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ABSTRACT

(CKM) angle y using B* — D(— 22*277)K* and B* — D(— 21277 )n* signal decays,

where D represents the superposition of D and D°. A model independent approach is
implemented for the measurement which utilises the distribution of signal events over the D
meson decay phase space. The 2017 LHCb experiment dataset is used for the measurement. The
CKM angle 7y is determined to be (38.8*33)°. This is the first model independent measurement
of the CKM angle y in the D — 2727~ decay mode.

T he measurement presented in this thesis is that of the Cabibbo-Kobayashi-Maskawa
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CHAPTER

INTRODUCTION

The Standard Model of particle physics is one of the most successful and tested theories in
physics. Particle physics experiments have been able to verify a wide range of predictions
from the Standard Model, including the existence of the W* and Z° bosons, and the Higgs
boson which was discovered by the CMS [1] and ATLAS [2] experiments forty years after its
prediction.

Nonetheless, there are a multitude of phenomena the Standard Model does not provide an
explanation for. The Standard Model does not include a formalism for gravity or explain the
hierarchy of the fundamental interactions. Nor is there any way to account for dark matter
and dark energy within the Standard Model. Of particular relevance to this thesis is the lack of
explanation as to why the Universe contains a far greater amount of matter than antimatter.
This extent of matter antimatter asymmetry observed in the Universe is not accounted by the

source of charge-parity (CP) violation in the Standard Model.

Therefore, determining the CP-violating quantities within the Standard Model precisely
is one of the key aims of flavour physics [3]. The CKM angle y within the Unitary Triangle
corresponds to the CP violating phase of b — u quark transitions [4] [5]. The analysis presented
in this thesis is the model independent measurement of the CKM angle y using B* — DK*
decays and B — Dn* decays, with D — 27*27~, where the the four pion final state is accessible
to both the D? and D° mesons. The CKM angle y can be measured through the interference
between b — u and b — ¢ quark transitions in these decay channels. The decays are dominated
by tree-level diagrams. Thus, B* — DK* decays can be very cleanly related to the underlying
Standard Model parameter y with a negligible theoretical irreducible error [6]. Consequently,
measurements of the CKM angle y using B* — DK* decays are pivotal to over-constraining
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CHAPTER 1. INTRODUCTION

the Unitary Triangle which is a key test of the consistency of the Standard Model. Moreover,
it is a widely held view that tree diagrams are unlikely to be affected by New Physics whilst
the contrary is expected in loop diagrams. However, it has been indicated that sizeable New
Physics at tree level is also possible [7] [8]. Beyond Standard Model effects are likely to manifest
differently in tree and loop diagrams, therefore comparing the differences in the results of the
CKM angle y between these methods could provide interesting insights. The sensitivity to y
can be improved by dividing the phase space of self-conjugate four pion final state into bins,
and integrating over each bin. The parameters that are related to the D decay amplitudes across
the five-dimensional phase space are a source of systematic uncertainty on y . This uncertainty
can be avoided by instead defining model independent parameters which can be measured
separately. This is the first time the CKM angle y has been measured in the D — 2727~ mode

using this model independent approach.

This thesis is organised as follows:

¢ Chapter 2 provides an overview of the theory used for this analysis, including direct CP
violation in the Standard Model, with particular focus on the CKM matrix and its CP
violating phase y. The chapter explains how the CKM angle y can be measured through
interference of B* — D(— 27277 )h* decays, where D represents the superposition of D°
and D°, and A* is either K* or n*. The formalism of the model independent approach is
also outlined.

¢ Chapter 3 introduces CERN and the LHCb experiment and briefly explains the composite
elements of the LHCb detector, and how they are involved in reconstructing particle
tracks and identifying particle types.

¢ Chapter 4 describes a sensitivity study to establish the approximate sensitivity to the
CKM angle y achievable when measuring y with the model independent method, using
B — D(—2n*277)K decays at the LHCb experiment.

¢ Chapter 5 details the selections and background studies used in this analysis.

e Chapter 6 explains the simultaneous invariant global mass fit to B* — D(— 27*277)K*
and B* — D(— 27" 277 )n* LHCb data, which is used to fix the shapes used for the
probability density functions in the subsequent fit for the CP observables.

¢ Chapter 7 outlines the implementation of the simultaneous fit for the CP observables to
B* — D(—2n*277)K* and B* — D(— 2n* 27~ )n* LHCb data across the four pion phase

space bins, and details the CP observable results.

¢ Chapter 8 details the y measurement extrapolated from the CP observable results.



CHAPTER

THEORY

2.1 The Standard Model of Particle Physics

The Standard Model of particle physics' is a quantum field theory with a specific particle
content and a particular symmetry group. Fermions and bosons describe all the matter and its
physical interactions within the Standard Model.

Fermions have half integer spin and contain groups of particles known as leptons and
quarks which are split into 3 generations according to mass. All lepton generations have an
neutrino-type and electron-type particle with charges 0 and -1 respectively, whereas the quark
generations have an down-type quark of charge -1/3 and a up-type quark of charge +2/3.
Quarks experience the strong interaction, unlike leptons, and thus carry colour charge too.
Table 2.1 summarises the fundamental fermion particles.

Bosons have integer spin and are the force carriers responsible for the electromagnetic,
weak and strong interactions in the Standard Model. All three of these interactions must obey

the conservation laws for example energy conservation and charge conservation.

All particles with non-zero charge can take part in the electromagnetic interaction which is
mediated by photons. Photons are massless and without charge. The electromagnetic interac-
tion is invariant under parity transformation P and charge conjugation C and is described by
the U(1) symmetry group.

1The Standard Model of Particle Physics section is based on References [9], [10], [11], [12] and [13].

3



CHAPTER 2. THEORY

Table 2.1: The Standard Model’s fundamental fermions divided into quarks and leptons. Each
particle also has a corresponding anti-particle with reverse additive quantum numbers and
identical mass. Table inspired by Reference [11].

Fermions

Leptons Quarks
Generation | Type Charge Mass Type Charge Mass
1 Ve 0 <2eV/c? u +2/3  23MeV/c?
1 e -1 511.0 eV/c? d -1/3  4.8MeV/c?
2 Vy 0 <2eV/c? c +2/3  1.28 GeV/c?
2 u -1 105.7 MeV/c? | s -1/3  95MeV/c?
3 Ve 0 <2eV/c? t +2/3  1735GeV/c?
3 T -1 1.78 GeV /c? b -1/3 418 GeV/c?

The neutral Z° boson as well as charged W* and W~ bosons mediate the weak interaction.
The W+ bosons have masses of 80 GeV/c? and the Z° boson has a mass of 91 GeV/c? and this
results in the relative lack of strength of the weak interaction, compared to electromagnetic and
strong interactions which are mediated by massless bosons. All fermions are able to undergo
the weak interaction as they carry weak charge. The W* boson only couples to the left-handed
fermion chiral states, whilst the Z° boson couples to both the chirality left-handed and chirality
right-handed parts of all fermions with varying strengths. Consequently, the charged weak
interaction maximally violates both charge conjugation and parity and is charge parity (CP)
violating which is discussed further in Section 2.2. The weak interaction symmetry group is
SU2)r.

The unification of the electromagnetic and weak interaction results in the electroweak inter-
action which is described by the SU(2);, ® U(1)y symmetry group. The spontaneous symmetry
breaking of the electroweak symmetry group results in the Higgs boson, which has spin 0 and
mass 125 GeV/c?, and its corresponding Higgs field. The non-zero vacuum expectation value
of the Higgs field yields to spontaneous symmetry breaking of the electroweak group leading
to non-zero masses of the W* and Z° bosons. Furthermore, the Yukawa interactions between
the Higgs field and the fermions leads to the masses of the fermions.

Lastly, eight massless gluons mediate the strong interaction. Only quarks (and gluons)
participate in the strong interaction since they carry colour charge. However, the strength of
the strong interaction becomes weaker at higher energy scales or equivalently as the quarks
get very close together, this is known as asymptotic freedom. Moreover, gluons and quarks
are exclusively bound together as hadrons since only objects with zero colour charge can
exist because of a property called color confinement. The strong interaction is invariant under

parity transformation P and charge conjugation C. However, it should be noted that the strong
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2.2. CP VIOLATION IN THE CHARGED WEAK INTERACTION

interaction Lagrangian contains a CP violating term. Experimental evidence suggests that this
is zero, or at least extremely small, but it is not understood why this is so. This is known as the
"strong CP problem." The strong interaction symmetry group is SU(3)c.

The weak, electromagnetic and strong interactions properties are summarised in Table 2.2,
and the combination of the 3 interactions describes the Standard Model symmetry group
SUB)c®SU2)L,eU)y.

Table 2.2: The fundamental interactions of the Standard Model. The lifetime is the order of
the lifetime of particles that decay through the interaction in question. The cross section is the
order of the cross section for the decays that proceed through the interaction in question. Table
inspired by Reference [11].

Interaction Relative | Lifetime | Cross Section | Source| Force Mass
Strength Carrier

Strong 1 107235 | 10mb colour | 8 gluons | 0
charge

Electromagnetic | 1/137 | 107%% | 10ub electric| photon | 0
charge

Weak 1076 1071% | 10pb weak | W* 80 GeV/c?
charge

Weak 1076 1071% | 10pb weak | Z° 91 GeV/c?
charge

The Standard Model of particle physics is widely regarded as highly successful, and
experimentalists are still verifying Standard Model predictions. Recent examples include the
discovery of the Higgs boson. However, the Standard Model does have multiple flaws. The
final fundamental force, gravity, is not accounted for in the Standard Model. Moreover, there is
no explanation for the cause of dark matter and dark energy or interactions with them. Nor
is there a reason for three generations of quarks and leptons and it does not predict values
for 21 independent parameters including the fermion masses, the Z° mass, the Higgs mass,
coupling constant values, the mixing angles and the CP violating phase of the CKM matrix y.
Most pertinent to the analysis is the extent of the matter antimatter asymmetry in the Universe,
which is not fully accounted for by the CP violation currently described in the Standard Model.

2.2 CPviolation in the Charged Weak Interaction

There are three discrete space-time symmetries relevant to this thesis [11]:

5




CHAPTER 2. THEORY

¢ The charge conjugation operator C: converts a particle to its anti-particle by inverting the
sign of all internal quantum numbers such as electric charge @ — -Q .

¢ The parity operator P: inverts the spatial coordinates of a physical system x — —x but
leaves axial vectors unchanged.

¢ The time inversion operator T: inverts the time coordinate ¢t — —¢.

The CPT theorem [14] relates these three symmetries and requires any Lorentz-invariant
Quantum Field Theory (QFT) to be symmetric under the application of all three operators at
once. This does not mean that C, P and T symmetries cannot be broken independently, in fact
it has been demonstrated experimentally that they are [15] [16] [17] [18] [19] [20] [21].

The application of the parity operator P followed by the charge conjugation operator C
results in the charge-parity CP transformation. The CP transformation is discrete since both
the C and P operators are discrete transformations themselves. The electromagnetic and strong
interactions are both charge and parity invariant and therefore also CP invariant. However, the
charged weak interaction maximally violates C and P . The CP violating phase within the CKM
matrix means CP violation occurs within the charged weak interaction [9]. This is discussed
further in Sections 2.2 and 2.3.

One of the key problems in the Standard Model of particle physics is the matter anti-matter
asymmetry in the Universe [22]. CP violation accounted for in the Standard Model indicates a
matter anti-matter asymmetry several orders of magnitude smaller than that which we observe
in the Universe [23]. This indicates that CP violation needs to be accounted for by physics
beyond the Standard Model. Therefore, it is critical to undertake CP violation measurements
such as the measurement of CKM angle y to determine if there are any indications of deviations
from the Standard Model.

2.2.1 Direct CP Violation in the SM

As introduced in Section 2.1 there are three generations of up-type quarks (u,c, ), generalised
as p, and the down-type quarks (d, s, b), generalised as g, described within the SM. The charged
weak interaction of the W* boson couples up-type quarks and the down-type quarks. The
corresponding quark states that couple to the W= boson labelled (u',¢’,t'), generalised as p’,
and (d',s',b), generalised as ¢’, are different to the mass eigenstates. A basis for the quark
states can be used such that (u,c,t) = (u/,¢',t') which defines (d’,s',b") as SU(2) partners of
(u,c,t). The transformation from down-type quark q to ¢’ [5] [4] [11] is

6



2.2. CP VIOLATION IN THE CHARGED WEAK INTERACTION

d d Vud Vus Vub d
(2.1) s |=Verm|s|=|Vea Ves Ve ||s
b b Via Vis Vi )\b

where Ve is the CKM matrix discussed in further depth in Section 2.3.

Hence, transformation from the adjoint down-type quark ¢ and the adjoint up-type quark

—f s

q'is

2.2) (@ & &)=(a s 8)Vigy
The charged weak current for an down-type quark transitioning to an up type quark and
W~ boson viag — pW™ is

) et
(2.3) Mo pyrS =77
Given Equation 2.1 it is possible to write the charged weak current for the 6 — uW~

transition as

(2.4) Y" (1-7°)| Vb

Jou =1 \/*
where g is the weak coupling constant, y* are the Dirac matrices and y® is the product of the
Dirac matrices multiplied by the imaginary number i, (1 -y?) is known as the chirality left-
handed projection operator Py,. The Pz, operator provides the chirality left-handed component
of a fermion. Consequently, only chirality left-handed components of fermions take part in the
charged weak interaction. Similarly, according to Equation 2.4 the charged weak current for

the b — aW™ transition is

25) 7

Therefore, if the CKM matrix was real, the vertex factors 7;, and 7;; would be equal to

each other since

1
(2.6) Vou = (—i%y“§(1 —Y"’)) Vs
(2.7) Vs =V0 ( il 2(1 y ))

however, the CKM matrix has a complex phase thus, the vertex factors differ from one

another and the charged weak interaction violates CP.
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CHAPTER 2. THEORY

2.3 CKM Matrix

The CKM matrix describes the mixing of the three generation of quarks, when they undergo
transitions taking place via a flavour-changing charged weak current mediated by a charged
W= boson. As stated in Section 2.2.1 the generic form of the CKM matrix is

Vud Vus Vub
(2-8) Vekm =|Vea Ves Ve |»
Via Vis Vi

where the CKM matrix element V4 is proportional to the transition amplitude of a up-type
quark p changing flavour to an down-type quark g. Conversely, the complex conjugate of the
CKM matrix element V,;, is proportional to the transition amplitude of a anti up-type quark p
to an anti down-type quark g.

The CKM matrix is a three-dimensional, complex, unitary matrix, thus it has 32 =9 free, real
parameters. However, the matrix only has four independent real parameters since five of the
nine parameters can be absorbed into the non-physical phases of the quark mass eigenstates
and weak eigenstates. The four remaining real parameters are the three mixing angles between
the quark generations and a sole complex phase, which is responsible for direct CP violation
in the Standard Model as discussed in Section 2.2.

2.3.1 CKM Matrix Parametrisation

The CKM parametrisation put forward by Chau and Keung [24]

c12€13 $12€13 s13e 01
_ 5 5
(2.9) Vekm = | —s12c23 — c12523513e'13  c12c23 —S12523513€'13 $23C13
6 i
§12523 — C12C23513e'°3  —c12823 —S12€23513€'°®  c23C13

is used as standard. The parameters, s;; = sin(6;;), c;j = cos(6;;) are the sine and cosine of
the quark mixing angles and 62 is the Cabibbo angle [4]. The CP violating phase is denoted 3.

The magnitude of the CKM matrix elements have been determined resulting in the PDG
average values [25] of

0.97373+0.00031 0.2243 +£0.0008 0.00382 +0.0002
(2.10) Verm! = 0.221+0.004 0.975+0.006  0.0408+0.0014
0.0086 £0.0002  0.0415+0.0009 1.014 +0.029
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2.3. CKM MATRIX

A further parametrisation known as the Wolfenstein parametrisation [26] can be motivated
by the hierarchy evident in the off-diagonal terms compared with the diagonal terms of
magnitude of approximately 1 within Equation 2.10 in terms of Equation 2.9 which leads to
$13 < 823 < s12. Consequently, the matrix elements can be parametrised in terms of a power
series in real parameter A = s13 = 0.23 embodying the hierarchy. Therefore s12, sa3 and s13e 1
are written as

s12=27
(2.11) so3=AN2
8136_i613 = A/l3(p —-1in)
where A, p, n are real parameters. The other matrix elements follow from the parameters in

Equation 2.11, unitary requirements and Equation 2.9. Thus, the Wolfenstein parametrisation
of the CKM matrix up up to G(13) is

1-& A AXp—in)
(2.12) Vekum = -1 1-& AAZ |+00Y.
AN -p—in) -AAZ 1

This indicates that the CKM matrix elements V,; and V;4 have the largest CP violation
because they are the only matrix elements which have imaginary components up to order G(13).
Furthermore, the Wolfenstein parametrisation of the CKM matrix as well as the magnitudes of
the CKM matrix demonstrate that quark transitions within each of the three quark generations
are favoured compared to the transitions between each of the generations [11]

2.3.2 The Unitary Triangle

The CKM matrix [9] is unitary such that VgKMVCKM = VCKMV(;KM =1, therefore the rows and
columns of the CKM matrix can be related using orthogonality conditions

2.13) Vi;Vi =6, j,keld,s,b},
J ik J
i€{u,c,t}
(2.14) > ViiVii=6ur, i,kelu,c,t).
Jjeld,s,b}

These relations lead to nine equations. Of the 6 equations which sum to zero the equation
of interest in this analysis is

(2.15) VudV:b + Vcdvc*b + thV{Z =0.
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CHAPTER 2. THEORY

Equation 2.15 can be divided by V!, V¢, to give

VUquib 14 thVt:b =0,
VchCb Vchcb

(2.16)

which is represented as the Unitary Triangle in the complex plane as shown in Figure 2.1.
Thus, the three angles of the Unitary Triangle must be constrained by a + +y = 180°. Con-
sequently, a deviation from the Standard Model would be exposed if the measured angles
within the Unitary Triangle do not sum to 180°. Therefore, over-constraining the parameters
associated with the Unitary Triangle is a vital test of the Standard Model.

(p.n)

(0,0) (1,0)

Figure 2.1: Representation of the Unitary Triangle in the complex plane, where p + if) =
p(1-2A2/2) +in(1 - A%/2). The angle y corresponds to the complex phase within the CKM matrix
in Equation 2.9. Figure from [25].

In this analysis the CKM angle y is measured where

VuwadV* Ve V*
(2.17) yEarg(— ud L‘b)zarg(— b Cd)

Vcd Vc*b Vu b Vu* d .

Therefore, by comparing Equation 2.17 with Equations 2.9 and 2.12, it can be seen that up
to order G(A3) the CKM matrix element with the complex phase y is the matrix element V5.

2.3.3 Current State of the Measurement of CKM Angle y at LHCb

The LHCb experiment has a successful history of aiding the progress of sensitivity to y, most

recently producing the most precise combination of direct measurements of the CKM angle

10
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y from a single experiment y = (65.4738)° [27]. This was the result of a combination of 15

independent LHCb analyses, and is within 1o of the worldwide combination of indirect mea-
surements by the CKM fitter group of y = (65.53:%)" [28]. Furthermore, the measurement from
a single decay channel with the highest sensitivity to y is also a LHCb analysis utilising the
BPGGSZ approach (explained in Section 2.4.3), determining y = (68.72-%)° [29]. The contrast
between the uncertainty associated with the best LHCb measurement from a signal decay
channel, and that of the measurement from a combination of the channels across the LHCb
experiment, demonstrate that gaining higher sensitivity to y depends upon the combination of
multiple different decay channels. Thus, further measurements are needed as inputs for direct

measurement combinations to increase the sensitivity to the CKM angle .

The high sensitivity in previous combination measurements is largely a consequence of
time independent measurements of direct CP violation in B — DK decays. This analysis utilises
B — DK decays to measure y and is discussed further is Section 2.4.

2.4 Model independent measurement of CKM Angle y with
B — DK and B — Dn decays

B* — DK* decays are dominated by tree-level diagrams in Figures 2.3 and 2.4. Thus, B* - DK*
decays can be very cleanly related to the underlying Standard Model parameter y with a neg-
ligible theoretical irreducible error (< x1077) [6]. Consequently, measurements of the CKM
angle y using B* — DK* decays are pivotal to over-constraining the Unitary Triangle which is
a key test of the consistency of the Standard Model. Moreover, it is a widely held view that
tree diagrams are unlikely to be affected by New Physics whilst the contrary is expected in
loop diagrams, however it has been indicated that sizeable New Physics at tree level is also
possible [7] [8]. Beyond Standard Model effects are likely to manifest differently in tree and
loop diagrams, therefore comparing the differences in the results of the CKM angle y between
these methods could provide interesting insights.

This section introduces the principle of measuring the CKM angle y using B* — DK *decays,
details the model-independent BPGGSZ [30] [31] [32] [33] measurement approach and explains
the inclusion of B* — Dn*as a additional signal channel.

11
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Figure 2.2: Current constraints on the Unitary Triangle parameters as determined by the CKM
Fitter group using a combination of different sources. The shadeds areas are constraints on the
different parameters. Figure from [28].

/ B \ E
/ _
b > L » C 0
D™=,

B~ _
u < u u « EK

Figure 2.3: The B~ — D°K~ decay (left) and B — D°K~ decay (right) dominant Feynman
diagrams. The B~ — D°K~ decay amplitude incorporates the V,; = [V, 3le”¥ matrix elements.
The B~ — D°K~ decay also has a contribution from an internal diagram which is suppressed.
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u -
h—= < u
i + N 0
5 K \ c D _)fp
\
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b—<e4—~+—<4—7C¢ - _
D= f, 5

U > u U P>

Figure 2.4: The B* — D°K™ decay (left) and B* — D°K* decay (right) dominant Feynman
diagrams. The B* — D°K* decay amplitude incorporates the V*, =|V,;le™"’ matrix element.
The B* — DK™ decay also has a contribution from an internal diagram which is suppressed.

2.4.1 Principle of Measurement

The following section describes the principles behind measuring the CKM angle y using
B* — DK* decays.

Within the CKM matrix in Equation 2.9 the complex phase §13 corresponds to the CKM
angle y up to order @(1%). Amplitudes defined in the form </ = Ae'?, where A is real and ¢ is
the complex phase, have observables proportional to of «/* = AA, for example the decay width
observable I'. Interference between two amplitudes from the same decay is required to gain
sensitivity to the complex phase and hence the CKM angle y. When this occurs for amplitudes
ol = A1e'? and o = Age'?2, the decay width I" can be written as

(2.18) T o (o) + o)ty + elo)* = A2+ A2+ 2A1 Az cos(p1 — o)

where the third term is the interference term and the ¢; and ¢2 complex phases can be

measured.

In B* — DK* decays it is possible for B* meson to decay by B* — D°K* and B* — D°K*
decays as shown in Figures 2.3 and 2.4. Therefore, it is possible for interference to occur be-
tween the two decay amplitudes B* — D°K* and B* — D°K* providing the D° and D° mesons
both decay to the same final state as demonstrated in Figure 2.5. Consequently, the complex
phase difference between the 2 decay amplitudes in each of the B* and B~ decays can be
obtained.

In this analysis, both the D° and D° mesons are reconstructed in the self-conjugate multi-
body final state 27*27~. A four-body multi-body final state with zero spin corresponds to a

five-dimensional phase space. The D? meson decay’s strong phase and magnitude change
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DK~ D°K*
Ap Apo ABrBei(GB"'V) Apo
B+

B~ f K~

ABrBei(aﬂ_Y) ‘AEU AB cﬂﬁo
DK~ D°Kk*

Figure 2.5: The interference between B* — D°K* and B* — D°K* decays (left) as well as
between B~ — D°K~ and B~ — D°K~ decays (right), which occurs providing the D meson is
reconstructed in a final state which is accessible to the D° and the D°.

over the five-dimensional phase space. Thus, the B¥* — DK* decay and B* — DK* decay am-
plitudes’ interference can be established over the D meson decay phase space. Consequently, y
can be determined at every point of the D decay phase space, and increased sensitivity to y
attained compared to measurements of y integrated over the whole phase space.

In this analysis the model independent BPGGSZ approach is implemented. In this model-
independent method the measurement of vy is determined at different points over the 5-
dimensional phase space of the D meson decay, increasing the sensitivity to y. The significant
systematic uncertainty associated with modelling the complex strong phase of the D decay
amplitude across the five-dimensional phase space of the four-body decay is avoided by
undertaking a model independent approach. This is achieved by separating the D decay phase
space into bins and integrating the decay rate over each bin. The resulting D decay quantities
are called hadronic parameters some of which can been measured model independently. The
BPGGSZ method is discussed further in Section 2.4.3.

2.4.2 The CKM Angle y as an observable in B — DK tree level decays

The leading contribution of the B amplitudes can be derived from Feymann diagrams such as
in Figure 2.3 for the B~ decay. Thus, as shown in Figure 2.5 the B~ decay amplitudes can be
established using

(2.19) (B~ —D°K™)=Ap

(2.20) (B~ —D°K~)=Agrge'®Y

14
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where rp is the ratio of the magnitudes of the amplitudes and dp is the strong phase
difference between the amplitudes. CP conjugation of the decay amplitudes will lead to a sign
change of the CP violating weak phase difference y between the amplitudes. Thus, as shown
in Figure 2.5 the B* decay amplitudes are

(2.21) 4Bt —-D°K")=Ap

(2.22) A (Bt — D°K*) = Aprge'®s*Y),

The D° and D° meson decays are reconstructed in a final state f(p), thus the decay ampli-
tudes can be defined as

(2.23) A(D° — f(p)) = Al ™%

(2.24) AD° — f(p) = Ageigé

where Ag and Ag are real and 62 and 52 are the strong phases of the D° and D° decays. The
parameter p is defined as a point in the phase space of the D — f decay. When the assumption
that CP violation is negligible in D — f decays is applied, the two D meson decay amplitudes
can be related to each other

(2.25) AD° — f(p) =AD" — f(H))

where the CP conjugate of point p is p, in this case the charges and the three momenta are
the opposite for all the particles in the final state.

The respective total amplitudes of the B~ and B* decays can be written as a coherent
superposition of the two decay paths in each decay

(2.26) A(B™ —D(— f(p)K )= o4(B~ — D°K")t(D° — f(p))+ 4B~ — D°K )t (D° — £(p))

(2.27) AB* —D(— f(PYK*) = 4(B* — D°K")A(D° — f(p)) + 4(B* — D°K")t(D° — £ (p)).

The decay rate I' of each of the B~ and B* decays can be established by squaring Equa-
tions 2.26 and 2.27 respectively
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(2.28) T(B~ — D(— f(p)K ) o |/(B~ — D°K ")t (D° — f(p)) + £ (B~ — D°K ")t (D° — f(p))?

(2.29)
I[(B* — D(— f(p)K") o | (B* — D°K ")t (D° — f(p))+o4(BT — D°K )t (D° — £(5))2.

It is possible to write these decay rates in terms of the amplitudes defined in Equations 2.19
to 2.24

(B~ — D(— f(p)K ™) x |Afe % + rpel®s Y’Afe %2
(2.30) )
o Aff + rBAl’;z + 2A£Al’;(x_ cos(Aaf3 )+ y_ sin(Adf3 )

23 I(B* — D(— f(P)K") IrBei(aBW)Ag +Afe )12
o rgAl? 4+ AT2 4 2A£Ag(x+ cos(A8%) — y, sin(A67))

where Ad 2 = 62 -6 2 is the strong phase difference between the D decays and the CKM angle
v is included within the CP observables x, = rgcos(6g +v) and y. = rgsin(ég +v). Therefore,
providing the strong phase difference is not equal to zero and the D° and D° mesons decay to
the same final state, the CKM angle vy is observable in the difference of the B and B~ decay

rates.

The CP observables x, and y. are ordinarily established simultaneously, which then allows
v, 6p and rp to be extracted. This process is industry standard due to the CP observables
being statistically better behaved. Whereas, A(Sg, A}’; Ag of the D meson decays at point p
in the four pion phase space need to be measured separately. This can be achieved using
a model-dependent or model-independent method. The model-dependent method deter-
mines the D decay related quantities by using a D meson decay amplitude-model, which
describes every infinitesimal point in D meson phase space. However, this approach leads to
a significant systematic uncertainty associated with modelling the complex strong phase of
the D decay amplitude across the five-dimensional phase space of the four-body decay. The
model-independent BPGGSZ approach circumvents the significant systematic uncertainty by
separating the D decay phase space into bins, and integrating the decay rate over each bin. The
resulting D decay related quantities are called hadronic parameters which can be measured
model independently. Thus, Equations 2.30 and 2.31 can be rewritten in terms of the hadronic

parameters as detailed in the next section.
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2.4.3 BPGGSZ Method of D — 2121~

There are a number of different final states the D meson can be reconstructed in which are
dependent on the method used for the measurement and are described below.

e The ADS method [34]: The method reconstructs the D° meson in a Cabbibo favoured
final state and the D? is reconstructed in a Cabibbo suppressed or visa versa.

® The GLW method [35]: The D meson is reconstructed in a CP eigenstate.

¢ The BPGGSZ method [30] [31] [32] [33]: The method reconstructs the D meson in a
self-conjugate multi-body final state.

The BPGGSZ method was proposed by Bondar, Poluektov, Giri, Grossman, Soffee, Zu-
pan [30] [31] [32] [33], and at the time of writing has produced the highest sensitivity to y by
any single measurement [29]. As previously explained in Sections 2.4.1 and 2.4.2 the model
independent BPGGSZ method for D— 27" 27™ is being used in this analysis to measure the
CKM angles y. The approach measures y within different bins across the four pion phase space
to increase the sensitivity to y. Since the BPGGSZ approach is a model independent method
the D meson decay amplitude related quantities, Aég, Ag Ag , are replaced by model indepen-
dent hadronic parameters which are measured independently, as previously mentioned in

Section 2.4.2. The hadronic parameters are defined below.

The yields in bin i for the D° — f and D° — f decays are denoted K f and K f respectively
and are known as the flavour tagged yields. They are expressed as

(2.32) K/ = f AL Pp(p)dp

(2.33) Kl = [1&fpprap

where the density of states at the point in phase space p is ¢(p). Once normalised the
flavour-tagged yields provide the flavour-tagged fraction of the yields in bin i

f
K/

(2.34) T/ =
7

ZiKi

of

PR ¢

(2.35) T =—
2K
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where ¥; Tlf =landy; Tlf =1

f

The average amplitude-weighted cosine, c;, and average amplitude-weighted sine, s’: , of

the strong phase in bin i are defined as

(2.36) ATLJ1AL cos(AST)p(p)d p

-

(2.37) f |ALJIAT sin(A6T)p(p)d p

vl

Consequently, integrating the decay rates over the phase space of bin i means Equations 2.30

and 2.31 can be expressed as

(2.38) [(B™ — D(— (VK Vo T) + 13T + 2/ T/ TT (] +sly.)

(2.39) T(B* —D(— fFONE ) oc T/ +r3T! +2y/ T/ TT (¢fxy — T y.).

In reality the experimental phase space acceptance n(5) will not be identical to the LHCb
acceptance if the hadronic parameters are measured using data from a different experiment,
and will vary over the phase space so should be taken into account. Thus, Equations 2.34 and

2.35 can instead be expressed as

(2.40) o AL 2gpynp)dp
| % Ji 1AL Poom(p)dp

1

o R AGENEP

(2.41) = =
i i 1AL Re@n@p)dp

where Flf and F’lf are the flavour-tagged fractions of the D° and D? decays in bin i where
n(p) accounts for any phase space acceptance effects. It has been shown previously that the
hadronic parameter inputs ¢; and s; measured using CLEO-c data can be treated as if they are
the equivalent ¢; and s; which would be correct for the LHCb phase space acceptance [29]. As
a result, Equations 2.38 and 2.39 can be modified to be
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(242) T(B™—D(— (K ) ox F +r2Fl +2\/[FIF/ (2 +sTy )
(2.43) T(B* —D(— f(OYK) o FL +12F! +2\/F/F/ (2, ~s]y.)

where the CKM angle v is included within the CP observables x, = rgcos(ép £vy) and

y+ =rpsin(dp £7v).

It is beneficial to utilise the self-conjugate 27*27~ final state of the D meson to define pairs
of bins such that bin +i and bin -i map onto one another under a CP transformation. Thus, a
point p in bin +i has a corresponding CP conjugate point p in bin -i. Therefore, the definition
of CP conjugate bin pairs alongside Equation 2.25 and A6§ = —A(Sg means the hadronic para-

meters relations between bin +i and —i are

k' =g/, K =K/
Tfi:Tzf’ 7l =7
F]_ci=Flf, Flf =Ff

f f fo__f

¢ .=c;, s§.=-s.
l

(2.44)

Additionally, the third relation above relies on the assumption that there are no charge

asymmetries within the detector so n(p) = n(p) can be applied.

The hadronic parameter relations and proportionality constants 4g- and g+ can be inserted

into the Equations 2.42 and 2.43 to express the number of B* and B~ events in bin i as

(2.45) NE =PE — g (Fi+1r5F_ i+ 2\/FiF_; (cix_+s;y-)),
(2.46) NEB =DK — hpo(F_; +r3F; + 2\/FF_; (c;ixs —8;y4)),

and when substituted for bin —:

(2.47) NB =PK — php (F_; +r5F; +2\/F_;F; (cix_ —s;y-)),
(2.48) NB =DPK" — hpo(F; + r3F_; + 2\/F_F; (cixs +5:y+)).
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Since the final state, D — 27727~ is the same throughout the analysis the f superscript
notation has been dropped and will continue to not be written explicitly.

Therefore, B* — DK* can be used to measure the CKM angle y without any dependency
on a D meson amplitude decay model. The model independent hadronic parameters c;, s;,
T; and T; were previously measured with CELO-c data for multiple binning schemes in Ref-
erence [36] using quantum correlated DD decays. The binning scheme which provided the
highest sensitivity to y following a sensitivity study, discussed in Chapter 4, was chosen for

the measurement in this analysis.

2.4.4 Inclusion of B — Dn as a Signal Channel

The B* — Dn* decay is similar kinematically to the B* — DK* decay. Therefore, it is possible to
measure y using B* — Dn* decays, analogously to the theory and method discussed for B* —
DK* decays previously with the same multi-body final state. Consequently, Equations 2.45
and 2.46 can also be written in terms of the B — D channel such that

(2.49) NB =D = pDM(F; + 13 F_; + 2y/FiF_; (c;xP7™ +5,5P™))
(2.50) NE=Dm" — pDT(F_ 4 12 F; + 20/ FiF_; (c;xP™ —5;yP7))

where the F;, ¢; and s; are identical to those of the B — DK decay because the D meson
decays to the same 27727~ final state . However, the x; and y+ parameters will be different as
rg and 6p will not be the same for the two decay channels. For clarity, they will be denoted as
rB% and 69% in the B* — DK* decay channel and r3™ and 627 in the B* — Dn* channel. Thus,
the CP observables will also be denoted as 2%, yPK and x27, yP7 for the two decay channels
respectively. Inclusion of the B* — Dz* channel results in eight CP observables across the two
decay channels which contain five physics parameters. The parameter {27 is introduced in

order to reduce the numbers of degrees of freedom

pr_ T8 (i(6D7—6DK))

(2.51) g0 = B 1" -0,
r
B

Therefore x2™ and yP” can be reparameterised in terms of nuisance parameters

(2.52) " = REPT)
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(253) nyﬂ — j(fD”)
such that
(2.54) xi)n - x?”fo _ y?nng

(2.55) v =My K+ Pk
As ¢ is independent of v all the CP violation information is included in the x?X and yPK
CP observables for both the B— DK and B — Dn channels.

The ratio of the B decay amplitudes rg” and rgK are expected to be approximately 0.005
and 0.1 respectively [37] and the sensitivity to y is proportional to the ratio of the B decay
amplitudes. Therefore, the sensitivity to v is far greater in the DK channel.

Although, there is not a large gain in the sensitivity to y, the inclusion of B — Dn channel
is also useful for other purposes. The ¢; and s; inputs have already been measured model
independently, hence it is feasible to fit for the F; hadronic parameters, as well as the xf_,) K yf_? K
x? T, y? ™ CP observables simultaneously to the LHCb DK and Dr data samples in Chapter 7 .
Thus, changes in the phase space acceptance n(p) will cancel and an independent measurement
for F; using a control channel is not required. This eliminates any demand for a simulation
based efficiency correction which can lead to a large systematic uncertainty [29] . Moreover,
since CP violation is included in the D7 yield parameterisation the F; parameters determined
in the fit to both channels will not have an systematic effect caused by CP violation in the Dx

channel.

2.5 The Binning Schemes for the D Meson Decay Phase Space

The hadronic parameters (which are solely related to the D decays) were previously measured
with CELO-c data for five different binning schemes in Reference [36] using quantum corre-
lated DD decays. The D° and D decay amplitudes vary over the multi-body phase space, as a
result the same occurs for the weighted cosine ¢; and sine s; of the strong phase difference in
the interference term. Therefore, the bins should be defined to prevent dilution of the overall in-
terference across each bin, so optimal sensitivity can be achieved [36]. Reference [36] measured
the Equal A63" , Variable A6%" , Optimal, Optimal-alternative, and Alternate binning schemes.
The Equal and Variable A§%" binning schemes are based on the strong phase difference. The

21



CHAPTER 2. THEORY

alternate binning scheme uses the relative magnitudes of the two decay channel amplitudes as
well as considering the division of the strong phase difference across the bin. The Optimal and
Optimal-alternative binning schemes are defined to optimise the expected sensitivity to y in
B* — DK* decays [36]. Each binning scheme has a varying total number of bins n;,s, where
npins =4, 8,12, 16 or 20. The total number of bins is derived from there being i positive bins
(denoted i,,4x) and i negative bins for each B charge such that ny;,s = 4imqe. (see Chapter 4).
As an example the Optimal-alternative hadronic parameter binning scheme for np;,s = 20
determined in Reference [36] is laid out in Table 2.3.

Table 2.3: Hadronic parameters for the Optimal-alternative binning scheme with n4;,s=20 [36].

Optimal-alternative binning

c;

54

T;

T;

0.279 £+ 0.143 + 0.101
0.622 + 0.095 £ 0.059
0.969 £ 0.057 = 0.038
0.463 £ 0.099 & 0.046
-0.332 £ 0.138 £ 0.041

-0.379 £ 0.291 + 0.104
-0.486 £ 0.237 £ 0.072
-0.089 £ 0.162 + 0.038
0.245 £+ 0.215 £+ 0.067
0.484 + 0.263 £+ 0.132

0.096 & 0.005 = 0.002
0.123 £ 0.006 = 0.004
0.202 £ 0.007 £ 0.005
0.134 & 0.006 + 0.005
0.074 & 0.005 £ 0.002

0.032 & 0.004 = 0.005
0.055 £ 0.004 £ 0.003
0.164 + 0.007 £ 0.003
0.077 &+ 0.005 + 0.004
0.043 & 0.004 + 0.003

4T 0.771 £ 0.021 £ 0.010
0.760 + 0.057 + 0.017

O Mp TR b e
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CHAPTER

THE LHCB EXPERIMENT

The Large Hadron Collider Beauty Experiment (LHCD) is one of the four large experiments at
the Large Hadron Collider (LHC), within the Centre for European Nuclear Research (CERN).
The aim of LHCb is to investigate heavy flavour physics and search for evidence of beyond
Standard Model physics in CP violation, as well as rare decays of beauty and charm hadrons
[38].

The LHC is the largest particle collider in the world. The approximately 27 km long circular
accelerator collides 2 proton beams travelling in opposite directions to produce a maximum
centre-of-mass energy /s" of 14 TeV. The locations where the proton beams are brought to
collision (collision points) are those of the experiments, such as the LHCb detector, spread
around the circumference of the LHC.

This chapter describes the LHCb detector in the Run 2 data taking period providing a
general overview, before outlining the tracking systems subdetectors and particle identification
system. Furthermore, the 3 level trigger system and trigger lines are introduced as well as the
LHCb software.

3.1 The LHC

The LHC is located under the Swiss-French border and is the most powerful particle accelerator
on Earth at this point in time. To maintain the circulation of protons in the LHC ring, super
conducting dipole magnets are used, where liquid helium is used to keep the temperature of
the magnets at the required level. Opposite magnetic fields are induced in the 2 beampipes
and then the proton beams are collided. In Run 1 the collision centre of mass energies were
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7 TeV in 2011 and 8 TeV in 2012. Subsequently, in Run 2 /s was equal to 13 TeV for 2015
to 2018. To reach these collision energies a series of particle accelerators gradually increase
the energy. To begin with protons derived from ionised hydrogen are accelerated by a linear
accelerator called LINAC2 to 50MeV. Subsequently successive synchrotrons known as the
Proton Synchrotron Boost (BOOSTER), the Proton Synchrotron (PS) and the Super Proton
Synchrotron (SPS), accelerate the protons to 1.4 GeV, 25 GeV and then 450 Gev beam energies,
respectively. After, the protons are passed to the LHC which accelerates them further up to
their target energies, this corresponds to each beam reaching an energy 6.5 TeV in Run 2. Once
the proton bunches reach the target energies superconducting magnets are used to collide the
beams. Collisions can occur for a number of hours, once completed the beam dump facility is
utilised. The major LHC experiments including LHCb are illustrated in Figure 3.1.
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CENF CErn Neutrino platForm

Figure 3.1: The LHC accelerator complex. The linear accelerators and synchrotrons accelerate
the proton beams and pass them to the LHC ring (dark blue.) The major experiments are
located at different collision points on the LHC ring. Other experiments have their beams
provided by smaller machines. Figure from [39].
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3.2 The LHCDb Detector

The LHCDb detector is a single arm forward spectrometer [40] designed to take advantage of
the kinematics of the production of 56 quark pairs, which leads to them being predominately
forward or backward boosted as shown in Figure 3.2. Consequently, the LHCb detector
acceptance is between 10 mrad and 300 mrad in the bending horizontal plane, and 10 mrad
and 250 mrad in the non-bending vertical plane. Both planes” acceptance also correspond to
pseudorapidity n between 1.8 and 5 or 2 and 5 respectively, where n = —In(tan(%)).

LHCb MC
Vs =14 TeV

Figure 3.2: LHCb simulations of b pair production as a function of opening angle (01 is the b
opening angle and 63 is the b opening angle) with a pp centre of mass energy of 14TeV. The
acceptance of the LHCb detector is highlighted in red. Figure from [41].

Proton-beams are displaced with respect to one another at the collision point using correc-
tor magnets, to alter the beam overlap when colliding. This provides LHCb with control of the
number of pp interaction per bunch crossing, thus LHCb can tune the proton beans from the
LHC in order to ensure uniform average luminosity.

Multiple subdetectors, providing effective triggering and particle identification as well as
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precision tracking and vertexing, are combined together to result in the overall LHCb detector
as demonstrated in Figure 3.3. These are discussed in more detail within this chapter.
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Figure 3.3: The cross-section of the LHCb detector. The pp collision point is at the origin and
the z-axis is along the beam. Figure from [38].

3.21 The LHCDb Tracking System

In order to perform high precision measurements of b and ¢ decays LHCb requires a state of
the art tracking system. The tracking system detects charged particle tracks and determines

their momenta and reconstructs the production and decay vertices of the tracks.

The tracking system is composed of the Vertex Locator (VELO), the Magnet, the Silicon
Tracker (ST) and the Outer Track (OT) [38]. The Tracker Turcenis (TT) and the Inner Tracker
(IT) within the tracking stations (T1, T2 and T3) are the elements of the Silicon Tracker. The
outer element of the tracking stations is the Outer tracker. The components of the tracking
system can be observed in Figure 3.3
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3.2.1.1 The Vertex Locator

The Vertex Locator (VELO) [42] contains successive two-sided, semi-circular silicon modules,
laid out over approximately 1 metre under vacuum in the beam direction, to measure r and ¢
coordinates using R and @ silicon strip sensors respectively as demonstrated in Figure 3.4. The
silicon modules consist of retractable halves so they can be automatically opened during beam
injection, then aligned and closed to within 7mm from the beam when the beam is stable for
collisions. The VELO surrounds the pp interaction point and therefore provides the accurate

location of the primary vertex (PV) and the impact parameters (IP) of the tracks.

R sensors Tm
b sensors
. - @6
cross section at y=0 o<
*)
e 60 mrad
X g | —
R ani
T o o : 15 mrad
= | PR ETETEL | RN
[ \ [¢
pnéup | ) interaction region
VETO  view of c=5.3cm
stations most upstream
\VELO station
1Y 8.4 cm
X
6 cm
VELO fully closed VELO fully open

(stable beam)

Figure 3.4: The VELO silicon sensors. Top: View from above of the silicon modules. Bottom:
View in the x-y plane of a VELO module, ® sensors (blue) and the R sensors (red). The fully
closed module (left) and the fully retracted module (right). Figure from [38].

3.21.2 The Magnet

The LHCb Magnet [43] is located between the VELO and the tracking stations. It is a dipole
magnet which creates an integrated magnetic field of 4 Tm perpendicular to the beam line. As
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a result, it is possible to obtain information about the momenta of charged particles passing
through the magnet using the curvature of the particles’ tracks. Furthermore, to reduce the im-
pact of potential asymmetric acceptance effects, the direction of the magnetic field is repeatedly
flipped such that both directions are applied in equal proportions during data taking periods.

3.2.1.3 The Silicon Tracker

The Silicon Tracker (ST) [44] includes the Tracker Turicensis (TT) and the Inner Tracker (IT)
and all utilise silicon microstrips, with a pitch of approximately 200 um, to provide single-hit
spatial resolution of 50 um. The TT and the three other composite stations of the IT all have
the microstrips designed in four detection layers. The geometry of the detection layers is
denoted (x — u,v —x), where the x layer corresponds to vertical strips, and the u and v layers
each correspond to a rotation of —5° and 5° with respect to the x layer. Detection layers used in

the TT and IT are shown in Figures 3.5 and 3.6, respectively.

The TT reconstructs all particles including those with low momentum which exit the
detector acceptance when passing through the magnet, as well as longer-lived particles which
decay after the VELO. Moreover, it measures the transverse momentum of tracks with a large
impact parameter to provide information for the trigger. The IT covers the inner region of the
T1 to T3 tracking stations where the particle flux is high compared to the outer regions.

3.2.1.4 The Outer Tracker

The Outer Tracker (OT) [45] is composed of three straw-tube drift chambers which cover the
outer region of the T1-T3 tracking stations. Despite straw-tube drift chambers having a far
lower granularity compared to silicon detectors, they are used in the outer tracker since the

particle flux is lower compared to the inner regions and it reduces costs.

Similarly, to the TT and IT each OT station has 4 layers, and the tubes are in the same
geometric configuration as the silicon strips as the ST. There are two staggered sub-layers of
4.9mm straw-tubes within each detector layer, containing a gas with a composition of 70%
argon and 30% carbon dioxide. The gas mixture results in fast drift times (<50 ns) and high

drift-coordinate resolution of 20um.

3.2.1.5 Reconstruction of Tracks

The hits in the VELO, the TT and T1 to T3 are combined using track reconstruction algorithms
to reconstruct the particle tracks [46] [47]. All tracks in an event with sufficient detector hits
are reconstructed. There are multiple track categories dependent on which subdetector(s) they

register hits in as outlined in Figure 3.7.
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Figure 3.5: The third detection layer of the TT. The blue corresponds to the readout hybrids, the
yellow represent sensors read out individually, the light brown are sensors bonded together in
groups of two or three and the dark brown are sensors bonded together in groups of 4. Figure
from [38].

¢ Long tracks: These are tracks which have traversed the entire detector with hits in all
the tracking subdetectors. Thus, they have precise momentum information and defined

vertices. Consequently, these are the most helpful tracks for a physics analysis.

¢ Upstream tracks: These tracks register hits in the VELO and TT only. This indicates they
are likely to be low momentum tracks deflected outside the detector acceptance by the

magnet. Therefore, they provide limited momentum information.

¢ Downstream tracks: These tracks register hits in the TT and T1 to T3 but are absent in
the VELO. They are often tracks of the daughters of long-lived particles such as the
daughters of the K{ because the K? typically does not decay until after the VELO.

¢ T tracks: These tracks only record hits in the T1-T3 hit stations. They are frequently

created in secondary interactions.

® VELO tracks: These tracks are registered in the VELO only, often because they are
pointing in the backward direction or have a large angle. Although, they do not provide

momentum information they are used to determine the primary vertex.
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Figure 3.6: Detector layer of the second IT station in the x-y plane with the beampipe in centre.
Figure from [38].

3.2.2 The LHCD Particle Identification System

LHCb employs two Ring Imaging Cherenkov (RICH) detectors , the calorimeter, and muon
stations to provide particle identification capabilities [38]. The outputs from the constituents
of the LHCD particle identification system are combined into particle identification variables
described in Section 3.2.2.4

3.2.2.1 The RICH detectors

The key aim of the two RICH [48] detectors is to identify and separate charged pions and
kaons over the entire momentum spectrum. It also provides information to identify muons,

electrons and protons.

Charged particles travelling faster than the speed of light within a particular medium emit
Cherenkov radiation [49]. The direction of travel of the Cherenkov photons is such that they

are produced in a cone. The Cherenkov angle 6¢ of photons can be defined as:

1 /202 + 2
(3.1) cos(0p) = — = ym7cT+p”
np np

where n is the refractive index of the medium, g = v/c, v is the speed of the particle, c is the
speed of light, m is the mass of the particle and p is the momentum of the particle. Thus, the
Cherenkov angle is related to the particle’s momentum as can be seen in Figure 3.8 . The RICH
detectors measure the Cherenkov angle, the refractive index of each of the RICH radiators is
known, and the tracking system determines the particle momentum. Therefore, the particle

mass can be calculated and used to identify the particle.
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Figure 3.7: Top: The magnetic field component B,, along the beam axis (z-direction). Bottom: A
schematic of the 5 different LHCb track categories. Figure from [46].

The first RICH detector (RICH1) is designed to identify low momentum particles. It en-
compasses the full angular acceptance of the LHCb detector, and is located between the VELO
and the TT because the magnet may deflect low momentum tracks outside of the acceptance.
RICH1 is used to distinguish charged particles in the momentum range between 1 GeV/c and

60 GeV/c using C4F'1¢ gas as illustrated in Figure 3.8.

The second RICH detector (RICH2) is designed to identify high momentum particles.
Higher momentum particles have smaller polar angles [38], thus RICH2 has a reduced angular
acceptance, compared to RICH1, of 15 mrad to 120 mrad in the horizontal (bending) plane
and 15 mrad to 100 mrad in the vertical (non-bending) plane. Furthermore, RICH2 is posi-
tioned between the magnet and tracking stations since it is less probable that high momentum
particles will be deflected by the magnet. RICH2 is used to discriminate between charged
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particles in the momentum range 15 GeV /c to 100 GeV /C using CF4 gas as shown in Figure 3.8.
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Figure 3.8: Cherenkov angle related to particle momentum for the RICH radiators. Note that
silica aerogel was used in Run 1 only and removed for Run 2. Figure from [38].

Figure 3.9 shows that both RICH1 and RICH2 reflect Cherenkov photons, produced by
charged particles, onto cylindrical Pixel Hybrid Photo Detectors (HPD) . This is achieved by
utilising the spherical primary and flat secondary mirrors.

3.2.2.2 The Calorimeters

The LHCb calorimeter system [50] includes a Preshower detector (PS), a Scintilating Pad De-
tector (SPD), an electromagnetic calorimeter (ECAL) and a hadronic calorimeter (HCAL). The
calorimeter is able to obtain the energy and positions of neutral particles such as 7° particles
and photons and identify them. Moreover, the calorimeter is also used to identify electrons
and hadrons. The information determined by the calorimeter is an important input for the
LHCb LO hardware trigger.

The SPD and PS are made of a 15mm thick plastic scintillators and are positioned prior
to the ECAL and HCAL, with a 2.5 X, (where X is the radiation length) thick sheet of lead
in between them as shown in Figure 3.10 [50]. As can be seen in Figure 3.10 only charged

particles deposit energy at the SPD, then the lead converter separates electrons from back-
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Figure 3.9: RICHI1 detector (left) and RICH2 detector (right). Figures from [38].

ground pions and causes the electrons and photons to produce electromagnetic showers which
deposit energy in the PS and ECAL. In order to fully contain the electromagnetic showers the
ECAL is 25 X thick. The ECAL has 66 alternating layers of 2mm thick lead sheets and 4mm
thick polystyrene scintillators, where the scintillation light is transmitted to Photo-Multipliers
(PMT) using wavelength-shifting (WLS) fibres. As well as aiding the identification of pho-
tons and electrons, the ECAL can also reconstruct neutral pions by identifying pairs of photons.

The HCAL is 5.6 A; (where A; is the radiation length) thick and arranged in alternating
layers of 1cm thick iron sheets and 3mm thick doped polysterene scintillators. Hadrons interact
with the nuclei of the atoms forming the iron sheet inducing hadronic showers. Scintillation
light is transmitted by WLS fibres to PMTs similarly to the ECAL. The absence of a track
associated to the cluster of hits in the calorimeters is used to discriminate neutral particles
from charged particles.

3.2.2.3 The Muon Chambers

Muon candidates are identified using information from each of the five muon stations (M1-M5)
as can be seen in Figure 3.11. This information is also used as input for muon triggering in the
LO-trigger [51].

* M1: Measures the transverse momentum, hence it is placed between RICH2 and the
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Figure 3.10: Calorimeter schematic. The lead layer is thick enough to cause electromagnetic
showers. Figure from [50].

Calorimeter subdetectors.

* M2 and M3: provide high quality spacial resolution of tracks. They are positioned after
the calorimeters.

* M4 and M5: Provides particle identification information. They are located after M2 and
M3.

* M2 to M5: Are all separated by 80cm thick iron sheets, which stop high energy hadrons
reaching the muon stations. Thus, only muons with a enough momentum reach the

muon stations.

Each muon station is split into four regions (R1-R4) as can be seen in Figure 3.12. The
granularity in the regions reduce radially as the expected particle density decreases. All muon
stations are multi-wire proportional chambers (MWPC), apart from R1 of M1 which are triple-
GEM (Gas Electron Multiplier) chambers [52] due to the expected radiation damage because
of the particle rate at this point.

3.2.2.4 The Particle Identification Variables
The outputs from the subdetectors within the particle identification system are used to deter-

mine two different sets of discriminative variables for an events’ final state tracks [53].

Outputs from the subdetectors for each track are compared to the expected outputs for a
variety of particle species to provide a likelihood for each particle hypothesis. These likelihoods
are multiplied together for each particle type and used to calculate the first set of discriminant
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Figure 3.11: Sideview of the muon stations. Figure from [38].

variables which is the Difference in the Log Likelihood (DLL) between particular particle
hypotheses X and Y :

(3.2) DLLx_y =log %x —log &%y

where the reference particle Y is often a pion, because these are the most likely particles to
be produced in p — p collisions.

An artificial neural network takes a variety of inputs from PID system subdetectors and
tracking system outputs including the DLL variables. The output of the neural network is the
second set of discriminant variables, they are normalised between 0 and 1 and thus known as
the ProbNN variables, and each one represents the probability of a particular particle hypothe-
sis. Simulation samples resampled such that they correspond to the occupancy of events in the
data are used to train the neural network.

The information from the particle identification subdetectors are combined, however it
is worth noting that kaon and pion identification variables calculation largely relies on infor-
mation from the RICH detectors, whilst electrons and neutral particle identification variables
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Figure 3.12: The front view of a muon station quadrant split into four regions R1 to R4. Each
rectangle is a chamber. Figure from [38]

=V

depend heavily on information from the calorimeter, and the muon particle identification

variable is particularly reliant on the muon system.

3.2.2.5 LHCDb Performance

The LHCb detector can achieve an impact parameter resolution of approximately 200um and a

decay time resolution of approximately 45fs.

The average relative momentum resolution of the tracking system is:

A
(3.3) 7” ~0.5%

The ECAL and HCAL have relative energy resolutions of

AE 10%
3.4 —r—— 1%
34 E  E[GeV/c] ’
and
(3.5) AE _ 80% 19
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E VE[GeV/c]
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respectively. Moreover, LHCb has significant kaon-pion separation power, where a kaon
efficiency of approximately 95% and pion misidentified fraction of approximately 5% can be
obtained for p > 1GeV.

3.3 The LHCb Trigger System

The maximal LHC bunch collision rate of 40 MHz is too great for every event to be recon-
structed because of computing time and other data acquisition (DAQ) systems constraints.
Moreover, the LHCb storage capacity would also not be sufficient to store the data in its
entirety. Therefore, the LHCb trigger system is required to reduce the visible bunch crossing
rate from 25 MHz to 3.5 kHz, 5 kHz and 12.5 kHz for 2011, 2012 and Run 2 respectively, using
selections designed to retain as many likely B meson and Charm meson events as possible,
whilst eliminating likely background events. This is achieved using the Level-0 (L0) hardware
trigger and then the High Level Software Trigger (HLT) [38].

3.3.1 The LHCb Level-0 Trigger

The LHCb level-0 hardware trigger [38] cuts the bunch crossing rate from 40 MHz to 1 MHz
using information from the muon stations and calorimeter which have rapid read out times
(less than 4 micro seconds). B hadrons impart a large amount of transverse kinetic energy to
its daughter particles. Consequently, the LO triggers on events which have deposited high
amounts of transverse energy in the calorimeter or muon stations. Moreover, the VELO and
SPD provide the LO pileup information, which is used to remove events with too large a

number of tracks.

Transverse energy thresholds vary for the data taking year and different particle types -
hadrons, muons, electrons and photons [55] [56] [57]. Thus, there are the LO Hadron, LO Photon,
LO Electron, LO Dimoun and LO Muon trigger lines. In this analysis the L0 Hadron line is the
most important. The transverse energy threshold is the highest for the LO Hadron line and is
the sum of the transverse energy in the HCAL and corresponding ECAL cells. The trigger line

is activated by clusters in the HCAL which meet the criterion.

3.3.2 The LHCb High Level Trigger

Events which are selected by the LO hardware trigger then have to pass the software based
High Level Trigger which is composed of 2 stages, the first stage is HLT1 and the second stage
is HLT2 [38].

The HLT1 conducts partial event reconstruction using information from the VELO, the

tracking system and the muon particle identification stations. The HLT1 line confirms the L0
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Figure 3.13: The Trigger scheme for Run 2. Figure from [54].

trigger decision by reconstructing tracks in the VELO, and identifying primary vertices and po-
tential secondary vertices, and applying cuts on the impact parameter, momentum, transverse
momentum and/or track quality. For this analysis the decays of interest are B* — Dh*, thus the
HLT1 trigger lines HLT1TrackMVA and HLT1TwoTrackMVA are applied [58]. HLT1TrackMVA
triggers on events with a minimum of one track with high transverse momentum and a large
impact parameter with respect to the primary vertex. HLT1TwoTrackMVA triggers on sec-
ondary vertices which are displaced from the primary vertex and formed from two tracks. The
HLT1 trigger lines used in this analysis are discussed further in Section 5.2.

The HLT2 undertakes a full event reconstruction of the remaining events after HLT1 to
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reduce the data rate to 12.5KHz, so it can be stored permanently offline. The HLT2 uses all the
detector tracking and particle identification information to reconstruct all tracks in an event, as
well as intermediate particles and displaced vertices. Subsequently, a variety of sets of cuts can
be applied, dependent of the HLT2 line, which are predominantly aimed at identifying B and
D meson decays. This analysis uses the HLT2 trigger lines designed to identify the topology
consistent with a B meson decay, these lines are known as HLT2 topological N-body lines [58].
The HLT2 topological N-body lines use a Boost Decisison Tree [59] to search for 2, 3 and 4 track
vertices, with significant transverse momentum and large displacement from the primary ver-
tex. Discrepancies between the total momentum of the N tracks and the hypothetical B meson
momentum are taken into consideration, in order to compensate for missed tracks. Further
information regarding BDTs can be found in section 5.6. The HLT?2 trigger lines used in this

analysis are discussed further in Section 5.2.

The Run 2 HLT2 event reconstruction is greatly improved due to optimised selection algo-
rithms, upgraded computing resources, and real-time alignment and calibration of the systems
within LHCb detector as illustrated in Figure 3.13. An added benefit of the real-time alignment
and calibration sub-stage is that these events can be used in the Turbo stream [57], without

additional offline reconstruction.

3.3.3 The LHCb Turbo Stream

In Run 2 the HLT?2 reconstruction and offline reconstruction both perform identically. As a
result, the candidates selected by the HLT2 can be saved to disk in the Turbo stream [60] and
used directly, without additional offline reconstruction by Brunel outlined in Section 3.5. This
functionality is achievable because of the real-time alignment and calibration of the detector.
This is useful if all the reconstructions required for an analysis have already been undertaken
by HLT2. However, some physics objects for example tracks and vertices or detector responses
that aren’t used by the trigger to form part of the selected decay are removed. The physics
objects used to reconstruct candidates selected by the trigger are saved for the Turbo lines,
which are analogous to the HLT2 lines. The software TESLA, outlined in Section 3.5, processes
the Turbo stream events by extracting the physics objects reconstructed in HLT2 and converts

them for physics analysis.

3.4 The LHCDb Stripping

A stripping line is a set of loose cuts designed to check that an event has candidates which
can be combined to form the signal decay in question. Their purpose is to retain a high

proportion of signal events, whilst eliminating as many background events as possible. The
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stripping is required to shorten computing time. The LHCb software DaVinci executes the
stripping, this is discussed further in Section 3.5. The stripping lines used in this analy-
sis of B* — D(— 277277 )h* decays, is B2DOPiD2HHHH to select B* — Dn* decays and
B2D0KD2HHHH to select B* — DK* decays, with the D meson decaying to a 4-body hadronic

final state. The stripping is discussed in more detail in Section 5.3.

3.5 The LHCDb Software

A variety of software frameworks, integrated into the Gaudi framework, process data at
LHCb [61] [62]. A different application is responsible for each stage of data event processing,
and the main applications are detailed below. GAUSS and BOOLE are used to produce
simulated data, which can then be treated the same as real data. Subsequently, MOORE,
BRUNEL, (TESLA) and DAVINCI are responsible for event reconstruction.

* GAUSS: is a simulation application which generates particles and simulates the subse-
quent detector response [63] . Within the application Pythia [64] generates the proton-
proton collisions creating b quark pairs, EvTGen [65] then describes the B meson decay

in question and the detector response to the particles is simulated using Geant4 [66] [67].

* BOOLE: receives the Gauss output and simulates the digitisation of the data output from
the subdetectors, to provide the identical format to the the LHCb data from the output of
LHCb DAQ system.

¢ MOORE: whilst data taking occurs online subdetector and global reconstruction in
HLTT1 and HLT2 is undertaken by Moore. The offline reconstruction undertaken by
BRUNEL is the same as the reconstruction in MOORE for Run 2.

* BRUNEL: uses pattern recognition to undertake offline subdetector and global recon-
struction for data and Monte Carlo. When BRUNEL undertakes global reconstruction on
Monte Carlo it associates reconstructed tracks with the particles generated in Gauss. This
procedure is called truth matching, if it is not possible to match a track reconstructed in
BRUNEL to a generated particle (from Gauss) it is classed as a Ghost track and provided
the particle identification number 0. The treatment of Ghost tracks is discussed further in
Section 5.5.1.

¢ TESLA: uses the physics objects created by Moore in HLT2 to process the events in the

Turbo stream.

¢ DAVINCI: performs offline analysis including executing the stripping and reconstruction

of defined decay chains of particles [68]. Following this full offline analysis can be
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undertaken. When DaVinci is applied to simulated data it assigns a background category
to each event. A reconstructed decay chain which meets the threshold of overlapping
hits to the identical decay chain in the generated Monte Carlo (from Gauss), would be
classified as a signal category and thus receives the Background category identification 0.

Use of background categories is discussed in Section 5.5.1.
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CHAPTER

SENSITIVITY STUDY

The sensitivity to CKM angle y is established using pseudo-experiments. This Chapter outlines
the sensitivity study strategy, the choice of fit parameters used, the predicted sensitivity to
CKM angle y for LHCb Run 1 + Run 2 dataset and the resulting choice of binning scheme for
the D meson decay phase space used in the further measurement.

4.1 Sensitivity Study Strategy

The D — 2n* 27~ decay has a 5 dimensional phase space which is divided into bins and y or x.
and y; are measured in every bin. The number of signal events are calculated in each bin ¢,
where the total number of bins is np;,s. The total number of bins is derived from there being
i positive bins and i negative bins for each B charge. The number of signal events in each of
the ™42 B~ — D(— 27*277)K~ decay bins and in each of the *4+ B* — D(— 27277 )K* decay
bins are calculated using:

(4.1) NE — DK =hp- (T 7%+ T/ +2y/TI T (T x_+5Ty))
and
4.2) NE —DK* =hp-(T/ 3+ T 42T/ T (fxs — 5] y1)),

where the CKM angle y is a constituent in x, =rgcos(dp+y) and y. =rpsin(ép+ty), and hp-,
hp+ are independent proportionality constants, and Tif c{ and sf are the hadronic parameters
previously measured using CLEO-c data [36].
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Table 4.1: The expected total B* — D%(— 27*277)K* event yields for LHCb data taking periods.

Data taking Period Expected B* — D%(— 27*277)K* Yields
Run1 1500

2016 2200

Run1+ Run?2 9000

Future 20000

The expected total B* — DK+, D — 4n* event yield at LHCb for Run 1, 2016, combined
Run 1 and Run 2, and in future are estimated and laid out in Table 4.1. The expected total Run
1 and 2016 yields are from [69], and the Run 2 and future yields are extrapolated from the 2016
yield using expected integrated luminosity for the data taking periods. The sensitivity study
strategy in each pseudo-experiment is as follows:

* The number of signal events in each bin are predicted by equations 4.1 and 4.2, with
rg=0.1,6p = 143°, y = 73.5°. The independent normalisation parameters are calculated,
such that the total number of B* — D(— 27" 277 )K* decays corresponds to the expected
total yield for the data taking period in question. The predicted number of signal events
in each bin are randomly fluctuated according to the Poisson distribution.

e The Poisson fluctuated event yields in each bin are used to generate Gaussian B* mass
distributions. Hence, the number of B* mass distributions generated (n gquss), is the same

as the number of bins (npins)-

* A simultaneous extended maximum-likelihood fit to all 7 44,55 mass peaks is then imple-
mented. Separate fits are performed for parameters {x.,y.} and {y,dp,rp} respectively-
these parameters and the independent normalisation parameters are permitted to float
in the fit.

¢ The fits are performed with two different hadronic parameter settings: one in which
the hadronic parameters (Tlf c{ and sf ) are fixed, and one in which they are constrained
according to their uncertainties and correlation. The constrained hadronic parameters

are varied according to their covariance matrix.

¢ In the case of the fixed hadronic parameters the uncertainties from the fit on y or x.,
vz are the statistical uncertainties o(stat). Whereas, when the hadronic parameters are
constrained the uncertainties from the fit on y or x., y. are the combination of o(stat)

and hadronic parameter uncertainties o(had).
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Figure 4.1: Mechanics of the single fit using generated mass distributions and hadronic inputs
previously measured from CLEO-c data [36].

4.2 Bias Studies

Both the fits for {y,6p,rp} and {x,, y.} are investigated for bias using pull studies of 100 pseudo-
experiments for the expected combined Run 1 and Run 2 event yields laid out in Table 4.1.
All five binning schemes, with ns;,s = 20, were implemented as outlined in Section 2.5. In
the case of fixed hadronic parameter inputs no bias is observed in any of the pulls in either
{y,0B,rp} and {x4,y.} fits. However, when the hadronic parameter inputs are constrained in
the {y,ép,rp} fit, significant bias in the rp parameter is observed in all the binning schemes as
can be seen in Table 4.2. The least bias is found in the Equal A§%" binning and the largest bias
in the Alternate binning. The fit for {x.,y.}, with constrained hadronic parameters, establishes
potential small bias in the Equal A§%" , Optimal-alternative and Optimal binning schemes and
finds significant bias in y_ in the Variable A§%" and Alternate binning schemes as shown in
Table 4.3.

To investigate both the stark difference in bias between the two fitters and bias between the
binning schemes, likelihood scans for 1 pseudo-experiment and the Runl+Run2 event yield
were used. Figure 4.2 highlights the ambiguities arising from the cosine and sine terms in the fit
for {y,6p,rg}- the two primary maxima in both plots are to be expected from the cyclical nature
of the trigonometric terms, whilst the two secondary maxima in the Alternate binning scheme
were more prevalent than in the Equal Adf,” binning scheme. Hence, the reduced performance

in the Alternate binning scheme case.

The likelihood scans for the {x4,y.} fit in Figure 4.3 demonstrates how replacing the trigono-
metric and rp terms with the x, and y. eliminates the ambiguities in the Equal Ad;‘,” binning.

Thus, the improved performance of the {x.,y.} fit. However, the multiple peaks remaining in
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Table 4.2: Pulls results, from 100 pseudo-experiments for the fit for {y,dg,rg} and np;ns = 20.

Bias Studies for {y,dp,rg}.
Binning Y mean Y width dp mean O6p width rg mean rg width
scheme
Equal Aé;‘,” 0.106 1.075 0.168 1.185 0.4385 0.877
+0.1075 +0.0764 +0.1185 +0.0842 +0.0877 +0.0623
Variable -0.602 1.725 -0.181 2.591 -0.456 0.870
A(S;*,” +0.1725 +0.1226 +0.2591 +0.1841 +0.0870 +0.0618
Optimal- 0.189 1.052 0.058 2.025 0.644 0.872
alternative +0.1052 +0.0748 +0.2025 +0.1439 +0.0872 +0.0620
Optimal 0.024 1.926 0.139 2.043 0.581 1.061
+0.1926 +0.1369 +0.2043 +0.1452 +0.1061 +0.0754
Alternate -0.257 1.963 0.031 2.615 -0.660 1.063
+0.1963 +0.1395 +0.2615 +0.1858 +0.1063 +0.0755

Table 4.3: Pulls results, from 100 pseudo-experiments for the fit for {x.,y.+} and ng;,s = 20.

Bias Studies for CP observables
Binning x; mean «x, width x_mean «x_ width y, mean y, width y_mean y, width
scheme
Equal 0.021 0.956 0.079 0.915 0.105 0.965 0.279 0.967
A5§‘,” +0.0956 +0.0679 +0.0915 +0.0650 +0.0965 +0.0686 +0.0967 +0.0687
Variable 0.068 1.119 0.003 0.878 -0.069 1.052 -0.573 1.444
A5§” +0.1119 +0.0795 +0.0878 +0.0624 +0.1052 +0.0748 +0.1444 +0.1026
Optimal- -0.141 0.867 0.062 1.127 -0.083 1.034 0.109 1.020
alternative +0.0867 +0.0616 +0.1127 +0.0801 +0.1034 +0.0735 +0.1020 +0.0725
Optimal  -0.169 0.924 -0.008 0.996 -0.042 1.007 0.061 1.031
+0.0924 +0.0657 +0.0996 +0.0708 +0.1007 +0.0716 +0.1031 +0.0733
Alternate 0.057 0.988 0.125 0.921 0.026 1.362 -0.467 1.698
+0.0988 +0.0695 +0.0921 +0.0654 +0.1362 +0.0968 +0.1698 +0.1207

Alternate binning scan provide a reason for its reduced performance even in the {x,, y.} fit.
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Figure 4.2: y versus 6p scans of —2(log(£) —log(Znqx), With 10° intervals, for 1 pseudo-
experiment, Runl+Run?2 yield and Alternate binning scheme (left) and Equal A(S;l,” binning
scheme (right) with npg;,s = 20.
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Figure 4.3: x_ versus y_ scans of —2(log(%£) —log(Znax), with 0.01 intervals, for 1 pseudo-
experiment, Run1+Run?2 yield and Alternate binning scheme (left) and Equal A(S;l,” binning
scheme (right) with npg;,s = 20.

4.3 Sensitivity
The sensitivity to x4 and y., is established from fits to 100 pseudo-experiment datasets simu-

lated as described above.

4.3.1 Sensitivity for data taking periods

The sensitivity to x; and y. as well as y for each data taking period in Table 4.1 is established

for the three least bias binning schemes with n;,s = 20 discussed in the previous Section.
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The errors are lower when the hadronic parameters are fixed compared to when they are

constrained as illustrated in Figures 4.4 and 4.5. Figures 4.4 and 4.5 also demonstrate that the

sensitivity to x+ and y. as well as the statistical sensitivity to y is expected to improve with

greater event yields.
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Figure 4.4: Investigation into x; and y, sensitivity based on 100 pseudo-experiments and data
taking period yields in Table 4.1 for the Equal A§5" , Optimal-alternative and Optimal binning
schemes with and without constrained hadronic parameters and n;,s=20. Values determined
without MINOS.

4.3.2 Sensitivity for Run 1 + Run 2 Yield

The sensitivity to x; and y,, for the combined expected Run 1 and Run 2 event yield are

determined for the three least biased binning schemes and their associated total number of

bins. The Optimal-alternative with np;,s = 12, Optimal with ns;,s = 16 and Optimal with 74,
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Figure 4.5: Investigation into y sensitivity based on 100 pseudo-experiments and data taking
period yields in Table 4.1 for the Equal A(Sf,” , Optimal-alternative and Optimal binning
schemes with and without constrained hadronic parameters n;,s=20. Values determined
without MINOS.

=20 binning schemes are the three most sensitive binning schemes as shown in Table 4.4. As all
three binning schemes have similar sensitivity the Optimal-alternative with n;,s = 12 binning
scheme is chosen as the binning scheme for the measurement since it has fewer bins and is more
straightforward. Table 4.4 shows that the expected sensitivity using the Optimal-alternative
with ny;,s = 12 binning scheme are o(x,) = 0.03258, o(x_) = 0.03128, o(y,) = 0.1018, o(y-) =
0.06993. No significant bias is observed in pull studies for the Optimal-alternative with ns;,s =
12 binning scheme.

Figure 4.5 shows that at the expected combined Run 1 and Run 2 event yield all the n;,
= 20 binning schemes, with their respective fixed /constrained hadronic inputs, have similar
sensitivity to y. Hence, it appears a sensitivity to y of approximately 15° is achievable for the
Run 1 + Run 2 dataset.
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Table 4.4: Sensitivity study results from 100 pseudo-experiments for the CP observables across
the Equal Aég” , Optimal-alternative and Optimal binning schemes, with constrained hadronic
parameters and varying total number of bins in each binning scheme. Values determined with
MINOS.

CP observables sensitivity study
Number of | x* error x~ error y* error Yy~ error
bins
Equal A(S;l,” binning scheme
20 0.02954 0.03049 0.1162 0.1578
16 0.03385 0.04020 0.2999 0.3281
12 0.03533 0.03594 0.2783 0.3551
8 0.04683 0.05205 0.2802 0.3297
4 0.04892 0.02865 0.1432 0.1045
Optimal-alternative binning scheme
20 0.02568 0.03980 0.1187 0.07159
16 0.03122 0.03550 0.1011 0.1249
12 0.03258 0.03128 0.1018 0.06993
8 0.05260 0.05769 0.3006 0.2637
4 0.07061 0.1582 0.2851 0.1481
Optimal binning scheme
20 0.02559 0.03033 0.0741 0.1012
16 0.02915 0.03639 0.05319 0.1127
12 0.03629 0.03342 0.2079 0.1549
8 0.03853 0.04162 0.2251 0.1963
4 0.08214 0.07485 0.2482 0.2308




CHAPTER

SELECTION AND BACKGROUND STUDIES

The event candidates have selections applied at the trigger and stripping line levels prior
to a set of offline rectangular cuts known as preselections. After this a multi-variate method
known as a Gradient Boosted Decision Tree is used to remove combinatorial background.
Finally, further cuts for particle identification and background suppression are applied. These
selections are discussed further in this Chapter and are based on the following variables:

* y2 -the y%/ndf of the track fit associated to the particle.
o x2,. -the 2, /ndf of the decay vertex fit of the particle.

o ﬁp - the difference in y2 between the primary vertex (PV) reconstruction with and
without the particle under consideration. Small y%,, values indicate the track is likely to

have originated from the PV which means it is likely a prompt track [70].
* 1%y - the displaced vertex fit quality.
e pr - the transverse momentum.
¢ p - the particle momentum.
® DLLg_; - The log-likelihood difference between the K and 7 hypotheses
* mp - the invariant mass of D meson candidates.
* mp: - the mass of B meson candidates.
® Pghost - Probability that a track is a ghost.
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* 1p: - the decay time of the B meson.

* 12, - the y? of the flight distance of a particle, is defined as:

FD?
(5.1) Xop = —5—

2

2
9FD
where FD is the flight distance of the particle, and is the distance between its primary
vertex and decay vertex. The uncertainty on the particles flight distance is denoted orp.

* FDyg;g, - the significance of the flight distance in the z direction, is calculated as:

particle  _particle

decay vtx origin vix
(5.2) FDSigZ - particle particle

2 2
\/U (Zdecay vtx) to (Zorigin vtx)
ticle . . . .. ticle . .
where 24" is the z coordinate of the point of origin and 2P g the z coordinate
origin vix decay vtx

of the decay vertex of the particle in question.

* DIRA (cosine DIRection Angle) - is the cosine of the angle between momentum vector
of the particle and its direction vector from the origin vertex to the decay vertex. It is the
defined by (xp —x0)- p/(Ipllxp —x0l), for a particle with origin vertex xo, decay vertex xp,
and momentum p.

* Ay, - the difference between the z position of the decay vertex and the origin vertex of a

particle.

o sign(Ay, )FD - the flight distance of a particle with sign associated with the difference
between the z position of the decay vertex and the origin vertex of a particle.

* Ipr -is the pr asymmetry isolation variable defined as:

By —(Xotherp,)

5.3 Ipp=
53) PT™ BE +(Lotherp,)

where Bpr is the transverse momentum of the B meson and Y otherp, is the sum of the
transverse momentum vectors for all charged tracks that are not related to the signal
decay within a cone shaped region. The cone is defined by a circle of radius 1.5 units
constructed around the B mesons decay vertex in the pseudorapidity and azimuthal
angle plane. As a result, the asymmetry isolation variable determines how isolated a
particle is within the cone. A Ipr nearer to 1 indicates fewer other charged tracks near

the B candidate and thus it’s more likely to be reconstructed correctly [71].
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® ISmuon - If ISmuon == 0 the particle in question is likely not a muon, whereas if
ISmuon ==1 the particle is likely a muon. A track is classed as ISmuon ==1if it has a

minimum number of hits in the muon stations [72].

5.1 Data and Simulation Samples

5.1.1 Data samples

The analysis is based on the 2017 LHCb dataset corresponding to ~ 1.8 5! integrated lumi-
nosity. The B* — D(— 2n+2n—)h* candidates were selected using lines in the Beauty2Charm

stripping stream:

* B* - D(— 2n+2n-)K*: B2DOKD2HHHHBeauty2CharmLine

* B* — D(— 27n+2n-)n*: B2DOPiD2ZHHHHBeauty2CharmLine

5.1.2 Simulation samples

Filtered simulation (where simulated events are prefiltered by the selections in Table 5.1)
B* — D(— 27+21-)h* decay modes samples are generated with a non-resonant amplitude
model for the D decay. Thus, to ensure the simulation samples model the data accurately the
B* and B~ simulation samples are reweighted using D® and D amplitudes respectively from
the D° — 27727~ amplitude model [73].

Separately, the relevant partially reconstructed background simulation samples outlined
in Reference [29] are used. They contain partially reconstructed background samples with
D — K%n*n~, where the long-long K? decays to n*7~, therefore they decay to the same final
state as D — 2n+27~. The K? decays have a short flight distance which means that D — K2n* 7~
is very similar to D — 27727~ and are an adequate proxy since the differences between the D
decays is not critical to the modelling of the partially reconstructed backgrounds (the missing

final state particles are more important).

The simulation samples are used for various purposes including selection efficiencies,
multivariate analysis tool training and testing, and to aid the modelling of background and

signal decays.

5.2 Trigger Event Selection

As explained in Section 3.3 there are three trigger steps applied to event candidates - one

hardware and two software steps- in the LHCb data acquisition. In each step a selection is
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chosen.

Step 1is the LO hardware level trigger where the trigger decision is either:
¢ Trigger-On-Signal (TOS) when signal candidates activate the LO Hadron line.

¢ Trigger-Independent-of-Signal (TIS) when particles not associated with the signal decay
activate the LO Global line.

Step 2 is the first software level trigger HLT1 where the signal candidates must trigger
either:

¢ HLT1 TrackMVA line [74] where a rectangular selection is applied to the pr, )(%P and

)(?mck of the track, prior to a multivariate analysis tool which distinguishes between
signal candidates and background events in the plane defined by y?, and pr. Events are
selected if they have a minimum of one track that pass the selection criterion set by the

line.

¢ HLT1 TwoTrackMVA line which selects events where two tracks that form a vertex
are displaced with respect to the primary vertex. A similar approach is taken to HLT1
TrackMVA, however after rectangular selection criteria are applied to each individual
track a further selection criterion is placed on two track combinations such as XZ and pr.

Finally, a multivariate analysis tool is applied again.

Step 3 is the second software level trigger HLT2 where the Topological lines [74] are
designed to trigger on 2-body, 3-body or 4-body B decays with a minimum of 2 charged
children and take into account possible missing child particles. Therefore, signal candidates
need to trigger either:

¢ HLT2 Topological 2-body TOS line which triggers on 2 body B decays as described above.
Full event reconstruction is undertaken in HLT?2, thus information such as all tracks and
possible displaced vertices for the entire signal decay can be evaluated. First a rectangular
selection is applied by the line on charged particle track variables for example y2, and
pr and displaced vertices variables such as %, . Following this, a multivariate analysis
tool known as MatrixNet [75] is used to distinguish between signal candidates and

background events.

¢ HLT2 Topological 3-body TOS line which triggers on 3 body B decays as described above

and follows similar selections to the 2 body case.

¢ HLT2 Topological 4-body TOS line which 4 body triggers on 4 body B decays as described
above and follows similar selections to the 2 body case.
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5.3 Stripping

The LHCb stripping is a central offline selection procedure.

In this analysis B* — D(— 2n*277)h* candidates are selected using stripping lines in the
Beauty2Charm stripping streams:

* B* — D(— 2n*277)K*: B2DOKD2HHHHBeauty2CharmLine which selects B* — DK*
decays where the D meson decays to a four-body hadronic final state.

* B* — D(— 27277 )n*: B2DOPiD2HHHHBeauty2CharmLine which selects B* — Dn*
decays where the D meson decays to a four-body hadronic final state.

The stripping lines first attempt to reconstruct the D meson candidate from 2z* and 27~
candidates, then the D meson of this composition is combined with a K* candidate (in the
B2DOKD2HHHHBeauty2CharmLine case) or 7+ candidate (in the B2DOPiD2HHHHBeauty2CharmLine
case) to reconstruct the B meson candidate. The selection criteria for the LHCb stripping lines
of B* — D(— 2n*2n7)h* are given in Table 5.1.

5.4 Kinematic Fitting

The DecayTreeFitter (DTF) algorithm [76], within the LHCb reconstruction software DaVinci,
refits the entire decay chain trees in terms of vertex positions, decay times and momentum
parameters simultaneously with further constraints added and applied. In the analysis the
mass of the D meson is constrained to its PDG value [77], and the B meson candidate is con-
strained according to its momentum vector originating from the primary vertex . Consequently,
this ensures improved resolution of the B mass and accurate reconstruction of the positions
of B* — D(— 2n*277)K* and B* — D(— 27*277)n* events in the 47* phase space and thus,

associated bin number.

5.5 Preselections

After the trigger and stripping levels, a set of largely loose rectangular selections are applied in
order to retain as many signal candidates as possible whilst eliminating candidates which are
highly likely to be background. All the preselection cuts in this section are outlined in Table
5.2.
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Table 5.1: Selection criteria for all B* — D(— 27*277)h* candidates in the LHCb stripping.

Particle Parameter Selection Criteria
n* D > 1000 MeV
DT > 100 MeV
DLLg , <20
Xirack <4
Xip >4
Pghost <04
D DT > 1800 MeV
mp [1764.84, 1964.84] MeV
X2/ Ndof <10
DIRA >0
h* D > 5000 MeV
pT > 500 MeV
Nirack <4
X%P >4
Pghost <04
B* DT > 1000 MeV
mp= [4750, 7000] MeV
TR+ >0.2ps
)(%P <25
DIRA > 0.999

B mesons have a lifetime of 1.6 ps, are created with high momentum and are highly likely
to be produced in the forward region as explained in Section 3.2, thus they fly a number of
millimetres downstream from their primary vertex before decaying and hence the DIRA and
Xap, cuts are applied to the B meson. Consequently, not only is a secondary vertex detectable
downstream but a large proportion of the B* mass is transferred into the kinetic energy of
its daughters and is forward boosted. Therefore, the D meson also moves a brief distance
downstream in its 410 fs lifetime before itself decaying, thus the %, cut is applied to the D
meson. Therefore, the D decay vertex ends up further downstream than the B decay vertex. As
a result, the application of the FDy;, cut to the D meson can be used to reject charmless decays,
where the final state particles originate from the B meson decay vertex (this is optimised
further after the Gradient Boosted Decision tree stage).

However, even though the B meson and its daughters are predominantly forward boosted,
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the B meson daughters also have substantial pr because the B mass is much larger than its
daughters’” mass. Hence, the pr criteria on the D meson. Furthermore, the high pr of the
daughter particles and the B and D meson flight distances result in relatively large impact
parameters with respect to the primary vertex for all the final state particles, whereas the
B meson has a relatively small impact parameter since it originates from the primary ver-
tex, thus the y?, cuts. A relatively tight D mass window is enforced to remove D mesons
with mis-identified daughters such as B* — D(— K*n*n*n~)h* decays. The ProbNN particle
identification cuts on the D meson daughters reduce instances where they are misidentified.
The hasRICH cut on the bachelor particle makes sure there is information from the RICH
to aid particle identification. Finally, the B mass window is wide enough to contain signal
events, as well as enough of the partially reconstructed low mass backgrounds and combi-

natorial background in the upper mass region so that they can all be fitted in the global mass fit.

Table 5.2: Preselection criteria for all B* — D(— 27*2n7)h* decays aimed at retaining as much
signal as possible.

Particle Parameter Selection Criteria
at ProbNN, >0.02
ProbNNg <0.96
D mp [1839.84, 1889.84] MeV
X%P >15
XJZVD > 50
FDy;g, > -4
h* Xop >5
hasRich True
B* Xop <20
X127‘D > 30
DIRA > 0.9995
mp= [5080, 5800] MeV

5.5.1 Truth Cuts

Truth cuts are used to truth match the simulated signal samples so that B* signal candidates

are correctly reconstructed. The truth cuts in this analysis are shown in Table 5.3.

The particle IDs correspond to the respective particle PDG ID code [77] or ID number 0
(when the particle is not recognised by any PDG ID code) called a ghost track which needs to be
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Table 5.3: Truth selection criteria for all simulated signal samples.

Particle Parameter Selection Criteria

Daughter 7* particle TRUE ID +2110r 0
mother particle ID +421 or 0

D particle TRUE ID +4210r0
mother particle ID +5210r0

Bachelor K* particle TRUE ID +3210r0
mother particle ID +5210r 0

Bachelor 7+ particle TRUE ID +2110r 0
mother particle ID +5210r0

B* particle TRUE ID +521 or 0
Background Category 0 or 50 or 60

included as explained below. Moreover, it is a requirement that the background category [78]
of the B meson must either be:

¢ (0 which are true signal candidates.

¢ 50 which are events where all particles are correctly identified and originate from the
same MC particle but at least one particle has been omitted . Figure 5.1 shows that a large
proportion of these decays are very near to the B mass peak, hence they are real signal

decays which have undergone final state radiation and a photon is missing.

¢ 60 which are events where a minimum of one particle is classed as a ghost track which
could be a poorly reconstructed signal track or one which decayed in flight. As a result,

an obvious signal peak can be observed in Figure 5.1.

Figures 5.1 and 5.2 demonstrates that it is important to include B mass background cate-
gories 50 and 60 (and particle ID 0) to ensure the particular signal shape parameters which are
fixed in the global invariant fit in Section 6.1 are accurate because the categories in question

affect the tails of the B mass distribution.

5.6 Gradient Boosted Decision Tree Classifier

A multivariate analysis technique known as a Gradient Boosted Decision Tree classifier, from
the Toolkit for MultiVariate data Analysis (TMVA) with ROOT package [79], is used to classify
signal from background derived from false combinations of tracks in the detector known as

combinatorial background.
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5.6.1 Simple Decision Tree

In order to classify events in a sample as signal or background using a decision tree, it first
has to be trained using a training sample where all the events are labelled as either signal or
background. This is known as a supervised machine learning technique. A simple decision
tree is made up of successive nodes beginning with the root node. Initially, a condition to split
the events in the full training sample at the root node is determined, consisting of a cut value
on a particular variable for example cut c1 on variable xi as shown in Figure 5.3 resulting in
two subsequent sets of events at the daughter nodes. The cut variable and value is chosen such
that it provides the best separation between signal and background using a separation index.
In this case, the optimal separation is established using the Gini Index defined as p(1 - p),
where p = s/(s + b) is the signal purity derived from number of signal events s and number of
background events b, thus, the Gini Index can be written as sb/(s + b)2. The maximum value of
the Gini Index = 0.25 is when purity is equal to 0.5 in an equally mixed sample of signal and
background and, the minimum of the Gini Index = 0 when purity is either equal to 1 or 0 and,
the sample is either entirely signal or background respectively. The optimal value of the Gini
Index is the value which provides the greatest difference between the Gini Index of the parent
node and the weighted sum of its daughters nodes (weighted by the number of events at each
node). This process is repeated at all the subsequent nodes until either, the separation index of
the node cannot be improved further, the maximum depth of the decision tree is at capacity or
the specified minimum number events in a node cannot be reached (5% of the total training
events). When the training is complete the leaf nodes at the end of each branch path within the
tree are classified as either signal or background based on whichever class is in the majority.
The decision tree has effectively split the phase space into » number of hyper cubes where n is
the number of leaf nodes at the end of branches within the tree. Once a decision tree is trained,
unlabelled data can be used an an input into the decision tree and each event will be classified

as either signal or background.

5.6.2 Boosted Decision Tree

However, simple decision trees suffer some potential drawbacks such as overfitting to the
training data sample, particularly when grown to large depth size, and being susceptible
to statistical fluctuations causing the tree to take paths which would not have been optimal
otherwise. As a result, this can lead to poor generalisation of performance of the tree. A solution
to these issues is to instead create an ensemble of multiple weakly classifying trees with limited
depth using boosting known as a Boosted Decision Tree (BDT). Boosting uses the outcome of
a decision tree to inform the creation of successive decision trees during training through an
iterative process. In each iteration the incorrectly classified training events in a decision tree

are all given a higher common weight in the training sample used to train the next decision
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[xj>c2] [xj<c2] [xj>c3] [xj<c3]
¥
[xk c4] [xk c4]

FIGURE 5.3. Example of simple decision tree. Figure is from Reference [79].

tree. Initially the training event weights are all equal to a constant. In each successive i-th tree
the incorrectly classified training events weights are then updated by multiplying them by a
common boost weight a defined as

1- i
(5.4) a;= = Ti-1

erri-1

where err;_; is the previous tree’s weighted misclassification rate (and must satisfy
erri—1 <0.5). Each decision tree attempts to minimise the weighted misclassification rate err;.
Afterwards the whole sample’s weights are renormalised to ensure the sum of the weights is
constant. As a consequence, subsequent trees are optimised to correctly classify those events

the previous trees misclassified.

After a Boosted Decision Tree is fully trained, its response F(%) (the boosted event classifica-

tion) for an event m with variables # is a weighted average of the output of N simple decision
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trees defined as:

N
o 2 In(@)fi(®
Zﬁ\ioln(ai)i;o n(a;)f;(%)

Each simple decision tree classifies an event (with associated variables %) as either signal

(5.5) F(z)=

where the output f(£) = 1 or background with output f(%) = -1. As a result, the boosted event
classification F(%) is a value between -1 and +1 where the event is more background-like the

closer it is to the former limit and the more signal-like the nearer it is the latter limit.

5.6.3 Gradient Boost

In this analysis the GradientBoost method is used. The GradientBoost method differs from
the traditional BDT as it utilises a loss-function L(F, y) which measures the difference between
the prediction of the BDT response F(%) and the true label y(£) of an event. Thus, each event
is given an individual event weight corresponding to its loss function. A Gradient Boosted
Decision Tree is advantageous as it performs well on noisy data with outliers and/or misla-
belled data points and on samples where background events are difficult to distinguish from
signal events [79]. This is achieved by using a smooth loss-function (Equation 5.6) that does
not over-penalise misclassified events. Moreover, this has the added benefit of being robust to

overtraining.

The loss-function for the Gradient Boost Decision Tree is the binomial log-likelihood:

(5.6) L(F,y) =In(1+exp 2F®y),

The average loss of the each decision tree over the entire training sample with % events is

determined using:

ok
(5.7) (L(F,y) =Y L.
=0

The average loss is analogous to the misclassification rate err. This allows each tree’s
boosting coefficient to be calculated:

(5.8) R
‘ "1 (L(F, )

The individual boosting weight of each each event % in each tree i can the obtained:

G-1)
1 l—Lk
@;

(5.9) ‘”Z = a)i,/_
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The loss-function L(F(%), y) is minimised for each decision tree in order to optimise the
full BDT.

5.6.4 BDT Strategy

The BDT requires training samples for the background and signal. Ordinarily any samples
used to train the BDT cannot be used later in the analysis as the selection would be biased.
However, this issue can be addressed by instead training and testing two BDTs- BDTO and
BDT1- on sub samples of 2 different samples- sample A and sample B- and then applying the
BDT trained and tested on one sample to the alternative sample and vice versa. The training
samples used in this analysis are large enough to cope with statistical fluctuations. Other than

being trained on different samples the two BDTs have identical properties.

The two samples, sample A and sample B are each split into two further samples Al and
A2 and B1 and B2, where A1 and B1 are used for training BDT0 and BDT1 respectively and A2
and B2 are used to test BDTO and BDT1 respectively, as can be seen in Figure 5.4. Thus, the
fully trained and tested BDT0 and BDT1 can be applied to sample B and sample A, respectively
as illustated in Figure 5.5.

The full signal B* — D(— 27*277)K* simulation samples after the preselection step are
used as the signal samples for training the BDT. Data from the B* — D(— 27" 277 )K* upper B
mass sideband above 5800MeV after the preselection stage is used as the background samples
for training the BDT, as these events are likely to be entirely combinatorial background. Both
signal simulation samples and background data samples are used following the procedure as
outlined above, for example there is "signal sample A" and "background sample A." Events
not used in training and testing the BDT are randomly assigned to sample A and Sample B in
equal numbers after the training and testing step but before the application of the BDT.

5.6.5 Input Variables

The input variables for the BDTs need to have varying distributions for signal and background
events so they have power to distinguish between them. To keep the efficiencies similar be-
tween B* — DK* and the B* — Dn* decay modes, no particle identification variables on the
bachelor kaon or bachelor pion are included.

As a result, due to the signal decay’s topology as previously discussed in Section 5.5, input
variables for the BDTs include log(p7), log(p) and log( ﬁp) for all particles, log( X%‘D ), log( X?)tx)/
Apix, SignAyiFD and and log(1 — DIRA) for the B and D mesons as well as log(y?) for the B
and finally Ip7. All the input variables for the BDTs are ranked in order of importance in Tables
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SAMPLE

SAMPLE A SAMPLE B

1l

Al | A2 B1 B2

Train R /‘ Test Trair:\ /‘ Test

BDTO BDT1

FIGURE 5.4. BDT Train and Test Strategy.

5.4 and 5.5, where the higher the frequency with which the variable is chosen by the decision
tree the more important it is. Differences in the background and signal distributions of the
input variables for BDTO can be observed in Figures 5.6 and 5.7 and for BDT1 seen in Figures
5.8 and 5.9, the double-peak structure on the red curve in some of the sub-figures is due to
prompt D decays (the left hand peak) and secondary D decays (the right hand peak).

Initially, the DecayTreeFitter y? seemed to be a very effective BDT input variable for

discriminating signal from background and suppressed the sidebands significantly. However,
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SAMPLE

$y 3§

SAMPLE A SAMPLE B

Apply T T Apply
BDT1 BDTO

FIGURE 5.5. BDT Application Strategy

it was found that it was not uniformly effecting the charmless background but instead sculpted
the sidebands. Almost all the charmless background from the upper sideband was removed,
whilst Charmless background remained beneath the signal peak. The Charmless background
under the signal peak is modelled from the D mass upper sideband as explained in 5.8.1, hence

the decision was taken to exclude the DecayTreeFitter y? as an input variable for the BDT.

5.6.6 BDT Training results

As previously explained each event has a BDT response value between -1 and +1, where -1
indicates an event is background and +1 indicates the event is signal. Figures 5.10 and 5.11
show the BDT responses for the signal and background training and testing samples, which
have peaks at +1 and -1 respectively. Furthermore, Figures 5.10 and 5.11 show there is no
evidence of overtraining since there is a consistency between the BDT results on both the
training and testing samples for BDT0 and BDT1 respectively, and that both BDTs are highly
effective at separating signal from background events. Moreover the difference in TMVA
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Figure 5.6: BDTO training signal (blue) and background (red) input parameter distributions.
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Figure 5.8: BDT1 training signal (blue) and background (red) input parameter distributions.
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Figure 5.9: BDT1 training signal (blue) and background (red) input parameter distributions.
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Table 5.4: Ranking of input variables for BDTO after training .

Particle Parameter Ranking Importance(%)
B* Ipr 1 5.14
h* log(p) 2 4.50
D log(x7p) 3 4.27
79 log(p) 4 4.24
h* log(pr) 5 4.04
B* log(pr) 6 3.81
B* log(p) 7 3.73
B* log(1-DIRA) 8 3.71
D log(x?) 9 3.70
D log(p7) 10 3.69
T4 log(ﬁp) 11 3.58
3 log(x%p) 12 3.34
1 log(ﬁp) 13 3.31
D log(1-DIRA) 14 3.23
M1 log(p) 15 3.18
Ty log(pr) 16 3.14
B* log(x7p) 17 3.00
h* log(x7p) 18 2.99
T3 log(pT) 19 2.98
2 log(pr) 20 2.84
* log(xzp) 21 2.84
T4 log(pT) 22 2.80
D log(p) 23 2.74
73 log(p) 24 2.70
o log(y%p) 25 2.65
7y log(p) 26 2.61
* log(x?) 27 2.58
B* log(x?) 28 2.53
D log(xzp) 29 2.28
D Apix 30 1.90
D signlyuFD 31 1.89

overtraining scores for the Receiving Operating Characteristic (ROC) curves between the test
and train samples are 0.4% for BDTO and 0.5% for BDT1 for a background rejection value of
99% and non-existent for background rejection scores of 90% and 70% further demonstrating

the BDTs are not overtrained.

When the trained and tested BDTs are applied to the candidates in the full data sample
they receive a BDT response value, hence a BDT response cut value is chosen for the BDTs and

events which do not meet the cut criteria are removed from the sample. The optimal BDT cut

70



5.7. PARTICLE IDENTIFICATION CUTS

Table 5.5: Ranking of input variables for BDT1 after training .

Particle Parameter Ranking Importance(%)
B* Ipp 1 5.17
D log( )(%P) 2 4.38
B* log(1-DIRA) 3 4.23
h* log(p) 4 4.04
B* log(pT) 5 3.96
h* log(pT) 6 3.94
B* log(p) 7 3.79
D log(pT) 8 3.76
3 log(x2p) 9 3.46
D log(1-DIRA) 10 3.43
D log(x?) 11 3.40
B* log(x2,) 12 3.39
T4 log(pT) 13 3.24
o log(p) 14 3.20
T3 log(pT) 15 3.13
4 log(p) 16 3.08
o log(x%P) 17 3.06
74 log(x2p) 18 3.06
Tl log(x%P) 19 3.05
1 log(pT) 20 2.97
9 log(pr) 21 2.95
D log(p) 22 2.95
h* log(x%p) 23 2.84
T3 log(p) 24 2.78
Tl log(p) 25 2.78
t log( X% D) 26 2.72
B* log(y?) 27 2.62
D log(x%p) 28 2.63
B* log(y?) 29 2.43
D signAy FD 30 1.83
D Ayt 31 1.76

value is chosen using figures of merit in Section 5.9 in order to maximise the proportion of

signal events in the DK mode signal region.

5.7 Particle Identification Cuts

The particle identification (PID) cuts on the bachelor particles are applied directly to the data
samples but not the simulation samples as the PID distributions are not well modelled in
simulation. Therefore, the PIDCalib2 package [80] [81] [82] is used to obtain and apply the PID
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FIGURE 5.10. Response of the BDT for signal and background sample used to train
and test the BDTO0. The y axis scale is logarithmic. The TMVA overtraining check
for the associated ROC curves result in signal efficiency values of 96.8%, 100%,
100% for the test sample and 97.6%, 100% and 100% for the train sample for the
background rejection values of 99%, 90% and 70% respectively.

cuts to the bachelor particles in the simulation samples. PIDCalib2 provides data-driven PID
performance data (mis-ID rate, efficiency, etc) as a function of particle kinematics and global
event properties such as the number of charged particles in the event. It is based on calibration
data using decays where the true particle ID is known - such as D** — D%*, where the D°
(nearly) always decays to K~ n". PIDCalib2 has calibration data samples for each magnet
polarity, for every data taking year, and uses the associated calibration sample along with the
bachelor PID requirements (including the binning variables and the PID cuts) of the analysis
to create PID efficiency histograms, which can be applied to the simulation sample to estimate
the average PID efficiency of a sample and provide an efficiency weight for each event in the
sample. The default binning schemes for the parameters used by PIDCalib2 are:

* The momentum p: 3 bins separated at 3, 9.3 and 15.6 GeV and then 15 uniformly spread
bins in the 15.6 to 100 GeV range;
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FIGURE 5.11. Response of the BDT for signal and background sample used to train
and test the BDT1. The y axis scale is logarithmic. The TMVA overtraining check
for the associated ROC curves result in signal efficiency values of 97.1%, 100%,
100% for the test sample and 97.6%, 100% and 100% for the train sample for the
background rejection values of 99%, 90% and 70% respectively.

® The pseudorapidity 7: 4 uniformly spread bins in range 1.5 to 5.

® The number of charged tracks nTracks: 4 bins separated at 0, 50, 200, 300 and 500.

Cuts to all the samples are applied to match the upper and lower bounds of the PID binning

schemes to ensure optimal particle identification performance.

The PID efficiency weights for each event in a sample are required to reweight the sim-

ulation samples so that some or all of their shape parameters can be obtained for use in the

global invariant mass fit in Chapter 6. Therefore, PIDCalib2 is used for all signal, cross-feed

and partially reconstructed background simulation samples to obtain these weights.

The PID efficiency weights are also needed for the efficiency calculation (see Section 5.10).

The average PID efficiency value for each signal e2’2 ¢£ID and misidentified bachelor e2/5 ,

n—7/
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kP simulation sample used in the efficiency calculations are defined as:

PID

nT—T

cut is applied.

* ¢;°,- The fraction of events where an actual pion is correctly identified when the PID

PID
1—K

PID cut is applied.

L - The fraction of events where an actual pion is misidentified as a kaon when the

o ePID. - The fraction of events where an actual kaon is correctly identified when the PID

cut is applied.

PID
K—mn

PID cut is applied.

* ¢ - The fraction of events where an actual kaon is misidentified as a pion when the

The kinematic distributions of the signal B — D sample, signal B — DK sample and

the cross-feed sample in the DK mode are similar as illustrated in Figure 5.7. Therefore, the

B — D sample is the simulation sample used to obtain the average PID efficiencies €22 ¢£ID,

PID  since the B — Dx sample has the highest statistics. The simulation sample where

n—K’
the bachelor kaon is reconstructed as a pion is used to establish e?_l? . as its kinematics vary

and e
compared to the other samples as shown is Figure 5.7.

The optimal PID cut values are chosen using figures of merit in Section 5.9.

5.8 Backgrounds

There are a number of backgrounds that have the potential to impact on the signal region.
This section discusses these backgrounds and how they are addressed. However, this does not
include partially reconstructed or combinatorial backgrounds which cannot be eliminated or
reduced effectively with additional selections and need to be modelled in the fit to determine

their impact on the signal region as outlined in Chapter 6.

5.8.1 Charmless Background

Charmless backgrounds occur when a B meson decays to the same final state particles as the
signal decay but decays to them directly rather than via the D meson. As a result, B — 47K
decays in the DK mode and B — 57 decays in the Dz channel need to be investigated as they
are located under the B mass signal peaks in the data sample and affect the proportion of
DK and Dr signal events in the signal region. The charmless backgrounds have different CP

violation to the signal decays and therefore need to be removed or reduced and modelled.
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Figure 5.12: The p, pr, n and nTrack variable distributions for the simulation sample distri-
butions B* — DK* (green), B* — Dn* (black), B* — DK* reconstructed as B* — Dzn* (blue),
B* — Dn* reconstructed as B* — DK* (red).

As mentioned in Section 5.5, the FD;,, cut is very effective at distinguishing signal from
charmless background, as signal decays should have a distance between the B decay vertex
and D decay vertex whereas, for charmless decays the B decay vertex and "D" decay vertex are
the same since the B decays directly to the four daughter pions. The charmless shape and yield
in each signal mode can be estimated with a fit to the upper D mass sideband between 1920
and 1970MeV/c? of the data in each channel as explained in Section 6.4. The upper D mass
sideband is used rather than the low D mass sideband due to contamination in the lower D

mass sideband.

It is found that the FDg;,, cut on the D meson is highly effective at suppressing charmless
background in both the DK and Dx modes. However, the optimal FDy;g, is determined from
figures of merit in Section 5.9 since the aim is to optimise the proportion of B — DK signal
events in the DK signal region, which does not necessarily correspond with eliminating all
the charmless background. Thus, the FDg;g, cuts >0, > 2 and > 4 are applied during the
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simultaneous optimisation of multiple cuts. Although the charmless background in the Dx
mode remains negligible for all FD;, cuts, the charmless in the DK mode does not remain

negligible and needs to be modelled in these cases as Table 5.6 shows.

Table 5.6: An example of charmless yields in the B* — DK* mode for varying FD;;4, cuts
when all other cuts (apart from the D mass window) in Tables 5.1, 5.2, 5.3 and 5.7 are applied.

FDg;g. Cut B* — DK* mode
> (0 Cut 890.89
> 2 Cut 204.76
>4 Cut 48.472

5.8.2 The B* — D%— K%n"n~)h* Background

B* - DO%(— K271+7r_)hir is an important background in the data sample because the branching
ratio of D — K977~ is four times larger than D° — 27277, and it ultimately decays into
the same 27*27~ final state. The K? decays have a short flight distance which means that
D° — K977~ is very similar to D° — 2727~ but the phase space distribution is different, and
thus D® — K2n* 7~ decays need to be removed.

To ensure the D® — K2n* 7~ background is negligible, a rectangular veto selection 480MeV/c <
m(r*n~) < 505 MeV/c is applied to the invariant mass of each pair of opposite sign pions
m(n*n"), such that the region surrounding the K§ mass is excluded. The selection applied is
in line with the selection used in the measurement of the D° — 27" 27— hadronic parameters
from Reference [36], thus ensuring that the results obtained in Reference [36] can be used as

input for this analysis.

5.8.3 Semi Leptonic Background

Similarly to Reference [83] and Reference [29] the background from B* — Du*v,,, where p* is
misidentified as the bachelor, is vetoed using the cut ISmuon == 0 on the bachelor candidate.
This is applied as it is clear in the B* — Dn* data that semi-leptonic background is present, as
shown in Figure 5.13. Punch-through and in-flight decay pions account for the reduced green
signal peak but the green shape also varies from the red shape in the lower mass regions too.
The greater green background in the low mass region is different in shape from the partially

reconstructed background and indicates the presence of semi-leptonic background.
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Figure 5.14: The B* — DK* mass distribution (left) and B* — Dzn* mass distribution (right)
where no electron cut is applied (blue), electron veto cut Bachpip. < 3 applied (red), and the
opposite to the electron veto Bachprp. > 3 cut applied (green).

Similarly to Reference [83], Figure 5.14 shows the background from B* — De*v, is not

observed in the B* — Dn* or B* — DK* data, thus the application of a veto is not required.

Reference [83] found background from D-semileptonic decays to be neglible.

5.8.4 Cross-feed Bachelor Background

Misidentified bachelor candidates where the bachelor pion is reconstructed as a kaon in the
B* — Dzn* mode, and the bachelor kaon is reconstructed as a pion in the B* — DK* chan-
nel result in cross-feed backgrounds. The B* — Dn* decays have very similar topology to

B* — DK* decays but have a significantly different CP asymmetry, thus it’s important to be
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able to distinguish between them.

The previous selections and BDT are unable to discriminate between B* — DK* and
B* — Dn* events as no bachelor particle identification cuts or bachelor particle identifica-
tion BDT input variables were used. Therefore, a cut on the combination of kaon hypothesis
ProbNNg and pion hypothesis ProbNN, particle identification variables from the Neural
network ProbNN (see Section 3.2.2.4) of the charged kaon candidate in the DK mode, as well
as charged pion candidate in the Dz channel are implemented:

(5.10) varProbNN = ProbNNg(1—-ProbNN;)

Where varProbNN is used to distinguish between the B* — Dn* and B* — DK* events in
the data sample. For the B* — DK* data sample we apply varProbNN > Cutprp, whereas
for the B* — Dn* candidates we apply varProbNN < Cutprp where Cutprp is the cut value
(between 0 and 1) for both samples. The varProbNN cut is used to suppress background from
the misidentified events and has the added benefit of ensuring no decay is included in both

samples.

The misidentified bachelor candidates in the B* — DK* mode are the most significant
due to the relative branching fractions. The B* — Dn* decay has a branching fraction over 10
fold greater than B* — DK* thus the cross-feed background in the DK mode needs particular
attention. As a result, the optimal PID cuts value Cutp;p is chosen using figures of merit in

section 5.9, in order to maximise the proportion of signal events in the DK mode signal region.

As previously explained in section 5.7, the effect of the bachelor PID cuts on simulation

samples are obtained using PIDCalib2.

5.9 Selection Optimisation

To optimise the combination of BDT, PID and charmless background cuts on the data sample
the variable x = S/V/(S + B) is maximised, where S is the number of signal events and B the
number of background events in the DK signal region. It is desirable to optimise x in the DK
mode since the signal events in this mode provide the vast majority of the sensitivity to the
CKM angle y.

This optimisation involves two-dimensional scans of x for the BDT cut and PID cut vari-

ables (varProbNN) across a range of Charmless background cut (FDy;g,) variable values. For

78



5.9. SELECTION OPTIMISATION

0.85

0.8

PID cut

0.75

0.7

0.65

0.6

0.55

0.5

35.5911 35.6261 35.7732

0.45 34

35.4074 35.5087 35.6324 33 . 8

0.4

111 I 1111 I | | I 1111 | 111 1 | ) T |
0'?&35 04 045 05 055 06 065 07 075 08 0.85 336
BDT cut

FIGURE 5.15. Figures of merit for the BDT cuts vs PID cuts for FDg;,, > 2.

each configuration of cuts the invariant mass fit is performed, as outlined in Chapter 6, to
obtain S and B in the DK signal region. S is the number of B* — DK* signal events determined
in the global mass fit and B is the total background yield in the DK mode. Optimising the cuts
using the data is not biasing because y is mainly sensitive to the variation of events over the
bins, and not the total number of events in the sample. Moreover, it would not be bias anyway

as any requirements decided upon are taken into account by the efficiencies.

Figure 5.15 shows the optimal configuration of cuts where FD;,, > 2, BDT cut > 0.6
and PID cuts varProbNN > 0.6 in the DK mode and varProbNN < 0.6 in the D mode. As a
result, these are chosen as the optimal selection and events not meeting these selections are
removed. A complete list of all the selections applied after the preselections are outlined in
Table 5.7.
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Table 5.7: Further selection criteria for all B¥* — D(— 27*277)h* decays.

Particle Parameter Selection Criteria
BDT cut > 0.6
DO FDyig. >2
Daughter 7+ ProbNN,(1-ProbNNg) >0.2
m(ntn~) <505 MeV/c
m@rtn) > 480 MeV/c
h* D > 3000 MeV
D <100 GeV
n >15
i <5
nTracks >0
nTracks <500
Bachelor K* ProbNNk(1—ProbNN,) > 0.6
ISmuon ==
Bachelor n* ProbNNg(1—-ProbNN,) <0.6
ISmuon ==

5.10 Selection Efficiencies

Selection efficiency ratios are required for the global invariant mass fit and CP observable fit
as explained in Chapters 6 and 7. The selection efficiency steps are defined consecutively as
follows:

* cg0om- The fraction of generated events that have all their decay products created within

the LHCb detector acceptance is known as the geometrical or generator level efficiency.

* ¢srip- The fraction of reconstructed events produced in the LHCb acceptance that are
selected by the stripping selections, outlined in Section 5.3, is known as the stripping
efficiency.

* ¢4rigger- The fraction of events which have passed the stripping selection that are selected

by the trigger selection criterion outlined in Section 5.2 is known as the trigger efficiency.

* ¢,r.- The fraction of events which have passed the trigger requirements that are selected

by the preselection criterion outlined in Section 5.5 is known as the preselection efficiency.

* eppr- The fraction of events which have passed the preselections selected by the BDT
selection criterion outlined in Section 5.6.6 is known as the BDT efficiency.
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® e,ther- The fraction of events which have passed the BDT selection that are selected by
the remaining selection criteria (apart from the bachelor PID) after the BDT outlined in
Table 5.7 is the efficiency of the remaining selections.

* cpip- The fraction of events of events selected by the bachelor PID requirements outlined
in Section 5.9 is the PID efficiency.

The efficiency €geom is extracted from the LHCb simulation logs and the efficiency egrip
can obtained using bookkeeping. The other efficiencies of each selection stage, apart from the
bachelor PID requirements, can be determined using the simulation samples, by taking the
number of events in the sample in the current stage and dividing it by the number of events in
the sample in the previous stage. The particle identification efficiencies for the bachelor cuts
outlined in Table 5.7 are determined using PIDCalib2 (as explained in Section 5.7):

o ePID =99.265%

o P10 =0.7345%

o PID _ )
ekl = 76.475%

o PP = 25389

The total efficiency of all the steps combined can be calculated using:

(5-11) €total = €geom X €strip X €trigger X €pre X EBDT X €other X EPID

The total product of the consecutive efficiencies of each stage can be observed in Tables
5.8,5.9 and 5.10 and 5.11. It was found that the total products of the consecutive signal and
cross-feed efficiencies remained consistent across the D meson decay phase space bins as
shown in Tables 5.12 and 5.13.

Ratios of the total efficiencies, rather than the absolute total efficiencies, are used in the
simultaneous global invariant mass fit and the fit for the CP observables described in Chapter 6
and Chapter 7 respectively.
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Table 5.8: Selection efficiencies from the signal and cross-feed simulation samples in the
B* — DK* channel. The total efficiencies €}'? = and 5%  include the B mass window for the
global mass fit and the B mass window for the CP fit respectively and both include the PID

efficiencies determined using PIDCalib2.

Decay Bachelor €geom | Estrip €trig €pre €BDT €other eg?al 6531;1
(%) (%) (%) (%) (%) (%) (%) (%)

B*—-DK* | K—K 16.53 | 3.88 95.81 | 88.29 | 96.26 | 47.88 | 0.19 0.19

B* — Dn* n—K 16.01 | 4.08 9548 | 80.89 | 95.22 | 48.46 | 0.0017 | 0.0017

Table 5.9: Selection efficiencies from the signal and cross-feed simulation samples in the
B* — Dr* channel. The total efficiencies ]2 - and €% | include the B mass window for the

global mass fit and the B mass window for the CP fit respectively and both include the PID
efficiencies determined using PIDCalib2.

Decay Bachelor €geom | E€strip €trig €pre €BDT €other E;Zl;al 521;1
(%) (%) (%) (%) (%) (%) (%) (%)

B*—-DK* |K—n 0.1653 | 0.0382 | 95.51 | 76.23 | 96.30 | 47.06 | 0.053 | 0.047

B* — Dn* T—T7 01601 | 0.0406 | 95.80 | 87.93 | 9591 | 48.64 | 0.25 0.25

Table 5.10: Selection efficiencies from the partially reconstructed background simulation
samples in the B* — Dz* channel. The total efficiencies €]"® | includes the signal PID efficiencies
determined using PIDCalib2 and the B mass window for the global mass fit.

Decay Bachelor €y
(%)

B* — D*%(— D[yhn* T 17.15

B* — D*%(— D[n°n* T 16.52

=)

B — D*¥F(— D[aT)n* T—7n 14.31

(=)

BY — Dp%— n*[n7]) T—T 6.77

B* — Dp*(— n*[n°]) T 7.59
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Table 5.11: Selection efficiencies from the partially reconstructed background simulation sam-

ples in the B* — DK* channel. The total efficiencies ¢;'? , includes the signal PID efficiencies

determined using PIDCalib2 and the B mass window for the global mass fit.

Decay Bachelor e
(%)

B* -~ D*(— D[yDK* K—K 14.20

B* - D*%-=D[x°DK* | K—K 13.37

(=)

B D*¥ (—=D[x*)K* | K—K 10.80

(-)

B’ - DK*9(-K=*[z¥]) | K—K 6.17

B* - DK**(—»K*[7°) | K—K 7.74

B* — D*(— D[yln* n—K 0.2004

B* — D*%(= D[x'Dx* T1—K 0.2150

(=)

BY — D*¥(— D[axT Dnt 1—K 0.2018

(=)

B — Dp%(— n*[n*]) n—K 0.0955

B* — Dp*(— n*[n°]) n—K 0.1081

Table 5.12: Selection efficiencies from the signal and cross-feed simulation samples in the

B* — DK*?* channel for each bin used in the CP fit. The total efficiencies egﬁa ] includes the B

mass window for the CP fit and the PID efficiencies determined using PIDCalib2.

Decay Bachelor egli,?al eg)lt)al 62)1;1 etcz')}t)al etc(')lzal egnltjal
(%) (%) (%) (%) (%) (%)
bin-3 | bin-2 | bin-1 | binl | bin2 | bin3

B* - DK* K—K 0.19 0.19 0.19 0.19 0.19 0.19

B* — Dn* T—K 0.0017 | 0.0017 | 0.0017 | 0.0017 | 0.0017 | 0.0017

Table 5.13: Selection efficiencies from the signal and cross-feed simulation samples in the

B* — D#a* channel for each bin used in the CP fit. The total efficiencies etc;};al includes the B

mass window for the CP fit and the PID efficiencies determined using PIDCalib2.

CP CP CP CP CcpP CP

Decay Bachelor Etotal etotal Etotal €total etotal etotal
(%) (%) (%) (%) (%) (%)
bin-3 | bin-2 | bin-1 | binl | bin2 | bin3

B* — DK* K—n 0.047 | 0.047 | 0.047 | 0.047 | 0.047 | 0.047

B* - Dn?t T—T 0.25 0.25 0.25 0.25 0.25 0.25
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CHAPTER

INVARIANT GLOBAL MASS FIT

The global mass fit is used to establish the invariant-mass-shape parametrisation for the
subsequent measurement of the CP-violation observables. This chapter describes the signal
and background components used in the extended maximum-likelihood fit [84] performed
simultaneously to B* — Dn* and B* — DK* data categories using the RooFit package [85],

and how they are determined. The general strategy described in Reference [29] is implemented.

6.1 Signal Shape

6.1.1 Signal Shape Parametrisation

The signal shape is modelled by the sum of a modified Cruijff probability density function
(PDF) [86] [29], such that it does not tend towards a non-physical uniform mass distribution
of [m —mpg|=|Am| > o0, and a Gaussian PDF pg(m|,g,0). The modified Cruijff PDF is:

—Am%(1+pAm?) _
exp W s Am=m— mp< 0
(61) pc(mlmb,a,aL,aR,ﬂ)O( 9 9
exp | —Sm (L+fAm?) Am=m-mp>0
p 202+agrAm? |’ - B

Common means and widths are shared between the Gaussian and modified Cruijff resulting
in the signal PDF:

(6.2) Dsignal(mimy,0,ar,ar,B) = fepc(mimy,0,ar,ar,B)+ (1 - f)pg(m|mp,o)

85



CHAPTER 6. INVARIANT GLOBAL MASS FIT

6.1.2 Determination of signal shape parameters

The signal PDF parameters ay, ag, f., B, are fixed from simulation samples as illustrated in
Figure 6.1 and recorded in Table 6.1 . The simulation samples are processed through the full
selection as outlined in Section 5, with the exception of the bachelor PID cuts. As previously
explained in Section 5.7 the bachelor PID distribution is not well modelled in simulation, and
thus the PIDCalib2 package is used to reweight the simulation samples and account for their
efficiencies based on the 1, p and nTracks variables.

Table 6.1: Signal Shape parameters determined from fits to simulation samples and fixed in
the mass fit to data.

Variable B* - DK* B* - Dn*

ar, 0.1610+0.0017 0.1780+0.0011
aR 0.1208+0.0013 0.1244 +0.0008
fe 0.697 +0.023 0.741+0.013

B (89+1.1)x10"7  (7.6+0.6)x 1077

Ou

Events / ( 14.4 MeVic? )

5200

600 00 80
B inv mass (MeV/c?)

Events / ( 14.4 MeV/c? )

TTT

AL AR AR AR RN RRRNRRRN RARD AN RS

0

a
o

0

L.
5400 5500

L )
5600 5700 5800
B inv mass (MeV/c?)

Figure 6.1: Fit to B* — DK* (left) and B* — Dn* (right) signal simulation samples.

6.1.3 Signal Yields Definition

The DK signal yield Npg is defined by:

(6.3)

Npk =Rpk/pn x Npx %

€EDK—DK
€Dn—Dn

The D signal yield Np, and the ratio of the B* — DK* and B* — Dn* branching fractions
Rpk/py are permitted to float in the fit to data. Both B* — DK* and B* — Dxn* efficiencies,

epk—pk and epy—px, are fixed from the product of the combined selections efficiencies outlined

in Tables 5.8 and 5.9.
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6.2 Misidentified bachelor decays

6.2.1 Cross-feed Shape Parametrisation

The misidentified bachelor candidates result in a cross-feed between the B* — DK* and
B* — Dn* channels, where B* — DK* decays are reconstructed as B* — Dn* decays and vice
versa. The cross-feed from the misidentifed bachelor candidates in the B* — DK* channel is
the most significant due to the relative branching fractions.

The misidentified bachelor shapes are obtained following the same procedure as Sec-
tion 6.1.2. All the parameters for the Cruijff + Gausian cross-feed PDFs were fixed from
B* — Dn* misidentified as B* — DK* and B* — DK* misidentified as B* — Dz* simulation
samples as illustrated in Figure 6.2 and outlined in Table 6.2. As previously explained in
Section 5.7 the bachelor PID cuts are not well modelled in simulation, and thus the PIDCalib2
package is used to reweight the simulation samples and account for their efficiencies based on
the n, p and nTracks variables.

Table 6.2: Cross-feed shape parameters determined from fits to simulation samples and fixed
in the mass fit to data.

Fit Result
Variable B* — DK*reconas B* — Dn* B* — Dna*reconasB* — DK*
U 5233.7+0.1 5327.6+0.5
o 19.68 +£0.098 19.252+0.7
ar, 0.2537+0.0018 0.1767 +0.0092
aR 0.1084 +0.0011 0.2626 +0.0159
fe 1+0.005 1+0.094
B 9x107%+1.9x1078 (4.6+0.7)x 1076
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Figure 6.2: Fit to B* — DK* misidentified as B* — Dn* (left) and B* — Dn* misidentified as
B* — DK* (right) cross-feed simulation samples. The small discrepancies in the tails of the
left hand plot make a negligible difference since the cross feed contribution in the B* — DK*
mode in the global invariant mass fit in Figure 6.16 is very small.

6.2.2 Definition of cross-feed yield

The B* — DK* misidentified as B* — Dn* yield in the D mode NH% mod¢ js defined by:

Dn mode _ €DK—Dn
68 Noicmn =N o

The B* — Dn* misidentified as B* — DK* yield in the DK mode N5X mod¢ js defined by:

DK mode __ €Dn—DK
(6.5) Npn—pk =Npzx—.

All efficiencies are fixed from the product of the combined selections efficiencies outlined
in Tables 5.8 and 5.9.

6.3 Partially reconstructed background decays

When a particle within a decay is not reconstructed the decay is described as partially re-
constructed. Multiple partially reconstructed background candidates derive from B — Dh[X]
decays where X is not reconstructed and is either 7%, y (photon), or 7°. These decays are too
similar to the signal decays to be rejected in the selection. The reduced momentum leads to
the B masses being reconstructed at lower values than the true B mass and are thus low mass
backgrounds.

The invariant mass distribution of each of these partially reconstructed backgrounds is

dependent on the mass and spin of the missing particle and are modelled with analytical PDFs
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(see Section 6.3.1). The kinematic endpoints ( @ and &) of the PDFs are defined by the particle
masses in the decay using four-momentum conservation. Moreover, the helicity angle of the
missing particle has a one to one relation to its missing momentum, consequently the invariant
B mass depends directly on the helicity angle (and thus the angular distribution of the missing

particle). The spin-parity of the missing particle dictates one of two possible mass distributions.

If the missing particle is a n* or 7% with spin-party 07, then the mass distribution is
parametrised by a parabola with positive curvature (Equation 6.6) convolved with a Gaussian
resolution function known as a HORNSdini PDF [87]. The HORNSdini shape describes the
double-peak structure produced when a scalar (spin 0) particle is missing in the decay of
a vector resonance such as B — D*(— D[x])h resulting in m (Dh). In this example the angle
between the [7] momentum vector in the D* rest frame and the D* boost vector in the B
rest frame is the D* helicity angle. The most likely direction the missing [x#] will travel in
will be where the helicity angle is either 0 or #. In the case of the helicity angle being equal
to 7 the proportion of momentum carried by the missing [x] is higher, resulting in a lower
reconstructed m (Dh). The opposite is true when the helicity angle is equal to 0. This results in
the B mass distribution according to the parabola pY, .\ ¢(x) which peaks near both kinematic
endpoints a and b :

%)2, ifa<x<b

(x—
(6.6) Prorns { 0, otherwise

Whereas, the parabola in the parametrisation has negative curvature (Equation 6.7) if the
missing particle is a y (photon) with spin-parity 1~ and thus the distribution is known as a
HILLdini PDF [87]. When the missing particle in the decay of the vector resonance is a vector
(spin 1) particle such as in the case of B* — D*%(— D[y])h*, the spin-parity means that the
missing photon will predominantly travel in the direction of helicity angles % or 37” .Thus, there

will not be a double-peak structure and the B mass distribution results in a parabola p%,;; , (x):

(6.7) P ()= { ~(r—a)x=b), ifa<x<b

0, otherwise

Resolution effects in the determination of the momentum require the parabolic shapes to

each be convolved with a double Gaussian resolution function:

(6.8) ppc(x) = ppg(xlu,0) + fapa(xlp,Ry0)

where the width of the first Gaussian is o, the relative fraction between the two Gaussians
is fg and their relative width is R,,.
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Moreover, in the HORNSdini case selection efficiency differences can result in peaks with
varying heights to each other. A linear polynomial with slope parameter ¢ is included in the
formalism such that ¢ is defined as the height of the left peak, relative to the right peak- the left
peak decreases in height relative to the right peak as ¢ tends to 0. This leads to the following
HILLdini and HORNSdini distributions:

b o 1-¢ bé-a
(6.9)  pHORNS/HILL(M) =f dXPHORNS/HILL(x)pDG(me,U,fG,Ra)(—x+ )
a b-a b-a
A term to describe the translation of the full HILLdini and HORNSdini shapes ém is also
added. The term ém is shared between all HILLdini and HORNSdini PDFs in the remainder

of the analysis.

6.3.1 Partially Reconstructed Background Shapes

The parameters for the shapes used for the partially reconstructed backgrounds within the
global mass fit are described below. The monte carlo simulation samples mentioned in Sec-
tion 5.1.2 are weighted with their respective PIDCalib2 efficiency weights.

6.3.2 Partially reconstructed B — D*h* decays background

A significant element of the partially reconstructed background in both B* — DK* and B* —

Dn* modes are from B* — D*h* decays, where h* can be K* or n*:

e B - D*0(— D[y)h* modelled with a HILLdini PDF.

e B* — D*0(— D[n°])A* modelled with a HORNSdini PDF.

. (B()) — D*¥(— D[n*]h* modelled with a HORNsdini PDF.

The mass resolution %% of the B* — D*%(— D[z°)2* and 1(93 — D*¥(— D[x*])h* HORNS-
dini PDFs are not well modelled in simulation, hence the widths are left free to float in the fit
and shared between their PDFs. The mass shift parameter 6m is also left free to float in the
fit and shared between all the HORNS/HILLdini PDFs set out in Section 6.3. The remaining
parameters of the HORNSdini PDFs, apart from the kinematic endpoints, are shared and fixed
from simulation samples. The kinematic end points differ for each background individually
for the decays described by HORNSdini PDFs above and are fixed from simulation samples.
All the parameters for these shapes used in the global fit are summarised in Table 6.3 and

obtained from fits to simulation illustrated in Figures 6.3 to 6.6.

The parameters for the B* — D*%(— D[y))2* HILLdini PDFs, apart from the kinematic

endpoints and §m, are shared and fixed from simulation samples. The kinematic end points
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FIGURE 6.3. HORNSdini fit to B* — D*(— D[x°])z* simulation sample.
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FIGURE 6.4. HORNSdini fit to B® — D*¥(— D[z )n* simulation sample.

differ for each individual background decay described by HILLdini PDFs and are fixed from
simulation samples. All the parameters for these shapes used in the global fit are summarised

in Table 6.4 and obtained from fits to simulation illustrated in Figures 6.7 and 6.8.
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FIGURE 6.5. HORNSdini fit to B* — D*°(— D[z°])K* simulation sample.
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FIGURE 6.6. HORNSdini fit to B — D**(— D[z*])K* simulation sample.

6.3.3 Partially reconstructed B*® — D% *[7%®)] decays background

Within the B* — Dz* mode, there are partially reconstructed B — DOn*[n] backgrounds from

=)

B — Dn*[n¥] and B* — Dn*[7°] decays. These decays are described by a HORNsdini PDF
=)

and all shape parameters, apart from 6m, are fixed from B® — Dp® and B* — Dp* simulation
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Table 6.3: Partially reconstructed B* — D*°h* decay HORNSdini PDF parameters determined
from fits to simulation samples and used in the global mass fit to data.

Fit Result
)
B* — D*(— D[n°Dh* BY — D*F(— D[x*])h*
Variable Recon. as B* — Recon. as B¥* — Recon. as B* — Recon. as B* —
DK* Dn* DK* Dnr*

a[MeV/c 5021.4 5015.6 4990.9 5020.0
b[MeV/c] | 5114.9 5113.7 5106.4 5104.5

& 0.0004 0.0004 0.0004 0.0004

fo 0.9734 0.9734 0.9734 0.9734

R, 3.8195 3.8195 3.8195 3.8195

o shared, floated shared, floated shared, floated shared, floated
om shared, floated shared, floated shared, floated shared, floated
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samples as shown in Fig. 6.9 and outlined in Table 6.5.

FIGURE 6.7. HILLdini fit to B* — D*%(— D[y])n* simulation sample.

(=)

The B* — D°K* mode has a partially reconstructed B — D°K*[r] background from B® —
DK*[z*] and B* — DK*[n°] decays. This channel also has an additional BY — D°K*[n¥]
background. Both these background decays are described using HORNSdini PDFs where all
the shapes parameters, apart from ém, are fixed from simulation samples as can be seen in
Figures 6.10 and 6.11 and stated in Tables 6.6 and 6.7.
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FIGURE 6.8. HILLdini fit to B* — D*%(— D[y])K* simulation sample.

Table 6.4: Partially reconstructed B* — D*°h* decay HILLdini PDF parameters determined
from fits to simulation samples and used in the global mass fit to data.

B* - D*0(— D[yDh*
Variable Recon. as B¥* — Recon. as B* —
DK* Dn*

alMeV/c] 4738.3 4583.6

b[MeV/c] 5230.7 5235.4

3 0.0230 0.0230

fo 0.9920 0.9920

R, 11.202 11.202

o 12.505 12.505

om shared, floated shared, floated

6.3.4 Misidentified partially reconstructed decays background

Finally, all the partially reconstructed background contributions in the B* — Dz* mode are
also reconstructed in the B* — DK* mode, where the bachelor pion is misidentified as a kaon.
These decays are described by HORNSdinimisID and HILLdinimisID PDFs [87] (effectively
the sum of multiple HORNS/HILLdini PDFs) and the parameters are fixed from simulation
samples where the bachelor is reconstructed as a kaon and are summarised in Table 6.8 and
shown in Figures 6.12 to 6.14.
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FIGURE 6.9. HORNSdini fit to B — D°p, B — D%z*[x] simulation samples.

Table 6.5: Partially reconstructed B — D%7*[] decay HORNSdini PDF parameters determined
from fit to simulation samples and used in the global masss fit to data.

B — D%n*[n]
Variable Recon. as B* —
Dn*
alMeV/el 4652.3
blMeV/c] 5139.9
¢ 10.187
fo 0.98634
R, 14.262
o 17.802
om shared, floated

6.3.5 Partially Reconstructed Background Yields

A summary of the partially reconstructed backgrounds and their associated background num-
ber is provided in Table 6.9. In the Dz channel the yield of partially reconstructed background
number 1 (Npqrt,) is permitted to float in the mass fit to data. The yield of partially recon-
structed background number 2 is fixed relative to background number 1 using simulation
signal PID efficiencies, simulation background selection efficiencies and relative branching
ratios. The fraction of the sum of background numbers 1 and 2 which result in the yield of
background number 3 is denoted by f ll)),f’y and floated in the fit . Furthermore, the fraction of
the sum of background numbers 1, 2 and 3 which determines the yield of background number
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FIGURE 6.10. HORNSdini fit to B — D°K*[r] simulation samples based.
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FIGURE 6.11. HORNSdini fit to BY — D°K*[n*] simulation samples based.

4 is also floated in the fit and denoted as fg i

The total yield of partially reconstructed backgrounds in the B* — Dz* mode is related to
the total yield of the partially reconstructed backgrounds in the B* — DK* mode, apart from
the B? background using:
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Table 6.6: Partially reconstructed B — Table 6.7: Partially reconstructed B? —
D°K*[r] decay HORNSdini PDF parame-  D°K*[x*] decay HORNSdini PDF parame-

ters used in the global fit to data. ters used in the global fit to data.
B — D°K*[n] B? — D°K*[n™]
Variable Recon. as B* — Variable Recon. as B* —
DK* DK*

a[MeV/c] 5070.4 a[MeV/c] 3668.0
b[MeV/c] 5121.3 b[MeV/c] 5223.2

¢ 1.9036 ¢ 9.0152

fo 0.9271 fo 0.9706

R, 0.9919 R, 1.6137

o 18.724 o 17.275

om shared, floated om shared, floated
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FIGURE 6.12. HORNSdinimisID fit to B — D*(— D[n])n reconstructed as B — D*(—
D[n]K simulation samples.

€EDK—DK part.

part. ,Pa

(6-10) ZVDK art. =R o X “Dn art. X .
P DK/Dn P €Dn—Dr.part

The PID efficiencies are assumed to be identical between signal and partially reconstructed
background and therefore taken from signal studies, all other efficiencies are fixed from the
partially reconstructed background simulation samples - a combination of all partially recon-
structed background simulation samples weighted according to relative simulation selection
efficiencies and branching ratios. The ratio of the B* — DK* channel partially reconstructed
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FIGURE 6.13. HILLdinimisID fit to B — D*(— D[y])n reconstructed as B — D*(—
D[yDK simulation sample.
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FIGURE 6.14. HORNSdinimisID fit to B — Dn[x] reconstructed as B — DK[n] simula-
tion samples.

R part.

and B* — Dn* channel partially reconstructed background branching fractions Ry, is

floated and shared between all categories.

In the DK channel, the relative yields of partially reconstructed backgrounds numbered 5-8
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Table 6.8: Partially reconstructed background parameters where a bachelor pion has been
reconstructed as a kaon used in the global fit to data.

B—D*(—=DIahn | B—D*(=DlyDx | B — Daln]
Variable Recon. as B* — Recon. as B* — Recon. as B* —
DK* DK* DK*
alMeV/c] 5009.3 4797.9 4994.8
b[MeV/c] 5105.3 5231.9 5117.7
& 1.0394 0.0082 1.2997
f1 0.2300 0.47669 0.4660
fa 0.6585 0.1981 0.1269
f3 0.0366 0.3387 0.0463
uilMeV/c?] 46.070 47.062 56.317
us[MeV/c?] 55.745 46.188 77.367
uslMeV/c?] 64.661 35.764 102.09
pslMeV/c?] 116.32 180.55 18.696
o1lMeV/c?] 9.8309 22.085 23.422
oa[MeV/c?] 24.881 63.413 49.999
o3[MeV/c?] 200.01 0.0054 199.89
o4lMeV/c?] 50.002 119.80 20.410

and 10 are all fixed from simulation signal PID efficiencies, simulation background efficiencies
and relative branching fractions. The yield of background number 10 was corrected using a

NmDh in fit range

correction factor €,,,, = derived from simulation samples, due to the fact that
Dh p

Nsurvive selection

more events fall inside the mass range when the pion is reconstructed as a kaon as mpy, is
shifted to a higher mass region.

The B? — DK*[n¥] needs to be determined separately due to the K~ bachelor being pre-
dominantly produced with D° mesons such that B? — D°[z*1K~, and the K* bachelor being
predominantly produced with D® meson such that B — D°[z~]K*. This is the opposite to
the other background and signal decays where the bachelor K~ bachelor is predominantly
produced with a D® meson, and the K* bachelor is predominantly produced with a D9 meson.
This is achieved using the data-driven approach [83]. In this measurement the yield of BY back-
ground in the DK mode can be fixed relative to the number of signal events in the Dz mode
similarly to the analysis in Reference [88] . Moreover, the associated ratio from Reference [88]
is used and corrected for this analysis’s mass range and PID cuts to provide the expected ratio
in this BPGGSZ analysis:
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BPGGSZ BPGGSZ old MC
NBS NB‘? ° NB‘S’ (mp >5080MeV) N epk—pk (ProbNN > 0.6)

S

= X
NpPeasz  NpEGGESZold = NMC (mp >4900MeV)  epk—px (PIDK >12)

GDJT_,D]T(PIDK <12)
X
€pg—pn (ProbNN <0.6)’

(6.11)

where ProbNN = Kaonpronn, * (1—Kaonpropnn,)- This calculation results in 5.2 x 1073
thus, the number of signal events in the D7 channel can be related to the B? background yield

by this scale factor.

Table 6.9: Summary of partially reconstructed backgrounds.

Number Decay PDF

1 B* - D= D[n'Nr* HORNSdini
(=)

2 BY — D*¥(— D[nT)n* HORNSdini

3 B* — D*(— D[yln* HILLdini

4 B — D%*[x] HORNSdini

5 B* - D*%(— D[n°)K*  HORNSdini
(=)

6 B’ -~ D*F (- D[ ])K* HORNSdini

7 B* — D*(— D[yDK* HILLdini

8 B — D°K=*[x] HORNSdini

9 B? — D°K*[n7] HORNSdini

10 B — Dh*[X] cross-feed {HORNS/HILL}dinimisID

6.4 Charmless Backgrounds

Charmless backgrounds in the data, coming from from B — 4nth* decays, need to be ac-
counted for. These background are located under the B mass signal peak so the charmless
shape parameters and yield are estimated and fixed from the D meson upper mass sideband
1920-1970MeV/c? of the B — Dh* data, where an exponential distribution is used to describe
the combinatorial background and a Gaussian distribution is used to model the charmless
component as illustrated in Figure 6.15 . The flight distance significant cut in the z direction
FDy;g, significantly reduces the charmless background in the DK mode and eradicates the
charmless background in the Dw mode. The FDy;., cut does not completely remove the back-
ground in the DK mode, therefore it has to be modelled in the fit. The charmless background

shape parameters and yield are contained in Table 6.10.
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6.5. COMBINATORIAL BACKGROUNDS
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FIGURE 6.15. Fit to Charmless background in D upper sideband of B* — DK* data.

Table 6.10: Charmless shapes parameters and yields used in the global fit to data.

B* — 47*K* Charmless Background
Variable B* -~ DK*

© 5283.1

o 18.4

N 204.8

6.5 Combinatorial Backgrounds

An exponential distribution is used to describe the combinatorial background in each data
category. The yields Npk comb, Npr,comp and slopes apk, ap, of the backgrounds are floated
in the respective DK and Dn modes independently.

6.6 Global mass fit results

An extended maximum likelihood fit is performed simultaneously to both B* — DK* and
B* — Dn* categories on 2017 Run 2 data over the mass range 5080 — 5800MeV/c?. The range is
sufficient to include the higher mass peak of the double-peaked partially reconstructed back-
grounds, in order to help the fit constrain the relative contributions of low mass backgrounds.
The upper mass range provides sufficient combinatorial background to establish accurate
exponential shapes parameters.
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CHAPTER 6. INVARIANT GLOBAL MASS FIT

The fit is undertaken in two steps. The first step does not include a global shift parameter,
and the fit is used to establish the global shift parameter set to the difference between the
measured signal mean in the data and signal mean in the simulated samples. This global shift
is then added and fixed in the fit to the data in the separate second step and applied to the
non-signal decay means. The fit in the second step is illustrated in Figure 6.16 and the fitted
parameters and yields are given in Tables 6.11 and 6.12.

Table 6.11: Global invariant mass fit parameters.

Variable ‘ Value

Signal shape parameters
plMeV] 5279.00 + 0.116
0px [MeV] 16.14 + 0.1025
opk [MeV] 15.23 + 0.4657

Partially reconstructed background parameters
ol [MeV] 15.95 + 0.9343

e 0.5319 + 0.0448
fgj’;ﬂ 0.4010 + 0.09079
ém 0.6901 + 0.39030
Combinatorial gradients (1073)
apn -3.4180 + 0.3036
aDpK -2.3956 + 0.4858

Table 6.12: Global invariant mass fit yields.

Variable | Value
Signal yields

Npk 1725.04
Npy 29804.70 + 187.54
Rpg/px (107%) 7.57 +0.22
Partially reconstructed background yields
Npart., 6514.6 + 575.33
NDK,part. 1099.28
NDn,part. 21196.7
RYYE (1072 544 +0.24

Combinatorial yields
Npn comb 2495.23 + 187.54
NDK,comb 474.03 £+ 55.35

102



Events / (7.2 MeV/c? )

B* - DK*, D - 2w 2mt

350 B* . DK*
B* - DIT'
300 Comb.
Orm::_mmm
250 e BY L _U*A - _UT.HOC_AH
s 87 . D (- DK
B ~ D (- DiyDK®
200 B - D [K*
— WM - UoT._JXﬂ
150 = Part. reco. mis-ID
100
50 =

5350 5500
m, (MeV/c?)

5100 5150 5200 5250 5300

-2

-3 | IFEETETS BRI BUATSTErSN SUETATA BT SrArATA A ArArArara A |
5100 5150 5200 5250 5300 5350 5400 5450 5500

2
my (MeVic?)

Events / ( 7.2 MeV/c?)

B®* - D, D - 2mw2mr

+ +
4500 oo
= Comb.
4000
— B* _, DK
,
3500 O e Lo opdE
' | * —
3000 , e B D (- D[
,
2500 ,, == B* ., D (- Dy)n"
0 o
2000 ©o8-omm
1500
1000

500

m, (MeV/c?)

ré
5100 5150 5200 5250 5300

Sl e by by by g by s by 1yl

5100 5150 5200 5250 5300 5350 5400 5450 5500

2
my (MeVic?)

FIGURE 6.16. Simultaneous global invariant mass fit distributions for the B* — DK*

and B* — Dn* modes.






CHAPTER

CP OBSERVABLES FIT

The CP fit is used to determine the CP-violation observables x?X and y?X and the nuisance
parameters x? ™ and y? . This chapter describes the extended maximum-likelihood fit set up

and results. The general strategy described in Reference [29] is implemented.

7.1 CP Fit Setup

The data is split by B* — DK* and B* — Dz* decay modes as in the invariant global mass fit.
Additionally, the data is further split by B charge and D decay bin number. There are 2 decay
modes, 2 B charges and 6 D decay bins for each B charge, resulting in a total of 24 categories.
A simultaneous, unbinned, extended maximum likelihood fit [84] is performed using the
RooFit package [85] over the slightly reduced B mass range of 5150 MeV < Mp <5800 MeV
compared to the global mass fit, as motivated in Section 7.1.4. The fit is performed in 2 steps,
where all the shape parameters are fixed from the global invariant mass fit. In each DK* and

Dn* category there are 4 yield components which the remaining categories have in common:

1. A signal yield component for the B* — DK* or B* — Dn* signal decay yield in each
category. The total yield of each signal B decay and B charge across all bins are floated
as independent variables, resulting in 4 variables. The individual bin yields are then
derived from the respective total B decay and B charge yields using Equation 7.1.

2. A cross-feed yield component for B* — DK* decays reconstructed as B* — Dn* decays
or visa versa in each category. The respective cross feed yields in each B charge and bin
are fixed relative to the respective signal yield components in each B charge and bin
analogously to the equations in the global fit Section 6.2.2.
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CHAPTER 7. CP OBSERVABLES FIT

3. A combinatorial background yield component is floated independently for each category
resulting in 24 variables.
(-)
4. A total partially reconstructed background yield component for B* and B° decays with
correctly identified bachelor, is floated in each category, resulting in 24 variables. The
relative partially reconstructed background yields are fixed to those obtained in the

global invariant mass fit and corrected for the reduced mass range.
For the DK* category there are 3 further yield components:

1. A total misidentified partially reconstructed background yield component, where the
bachelor pion is reconstructed as a kaon, in each category. The yield in each category
is fixed relative to the respective floating total B* — Dzn* partially reconstructed back-
ground yield (with correctly identified bachelor) in each category, analogously to the
equations in the global fit Section 6.3.5. The relative misidentified partially reconstructed
background yields are fixed to those obtained in the global invariant mas fit and corrected
for the reduced mass range.

2. A partially reconstructed B? — D°K*[z¥] background component is fixed relative to its
total yield in the global invariant mass fit, split in half for B charge and distributed across
the bins using the F; parameters and F; parameters for the positive and negative B
charges respectively. This component is treated separately due to the K~ bachelor being
predominantly produced with D® mesons such that B? — D°[z*1K~, and the K* bachelor
being predominantly produced with D° meson such that B — D[z~ 1K* .This is the
opposite to the other background and signal decays where the bachelor K~ bachelor
is predominantly produced with a D® meson, and the K* bachelor is predominantly

produced with a DY meson

3. A charmless background yield component is fixed in each category from separate fits to
the D mass upper side band in the DK* data for each B charge and bin.

7.1.1 Signal yield parametrisation

The signal yields in each bin and their relation to fo’D”,ny’D”,x? L y?K ,F;, c; and s; were

motivated and defined in Section 2.4 with Equations 2.45, 2.46, 2.49, 2.50, 2.54, 2.55. We use
these equations to relate the number of signal events in each category and the CP observables
to the floating signal yields within the CP fit using

n—_ .
+ _ mode,i +
(71) Nmode,i - Z Lt x Nmode,total’
J "“mode,i



7.1. CP FIT SETUP

where the superscript + refers to the charge of the reconstructed B meson candidate, the
subscript mode refers to the decay mode (either DK or D), the subscript i refers to the bin
number in the D — 27727~ decay phase space, and subscript ¢total indicates the sum over all

7

D decay phase space bins i. The number of signal events in each category is denoted N* . .

and the total floating yield for each decay mode and B charge across all the D decay bins is

denoted N;—'w de.total’ Equations 2.45, 2.46, 2.49, 2.50 in Section 2.4 are reparametrised as nfno deii
defined by
(7.2) % oger = Fri 17002 + (yIO9)2F ; + 2/FiF_i (cix7% F 5;y7°%).

The fo and yi) K observables are floated and shared between all categories (since x%_r) T and
yP™ also rely on X and yPX in Equations 2.54 and 2.55 ) . The x2” and yP™ parameters are
fixed in relation to x2X, yPX as well as nuisance parameters x? ™ and yED ™ using Equations 2.54
and 2.55 , which are floated and shared across the B charges and D decay bins in the Dz mode.
The ¢; and s; parameters are used as inputs from a measurement using CLEO-c data [36] and
shared between all categories. Finally, the F,; parameters are floated and shared between
all categories however, they are parameterised in terms of recursive fractions as laid out in

Section 7.1.2 in order to improve fit stability.

7.1.2 F; reparametrisation

The F; parameters must satisfy 0 < F; <1 and }; F; = 1. However, if the F; parameters are
constrained between 0 and 1 and are all floating, apart from F; =1- Y., F;, it can result in
unstable fits with large correlation coefficients. Reparametrising the F; in terms of floating

recursive fractions R;, satisfying 0 < R; <1, addresses this:

(7.3) i:{ Fi, 1=-N

Fi/ijiFj: -N<i<N
for bin numbers —N to N, except 0, there are 2N — 1 recursive fractions defined as only that

number of F; parameters are independent. Thus F; is reparametrised as:

R, i=-N

(7.4) Fi={ Ri[l,c;(1-R)), -N<i<N .
[lj<i1-Rj), i=N

7.1.3 2 Step Fit

The CP fit is undertaken in 2 steps to deal with instances where specific background yields in

the bins are very low, as values floating towards the limit can cause a problem in the fit when
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establishing an accurate error matrix. The first step is a fit in which all the yield parameters are
floating. This is used to identify if any combinatorial or partially reconstructed reconstructed
backgrounds have yields within a bin less than 1. In the second step, any background yields
within the bins identified in the first step as meeting the low yield criterion are fixed to 0 and a
second fit performed. This two step process is used to ensure stable fits with an accurate error

matrix.

7.1.4 CP fit mass range

The mass fit range in the CP fit 5150 MeV < Mp <5800 MeV is reduced compared to the
global fit. The shapes for the PDFs in the CP fit are fixed from the invariant global mass fit and,
the assumption the low mass background shapes is the same in each bin is more reliable when
the lower mass range bound is increased from 5080 MeV to 5150 MeV'.

7.2 CP Fit Results

The CP observables determined in the fit are given in Table 7.1 and their statistical correlation
matrix is shown in Table 7.2. The F; parameters established in the fit are shown in Table 7.3.

The results show (xPX, yPK) £ (xPK yPK) which is an indication of CP violation.

Table 7.1: CP Observable fit results (statistical uncertainties only).

Parameter Fit result (x1072)
xPK 6.8+6.2

yPK 5.7 +7.4

«DK 9.8 +4.6

yPK 15.0+74

x?” -1.1+1.0

v 50+ 1.1

The CP asymmetry of the phase-space integrated yields is large enough to be observed in
some individual bin pairs. This is demonstrated in Figure 7.1, where it is evident CP violation
is present when comparing the fit projections for the B* — D(— 277277 )K™ decay in bin -2,
and the B~ — D(— 2n*"277)K~ decays in bin +2. The invariant B mass fit projection plots are
laid out in their entirety in individual bin pairs in Figures 7.2, 7.3 and 7.4.
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Table 7.2: Statistical correlations of the CP observables.

£PK yPK ngn y?n x?n y?n

KK 1.000 -0.288 0.060 0.074 -0.033 -0.308
yP& -0.288 1.000 -0.049 0.020 0.327 0.065
XD 0.060 -0.049 1.000 -0.223 -0.004 -0.015
yP7 0.074 0.020 -0.223 1.000 0.038 -0.320
D -0.033 0.327 -0.004 0.038 1.000 -0.266
yPm -0.308 0.065 -0.015 -0.320 -0.266 1.000

Table 7.3: The F; parameter fit results.

Bin Number F; F_;
1 0.1991 +£0.0026 0.0993 +0.0022
2 0.2901 +0.0036 0.2056 +0.0031

3 0.1249 +£0.0028 0.0809 +0.0026
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Figure 7.2: The invariant B mass projections from the fit for the CP observables and their
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Figure 7.4: The invariant B mass projections from the fit for the CP observables and their
respective pull distributions. The 2 columns on the left are the B* — D(— 27*277)K* decays.
The 2 columns on the right are the B* — D(— 27*277)n* decays.
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CKM ANGLE y RESULT

8.1 BPGGSZ measurement

The CP observables obtained in the CP fit x? K, yf K xD T and y T are used to determine CKM
angle y and the hadronic nuisance parameters 6DK T BK ,62 T rg”, as well as their confidence
intervals using the profile likelihood method (PROB) of the GammaCombo package [89]. The

results for the physics parameters are

y =(38.8739)°,
5DK = (86. 9+23)0
(8.1) roK =0.129610058,
557 = (168.8789,)°,
o7 =0.0078+0:01%,

and the corresponding correlation matrix is outlined in Table 8.1.

The one-dimensional confidence level projections of the measurement parameters are
shown in Figure 8.1, and two-dimensional confidence regions are plotted in Figure 8.2. The
physical range for the rg ™ observable in Figure 8.1 (d) is from zero upwards, however the scan
is allowed to show negative values in order to observe the shape of the contour and ensure
calculations of the uncertainties for the observables are correct. The unphysical negative r2”
solution is due to the degeneracy in the equations. The measured value of y is within 1o of the

current LHCb combination [27].
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Table 8.1: Statistical correlations of the measured physics parameters.

y 521{ rgK 5gn rgn
Y 1.000 -0.768 -0.299 0.075 0.331
50K -0.768  1.000 0.167 0.048 -0.457
rbk -0.299 0.167 1.000 0242 -0.011
&om 0.074 0.048 -0.242 1.000 -0.288
rbr 0.331 -0.457 -0.011 -0.288 1.000
4 03 T l°—| L T |
Q@ ] —
BPGGSZ X [ BPGGSZ 1
0.251- )} o @50
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Figure 8.2: The two-dimensional confidence regions for combinations of the measured physics
parameters, determined using the PROB method.






CHAPTER

FUTURE PROSPECTS

Systematic effects such as those listed below will be considered and then evaluated and a

systematic uncertainty assigned accordingly if required:

The uncertainties on the ¢; and s; values.

The invariant mass shapes used in the global and CP mass fits.

The assumption that there is no CP violation in the partially reconstructed backgrounds.
The floating fraction of relative yields in the global mass fit.

The PID efficiencies.

The fixed Charmless background yields.

The use of the K7~ for the modelling of the partially reconstructed backgrounds
including not being reweighted by the D amplitude model.

The impact of D mixing.
The B* — Dp*v,, Background.
Bin migration.

Phase space efficiencies. The B* — DK* and B* — Dn* modes share the identical F;
parameters which is only true if the phase space efficiencies are the same. Also, the phase
space acceptance for D® and D decays need to be identical for the F; = —F; assumption
to hold.
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¢ Ignoring low mass physics effects.

¢ The fit bias systematic.

The measurement will be performed for the full Run 1 and Run 2 data samples and
systematics evaluated. It is expected the measurement will remain statistically limited. Once
completed the full analysis will be published following approval by the LHCb collaboration.
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CHAPTER

CONCLUSION

The LHCb 2017 samples of B* — DK* and B* — Dn* decays, where D is a superposition of
D% and D and D — 2727, are used to perform a model-independent BPGGSZ measurement
of the CKM angle y and its related hadronic parameters. The CP observables determined are

xPK = (6.8+6.2) x 1072
yPE =(5.7£7.4)x 1072
«PK = (~9.8+4.6)x 1072
yPE =(15.0+£7.4) x 1072
2" =(-1.1£1.0)x 1072
yPT=(5.0£1.1)x 1072

(10.1)

where the uncertainty is statistical only. These CP observables are used to calculate the
CKM angles y and the related hadronic decay parameters resulting in

y=(38.8*39),
50K = (86.9723)°,
(10.2) roK =0.129670:045,
557 = (168.889,)°,
rB" =0.0078" 0035,
This is the first model independent BPGGSZ measurement of y in the D — 27*27~ mode.
The measurement of the CKM angle y is within 1o of the current LHCb combination [27] and
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CHAPTER 10. CONCLUSION

thus consistent with the LHCb combination. The statistical sensitivity is expected to increase
once the measurement is performed with additional LHCb Run 1 and remaining Run 2 data

samples.
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