at the sides of the beam pipe. The strip
geometry was chosen to limit the maximum hit occupancy per sensor to a few percent.
The pitch between the sensors is about 200 um leading to a single hit resolution of
50 um, similar to the TT.
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Figure 3.8: Layout of different TT detection layers. The different
colors corresponds to different readout sectors. The readout electronics
is mounted at the ends of the layer. The figures are taken from [46].
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Figure 3.9: Front view of an Inner Tracker x-layer (station 2) indi-
cating four different detector boxes. The dark blue regions mark the
readout electronics. The figure is from [46].

Outer Tracker

The Outer Tracker is a straw tube drift-time detector consisting of three stations after
the dipole magnet. It is located in the three tracking stations covering the large area
outside the IT acceptance, as shown in figure The three stations are of equal
size with the outer boundary corresponding to an acceptance of 300 mrad in the hor-
izontal and 250 mrad in the vertical plane. The stations consist of four layers in the
same (X, u, v, X) layout as the Inner Tracker. The layers are built as arrays of modules,
each module containing a double layer of straw tubes. The straws are filled with a
mixture of Argon (70%), CO,(28.5%) and O, (1.5%) as counting gas, guaranteeing
a drift-time below the time of three bunch-crossings. In the center of the straws is a
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24 um thick gold coated thungsten wire, operating as anode.The inner diameter of the
straws is 4.9 mm, the pitch between them is 5.25 mm. Figure shows the layout
of the straw tubes in a module. The spatial resolution of single straws is 200 um. The
light materials in the OT result in a radiation length below 10%.

‘ Module cross section
340 mm

480cm

595cm

(a) Front view of OT station. (b) Cross section of straw tube module

Figure 3.10: Outer Tracker layout: (a) front-view of an OT station, the
inner (orange) part is the IT. (b) Cross section of an OT module and
straw tubes. Figures are from [45]].

Track reconstruction

In the track reconstruction, the hits in the tracking detectors are combined to form
particle trajectories (tracks) and determine the particle momenta. Depending on the
subdetectors used for this, different track types can be distinguished [45]]:

e VeLo tracks contain only hits from the vertex detector. They are useful for the
primary vertex reconstruction as they have typically a large polar angle.

e Upstream tracks are tracks in the Velo and TT. These are in general low mo-
mentum tracks that are bent out of the detector acceptance by the magnetic field.

e Downstream tracks are tracks that are only reconstructed in the TT and the
tracking stations (T1-T3). They are mostly relevant for the reconstruction of
long-living particles like K9, that decay outside the VeLo acceptance.

e Long tracks traverse all tracking detectors from Velo to the tracking stations
(Velo, TT, T1-T3). They have the most precise momentum resolution and are
therefore the most important tracks for b-hadron reconstruction.

The first step of the track reconstruction is the pattern recognition, where the correct
hits belonging to a track are searched for. The pattern recognition algorithm recon-
structs track segments in the Velo and the tracking station which are used to build
longtracks. Two different algorithms are applied:
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e The forward tracking algorithm builds a track candidate from a Velo track seg-
ment and one hit in the tracking stations. Additional hits in the tracking station
are assigned to the track when they are within a certain search window around
the track candidate. After applying some quality criteria, the track candidate is
chosen as long track and hits in the TT are added when they are close enough to
the track.

e The track matching algorithm builds long tracks by matching track segments
in the Velo and the tracking station and extrapolating them to the bending plane
of the magnet. In case certain quality criteria are fulfilled, TT hits that are close
to the track are added.

After remove duplicate tracks (clone killing), the remaining tracks are refitted using a
Kalman Filter based track fit ([47]) to account for multiple scattering and energy loss.
The quality of the tracks is described by the y? of the track fit, divided by its degrees of
freedom, y2. , /ndf. The relative momentum resolution of the reconstructed longtracks
depends on the track momentum and increases from 6p/p = 0.35% for low momentum
tracks (~10GeV) to 6p/p = 0.55% for high momentum tracks (~ 140 GeV).

3.3.2 Particle Identification detectors

A good particle identification is a necessary requirement to reconstruct B meson decays
at the LHC. Especially in decays with hadronic final state it is important to distinguish
the particle types. Several LHCb subdetectors provide information about the recon-
structed particles that can be combined to a common particle hypothesis.

RICH detectors

The Ring Imaging Cherenkov (RICH) detectors are used to distinguish between differ-
ent particles, especially to separate 7 and K* over a wide momentum range. Charged
particles emit photons when passing a medium with refraction index n if their velocity
v is faster than the velocity of light ¢» = ¢ in this medium. The photons are emitted in
a cone with opening angle ¢ given by

1
cosbe = —, 3.2)
pn

where 8 = v/c. The RICH detectors measure the opening angles, which can be related
to the mass of the traversing particle by using the momentum information of the track-
ing system. Two RICH detectors are installed at LHCb covering a different momentum
spectrum. RICH]1 identifies particles with low momenta from 1 to 60 GeV using aero-
gel and C4F)( gas radiators. RICH2 covers the high momentum range from about
15GeV up to 100 GeV and beyond using a CF, gas radiator. Figure shows the
schematic layout of the two Cherenkov detectors. RICH]1 covers the full angular ac-
ceptance of the LHCb detector from 25 mrad to 300 mrad in horizontal and to 250 mrad
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in vertical plane. RICH2 has a limited acceptance from ~ 15 mrad to 120 mrad in hor-
izontal and 100 mrad in vertical plane. In both detectors, flat and spherical mirrors are
used to focus and Hybrid Photo Detectors (HPDs) are used to detect the Cherenkov
light. Averaged over a momentum range from 2 — 100 GeV, the kaon identification
efficiency of the Cherenkov detectors is ~ 95% with a pion misidentification fraction
of ~ 10% [48]].
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(a) Side view of RICH1 detector. (b) Top view of RICH2 detector.

Figure 3.11: Schematic layout of the ring imaging Cherenkov detec-
tors: (a) Side view of RICHI. (b) Top view of RICH2. The figures are
from [45]].

Calorimeter system

The main purpose of the calorimeter system is the identification of electrons, photons
and hadrons and the measurement of their energies and positions. It also provides im-
portant input to the first trigger level. Particles interacting with the calorimeter material
produce a cascade of secondary particles, called a shower. The working principle of
the calorimeter system is to detect the scintillation light of the particle showers. The
system is divided in several subdetectors:

e The scintillator pad detector (SPD) consists of 15 mm thick scintillating pads
and is located right after the first muon station. As only charged particles are
detected by the SPD, it is used to distinguish between electrons and photons.

e The preshower detector (PS) is located after the SPD and a 12 mm thick lead
wall that initiates particle showers from photons or electrons. Similar to the SPD
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they are detected by 15 mm thick scintillating pads. Hadronic particle showers
start later and can be distinguished from electromagnetic showers.

The electromagnetic calorimeter (ECAL) detects particle showers from electrons
and photons. It is built as a sampling calorimeter with alternating layers of 2 mm
thick lead plates and 4 mm thick scintillator plates for the shower detection. The
energy resolution of the ECAL is given by
o(E)  10%

E  VE

where the energy E is in GeV and @ denotes addition in quadrature.

®1.5% (3.3)

The hadronic calorimeter is responsible for the detection of hadronic particle
showers. It consists of alternating iron absorbers and scintillating tiles as active
material. The scintillating tiles are oriented such that they run parallel to the
beam axis. Figure [3.12] illustrates the structure of an HCAL module. In the
longitudinal direction, the length of the iron and scintillator layers corresponds to
the hadron interaction length in iron. In the transversal direction, the scintillators
are intersected by 1 cm of iron. The scintillation light is collected by fibers and
read out by photomultiplier tubes at the back of the HCAL. The energy resolution
of the HCAL is given by

o(E) _ 80%

®10% (3.4)

E T VE

Figure 3.12: Schematic overview of the HCAL cell structure. The
figure is from [45]].

Muon system

The muon system consists of five stations M1-MS5 and is used to reconstruct and iden-
tify muons and to provide important information to the trigger system. M2-M5 are
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located at the end of the LHCDb detector. They are interleaved with 80 cm thick iron
layers to absorb hadronic particles. M1 is placed in front of the calorimeters to improve
the momentum measurement in the trigger. The layout of the muon system is shown in
figure The muon system covers an angular acceptance of 20 mrad (16 mrad)
to 306 mrad (258 mrad) in the bending (non-bending) plane of the dipole magnet. The
thickness of the muon system corresponds to approximately 20 interaction lengths.
Muons need therefore a minimum momentum of ~ 6 GeV to pass the five stations.
The muon stations consist of multiwire proportional chambers (MWPC) in the outer
acceptance region and gas electron multiplier (GEM) detectors close to the beam line.
Figure [3.13(b)| shows the granularity of one muon station quadrant.
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Figure 3.13: Layout of the muon detectors: (a) side view of the five
muon stations. (b) front view of a muon station with different granular-
ity. The figures are from [43]].

Relative particle hypothesis

Based on the information of the RICH detectors, the calorimeter and muon system,
a likelihood value £, can be created for a track, by calculating the probability of the
particle hypothesis x. Usually the likelihood value is determined relative to the pion
(1) hypothesis as these are the most abundant particles:

AmL,,=InL,-InL,. (3.5)
A value Aln £,, > 0 means that the track has a higher probability to originate from
the particle x than from a pion. Especially for the identification of kaons, this variable

(Aln L) is an important tool to suppress background from wrongly identified pions.
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3.3.3 Trigger system

The purpose of the LHCb trigger system is to decrease the event rate of 40 MHz to
approximately 3 kHz that can be written on storage for further analysis. Therefore it
has to efficiently identify and select events that are interesting for the LHCb physics
program. The trigger system consists of three subsequent stages: the Level-0 trigger
(LO), the High Level Trigger 1 (HLT1) and the High Level Trigger 2 (HLT2). The flow
diagram of the three stages is indicated in figure The LO trigger is a hardware
trigger and reduces the event rate to < 1 MHz. HLT1 and HLT?2 are software triggers
running on a large computing cluster and reduce the event rate to 50 kHz and 3 kHz
respectively.

LO (hardware)  HLT1 (software) HLT2 (software)

1 MHz 50 kHz 3 kHz
LO pile-up . technical
technical

exotics
LO calorimeter single-electron EW
hadron
1 track all B2HH
photon
» » electrons
electron 1 track muon
radiative
LO muon single-muon charm
single-muon di-muon topological
di-muon di-muon

Figure 3.14: Flow diagram of the trigger steps at LHCb. The inter-
action rate of 40 MHz is reduced by the Level-0 (LO) and the two High
Level Trigger (HLT1, HLT?2) to 3 kHz event rate that is written on stor-
age.

Level-0 trigger

The LO trigger hardware trigger is divided in three parts: the LO pile-up trigger, the LO
calorimeter trigger and the LO muon trigger. Each of the parts uses informations from
different detector components that are connected to a final LO decision.

The L0 pile-up trigger uses the informations from the VeLo pile-up stations as shown
in figure [3.6 to distinguish between events with single or multiple interactions per
bunch crossing. It is not used for selecting flavour physics events.

The LO calorimeter trigger forms calorimeter cluster by summing up transverse en-
ergy in 2 x 2 calorimeter cells. Depending on the informations of SPS, PS, ECAL
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and HCAL a particle hypothesis (LO-Hadron, LO-Eectron, LO-Photon) is assigned to
the clusters. An event is triggered when the transverse energy of one of the clusters is
above a fixed threshold.

The LO muon trigger identifies, in each quadrant of the muon stations, the two muon
tracks with the highest transverse momentum by searching for straight tracks in the five
muon stations pointing back to the interaction point. The event is accepted if either the
largest transverse momentum of the tracks is above a fixed threshold (LO-Muon) or if
the product of the two largest transverse momenta is above a threshold (LO-DiMuon).

High Level Trigger

The LO accepted events are passed to the software based High Level Trigger. In order to
cover the broad physics program, it consists of several trigger lines [49]]. Each trigger
line defines the executed algorithms, the basic reconstruction steps and the selection
parameters that are necessary for the search for a specific event type. The trigger lines
are operated independently on the LO triggered events.

The HLT1 lines try to confirm the LO decision. A partial event reconstruction is done
by performing fast track fits in the VeLo and tracking stations, corresponding to the LO
candidates.

In the HLT?2 a full event reconstruction is done which is as close as possible to the of-
fline reconstruction. Several inclusive and exclusive selections are preformed reducing
the event rate to the required 3 kHz.

3.4 Event samples

For this thesis, the data collected during the 2011 LHC run is used, corresponding to
an integrated luminosity of £ = 1.0fb~! at a pp center-of-mass energy of /s = 7 TeV
( see Section [3.1)). The data taking and processing involved several steps: First, the
level-0 hardware trigger and the HLT software trigger are applied to reduce the event
rate. The accepted events are processed offline by the LHCb reconstruction software
(Brunel) where pattern recognition and track fitting algorithms are executed. The
LHCb Analysis software (DaVinci) is then used to preselect a set of B — Jjy¢ candi-
dates (stripping). At the end a full event selection is made. The trigger and selection
requirements will be discussed in the next chapter.

In addition, a sample of 10 million simulated B® — Jjy¢ events was generated. The
general purpose Monte Carlo event generator Pythia 6 [S0] was used to simulate the
pp interaction together with the EvtGen library [51] to simulate the B-hadron decays.
The sample was produced such that each event contains at least one BY — Jj¢ can-
didate. The physics parameters that were used in the simulation of the B decays are
given in Table To save CPU time, only events with BY — Jji/¢ candidates in the
region of O mrad — 400 mrad around the beam pipe are further processed. For these
events the detector response was simulated with the Geant4 package [52]. Based on
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50 3. The LHCb experiment

the simulated detector response, the trigger algorithm was applied as in data. It is espe-
cially important that all trigger and selection requirements are identical to data as the
simulated sample is used to determine detector acceptance effects.

parameter generated value

O -0.04 rad
AT 0.06 ps!
I 0.679 ps
Amy 17.8 ps™!
A2 0.24
A, ? 0.16
Aol 0.6

5|| 2.5 rad
0, -0.17 rad
0o 0.0 rad

Table 3.1: Decay parameter values used in the generation of the simu-
lated B — Jjiy¢ event sample.
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CHAPTER I

Analysis Strategy

The measurement of the time-dependent CP asymmetry for the decay B? — Jiy¢ al-
lows for the determination of the CP-violating phase ¢;. This thesis presents a measure-
ment of ¢ by fitting the theoretical B® — Jjy¢ decay rates, introduced in Section
to the measured decay time and angular distributions of the reconstructed B? — Jiy¢
decays. The fit relies on the maximum likelihood method that can be used to esti-
mate parameters from a given datasample by maximising a likelihood function. The
principle idea and implementation of the maximum likelihood fit will be discussed in
Chapter[9] The fitting algorithm was developed in [53] and extended for the presented
analysis.

Several topics have to be addressed before the CP-violating phase ¢ can be determined
from the fit:

e The data sample of selected B® — Jjy¢ candidates is polluted with physical and
combinatorial background candidates with different decay time and angular dis-
tributions than the signal candidates. In order to get a correct measurement of ¢,
the background components have to be identified and modeled in the fit. Two dif-
ferent fitting techniques are used with different ways of treating the background
component.

e The measured decay time and angular distributions are distorted by acceptance
effects that can be introduced by the geometrical coverage of the detector or by
trigger and selection requirements. The fit has to include corrections for these
acceptance effects. The corrections of the decay time distribution are determined
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52 4. Analysis Strategy

by comparing the selected B — Jj¢ candidates with a smaller data sample
that is known to have no acceptance effects. The corrections of the angular
distributions are determined from simulated B’ — J/y¢ candidates.

e The decay time resolution of the detector influences the sensitivity on ¢ and is
determined using a data sample of prompt Jiy — u*u~ decays produced directly
in the primary proton-proton interaction.

e The production flavour of the B mesons must be determined to distinguish be-
tween the decay rates of B? and B” in the fit. This is done with flavour tagging
algorithms that exploit either the hadronisation properties of the signal B® meson
or the properties of a second b-hadron that might be produced from the bb quark
pair.

As discussed in Section the BY — Jjy¢ P-wave amplitudes can interfere with
B% — JiyK*K~ S-wave amplitudes. This interference has to be considered in the de-
termination of ¢,. The fraction of the S-wave component depends on the size of the
K*K™ mass interval that is used to fit the differential decay rates. Additional correc-
tion factors are needed to account for the different K*K~ mass dependence of P- and
S-wave amplitudes.
In the first step, a fit to measure ¢; is performed using only B® — Jj¢ candidates with
areconstructed KK~ mass in a small interval around the true mass of the ¢ resonance.
By doing this, the relative fraction of the S-wave component and the corrections for
the mass dependence in the differential decay rate are minimised. The performance
and reliability of the likelihood fitting procedure with the given datasample are tested.
In the second step, the fitted K* K~ mass window is enlarged. This leads to an improved
sensitivity on ¢, due to the additional numbers of selected B® — Ji/K* K~ decays.
The larger mass window also allows for resolving the twofold ambiguity of the dif-
ferential decay rate. As discussed in Section [2.4] the ambiguity can be resolved by
measuring the K*K~ mass dependence of the decay amplitudes. This is indirectly
done by dividing the large K* K~ mass range in several smaller intervals and measur-
ing the difference between P- and S-wave phases for the different intervals. The trend
of the phase difference can be used to single out the correct solution. For each K™K~
mass interval, separate correction factors need to be applied.
In the end the systematic uncertainties of the measurement are determined by a number
of cross-checks and pseudo-experiments simulating the real measurement conditions.
Finally, the measurement of ¢, is performed on a combined data sample of B® — Jiy¢
and BY — Jlyn*n~ candidates, leading to a further increase in sensitivity. The BY —
Jiyntn~ data sample as well as the necessary acceptance and resolution corrections
were the subject of a previous analysis [54] and are used for this combination here.
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CHAPTER

Reconstruction and selection of
BY = Jjy¢ candidates

The presented thesis will mainly concentrate on the measurement of the CP-violating
phase ¢, with reconstructed B? — Jiy¢ decays. The sensitivity of the time and angu-
lar distributions to the physics observables increases with the number of reconstructed
B® — Jiy¢ signal decays, while it decreases with the amount of background pollut-
ing the event sample. The signal and background yields depend on the data taking
conditions, the trigger and selection criteria. They will be discussed in the following
chapter.

The decay topology of B — Jjy¢ decays is indicated in Figure The BY me-
son is produced in the hadronisation of a b-quark from the pp interaction. It decays
weakly, typically after a few cm of flight distance. The selected decay mode is B —
JW[— ptp1¢[— K*K~] with branching ratio BR(B — Jiy¢) = (1.09703%) - 107 [9].
The two resonances Jjy and ¢ decay almost instantaneously into muons and kaons with
branching ratios BRJAy — pu* ™) = (5.93+0.06)% and BR(¢ — K*K™) = (48.9+0.5)%
respectively [9]. The muons and kaons are stable in the sense that they usually pass
the detector without decaying. The visible branching ratio for B® — Jiy[— u*u~1p[—
K*K~] is then BRy; (B’ — Ji/[— u*u~]¢[— K*K™]) = 3.16 - 107>, An additional,
small contribution to the same final state are non-resonant BY — Jiy[— utu |K*K~
decays (S-wave).
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54 5. Reconstruction and selection of B — Jiy¢ candidates

\ LHCD

Run number = 72330
Event number = 78621879

Figure 5.1: Graphical visualisation of a reconstructed B? — Ji/¢ de-
cay. The B° meson is produced in the pp primary interaction vertex
(PV) and decays after a few cm flight distance at the secondary decay
vertex (SV). The reconstructed tracks of the kaons (purple) and muons
(green) are used to determine the Jiy (black) and ¢ (red) flight direction.
The figure is taken from [55]].

5.1 Trigger strategy

The LHCb trigger system was discussed in detail in Section [3.3.3] To select signal
events while rejecting background the trigger exploits quantities characteristic for the
signal decay. Trigger lines that are suitable to select B — Jjiy¢ decays are based on
the reconstruction of muons and di-muon pairs which might form a Jiy. Some trig-
ger lines also put requirements on quantities that are related to the decay time of the
reconstructed particle with the advantage that they are very efficient in suppressing
background. The disadvantage is that they influence the observed decay time distribu-
tion.

The LHCb trigger system provides several trigger lines that can be used for the selec-
tion of BY — Jjy¢ candidates. In principle, one would like to maximise the dataset
for the analysis by using as many of them as possible. On the other hand, one has to
consider that possible biases introduced by the trigger selection need to be modeled
precisely. This would increase the complexity of the measurement and lead to addi-
tional potential systematic uncertainties.

The trigger strategy used in this analysis divides the data sample in two subsamples,
depending whether the efficiency of the trigger selection is independent of the decay
time (unbiased) or does depend on the decay time (biased) of the selected candidates:
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5.1. TRIGGER STRATEGY 55

e The HLT1-unbiased subsample contains all events that were triggered by a
special decay time independent HLT1 trigger line, in the following denoted as
HLTIunbiased. It requires a positive LO-Muon or LO-DiMuon decision of the
hardware trigger. As discussed in section [3.3.3] this is given when the event con-
tains one or two muon track candidates with a minimum transverse momentum
relative to the beam line. In the HLT1 a full track reconstruction of the muon
candidates from the LO trigger is performed. Only events are selected where the
muon track fit has a maximum y?_, . The muon candidates are required to have
a minimum momentum p and transverse momentum pr and a large combined
invariant mass. The detailed trigger cuts are given in Table Only events are
accepted for which the trigger criterion is fulfilled by the particles used in the B°
reconstruction.

e The HLT1-biased subsample contains only events that were selected by at least
one of the decay time dependent trigger lines HLT IbiasedA and HLT1biasedB.
The HLT IbiasedA line requires a positive LO-Physics decision, meaning that ei-
ther the LO calorimeter or the LO muon trigger (see Section have selected
the event. The HLT1biasedB line requires a positive LO-Muon or LO-DiMuon
decision of the hardware trigger. Both trigger lines select events depending on
the impact parameter 7. It is defined as the square of the impact parameter (IP)
significance y7, = (IP/op)*, which is given by the shortest distance of the track
relative to the interaction point (impact parameter), divided by its uncertainty.
Tracks from decays of long-lived particles as the B? have in general a higher
X12p than tracks from the interaction point. Therefore these trigger lines are more
efficient for B? with a large decay time than for B? with a small decay time. In
addition, a minimum )(fmck of the track fit is required and selection criteria on
the transverse momentum pr and momentum p of the tracks are applied. All
selection criteria of these lines are summarised in Table [5.11
Again, only events are accepted for which the trigger criteria are fulfilled by
the particles used in the B? reconstruction. In order to avoid an overlap with the
HLT1-unbiased subsample, the events must not be triggered by the HLT lunbiased
line.

For both subsamples, HLT1-unbiased and HLT1-biased, the signal decay has to pass
the decay time dependent HLT2biased line in the second stage of the software trigger.
A first reconstruction of a Jj/ is done by combining two oppositely charged muon can-
didates. Signal candidates are selected by requiring a combined mass close to the Ji/
mass and a good x? of the vertex fit (y2,, /ndf). To suppress background from prompt
Jiy from the primary vertex, candidates with a small decay length (DL) significance
DL/opy are rejected. The requirement on the decay length significance rejects more
B? candidates with short decay time than with large decay time. The exact selection
criteria can be found in Table 3.2

In the end both subsamples have a distorted decay time distribution as both require the
above HLT2 line. However in the rest of this document they will be classified by their
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56 5. Reconstruction and selection of B — Jiy¢ candidates

HLTI1 category, HLT1-biased or HLT1-unbiased. The effect of the trigger selections
and the method to correct for the decay time dependent efficiency losses will be dis-
cussed in chapter [§

In total the HLT1-unbiased sample contains ~ 79% of the B — Jj¢ candidates used

in this analysis, the HLT1-biased sample contains ~ 21%.

cut parameter HLT1unbiased HLT1biasedB HLT1biasedA
LO L0O-Muon or LO-DiMuon | LO-Muon or LO-DiMuon | LO Physics
pT > 500 MeV > 1000 MeV > 1700 MeV
P > 6000 MeV > 8000 MeV > 10000 MeV
X ok <4 <2 <2
di-muon mass > 2700 MeV
Xio > 16 > 16

Table 5.1: Selection requirements of the HLT1 trigger lines used in the
B® — Jiy¢ selection.

cut parameter ‘ HLT2biased
2
X'track <5
Mutu™) - MUJk) | <120MeV
/\/%tx <25
DL/ ODL >3

Table 5.2: Selection requirements of the HLT?2 trigger line used in the
B® — Jiy¢ selection.

5.2 Selection criteria

After the online trigger selection, an additional offline selection is performed in order
to further reduce the background contribution. The specific selection criteria are opti-
mised to maximise the sensitivity on ¢ [S6l]. First, a loose preselection (stripping) is
applied and then a tighter final selection. The detailed selection requirements are listed
in Table[5.3|and documented in the following.

Reconstructed and used tracks

The tracks that are used in the reconstruction of B — Jjy¢ decays have to fulfill
two selection criteria: In order to reject bad quality tracks, a requirement on the y?
of the track fit divided by the number of degrees of freedom, )(frack /ndf, is made. In
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5.2. SELECTION CRITERIA 57

some cases, two tracks are fitted from the detector hit pattern of the same real par-
ticle. These tracks are called clones. They are suppressed by requiring a minimum
Kullback-Liebler clone distance 57 variable. It is a measure of the distance between
the considered track and all other tracks in the event. Tracks with a small clone distance
are more likely to be clones.

The J/y reconstruction

A Jiy candidate is reconstructed using two muon candidates made of tracks with a
positive muon probability Aln £, (see Section [3.3.2). In addition, a minimum muon
transverse momentum pr is required to suppress muons from the pp primary interac-
tion vertex (PV). Particles produced in the proton-proton interaction have, in general,
a smaller pr than daughters from B-decays due to the large boost. The quality of the
Jy vertex combination is ensured by cutting on the y?2, /ndf(JA) of the Jiy vertex fit.
The invariant mass of the di-muon system m(u*u~) should be within a certain range of
the true Ji/ mass (world average: M, = 3096.916 + 0.011 MeV [9]).

The ¢ reconstruction

A ¢ candidate is reconstructed by combining two kaon candidates with a positive kaon
probability Aln Lg,. The fitted combined ¢ vertex must have a good x?, /ndf(¢) and
the invariant mass of the combined kaons m(K* K~) has to be in an interval around the
true ¢ mass (world average: My = 1019.455 + 0.02 MeV [9]). In addition a cut on the
transverse momentum p of the ¢ candidate is placed to suppress ¢ mesons produced
directly in the primary pp interaction.

The B? reconstruction

Finally a B? candidate is reconstructed from the J/ and the ¢ candidates, again requir-
ing a good vertex fit x2,, /ndf(B°) of the formed B vertex.

In addition to the simple vertex fit, a kinematic fit of the full decay tree (decay tree fit) is
performed [38]. The parameters of the fit are the vertex positions and momenta of the
particles in the decay chain. They are constrained by the momentum conservation at
each vertex. The input to the fit are the measured track momenta and positions. The B
candidates are required to have a good y*/ndf of the global kinematic fit, y2/ndf(B?).
For the determination of the reconstructed B invariant mass m(B%) an additional con-
straint is applied in the decay tree fit, fixing the mass of the di-muon system to the
true Jy mass. The interval of m(B°) is allowed to be relatively large in order to have
enough events in the mass sidebands to perform background studies.

B? candidates with a large impact parameter y7,(B?) are rejected to make sure that the
selected candidates originate from the primary interaction. In events with more than
one pp interaction, a wrong vertex can be reconstructed as a B? production vertex,
leading to a wrong measurement of the flight distance. To reject BY candidates that
are close to two or more reconstructed primary vertices, a minimum impact parameter
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58 5. Reconstruction and selection of B — Jiy¢ candidates

X3 o (BY) of the BY to the second nearest primary vertex is required. BY candidates
with a short reconstructed decay time are rejected to reduce the huge amount of back-
ground arising through wrongly combined Jji/ and ¢ particles originating from the
primary vertex. In the end, in events with more than one selected B?, the candidate
with the best decay tree fit quality is chosen. This avoids the selection of B® — Jiy¢
candidates with one or more tracks in common.

A more detailed description of the selection and the efficiencies of the single selection
criteria can be found in [56] and [59].

Decay mode Cut parameter Stripping Final selection
all tracks X /ndf <4 <4
clone distance - > 5000
Jh— utu Aln L, >0 >0
min(pr(u®), pr(u™)) > 0.5GeV > 0.5GeV
X2 /ndE(Jf) <16 <16
[m(u* ) — M(JR) < 80MeV € [3030, 3150] MeV
¢p— KK~ Aln Lk, > =2 >0
pr(9) > 500 MeV > 1GeV
m(K*K~) € [980, 1050] MeV | € [1008, 1032] MeV
X2, /ndf(¢) <16 <16
BY— Jiyo m(BY) € [5200, 5550]MeV | € [5200, 5550] MeV
X2 /ndf(B%) <10 <10
Xop/ndf(BY) - <5
X3(BY) - <25
XIZP,next(Bg) - <50
t > 0.2ps > 0.3ps

Table 5.3: Preselection (stripping) and selection requirements for the
B® — Jiy¢ decay, taken from [56] and [39].

A total number of 37361 B candidates remain after the full selection process. Their
invariant mass distribution is given in Figure [5.2] The distribution is fitted with a sum
of two Gaussian functions describing the signal and a linear function describing the
background component. From the fit, one can extract the number of signal B — Jiy¢
events to be Ny, = 24989 + 171. The signal to background ratio in the full BS mass
interval [5200 MeV, 5550 MeV] is % = 2.04 showing the low background level re-
maining after the selection. The composition of the background will be discussed in

the next sections.
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Figure 5.2: Reconstructed B? mass distribution of all selected B? —
Jiy¢ candidates, fitted with a double Gaussian function to describe the
signal component (blue) and a linear function to describe the back-
ground component (red).

5.3 Signal and background distributions

The main input variables for the measurement of the time-dependent CP violation are
the reconstructed B® decay time and the three helicity angles. Their distributions are
shown in Figure [5.3] for background subtracted data and simulated signal decays after
the full selection. The background subtraction was performed using the sideband sub-
traction technique. It exploits the fact that B candidates with a reconstructed mass in
the sideband regions [5200 MeV, 5320 MeV] and [5420 MeV, 5550 MeV] are known
to be background events. The background contribution in the plots is then subtracted
on a statistical basis.

It can be observed that the distributions of measured and simulated B® — Jji/¢ signal
candidates are not the same, especially the angular distributions are different. Their
shape is mainly determined by the polarisation amplitudes of the decay. This means
that the values of the polarisation amplitudes used in the simulation of B? — Jjy¢
decays do not describe the true amplitudes. In addition there might be detector accep-
tance effects that are not accurate described in the simulation. The consequence of both
problems will be discussed in Chapter[§] where the angular acceptances are introduced.
The decay time and angular distribution of the background candidates are shown in
Figure [5.4] for background candidates of the lower and upper mass sideband intervals
separately. They have significantly different distributions than the signal candidates.
There are especially two sharp peaks at the edges of the cos 6, spectrum visible. The
shapes are identical for lower and upper sideband events, giving confidence that the
background in the signal region has a similar shape and can be subtracted in the de-
scribed manner.
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Figure 5.3: Decay time and angular distributions of selected BY decays
with an invariant mass in the signal window [5320 MeV, 5420 MeV] for
background subtracted data and simulation.

5.4 Background composition

As discussed, the invariant B mass is a good variable to separate the signal and back-
ground components. In the signal region of [5320 MeV, 5420 MeV] the total back-
ground level remaining after the full selection is very low. In addition, the correspond-
ing time and angular distributions can be easily modeled with background candidates

from the B? mass sidebands. The most relevant background components have been
identified:

e The largest number of the background events are candidates reconstructed from
a true Jiy — p*u~ decay, resulting from a B decay, and two randomly picked up
tracks. Their number can be extracted from a fit to the J4/ mass distribution of the
selected B®— Jfy¢ candidates, see Figure The shape of the Jy mass peak
is determined by the detector resolution and the radiative tails of the resonance.
Therefore the Jiy component is modeled by a Crystal-Ball function [60] that
consist of a Gaussian core and a polynomial to describe the tail at low masseﬂ
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Figure 5.4: Decay time and angular distributions for

B — Jiy¢ background candidates of the upper B° mass side-
band ([5420MeV,5550MeV]) and lower B? mass sidebands
([5200 MeV, 5320 MeV])).

A linear function is used to describe the non-Ji/ component. This leads to a
total number of Ny, ~ 32600 true Ji/ decays. The distribution in Figure
however contains both B — Jj/¢ signal and background candidates. To estimate
the number of B® — Jjy¢ background candidates reconstructed from a true Jj
decay, the number of BY — Jiy¢ signal candidates (Ng, ~ 25000) needs to be
subtracted. This results in N};};g ~ 7600 B° background candidates containing a

true Jiy, corresponding to a fraction of 62% of the total B® background.

The Crystal-Ball function for a variable x is given by

_(""‘2)2 f xX—j
e w7 if =2 > —a

CB(X'O’, n,u, 0-) = N ' n lof? x—u\ " . x(z
L) ey (L~ - =), ifEE < -a.

|| | o o

w and o are the mean and width of the distribution, @ and n are parameters defining the starting point
and order of the polynomial part of the function. N is a normalisation factor.
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62 5. Reconstruction and selection of B — Jiy¢ candidates

e A second background component are candidates reconstructed from a true ¢ —» K"K~

decay. Their number can be estimated, similarly to the Jj/ background, with a
fit of the ¢ mass distribution of all selected B® — Jjiy¢ candidates. It is shown
in Figure [5.5(b)] where a Breit-Wigner function was used to describe the ¢ res-
onance and a linear function for the non-¢ component. The extracted number
of true ¢— K*K~ decays is N, ~ 28600. As this number contains both B
signal and background candidates, the total number of B? signal candidates is
subtracted to determine the number of B? background candidates containing a
true ¢ decay: N;kg ~ 3600. This corresponds to about 28% of the full B®— Jjy¢
background.

e The remaining background consists mainly of randomly combined tracks pass-
ing the B®— Jjy¢ selection criteria.
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Figure 5.5: Reconstructed Ji/ and ¢ mass distributions of selected
B® — Jiy¢ candidates. The fitted signal components are given in blue,
the fitted background components in red.

In addition to combinatorial background contributions, there could be some wrongly
reconstructed physical background which is only present in the signal region of the B°
mass. The only process which could lead to a significant contribution is the B —
JW[— p ' 1K*°[— K*u~] decay. These candidates can be falsely identified as B? —
Jiy¢ when the pion is reconstructed as a kaon and a wrong mass hypothesis is as-
signed. This leads to a shift of the reconstructed B° mass into the B® — Jjy¢ signal
region. To estimate the size and shape of the decay distributions of this possible back-
ground component, a sample of 10 million simulated B} — Ji/K*° decays is used. The
events were processed with the full B — Jjiy¢ selection. The B® mass distribution of
the selected 735 candidates is shown in Figure [5.6] In addition to a flat component,
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there is a clear peak in the B signal region visible. This means that the decay distri-
butions of this background component can not be modeled using events in the mass
sidebands. The corresponding time and angular distributions are shown in Figure
Especially the shape of the angular distributions is clearly different from signal and
from the combinatorial background components. To estimate the expected fraction of
this background type relative to the number of signal decay one has to determine the
integrated luminosity corresponding to the 10 million generated Bg — JWK™ decays
by using
L= 5 N — — . (5.1)
Opp fB : BRVis(Bd - J/lﬁ[—> M ]K*O[_) I(-'—/J D- Egen
N is the number of generated decays, o,; = (288+4+48) ub [41] the measured pro-
duction cross-section of bb-pairs, BRyis(BS — Ji[— wru 1K**[— K*u]) = 7.88-107°
[9] the visible branching ratio and fg = 0.396 + 0.001 the assumed hadronisation frac-
tion. &een = 0.1492 £ 0.0004 [61] is the efficiency of the selection criteria in the event
simulation, where only candidates are accepted that are generated inside the LHCb
acceptance (see Section [3.4). Scaling the integrated luminosity of the 10 million sim-
ulated Bg — JW K™ events to the 1.1 fb~! used for this analysis leads to an expectation
of 97 Bg — JiK* background candidates or a contamination of 0.3% relative to the
number of B® — Jjy¢ signal decays. This very small fraction is not expected to have
a significant effect in the CP violation measurement and is therefore not separately
modeled in the following analysis. However possible systematic uncertainties from
ignoring this contribution will be evaluated.
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Figure 5.6: Reconstructed BY mass distribution of wrongly recon-
structed, simulated B} — JA/K** background candidates.
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CHAPTER

Flavour tagging

The measurement of the CP asymmetry in the interference of mixing and decay re-
quires the knowledge of the production flavour of the B mesons in order to distinguish
the differential decay rates for B and B mesons. The procedure to determine the pro-
duction flavour is known as flavour tagging. Several algorithms are used in LHCb to
extract the production flavour from the B meson decay kinematics and event proper-
ties. The tagging algorithms provide for each event a tagging decision g with ¢ = —1
for a produced B, g = +1 for a produced B° and ¢ = 0 if no decision could be made.
The tagging efficiency is defined as

Etag = N_ > (6.1)

where Ny, is the number of events with tagging decision g # 0 and Ny the number of
all available events. The quality of the tagging is described by the mistag probability
w,y giving the fraction of wrong tagging decisions:

Nw

Wogy = —/————,
w Nw+NR

(6.2)
where Ny is the number of events with a correct tagging decision and Ny the number
of incorrectly tagged events. The influence of the tagging quality on the measurement
of ¢ can be seen by looking at the differential decay rates. The terms providing the
most information on ¢ are those proportional to sin ¢ - sin(Amst). These terms appear
with different signs in the decay rates of B and BY. A finite mistag probability for the
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66 6. Flavour tagging

determination of the production flavour leads to an additional damping factor in the CP
asymmetry (Equation[2.39)):

a(t) oc Dy, sin ¢ - sin(Amyt) , (6.3)

where D,, = (1 — 2w,,) 1s the tagging dilution. The sensitivity on ¢ as the measure-
ment of the amplitude of the CP asymmetry depends therefore directly on the mistag
probability of the tagging. The effective statistical reduction of the data sample due to
imperfect tagging with respect to an event sample with perfect tagging is given by the
effective tagging power &,

Eeff = EtagDiv = gtag(l - 2(Uav)z . (6.4)

The algorithms to determine the B® production flavour will be presented in the follow-
ing chapter. The flavour tagging strategy and the achieved tagging performance for the
B% — Jiy¢ events will be discussed.

6.1 Flavour tagging at LHCb

In order to determine the production flavour of neutral B mesons two classes of algo-
rithms are available at LHCD [62]: Opposite-side tagging algorithms (OST) exploit the
fact that b-hadrons are always produced in pairs with opposite flavour. They use the
properties of the second b-hadron in the event to determine the production flavour of
the signal B® candidate. Same-side tagging algorithms (SST) on the other hand exploit
the properties of the signal B? decay to get an estimate of the production flavour. Figure
[6.T]shows a schematic overview of the different tagging algorithms. Both opposite-side
and same-side tagging algorithms are used in this analysis.

6.1.1 Opposite-side flavour tagging

The opposite-side taggers use the information of the second b-hadron decay in the
event to determine the flavour of the signal BY candidate [63]. There are four algo-
rithms available, three so called single particle tagger using the charge information of
electrons, muons and kaons from the b-hadron decay, and one vertex charge tagger
determining the overall charge of the b-hadron decay vertex.

Single particle taggers

The single particle taggers use the charge of leptons from semi-leptonic b-hadron de-
cays (electron- and muon-tagger) or the charge of the kaon from the b — ¢ — s decay
chain, for example in Bg — D" "u'v, decays, to determine the production flavour of
the signal B meson. They require the muon, electron and kaon track candidates to
have a large impact parameter significance IP/op and large transverse momentum pr
in order to select only candidates from long-living b-hadrons. In addition, information
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Figure 6.1: Schematic overview of tagging algorithms at LHCb. Two
main types are visible: opposite-side taggers (OST) and same-side tag-
ger (SST). The figure is taken from [62] and slightly modified.

from the particle identification detectors is used by applying A ln £ requirements. In
case a single tagger selects more than one track candidate per event, the one with the
highest transverse momentum is chosen to define the tagging decision. The detailed
selection for the single taggers is documented in [63].

Vertex charge tagger

The vertex charge tagger determines the overall charge associated to the decay vertex
of the second b-hadron in the event. Vertex candidates are reconstructed by combin-
ing two tracks with high impact parameter significance and transverse momentum to
a common vertex. For each vertex candidate, the probability to originate from a b-
hadron decay is estimated, taking into account the quality of the vertex fit as well as
geometric and kinematic properties of the vertex candidate. The vertex with the high-
est probability is chosen as decay vertex of the second b-hadron. Afterwards all tracks
in the event that are compatible with originating from this vertex candidate but not
from the primary vertex are assigned to the tagging vertex. After applying additional
selection requirements on the sum of the associated tracks, the overall vertex charge is
calculated by summing the charges of the tracks weighted by their transverse momen-
tum. The tagging decision is made depending on the value of the overall vertex charge
[63]].
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68 6. Flavour tagging

6.1.2 Same-side flavour tagging

In the hadronisation of a b quark to a B meson, an s§ quark pair is produced from
the vacuum. The s quark forms together with the b quark the signal meson and the
5 quark might hadronise to a charged kaon (see Figure [6.1). In this case the charge
of the kaon indirectly determines the flavour of the B® meson. To select the kaon
tracks from the hadronisation, the same-side kaon tagging algorithm is used [62]. It
requires the tracks to be close to the signal B® phase space by requiring a maximum
polar angle difference between track and B? candidate. A maximum impact parameter
significance with respect to the primary vertex is required, to ensure that the kaon
candidate originates from the B hadronisation. To reject low momentum background
tracks from the primary vertex a high transverse momentum is required for the kaon
candidate. The Aln £ particle identification variable is used to distinguish kaons from
pions and protons. In case more than one kaon track candidate is selected per event, the
one with the highest transverse momentum is chosen to determine the tagging decision
[64].

6.2 Calibration of taggers

Besides the tagging decision g, each of the single tagging algorithms provides an es-
timate for the mistag probability, w.y, for every event. The estimated w.y is deter-
mined by a neural network depending on the B? kinematic and event properties. The
measurement of ¢, profits from the additional information provided by the estimated
mistag probability because BY candidates with a more reliable tagging decision get a
larger weight in the CP asymmetry. In order to use the estimated mistag probability it
has to be calibrated to make sure it reflects the true mistag probability.

The performance of the tagging algorithms might in addition depend on the B produc-
tion flavour, resulting in different true mistag probabilities wy,, and wy,, for produced
B? and B mesons, respectively. Ignoring this difference would introduce an artificial
asymmetry and lead to a wrong measurement of the CP violation. Therefore, the esti-
mated mistag probability we is calibrated separately for produced BY and F(s’ mesons.
For the opposite side tagger, the calibration is done using B* — Ji/K* and B~ — Jiy K~
decays. Since the charged B* and B~ do not oscillate, their production flavour is deter-
mined by the charge of the kaon in the decay. In the calibration procedure the estimated
mistag probability we is compared to the true mistag probabilities wy,, and Wy, mea-
sured with B* — Ji/K* and B~ — Jiy K~ decays, respectively [63]].

The calibration of the same side tagger can only be done with BY decays, as a kaon
needs to be produced in the hadronisation process of the B? meson (see previous sec-
tion). The decay B® — D;n* was used for the calibration. As the B oscillates, a time-
dependent analysis is necessary to determine the production flavour [64] and measure
the true mistag probabilities w,e and wWi,.

In the calibration procedure a linear dependence between estimated and true mistag
probabilities is assumed to derive a calibrated mistag probability wc. In order to cor-
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6.3. TAGGING STRATEGY FOR FIT 69

rectly propagate the statistical and systematic uncertainties of the calibration, the true
mistag probabilities wy,, and wy,, are expressed as a function of the calibrated mistag
probability wc,

Wyg(we) = po + pr(wc— < wc >) + 5
(6.5)
Wyg(we) = po + pr(we— < we >) — >
where < wc > is the average of the calibrated mistag probabilities for all events and
po and p; are calibration parameters. For a perfectly calibrated tagger the calibration
parameters are py =< wc > and p; = 1 and the true mistag probabilities are identical
to the calibrated mistag probability. A parameterises the difference between the true
mistag probabilities for produced B® and Eg mesons. For A = 0 the true mistag proba-
bility does not depend on the production flavour.
After the calibration of the single taggers, the tagging decisions and calibrated mistag
probabilities of the opposite side taggers are combined to one single opposite side deci-
sion ¢°5T and mistag probability w25T. To account for correlations between the single
taggers, the calibration with B — Ji/K* and B~ — JiyK~ decays has to be repeated,
resulting in a single calibrated mistag probability w?°T for the opposite side taggers.

6.3 Tagging strategy for fit

After the calibration and combination of the single opposite side taggers each B candi-
date has one tagging decision and calibrated mistag probability from the opposite-side
taggers g2, w57, and one from the same-side tagger, ¢°57, w3T. The calibrated
mistag probabilities are related to the true mistag probabilities w(; and wp,' by the
parameterisation given in Equation [6.5]

For the measurement of ¢, the B — Jiy¢ candidates are classified in three tagging
categories, depending on the opposite and same side tagging decisions. A candidate is
called OST only tagged when ¢°5T = 0 and SST only tagged when ¢°5T = 0. Candidates
that have non-zero tagging decision from both kind of taggers (overlapping decisions)
are called OST+SST tagged. For these candidates the calibrated mistag probabilities
wc from the opposite side and same side taggers are combined to one single decision
q25T*55T and mistag probability w?5T+55T:

From the decisions and mistag probabilities of OST and SST a probability P(b) that the
B meson contains a b quark is calculated. The probability that the B® meson contains
a b quark is given by P(b) = 1 — P(b). Depending on the value of P(b), ¢°ST+5T and
wSTSST are determined as [63]]:

gOSTSST = 1, WOSTSST = | — P(h)  if P(b) > P(D),
GOSTHSST = 41 WOSTHSST = | _ p(B)  if P(b) < P(D).

c

(6.6)
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70 6. Flavour tagging

The calibration parameters p;, po, A, relating the calibrated mistag probability wc to
the true mistag probabilities wy,, and wy,, (Equation are given in Table for
the three different tagging categories. Both opposite and same side tagger are per-
fectly calibrated, resulting in py =< wc > and p; = 1. The stated uncertainties of
the calibration parameters include both statistical and systematic uncertainties from
the calibration procedure. As the mistag probability of the OST+SST tagged events
is already a combination of the calibrated OST and SST mistag probabilities, the cal-
ibration parameters for the OST+SST tagged category are set to py =< w¢ >= 0 and
p1 = 1.0. The uncertainties on the parameters are the propagated uncertainties from
the opposite and same side tagger calibrations.

Similar to true mistag probability, the tagging efficiency can be different for produced
B? and B mesons. This would as well introduce an artificial asymmetry in the CP vio-
lation measurement and influence the value of ¢,. The relative difference in the tagging
efficiencies can be estimated in the calibration procedure and is found to be < 0.3%
[65]]. The expected effect of this difference on the measurement of ¢ is smaller than
the effect from the different mistag probabilities, given by the calibration parameter A.
It will not be directly modeled in the measurement of ¢ but instead used to estimate a
related systematic uncertainty.

parameter OST only SST only OST+SST tagged
Do 0.392 £0.008  0.350£0.017 0.0 £ 0.025
D1 1.000 + 0.023 1.000 + 0.16 1.000
< wc > 0.392 0.350 0.0

A 0.011 +£0.0034 -0.019+0.005 -0.011 +0.004

Table 6.1: Calibration parameters for the three tagging categories OST
only, SST only and OST+SST tagged relating the calibrated mistag
probabilities to the true mistag probability for each B? candidate. The
uncertainties are statistical and systematic combined [22].

The quality of the tagging for the selected B — Jjy¢ event sample is characterised
by the tagging efficiency &, the average mistag probabilities w,, and tagging power
g Of the three tagging categories. w,, and the resulting average dilution D,, of the
CP asymmetry can be calculated following Equation[6.2]as

1 1 |
Way = N Z Wag, Day = N‘ Z Dyg = N Z(l - zwtag) ’ (6.7)
N N N

where the sums are calculated over N selected signal B — Jjiy¢ candidates. The dis-
tributions of the true tagging dilution Dy, = (1 — 2w,e) in the three tagging categories
are shown in Figure [6.2] for signal candidates. They are compared to the tagging dilu-
tions of background candidates, which are very similar. Only in the SST only tagged
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6.3. TAGGING STRATEGY FOR FIT 71

category, the signal candidates have in average a higher tagging dilution.
Finally, the tagging efficiency, the average dilution and the resulting tagging power

1
Eeff = 8tagﬁ Z thag (6.8)
N

for the selected BY — Jjiy¢ signal candidates are given in Table [6.2|for the three tagging
categories. The overall tagging power is given by the sum of the tagging power in the
three categories as g.¢ = 3.13%.

OSTonly SSTonly OST+SST tagged

Eng  29.10% 6.36% 3.90%
D,y 0.266 0.296 0.361
g 2.06% 0.56% 0.51%

Table 6.2: Tagging efficiency &, average tagging dilution D,, and
tagging power & of the selected BY signal candidates in the three tag-
ging categories OST, SST and OST+SST tagged [22].
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B% — Jy¢ sideband subtracted signal and background candidates from
the three tagging categories OST only, SST only and OST+SST tagged.
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CHAPTER 7

Decay time resolution

The determination of the physics parameters is done by fitting the theoretical B —
Jiy¢ decay rate introduced in Chapter [2] to the measured data. The differential decay
rate however predicts the distribution of the true BY decay time, while the measured de-
cay time has uncertainties. The effect of a finite resolution on the measured decay time
can be modeled by convoluting the underlying, theoretical, time-dependent function

p() = % (Equation [2.51)) with a resolution model f(t —t'):

(o)

p()® f(1) = fp(t’)f(t— 1)dr’ . (7.1)

—00

The resolution model f(¢ — ") must describe the decay time uncertainty introduced by
the measurement process very precisely in order to not bias the determined parameter
values. This is especially the case for the determination of ¢. Similar to the mistag
probability, a finite decay time resolution leads to an additional damping factor D, in
the measured CP asymmetry (Equation [2.40):

a(t) ® f(t) o« Dy - sin ¢ sin(Amyt) , (7.2)

For a Gaussian resolution model G(¢ — #'|u, 0®") with mean u and width 0", the effect
on the CP asymmetry can be calculated as

(59

2, av2

, —Amg - o' .
a(H’G(t) = f a(t)G(t—1t'|u,oM)dt o« exp(%) sin ¢ sin(Amgt), (7.3)

—00
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74 7. Decay time resolution

leading to a dilution factor D, of

av2

—Am? - o
) (7.4)

Dres = eXP( )

In the following chapter, the resolution model for the B? — Jjy¢ candidates will be

determined. The method relies on measured B® — Jjy¢ background candidates. The
simulation is used to cross-check and verify the method.

7.1 Treatment of the finite decay time resolution

The BY decay time ¢ is determined by the flight length d and the momentum p of the
B meson, to

d- pm
2

-

t=vy , (7.5)
where m is the reconstructed invariant mass. The flight length is given by the connec-
tion between BY production and decay vertex.

For each BY candidate, the decay time is determined by a global kinematic fit (decay
tree fit [58]]) of the momenta and vertex positions (see Section [5.2). The fit provides
also an estimate for the uncertainty o, of the reconstructed decay time. The uncertainty
is, following Equation determined by the uncertainties of the B? production and
decay vertex positions and the B momentum. For B® — Jjy¢ decays the momentum
can be determined very precisely from the measured momenta of the muon and kaon
tracks. The B? production vertex is the pp interaction point and the reconstruction of
the produced particle tracks allows for an excellent position measurement. In contrast,
the position of the B? decay vertex is only defined by the crossing point of four tracks.
The uncertainty of the decay vertex position is therefore by far the largest uncertainty
in the determination of the decay time.

The estimated decay time uncertainty o of the global kinematic fit is shown in Figure
for selected, background subtracted B — Jy¢ signal candidates and background
candidates from the B? mass sidebands.

The modeling of the decay time resolution in the determination of ¢ can be done in
two different ways. One option is an average decay time model, assuming an average
uncertainty o for all B — Jjy¢ candidates. By doing this, the decay time uncertainty
is not treated in an optimal way as, for example, a dependence of the resolution on the
decay time itself is not considered. A better option is an event-dependent decay time
model, where the resolution for each B? candidate is given by the estimated uncertainty
o of the decay time fit. A dependence of o on the decay time would automatically
be taken into account. The absolute scale of the estimated uncertainty from the decay
time fit however does not necessary correspond to the true uncertainty and must be
calibrated.
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Figure 7.1: Estimated decay time uncertainty o of selected B® — Jjy¢
signal and background candidates.

For the presented thesis an event-dependent resolution model is chosen where a factor
So, 1s determined to correct the absolute scale. The strategy to measure the scale factor
5o, uses B — Jjy¢ background candidates reconstructed from a prompt Jiy — uu~
decay that is combined with two additional kaons from the primary vertex. As the
Jy 1s produced directly in the pp interaction, the true decay time #, of these recon-
structed BY background candidates is exactly zero. However, due to the uncertainty
in the reconstruction of the B? decay vertex position the measured decay time  is not
exactly zero but will be distributed around ¢+ = 0. This distribution can be used to
determine the resolution model. The width of the distribution is an estimate for the
average decay time uncertainty o;". The deviation of the measured decay time of each
candidate from zero can be used to calibrate the estimated uncertainty o, from the de-
cay time fit and to determine the corresponding scale factor s,,.

In order to select background candidates with a prompt JAs, the requirement of a min-
imum B decay time in the selection process (Table needs to be removed. In
addition only candidates can be used that are triggered by a decay time independent
trigger line to avoid distortions of the decay time distribution. Figure shows the
measured decay time distribution of the candidates that fulfill these requirements. The
distribution contains a large peak around ¢ = 0 which represents the prompt back-
ground candidates reconstructed from prompt Jjiy decays and a tail to longer decay
times given by the B® — Jjiy¢ signal candidates and additional background from de-

cays with long lifetimes (long-living background).
The method of calibrating the estimated decay time uncertainty o with the prompt
background candidates however requires that the scale factor of the calibration can

be translated from the prompt background events to the signal candidates with long
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lifetimes. This assumption can be checked with simulated events, where the true decay
time uncertainty of signal BY — Jjy¢ candidates is known.
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Figure 7.2: Decay time distribution for selected B® — Jj¢ candidates
without applying decay time related cuts in selection or trigger. The
large peak at ¢ = O represents background candidates reconstructed from

prompt Ji.

7.2 Time resolution in simulation

In order to test the assumption that background candidates reconstructed from prompt
JIy can be used to calibrate the estimated decay time uncertainty o, for B — Jiy¢
signal candidates, the resolution model is determined with simulated events for both
kind of candidates. The calibration of the estimated decay time uncertainty o can be
done by comparing o to the true decay time uncertainty ¢¢. For simulated events, the
true decay time uncertainty for each B — Jj/¢ candidate can easily be determined
by calculating the difference of the reconstructed decay time ¢ and the generated, true
decay time fye:

Ot =t — tyye - (7.6)

Figure shows the distribution of 6¢/o; for Bg — Jiy¢ signal candidates and
prompt background candidates. The width of the distribution determines the scale fac-
tor s, that is needed to correct the scale of the estimated decay time uncertainty o. In
case the true decay time uncertainty is Gaussian distributed and the estimated uncer-
tainty is calibrated correctly, the distribution of 67/c0 should be as well Gaussian with
width equal to one.

However, a Gaussian model with a single width s, is found to be not sufficient to de-
scribe the tails of the 6¢/0 distribution. Therefore a model consisting of a sum of two
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Gaussian functions with common mean u, two widths s, 1, S 2> and a relative fraction

/1 1s used. The fit results are given in Table For both event types the estimated de-
cay time uncertainty seems to underestimate the true decay time uncertainty (s,,; > 1).

candidates /0.12
candidates /0.12

5 - 5
t'tlrue/ Gy (pS) t'tlrue/ S, (p&)

(a) BY— Jpye signal (b) prompt Jjiy background

Figure 7.3: Distribution of true decay time resolution ¢t divided by
estimated decay time uncertainty o of simulated B® — Jjy¢ signal can-
didates and simulated prompt background candidates containing a true

.
parameter BY—> Jiyg prompt Jiy
u(ps) —-0.014 £ 0.005 -0.014 +£0.014
h 0.877 £0.016  0.885 +0.040

Sea(ps)  1.138+0.010  1.102 +0.024
Sq2(ps) 2071 £0.068  2.007 £0.179

Table 7.1: Results of fit to 5’ distribution of simulated B® — Jiy¢
signal candidates and background candidates containing a prompt JA.

To compare the effect of the two different calibration results of signal and prompt
background candidates on the CP asymmetry measurement in data, the corresponding
dilutions D,.s need to be evaluated. The dilution expected from an event-dependent
double Gaussian resolution model with fractions f; and widths s, ; - o is similar to
Equation [7.4] given by

Ney

-A :
Dies = LZZfexp( " s TRy (1.7)
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78 7. Decay time resolution

D, is calculated by averaging over N,, measured Bg candidates with estimated uncer-
tainty o ;. Using the parameters from Table the calibration obtained from simu-
lated signal decays gives a dilution of 0.783 + 0.006 while the dilution obtained from
the calibration with prompt background events is 0.759 + 0.016. The small difference
between the dilutions must be considered when calibrating the estimated decay time
uncertainty o of B’ — Jjy¢ signal candidates with prompt background events in data.

To quantify better the difference in the calibration of o for signal and prompt
background candidates, the determined double Gaussian models with two scale factors
So.1 and s, can be translated to effective single Gaussian resolution models with
only one scale factor s,,. This is possible as, for the CP violation measurement, the
actual choice of the resolution model does not matter as long as the resulting dilution
D, is the same. In fact, it was checked in previous studies [65], that neither of the
physics parameters determined in this analysis, is biased by translating the obtained
resolution model to an effective single Gaussian model with the same dilution. The
single Gaussian scale factor s,, can hence be determined, by requiring

Nev 2 2 Nev 2 2 2
1 Z _Ams * (SO'tO-t j) 1 _Amg ' (SO'[,i O-t j)
exp( ) = Jiexp( ‘ ). (7.8)
Nev I 2 NeV j =1 2

For the model obtained from simulated signal events one obtains an effective single
Gaussian scale factor s, = 1.262+0.021 and for simulated prompt background events
se, = 1.214 £ 0.048. The small difference between the individual scale factors repre-
sents the difference in the dilutions from the resolution models of the two event types.
Although the single Gaussian scale factors themselves agree within their statistical un-
certainties, a small difference in the order of ~0.05 is possible.

As a conclusion, the prompt background events can be used to determine the resolu-
tion model for signal B® — Jjy¢ candidates in data. A possible bias of ~ 0.05 in the
scale factor of the estimated decay time uncertainty must, however, be considered in
the determination of ¢.

7.3 Time resolution in data

The scale factor s, of the estimated decay time uncertainty is determined on data by
fitting a resolution model to the decay time distribution of B? background candidates
reconstructed from prompt Jiy. The true decay time of these candidates is known to
be zero. The decay time distribution of all selected BY candidates, shown in Figure
however contains also contributions from background candidates without a true
Ji— p*u~ decay. These non-Jj) background candidates have to be subtracted before
fitting the resolution model. The subtraction is done on a statistical basis by assigning
weights to each BY candidate. The weights are calculated, using the sWeight technique,
[[66]] as follows:
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e First a fit to the Ji/ mass distribution of all selected Bg candidates is performed,
shown in Figure[7.4] The shape of the Jjiy mass peak is determined by the detec-
tor resolution and the radiative tails of the resonance and can be described by a
Crystal-Ball function [60]. The non-J// background component is modeled with
an exponential function.

e For each candidate an sWeight is calculated, using the relative fraction of the
fitted signal and background functions at the candidates reconstructed Jiy masﬂ
These weights are constructed such that a candidate which is more likely to be
signal gets a larger weight and events that are likely to be background a smaller
or even negative weight.
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Figure 7.4: Invariant Ji/ mass distribution of selected B® — Jiy¢
candidates. The distribution is fitted by a Crystal-Ball function for the
signal component (blue) and a linear function for the background com-
ponent (red).

'For a candidate with mass m the weight is given by

Vs,sfs(m) + Vs,bfb(m)
N fs(m) + Ny fo(m)

w(m) = (7.9)
where f;, fp is the value of the fitted signal and background function evaluated at mass m and Ng, Ny, are
the number of signal and background candidates determined in the mass fit. V, and Vi, are covariance
matrix elements, given by

N

- i Sm)fym) L Fm)fom)
T LU+ Nofo? 50 T 2 TN ) + No fom))?

(7.10)

where N is the number of signal plus background candidates.
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80 7. Decay time resolution

The decay time distribution after subtracting the non-Jj/ background candidates is
shown in Figure and contains only BY candidates reconstructed from true Jy. It
consists of candidates reconstructed from prompt JA/ from the primary vertex, long-
living background candidates containing a true J4/ and signal BY — Jjy¢ candidates.

H
Q

107

candidates /0.119 ps
)

—_
(=]
T

10§

.O...Z. .4‘..6...8
decay time t (ps)

Figure 7.5: Decay time distribution of background candidates con-
taining a true JAy, overlaid with a fitted function to extract the time
resolution (Equation [/.12)).

The physical decay time distribution of the prompt candidates is given by a delta-
function at 7 = 0. The distribution of long-living B — Jf/¢ signal and background can-
didates can be effectively modeled with a sum of two exponential functions
L(t|fir, Toea, TLp) with slopes 7o 7L and relative fraction fi;. Both components
are convoluted with an event-dependent resolution model. The description of the long
tail to negative decay times in Figure requires a resolution model consisting of a
sum of three Gaussian functions G(t — ', 0| ;, ) With

1 —(t-1t —
G(t - l,a O-tls(rt,i,ﬂ) = eXp ( ﬂ) (711)

b
V275, O 2(Sqi 0)?

and scale factors s, ; for the estimated decay time uncertainty o and common mean u.
The model to describe the decay time distribution of the B® candidates, reconstructed
from true Jjy (Figure[7.5), is then given by

3
p(t’ O-tls(rl,i) :fpr . 6(0 ® [Z ﬁG(t’ O-tlsm,i’ /J))

i=1

3 (7.12)
+ (1 = for) - L(tl fin, ot Tep) @ (Z fiGt, odSq i) |

i=1
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7.3. TIME RESOLUTION IN DATA 81

where the f; are the absolute fraction of the Gaussian functions and f,, is the relative

fraction between prompt and long-living candidates. The parameters obtained from
the fit are listed in Table

parameter fit result
for 0.946 + 0.003
fiL 0.490 + 0.027

Tiea(ps)  0.154+0.021
Tia(ps) 1425+ 0.060
u(ps)  —0.0041 = 0.0003

fi 0.788 + 0.039
f 0.208 = 0.038
81 1.257 £ 0.024
$2 2.179 £ 0.106
3 8.82+1.10

Table 7.2: Results of fit to decay time distribution of B? background
candidates containing a true Ji/, using Equation [7.12]

Similar to the study with simulated events one can compute the dilution of the CP
asymmetry introduced by this resolution model and it is found to be 0.714 + 0.015.
The scale factor s,, for a corresponding effective single Gaussian resolution model
with the same dilution can be calculated analog to Equation and is found to be
Se, = 1.467 £ 0.048. In addition, it can be observed that there is a small bias of the
measured decay time, represented by the deviation of the Gaussian mean from zero.
Such a shift is expected to have only a small effect on the measurement of the CP vio-
lation parameters and it will be considered in the systematic uncertainties.

For the measurement of ¢, the effective single Gaussian model is used to describe
the decay time resolution effects. As discussed in the previous section it was verified
that this simplification does not lead to a bias in the measured physics parameters. The
observed difference between simulated prompt background and signal candidates will
be considered as uncertainty on the scale factor s, .

From the scaled decay time uncertainties (s,, - o) of the selected B — Jjy¢ signal
candidates, an effective average decay time resolution 02" can be calculated

L1
o = D 5oy (7.13)
ev ./

It is determined to be o' = 46.4 + 1.6fs.
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CHAPTER

Detector acceptances

The physics parameters measured in this analysis are extracted from the decay time
and angular distributions of BY — Jjy¢ decays. These distributions can be distorted by
detector, reconstruction and selection effects. In order to get the correct results, it is im-
portant to understand and correct for these effects, which can be expressed by so called
acceptance functions. The following chapter will address the studies that were per-
formed to determine and understand the acceptance corrections for the reconstructed
decay time and angles.

8.1 Angular acceptance

The angular acceptance describes the effect of the detector geometry, the trigger, re-
construction and offline selection on the measured angular distributions of B® — Jjy¢
decays. It is given by the ratio between selected and originally produced BY candidates

number of selected BY(Q)

e(QQ) = -
number of produced B{(€2)

8.1)

Here, £(Q2) = &(cos b, cos 6, ¢n) denotes the angular acceptance as a function of the
helicity angles. It is necessary to use a three-dimensional description of the accep-
tance, as the decay angles are highly correlated. Figure [8.1] shows two-dimensional
correlation plots of the helicity angles for simulated B — Ji/¢ decays where clear
structures are visible.

83
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Figure 8.1: Two-dimensional correlation plots of the helicity angles
for simulated B — Jiy¢ decays.

There is no way to determine the angular acceptance directly with measured events

as the real angular distributions of the produced BY — Ji/¢ decays is not known.
In fact the polarisation amplitudes that determine this distribution are supposed to be
measured in this analysis. Therefore one has to completely rely on the simulation to
correctly describe the angular acceptance shape. In first order a correct description of
the polarisation amplitudes in the simulation is not necessary, as the angular accep-
tance is determined differentially in the three helicity angles.
The simulated B — Jjiy¢ event sample which was introduced in Chapterhas already
geometric cuts applied in the generation of the events which would bias the denomi-
nator of Equation[8.1] Instead, the theoretical distribution used in the generation of the
events is used, to normalise the selected events:

number of selected BY(€);)
Nfdl‘fdQ s(t, Q|/_iphys)
Q;

e(Q) = (8.2)

N is the total number of selected events and s(z, Qljphys) is the theoretical decay distri-

bution, that is defined by the differential decay rates of produced B° and produced E‘S)
as introduced in Chapter 2}

1 dI(B° > Jpyd) 2]

|
27 dkde 27 d@ao (8.3)

5(t, Qlpnys) =
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8.1. ANGULAR ACCEPTANCE 85

/Tphys denotes all decay parameters given in Table In order to get the number of

produced BY in bin i, s(z, Qljphys) is integrated over the decay time and the correspond-
ing €); range.
Figure[8.2] shows the one-dimensional projections of the three-dimensional acceptance
histogram &(€2;) on the decay angles ¢y, cos 8, cos 6. The projections are normalised
to the number of selected B — Jiy¢ candidate A completely flat histogram would
mean that the measured decay angle distribution is identical to the real distribution and
there would be no need to apply any correction. The largest deviation from a flat ac-
ceptance is 10 — 15% and can be seen in the cos 6, dimension. In the ¢, dimension on
the other hand there seem to be only very small acceptance corrections necessary. The
effects that cause this specific shape of the angular acceptance will be discussed in the
next section.
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Figure 8.2: One-dimensional projections of the three-dimensional
angular acceptance histogram, determined with simulated BY — Jj/¢
events according to Equation 8.2]

8.1.1 Origin of the angular acceptance shape

A priori it is not clear how well the simulation reproduces the acceptance effects in
data. In order to verify this, one first has to understand which effects are responsible
for the existing acceptance loss. This can be done in the simulation by studying step-
by-step each cut that is introduced in the reconstruction process.

The fully simulated B® — Jj¢ event sample, available to calculate the acceptance
correction, has already several cuts applied that could influence the angular distribu-
tions. Therefore it is necessary to produce a new simulated event sample without any
geometry or selection cuts on the signal decay. In order to save CPU time the complete
detector simulation was switched off and only the physical processes were generated.

I'The absolute scale of the acceptance, given by the ratio between all selected and generated BY —
Jip¢ candidates, is € = 1.6%.
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86 8. Detector acceptances

In the following this simulated BY — Jj/¢ event sample will be denoted as generator
level simulation. By definition the acceptance histogram calculated with this sample
(according to Equation [8.2)) should then be exactly flat in all three decay angles. This

cross-check is shown in Figure [8.3|compared to the acceptance obtained with the fully
simulated events.
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Figure 8.3: Angular acceptance projections of generator level events
(red) compared to fully simulated events after the full selection (black).

In the following the generator level sample is used to reproduce the effects of the
reconstruction and selection process on the BY — Jjy¢ signal decay:

e The stable decay products of the B® — Jjy¢ decay, the kaons and muons, need
to be produced inside the geometrical acceptance of the LHCb detector in or-
der to be measured. Therefore the first obvious constraint is a requirement on
the polar angle ® of the muon and kaons from the B® — Jj¢ signal decays of
10 mrad < ® < 400 mrad. Figure [8.4] shows the resulting acceptance projection.
They are compared to the histogram determined from fully simulated events af-
ter the full selection (as shown also in Figure[8.2). It can be seen that already the
specific geometrical shape of the detector is responsible for a large part of the
final acceptance corrections in the cos 6, dimension. On contrast the acceptance
in the other two angle dimensions is hardly influenced by the detector geometry.

e The second effect originates from the fact that charged particles, in order to be
reconstructed, must have a minimum momentum to pass the magnetic field in the
detector and reach the tracking stations. Figure[8.5|shows the momentum distri-
butions of kaons from generator level and fully simulated B® — Jj/¢ decays, that
pass the full reconstruction and selection. The purely physical momentum spec-
trum of the generator level events starts at lower values than the one of the fully
simulated reconstructed kaons. In fact, the threshold introduced by the magnetic
field is not at a sharp momentum value but modifies smoothly the shape of the
spectrum in the low momentum region. It is therefore not easy to place a simple
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8.1. ANGULAR ACCEPTANCE 87

momentum cut on the generator level simulation to reproduce this effect. In or-
der to determine the effect, the generator level B — Jjy¢ decays were weighted
such that they reproduce the kaon and muon momentum distribution of the fully
simulated and selected particles. This procedure does not only account for the
magnetic field threshold but also for trigger or selection requirements that im-
plicitly influence the momentum distribution (e.g. the Aln Lg,). A new angular
acceptance histogram is calculated from the weighted events, still applying the
polar angle cut introduced before. The projections are shown in Figure[8.6] again
compared to the nominal acceptance correction from the fully simulated selected
events. The acceptance shape in all three dimensions is now nicely reproduced
by the generator level decays.

In summary, this means that only the geometrical form of the detector, the momentum
threshold in the reconstruction and selection cuts that influence the momentum distri-
bution of the B® — Jjiy¢ final state particles are responsible for the existing acceptance
corrections. Impacts of other trigger or selection criteria have been studied and found
to be negligible.
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Figure 8.4: Angular acceptance projections of generator level events
with polar angle cut (red) compared to fully simulated events after the
full selection (black).

8.1.2 Verification of acceptance determination

In the last section it was shown that the specific shape of the angular acceptance is
determined by the geometry of the detector and implicit momentum requirements on
the final state particles. To be able to use the simulated acceptance in the analysis, one
has to make sure that both, the detector geometry and the effects on the momentum,
are properly described in the simulation. This can be done by comparing the polar
angle and momentum distribution of kaons and muons from simulated B — Jjy¢ de-
cays and measured signal decays. The corresponding histograms are shown in Figure
for the positively charged muons and kaons in the decay. It was verified that the
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events (red) compared to fully simulated events after the full selection
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Figure 8.6: Angular acceptance projections of weighted generator
level events with polar angle cut (red) compared to fully simulated
events after the full selection (black).

negatively charged particles show an identical behaviour. From the histograms one
can see that the shapes of both the muon and kaon spectra are different in the sim-
ulation. To estimate the effect of the differences on the acceptance corrections, the
polar angle and momentum spectra of the simulated kaons and muons are reweighted
to reproduce the data distributions. The momentum spectra of ¢~ and u*, as well as
of K~ and K™, are correlated as their kinematics are determined from the Ji/ and ¢,
respectively. Therefore the weighting is done in two dimensions for u~, u* and K™,
K*. From the reweighted simulation, new acceptance corrections are calculated and
the corresponding histograms can be seen in Figure [8.8] The correction of the kaon
momenta distribution has by far the largest impact on the angular acceptance. The
muon momenta and the polar angle differences have only little effect.

The obtained differences in the spectra between data and simulated events can be
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caused either by a different angular acceptance or by different physics parameters in
the simulation. The kaon momentum for example is correlated with the decay angle
cos 6. Figure shows cos 8 as a function of the K* and K~ momenta. A clear
dependence of the momentum distribution on the decay angle is visible which is dif-
ferent for positively and negatively charged kaons. As the decay angle distribution is
determined by the polarisation amplitudes, the kaon momentum distribution can vary
for different values of the polarisation amplitudes. This means that the disagreement
of the kaon momentum spectra can partially be due to different polarisation amplitudes
in data and simulation.

Without disentangling the effect of different polarisation amplitudes from true differ-
ences in the angular acceptance of data and simulation, the reweighted acceptance can
not be used in the analysis. Instead the nominal acceptance is used and systematic
uncertainties are assigned to the measured parameters, depending on the observed dif-
ferences. The exact procedure of this will be discussed in Chapter [I2]
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Figure 8.7: Polar angle and momentum distributions for muons and
kaons from measured (black) and simulated (yellow) B(S) — Jiy¢p decays.
The data is background subtracted.
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Figure 8.9: Correlation of cos 6 and momentum p for positively (left)
and negatively (right) charged kaons from simulated selected B — Jjy¢

decays.
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8.2 Decay time acceptance

A decay time acceptance function is needed to correct the observed decay time dis-
tribution for effects introduced by trigger, reconstruction and selection requirements.
Similar to the angular acceptance function, the decay time acceptance is given as the
ratio of selected to produced B — Jjy¢ decays for a certain decay time t:

number of selected B(?)

() =

. (8.4)
number of produced BY(z)
In principle it is possible to determine &(¢) from simulated events using Equation
[8.4] similar to the angular acceptance. In the case of the decay time acceptance, one can
however extract the corrections partially from the measured data with the advantage
that there is no need to worry about the reliability of the simulation.
The main acceptance effect is introduced by the selection requirements applied in the
HLT software trigger. These lead to inefficiencies in the selection of events with small
decay times. All additional, time dependent acceptance effects in reconstruction and
selection can be put into a single correction factor which has to be derived using both
measured and simulated events. The two different methods will be discussed in the
following sections and the corresponding acceptance corrections will be determined.

8.2.1 Decay time acceptance introduced by the trigger selections

The main distortion of the measured decay time distribution is introduced by require-
ments in the trigger selection. As was already indicated in Section [5.1] the whole data
sample can be split in two subsamples: one with a decay time dependent selection in
the first stage of the software trigger (HLT1-biased) and one without decay time de-
pendent selection requirements (HLT 1-unbiased). In the second stage of the software
trigger (HLT?2), however, the selection requirements influence the decay time distribu-
tion of both subsamples.

The acceptances are calculated separately for the two subsamples, rather than being
split in a part describing the HLT1 and a part describing the HLT?2 effects. The ac-
ceptances for both subsamples can be determined directly with measured data and the
exact procedure will be discussed in the following.

Decay time acceptance for the HLT1-unbiased event sample

The HLT1-unbiased subsample consists of events that are triggered in the first software
trigger stage by the HLT lunbiased line and in the second stage by the HLT2biased trig-
ger line (see Section[5.1)). The HLT1 selection does not introduce any distortion in the
decay time distribution. The HLT2biased trigger line however requires a minimum
decay length significance DL /o of the online reconstructed Jj/ with respect to the
primary vertex. Due to this, it is more likely to select B? candidates with a long de-
cay time than candidates with a short decay time. In order to determine this effect
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and to calculate the corresponding time acceptance corrections, one needs a sample
of B — Jjy¢ decays that are selected without the requirement on the decay length
significance.

In fact, there is a HLT2 trigger line (HLT2unbiased) available that introduces no ac-
ceptance effects in the decay time distribution of the selected events. It uses exactly
the same selection requirements as the HLT2biased line, except for the requirement on
the decay length significance. However, due to its high rate it was strongly prescaled
during parts of the 2011 data taking period and is not taken into account in the default
trigger strategy of this analysis.

The decay time acceptance introduced by the HLT2biased selection can be deter-
mined by dividing the decay time distribution of candidates that are triggered by both,
HLT2biased and HLT2unbiased, by the decay time distribution of all candidates that
are triggered by the HLT2unbiased line:

HLTIunbiased AND (HLTZbiased AND HLT2unbiased )

enr(f) =
HLTlunbiased AND (HLTZunbiased)

The resulting acceptance histogram is plotted in Figure A small acceptance
drop at low decay times is visible, introduced by the flight distance significance re-
quirement. There is an additional drop at about 2 ps which results from a simplified
primary vertex reconstruction in the trigger leading to an inefficiency for B? candidates
with short decay time. Besides these two effects the time acceptance for the HLT2-
unbiased event sample is basically flat.

Decay time acceptance for the HLT1-biased event sample

Events in the HLT 1-biased subsample are triggered by one of the two decay time de-
pendent lines HLT1biasedA or HLT1biasedB and subsequently in the second trigger
stage by the HLT2biased trigger line. To avoid overlap with the HLT1-unbiased sam-
ple, it is required that the events are explicitly not triggered by the decay time indepen-
dent line HLT lunbiased.

To accept an event, the selection in the HLT1 requires one track from the BY decay to
have a minimum 7, with respect to the primary vertex. This means BY candidates with
long decay times are preferred, as the resulting tracks have in general a larger distance
to the primary vertex than tracks from BY decaying close to the interaction point.

The acceptance effects introduced by the HLT2biased line were already determined in
the previous section. The resulting corrections could also be applied to this subsam-
ple. However, it is possible to directly model the combined decay time acceptance for
events in this subsample by dividing their decay time distribution by the decay time
distribution of candidates that pass a fully decay time independent trigger selection:

[HLTIbiasedA OR HLTIbiasedB] AND NOT HLTIunbiased AND HLTZbiased)

enrr(t) =
(HLT] unbiased AND HLT2unbiased)

92



8.2. DECAY TIME ACCEPTANCE 93

The corresponding histogram is shown in Figure [8.10(b)] A significant smooth accep-
tance drop for low decay time is visible, reflecting the effects of the y3 requirement in
the trigger selection.
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Figure 8.10: Decay time acceptance for the (a) HLT1-unbiased and (b)
HLT1-biased event sample. The x-axis is shown in a logarithmic scale.

Decay time acceptance for simulated events

The decay time acceptance for simulated BY — Jjy¢ candidates can be determined us-
ing the same method as in data. The resulting acceptance histograms for the simulated
HLT1-unbiased and HLT1-biased subsamples are shown in Figure Their shape
is similar to the acceptance histograms determined with the measured event sample.
The simulated acceptance histograms can be used to test the reliability of the method
that is used to determine the acceptances in data. Fitting the decay time distribution of
simulated B — Jj/¢ candidates while taking into account the acceptance histograms
in Figure should give a lifetime that is identical to the generated lifetime of the
events. This study will be done in Chapter [9]

8.2.2 Upper decay time acceptance

In addition to the trigger selection cuts, which mainly influence the decay time distri-
bution at lower values, there is an additional acceptance drop at large decay times [67]].
Figure shows the ratio of selected to generated BY signal decays as a function
of the decay time. Only BY candidates that are triggered by a decay time indepen-
dent trigger line are used for the ratio. A linear efficiency drop is visible that can be
parameterised by an acceptance function of the form

et)=1+pt, (8.5)
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Figure 8.11: Decay time acceptance for the (a) HLT1-unbiased and
(b) HLT1-biased simulated event sample. The x-axis is shown in a log-
arithmic scale.

with the slope correction factor 5. The observed acceptance drop is caused by a com-
bination of several effects:

e The geometrical acceptance of the vertex detector leads to a dependence of the

detection efficiency on the position of the B? production vertex and the kinemat-
ics of the decay products.

The efficiency of the track reconstruction in the vertex detector depends on the
transverse distance to the interaction point. Tracks originating from a long-living
particle decay have in general a higher distance and therefore a lower reconstruc-
tion efficiency.

The simplified track reconstruction in the trigger leads to a different trigger effi-
ciency for long- and short living BY candidates. This effect is not yet included in
the lower decay time acceptance discussed the section before.

Several requirements in the offline selection introduce biases in the decay time
distribution.

The exact value of the correction factor S can be determined partially on data and
partially using simulated events. It was determined to be 8 = (=8.3 + 4.0)107 ps~!
for B — Jjy¢ decays. The effect is with ~ 1% small compared to the acceptance
losses introduced in the trigger. A more detailed description of the upper decay time
acceptance and the determination of 8 can be found in [67].
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Figure 8.12: Ratio of selected to generated B — Jjy¢ signal can-
didates as a function of the decay time. The linear acceptance drop is
parameterised with a function &(¢) oc (1 + St).
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CHAPTER

Determination of the physics observables

The physics parameters are extracted from a four-dimensional maximum likelihood
fit to the measured decay time and angular distributions. This requires the modeling
of the distributions with theoretical functions that need to be corrected for acceptance
and resolution effects. The basic concepts of a maximum likelihood estimation and
the specific implementation for this analysis will be explained in the following chap-
ter. Two different fitting techniques, distinguished by the treatment of the background
component, will be discussed.

9.1 The Maximum Likelihood Estimation

The maximum likelihood method is a technique to estimate a set of parameters A from
a given datasample X, ...Xy with N number of events. In general each event ¥, itself is
a set of several measured quantities.

Assuming the data is described by a theoretical function p()?l/f) depending on A, one can
construct a probability density function (PDF) by requiring the normalisation condition

f pRDdE =1, 9.1)
D

where D denotes the domain of ¥. Then, p(X’I/T) gives for each parameter value the
probability of a measurement in the interval [X + dx].
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98 9. Determination of the physics observables

The likelihood function is defined as the product of the probability densities for all
events in the datasample

N
£h = | | @i 9.2)

and corresponds to the probability that the datasample X, ...Xy is produced, glven the
parameters 1. Maximising the likelihood function by varying the values of A max-
imises this probability. More details of the maximum likelihood principle can be found
in [68].

In practice one usually minimises the negative logarithm of the likelihood to avoid
huge likelihood values:

N
—In L(D) == )" Inp(xd). (9.3)

The minimisation process in this analysis is technically done with the program MI-
NUIT [69]. The basic implementation of the fitting algorithm was developed for a
previous analysis [53] and is adopted and extended for the here presented measure-
ment.

9.1.1 Properties of the maximum likelihood fit

Several techniques are used in this analysis:

Conditional probability

The probability density function used to describe the datasample can depend condi-
tionally on several event quantities &

p(RL; @) . (9.4)

In order to get a non-conditional probability the likelihood must include the probability
density function for & [70]:

N N
L) = | [ p@: @D = | | pEi @) - p@idd). 9.5)

Examples for conditional event quantities are the decay time resolution or the mistag
probability.

Constraining parameters

In some cases a previous measurement of a parameter A; exists, constraining its true
value to an interval +o around a central value u. Assuming the probability to measure
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9.1. THE MAXIMUM LIKELIHOOD ESTIMATION 99

a value of A; is Gaussian distributed around the central value, one can transfer this
constraint to the likelihood function

N
£ = [ | pEID - 1, (9:6)

2

where p(4;) = ﬁe_%. This is called a Gaussian constraint and will be used for
example for the calibration parameters of the mistag probability. In case of a simulta-
neous constraint of n parameters 1 j» and taking into account their relative correlations,
a multivariate Gaussian function is needed:

- 1 L3 _anTsy-1,7._=

)= ————e 2 A2 i) 9.7
[ is the vector of central values and X the covariance matrix defined as X;; = pyoo
with relative parameter correlations py;.

Parameter errors

For large number of events the maximum likelihood estimation is unbiased, meaning
that the expectation value of the parameters is equal to their true value. The probability
distribution of the estimated parameters is Gaussian. Then the error of a parameter A4;

is given by
1
d?In L
oi=l-l—1 . 9.8
’ ( ar ] .
where the second derivative is taken at the value of A; that maximises the likelihood
function.

Likelihood ratio method

The likelihood ratio method can be used to obtain confidence intervals for a set of
parameters. According to the central limit theorem every likelihood function becomes
Gaussian for large statistics and well behaved probability density functions [[71]. For a
likelihood function depending on a single parameter A; this leads to

(x—2,)?

o3 2]‘) + const. , 9.9)
o

~In L) =

with standard deviation o- and mean x of the Gaussian distribution. — In £ is minimised
when A; = Ay, = x . Building the likelihood ratio (difference of In L)

~2ATn £(A) = ~2(In Lmex) — 0 L(2,)) 9.10)

and requiring —2A1n £(4;) = 1 gives the solutions /l;—f = Amax = 0 and thus the 68.3%
confidence interval for A;. The 95.4% and 99.7% confidence intervals are defined by
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100 9. Determination of the physics observables

—2AIn L(1;) =4 and —2AIn L(1;) = 9, respectively.

In practice the likelihood ratio method is performed by determining —2A In £(4;) for
a grid of fixed A; values (likelihood scan). In case the likelihood function depends on
additional parameters A, the ratio —2A In £(1 s ) is determined at each grid point of 4;
by minimising the likelihood function with respect to all other parameters 1.

Similar, two-dimensional confidence intervals of parameters A;, A; can be derived by
determining the likelihood ratio —2A In £(4;, 4;) in a two-dimensional grid. The two-
dimensional 68.3%, 90.0% and 95.0% confidence intervals correspond to likelihood
ratio values of 2.3, 4.61 and 5.99.

9.2 The PDF for B — Jiy¢

The aim of the maximum likelihood fit is the determination of the physics observables
in the differential decay rate of BY decays. The parameters 1 occurring in the PDF
for B(S’ — Jiy¢ can be separated in 1= {thys, /Tnuis}, where thys denotes the parame-
ters that describe the physics observables and Znuis represents all additional parameters
(nuisance parameters) that arise for example in the description of resolution effects or
background contributions.

The dataset used to measure thys is divided into several subsamples. They are
distinguished by their trigger selection (HLT1-unbiased and HLT1-biased) and their
tagging category (OST only, SST only, OST and SST). Most of the parameters ex-
tracted in the maximum likelihood fit, in particular thys are the same for all subsam-
ples and can be fitted simultaneously exploiting the full statistical power of the dataset.
However some properties of the subsamples are different and have to be described by
separate parameters that are only determined by the corresponding events.

A dataset composed of signal and background events is generally described by a PDF
consisting of a signal part S (X; 1) and a background part B(¥; A):

PAD = fig - SAD + (1 = fip) - BA), (9.11)

where fg;, 1s the relative fraction between signal and background and is different for
the unbiased fij; = fs‘iﬂg and biased fy, = fS?g subsamples.

Both signal and background component depend on five measured observables ¥: The
decay time 7, three decay angles Q = {¢y, cos 6y, cos 6,,} and the reconstructed mass of
the B%-candidate m which is used to separate the signal and background components.
In addition they depend conditionally on the estimated uncertainty of the decay time
o, the tagging decision g and calibrated mistag probability wc of each event.
According to the tagging strategy discussed in Section [6.3] the events are divided into
three tagging categories that are fitted simultaneously: ¢ and wc are either taken from
the opposite side tagger (OST), the same side tagger (SST) or are a combination of
both (OST+SST). For untagged events ¢ is zero, for all other events ¢ and wc are
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9.2. THE PDF FOR B? — Jiy¢ 101

defined as follows

q = q°T, we = wST for ¢°5T= + 1 and ¢*5T=0,

q=q¢T, we = waT for ¢%T= + 1 and ¢®T=0,

g= qOST+SST we = WOSTSST for gOST— & 1 and ¢5T= + 1, 9.12)
g=0, wc =0.0 for g°T=0and ¢>T=0.

In the following sections the implementation of the signal and background components
will be discussed in detail.

9.2.1 Description of the signal decay

The reconstructed B? mass is uncorrelated to the decay time and angular distribution.
Therefore the signal PDF used to determine the physics parameters can be factorised
in a term describing the reconstructed mass distribution Sy; and a term describing
the time and angular dependent decay rate S,. As S, = S, 0, Q, wc, ql/f) depends
conditionally on the quantities o, wc and ¢, the signal PDF needs to contain as well
the probability density functions of the estimated decay time uncertainty S, and the
calibrated mistag probability S p:

S@AAD) = Sm(mlduis) - S1(t, 0 Q, s GMonyss Anuis) - S (07) - Sp(we) - Sy (9.13)

S sand Sp are represented in the fit by histograms shown in Figures[7.1|and[6.2] S, =
ST §55T. § STHS5T i defined by the tagging efficiencies of the three categories with

OST
GOST _ { = for ¢%5T= +1 (9.14)

I (18" forg®™=0

and similar expressions for §3°7 and §25T*55T. The three tagging efficiencies for the

signal decays can be determined directly in the minimisation and are free parameters
in the fit. The remaining parts of the signal PDF are detailed in the following sections.

The mass distribution

The mass shape of the B is in principle described by a Breit-Wigner function. How-
ever, the width of the BY resonance is much smaller than the actual mass resolution of
the detector. The effect of the detector resolution results in a BY mass distribution that
is found to be modeled best with a sum of two Gaussian functions:
(m-MBgﬂ 1 (m-M o)
Sw(mldniis) = fn IR+ (1~ fu) e T (9.15)
V2ro, V2750

The parameters to be estimated in the likelihood fit are the mean of the B mass dis-
tribution Mpo, the width of the first Gaussian o, and the fraction of the two Gaussian
functions f;,,. The width of the second Gaussian is given by o,, multiplied with a scal-
ing factor s, which is also varied in the fitting procedure. This parameterisation is
chosen in order to minimise the correlation between the two Gaussian functions.
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102 9. Determination of the physics observables

The time and angular distributions

The signal distribution of the decay time and the decay angles s(z, 2, wc, qu) is the
main part of the PDF containing all physics observables of interest. It is build from the
differential decay rates for produced BY and BY mesons as given in Equation and

. > dr(B%— Jjye) 2 ALB- ) .
2.52, with Ppo(t, QUnys) = TED and Py (r, Qldpnyy) = LEID,

- thag

+ gDy, N 1
— I (1, Q) +

s(t,Q, we, gld) = : P (1, QlAonys) (9.16)
where ¢ is the tagging decision and Btag =(1- ZZ))tag) the tagging dilution with the
mistag probability 8tag of produced BY and BY, respectively. The physics param-
eters are thys = {¢s, AL, T, [Acpl, Amg, |Ao*, |A LI, Fy, 6., 6,05, ). The differential
decay rate is normalised in a way that the P-wave amplitudes satisfy the condition
|AL|* + |Aol* + |A)|* = 1. Therefore only two of them are free parameters in the fit. As
only phase differences are measurable quantities, the value of one strong phase can be
fixed. The convention 6, = 0 is chosen. The S-wave fraction is parameterised such
that Fy = 1/(JALI* + |Aol* + 14> + |A,%). Instead of fitting for &, the parameterisation
0s.. = 05 — 0, 1s chosen which turned out to decrease correlations between 65 and 6.
in the fit. All physics parameters /Tphys are varied in the fit, except Ams which will be
constrained to the value Am, = 17.63+0.11 ps~!, measured in a previous analysis [23].

As discussed in Section[2.4] ignoring the dependence of the polarisation amplitudes
on the K*K~ mass requires an additional correction factor Cy,e ™ for the P-wave
and S-wave interference terms. The phase e is absorbed in the definition of & .
The factor Cy, for a given mg-g- interval [my, ., m%. -] can be calculated following
Equation 2.56] The ¢ resonance shape of the P-wave amplitudes is described by a
Breit-Wigner function

1

¢
Mg+g- — mK+K—

(9.17)

g(mg+g-) o iT,/2 )
where mjf;+ «- 18 the ¢ mass (1020 MeV), Iy is the ¢ width (4.26 MeV). The m- k-
dependence of the S-wave amplitude is not known in detail. It can either be due a non-
resonant K* K~ component having a flat linear-shape or partially due to an intermediate
J0(980) resonance, described by a Flatté functiorﬂ In this analysis a flat mg+g- depen-
dence of the S-wave amplitude is assumed, v(mg+k-) o 1. For a mg+g- mass range of
[1008 MeV, 1032 MeV] the correction factor is calculated to be Cs, = 0.498.

For the three possible tagging decisions ¢ = +1, 0, Equation [9.16|can be written as
st Qwe, g = —111) = wug - Pro(t, Qlpnys) + (1 — Diag) - Pro(t, QUlpys)
S(l, Qa we,q = +1|/T) (1 - wtag) ’ PB‘S’(ta -Q'|/_iphys) + atag . PEQ(I, Ql/i)phys) ’(918)

2. 1 - 1 -
s(t,Q, we, g = 0|1) 3 Ppo(t, Q| Apnys) + 3 Pyo(t, Qldpnys) ,
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9.2. THE PDF FOR B? — Jiy¢ 103

This shows clearly that an imperfect knowledge of the BY production flavour (8tag #0)
leads to a mixture of the BY and B" differential decay rates in the PDF.

As described in Section (&))tag itself depends on calibration parameters and the cali-
brated mistag probability wc. Depending on the tagging category, different calibration
parameters appear in the PDF: p05T, p95T, (wc )3T, A9ST for events with only an OST
decision, py°T, pP3T, (wc)®ST, ASST for events tagged only with SST and pgST+sST,
pOSTHSST (0 )OSTHSST S AOSTHSST for events that have tagging decisions from both tag-
gers. All these calibration parameters are varied in the fit inside their uncertainties
using Gaussian constraints. Their measured values and uncertainties are given in Table
6.1

Acceptance and resolution effects

Equation [0.16] describes the distribution of decay time and angles ignoring any de-
tector or resolution effects. Taking these into account and normalising s(z, 2, wc, g|1)
according to Equation[9.1]leads to

£(t,Q) - s(t,Q, we, glD) ® G(t, 7ilse,)
[t Q) 5,9, wc, gl @ G(t, 0 s, )drdQ

St(t’ Oy, Q’ wc, Q|/_l)) = (919)

where £(¢,Q) is the detector acceptance including trigger, reconstruction and selec-
tion inefficiencies. &(t,2) has in principle to be described in four dimensions, as the
distributions of the decay time and the three angles can be correlated. The effect of
neglecting this correlation is much smaller than the statistical precision of this analy-
sis. Therefore &(t, Q) = &(¥) - (L) is used. s(t, Q, wc, qu) is for each event convoluted
with a Gaussian resolution function G(¢ — ¢, 0|s,,) with mean zero and width s, - o
to account for the limited decay time resolution of the detector. Possible resolution
effects of the decay angles are neglected in this analysis as earlier studies proved them
to be negligible.

The description of the decay time resolution was discussed in Chapter[7} The scale
factor s, is determined with prompt Jj/ background candidates. To account for differ-
ences in the resolution between simulated signal and prompt background events, the

The Flatté amplitude [72] is used when a second decay channel opens close to a resonance. For
f0(980) it is parameterised by

1
2

F(my,) =
. 2 k
My, 980) ~ Mz = ((Prn87x + PKKSKK)

where g, and gxx are the f(980) coupling constants to 777~ and K* K™, respectively. The phase space
factors pgn/kx are defined as

2 4mZ, 1 4m?, 1 4mi. 1 4mi,
Py e Y [N AN | S SO | . L
3 m2(K*K-) 3 m*(K*K-) 2 m*(ntn~) 2 m2(ntn)
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104 9. Determination of the physics observables

scale factor is varied in the fit, constraint to s, = 1.47 + 0.05. A possible bias from a
non-zero mean of the resolution model will be discussed in the systematic uncertain-
ties.

The time acceptance &(f) was determined in Section [8.2] and is different for the unbi-
ased and biased subsample. Only the acceptance introduced by the trigger selections
are modeled in the fit. It is included in the PDF as one dimensional histograms given
in Figure [8.10] The upper decay time acceptance, parameterised in Equation [8.5]is not
described in the fit. The measured value of I'y will be corrected after the fit by adding
the factor § = —8.3ps~! (see Section . Other parameters are not affected by this
correction.

The angular acceptance £(€2) is calculated using simulated events and given by a three
dimensional histogram, described in Section [8.1] The one-dimensional projections of
this histogram are shown in Figure [8.2] corresponding to 20 bins in each of the decay
angles.

Also the denominator of S (¢, o, Q, wc, qIZ) depends on the time and angular ac-
ceptance. Using Equation [2.5T| one can transform the normalisation such that the inte-
gral factorises in a integral over Q an an integral over #:

10 )
f £(0) - 6(Q) - Poy (1, Ay )didQ — > f £(Q)fu(Q)dQ - f eOh(t)dt  (9.20)
B =1

The ten normalisation weights & = f e(Q) £ (Q)dQ are independent of any parameter
in the minimisation process and can therefore be determined once before the fit. This is
not possible for the time integral which must be calculated numerically for each event.
The & can be calculated by using either the three-dimensional histogram £(€2) or, in
an unbinned way, by summing over all simulated events N [73]]

N
Se(€2)
& = § _ 9.21)
‘ iz0 8(ti, Qi, wey, qil D)

The normalisation weights calculated like this will be used in the fit and are given
in Table 9.1] In addition the normalisation weight calculated from the acceptance
histogram are shown for comparison. They are in very good agreement. Their absolute
value show that the necessary acceptance corrections are rather small. A completely
flat angular acceptance would lead to &) =& =& =& = 1,8 =& =& =& =& =
&10=0.

9.2.2 Description of the background

Similar to the signal description the background PDF B()E’I/Tnuis) is a product of a mass
term By, a component describing the decay time and angular distribution B, and the
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k Normalisation weights &;
unbinned from histogram
I | 0.980+0.001 0.980 +0.002
2 | 1.029£0.002  1.028 £ 0.002
3 | 1.029 £0.002 1.028 £ 0.002
4 | -0.001 £0.003 -0.001 +0.001
5 | 0.000+0.001 0.000 +0.001
6 | 0.000+0.001 0.000+0.001
7 1 0.992+£0.002 0.991 £ 0.002
8 | 0.001 +£0.002 0.001 +0.001
9 | 0.001 £0.001  0.001 +0.001
10 | —0.007 £ 0.003 —0.007 = 0.003

Table 9.1: Normalisation weights &; calculated according to Equation
[0.21] and calculated using the three dimensional acceptance histogram
(last column). Both methods agree very well.

distributions of the conditional per-event variables for background events, B, Bp and
B,

B(nis) = Bu(mldowis) - Bult, 07 Qdnuis) - B (07) - Bo(wo) - B 9.22)
The background in this analysis shows no correlation between decay time and decay
angles, therefore one can factorise B(t, 0, Q|Anis) = Bi(t, 0| Anuis) - Bo(L2). Similar to
the signal PDF B, and Bp, are represented by histograms determined from candidates
in the B) mass sidebands and shown in Figure|7.1|and[6.2| B, = BJST - B3ST - BOST*SST
takes into account the conditional dependence of B on the tagging decision ¢ and is
defined analogously to the signal PDF as

OST

bkg OST _
BOST — | for g*>'=+1 ’ 923
e { (1-ege)) forg®™=0 ©23)

with similar expressions for the SST and OST+SST categories. All three background
tagging parameters are varied in the fit.

The mass distribution
The probability density function describing the mass shape of the combinatorial back-
ground events is empirically given by a normalised exponential function

—Qym

fmax e-ammdm
min

Bri(m| Anyis) = (9.24)

where the slope parameter a, is estimated in the fit. The integral in the normalisation
is calculated from the lower (min) to the upper (max) edge of the fitted mass region.
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106 9. Determination of the physics observables

The decay time distribution

Figure shows the decay time distributions of background candidates from the
HLT1-biased and HLT1-unbiased subsample. They have a reconstructed B° mass in
the sideband intervals [5200 MeV, 5320 MeV] and [5420 MeV, 5550 MeV]. Both dis-
tributions look very similar and a common parameterisation is chosen for the subsam-
ples. The PDF describing best the shape of the background is found to be a sum of
three exponential functions with relative fractions fb‘kg and szkg,

t

2 1 _Tll 2
But, o) = - (S € ™+ (1= i )fiig e ™

(9.25)

+(1- fb]kg)(l - fb2kg) P ),

where 7, 75, and Tgkg are the three lifetimes of the exponential functions.

N = f B(t, O'tli)nuis)dt is the normalisation integrated over the fitted decay time range.
The choice of the parameterisation has no physical motivation but is purely driven by
observations. Figure[9.1(b)|shows the decay time distribution of background events for
both subsamples overlaid with the fitted function. The distribution is well described by
this parameterisation. The parameters of the fit are given in Table[9.2] The parameter-
isation is used in the full likelihood fit with free fractions and lifetimes to describe the
decay time background component.
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Figure 9.1: Decay time distribution of background candidates from
(a) the two differently triggered subsamples and (b) of all background
candidates, overlaid with the fitted PDF (Equation 0.25)).
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parameter fit result
fblkg 0.518 + 0.062
szkg 0.236 + 0.026
Tékg[ps] 0.114 + 0.008
Tﬁkg[ps] 1.467 £ 0.100
Tﬁkg[ps] 0.334 + 0.041

Table 9.2: Results from fit to decay time distribution of B? background
candidates using the function defined in Equation[9.25]

The decay angle distribution

To address possible correlations between the decay angles Q = {cos 6, cos 0, ¢n}, a
three-dimensional histogram is used to describe the background angular distributions
in the maximum likelihood fit. It can be determined with background events from the
Bg mass sidebands [5205 MeV, 5325 MeV] and [5400 MeV, 5520 MeV]. Figure
shows two-dimensional projections of this histogram. While the background distri-
bution in the cos 6, and ¢y, dimension is rather smooth, there are clear spikes at the
edges of the cos 6 distribution. This feature makes it nearly impossible to find a pre-
cise parameterisation of the three-dimensional histogram. Therefore the normalised
histogram itself is used as probability density function in the fit. The binning is chosen
such that the number of bins is maximised, while keeping in average 10 events per bin.

9.3 The classical fitting technique

Two different fitting methods will be used as complementary approaches to determine
the physics parameters in this analysis. One technique, in the following called classical
fit, minimises the probability density function given in Equation[9.11] Both signal and
background distributions of the measured observables are modeled in the fit by the
PDFs introduced in the last section. The mass is fitted simultaneously with the decay
time and angular distributions to separate the background component. In summary
this means for the classical fit that in total about 40 different parameters have to be
determined simultaneously. As an overview they are summarised in Table[0.3]

9.4 The sFit technique

The so called sFit technique [74] is a method to perform a maximum likelihood fit
without explicitly modeling the background component B(X; Znuis). In a first step the
B mass distribution is fitted using the probability density functions defined in m
and [9.24] The fitted PDF is used to assign a weight (sWeight) w(m;) to each candidate
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108 9. Determination of the physics observables

candidates

Figure 9.2: Two-dimensional helicity angle distributions for
selected BY background candidates in the BY mass sidebands
[5205MeV, 5325 MeV] and [5400 MeV, 5520 MeV].

depending on its reconstructed BY mass (see also Section . The exact procedure is
documented in [66]. By defining the likelihood function as

N
LD = —a )" [wom) - In S (6,070, Qi il )] (9.26)

N
the background component cancels on a statistical basis. @ = 3 w(m;)/ Y, w?(m;) is a

l l
factor due to the reweighting, to ensure a correct error estimation of the fit.
S’(t, 0, Q, we, g|d) is the probability density function describing the signal distribu-
tions of the decay time and angles and is, following Equation[9.16] given as

s(1, Q, we, gld) ® G(t, o |55,

Si(t,0. Q we, qld) = - :
[ &, Q) - 5(1,Q, we, gld) ® G(t, | 55,)d1dQ

(9.27)

Additional terms like the acceptance correction histogram in the numerator of Equa-
tion [0.16] or the PDFs for the conditional variables o, wc and g do not have to be
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signal parameter ‘ background parameter | treatment in fit
. . ub b .
signal fraction A o’ A io varied
mass Mpyo, fm, Om, Sm O varied
1 2 :
rSa Ar87 |/1CP|a ¢S fbkga fbkg Varled
2 2 1 2 3 :
decay rate |A0| 5 |AJ_| s FS’ 6”’ 5J_9 6S,J_ Tbkg’ Tbkg’ Tbkg Varled
Amy, S, constrained
Cs fixed
p
OST _SST _OST+SST OST _SST _OST+SST :
8sig > Ssig > Tsig 8bkg > “bkg > “bkg varied
tagging (wc>OST,<wc>SST,<wC>OST+SST fixed
p(?ST, pIOST, AOST constrained
T, pisT, ASST constrained
p(?ST+SST’ pIOST+SST’ AOST+SST constrained

Table 9.3: Physics and nuisance parameters in the classical fitting
technique.

included in this PDF. In the absence of a background model these terms separate in
the minimisation of the logarithmic likelihood and lead only to an additional constant
offset.

9.5 Validation of fitting procedure

It is essential to ensure that the implementation of the probability density functions,
especially their normalisation is correct. A mistake there could lead to a bias in the es-
timated parameters or the associated errors. To validate the fit method a set of pseudo-
experiments is performed as follows:

100000 events X; are generated according to the probability density functions described
in the previous section. For the generation, fixed parameter A are used. The maximum
likelihood fit is then performed on this dataset, varying the parameters according to
Table[9.3] This procedure is repeated 700 times.

In case of a correct implementation of the PDFs, the distribution of the 700 fitted pa-
rameter sets should be centered around the value used for the generation of the event
samples. The mean of the central value distribution are given in Table [0.4] for the
physics parameters together with the values used in the generation of the datasamples.
No bias can be observed. The pull-distributions, showing the difference between gen-
erated and fitted parameter value divided by the fit uncertainty are shown in Figure[9.3]
All distributions can be nicely described by a Gaussian function with a mean consistent
with 0 and a width consistent with 1, showing the correct error estimate of the fit.
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110 9. Determination of the physics observables

parameter generated value mean of fitted values

¢s[ rad] 0.10 0.099 £ 0.002
| Acpl 0.950 0.9499 + 0.0005
AT[ps™'] 0.08 0.0794 £ 0.0003
L[ ps™'] 0.671 0.6711 £ 0.0001
AL 0.250 0.2502 + 0.0002
|Ao|? 0.520 0.5199 + 0.0001
Fy 0.100 0.0999 + 0.0002
oyl rad] 2.00 2.0014 £ 0.0006
0, [rad] 2.50 2.493 + 0.004
0s..[rad] 2.50 2.500 + 0.002

Table 9.4: Mean of fitted parameter value distribution of 700 pseudo-
experiments with 200000 events each, compared to the values used in
the generation of the events.

9.6 Validation with fully simulated events

In order to further test the implementation of the maximum likelihood fit and the de-
termination of the detector acceptances, the fit procedure is performed using fully sim-
ulated B — Jjy¢ signal events. Therefore no background description in the fit is
necessary. Only the decay time and angular distributions are fitted. The decay time
acceptances for simulated events are given in Figure [8.11] the angular acceptance is
introduced in Chapter [§] The decay time resolution is described by a single Gaussian
model with the fixed scaling factor s, = 1.26, derived in Chapter [/| for simulated
BY — Jjy¢ signal decays. Flavour tagging is performed using only the opposite side
tagger decisions with an average mistag probability for all candidates. The Bg—Eg mix-
ing frequency Amy is fixed to the simulated value Amg = 17.8 ps~'. No S-wave or direct
CP violation is generated in the simulation, therefore the corresponding parameters are
fixed in the fit to F, = 0.0 and |Acp| = 1.0.

The fit was performed separately for the HLT1-unbiased and the HLT1-biased event
samples and simultaneously for both. The extracted parameter values and their fit un-
certainties can be found in Table [0.5]compared to the values used in the generation of
the decays. The one dimensional projection of the fitted probability density function
for the combined event samples can be seen in Figure[9.4] The decay time and angular
distributions are well described by the projected PDF. All extracted parameter values
agree within 2 standard deviation with the generated values. The values of Iy in Table
[0.5] are already corrected for the upper decay time acceptance (Section [8.2.2). The
corresponding correction factor for simulated events is 8 = —0.011 ps~'.
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# pseudo-experiments # pseudo-experiments

# pseudo-experiments
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Figure 9.3: Pull-distributions of physics parameters obtained from 700
pseudo-experiments with 100000 generated events each.

111



112

9. Determination of the physics observables

parameter HLT1-unbiased

HLT1-biased full sample generated value

¢s[ rad] —-0.049 + 0.026

Al [ps™']  0.051 +0.005
Liips™']  0.679 +0.002

1A, |7 0.162 + 0.002

|Aof? 0.598 + 0.001
&y rad] 2.505 £ 0.012
5.[rad] —0.2.04 + 0.068

—-0.095 £ 0.064 -0.055 +0.024 -0.04
0.039 £0.013  0.050 + 0.005 0.06
0.683 £0.005  0.680 +0.001 0.679
0.163 £0.005  0.162 +0.002 0.16
0.601 £0.004  0.598 +0.001 0.6

2466 +£0.027  2.500 +0.011 25

-0.439 £ 0.174 -0.235 £ 0.064 -0.17

Table 9.5: Parameter values obtained from a fit to fully simulated B —

Jiy¢ events. The fit was

done separately for the HLT1-unbiased, the

HLT1-biased subsample and the sum of both. The result is compared
to the parameter values used in the generation of the simulated event

sample.

a — T T T T T T T T T T T b} Fr T T T T T T T T T T T 5
° o simulated data 1 & 7000 M
(o 4 ~ o Y + > ]
o. 10 signal pdf = 2 6000 . //_\\ //-\\ _'
< 1 S £/ \ 4 N ]
[72) - - - - CP-odd component ~ r / \ / \ ]
g % 5000~ N7 N
o] — — CP-even component g r T
=E = 4000F 3
8 10 E_ g r 7

F S 3000F 3

2000 =

10°F 1000F w7 ST
| 0 Lo

8 & 8000

s | S
«10000 « 7000

3 r 3

S f 5 6000

5 80001 8=
§ | § 5000

6000 r 4000F
2000k 3000
I 2000 7
2000 Eoe TR
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cos 0, cos 6,

Figure 9.4: One-dimensional fit projections of classical maximum
likelihood fit to fully simulated BY — Jiy¢ signal decays.
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CHAPTER 1

Fit in small K+ K~ mass interval

The fitting procedure introduced in the last chapter is used to extract the physics pa-
rameters from the selected BY — Jiy¢ decays. The ¢,-Al'y ambiguity in the differential
decay rate can only be resolved by measuring the dependence of the strong phases
on the K*K~ mass (Section [2.4). Therefore an enlarged mg-x- mass window in the
B® — Jly¢ selection and a more complicated fit with separate parameters for different
mg+g- intervals is necessary. Before discussing this fit in the next chapter, the per-
formance of the fitting procedure is tested in a single, small [1008, 1032] MeV K*K~
mass interval. The two-fold ambiguity can not be resolved by this simplified fit. Cen-
tral values and statistical uncertainties of the physics parameters are determined, using
the classical fitting technique as well as the sFit technique. The results are presented
together with a detailed discussion of the error estimates.

10.1 Results of maximum likelihood fit

The extraction of the physics parameters in the B — Ji/¢ decay is done using all
37361 B° candidates that remain after the full selection in the B® mass range of
[5200 MeV, 5550 MeV]. Two separate fits are performed: First the classical fitting
technique, describing simultaneously the B? mass, the decay time and the three decay
angles for signal and background events and secondly, the sFit method using a sepa-
rate BY mass fit to determine event weights with which a statistical subtraction of the
background is possible.
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114 10. Fit in small K*K~ mass interval

The fit results for the B? mass description, as well as the signal fractions obtained with
both methods, are given in Table [I0.1] The parameter values are slightly different for
the two techniques which reflects the difference between performing a separate mass
fit (sFit) and fitting the mass simultaneously with the decay times and angles (classical
fit). Figure shows the fitted mass PDF, used for the sFit technique and projected
on the measured B® mass distribution.

parameter classical fit sFit
Mo 5368.24 +£0.05 5368.23 £ 0.05
Jfm 0.827 + 0.017 0.786 + 0.027
Om 6.332 + 0.090 6.175 £ 0.114
Sm 2.413 +0.097 2.202 +0.103
fo 0.0016 +0.0001 0.0016 + 0.0001
fs‘i‘g 0.667 + 0.003 0.665 + 0.003
fst.l’g 0.708 + 0.007 0.702 + 0.007

Table 10.1: B° mass parameters and signal fractions obtained from the
classical fit and the sFit technique.

¢ + data

— fitted PDF

N

193

(]

(=]
T

[

(=3

(=3

(=]
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—— background component -

candidates /0.314 rad
g
T

1000F

500F

O- e 1 1 1 1 (i— S—

5350 5400
reconstructed B, mass (MeV)

Figure 10.1:  BY mass distribution overlaid with the fitted mass

PDF from the sFit technique. The plotted range is restricted to
[5320MeV, 5420 MeV].

For both fit techniques, the results for the physics parameters, determined in the

time and angular dependent fit, are given in Table[I0.2] The quoted errors are the un-
certainties from the fit and contain beside a statistical component also the uncertainties
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10.1. RESULTS OF MAXIMUM LIKELIHOOD FIT 115

related to the constrained parameters of the decay time resolution, the tagging calibra-
tion and the oscillation frequency. Their contribution to the fit error is < 3% and the fit
uncertainties will in the following also be denoted as statistical uncertainties.

The uncertainties and central values of the physics parameters are in very good agree-
ment between the two fit methods. The difference for most of the parameters is in the
order of 10 — 15% of the fit uncertainties. For the polarisation amplitudes the differ-
ence is larger due to the limited precision of the background angular description in the
classical fit (see Section[9.2).

parameter classical fit sFit

¢s (rad) 0.017 + 0.096 0.004 + 0.099

[Acpl 0.927 £ 0.043 0.928 + 0.043

AT (ps7h) 0.093 +£0.017 0.095 + 0.017
I, (ps7™) 0.6729 + 0.0050 0.6725 + 0.0051

A, |? 0.253 + 0.009 0.251 + 0.009
|Ag|? 0.517 + 0.006 0.520 + 0.006
F; 0.023 + 0.009 0.027 + 0.010

o) (rad) 3.296 £ 0.197 3.312£0.184
0, (rad) 3.019 £ 0.237 2.966 + 0.254
05, (rad) -0.012£0.169  0.006 + 0.160
Amg (ps™) *x  17.660 +£0.082  17.652 + 0.084

Table 10.2: Central values and fit uncertainties of the physics param-
eters extracted from selected B® — Jfy¢ candidates using the classical
fit and the sFit technique. Parameters marked with % are constrained in
the fit to external measurements.

The correlations between the physics parameters are listed in Table [I0.3] The
largest correlations can be observed between AT’ and the polarisation amplitudes |A|?
and |A,|*>. The CP violation parameter ¢, and |Acp| on the other hand are hardly cor-
related to any other parameter. In particular it was checked that there is no large cor-
relation between the physics parameters and the remaining nuisance parameters of the
background description or the tagging part. For completeness, the fit results for the
nuisance parameters are given in Table[10.4]

The one-dimensional projections of the fitted PDF for decay time and angular distribu-
tions, obtained from the sFit technique, are shown in Figure [I0.2] In the projections,
the data is very well described by the fitted PDF.

The presented result corresponds only to one possible solution of the fit. The differ-
ential B® — Jjy¢ decay rate allows for an ambiguous solution (& — ¢, —AT', =6y, 7 —
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116 10. Fit in small K*K~ mass interval

0,,—m — 651 ). The determination of the true physical result using the dependence of
the strong phases on the K* K~ mass will be discussed in the next chapter.

I AT |[Acpl os |AO|2 |A |2 F; 6|| 01 Os,1. Amy

Iy, 100 -043 -0.01 0.02 -030 040 0.16 -0.10 -004 -  -0.01
AT’ 1.00 - =002 0.65 -0.69 -0.02 0.03 002 001 0.02
[Acp| 1.00 004 002 -005 012 0.10 -037 0.04 -0.33
bs 1.00 -0.02 0.04 001 -001 021 -0.02 0.11
Aol 1.00 -0.58 0.07 -0.03 -0.03 0.01 -
A, 7 1.00 0.03 -031 -0.11 0.1 -
F 1.00 -025 -0.19 0.04 -0.05
5| 1.00 039 -0.07 -0.01
5, 1.00 -0.11 0.55
Ss.1 1.00 -
Am 1.00

Table 10.3: Correlations of physics parameters in the classical fit.
Correlations larger than 0.5 are highlighted.

10.2 Sensitivity study

The parameter uncertainties from the fit contain beside a statistical component also the
uncertainties related the decay time resolution, tagging calibration and the mixing fre-
quency. In order to test the reliability of the parameter error estimates, a set of pseudo
experiments is done. 950 datasets are generated, each of them containing 37361 events,
corresponding to the selected number of BY — Jjy¢ candidates used in the fit to data.
Their mass, decay time and angular distributions are generated according to the prob-
ability density functions and parameter values obtained from the classical fit.

Each of the 950 datasets is fitted with the classical fit method, extracting the central
values and estimated fit uncertainties of the parameters. The distribution of the fit un-
certainties for the physics parameters are shown in Figure Table [10.5] gives the
mean of the error distributions, corresponding to the expected parameter sensitivity
with the available number of BY candidates. For comparison the parameter errors ob-
tained from the data fit are shown as well. The parameter uncertainties of the data fit
agree well with the expected sensitivity.
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parameter classical fit sFit
fb}kg 0.446 + 0.071 -
szkg 0.235 + 0.024 -
Ttl)kg (ps)  0.105 +0.009 -
le)kg (ps)  1.386 +0.081 -
Tf’)kg (ps)  0.290 +0.033 -
Ser Kk 1.470 +£0.049  1.470 = 0.050
P T 0.394 + 0.008  0.394 + 0.008
pOSTx 1.001 +£0.023  1.001 + 0.023
AOSTx 0.011 £0.003  0.011 +£0.003
T 0.352 +0.016  0.351 £0.016
P % 1.031 £0.157  1.028 £ 0.158
ASSTx —-0.019 £ 0.005 -0.019 + 0.005
pSTHSTx 0,002 £0.024  0.005 + 0.025
pOSTHSST 4 i}
AOSTHSSTy —0.011 £0.004  —0.011 + 0.004
SST 0.276 + 0.008 -
sffg 0.068 + 0.004 -
sgS“SST 0.041 + 0.003 -
st?ng 0.335 +0.013 -
sgfg 0.056 + 0.006 -
sglf’g“SST 0.035 + 0.005 -

Table 10.4: Central values and fit uncertainties of the nuisance param-
eters extracted from selected B® — Jfy¢ candidates using the classical
fit and the sFit technique. Parameters marked with % are constrained in

the fit.

10.3 Profile likelihood scans

As already discussed in Chapter [9] the error estimation of the maximum likelihood fit
assumes a likelihood function which is Gaussian and thus derives symmetric parameter
uncertainties. This is justified only for large number of events and has to be checked
for the size of the available dataset. Therefore, likelihood ratio scans are performed for

each of the physics parameters to obtain their confidence intervals.

For each parameter A the likelihood ratio —2A In £ = —2(In L(Aax) — In L(A)) is deter-
mined at fixed values of A in a certain range around the result from the data fit A,,,. At
each A value the likelihood is minimised with respect to all other parameters. Figure
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Figure 10.2: Decay time and angular distributions of background sub-
tracted B° signal candidates, overlaid with the fitted PDF from the sFit
technique.

[10.4] shows the obtained likelihood ratio curves. For most of the parameters they are
nicely parabolic around the minimum reflecting the Gaussian behaviour of the likeli-
hood function. Their 68.3% confidence interval are defined at the parameter values
where —2AIn L = 1 and agree with the error estimates from the fit. Only ¢, has an
asymmetric likelihood ratio which leads to a 68.3% confidence interval of [2.98, 3.45].
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Figure 10.3: Distributions of fit errors of all physics parameters, ob-
tained from 950 pseudo experiments. Each generated dataset contains
37361 events, corresponding to the number of selected B — Jjy¢ can-
didates in data. The distributions are fitted with a Gaussian function.
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120 10. Fit in small K*K~ mass interval

parameter expected sensitivity observed sensitivity

¢,[ rad] 0.101 0.096
|Acpl 0.040 0.043
AT [ ps'] 0.017 0.017
T,[ps'] 0.0051 0.0050
1A, [ 0.009 0.009
Aol 0.006 0.006
F, 0.010 0.009

5[ rad] 0.150 0.197
5. [ rad] 0.217 0.237
5., rad] 0.178 0.169

Table 10.5: Expected and observed fit uncertainties of the physics
parameters. The expected sensitivity is determined from 950 pseudo
experiments.
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function of the paramter value.
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CHAPTER 1 1

Fit results resolving the ¢¢-Al'g
ambiguity

The differential decay rate describing the B® — Jjy¢ decay is invariant under a transfor-
mation of (¢, Al's, 6y, 0, 65, 0p) to (m — ¢, =Al's, =0y, 1= 6., =5, —0p), in the following
referred to as solution 1 (A, > 0.0 ps~!) and solution 2 (Al < 0.0 ps~!). The solution
with AT’y > 0.0ps~', as obtained in the last chapter, is compatible with the Standard
Model predictions of the CP-violating phase ¢y, while the ambiguous solution is not.
To test the Standard Model hypothesis it is mandatory to resolve this ambiguity and
find the correct parameter set. This can be done by fitting the relative P-and S-wave
phases as a function of the invariant K"K~ mass. The principle idea of this method
and the fit implementation as well as the final results will be presented in the following
chapter.

11.1 Method of resolving the ambiguity

The ambiguity in the differential B’ — Jiy¢ decay rate can be resolved by measuring
the strong phase difference between the P- and S-wave amplitudes as a function of the
reconstructed K* K~ mass mg-+g-. The dependence of the resonant P-wave amplitudes
on mg+k- can be described by a non-relativistic Breit-Wigner function

1

¢
Mg+g- — mKJrK,

glmy-) o (11.1)

+i0y/2°
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124 11. Fit results resolving the ¢-Al'y ambiguity

where m?}+ - 1s the ¢ mass (1020 MeV), Iy is the ¢ width (4.26 MeV). The phase
of this Breit-Wigner amplitude rises rapidly through the ¢ mass region. The S-wave
amplitude can either be described by a flat function v(mg-+g-) o« 1, representing a non-
resonant B — Ji/K*K~ contribution or by a Flatté function [72]], representing an
intermediate f,(980) resonance. In both cases the phase of the S-wave amplitude is
expected to vary slowly as a function of mg+-. Figure[I1.1|shows the dependence of
a Breit-Wigner phase and a flat model phase on mg+g-.

Following Equation [2.54] the my-x- dependence of the strong phases ¢, ¢; and d is
described by the Breit-Wigner phase and the dependence of d; is described by the flat
model phase. As a consequence the phase difference between P- and S-wave ampli-
tudes, e.g. ds, = ds — 0., should decrease with mg-g-. This expected behaviour can be
used to single out the physically correct phase set. The correct solution of the differen-
tial decay rate shows the expected mg+x- behaviour, while for the unphysical solution
the phase difference should rise as a function of mg+x-. More details can be found in
[75].

As all P-wave phases have the same mg+x- dependence, any of the P- and S-wave
phase differences 6, — ¢; with i = {0,]|, L} could be used to determine the physically
correct solution. For this analysis the phase difference d;, is chosen. The measured
B% — Jjy¢ dataset is split in intervals of mg- k- and both fitting techniques, introduced
in the previous chapters, are used to determine J; , in each mg-g- interval.

5 ——T————————

Breit-Wigner phase

4r ]
flat model phase 1

phase (arbitrary units)

L | L L | L L L | L
1000 1020 1040
K*K mass (MeV)

Figure 11.1: Phase dependence of Breit-Wigner amplitude g(mg-+-)
and flat amplitude v(mg+k-) on the K™K~ mass.

11.2 Extracting the physics parameters in bins of m g+ -

In order to perform the parameter determination as a function of mg+x- over a large
mg-+k- region, the considered K* K~ mass window is enlarged to [990 MeV, 1050 MeV].
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11.2. EXTRACTING THE PHYSICS PARAMETERS IN BINS OF Mg+ - 125

The total number of selected events after enlarging the mass window is N = 54762.
Figure m shows the reconstructed B? mass distribution of all selected events. The
distribution is fitted with a sum of two Gaussian functions describing the signal and a
linear function describing the background component. The number of signal events in-
creases slightly by 12% to N, = 27897 +203, while the number of background events
increases by a factor 2.2. This is not surprising as a widening of the mg+x- window also
increases the amount of combinatorial background. The signal to background level in
a B(s’ mass interval of [5320MeV, 5420 MeV] stays with % = 3.62 nevertheless high.
However, the description of the background component in the classical maximum like-
lihood fit becomes more critical than for the analysis of the previous chapter.

R A AR SRR
= 4000 E

M

o 3500

[\ N ]
= 193 o
(= o S
(=] = =
T
|

<
1500

candidates /2.3

1000

500F

P Lo i IRt
5300 5400 5500
reconstructed B, mass (MeV)

0'...
5200

Figure 11.2: B? mass distribution of selected B — Jfy¢ candidates in
a K*K~ mass interval [990 MeV, 1050 MeV]. The distribution is fitted
with two Gaussian functions, describing the signal component and a
linear function, describing the background component.

11.2.1 The fitting conditions

The datasample is split in six subsamples depending on the reconstructed K™K~ mass.
The mg-g- intervals are given in Table with the corresponding number of B? can-
didates for each interval. The K*K~ mass distribution is shown in Figure with
indicated bins.

A simultaneous fit is performed, using one common likelihood function for all six
subsamples. For each of the subsamples a separate S-wave fraction F; and phase differ-
ence J; , is extracted. The other physics parameters have no dependence on mg+x- and
are common for each mass interval. This is in particular true for the P-wave amplitudes
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126 11. Fit results resolving the ¢-Al'y ambiguity

bin mg+k- interval (MeV) number of Bg candidates

1 990 - 1008 5231
2 1008 - 1016 6121
3 1016 - 1020 12634
4 1020 - 1024 10936
5 1024 - 1032 7645
6 1032 - 1050 12187

Table 11.1: K*K~ mass intervals used to divide the selected BY candi-
dates in six mg+x- bins.
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Figure 11.3: K* K~ mass distribution for all selected BY candidates with
30MeV mg+g- mass window.

|A, > and |Ao[> which fulfill, following Section in each interval the normalisation
condition |A, |* + |Ao[* + |Aj|* = 1. The mg-+x- dependence of the strong P-wave phases
is identical for the three polarisations. By parameterising the P-and S-wave phase dif-
ference with 65, = d; — 0, and using the convention ¢y = 0 in each mg+- interval,
the remaining P-wave phase parameters ¢, and ¢ are as well simultaneously fitted all
mass intervals.

Both, the classical fitting technique as well as the sFit technique are applied, using the
same treatment of acceptances, decay time resolution and tagging as in the previous
chapter. For the PDFs several changes are introduced:

e The factor Cy, that corrects the differential decay rate for the different mg+g-
dependence of P- and S-Wave amplitudes in a certain mass interval, is calculated
separately for each m+g- bin. The values are shown in Table [I[1.2] The smaller
mass intervals compared to the single bin fit in the last chapter lead to corrections
factors that are are closer to 1.
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11.2. EXTRACTING THE PHYSICS PARAMETERS IN BINS OF Mg+ - 127

mg+g- bin (MeV)  Cy,
990 - 1008 0.966
1008 - 1016 0.956
1016 - 10020 0.926
1020 - 1024 0.926
1024 - 1032 0.956
1032 - 1050 0.966

Table 11.2: P- and S-wave coupling correction factors Cy, for the six
mg-+g- intervals. They are calculated assuming a Breit-Wigner shape of
the P-wave amplitudes and a flat shape of the S-wave amplitudes.

e The parameters of the mass PDFs describing the signal distributions are com-
mon to all six subsamples. The background mass parameter a,, and the signal

fractions f! '?g and fs‘fg are fitted separately for the different mg+x- bins.

e The histograms, that are used in the classical fit as probability density functions
for the conditional variables o and wc, are updated with the full statistics in the
[990MeV, 1050 MeV] mg+k- interval. The same histograms are used for all six
subsamples.

e The histogram describing the background angular distribution is remade for the

datasample with the enlarged m-+g- mass interval. Due to the larger amount of
background it is possible to increase the number of bins in the three-dimensional
histogram. The corresponding two dimensional distributions are shown in Fig-
ure [IT.4] There is no obvious difference compared to the histogram determined
in the smaller m+g- mass range, shown in Figure[9.2]
In principle the decay time and angular distribution of the background candidates
can depend on the K*K~ mass. They are shown in Figure for background
candidates from the B mass sidebands separately for different mg-x- bins. The
background shapes look very similar for different K* K~ masses although a defi-
nite statement is due to the low background statistics not possible. In the classi-
cal fit, the PDF describing the decay time and angular background will be used
simultaneously for all mg+ k- bins.

11.2.2 Fit results

Both classical fit and sFit are used to determine the physics parameters for the two pos-
sible minima of the differential decay rate (¢, AL, 6,6, , 05, 69) and (m—¢s, —Al's, =0y, 1—
0., —0s, —0p). The results of the physics parameters that are fitted simultaneously in all
mg+k- intervals are shown in Table [I1.3] Considering the 12% gain in signal yield
the extracted parameter values are compatible with the results obtained in the previous
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128 11. Fit results resolving the ¢-Al'y ambiguity

candidates

Figure 11.4: Two-dimensional helicity angle distributions of
B — Ji¢ background candidates in the B mass sidebands
[5205MeV, 5325 MeV] and [5400 MeV, 5520 MeV].

chapter (see Table[10.2).

The results for the S-wave fraction F and the phase difference 65, for the six mg+g- in-
tervals are shown in Tablefor the solution with Ay > O ps™! and in Table for
the solution with AT’y < 0 ps~!. For both classical fit and sFit a clear trend of decreasing
5., 1s visible for the first solution while for the second solution &5, is increasing as
function of mg+k-.

The error estimate of the fit was tested by doing likelihood ratio scans for all physics
parameters. Especially the likelihood ratios of the phase parameters 65, and the S-
wave fractions F| for the six bins, shown in Figure [[T.6] have asymmetric shapes and
are therefore used to assign the 68.3% confidence intervals.

The projections of the fitted signal PDFs on the decay time and angular distributions
using the sFit technique are shown in Figure [I1.7] The plotted distributions are back-
ground subtracted and are well described by the fitted signal PDF.
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Figure 11.5: Decay time and angular distributions of B® — Jjiy¢ back-
ground candidates for different mg+ - intervals.

The agreement between the classical fitting technique and the sFit is comparable to
the results in the smaller mg-g- range. For most of the physics parameters the differ-
ences are much smaller than the statistical uncertainty. Only for the S-wave parameters
in the lowest and highest mg+ k- bin the difference is in the order of the statistical error.
Due to the higher number of simultaneously fitted parameters, the classical fit is more
time-consuming and unstable than the sFit when treating the six mg+g- intervals sepa-
rately. This could result in problems when performing the necessary systematic studies
and cross-checks. Therefore the sFit technique will be used for the systematic studies.
The sFit results from the fit of the six mg+g- intervals will be used when quoting a final
result.

Figure shows the d, results of the sFit for both solutions of the B? decay rate as
a function of mg+x-. The decreasing trend of J; , is the physical solution and corre-
sponds to solution 1 in Table[TT.3]

Figure shows the corresponding two-dimensional ¢s-Al'y confidence intervals.
They are obtained by a likelihood ratio scan in two dimensions. At each fixed ¢-
AT’ grid point the likelihood function is minimised with respect to all other parameters
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130 11. Fit results resolving the ¢-Al'y ambiguity

in the fit (see Section[9.1)). The resulting confidence intervals include only the fit un-
certainties. The obtained results are within the 68% confidence interval in agreement
with the Standard Model expectation for ¢ and Al's. The systematic uncertainties of
this analysis procedure will be evaluated in the next chapter.

solution 1 solution 2
parameter classical fit sFit classical fit sFit
¢s[ rad] 0.068 + 0.090 0.069 = 0.091 3.074 £ 0.090 3.072 £ 0.091
|[Acpl 0.949 + 0.028 0.944 + 0.030 0.949 + 0.028 0.944 + 0.030

AT[ps~!] 0.095 +£0.016 0.100 £ 0.016 —-0.095+0.016 -0.100 + 0.016
Ts[ps~!] 0.6752 +0.0047 0.6726 + 0.0048 0.6752 +0.0047 0.6726 + 0.0048

AL 0.251£0.009  0.249+0.009  0251+0.009  0.249 +0.009
Aol 0.517+0.006  0.521£0.006  0.517+0.006  0.521 +0.006
&)l rad] 3.28870- 05 3.308+0)3% -3.287+00% -3.308*023%

0, [rad] 3.065 £ 0.221 3.069 + 0.219 0.079 £ 0.221 0.073 £ 0.219
Amg[psT']1 % 17.659+0.077 17.667 £0.077  17.659 +0.077  17.667 + 0.077

Table 11.3: Central values and fit uncertainties of the physics param-
eters extracted from selected B — Jjiy¢ candidates using the classical
fit and the sFit technique. Parameters marked with % are constrained in
the fit.
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mg+g- bin (MeV) parameter  classical fit sFit

0.085 0.082

990 - 1008 Fy 0.339%008%  0.227+5082
651 [rad]  0.900%0337  1.31070787

0.029 0.030

1008 - 1016 Fy 0.072%092%  0.067*3059
S50 [rad]  0.678%0500  0.76970333

0.013 0.014

1016 - 1020 Fy 0.008%0053  0.008*001
oo [rad] 052275189 0.482732¢

0.012 0.012

1020 - 1004 F, 0.01570055  0.016*0:00%
651 [rad]  —0.537*9322  —0.512%020

0.026 0.027

1024 - 1032 Fy 0.043*700%¢  0.056*00°]
S5 [rad] —0.545*0216  —0.451%083

0.040 0.043

1032 - 1050 F, 0.185700%  0.168*0:0°
651 [rad] —0.564*3133  —0.653%0183

Table 11.4: Central values and fit uncertainties of the S-wave parame-
ters for solution 1, extracted from selected B — Jiy¢ candidates using
the classical fit and the sFit technique.

mg+x- bin (MeV) parameter classical fit sFit

0.085 0.081

950 - 1008 F 0.339f8_gg% O.227f8%2
0s.1 [rad] 2.242J_r0:438 1.832f0:787

0.029 0.030

1008 - 1016 F 0.072Jj(0)_(2%g 0'067i8'%§
0s., [rad] 2.4631’0:300 2.373f0:389

0.013 0.014

1016 - 1020 F, 0.0081’8'(3)8? 0.00ng.ggz
05,1 [rad] 2-620t1:180 2'660::319

0.012 0.012

1020 - 1004 F, 0'015t88‘7)2 0'016i8'(3)2§
05,1 [rad] 3.678:):222 3.653i0:215

0.026 0.027

1024 - 1032 F, 0'043t8‘(§%§ 005&88%2
0s.1 [rad] 3.686f0:215 3.592t0:183

0.040 0.043

1032 - 1050 Fq 0.185J_r8.(1)%2 O.l68t8.%§
0s.1 [rad] 3.706J_r0:153 3.794t01183

Table 11.5: Central values and fit uncertainties of the S-wave parame-
ters for solution 2, extracted from selected B’ — Jiy¢ candidates using
the classical fit and the sFit technique.
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Figure 11.6: Likelihood ratio scans of the phase difference ¢, and the
S-wave fraction F| for the six mg+g- intervals.
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the sFit technique.
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Figure 11.8: Measured K*K~ mass trend of the phase difference of
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only the uncertainties of the fit.
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Figure 11.9: Two-dimensional ¢,-Al's confidence intervals determined
from a likelihood ratio scan using the sFit technique. The black point
shows the Standard Model expectation.

134



CHAPTER 1 2

Systematic uncertainties

Several possible sources of systematic uncertainties have to be investigated in this anal-
ysis. Some of them are already taken into account in the errors of the fitted parameters.
Other possible uncertainties occur for example from the background description or the
decay time and angular acceptances. The systematic errors will be evaluated in the
following chapter for all physics parameters including the S-wave parameter in the six
bins of K* K~ mass.

12.1 Decay time resolution, tagging calibration, mixing
frequency

Systematic effects from the decay time resolution, the tagging calibration and the mix-
ing frequency are already accounted for by the fit uncertainties. The decay time res-
olution model is determined from Jj/ decays produced directly in the proton-proton
interaction. The scaling factor for the estimated event-dependent resolution is floated
in the fit, constrained to s,, = 1.47 + 0.05, where the error represents the statistical un-
certainty of the scale factor and the uncertainty related to differences in the resolution
between signal and prompt background candidates.

The parameters of the tagging calibration, given in Table[6.1] are floated in the fit con-
strained to their statistical and systematic uncertainties from the calibration method.
In addition a possible difference in the tagging performance for produced B® and F(S’
mesons is allowed in the tagging parameterisation.
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136 12. Systematic uncertainties

The uncertainty of the mixing frequency is taken into account by constraining Amy in
the fit to the value from a previous measurement, Amg = 17.63 = 0.11 ps~.
The overall contribution of the uncertainties from time resolution, tagging calibration

and mixing frequency on the ¢, fit uncertainty is < 3% .

12.2 Mass model

In the sFit technique a fit to the B? mass distribution is used to determine the sWeights
and separate the signal and background fractions. To estimate a possible systematic
effect due to the choice of the mass model, the fit is repeated using an alternative
mass PDF. A modified symmetric Crystal-Ball function [60] (see also Section [5.4),
with tails on both sides of the distribution, is used to model the signal component
and a linear function to model the background. The difference of the fit results to
the nominal values are given in Table [[2.I] They are assigned as systematic errors
to the physics parameters. For all parameters, the effect of a different mass model is
negligible compared to the fit uncertainties.

parameter shift in fit result
s (rad) 0.001
[Acpl -
AT (ps™!) -
s (ps™h) 0.0008
|AJ_|2 0.001
|Aol? 0.001
5” (rad) 0.006
S, (rad) 0.003
. F, 0.003
mgeg- DL ad) 0.012
. F, -
Mgk bin 2 8., (rad) 0.002
m bin 3 Fs X
KrK= 5.1 (rad) 0.002
. F, -
miek- DA ad) 0.003
. F, -
mg+g- bin 5 6S’J_ (rad) )
. F, 0.001
mgeg- DING 5 ad) 0.003

Table 12.1: Absolute shift in the fit results when changing the mass
model in the determination of the sWeight to a modified Crystal-ball
function for the signal and a linear function for the background descrip-
tion. "-" indicates no shift is observed.

136



12.3. BACKGROUND DESCRIPTION 137

12.3 Background description

The background description in this analysis leads to two possible sources of systematic
uncertainties: The statistical subtraction of the combinatorial background component
in the sFit technique and a possible contribution of true B — JiyK*® decays. Both will
be evaluated in the following.

12.3.1 Background treatment

The sFit technique requires the invariant B” mass to be uncorrelated to the decay time
and angular distributions. It relies on a single fit of the B? mass distribution to de-
termine the weights for each candidate, independent of its measured decay time and
helicity angles.

To estimate the reliability of this method, the full dataset is divided in three bins of
decay time and decay angles, in total 3 X 4 bins. The bins are listed in Table [12.2]
They are chosen to contain approximately the same number of BY candidates. The
mass distribution of the candidates in each of the 12 bins is fitted separately, leading
to different mass parameters depending on the decay time or helicity angle bin. The
mass parameters are used to calculate 12 different sets of sWeights for the full dataset.
For each set of weights the full maximum likelihood fit is repeated and the shift of the
parameter results with respect to the nominal fit result evaluated. The maximal shifts
in the ¢, cos 6, cos6, and ¢, bins are given in Table [12.3] Their quadratic sum is
assigned as systematic uncertainty to the physics parameters. This largest uncertainty
is introduced for I's, where the evaluated systematic error is ~ 77% of the statistical
uncertainty. Also ¢ and Al are affected by ~ 7% and ~ 20% of their statistical un-
certainties. The shift of the phase difference J;, is in average ~ 10% of the statistical
errors.

bins 1 (ps) cos Gy cos 6, ¢ rad
1 [0.3,1.5] [-1.0,-0.5] [-1.0,-0.5] [-m, —%77]
2 [1525] [-05,05] [-0.5,05] [-37, 57

3 [25,14.0] [0.5,1.0] [0.5,1.0] [;ﬂ', |

Table 12.2: Decay time and angles bins used to determine separate
sets of mass parameters and sWeights.

12.3.2 Peaking background

The amount of wrongly reconstructed 32 — JHWK*® decays in the mg-x- mass range
is estimated following the procedure described in Section The fraction of B) —
JW K™ background candidates is found to be ~1.5% relative to the signal events. This
was not taken into account in the fit and could lead to a bias of the extracted parameter
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shift due to sWeigths calculated in bins of

parameter t cosbg  cosb, ©h quadratic sum
s (rad) 0.007 0.001 0.001 0.001 0.007
|Acpl 0.001  0.001 - 0.001 0.002
AT (ps™h 0.002 - 0.001 0.001 0.003
T (ps™h) 0.0017 0.0008 0.0031 0.0005 0.0037
1A, ]2 0.002 - 0.002 - 0.003
|Aof? 0.002  0.001  0.003 0.001 0.004
Sy (rad) 0.004 0.007 0.030 0.004 0.031
S, (rad) 0.013  0.007 0016 0.004 0.022
mcex- bin 1 Fi 0.025 0.003 0.010 - 0.027
e, (rad) 0.110  0.022  0.017 0.001 0.113
b2 Fi 0.001  0.001 - 0.001 0.002
KK . (rad) 0.011  0.008  0.010 0.010 0.020
e bin3 Fi - - 0.001 - 0.001
KTk 6. (rad) 0.012 0010 0.012 0.014 0.024
e bind Fi - - 0.001 - 0.001
Kk s (rad)  0.006  0.002  0.022 0.008 0.024
. Fs - 0.001  0.004 - 0.004
mick-BINS 5 Cad) 0004 0001 0.001 0.001 0.004
e b6 F - 0.002  0.005 0.001 0.006
KK S, (rad)  0.008  0.002  0.009 0.003 0.013

Table 12.3: Shift in fit results when using sWeights determined from
events in different bins of decay time ¢ and decay angles cos 6, cos 6,
and ¢,. Each column gives the maximum shift of results from three
bins, indicated in Table [12.2]

values. In order to evaluate a systematic uncertainty, simulated Bg — JWK™ candi-
dates are added to the B — J/¢ datasample corresponding to the estimated fractions.
They are randomly chosen from the simulated Bg — JWK*™ sample and reflect the
decay time and angular distributions shown in Figure The candidates are added
with negative weight and thus by repeating the sFit on the combined dataset statisti-
cally subtracted. The shifts of the parameter values relative to the nominal fit result
are given in Table and are assigned as systematic uncertainty. The effect is for all
parameters small compared to the statistical uncertainties. For ¢, the systematic error
due to the peaking background component is ~ 8% of the statistical uncertainties. For
the other parameters the effect is even smaller.
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parameter shift in fit result
¢, (rad) 0.007
|Acpl 0.001
AT (ps7h) 0.0008
I (ps™h) 0.0002
AL -
|Aol? -
(5|| (rad) 0.001
0, (rad) 0.010
. F -
miek= PN L5 ) 0.002
. F 0.002
miek- DIN2 s ad) 0.029
m bin 3 Fs N
Kk 8.1 (rad) 0.004
. F 0.001
mieg- DA ad) 0.011
. F 0.001
miek-BInS 5 ad) 0.004
. F 0.008
Mg+K- bin 6 68’_1_ (rad) _

Table 12.4: Absolute shift in fit results when adding a 1.5% contribu-
tion of simulated B} — JiK*° background to the fitted datasample and
subtracting them with negative weight.

12.4 Angular acceptance

The angular acceptance correction used in the fitting procedure is determined with fully
simulated B’ — Jjy¢ candidates. Differences between simulation and data can lead to
systematic biases. In addition statistical uncertainties in the acceptance determination
need to be taken into account.

12.4.1 Differences between data and simulation

As discussed in Section [8.1]the angular acceptance correction is mainly determined by
the detector acceptance and implicit momentum cuts on the final state particles. The
polar angle and momentum distributions of these particles however show significant
discrepancies between data and simulation. Partially these discrepancies can be ex-
plained by different polarisation amplitudes in data and simulation, partially this could
be an improper simulation of the detector response. A possible systematic bias intro-
duced by this on the angular acceptance must be evaluated.

The two possible sources of the discrepancies are not disentangled here. As a con-
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140 12. Systematic uncertainties

servative approach the full differences in the polar angle and momentum spectra are
used to estimate a systematic uncertainty (see Figure [8.7). The simulated events are
reweighted to match the data distributions. This is done separately for the polar angle
and momentum distributions of muons and kaons, resulting in four reweighted accep-
tances. They are shown in Figure [8.8|for the different weightings. The exact procedure
is discussed in Section[8.1] For each of the four recalculated acceptances a set of 600
pseudo-experiments is performed: Corresponding to the observed signal yield and the
PDFs introduced in Chapter 9] datasets are generated using the parameter values mea-
sured in the previous chapter as input. The reweighted angular acceptance is used to
model the detector effects in the generation of the events. Each dataset is fitted with
the sFit technique using the nominal, uncorrected acceptance in the PDF.

The mean shift of the 600 fit results with respect to the generated values is listed in
Table [12.5] for all physics parameters. The shift is estimated separately for the polar
angle and momentum distributions of the final state muons and kaons. The quadratic
sum of the biases is assigned as systematic error to the final parameter values.

The P- and S-wave amplitudes and strong phases are most sensitive to the angular ac-
ceptance and thus strongly affected by this systematic uncertainty. The largest effect is
visible for the P-wave amplitudes: the systematic errors for |A, |> and |Ao[* are 1.6x and
5x larger than the statistical uncertainties. Also the phase difference ¢, , is affected by
up to 50% of the statistical uncertainties, depending on the mg-g- interval. In addition
|[Acp| 1s significantly influenced by ~40% of the statistical error.

12.4.2 Statistical uncertainty of angular acceptance

The angular acceptance histogram as well as the normalisation weights of the signal
PDF in the maximum likelihood fit are determined from a simulated B® — Jjy¢ sample
and have statistical uncertainties depending on the size of the sample. These are not
taken into account in the fitting procedure and their effect on the measured physics
parameter values has to be investigated.

The values and statistical uncertainties of the normalisation weights are given in Ta-
ble 0.1] To estimate a systematic uncertainty the normalisation weights are randomly
fluctuated inside their statistical errors. The correlation between the different normali-
sation weights are taken into account. This is done 100 times and each set of fluctuated
normalisation weights is used to refit the dataset. The width of the distribution of the
estimated parameter values is given in Table for all physics parameters and is as-
signed as systematic uncertainty.

For most of the parameters this systematic error is much smaller than the error due
to the differences in data and simulation. It however is one of the largest contribu-
tions to the systematic errors of ¢ and |Acp| with ~ 8% and ~ 20% of the statistical
uncertainties.
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shift as result of modified acceptance
parameter 0O(K) p(K) O) p(u) quadratic sum

¢, (rad) 0.003 0.003  0.001 0.004 0.006
|Acpl 0.008 0.009 0.008  0.003 0.013
AT4(ps™) - 0.0004 0.0002 0.0001 0.0005
Is(ps™h) - 0.0012 - 0.0001 0.0012
AL 0.001  0.015 - 0.001 0.015
|Aol? 0.001  0.030 - 0.001 0.030

&) (rad) 0.018 0.049 0012  0.002 0.055
5. (rad) 0.011 0017  0.001 0.013 0.020
bin 1 F 0.001 0.014 0.001 0.001 0.014
8. (rad) 0.024 0.013 0.037  0.014 0.048

bin 2 F - 0.008  0.001 0.001 0.008
0. (rad) - 0.067  0.003  0.008 0.068

bin 3 F - 0.003  0.001 - 0.003
8. (rad) 0.053 0.117 0.039  0.015 0.135

bin 4 F - 0.004  0.001 0.001 0.004
8. (rad) 0.035 0.108 0.012  0.010 0.115

bin S F, 0.001  0.008  0.001 0.001 0.008
8. (rad) 0.006 0.037 0.003  0.001 0.038

bin 6 F 0.001 0.014 0.001 0.001 0.014
.. (rad) 0.002  0.030 - 0.001 0.030

Table 12.5: Absolute shift of the physics parameters when using the
nominal acceptance corrections in the fit and the reweighted accep-
tance corrections (Figure [8.8) in the generation of the datasets. The
reweighting is performed separately using the polar angle distributions
of kaons (O(K)), of muons (®(u)) and the momentum distributions of
kaons (p(K)) and muons (p(u)). The last column is the quadratic sum
of the effects of the individual reweightings.

12.5 Decay time acceptance

The decay time acceptance used in the fit is modeled by histograms determined di-
rectly with measured B® — Jj¢ candidates. No systematic uncertainty is expected to
be introduced by the determination of the acceptance. The histograms however have
statistical uncertainties which are not propagated to the fit. The possible uncertainties
on the physics parameters introduced by this are determined by fluctuating the decay
time acceptance histograms randomly inside their statistical errors. Each histogram
bin is changed by a random number, thrown following a Gaussian distribution with
width corresponding to the statistical error of the bin. The maximum likelihood fit is
repeated 200 times using different fluctuated time acceptance histograms. The spread
of the fitted parameter values is given in Table for all physics parameters and is
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142 12. Systematic uncertainties

parameter spread in fit results
¢s (rad) 0.007
[Acpl 0.006
AT (ps™h) 0.0002
I (ps7h) 0.0002
JALI? 0.002
Aol 0.001
5 (rad) 0.032
S, (rad) 0.037
. F, 0.003
mgeg- DL Cad) 0.033
. F, 0.003
miek- B2 5 ad) 0.023
. F, 0.002
mgeg- DIn3 s ad) 0.067
. F, 0.001
miek- Dind 5 ad) 0.036
. F, 0.003
Mgk DINS s ad) 0.019
. F, 0.004
mgek- DING 5 ad) 0.015

Table 12.6: Spread of fit results when fluctuating the angular accep-
tance corrections inside their statistical uncertainties.

taken as systematic uncertainty. The decay time acceptance influences only I'y (20%
of the fit error) and AI'i(6% of the statistical error). In some of the mg-g- bins also the
phase difference o5, is slightly affected.

12.6 Bias of decay time

In Chapter([7]it was observed that the measured decay time is biased by about —0.004 ps.
This shift has not been taken into account in the decay time resolution model of the
maximum likelihood fit. A possible bias is evaluated by shifting the decay time of
each B candidate and repeating the maximum likelihood fit. The difference of the fit
results to the nominal results are shown in Table [12.§] for all physics parameters and
are assigned as systematic uncertainties.

The resulting systematic errors are for most of the parameters small compared to other
systematic uncertainties. For Al it corresponds to ~ 12% of the statistical uncertainty.
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parameter spread in fit result

¢s (rad) -
[cpl -

AT (ps™) 0.001

T (ps™) 0.001
AL -
|Aol* -
(5” (rad) -
0, (rad) -

. F, 0.001

mieg- DL ad) 0.002
. F, -

miek- DIN2 s ad) 0.003
. F, -

miek- BN 3 5 ad) 0.006
. F, -

k= DINd 5 Cad) 0.003
. F, -

MR- BInS 5 ad) 0.002

. F, 0.001

miek= PG 5 ad) 0.001

Table 12.7: Spread in fit results when fluctuating the decay time ac-
ceptance histograms inside their statistical errors.

12.7 Nuisance asymmetries

The measurement of the CP-violating phase ¢; in the interference of B? mixing and
decay relies on the measurement of an asymmetry between the B? and the B decay
rates. It can be affected by direct CP violation in decay, production asymmetry or tag-
ging asymmetry. Direct CP violation in decay is already modeled in the analysis by
fitting for |Acp.

Tagging asymmetries can be either due to a different mistag probability or due to a
different tagging efficiency for produced B? and B° mesons. The separate tagging cali-
bration parameters in the PDF already account for differences in the mistag probability.
Pseudo experiments are done to estimate the effect of production and tagging efficiency
asymmetries. The production asymmetry was measured at LHCb for Bg — JWK*° de-
cays and found to be A, = 0.010 + 0.013 [[76]. The tagging efficiency asymmetry is
estimated in the calibration of the taggers to be < 0.3% (see Section[6.3)). As a conser-
vative approach, a production asymmetry of 2% and a tagging efficiency asymmetry
of 0.6% is considered in the pseudo experiments:

1000 datasets are generated according to the PDFs used in the default fitting procedure
with the measured physics parameters as input. In the generation of these datasets
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144 12. Systematic uncertainties

parameter shift in fit result

¢s (rad) 0.003

|Acpl 0.002

AT (ps™) 0.002

I (ps7h) 0.0002

JALI? 0.002

Aol? 0.001

5|| (rad) 0.006

6, (rad) 0.046

. Fi 0.001

mgeg- Dl Cad) 0.038
. Fs -

miek- B2 5 ad) 0.015
. Fi -

mieg- Din3 s ad) 0.016
bin 4 Fs Ry

KK PIT s (rad) 0.003

. Fs 0.002

Mgk DINS s ad) 0.004
. F, -

mgeg- DING 5 ad) 0.017

Table 12.8: Absolute shift of fit result when changing the estimated
decay time of each candidate by —0.004 ps.

the production asymmetry is introduced. The datasets are fitted with the default fit-
ting conditions. The same procedure is repeated for the tagging efficiency asymmetry
in the generation of the events. The mean shift of the parameter results, relative to
the generated values, is given in Table[I2.9] Although the asymmetries in the pseudo
experiments are upper limits of the true asymmetries, the shifts are small for all param-
eters, compared to other systematic uncertainties. The quadratic sum of the shifts due
to production and tagging asymmetry is assigned as systematic error to the parameter
results.

12.8 Fitter bias

As discussed in Section 0.1] the maximum likelihood estimation is unbiased for a very
large number of events. This has not to be the case for the size of the data sample
available in this analysis. The bias in the fit procedure is determined by a set of 850
pseudo experiments. Datasets are generated according to the physics parameters mea-
sured in data with the same number of signal and background candidates. The datasets
are fitted with the default fitting procedure. Figure[I2.1and[I2.2]show the distributions
of the fitted central values overlaid with a fitted Gaussian function. For the parameters

144



12.8. FITTER BIAS 145

parameter shift as result of quadratic sum
prod.asym tag.asym

&, (rad) 0.002 0.003 0.004

\Acpl 0.001 0.001 0.001
ATy(ps™) . : :
Ty(ps™) . . .
AL - - -

Aol? 0.001 - 0.001

5| 0.005 0.011 0.012

o, 0.002 0.002 0.003
. Fs - - -

miek- B L5 0007 0.002 0.007

e bina Fs 0000 - 0.001

Sst - 0.002 0.002
. Fs - - -

miek=BIN3 50,004 0.007 0.008
. Fs - - -

miek- bind s 0016 0.005 0.017

e bins  E - 0.001 0.001

5.  0.005 0.004 0.006

T 0.001 0.001

5.  0.003 0.002 0.004

Table 12.9: Absolute shift of the physics parameters when introduc-
ing nuisance asymmetries in the generation of pseudo experiments and
neglecting them in the fit. A production asymmetry of 2% and a rela-
tive tagging efficiency of 0.6% was chosen. The last column shows the
quadratic sum of the measured biases.

that are fitted simultaneously in all six mg+ - intervals, the distribution of the fitted val-
ues are well described by the Gaussian function. For the separate S-wave parameters,
especially the phase ds ,, the distributions have large tails, reflecting the problems of
the likelihood fit with low statistics. The difference between fitted mean value of the
distributions and generated values is given in Table[I2.10|for all physics parameters. It
is assigned as systematic error to the measured results accounting for a fit bias due to
limited statistics.

For most of the parameters that are fitted simultaneously in all mg+x- bins the sys-
tematic error is negligible or even zero. The assigned error on |Acp| and ) are ~ 16%
and ~ 30% of the statistical uncertainties. For the S-wave parameters, especially in
the outer mg+g- bins with low statistics, the fit bias is one of the larger systematic
uncertainties.
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146 12. Systematic uncertainties

parameter fit bias
¢s (rad) -
|Acpl 0.005
Ars (PS_I) -
s (ps™) -
AL 0.001
Aol -
(5|| (rad) 0.045
0, (rad) -
. F 0.016
mieg- DL o ad) 0,114
. F -
Mmg+g- bin 2 55’_L (rad) )
. F -
miek-PIn3 s ad) 0,037
bin 4 Fs i
mg+g- 0ln (SS’L ( rad) _
. F 0.002
meek-BInS s ad) 0,022
F -

miek- DING 5 ad) 0,015

Table 12.10: Absolute bias of the parameter introduced by the maxi-
mum likelihood procedure due to the limited statistics of the available
data sample. The fit bias is determined as the mean shift of fit results
obtained from 850 pseudo-experiments.

12.9 C, coupling factor

The Cy, factors used in the maximum likelihood fit are calculated assuming a Breit-
Wigner amplitude of the P-wave component and a non-resonant amplitude of the S-
wave component (see Section[9.2). The S-wave component however can also be par-
tially due to a f(980) contribution which can be described by a Flatté-function. Table
[12.T1] shows the Cg, factors calculated for a Flatté shape according to Equation [2.56]
The fit is repeated with these coupling factors and the difference in the results, given
in Table [[2.12] are assigned as systematic errors.

Compared to other systematic uncertainties, the error due to the C, factors are negli-
gible. They are only different from zero for the strong phases ¢, ¢ and for the phase
difference d, , in the six mg-g- intervals.
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mg+g- bin (MeV)  Cy,
990 - 1008 0.949
1008 - 1016 0.950
1016 - 10020 0.922
1020 - 1024 0.926
1024 - 1032 0.960
1032 - 1050 0.973

Table 12.11: P- and S-wave coupling correction factors Cj, for the
six mg+g- intervals, assuming a Flatté S-wave shape and a Breit-Wigner
P-wave shape.

parameter shift in result
¢s (rad) -
|Acpl -
AT (ps™) :
Iy (ps™!) .
AP .
Aol .
5” (rad) 0.001
0, (rad) 0.003
. F, 0.002
mgeg- DL ad) 0.025
. Fs -
miek- B2 5 ad) 0.004
m bin 3 Fs N
KTk 5.1 (rad) 0.003
. F, -
miek- BInd s ad) 0.001
. F, :
MR- DINS s ad) 0.002
F;

miek= PG 5 ad) 0.005

Table 12.12: Absolute shift in the fit results when using C, coupling
factors calculated with a Flatté shape for the S-wave amplitude.

12.10 Momentum and z-scale

The B° decay time is, as shown in Equation determined from the flight distance d
and the momentum p of the B?. Uncertainties on Iy and AT arise from the accuracy
of the absolute scale of flight distance and momentum. The flight distance uncertainty
is determined by the z-position uncertainty of the VELO modules. It is estimated to be

147
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% < 0.1%. This leads directly to an uncertainty of 0.1% on I'; and AI's. The absolute
momentum scale is estimated to be %” < 0.15%. Both the B® momentum as well as the

B mass in Equation are affected by this. The uncertainty on I'y and AI'y is 0.02%
and thus negligible compared to other systematic errors.

12.11 Upper decay time acceptance

The upper decay time acceptance as discussed in Section [8.2.2]is not modeled in the
fit. The measured value of I’y is corrected afterwards by the factor § = (-8.26 +
4.0)1073 [67]. The uncertainty of 8 is fully assigned as systematic error on I';. All
other parameters are not affected by the upper decay time acceptance and thus no
systematic uncertainty is necessary.
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Figure 12.1:  Distributions of fit results for simultaneously fitted
physics parameters, obtained from 850 pseudo-experiments. The size
of the generated datasamples corresponds to the measured number of
signal and background candidates.
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12.12 Summary of systematic uncertainties and B? —
Jiy @ results

A summary of the systematic uncertainties evaluated in the last sections is given in the
Table for the parameters fitted simultaneously in all mg-g- bins and in the Tables
[12.14] [12.T5]for the S-wave parameters. The statistical uncertainties obtained from the
fit are shown for comparisons. Except for I and the polarisation amplitudes |A, |*> and
|Ao|?, the statistical uncertainties are dominant for all physics parameters. For the CP
violation parameters ¢ and |Acp| the main contribution to the systematic uncertainties
comes from the background modeling and the angular acceptance. The systematic
uncertainty of the lifetime parameters Al'y and I'y is dominated by the background
treatment and the correction for the upper decay time acceptance. The sensitivity of
the polarisation amplitudes is limited by the description of the angular acceptance in
the simulation. The largest systematic on the S-wave parameters is introduced by the
background description and the angular acceptances.

source s [cel AT T AL AP g 6L
(rad) (ps™)  (ps™h) (rad)  (rad)
stat. uncertainty 0.091 0030 0016 00048 0.009 0.006 *01% 0219
mass model 0.001 - - 0.0008 0001 0.001 0.006 0.003
background treatment 0007 0002 0003 00037 0003 0004 0031 0022

BS — JiWK*® background  0.007  0.001 0.001 0.0002 - - 0.001  0.010
angular acc. reweighting 0.006  0.013 0.001 0.0012  0.015 0.030 0.055 0.020

angular acc. statistics 0.007  0.006 - 0.0002  0.002 0.001 0.032 0.037
time acc. statistics - - 0.001 0.001 - - - -
decay time bias 0.003  0.002 0.002 0.0002  0.002 0.001 0.006 0.046
nuisance asym. 0.004  0.001 - - - 0.001  0.012  0.003
time acc. corr. 8 - - - 0.004 - - -

z + p scale - - - 0.0009 - - -

fit bias - 0.005 - - 0.001 - 0.045 -
Csp factor - - - - - - 0.001 0.003
quad. sum of syst. 0.014  0.016 0.004 0.0058  0.016 0.030 0.085 0.067

Table 12.13: Summary of systematic uncertainties for physics parame-
ters that are fitted simultaneously in all mg-g- intervals.

Figure[12.3|shows the measured phase values for the six bins of mg-+ - and the two
possible solutions, including the statistical uncertainties from the fit and the systematic
uncertainties evaluated in the last sections. The physically correct parameter set corre-
sponds to the decreasing trend of d,, . The measured physics parameter of the correct
solution are summarised in Table together with the statistical uncertainties from
the fit and the systematic uncertainties. The value of I';, determined in the maximum
likelihood fit, is corrected for the upper decay time acceptance by subtracting the -
factor as given in Section [8.2.2]

The measured values of ¢, and Al' are compatible with the Standard Model predictions
of ¢, = —0.0364 + 0.0016 rad [8] and AT’y = 0.087 + 0.021 ps~! [77].
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mg+g- bin 1 mg+g- bin 2 mg+g- bin 3
source Fy 05,1 ( rad) Fy Os,.( rad) Fy O, (rad)
stat. uncertainty R S i A S R .1
mass model 0.003 0.012 - 0.002 - 0.002
background treatment 0.027 0.113 0.002 0.020 0.001 0.024
Bg — JiK*® background - 0.002 0.002 0.029 - 0.004
angular acc. reweighting 0.014 0.048 0.008 0.068 0.003 0.135
angular acc. statistics 0.003 0.033 0.003 0.023 0.002 0.067
time acc. statistics 0.001 0.002 - 0.003 - 0.006
decay time bias 0.001 0.038 - 0.015 - 0.016
nuisance asym. - 0.007 0.001 0.002 - 0.008
time acc. corr. 8 - - - - - -

z + p scale - - - - - -

fit bias 0.016 0.114 - - - 0.037
Csp factor 0.002 0.025 - 0.004 - 0.003
quad. sum of syst. 0.035 0.177 0.010 0.082 0.004 0.158

Table 12.14: Summary of systematic uncertainties for S-wave parame-

ters fitted in the first three mg-x- intervals.

mg+g- bin 4 mg+g- bin 5 mg+g- bin 6
source Fq 05,1 (rad) Fy O, (rad) Fy O, (rad)
sat_ uncerainty e A A T
mass model - 0.003 - - 0.001 0.003
background treatment 0.001 0.024 0.004 0.004 0.006 0.013
Bg — JiK*® background  0.001 0.011 0.001 0.004 0.008 -
angular acc. reweighting 0.004 0.115 0.008 0.038 0.014 0.030
angular acc. statistics 0.001 0.036 0.003 0.019 0.004 0.015
time acc. statistics - 0.003 - 0.002 0.001 0.001
decay time bias - 0.003 0.002 0.004 - 0.017
nuisance asym. - 0.017 0.001 0.006 0.001 0.004
time acc. corr. 8 - - - - - -

Z + p scale - - - - - -

fit bias - - 0.002 0.022 - 0.015
Csp factor - 0.001 - 0.002 - 0.005
quad. sum of syst. 0.007 0.125 0.010 0.049 0.018 0.043

Table 12.15: Summary of systematic uncertainties for S-wave parame-

ters fitted in the last three mg-g- intervals.
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Figure 12.3: Measured values of ¢, as a function of mg-g-. The error
bars include statistical and systematic uncertainties.

parameter value stat. error syst. error

¢s(rad) 0.069 0.091 0.014
|[Acpl 0.944 0.030 0.016
Ali(ps™)  0.100 0.016 0.004
[(ps™h)  0.6643  0.0048 0.0058

AP 0249 0.009 0.016
AP 0521 0.006 0.030
S(rad)  3.308 0128 0.085

0,(rad)  3.069 0.219 0.067

Table 12.16: Central values and statistical and systematic uncertainties
for the physics parameters measured with B — Jiy¢ decays.
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CHAPTER 1

Combined fit to Bg) — Jiy¢ and
Bg) — Jn T

An additional approach of measuring the CP violating phase ¢; is using B® — Jiym*n~
events. This decay is a pure CP eigenstate and has the advantage that no angular
analysis is necessary to separate the CP components. Due to the lower branching ratio
the sensitivity on ¢; is smaller than with B® — Jjy¢ decays. In the following chapter
the results of a common fit will be presented, using the B — Jjiy¢ as well as the
B®— Jpyn*n~ data as input. The BY — Jjyn*n~ datasample and analysis techniques are
taken from a previous analysis, given in Reference [54]]. They will only be discussed
briefly here.

13.1 The B’ — Jin*n~ decay and dataset

The decay of B® — Jiy[— u*u~lx*n~ was firstly used to measure the CP-violating
phase ¢, at LHCb by requiring an intermediate f(980) resonance with f,(980) — n*n~
[78]. As the f;(980) resonance, and a possible non-resonant contribution, have zero
spin, the final state is a pure CP-odd eigenstate. By extending the invariant 7%~ mass
range to the interval 7%z~ € [775 MeV, 1550 MeV] more intermediate resonances with
different spin states can contribute to this final state. Figure [I3.1] shows the recon-
structed invariant 77~ mass of B — Jjyn*n~ decays. The large peak at 980 MeV is
from f,(980) — n*n~ decays. The full resonance substructure in the indicated 77~
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154 13. Combined fit to B — Jiy¢ and B — Jpymtn~

mass interval was resolved by a Dalitz plot analysis [26]. The contributing compo-

nents are given in Table The CP-odd fraction of BY — Jiyn*n~ decays in this
7w~ mass range was estimated to be > 97.7% at 95%CL [26].

800F-
700F-
600F-
500F-
400F-

Events /15 MeV

300F-
200F-
100F-
0 [ -
500 1000 1500 200
m(r) (MeV)

Figure 13.1:  Invariant 7*7~ mass distribution of selected B’ —
Jiynt ™ in a signal region of +20 MeV around the true B mass. The red
histogram represents the combinatorial background contribution. The
arrows indicate the considered [775 MeV, 1550 MeV] mg+g- mass in-
terval. The figure is taken from [79].

state fraction in n*n~ € [775MeV, 1550 MeV]
f0(980) (69.7 £2.3)%
fo(1370) 21.2+£2.7)%
non-resonant 8.4+1.5%
£(1270) (0.49 £0.16)%
Table 13.1: Normalised fractions of resonant and non-resonant

contributions to the B — Jpyn*n~ decay in the n*7~ mass range
[775MeV, 1550 MeV], [26].

13.1.1 Reconstruction of B — Jiyn*n~

The trigger requirement to select B — Jjyn*n~ candidates is based on the recon-
struction of a single muon or a di-muon pair in the event and on decay time related
quantities. The specific trigger lines are to large part identical to those used in the
B® — Jly¢ analysis. In the first stage of the software trigger, only candidates are se-
lected that pass either the HLT Iunbiased, HLTbiasedA or HLT1biasedB trigger lines.
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Their specific selection cuts are given in Table [5.1]

In the second stage of the software trigger, candidates are selected that pass the
HLT2biased line, described in Table Compared to the B — Jjy¢ trigger strat-
egy, two additional lines are used, requiring a reconstructed JA/ candidate in the event
with a minimum momentum.

The offline selection of B® — Jjyn*n~ decays follows the selection used in [78] opti-
mised for Bg — Jiy fo(980) decays. Some specific selections criteria are modified to
allow for a wider 77~ mass range. The detailed requirements can be found in Table

13.2

The J/i/ reconstruction

Two muon track candidates with a minimum track fit x2_, /ndf and a positive muon
probability Aln L, are combined to form a common Jj) vertex with a good vertex
quality, )(%tx/ ndf(JAY/). A minimum transverse momentum of the muon candidates is
required. The reconstructed invariant mass of the combined J// candidate has to be in
a narrow interval around the true Jj/ mass.

The 7* 7~ reconstruction

Two tracks with a good track fit y2_, /ndf are combined to a common vertex, requiring
a good vertex fit 2, /ndf(Jiy). The tracks have to have a larger probability to be
pions than kaons. A minimum sum of their transverse momentum pr is required. A
requirement on their minimum impact parameter y7, rejects tracks originating from
the primary proton-proton interaction. The invariant mass of the two pion candidates
is required to be in a given interval.

The B? reconstruction

The BY candidates are combined from the reconstructed J/ candidate and the com-
bined 7*x~ system. A good vertex fit 2, /ndf(B%) and a maximum y3,(B°) of the BY
candidate is required. In order to reject wrong combinations from the primary vertex
several selection requirements on decay time related quantities are applied: A mini-
mum flight distance as well as a minimum decay time of the BY candidate is required.
In addition, the B® candidate has to fulfill a requirement on the cosine of the pointing
angle Op, defined as the angle between the flight distance vector and the momentum
vector of the B. For correctly reconstructed B? candidates this angle has to be small.

13.1.2 Signal composition

After the selection a total number of 34942 B — Jjyn*n~ candidates remain. There
invariant mass distribution is plotted in Figure [I3.2] On top of a combinatorial back-
ground component a clear peak around the nominal B? mass is observed. The addi-

155



156 13. Combined fit to B® — Jjy¢ and B — Jpyn*n~

Decay mode Cut parameter Final selection
all tracks X /0AE <4
Jhr— utu Aln L, >0
min(pr(*), pr(-)) > 0.5GeV
X /MAE(Ip) <11
Im(u* =) — M(JW)| | € [3048.92, 3139.92] MeV
mtnT Aln Lk, > —10
(pr(#™) + pr(n7)) > 0.9GeV
m(m* ) € [775, 1550] MeV
X2 /ndf(n ) <10
)(IZP(n) >9
B> Jprtn™ m(B°) € [5200, 5550] MeV
X /ndf(BY) <5
Xip(BY) <25
flight distance(B?) > 1.5mm
cos 6p(BY) > 0.99993
t > 0.3ps

Table 13.2: Selection requirements for the B — Jiyn*n~ decay, taken
from [78]] and slightly modified.

tional structures at invariant masses below ~ 5300 MeV are due to several physical
background components passing the selection process [54]]:

e The peak at an invariant mass of 5280 MeV represents correctly reconstructed
B — Jjyn*n~ decays.

e The peaking structure around 5520 MeV results from wrongly reconstructed
B) — JWK*® decays where the kaon is misreconstructed as a pion. Due to
the lower mass hypothesis these candidates have a reconstructed invariant mass
smaller than the nominal B} mass.

e An additional small background component of wrongly reconstructed B? —
Jiym' with n” — py decays is found in a mass range from ~ 5200 MeV to about
~5400 MeV and is polluting the peak region of the B signal decays. The amount
of this background however is estimated to be very small relative to the signal
and combinatorial background component and is neglected in this analysis.

13.2 The B’ — Jiyn*n fit

In a first step, a separate fit is performed using only the B’ — Jyn*n~ data as input.
For simplicity only the sFit technique is used in this study. To reject the physics back-
ground contributions at lower B? masses, only B candidates with invariant mass in the
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Figure 13.2: Invariant Jiym* 7~ mass distribution of all selected events.
The BY signal peak is around 5370 MeV. The peak at ~ 5280 MeV
represents correctly reconstructed Bg — Jiyn*n~ decays, the peak at
~5520 MeV results from wrongly reconstructed Bg — JiWK* decays.

interval [5320 MeV, 5600 MeV] are used (in total 20832 candidates). In the following
the PDFs describing the B? — Jjyn*n~ decay rate as well as the results of this fit will
be discussed.

13.2.1 Signal description

The differential decay rate describing the B — Jjyn*n~ decay is much simpler than
the one for B — Jjy¢ as the final state is a pure CP-eigenstate. No separation be-
tween polarisation amplitudes is necessary. The physical observables are Apys =
{¢S’ AFS’ FS’ |/lCP|» Ams}

The PDF used in the sFit to describe the signal decay time distribution is given follow-

ing Equation by

s(t, we, gI1A) ® R(t, 0| Anuis)

Si(t, o we, gld) = - -, (13.1)
[ @) - 5(1, we, q1d) ® R(t, 07| Apis )t
with s(¢, we, gld) given by
s(t, we. ql) = ———F Py (tldonys) + ——— Pyy(tldys) . (13.2)

The differential decay rates of initially produced B? and B® mesons in CP eigenstates

> 0 BY— . . .
are Ppo(t|dphys) = W and ng(tlzphys) = w, as introduced in Equation[2.44
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158 13. Combined fit to B® — Jjy¢ and B — Jpyn*n~

and[2.45| The tagging decision ¢ and tagging dilution b)tag =(- 2(c3tag) are defined as
for the BY — Jly¢ fit. The same tagging strategy is used separating the sample in three
categories: OST only, SST only and OST+SST tagged events. The tagging calibration
parameters are varied with Gaussian constraints in the fit and are given in Table [6.1]

The event-dependent decay time resolution model is parameterised by a sum of
three Gaussian functions as

3
R(t =1, 0ldis) = ) G =1, 0000 1) (13.3)
i=1
with three absolute fractions f;, mean u and scaling factors s, ; of the estimated decay
time uncertainty. The parameters of the resolution model are determined using prompt
Jiy decays produced in the primary interaction [54]. They are fixed in the fit to the
central values given in Table[13.3]

parameter value in fit

u(ps) 0.0
f 0.818
5 0.177
£ 0.005

Sout 1.2951
S 2.601
S 3 13.61

Table 13.3: Parameter values used to the describe the decay time res-
olution in the maximum likelihood fit for B® — Jiyn*x~ candidates.

The decay time acceptance £(f) is determined with the kinematic similar decay
channel B} — JiyK*°. The B} — JiyK*® candidates are selected following the same
trigger and selection requirements as for B> — Jiyn*n~. The precise world average
value of the Bg lifetime, 74 = 1.525 + 0.009 ps, [9] allows to extract the decay time
acceptance from a fit to the decay time distribution of Bg — JiWK*° signal candidates.
The decay time is parameterised with a single exponential function with fixed 74 mul-
tiplied by an acceptance function

oty = 1= 1]

1 + [a(t — t)]"
The extracted acceptance parameter values are a = 1.91, n = 1.84 and 7y = 0.135. The
above parameterisation of the decay time acceptance &(f) would result in a complicated
normalisation of the signal PDF in the maximum likelihood fit for ¢s. Therefore &(¢)
will be represented by a histogram in the B — Jjyn*x~ fit instead of using the ana-
lytical description in Equation[I3.4] The corresponding histogram is shown in Figure

13.3

(13.4)
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Figure 13.3: Decay time acceptance for B — Jiyn*n~ decays. The
histogram is obtained from the parameterisation given in Equation|(13.4

13.2.2 Results of B — Jpntn~ fit

The maximum likelihood is performed using in total 20832 BY — Jiyn*n~ candidates
in the invariant B‘S) mass interval of [5320 MeV, 5600 MeV]. The sWeight for the sta-
tistical subtraction of the background component in the sFit technique are determined
by a fit of the B? mass distribution. The signal component is modeled with a double
Gaussian function and the background component with an exponential function. The
exact parameterisations were introduced in Equations and The B® mass
distribution, overlaid with the fitted PDF, is shown in Figure [I3.4] The data is well
described by the fitted function.

In the time-dependent maximum likelihood fit for ¢, additional constraints on I’
and AI'; are necessary: For small values of ¢, (exact for ¢; = 0), the differential decay
rate for CP-odd eigenstates consists mainly of terms that are proportional to

It | ALyt

e At o g7THE (13.5)

The B° — Jjyn*n~ decay is therefore effectively only sensitive to I'; and a determina-
tion of both AI' and I’ is not possible. To account for this I'; and ATy are constrained
in the fit to the central values and uncertainties derived from the B® — Jj/¢ fit in the
previous chapter. A two-dimensional constraint is applied to propagate also their cor-
relations to the fit.

The resulting central values and fit uncertainties of the physics parameters from
B — Jjyntn~ decays are given in Table m The quoted uncertainties contain a
statistical component as well as components from the tagging calibration and the un-
certainties of Al's, I'y, and Am,. The parameter values are compatible with the results
obtained in [54]] and with the results from the B? — JW¢ fit. The background subtracted
decay time distribution is plotted in Figure [I3.5| with the fitted PDF.
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Figure 13.4: Mass distributions of B — Jiyn*n~ candidates in
[5320MeV, 5600 MeV], overlaid with the fitted PDF used to determine

the sWeights.
parameter fit results
¢ rad] —0.008 + 0.154
| Adcpl 0.856 +0.110

AT [ps'1x  0.111£0.011
Tips~'1% 0.6617 +0.0039
Am[ps~']* 17.630+0.111

Table 13.4: Central values and fit uncertainties of the physics param-
eters extracted from selected BY — Jpyn*n~ candidates using the sFit
technique. Parameters marked with % are constrained in the fit to the
results of external measurements.

13.3 Combined fit of B — Jiy¢ and B — Jjyn*n~

A simultaneous maximum likelihood fit is performed using both B® — Jjy¢ and
BY — Jiyntn~ candidates. A joint likelihood function is minimised with common
parameters ¢, |Acpl, Als, I's, Amg and the tagging calibration parameters. The fitting
conditions for the BY — Jjiy¢ sample are identical to those used for the results in Chap-
ter[11]} This especially means separate S-wave parameters in six intervals of the K*K~
mass. For the BY — Jjyn*n~ sample, the fitting conditions were discussed in the previ-
ous section. Due to the simultaneous fit with B® — Jj/¢ candidates there is no need to
constrain Al' and I'.

The results of the physics parameters from the simultaneous fit are given in Table[13.5]
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Figure 13.5: Decay time distributions of B® — Jiyn*n~ candidates,
overlaid with the fitted PDF from the sFit technique.

They are in agreement with the results from the individual fits. The fit uncertainties
on the parameters decrease as expected with the additional statistics. The correlation
matrix of the physics parameters is given in Table Especially the correlation be-
tween Al and T is smaller compared to the fit using B — Jjy¢ decays due to the
additional information from B — Jin* 7~ on the decay width ['y of the CP-odd com-
ponent. The systematic errors of this measurement are dominated by the systematic
uncertainties determined in the analysis of B® — Jjy¢ decays. They are fully assigned
as errors to the values from the combined fit.

parameter fit results stat. error syst. error
o[ rad] 0.043 0.076 0.014

| Acpl 0940  0.030 0.016
AT[ps'] 0109  0.011 0.004
Ifps] 0.6604 00039  0.0058
A, 0.245 0.007 0.016
Aol 0524  0.005 0.030
5[ rad] 332 0.154 0.085
5.[rad]  3.05 0.210 0.067

Table 13.5: Central values and statistical uncertainties of the physics
parameters determined from a combined fit to B — Ji/¢ and B? —
Jiyn*n~ candidates. The S-wave parameters are not listed here. The
systematic uncertainties are taken from the B — Jji/¢ analysis.
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I_‘s AI_‘s |/1CP| ¢s |AO|2 |AJ_|2 5|| 5J_
Iy, 1.00 0.06 0.03 002 001 0.10 -0.08 -0.03

AT, 1.00 001 - 048 -051 - 00l
Acpl 1.00 0.05 003 -0.05 0.05 -0.04
&, 1.00 -001 004 -0.02 023
Aol 1.00 -042 -0.05 -0.03
AP 1.00 -033 -0.11
5 1.00  -0.22
5. 1.00

Table 13.6: Parameter correlations in the simultaneous fit of B® — Jjy¢
and B — Jiyn*n~ decays. Correlations larger than 0.5 are highlighted.

13.4 Interpretation of results

The presented measurement of ¢ and Al is the most precise determination of these
quantities up to now. Figure [13.6] shows the current experimental status of ¢, and
Al'g in a two-dimensional plane. The most recent results from CDF, DO, ATLAS and
LHCb are combined to a common two-dimensional confidence interval. The result
presented in this thesis can roughly be compared with the preliminary LHCb measure-
ment [80]. Both measurements use the same 1 fb~! data sample but the precision of the
presented analysis is slightly better due to improved trigger strategies and systematic
uncertainties. For comparison the ¢, result of the LHCb measurement using B — Jiy¢
decays is ¢, = —0.001 + 0.101 + 0.017 rad and combined with B® — Jiyn*n~ decays
¢s = —0.002 + 0.083 + 0.027 rad. The combined confidence interval of all single mea-
surements in Figure [13.6)is well compatible with the Standard Model predictions for
¢s and AT.

The precise measurement of ¢ puts also new constraints on possible physics contri-
butions beyond the Standard Model. Figure [I3.7] shows the impact of the recent ¢
measurements on the model independent New Physics parameter A, introduced in
Section [2.5] After the solution of the ¢,-Al'y ambiguity, the 68% confidence interval
of A, is reduced from two (Figure [2.9)) to only one area, which is very well compatible
with the Standard Model prediction JA, = 0, 'RA, = 1. Although the possible values
for Ay are significantly reduced by the ¢; measurement, there is still room for New
Physics contributions.
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Figure 13.6: Current experimental status of ¢, and AI';. The 68%
confidence contours are shown for measurements of DO [36], LHCb
[80], CDF [81], ATLAS [82], and for a combination of them (grey).
The black bar indicates the Standard Model expectation. The figure is

taken from [83]].
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Figure 13.7: Constraints on the model independent New Physics pa-
rameter A;. Results from ¢, Al's, 7, and the semileptonic CP asym-
metry are used. The blue area shows the constraints from ¢, measure-
ments. The red region indicates the combined 68% confidence contour.
The figure is taken from [18]].
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CHAPTER 1 I

Summary and Outlook

This thesis presented a measurement of the CP-violating phase ¢, arising in the in-
terference of B’-B° mixing and decay amplitudes. Within the Standard Model, ¢, is
precisely predicted. It is an excellent observable to search for contributions of New
Physics beyond the Standard Model. The measurement is performed using the decay
channels B — Jjy¢, reconstructed and selected at the LHCb experiment. The analysis
principle relies on a maximum likelihood estimation, fitting the theoretical differential
decay rates of the B® — Jjy¢ decay to the experimentally measured decay time and
angular distributions.

Using the data taken in the full 2011 running period of the LHC with an recorded in-
tegrated luminosity of £ ~ 1.0fb™! a set of ~ 28000 B — Jjiy¢ signal candidates is
selected. The background pollution of the sample is small (~ 20% in the B® signal
region).

For the flavour tagging to determine the BY production flavour, two different types of
tagging algorithms are used, exploiting the properties of the signal B? decay or the
properties of the second produced B-hadron in the event. Combining all informations
of the tagging algorithms the tagging efliciency is &,, = 39.4% and the mistag prob-
ability wy, = 35.9%. The overall tagging power is determined to be g.5 = 3.13%
representing the statistical reduction of the data sample due to imperfect determination
of the BY production flavour.

The decay time resolution determines the capability of resolving the fast B? oscillation.
It is measured using B? background candidates reconstructed from Jj produced in the
primary pp-interaction, combined with two additional random tracks. The effective
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average decay time resolution is determined to be oV =~ 46 fs.

The detector acceptances influencing the measured angular distributions are deter-
mined with simulated events and investigated in detail. The acceptance distortions
are caused by the geometry of the detector and implicit momentum cuts in recon-
struction and selection of the BY — Jjy¢ candidates. Differences in related kinematic
distributions of measured and simulated candidates are observed and used to estimate
uncertainties in the measurement of the physics parameters. The acceptance losses for
the decay time distributions are mainly caused by requirements in the software trigger
and are determined using a lifetime-unbiased sample of B® — Jjiy¢ candidates.

The technical implementation of the maximum likelihood estimation is tested with
high statistics pseudo-experiments and on a large simulated BY — Jf/¢ event sample.
Two different fitting techniques are used to determine the physics observables from
the decay time and angular distributions of selected B® — Jj¢ decays, taking into
account the tagging performance, the decay time resolution and the acceptance correc-
tions. Separate S-wave parameters for different K* K~ mass regions allow to resolve
the twofold ambiguity in the differential decay rate. The measured results for the B%-B°
mixing parameters using B° — Jjy¢ decays are:

s = 0.069 + 0.091 (stat.) = 0.014 (syst.)rad,
Al'y = 0.100 £ 0.016 (stat.) + 0.004 (syst.) ps_1 ,
I, = 0.6643 + 0.0048 (stat.) + 0.0058 (syst.)ps ™!,

where the first uncertainty is statistical and the second systematic. The measured val-
ues are in agreement with the prediction from the Standard Model for the CP-violating
phase 23, = 0.0364+0.0016 rad [8] the decay width difference AT’y = 0.087+0.021 ps~!
[7'7]. No evidence for new physics affecting the B(S)—E(s) mixing phase is found.

In addition a measurement of the B? mixing parameters is made combining the infor-
mation of B — Jiy¢ and B® — Jpyn*n~ datasets. The increase in statistical power
leads to the results

¢s = 0.043 £ 0.076 (stat.) + 0.014 (syst.)rad,
AT’y = 0.109 + 0.011 (stat.) + 0.004 (syst.) ps~",
T, = 0.6604 + 0.0039 (stat.) + 0.0058 (syst.) ps ™" .

It is the most precise determination of these quantities up to know. Especially for the
CP-violating phase ¢, the limiting factor in precision is the available statistics.

In the near future the statistical precision will be improved by analysing the LHCb
dataset collected in 2012 with an integrated luminosity of 2.2 fb~!. Extrapolating the
number of selected B — Jjy¢ and B® — Jpyrn*n~ signal candidates in the analysed
1.0fb™! dataset to the combined 3.2 fb~! dataset (2011 + 2012), without taking into
possible improvements in selection and trigger efficiency, the expected statistical un-
certainty of ¢ is ~ 0.04 rad.

With the planned upgrade of the LHCb detector [84] and the expected integrated lu-
minosity of £ ~ 50fb~! the statistical precision of ¢, is extrapolated to be ~ 0.007 rad
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[83]. The already very small systematic uncertainties are currently dominated by the
background description and the angular acceptances. With more data available and
intensive studies, they are expected to decrease further.

When achieving this precision it will be important to understand the contribution of
the suppressed Standard Model penguin diagrams to the BY — Jiy¢ decay amplitude
(see figure [2.5). They contribute to the measured value of ¢ and could be misinter-
preted as New Physics effects. A reliable theoretical prediction of the effect on ¢ is not
possible, effects of up to ~ —0.1 rad can not be excluded [27]. The contribution of the
penguin amplitudes can, however, be experimentally measured by exploiting flavour
SU(3) symmetry of the strong interaction and analysing the decay B" — JiyK*°, where
the penguin diagrams are not suppressed compared to the tree-level process. A first
analysis of B — JiK*® decays was already performed at LHCb [86]. Studies for the
decay Bg — JHWK?, that is topological similar to B® — Jjy¢, showed that effects in the
order of ~—0.01rad are realistic [87].

In summary, the aspired precision of ¢ will allow to either measure a significant devia-
tion from the Standard Model prediction or put very strong constraints on New Physics
scenarios.

167



168 14. Summary and Outlook

168



List of Figures

P

Unitarity triangle, corresponding to Equation [2.7] with side lengths

normalised to V4 V7, . The figure 1s taken from [17]| . . . . . ... ..

o)

Current experimental status of the unitarity triangles defined 1n equa-

tions|2./|and [2.9] The single measurements limit the apex of the trian-

gles to 95% confidence ntervals indicated by the red dashed regions.

Both figures are taken from [I8]].| . . . . . .. ... ... 0L,

2.3

Leading-order diagrams contributing to Bq—Eq mixing (shown for B’

mesons). The figure is taken from [22]] . . ... ... ... .. ...

!

[llustration of the interfering amplitudes (red and blue) contributing to

CP violation 1n interference of decay and mixing.| . . . . . . ... ..

B3

Diagrams contributing to the decay of a BY meson to the JiA/K* K~ and
Jiyn* ™ final states. Left: tree diagram, right: penguin diagram. The

figure 1s taken from [22]].| . . . . . . ... o oo

2.6

Definition of transversity angle basis. The figure 1s taken from [22].| .

26
28

n.7

Definition of helicity angle basis used to separate the CP eigenstates of

the B" — Jjy¢ decay. The figure is taken from [22]]] . . . . . ... ..

28

R3

[lustration of the three polarisation amplitudes of the BY — Jiy¢ de-

cay. Ao(t) corresponds to the longitudinal polarisation of the Ji/ and

¢ mesons, A;(z) and A, (¢) to a parallel and perpendicular transverse

polarisation.| . . . . . .. ... Lo

29

Constraints on New Physics in B%-B? mixing. The blue areas are con-

straints from measurements of ¢, with BY — Jiy¢ decays. The red

areas show the 68% confidence level region of A,. The figure 1s taken

from [I8].| . . . . . . . o

169

33



170

LIST OF FIGURES

.10

Experimental status of ¢, and the decay width difference in the B sys-

tem, Al';, in spring 2012. Shown are results from CDF [35]], DO [36]

and LHCb [37/]. The shaded region 1s the combined 68% confidence

level contour. The figure 1s taken from [38].| . . . . ... .. ... ..

31

Schematic overview of the LHC accelerator ring and the location of the

four particle detectors ATLAS, CMS, ALICE and LHCb. The figure 1s

from[40]] . . . .. ...

3.2

Feynman diagrams of the dominant bb production processes in pp in-

teractions at the LHC. The figure 1s from [42]. . . . . . . . ... ..

Simulated two-dimensional polar angle distribution of produced bb

pairs. Both b and b quark are either produced in forward or in back-

ward direction. The red region marks the LHCb acceptance. The figure

1s taken from [44].). . . . . . . ..o

38

B4

Layout of the LHCb detector showing the Vertex Locator, the two

Cherenkov detectors (RICH1, RICH?2), the Tracker Turicensis (11),

the tracking stations (T'1-T3), the scintillating pad detector (SPD) and

preshower detector (PS), the electromagnetic (ECAL) and hadronic

(HCAL) calorimeters and the five muon stations (M1-M5). The fig-

ure1s from [45].|. . . . . ...

39

33

Field map of the LHCD dipole magnet. The polarity of the magnetic

field can be switched from positive to negative. The figure 1s taken

from [450]. . . . . . ..

40

3.6

Cross section of the Vertex Locator (Velo) in (x-z) plane showing the

21 stations with r- and ¢-sensors. The pileup stations are only used in

the trigger. The figure 1s from [45].| . . . . . .. ... .. .. ... ..

41

3.7

[llustration of the r- and ¢-sensors of the VelLo modules. The figure 1s

from [450]. . . . . . .

41

B3

Layout of different TT detection layers. The different colors corre-

sponds to different readout sectors. The readout electronics 1s mounted

at the ends of the layer. The figures are taken from [46].|. . . . . . . .

42

B0

Front view of an Inner Tracker x-layer (station 2) indicating four differ-

ent detector boxes. The dark blue regions mark the readout electronics.

The figure1s from [46]].| . . . . . . ... ... Lo o oL

42

3.10

Outer Tracker layout: (a) front-view of an OT station, the inner (or-

ange) part 1s the I'T. (b) Cross section of an OT module and straw tubes.

Figuresare from [45].|. . . . . . . ... ... o L.

43

(3.11

Schematic layout of the ring imaging Cherenkov detectors: (a) Side

view of RICHI. (b) Top view of RICH2. The figures are from [45].|

B.12

45

Schematic overview of the HCAL cell structure. The figure is from [45].| 46

313

Layout of the muon detectors: (a) side view of the five muon stations.

(b) front view of a muon station with different granularity. The figures

arefrom [45]].] . . . . . ...

170

47



LIST OF FIGURES

171

[3.14 Flow diagram of the trigger steps at LHCb. The interaction rate of

40 MHz 1s reduced by the Level-0 (L0) and the two High Level Trigger

(HLTT, HLT?2) to 3 kHz event rate that 1s written on storage.| . . . . .

5.1

Graphical visualisation of a reconstructed BY — Jfy¢ decay. The BY

meson 1s produced 1n the pp primary interaction vertex (PV) and de-

cays after a few cm flight distance at the secondary decay vertex (SV).

The reconstructed tracks of the kaons (purple) and muons (green) are

used to determine the Ji/ (black) and ¢ (red) flight direction. The fig-

ure 1s taken from [S5].| . . . . . . ... o oo

5.2

Reconstructed B mass distribution of all selected BY — Ji/¢ candi-

dates, fitted with a double Gaussian function to describe the signal

component (blue) and a linear function to describe the background

component (red).| . . . . ... ... ... o

5.3

Decay time and angular distributions of selected BY decays with an

invariant mass in the signal window [5320 MeV, 5420 MeV | for back-

ground subtracted data and simulation.|. . . . ... ... 0000 L.

5.4

Decay time and angular distributions for B — Jjy¢ background can-

didates of the upper BY mass sideband ([5420 MeV, 5550 MeV]) and

lower BY mass sidebands ([5200 MeV,5320MeV]).| . . . . .. .. ..

55

Reconstructed Jf and ¢ mass distributions of selected BY — Jiy¢ can-

didates. The fitted signal components are given 1n blue, the fitted back-

ground componentsinred.| . . . . ... ... ... L.,

5.6

Reconstructed By mass distribution of wrongly reconstructed, simu-

lated Bg — JiyK* background candidates.| . . . . .. ... ... ...

Decay time and angular distributions of wrongly reconstructed, simu-

lated B, — J/y K™ background candidates. . . . . ... .. ... ...

6.1

Schematic overview of tagging algorithms at LHCb. 'Two main types

are visible: opposite-side taggers (OST) and same-side tagger (SST).

The figure 1s taken from [62] and slightly modified.| . . . . . . . . ..

6.2

Normalised distributions of true tagging dilution Dy,, for BY — Jly¢

sideband subtracted signal and background candidates from the three

tagging categories OST only, SST only and OST+SST tagged.| . . . .

i

Estimated decay time uncertainty o of selected B} — Ji/¢ signal and

background candidates.| . . . . . .. .. ..o Lo

72

Decay time distribution for selected B — Jji/¢ candidates without

applying decay time related cuts 1n selection or trigger. The large peak

at t = O represents background candidates reconstructed from prompt

T T

73

Distribution of true decay time resolution oz divided by estimated de-

cay time uncertainty o of simulated BY — Jj/¢ signal candidates and

stimulated prompt background candidates containing a true Jiy.| . . . .

171

77



172 LIST OF FIGURES

[7.4 TInvariant Jiy mass distribution of selected B — J/iy¢ candidates. The |
| distribution 1s fitted by a Crystal-Ball function for the signal compo- |
| nent (blue) and a linear function for the background component (red).| 79

[7.5 Decay time distribution of background candidates containing a true |

| Jiy, overlaid with a fitted function to extract the time resolution (Equa- |
| tion[7.12)) . . . . .. 80

[8.1 ‘Two-dimensional correlation plots of the helicity angles for simulated |
| B> Jipgdecays|. . . .. ... 84
[8.2  One-dimensional projections of the three-dimensional angular accep-
| tance histogram, determined with simulated B) — Jj/¢ events accord-

| ing to Equation|8.2| . . . .. ... Lo 85
[8.3  Angular acceptance projections of generator level events (red) com- |
| pared to fully simulated events after the full selection (black).. . . . . 86

[8.4  Angular acceptance projections of generator level events with polar an- |
| gle cut (red) compared to fully simulated events after the full selection |

| (black)] . . . . . 87
[8.5 Momentum distributions of kaons from generator level events (red) |
| compared to fully simulated events after the full selection (black).| . . 88

[8.6  Angular acceptance projections of weighted generator level events with |
| polar angle cut (red) compared to fully simulated events after the full |
| selection (black).| . . . .. . ... ... 88

[8.7 Polar angle and momentum distributions for muons and kaons from
| measured (black) and simulated (yellow) B — J/y¢ decays. The data
| 1s background subtracted.| . . . . . .. ..o oo 89

[8.8  Angular acceptance projections of fully simulated events after reweight- |
| ing the momentum distributions of kaons (p(K)), the momentum distri- |
| butions of muons (p(u)), the polar angle distributions of kaons (O(K)) |
| and the polar angle distribution of muons (®(u)) to match the distribu- |
| tionsindatal. . . .. ... oL 90

[8.9  Correlation of cos 6y and momentum p for positively (left) and nega- |
| tively (right) charged kaons from simulated selected BY — Jiy¢ decays.| 90

[8.10 Decay time acceptance for the (a) HLT1-unbiased and (b) HLT'1-biased |

| event sample. The x-axis 1s shown 1n a logarithmic scale.| . . . . . . . 93
[8.11 Decay time acceptance for the (a) HLT1-unbiased and (b) HLT1-biased |
| simulated event sample. The x-axis 1s shown 1n a logarithmic scale| . 94

[3.12 Ratio of selected to generated B — Jiy¢ signal candidates as a func- |
| tion of the decay time. The linear acceptance drop 1s parameterised |
| with a function e(f) occ (1 +467). . . . . . . . .. ... ... 95

9.1  Decay time distribution of background candidates from (a) the two |
| differently triggered subsamples and (b) of all background candidates, |
| overlaid with the fitted PDF (Equation[9.25).|. . . . .. ... ... .. 106

172



LIST OF FIGURES

173

9.2 Two-dimensional helicity angle distributions for selected BY background

candidates in the B) mass sidebands [5205 MeV, 5325 MeV] and [5400 MeV,

3520MeVI]. . . . .

108

03

Pull-distributions of physics parameters obtained from 700 pseudo-

experiments with 100000 generated events each.|. . . . . . . ... ..

111

04

One-dimensional fit projections of classical maximum likelihood fit to

fully simulated BY — Jiy¢ signal decays,. . . . . . ... ... ....

112

[10.1

BY mass distribution overlaid with the fitted mass PDF from the sFit

technique. The plotted range is restricted to [5320 MeV, 5420 MeV],| .

114

[10.2

Decay time and angular distributions of background subtracted B sig-

nal candidates, overlaid with the fitted PDF from the sFit technique.| .

118

0.3

Distributions of fit errors of all physics parameters, obtained from 950

pseudo experiments. Each generated dataset contains 37361 events,

corresponding to the number of selected BY — Jjiy¢ candidates in data.

104

Likelithood ratio —2A In L of the physics parameters, as a function of

the paramter value.| . . . . . . ... ... o oL L

M1

Phase dependence of Breit-Wigner amplitude g(mg-+x-) and flat ampli-

tude v(mg+x-)onthe K"K mass. | . . . ... ... ... .......

12

BY mass distribution of selected B — Jiy¢ candidates in a K*K~

mass interval [990 MeV, 1050 MeV]. The distribution 1s fitted with

two Gaussian functions, describing the signal component and a linear

function, describing the background component.|. . . . . . . . . . ..

13

K*K~ mass distribution for all selected BY candidates with 30 MeV

Mmyg+xg-masswindow.| . . . . . . . ... L Lo

14

Two-dimensional helicity angle distributions of BY — Jj¢ background

candidates in the BY mass sidebands [5205 MeV, 5325 MeV] and [5400 MeV,

520MeVI| . .o

128

15

Decay time and angular distributions of B — Jj¢ background candi-

dates for different my-x- 1ntervals.| . . . . . . . .. ... ...

129

1.6

Likelithood ratio scans of the phase difference o5, and the S-wave frac-

tion F for the six mg+x- Intervals.| . . . . . . .. ... ... .. ...

17

Decay time and angular distributions of background subtracted B —

Jip ¢ signal candidates, overlaid with the fitted PDF from the sFit tech-

NIGUE., . . . v o ot e e e e e e e e e e e e e e e e

1.8

Measured K™K~ mass trend of the phase difference of P-wave and S-

wave amplitudes, 0, = 05 — 0., for the two possible solutions of the

differential B — Jiy¢ decay rate. The error bars include only the




174

LIST OF FIGURES

MT.9

‘Two-dimensional ¢-Al's confidence intervals determined from a like-

Iithood ratio scan using the sFit technique. The black point shows the

Standard Model expectation.| . . . . . . ... ..o oL,

2.1

Distributions of fit results for simultaneously fitted physics parame-

ters, obtained from 850 pseudo-experiments. The size of the generated

datasamples corresponds to the measured number of signal and back-

ground candidates.| . . . . .. ... Lo o

M2

Distributions of fit results for S-wave parameters, obtained from 850

pseudo-experiments. The size of the generated datasamples corre-

sponds to the measured number of signal and background candidates.|

M3

Measured values of o, ; as a function of mg+x-. The error bars include

statistical and systematic uncertainties.| . . . . . . . . ... ... ...

31

Invariant 7%~ mass distribution of selected B — Ji/m*n~ in a signal

region of +20 MeV around the true BY mass. The red histogram repre-

sents the combinatorial background contribution. The arrows indicate

the considered [775 MeV, 1550 MeV ] mg+ k- mass interval. The figure

1s taken from [79]].|. . . . . . . .. oo

154

32

Invariant Jyn* 7~ mass distribution of all selected events. The B’ sig-

nal peak 1s around 5370 MeV. The peak at ~ 5280 MeV represents

correctly reconstructed B) — Jiyn*n~ decays, the peak at ~5520 MeV

results from wrongly reconstructed B; — JA/K* decays.| . . . . . ..

33

Decay time acceptance for B, — Jiyn*n~ decays. The histogram is

obtained from the parameterisation given in Equation|(13.4}| . . . . . .

159

134

Mass distributions of BY — Jjiyn*n~ candidates in [5320 MeV, 5600 MeV],

overlaid with the fitted PDF used to determine the sWeights.| . . . . .

160

M35

Decay time distributions of BY — Jiyn*n~ candidates, overlaid with

the fitted PDF from the sFit techmique.| . . . . . . . . ... ... ...

161

M3.6

Current experimental status of ¢, and Al';. The 68% confidence con-

tours are shown for measurements of DO [36/], LHCb [80], CDF [81], |

ATLAS [82], and for a combination of them (grey). The black bar

indicates the Standard Model expectation. The figure 1s taken from [83]].|163

M3.7

Constraints on the model independent New Physics parameter A;. Re-

sults from ¢, Al'y, 7, and the semileptonic CP asymmetry are used.

The blue area shows the constraints from ¢, measurements. The red

region indicates the combined 68% confidence contour. The figure 1s

takenfrom [U&)]] . . . . . ... .. .. o

(lof)

174

163



List of Tables

2.1 Fermions 1n the Standard Model, grouped 1n three generations. The |
| mass values are taken from [9].| . . . . . . . .. ... L. 15

2.3 Definition of angular-dependent functions f; in the differential BY — |
Jiy ¢ decay rate, Equation [2.48] for helicity angles (f.(6,, 6k, ¢n)) and |

for transversity angles (fi(6, ¢, ) 21, [30]] . . ... ... ... .. 30
2.4  Definition of the time-dependent functions /(?) in the differential B — |
| Jiyp decay rate, Equation[2.48[ . . . . ... ..o 30

[2.5 Definition of angular-dependent functions f;, that are related to the
| S-wave amplitudes in the differential BY — Jiy¢ decay rate, Equa-
tion [2.51] They are given for helicity angles (f(6,, 6k, ¢n)) and for |
transversity angles (/x(0, %, ), [30L I310] . . . . . . .. . ... ... 31
[2.6  Definition of the time-dependent functions /,(¢) that are related to the
| S-wave amplitudes in the differential BY — Ji/¢ decay rate, Equation

— ¥ 11 31
3.1 Decay parameter values used in the generation of the simulated BY — |
| JWgeventsample| . . .. ..o 50
I5.1 Selection requirements of the HLT1 trigger lines used in the B — Jiy¢ |
[ selection] . ........ ... ... .. ... .. ... 56
5.2 Selection requirements of the HLT?2 trigger line used in the BY — Jiy¢ |
[ selection] . ........ ... ... .. ... .. ... .. 56
5.3 Preselection (stripping) and selection requirements for the BY — Jiy¢ |
[ decay, taken from [S6]and [SO.| . . . . . .. ... .. ... ... 58

175



176

LIST OF TABLES

6.1

Calibration parameters for the three tagging categories OST only, SST

only and OST+S5ST tagged relating the calibrated mistag probabilities

to the true mistag probability for each BY candidate. The uncertainties

are statistical and systematic combmed [22]].f. . . . . . ... ... .. 70
[6.2  Tagging efliciency &,,, average tagging dilution D,, and tagging power
&err Of the selected BY signal candidates in the three tagging categories
\ an + tagge oo 71
7.1 Results of fit to & distribution of simulated B} — Jfy¢ signal candi- |
dates and background candidates containing a prompt Jiy.| . . . . . . 77
[7.2 Results of fit to decay time distribution of B? background candidates |
containing a true Jiy, using Equation(/.12{ . . . . . .. .. ... ... 81
[9.1  Normalisation weights &; calculated according to Equation [9.21] and |
calculated using the three dimensional acceptance histogram (last col- |
umn). Both methods agree very well.|. . . . . . .. .. ... ... .. 105
9.2 Results from fit to decay time distribution of BY background candidates |
using the function defined in Equation9.25}} . . . . . ... .. .. .. 107
[0.37 Physics and nuisance parameters in the classical fitting technique 109
[9.4  Mean of fitted parameter value distribution of 700 pseudo-experiments |
with 200000 events each, compared to the values used in the generation |
| oftheevents] . . .. .. ... ... ... 110
[9.5 Parameter values obtained from a fit to fully simulated B — Ji/¢ |

events. The fit was done separately for the HL.T1-unbiased, the HLT'1-

biased subsample and the sum of both. The result 1s compared to the

parameter values used 1n the generation of the simulated event sample.| 112

[10.1 BY mass parameters and signal fractions obtained from the classical fit

and the sFit technique.| . . . . ... .. ... ... ... ... ..

114

[10.2 Central values and fit uncertainties of the physics parameters extracted

from selected BY — J/y¢ candidates using the classical fit and the sFit

technique. Parameters marked with x are constrained 1n the fit to ex-

115

[10.3 Correlations of physics parameters in the classical fit. Correlations

larger than 0.5 are highlighted,| . . . . . . ... ... ... ... ...

116

(10.4 Central values and fit uncertainties of the nuisance parameters extracted

from selected BY — Jjiy¢ candidates using the classical fit and the sFit

technique. Parameters marked with x are constrained 1n the fit.| . . . .

[10.5 Expected and observed fit uncertainties of the physics parameters. The

expected sensitivity 1s determined from 950 pseudo experiments.| . . .

[I1.1 K*K™ mass intervals used to divide the selected BY candidates in six

Mr+x- DINS.| . . . o o o o e e e e e




LIST OF TABLES

177

T2

P- and S-wave coupling correction factors Cy, for the six mg-k- nter-

vals. They are calculated assuming a Breit-Wigner shape of the P-wave

amplitudes and a flat shape of the S-wave amplitudes.| . . . . . . . ..

127

13

Central values and fit uncertainties of the physics parameters extracted

from selected BY — Ji/¢ candidates using the classical fit and the sFit

technique. Parameters marked with x are constrained 1n the fit.| . . . .

130

14

Central values and fit uncertainties of the S-wave parameters for solu-

tion 1, extracted from selected BY — Jjy¢ candidates using the classical

fit and the sFit techmque. |. . . . . . . . ... ... .. ... ...

131

s

Central values and fit uncertainties of the S-wave parameters for solu-

tion 2, extracted from selected BY — Jjy¢ candidates using the classical

fit and the sFit techmque. . . . . . . .. . ... o000,

131

M1

Absolute shift in the fit results when changing the mass model 1n the

determination of the sWeight to a modified Crystal-ball function for

the signal and a linear function for the background description. "-"

2

Decay time and angles bins used to determine separate sets of mass

parameters and sWeights.| . . . . . . ... ... L L.,

M3

Shift in fit results when using sWeights determined from events 1n dif-

ferent bins of decay time 7 and decay angles cos 6, cos 6, and ¢y,. Each

column gives the maximum shift of results from three bins, indicated

4

Absolute shift in fit results when adding a 1.5% contribution of simu-

lated Bz — JiyK* background to the fitted datasample and subtracting

them with negative weight] . . . . . . . ... ... ... .......

139

ms3

Absolute shift of the physics parameters when using the nominal ac-

ceptance corrections 1n the fit and the reweighted acceptance correc-

tions (Figure [8.8)) in the generation of the datasets. The reweighting

1s performed separately using the polar angle distributions of kaons

(0(K)), of muons (O(u)) and the momentum distributions of kaons

(p(K)) and muons (p(u)). The last column 1s the quadratic sum of the

effects of the individual reweightings. | . . . . . .. ... .. .. ...

2.6

Spread of fit results when fluctuating the angular acceptance correc-

2.7

Spread 1n fit results when fluctuating the decay time acceptance his-

tograms 1nside their statistical errors.| . . . . . . ..o L0000 L.

M8

Absolute shift of fit result when changing the estimated decay time of

each candidate by —0.004ps.| . . . . . . . ... oo oL

177



178 LIST OF TABLES

[12.9 Absolute shift of the physics parameters when introducing nuisance |

| asymmetries 1n the generation of pseudo experiments and neglecting |
|

|

| them 1n the fit. A production asymmetry of 2% and a relative tagging

| efficiency of 0.6% was chosen. The last column shows the quadratic

[ sumofthemeasuredbiases] . ... ... ... ... ......... 145
[12.10 Absolute bias of the parameter introduced by the maximum likelihood |

| procedure due to the limited statistics of the available data sample. The |

| pseudo-experiments.| . . . . . . ... ... 146
(12.11P- and S-wave coupling correction factors Cy, for the six mg- - 1nter- |
| vals, assuming a Flatt€ S-wave shape and a Breit-Wigner P-wave shape.| 147
[12.12 Absolute shift in the fit results when using C, coupling factors calcu- |

| Tated with a Flatté€ shape for the S-wave amplitude] . . . .. ... .. 147
(12.13Summary of systematic uncertainties for physics parameters that are |
| fitted simultaneously 1n all mg+g- intervals,| . . . . ... .. ... .. 150
[12.14Summary of systematic uncertainties for S-wave parameters fitted in |
| the first three mg+g- 1mntervals.|. . . . . . . . . . ... ... ... 151
(12.15Summary of systematic uncertainties for S-wave parameters fitted 1n |
| the last three mig+g- mtervals.| . . . . . . .. . ... ... ... ... 151
[12.16Central values and statistical and systematic uncertainties for the physics |
| parameters measured with BY — Jiy¢ decays,| . . . . ... ... ... 152

(13.1 Normalised fractions of resonant and non-resonant contributions tothe |
| BY— Jjyn*n decay in the 7*n~ mass range [775 MeV, 1550 MeV],_[@].|154
[13.2 Selection requirements for the B) — Jiyn*n~ decay, taken from |

| and slightly modified.| . . . . . ... ... ... ... ... ...... 156
[13.3 Parameter values used to the describe the decay time resolution 1n the |
| maximum likelihood fit for BY — Jiyn*n~ candidates.| . . . . . . . .. 158

[13.4 Central values and fit uncertainties of the physics parameters extracted
| from selected B) — Jiyn*n~ candidates using the sFit technique. Pa-

[13.5 Central values and statistical uncertainties of the physics parameters
| determined from a combined fit to BY — Jiy¢ and B? - Jjyr*n~ can-
didates. The S-wave parameters are not listed here. The systematic |

uncertainties are taken from the B) — Jiy¢ analysis.|. . . . . . .. .. 161
[13.6 Parameter correlations in the simultaneous fit of B} — Ji/¢ and B — |
| Jiyrn*n~ decays. Correlations larger than 0.5 are highlighted.| . . . . . 162

(lof)

178



Bibliography

[1] S. L. Glashow, Partial Symmetries of Weak Interactions, Nucl. Phys. 22, 579
(1961).

[2] A. Salam, J. Ward, Electromagnetic and Weak Interactions, Phys. Lett. 13, 168
(1964).

[3] S. Weinberg, A Model of Leptons, Phys. Rev. Lett. 19, 1264 (1967).

[4] G. Bertone, D. Hopper, J. Silk, Particle Dark Matter: Evidence, Candidates and
Constraints, Phys.Rept. 405:279-390, 2005.

[5] J. Frieman, M. Turner, D. Huterer, Dark Energy and the Accelerating Universe,
Ann.Rev.Astron.Astrophys. 46:385-432, 2008.

[6] A.D. Sakharov, Violation of CP Invariance, c Asymmetry, and Baryon Asymmetry
of the Universe, Pisma Zh.Eksp.Teor.Fiz. 5 (1967) 32-35.

[7] P. Huet, E. Sather, Electroweak Baryogenesis and Standard Model CP Violation,
Phys. Rev. D 51, 379 (1995).

[8] J. Charles et al., Predictions of selected flavour observables within the Standard
Model, Phys. Rev. D84 (2011) 033005, arXiv:1106.4041 with updated results and
plots available at http://ckmlfitter.in2p3.fr

[9] K. Nakamura et al (Particle data Group), Journal of Physics G 37 075021 (2010).
[10] G. Altarelli, The Standard Model of Particle Physics, arXiv:hep-ph/0510281v1.

[11] O. Nachtmann, Phdnomene und Konzepte der Elemntarteilchenphysik, Friedr.
Vieweg & Sohn (1986).

179



180 BIBLIOGRAPHY

[12] The Atlas Collaboration, Observation of a new particle in the search for the Stan-
dard Model Higgs boson with the Atlas detector at the LHC, Phys.Lett. B716
(2012) 1-29.

[13] The CMS Collaboration, Observation of a new boson at a mass of 125 GeVwith
the CMS experiment at the LHC, Phys. Lett. B716 (2012) 30.

[14] I. Brock, T. Schorner-Sadenius, Physics at the Terascale, WILEY-VCH Verlag
(2011).

[15] M. Kobayashi und T. Maskawa, CP Violation In The Renormalizable Theory Of
Weak Interaction, Prog. Theor. Phys. 49 652 (1973).

[16] L. Wolfenstein, Parametrization of the Kobayashi-Maskawa-Matrix, Phys. Rev.
Lett. 51, 1945 (1983).

[17] J. Van Tilburg, Track simulation and reconstruction in LHCb, CERN-THESIS-
2005-020, (2005).

[18] CKMfitter Group (J. Charles et al.), Eur. Phys. J. C41, 1-131 (2005) [hep-
ph/0406184], updated results and plots available at: http://ckmfitter.in2p3.fr

[19] K Anikeev et al., B physics wt the Tevatron: Run II and beyond, Fermilab-Pub-
01/197, 2002. arXiv:hep-ph/01201071.

[20] The Babar Collaboration, The BABAR Physics Book: Physics at an Asymmetric
B Factory, SLCAC Report SLAC-R-504.

[21] L. Dunietz, R. Fleischer, U. Nierste, In Pursuit of New Physics with Bg decays,
Phys.Rev. D63 (2001) 114015.

[22] R. Aaij et al. Measurement of CP-violation and the B°-meson decay width differ-
ence with B — JWK*K~ and B?— Jiyn*n~ decays, LHCb-PAPER-2013-002.

[23] ARGUS Collaboration, Observation of BS-B° mixing, Phys. Lett. B192 245,
(1987).

[24] CDF Collaboration, Observation of B%-B® oscillations, Phys. Rev. Lett. 97,
242003.

[25] R. Aaij et al. Measurement of the B%-B® oscillation frequency Amg in B? —
D;(3)r decays, Phys. Lett. B709 (2012) 177-184.

[26] R. Aaij et al. Analysis of the resonant components in B — Jlyn*n~, Phys. Rev.
D 86, 052006 (2012).

[27] S. Faller, R. Fleischer, T. Mannel, Precision physics with Bg — Ji¢p at the LHC:
the quest for new physics, Phys. Rev. D79 (2009) 014005.

180



BIBLIOGRAPHY 181

[28] R. Fleischer, R. Knegjens, G. Ricciardi, Anatomy of BY — Jjy f,(980), Eur.Phys.J.
C71 (2011) 1832.

[29] A. S. Dighe, I. Dunietz, H. J. Lipkin, J. L. Rosner, Angular distributions and
lifetime differences in B®— Jiy¢ decays, Phys. Lett. B369 (1996) 144.

[30] Y. Xie, P. Clarke, G. Cowan, F. Muheim Determination of 203, in B(S) - JWK*K~
decays in the presence of a K*K~ S-wave contribution, JHEP 09 (2009) 074.

[31] F. Azfar et al. Formulae for the Analysis of the Flavor-Tagged Decay B — Jiy¢,
JHEP11 (2010) 158.

[32] Y. Xie, Some physics and technical issues in analysis of the decay B’ — JWK* K™,
LHCb-INT-2012-017.

[33] A. Lenz, Theoretical status of B°-mixing and lifetimes of heavy hadrons,
Int.J.Mod.Phys. A23 (2008) 3321-3328.

[34] A.Lenz, U. Nierste, Theoretical update of BE-EQ mixing, JHEP 0706 (2007) 072.

[35] T. Aaltonen et al., Measurement of the CP-Violating phase B, in B® — Jiy¢ decays
with the CDF II Detector, Phys.Rev. D85 (2012) 072002.

[36] V. M. Abazov et al., Measurement of the CP-violating phase ¢SJ/‘//¢ using the
flavor-tagges decay B°— Jiy¢ in 8 tb™! of pp collisions, Phys. Rev. D85 (2012)
032006.

[37] R. Aaij et al., Measurement of the CP-violating phase ¢ in the decay B — Jiy¢,
Phys. Rev. Lett. 108 (2012) 101803.

[38] J. Beringer et al. (Particle Data Group), Phys. Rev. D86, 010001 (2012).
[39] L. Evans, P. Bryant, LHC Machine, 2008 JINST, 3 S08001.
[40] CERN document server, https://cds.cern.ch/record/40525.

[41] R. Aaij et al., Measurement of Jiy production in pp collisions at /s = 7TeV,
Eur. Phys. J. C 71 (2011) 1645.

[42] J. Nardulli, Reconstruction of tow-body B decays in LHCb, CERN-THESIS-
2007-063.

[43] The LHCb Collaboration, LHCb Technical design Report, Reoptimized Detector
Design and Performance, CERN-LHCC-2003-030.

[44] http://Ihcb.web.cern.ch/lhcb/speakersbureau/excel/default.html

[45] The LHCb Collaboration, The LHCb Detector at the LHC, 2008 JINST, 3
S08005.

181



182 BIBLIOGRAPHY

[46] LHCb Silicon Tracker Website, http://lhcb.physik.uzh.ch/ST/public/material/index.php.

[47] R. E. Kalman, A new approach to linear filtering and prediction problems, Trans.
ASME J. Bas. Eng. D82 (1960) 35.

[48] M. Adinolfi et al., Performance of the LHCb RICH detector at the LHC,
arXiv:1211.6759v1 [physics.ins-det] (2012).

[49] R. Aaij, The LHCb Trigger and its Performance, arXiv:1211.3055v1 [hep-ex]
(2012).

[50] T. Sjostrand, S. Mrenna, P.Skands, PYTHIA 6.4 Physics and manual, JHEP 05
(2006) 026.

[51] D.J.Lange, The EvtGen particle decay simulation package, Nucl. Instrum. Meth.
A462 (2001) 152.

[52] GEANT4 collaboration, J. Allison et al., Geant4 developments and applications,
IEEE Trans. Nucl. Sci. 53 (2006) 270.

[53] C. Langenbruch, Measurement of the B mixing phase in the decay B — Jly¢
with the LHCb experiment, CERN-THESIS-2011-161.

[54] M. Neuner, Measurment of the CP-violating phase ¢ in B — Jjyn*n~ decays at
the LHCb experiment, diploma thesis.

[55] LHCb public webpage, http://Ihcb-public.web.cern.ch/lhcb-public/

[56] R. Aaij et al. Selections and lifetime measurements for exclusive b — JlyX decays
with Jy— u*u~ with 2010 data, LHCb-ANA-2011-001.

[57] M. Needham, Clone Track Ildentification using the Kullback-Liebler Distance,
LHCb 2008 002.

[58] W. Hulsbergen, Decay Chain Fitting with a Kalman Filter,
arXiv:physics/0503191 [physics.comp-ph].

[59] R. Aaij et al. Tagged time-dependent angular analysis of B® — Jiy¢ decays with
~ 337 pb~!, LHCb-ANA-2010-036.

[60] T. Swarnicki, A study of the radiative cascade transistions between the Upsilon-
Prime and Upsilon resonances, DESY-F31-86-02.

[61] LHCb MonteCarlo generator statistics, http://Ihcb-release-
area.web.cern.ch/LHCb-release-area/DOC/STATISTICS/
MC11STAT/B2Charm-WG/Generation_Beam3500GeV-md100-MC11-
nu2.html#11144001

182



BIBLIOGRAPHY 183

[62] M. Calvi et al. Flavour tagging algorithms and Performances in LHCb, LHCb-
2007-058.

[63] R. Aaij et al. Opposite-side flavour tagging of B mesons at the LHCb experiment
, Eur. Phys. J. C 72 (2012) 2022.

[64] M. Calvi et al. Optimization and calibration of the Same Side Kaon tagging al-
gorithm using hadronic B® decays in 2011 data , LHCb-ANA-2011-103.

[65] R. Aaij at al., Tagged time-dependent angular analysis of B® — Jjy¢ decays with
1.03 fb~!, LHCb-ANA-2012-004.

[66] M. Pivk, FER. Le Diberder, sPlot: a statistical toolto unfold data distributions,
Nucl.Instrum.Meth.A555:356-369,2005.

[67] Y. Amhis et al. Understanding decay time acceptances in B — Jiy¢ decays,
LHCb-ANA-2013-008.

[68] R.J. Barlow, Statistics - A Guide to the Use of Statistical Methods in the Physical
Sciences, WILEY-VCH Verlag (1989).

[69] Minuit Manual, http://wwwasdoc.web.cern.ch/wwwasdoc/minuit/minmain.html

[70] Giavanni Punzi, Comments on Likelihood fits with variable resolution,
arXiv:physics/0401045 [physics.data-an].

[71] E. Porter, Interval Estimation using the Likelohood Function, Nucl. Inst. Meth.,
A368:993-803, 1996.

[72] S. M. Flatté, On the nature of 0+ Mesons, Phys. Lett B63 (1976) 228.

[73] T.du Pree, Search for a Strange Phase in Beautiful Oscillations, CERN-THESIS-
2010-124 (2010).

[74] Y. Xie, sFit: a method for background subtraction in maximum likelihood fit,
arXiv:0905.0724 [physics.data-an].

[75] P.Clarke et al. First ambiguity-free measurement of ¢, and ATy in B® — JWK*K~
decays, LHCb-ANA-2011-083.

[76] R.Aaij et al., First evidence of direct CP violation in charmless two-body decays
of B(SJ mesons, Phys. Rev. Lett. 108 (2012) 201601.

[77] A. Lenz, U. Nierste, Numerical update of lifetime and mixing parameters of B
mesons, arXiv 1102.4274v1.

[78] R. Aaij et al. Measurement of the CP violating phase ¢ in B®— Jjy fo(980), Phys.
Lett. B 707 (2012) 4974AS505.

183



184 BIBLIOGRAPHY

[79] R.Aaij et al. Measurement of the CP-violating phass ¢ in B — Jjyn*n~ decays,
Phys. Lett. B 713 (2012) 378-386.

[80] R. Aaij et. al., Tagged time-dependent angular analysis of B — Jjy¢ decays,
LHCb-CONF-2012-002.

[81] T. Aaltonen et al., Measurement of the Bottom-Strange Meson Mixing Phase in
the Full CDF Data Set, Phys. Rev. Lett 109 (2012) 171802.

[82] G. Aad et al., Time-dependent angular analyis of the decay B — Jjy¢ and ex-
traction of Al's and the CP-violating phase ¢sby ATLAS, arXiv:1208.0572.

[83] Y. Amhis et al.,, (Heavy Flavor Averaging Group), Averages of b-hadron, c-
hadron, and tau-lepton properties as of early 2012, arXiv:1207.1158 [hep-ex]
and online update at http://www.slac.stanford.edu/xorg/hfag

[84] R. Aij et al. Letter of Intent for the LHCb Upgrade, CERN-LHCC-2011-001.

[85] R. Aij et al. Implications of LHCb measurements and future prospects,
arXiv:1208.3355 [hep-ex].

[86] R. Aaij et al., Measurement of B° — JWK*® branching fraction and angular
amplitudes, Phys. Rev. D86 (2012) 071102(R).

[87] R. Fleischer, Theory Issues of Precision B Physics in the LHC Era, slides at B-
Physics Workshop, Neckarzimmern 2013.

184



	Introduction
	B0s mixing and CP violation
	The Standard Model of Particle Physics
	The CKM formalism
	B0s–B0s mixing 
	CP violation

	Time dependent decay rate for B0sJ/
	Contribution of the J/K+K- S-wave

	New Physics contributions to s
	Experimental status of s

	The LHCb experiment
	The Large Hadron Collider
	b-hadron production at the LHC
	The LHCb detector
	Tracking detectors
	Particle Identification detectors
	Trigger system

	Event samples

	Analysis Strategy
	Reconstruction and selection of B0sJ/ candidates
	Trigger strategy
	Selection criteria
	Signal and background distributions
	Background composition

	Flavour tagging
	Flavour tagging at LHCb
	Opposite-side flavour tagging
	Same-side flavour tagging

	Calibration of taggers
	Tagging strategy for fit

	 Decay time resolution
	Treatment of the finite decay time resolution
	Time resolution in simulation
	Time resolution in data

	Detector acceptances
	Angular acceptance
	Origin of the angular acceptance shape
	Verification of acceptance determination

	Decay time acceptance
	Decay time acceptance introduced by the trigger selections
	Upper decay time acceptance


	Determination of the physics observables
	The Maximum Likelihood Estimation
	Properties of the maximum likelihood fit

	The PDF for B0sJ/
	Description of the signal decay
	Description of the background

	The classical fitting technique
	The sFit technique
	Validation of fitting procedure
	Validation with fully simulated events

	Fit in small K+K- mass interval
	Results of maximum likelihood fit
	Sensitivity study
	Profile likelihood scans

	Fit results resolving the s-s ambiguity
	Method of resolving the ambiguity
	Extracting the physics parameters in bins of mK+K-
	The fitting conditions
	Fit results


	Systematic uncertainties
	Decay time resolution, tagging calibration, mixing frequency
	Mass model
	Background description
	Background treatment
	Peaking background

	Angular acceptance
	Differences between data and simulation
	Statistical uncertainty of angular acceptance

	Decay time acceptance
	Bias of decay time
	Nuisance asymmetries
	Fitter bias
	Csp coupling factor
	Momentum and z-scale
	Upper decay time acceptance
	Summary of systematic uncertainties and B0sJ/ results

	Combined fit to B0sJ/ and B0sJ/+-
	The B0sJ/+- decay and dataset
	Reconstruction of B0sJ/+-
	Signal composition

	The B0sJ/+- fit
	Signal description
	Results of B0sJ/+- fit

	Combined fit of B0sJ/ and B0sJ/+-
	Interpretation of results

	Summary and Outlook
	List of Figures
	List of Tables
	Bibliography

