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The more I see of the world, the more am I dissatisfied with it; and every day
confirms my belief of the inconsistency of all human characters, and of the
little dependence that can be placed on the appearance of merit or sense.

— Jane Austen, Pride and Prejudice



Abstract

Measurements of CP observables using fully reconstructed B¥ — D*h* decays
are made, h € (K,w), where the D*¥ meson is reconstructed in the D% and
D%y final states. The analysis is conducted using proton-proton collision data
collected by the LHCb experiment, corresponding to a total integrated luminosity
of 8.7fb™': 3fb™! taken at centre-of-mass energies of 7TeV and 8 TeV (Run 1);
and 5.7fb~" at 13TeV (Run 2). This work presents the first reconstruction of
these decays at a hadron collider, and the first time D*® mesons have been fully
reconstructed for a CP violation analysis at a hadron collider. The 2-body D°
meson final states K7+, K~ K", 7~x", and 7~ KT are considered, facilitating the
measurement of 16 CP observables in order to further constrain the CKM angle
and the hadronic parameters (r5 % §0"K ¢LD'm §0°™)  The first observation of the
suppressed B — (D* — [T K*|py) K decay channel is also presented, colloquially

known as the D% ADS mode.



Preface

This thesis describes the analysis of fully reconstructed B* — D*h* decays, h € (K, ),
at LHCbh. Beyond common collaborative tasks of data collection, data processing
and simulation production, I conducted this analysis alone. Therefore all the work
presented in this thesis is my own, apart from the contributions from collaborators
detailed below.

This work built on knowledge from the partially reconstructed (PR) analysis
of such decays performed by Dénal Hill, a member of the LHCb collaboration and
previous member of LHCb Oxford. The PR analysis is complementary to the fully
reconstructed (FR) analysis in a number of ways, and the charged tracks considered
are kinematically and topologically very similar. On a few occasions, therefore,
where measurements made by the PR analysis were directly transferable to the FR
technique, direct numbers were taken from his work and referenced in the thesis. The
text under the title Definition of asymmetry observables in terms of raw asymmetry
and associated corrections in was also written by Doénal.

Malcolm John, a member of the LHCb Oxford group, ran the software required to
perform the x? minimisation procedure detailed in for the interpretation
of CP observables. The 2D confidence interval plots for the fundamental parameters
given in and were therefore produced by him. I produced all other figures

independently, unless explicitly referenced otherwise.
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C P violation and measurements of the
CKM angle ~

This chapter places the work of the thesis in context of the wider aims of particle physics

in the present day, and provides the theoretical background to understand the results

presented. In [Sec. 1.2l and [Sec. 1.3] the concept of CP violation is explained and its

origins in the Standard Model are presented. A specific strategy to make measurements

of the CP-violating parameter 7, using B*¥ — D*h* decays, is then outlined in

1.1 Introduction

The Standard Model (SM) of particle physics is a quantum field theory which describes
the electromagnetic, strong and weak interactions, and classifies all known elementary
particles. Work over the last century has developed this successful theory, and many
aspects of it have been validated by particle physics experiments around the world, a
substantial contribution of which has been made by the CERN experiment in Geneva.
The SM, however, is unable to explain a number of important phenomena. No
mathematical unification of general relativity and the SM has been found, therefore
the gravitational force is omitted. The matter that the SM describes makes up

< 5% of the observable Universe, and no explanation has been found for dark
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matter or dark energy, which make up the rest. Of particular importance to this
thesis, the model fails to describe the matter-antimatter asymmetry of the observable,
matter-dominated Universe |1} [2].

Studies of possible Beyond the Standard Model (BSM) effects to explain these
(and further) short comings are wide-spread in particle physics. One way to search
for BSM phenomena is to directly search for new, heavy particles in regions of
(potentially infinite) phase space; another is to make precision measurements of low
energy processes, and look for evidence of new particles by searching for discrepancies
between these measurements and SM predictions. This is made possible by the fact
that particles can influence interactions occurring at energies orders of magnitude
smaller than would be required for their direct production. Within the field of flavour
physics, which studies processes that distinguish different generations of quarks and
leptons, this method has been historically successful; the existence of the charm
and third-generation quarks were postulated before direct searches were possible,
inferred by the absence of flavour changing neutral currents [3] and the observation
of CP violation [4], respectively.

The LHCb experiment at CERN plays a significant role in making precision
measurements within the field of flavour physics, including the work documented in
this thesis. World-leading measurements using B* — D*7* and B* — D*K¥ decays
are made, in order to constrain the C'P-violating phase v, a fundamental parameter of
the SM which facilitates the small amount of matter-antimatter asymmetry that

the model describes.

1.2 (C, P and T symmetries

The mathematician Emmy Noether established that every continuous symmetry
of a physical system has a corresponding conservation law [5]; the laws of physics
are invariant under temporal, spatial and rotational translations, predicting the
conservation of energy, momentum and angular momentum in physical systems,

respectively. In elementary particle physics, the requirement that fundamental particle
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fields are invariant under a local U(1)y x SU(2); x SU(3)¢ gauge symmetry forms
the foundation of the Standard Model.

For this thesis, of particular relevance are the discreet symmetries of charge
conjugation, parity transformation and time reversal; mathematically mediated by

their respective operators C', P and T

o (': converts particles to their corresponding antiparticles, achieved by changing

the sign of all the quantum charges of a particle state.
o P: inverts the spatial dimensions of space time: (t,x) — (¢, —x).
o T inverts the temporal dimension of space time: (t,x) — (—t, x).

The simultaneous transformation of a physical system under all three symmetries
leaves the system unchanged. This is currently observed to be an exact symmetry
of nature, and is bound up in the CPT theorem [6], however, any one of these
symmetries can be broken individually.

Parity transformation symmetry was the first to be observed to be broken; in
1956, Chien-Shiung Wu studied decays of Co® nuclei and determined that the weak
interaction maximally violated parity [7]. Violation of C' was also inferred from this
discovery, leaving open the possibility that the two symmetries were conserved when
combined, i.e. the laws of physics were CP-invariant. This was disproved in 1964 by
Cronin and Fitch, who observed that long-lived kaons, which if CP was conserved would
only decay to the CP-odd 3 final state, also decayed to the CP-even 27 final state [8].

Since then, CP violation has been looked for and observed in many other physical
systems. Concerning B physics, the BaBar and Belle collaborations first observed CP
violation in neutral B® mesons in the early 2000s [9} [10]. They later found evidence
in charged B* mesons [11], [12], as did LHCb [13], and in 2013, LHCb observed CP
violation in neutral BY systems [14]. The first observation of CP violation in D°
decays was made by LHCb in 2019 [15]. In 2020, the first evidence of CP violation

in the neutrino sector was found by the T2K experiment [16].
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The observed CP violating effects, collectively responsible for these discoveries,

can be grouped into three distinct categories:

1. CP wiolation in decay (direct CP violation) occurs when the decay amplitude
for a process and its CP-conjugate are not equal: I'(X — f) # I(X — f).
This is the only type of CP violation accessible to charged initial states, and is

therefore the focus of this thesis.

2. CP wiolation in mizring occurs in neutral meson systems when the oscillation

rate from meson to anti-meson differs from the oscillation rate from anti-meson

to meson: ['(X° — X0) #£ (X% — X0).

3. CP wiolation in the interference between mixing and decay is also accessible to
neutral meson systems. The interference between the amplitudes of the direct
decay I'(X? — f) and that of the decay after mixing I'(X? — X° — f) can
cause the CP-conjugate decay rates I'(X° — f) and T'(X° — f) to differ, even

in the absence of the prior two cases.

The study of CP violation remains important as it is the only known process
that facilitates behavioural differences between matter and antimatter. Although the
observed level of CP violation within the quark sector of the SM is not enough to
explain the baryon anti-baryon asymmetry of the observable Universe |17], precise
measurements of this level provide a benchmark against which to judge any matter-

antimatter asymmetry effects arising from new physics.

1.3 (P violation in the Standard Model

In the Standard Model, the charged-current, weak interactions of quarks are described
by the SM Lagrangian term given in [Eq. (1.1)| where h.c. stands for hermitian
conjugate.

Loc = —2uLi7“WJ(VCKM)ijdLj the. (1.1)

Here, g is the weak coupling constant; v* are the Dirac matrices; W,j is the W boson

field, which couples to the up-type and down-type left-handed quark triplets, %,
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and dr;, where ¢,j = 1,2, 3 are the generation numbers; and Vogys are elements of
the 3 x 3 Cabibbo-Kobayashi-Maskawa (CKM) matrix [4].

The elements of the CKM matrix are coupling constants quantifying the strength
of inter- and intra-generational quark mixing, and can be represented by complex
numbers with arbitrary phases. For a 3 x 3 unitary matrix, 3 = 9 real parameters
must be specified. Our ability to absorb one phase into each quark field except
for one overall absolute phase removes 5 of these parameters. 4 degrees of freedom
therefore remain: 3 real rotations and 1 complex phase. It is the presence of this
single, irreducible phase that generates C'P violation in the quark sector.

In the Chau-Keung parameterisation of Vogas [18], the three rotation angles are

denoted 619, 013 and 63, and the complex phase d13:

-5
C12C13 512€13 S13€” 13
_ 10 9
Verm = | —S12C23 — €12523513€"12  C12Ca3 — S12523513€"12 5923C13 | » (1.2)
5 5
S12C23 — C12C23513€"1%  —C12823 — $12C23513€"°1%  Ca3C13

where s;; = sin0;; and ¢;; = cos 0;;; this is the standard representation, preferred by
the Particle Data Group (PDG) |19]. The parameter 6,5 is the well-known Cabibbo
angle [20]. Tt is experimentally known that s;3 < s23 < s12 < 1, therefore it is
convenient to express the matrix in terms of an alternative parameterisation that
naturally incorporates the hierarchy. The Wolfenstein parameterisation [21] formulates

the elements in terms of a power series in A = s15 ~ 0.23:

S12 = A (1.3a)
So3 = )\ZA (13b>
s13e” 01 = \3(p — in), (1.3¢c)

where A, p and 7 are all real parameters of order unity. To O(\), the CKM

matrix becomes:

1—)%/2 A AX3(p —in)
Vorm = - 1—)%/2 AN? + O(\Y). (1.4)
AN(1—p—in) —AN 1

It is worth noting that the CP violating term (p —in) is only present in the V,; and V4

matrix elements, up to O(A3). Larger CP violating effects are therefore expected in B
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systems compared to K or D systems, and CP violation in the interference between

mixing and decay was observed in BY systems [9} |10] (whose mixing diagrams feature

the V4 element) before BY systems [14] (whose mixing involves the Vj, element).
Verifying the unitarity of the CKM matrix is an important test of the SM [4].

Orthogonality relations can be derived between the rows and columns of the matrix:

Y ViaVig = dap, @, € {d,s,b} (1.5a)
ie{u,c,t}

Z VOZVOCJ = 6Z]a Z)] € {U,C, t} (15b)
ae{b,s,b}

such that there are 6 off-diagonal conditions, each containing 3 complex numbers
that sum to zero. These can be visualised as triangles in the complex plane, where
the area of each triangle is proportional to the amount of CP violation in the SM
quark sector; in the absence of any CP violation, they degenerate to lines along the

real axis. Of particular interest is the equation:
VauaVay + VeaVig + ViaViy, = 0, (1.6)

where all terms are of O(A\?). This condition forms the Unitarity Triangle (UT) in the
complex plane when each side is divided by V,4V;. An illustration of the UT is given
in [Fig. T.1| where it can be seen that all sides and internal angles are of approximately
equal size, allowing them to be accessed experimentally. By over-constraining the
UT, making independent measurements using many different decay channels, it is
possible to put CKM unitarity to the test.

The angles in this triangle, «, 3,7, also referred to in the literature as ¢o, ¢
and ¢3, can be accessed experimentally via the study of B meson decays. For many

years, the least well known angle was:
7= arg(_vudvib/‘/cd c?;)’ (17>

but recently its precision rivals that of a. 7 is the Standard Candle of the UT, as
it can be measured using decays that are described by tree-level amplitudes only,

which benefit from very low theoretical uncertainty from higher-order diagrams,
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(0,0) (1,0)

Figure 1.1: Illustration of the Unitary Triangle in the complex plane, where the upper apex
is defined in terms of the Wolfenstein parameters p = p(1 — A\2/2) and 7 = (1 — \2/2), up
to O(A\3). The figure is reproduced from the CKM Quark-Mizing Matriz review of the PDG
[19].

577 ~ 1077 [22]. Combining individual results from 7-sensitive decays, the latest
published LHCb measurement of this angle is v = (65.4755)° [23]. This is the
most precise determination of v from a single experiment, and is consistent with

previous results from BaBar and Belle.

0.7 ] I EEma——— , ; , -
-2 : Amy& Am, .

06 __é : Amd EK Summer 19 —
=8 | 3

05 5 sin 2B ! -

- © ' sol.w/\cos 2B < 0 —

— 8 U (excl, at CL > 0.95) .

04 —3 : —
2 ' ]

1= C 3 0 -
0.3 — —

C . o .

0.2 — -

01 =

= A p -

0.0 . L L | L L L L L | L L L | L ! ! | L L L | L -

0.4 0.2 0.0 0.2 0.4 0.6 0.8 1.0

Figure 1.2: CKMfitter constraints in the (p,7) plane using only ‘loop’ quantities [24]. Each
coloured region indicates an area of allowed parameter space for a particular class of CP
violating measurements, constraining the sides and angles of the UT.

It is also possible to constrain v indirectly, by excluding tree-level measurements

and performing global fits to the UT whilst assuming unitarity. The CKMfitter group
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currently estimates the indirect measurement to be v = (65.77925)° [24]. This value is
chiefly constrained by the angle 5 and the length of the side of the triangle opposite 7,
as can be seen in[Fig. 1.2} both rely on measurements from neutral B mixing processes.
Over the past few years, flavour anomalies have appeared in lepton universality tests
with b — sll decays [25-29]: rare flavour-changing neutral currents that are mediated
by loop-level processes. These anomalies could be explained by the presence of new,
heavy particles that also have the potential to enter neutral B meson mixing loops
[30]. If new physics effects enter the mixing loops, but are not accounted for in the

global fit, different values of v could result from tree-level and loop-level constraints.

The latest LHCb combination does include CP violation measurements from the
interference of mixing and decay in B° and BY systems, but the precision is driven
by time-integrated measurements of direct CP violation in B¥ — D™ K®* decays.
It also contains many recent LHCb analyses that have not yet been included in an
updated direct result by CKMfitter, including the full LHCb dataset analyses of
B* — D®h* decays using the ADS/GLW methods [31], and of BT — Dh* decays
using the BPGGSZ method [32]. The GLW and ADS techniques will be described

in [Secs. 1.4.1f and [1.4.2} the BPGGSZ method [33-35] will not be covered in this

thesis, but it differs from the former techniques as it considers 3-body D decays

and exploits phase-space dependent D decay rates.

The direct and indirect measurements of v currently show good agreement, but the
direct measurement in particular possesses significant uncertainties. The uncertainties
on the indirect measurement are currently limited by lattice QCD calculations; the
uncertainties on the direct measurement are currently limited by experimental precision.
It is therefore highly motivated to explore new ways to exploit LHCb data to make

measurements of ~v-sensitive decays using tree-level processes.
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(a)

|

K-
.

B
O D)0

-

Figure 1.3: Feynman diagrams for B~ — D™ K®)~ decays. The decay to D™ is CKM
Vs Vi /Va Vi & 0.4 and colour Fgog ~ 1/3 suppressed with respect to the D*)0 final state.
The interference of these two diagrams is the common mechanism for accessing ~.

1.4 Tree-level determination of v using B* —
D*K* decays

Decays of the kind B~ — D®K®~ with intermediate states D% and D™ are
mediated by b — uc¢s and b — cus transitions, respectively. The Feynman diagrams
for these decays are shown in [Fig. 1.3, The amplitude ratio in terms of CKM elements
is Vi ViV ViE, & 0.4, therefore the decay involving a D°" is Cabibbo suppressed.
This transition also suffers from colour suppression, as the colours of the ¢ and s
quarks are fixed from the pre-defined colours of the u and u quarks with which they
form bound states. The relative weak phase between the suppressed and favoured
decays, arg (V,, V=i /VaV.E), equates to the definition of the CKM angle 7 given in
up to O(A*) ~ 2.6 x 1073, This is well below the current level of experimental
uncertainty, therefore v measurements can be made from studying B* — D®) K )+
decays. This thesis studies the variant B* — D*K¥, where the neutral D* meson
represents D*C or D*¥ and is fully reconstructed in both the D7® and D~ final states,

for which the branching fractions are given below:

B(D* — D7) = (64.7 £ 0.9) x 1072 (1.8)

B(D* — D%) = (35.3+0.9) x 1072 (1.9)

*K _ |A(B-—=D*9K™)
~ JA(B-—=D*K-)|

Defining the amplitude ratio ¥ , and the relative strong phase

68K between B~ — D*'K~ and B~ — D*K~ decays, the amplitude for producing
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a neutral D* meson in the decay B~ — D*K~ can be expressed as:
D* = D* 4 pBTEi(05 =0 0, (1.10)

Here, the term strong phase refers to a CP conserving phase arising from possible

intermediate states in the decay amplitude. Writing in terms of odd and

D*O—E*O

even CP eigenstates, where D*, = 2 *0\4/%5 2 and D*_ = N gives:
pr= Dt D7 oo iegtoy Dl — D7 (1.11)
V2 V2
The C'P eigenvalue of the D* state can be evaluated using the product:
Ap = Ap X Agosy X (=1)], (1.12)

where [ is the orbital angular momentum quantum number. In the case of strong D*
(JP =17) decay via 7° (JFY = 0~F) emission, Ao = —1, and [ = 1 by conservation

of angular momentum, therefore A\p- = +Ap and D*. — Dy7°

. In the case of v
(JPC = 177) emission, A\, = +1; by conservation of momentum [ could be zero, but
this would violate parity, so { = 1. This means that Ap- = —Ap and D*. — D=7,
introducing a phase shift of 7 (¢/™ = —1) into for the D~y mode:

*K

D* — Dr°: D = D° 4 rP" K05 “=n o (1.13)

D* — Dy: D = DO+ pB'K i =0, (1.14)

This logic was first shown in Ref. [36].

Labelling the amplitude of the diagram displayed in (a) as Ap = A(B~ —
D*K~) = A(BT — D**K™*), we can construct 4 equations for the decay amplitudes
of B~ mesons to final states f(D), or their complex conjugates f(D):

D*K _
op

AL, = AB™ = [f(D)n°)p-K~) = ApAso(Ap + Ape™PPry el M) (1.15)
AT = A(B™ > (D))o K) = A A (Acg® + Aprf 608 ) (116)
Apy=AB~ = [f(D)v]p-K™) = ApA,(Ap + ADe_i‘;Drg*Kei(‘sg*K”_”)) (1.17)
Ay = AB = (D)o K) = ApAy(Ape + Aprl K08 ™55 (L15)

!The D%y final state must have the angular momentum projection quantum number m = 0 to
conserve angular momentum despite having [ = 1 total angular momentum.
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DOXK~ DOXK*
B~ f(D)XK~ B* f(DYXK*
ApAx A ApAx A
D°XK~ DXK*

Figure 1.4: The decay diagram for B~ — D*K~ transitions to a general D* final state
f(D)X, X = 7%/, is depicted on the left. The complex conjugate decay for B* — D*K ™
transitions, to the f(D)X final state, is given on the right. These decays can proceed via 2
interfering intermediate states containing DY or D° mesons.

The D meson amplitudes are defined as: Ap = A(D° — f(D)) = A(D° — f(D))
and Ap = A(D° — f(D)) = A(D° — f(D)); dp is the CP invariant relative strong
phase difference between the D and D mesons decaying to the same final state. 4
analogous, charge conjugate equations can be written for Bt mesons, where the only
change is the sign of the CP violating phase v in the exponent. Flow diagrams for
Bt and B~ decays are given in to illustrate this.

It is also possible to access v by studying B — D*n* decays, extracting the weak
phase between b — ctid and b — uds transitions. These decays have a branching

fraction ~ 10 times larger than their B* — D*K¥* counterparts:

B(B* — D*7%) = (4.90 £0.17) x 1073 (1.19)
B(B* — D*K*) = (3.971031) x 107 (1.20)
. . D*r _ |A(B-—=D*077)| :
The suppressed to favoured amplitude ratio rg ™ = [A(B== D0 however, is smaller

by a factor |V,,/Ves|? & 0.05 than r5" % making this mode considerably less sensitive
to interference effects and therefore v. Both types of decay, with the pion and kaon
companion hadron, are studied in this thesis, as the former can also be used as ‘control

channels’ to develop models and constrain nuisance parameters.

1.4.1 The Gronau-London-Wyler (GLW) method

When applying the GLW method [37], the D meson is reconstructed in the C'P-even

final states D — KtK~ and D — ntn~, therefore §p = 0 and Ap = Ap. Time
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integrated decay rates are proportional to the squared magnitude of the amplitudes,
therefore the following equations for B* — D*h* decays can be constructed, where

the companion particle h can take the form of a kaon or a pion:

T{PH(BE — (D" — [Rh]r°)h) o |AG, 2 oc 14+ (rB )2 4+ 2rD ™ cos (557" £ )
(1.21)

I‘jC;P’(Bi — (D* — [[hh]y )hi) x ’ABfoP’ x 1+ (rg*h)2 — 2r§*h cos(ég*h + 7).
(1.22)
Here, the D decay particles hh stand for KT K~ or 777~. The strong phase shift of

7 from the D* — D~ decay results in a CP— (CP-odd) eigenstate.

1.4.2 The Atwood-Dunietz-Soni (ADS) method

When applying the ADS method [38], the D meson is reconstructed in the doubly-
Cabibbo suppressed D° — K7~ and Cabibbo-favoured D° — K7™ final states, and
their charge conjugates. These modes are given the respective labels SUP and FAV.
The SUP mode is also known as the ADS mode, and is referred to with the symbols 7K
in this text; the favoured mode is labelled by the opposite symbol arrangement, K.

Defining Ap = A(D® = K—77) = A(D° = K*7~) and Ap = A(D° — K*n~) =
A(D® — K—nt) = Aprp, where rp is the amplitude ratio of the SUP with respect
to the FAV D decay mode, the following decay rate equations for B — D*h*

decays are built:

FiUPJrO(Bi — (D" — [WiK:‘:]DWO)hi) ( ) + TD + 27"B D cos((Sé?*’"” +0p £7)
(1.23)
PP (B* = (D* — (7 K¥|py)h*) o< (r] ™) + 13 — 20 rp cos(05 ™" + 6p £ )
(1.24)

FiAVJrO(B:I: — (D" — [Kiﬂ'jF]Dﬂ'O)hi) x 1+ (r ) + 2rB D cos(ég*h —0p£7)
(1.25)

Fi“AVﬁ(Bi — (D* = [K*7F]py)h®) o< 14 (rB ™22 — 20D cos(05 " — 6p £+ 7).
(1.26)
The D*K ADS mode possesses particularly high sensitivity to v as the amplitude

D*K

ratios rp and rg * are of similar magnitudes; the size of the interference term

is therefore relatively large.
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It should be noted that when studying excited D* intermediate states, double the
number of y-constraining equations are obtained compared to traditional analyses of
B* — Dh®* decays due to the strong phase difference between D* — D7® and

D* — D~ decays [36].

1.4.3 Including D-mixing

The effect of D-mixing on B* — D®h™)* observables was modelled mathematically
by Matteo Rama in 2013 [39].2 He showed that the GLW mode observables were
unaffected due to the cancellation of D mixing terms in R and A$F, for which
the D decay modes are common to both the numerator and denominator. The
D-mixing correction to the ADS mode observables, however, has the potential to
cause a significant bias in the D*m sample if left unaccounted for. The formulae
below have therefore been calculated to include these corrections, and are used in

the interpretation of the final results given in [Chapter 5f

VP (BE 5 D*(— [KF 75 pn®)h®) o< 12 + (r5")? (1.27)

SE "+ 6pF )

+ 2rprp " cos(

—ay(14 (r2™)rp cosdp

L+ r2)rE ™" cos(65 ™" F )

+ az(l — (rf ™M rpsin dp

—az(l —r2)rE " sin(65™" ¥ 4)

PEP(B* = D (= [KF 7| py)h*) ocrp + (rg ") (1.28)
D*h oo(§D7h

—2rprg "cos(dg "+ 0p F)

+ay(1+ (r5™?)rpcosép
—ay(1+7r3)rD " cos(65 " F )
—az(l — (rg "M rpsindp

(1
(
(
(

—az(l —r2)rE " sin(65™" F 7).

2In the calculations, mixing induced CP violation in D mesons was neglected.
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Compared to the definitions given in these are dependent on three

additional variables:

e «: the analysis specific decay-time acceptance co-efficient. The decay time
acceptance function for D mesons is needed when integrating the state of the
system over time, in order to evaluate the time-integrated effects of D-mixing.
The effect of the non-uniform function in this analysis is bound up in the

multiplicative correction factor, a = 0.88 +0.03. A description of the evaluation

of this parameter using fits to D decay times is given in

e x,y: the D mixing parameters are taken from the Heavy Flavour Averaging

Group (HFLAV) 2020 [40] (CPV allowed):

AM

T=f = (0.3179015)% (1.29)
AT

Yy=5p = (0.65170:0%60) %, (1.30)

where AM and A are the mass and width differences between the mass

eigenstates of the D system, respectively, and I" is their average width.

Referring to the flow diagram pictured in[Fig. 1.4, D-mixing in the suppressed mode
equates to a favoured B~ — DX K~ decay, followed by the oscillation: D° — D,
followed by a favoured D — KT~ decay (or the charge conjugate process). Favoured

decays therefore infiltrate the suppressed sample at a rate ~ |z|, |y|, as the corrections

in [Egs. (1.27)[and [(1.28)| are linear in the terms ax and ay; the relative size of these

terms compared to 5" determines the size of D mixing effects. In the D*K ADS
mode, 75K ~ O(0.1), therefore D mixing effects are not visible in this channel
at the current level of experimental uncertainty. In the D*7m ADS mode, however,
rE™™ ~ 0(0.005), therefore D mixing effects must be accounted for. A similar rate of
D mixing occurs in the favoured mode, but seeing as this corresponds to the rate of

suppressed B decays entering the favoured sample, the effect is negligible.
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1.4.4 (P Observables

* * * * .
K oD E pB'm and 05", ratios

In order to extract v and the hadronic parameters 75
are constructed of topologically identical final states. In this way, the CP observables
do not depend on absolute efficiencies, and many systematic uncertainties cancel
in the final results. Descriptions of the observables and definitions in terms of the

decay rates derived earlier in this section are given below:

1. The ratio of B¥f — D*K* to B* — D*r* decays for the favoured D decay

mode:

REm/y _ (B~ = ([K 7f]pn®/9)p-K7) + T(B" = ([K*7 |pn°/v)p-KT)
i (B~ = ([K=m*]p7®/7)p-n™) + T(BY — ([KW]DWO/V)D*(?T*S) )
1.31

2. The C'P asymmetry between B~ and B mesons in the favoured D decay mode
(for B — D*K* decays only):

imnty _ DB = ([Katpm?/y)p- K7) = (BT = ([K7]pn°/7)p- K7)
" (B~ = ([K-w*]pm®/v)p- K~) + I'(BT — ([KJFW_]DWO/V)D*(K’L)).
1.32

3. The C'P asymmetries between B~ and BT mesons decaying to C'P eigenstates,

where hh = 7/ K K:

LB~ — ((h*h~]p®/y)p-7~) = T(B* = ([W"h7]p7°/v)p-7™)

ACP,?TO/’Y _
S = B S (R o Ao ) T = (WA Jom/2)por )
(1.33)
A?’(Pﬂro/v _ (B~ — ([h*h~|pn°/v)p-K~) = T(B* — ([h*h~|p7n°/v)p-K™)

(B~ = ([WTh7]pm®/v)p-K~) + T(BT = ([ATh~]pm®/v)p-KT)
(1.34)

A correction to account for the difference in CP asymmetry between D — K+ K~

and D — 777~ decays is considered in [Sec. 4.1.2|

4. The ratio of B* — D*K* to B* — D*n* decays for D — hh, where hh =
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wr/KK, divided by R/

LB~ = ((h=h*]pr®/v)p- K~) + T(BY — ([W"h~|pm"/7)p- K7)

RC’P,ﬂ'O/’y _
I(B~ = ([h=h*]pm®/v)p-7) + T(B* — ([h*h~|p7°/v)p-7t)
1
X ———. (1.35
rn 0

Here, RKE w0/ = Rrmn’/y = ROP’/ 7, where direct CP violation in D decays is

considered negligible.

5. The ratio of the ADS to the favoured D decay mode, for B¥ — D*h* decays:

r

Km0 /vy ( H ] ]

R = N (R lom Al K (1.56)
TKm0/y _ [(B* — [[KT75]pn® /7] p-7¥)

S V(g ey e s (137)

The individual ratios for each B charge are measured, as opposed to the

Km0/~ Km0 [y

asymmetry Ay and summed over charge ratio R} , because the latter
are statistically correlated; they are therefore calculated by hand using the
formulae:

Rhf( /PY"’Rhf /v

RzK,WO/V — 5 (138)
7Kl / TKm0/
Aty B /A (1.39)
h - RTI’Kﬂ'O/’y Km0 /y" ’
R

1.4.5 Previous Measurements

Decays of the kind B* — D*h* have been successfully studied at LHCb using the
partially reconstructed method [31]. In this analysis, the neutral particle produced
in the D* decay was not reconstructed, therefore these events could be found at
low mass in the fitting variable m(Dh). The analysis was performed using the full
LHCb dataset, and an example invariant-mass fit to data is shown in for B~
candidates, where the D meson is reconstructed in the K™K~ final state. The large
peak sitting at the nominal B mass, (5279.34 + 0.12) MeV/c?, is due to traditionally
studied B~ — DK™ decays; the dark blue, double horned structure in the low mass
region [5000, 5150] MeV/c? is due to B~ — (D* — Dn°)K~ decays; the light blue,
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Figure 1.5: Invariant-mass fit to the m(DK) distribution of B~ — D) K~ data, where the
D meson is reconstructed in the KK~ final state, performed by the partially reconstructed

analysis [31].

broad peak sitting underneath this is from B~ — (D* — D~v)K~ decays. The
characteristic horns and hill nature of the D* modes, respectively, is due to the
angular distributions of the decay products.

The partially reconstructed (PR) analysis benefited from high statistics, as it
was unaffected by the low neutral reconstruction efficiencies at LHCb (which will
be covered in . Measurements of CP observables for the D* — Dz
mode have been made with competitive precision, however the D* — D~ final
state suffered from low purity due to the many overlapping backgrounds sitting
underneath the broad signal peak.

This is where the work presented in this thesis comes in, which looks to measure
the same observables using the fully reconstructed method, by including the neutral
particle in the final state. The fully reconstructed (FR) technique compromises on
statistics with the aim of achieving increased signal purity. The results of the PR
analysis will be given and compared to the FR results of this thesis in It is
worth noting that selected FR candidates were removed from the PR data sample,

so the analyses are statistically independent.
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. . * * .
The most precise measurements of the hadronic parameters r5" and 65", given

by the latest LHCb « combination [23], come from the results of the PR analysis:

= (9.9575)% (1.40)

60K = (310112)° (1.41)
= (0.95708)% (1.42)

65 = (13972%)°. (1.43)

GLW analyses of B¥ — D*K¥* decays have also been successfully conducted by the
Belle [41] and BaBar [42] collaborations. These results, combined with measurements

using the BPGGSZ method [43], were used to produce the combination [44]:

rE R = (10.671)% (1.44)

0 " = (20455)", (1.45)

which shows good agreement with the latest LHCb measurements.



The LHCDb experiment

The reconstruction of B* — (D* — [h*hT]p7r°/v)h* decays was performed by the
LHCD detector [45], a single-arm forward spectrometer located on the ring of the
Large Hadron Collider (LHC), a 27 km circular pp collider in Geneva. Bunches of
O(10'Y) protons, obtained from ionising hydrogen atoms, are accelerated through a
series of linear and circular accelerators, depicted in [Fig. 2.1] before being injected
into the LHC in opposite directions. During the years 2011 and 2012, know as
Run 1, the beams were accelerated to centre of mass energies of /s = 7TeV and
Vs = 8 TeV respectively. During the years 2015 — 2018, known as Run 2, the beams
were accelerated to /s = 13TeV. The beams are focused to collide at four points,
home to the four experiments located on the ring: ATLAS, CMS, ALICE and LHCb,
with collisions occurring at a frequency of 20 (40) MHz in Run 1 (Run 2). The protons

continue to circulate for ~ 12 hours, known as a fill.

LHCb has been designed to study b and ¢ quarks, which are predominantly
produced from gluon-gluon fusions with asymmetric momenta in the laboratory frame,
leading to c¢ or bb pairs with boosted centre of mass energies. For this reason,
LHCb is a forward spectrometer covering the pseudorapidity region 1.9 < n < 4.9,
where 7 = —In(tan /2). Here, 6 is the angle to the beam axis. In terms of angular

acceptance, this equates to 15 to 300 (250) mrad in the horizontal (vertical) plane,

19
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capturing 24 — 25% of all bb pairs produced at the interaction point .

In order to maximise the data collection efficiency whilst maintaining the necessary
precision and purity of secondary vertex reconstruction of heavy mesons, the number of
pp interactions is reduced at the interaction point of LHCb by reducing the transverse
overlap of the LHC beams (a process known as luminosity levelling). The number
of pp collisions was limited to 1.7 (1.1) interactions per bunch crossing during Run
1 (Run 2), resulting in an instantaneous luminosity of 4 x 1032 cm=2s~!. The total
integrated luminosity collected by the LHCb detector was 3fb™" in Run 1 and 5.7fb™*
in Run 2, providing a total of 8.7fb™'. The measurements presented in this thesis

are based on the full LHCb dataset.
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Figure 2.1: The CERN accelerator complex, including the construction year and length for
a number of accelerators, reproduced from Ref. . The accelerator chain used during pp
operation is: LINAC 2 — BOOSTER — PS — SPS — LHC.
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2.1 The LHCDb sub-detectors

The coordinate system for detector description is such that the z-axis lies along
the beamline, and the z-axis (y-axis) in the horizontal (vertical) direction in the
plane perpendicular to this. The origin is located at the collision point. The LHCb
sub-detectors, which will be described in the text below, are positioned along the
beamline from the interaction point up to z = 20m, as depicted in |Fig. 2.2 For
the rest of this chapter, upstream refers to the positive z direction, downstream

to the negative z direction.

Ecar HCAL
SPD/PS

Figure 2.2: Overview of the LHCb detector, reproduced from Ref. .

2.1.1 VErtex LOcator (VELO)

The VELO is a silicon micro-strip detector located very close to the interaction
region. It provides crucial coordinate information for decays of b and ¢ hadrons,
facilitating the reconstruction of primary (PV) and secondary vertices. Of importance
is also the calculation of impact parameters (IP), the distance of closest approach

between tracks and their PVs.
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There are 21 VELO stations positioned along the beamline from z = —18 cm to
z = 88 cm, where the nominal beam interaction point is positioned at z = 0 4 5 cm,
as displayed in [Fig. 2.3] Each station consists of 2 semi-circular modules mounted on
either side of the beamline, and each module has 2 silicon strip detectors designed
to measure the azimuthal angle of the track and the radial distance from the beam.
The z coordinate is aligned with the beam direction and can be inferred by the
fixed module position. The silicon in R sensors is arranged in concentric semi-circles;
in ¢ sensors radial strips run from the inner to outer radius of the module, as
illustrated in [Fig. 2.4} The strip pitch varies between 40 pm and 100 um depending

on the distance from the beam line.

A SIDE x
beam envelope o ~5 cm ()
3 z

UPSTREAM
DOWNSTREAM

C SIDE

Figure 2.3: Cross-section in the x — z plane at y = 0 of the VELO stations in their closed
position. R (¢) sensors are shown with solid blue (dashed red) lines. The modules at
positive (negative) x are known as the left or A-side (right or C-side). Reproduced from
Ref. [48].

The sensitive area of the silicon sensors starts 8 mm from the LHC beams, therefore
the modules are attached to two retractable halves that are opened during injection,
to shield from radiation damage during periods of unstable beam, and closed for
data-taking at the beginning of stable beams. To align with the other sub-detectors,
the VELO has an angular acceptance of 15 — 300 mrad downstream, so that tracks
pass through at least 3 VELO stations within this coverage.

The PV resolution achieved by the VELO is typically ~ 10um in z/y and
~ 50um in z. The impact parameter resolution is < 35um for particles with
pr > 1GeV/e 48], offering discriminatory power between particles produced from

primary and secondary vertices.
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Figure 2.4: Mlustration of the silicon strip layout for a VELO module, designed to measure
(left) the azimuthal angle, ¢, of a track and (right) the radial distance, r, from the beam.
Reproduced from Ref. [49].

2.1.2 Dipole magnet

In order to measure the momentum of charged particles, a warm (non-superconducting)
dipole magnet consisting of 2 sets of aluminium coils within an iron yoke is positioned
downstream of the VELO and the first RICH detector, RICH1. The principle
component of the magnetic field is aligned along the vertical (y) direction, deflecting
particles in the horizontal (z — z) plane [50]. The magnetic field strength varies
along the z direction, as shown in [Fig. 2.13] reaching a maximum strength of 1 T.
The field has been measured with a relative precision of dB/B =~ 4 x 10™* and is
uniform in the x — y plane within 1% in the tracking volume [51]. The total bending
power provided is 3.6 Tm over z € [2.5,8] m.

Within each year of data taking, the magnetic field spends approximately half
the time oriented along the positive y direction in the “Up” configuration, and half
oriented along the negative y direction in the “Down” configuration. Positive and
negatively charged particles bend in opposite directions in this field, therefore this

procedure significantly reduces charge detection asymmetries from small differences
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in the left and right parts of the detector.

2.1.3 Tracking stations

The LHCD tracking system is comprised of the VELO and 4 additional tracking
stations: the Tracker Turicencis (TT) upstream of the magnet, and the tracking
stations 1-3 (T1, T2, T3) downstream of the magnet.

The TT is a planar silicon microstrip detector with pitch ~ 200 pm, giving a
spatial resolution of 50 um. It has 4 layers of detector material: the first and last have
strip readouts with vertical orientation (z-layers); the second and third are oriented
at +5° and —5° respectively (u- and v- layers). This © — u — v — x geometry allows
the transverse components of particle trajectories to be resolved. The front layer is
depicted in m The TT makes it possible to reconstruct long-lived K mesons,
which decay after the VELO. It also facilitates the reconstruction of low momentum

tracks that are swept out of detector acceptance by the magnet before reaching the

downstream tracking stations (illustrated in [Fig. 2.13]).
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Figure 2.5: Schematic of (a) an z-layer module of the TT, (b) an a-layer module of the IT
and (c) a v-layer module of the IT .

The tracking stations T1-T3 are split into two sections: a silicon based inner

tracker (IT) and an outer tracker (OT) that employs drift tubes. The IT is made up
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of 4 modules surrounding the central region, illustrated in [Fig. 2.5] where particle
fluxes are highest. It uses the same silicon microstrip technology as the TT, arranged
in 4 layers oriented using the x — u — v — x geometry. The IT and TT are collectively
known as the Silicon Tracker (ST).

The OT covers the large area of LHCb acceptance not occupied by the IT. 4 layers
of vertically oriented drift tubes, arranged in the same x — u — v — x geometry, cover
an area of approximately 5 x 6 m? starting ~ 10 cm from the beamline. This set up is
illustrated in [Fig. 2.6] Each layer has 64 drift tubes of 4.9 mm in diameter, filled with
an Ar/COy/0y (70/28.5/1.5) gaseous mixture, which ensures a drift time < 50 ns.
The coordinate resolution of the OT was 205 um (171 um) during Run 1 (Run 2) [53].

T
7
L1

bcaxm

y

z z C-frame

()

Figure 2.6: The cross section of an OT module is illustrated in (a); the arrangement of OT
modules in T1-T3 is shown in (b). Reproduced from Ref. [54].

For charged tracks that pass through the entire tracking system (known as long
tracks), the overall relative momentum resolution achieved is < 1% for p < 200 GeV/c.
This was calculated using data from J/i)p — ptp~ decays, for which the momentum
resolution can be related to the invariant mass resolution of the J/i) candidate. The

resolution over the full momentum spectra is plotted in [Fig. 2.7
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Figure 2.7: Relative momentum resolution plotted against momentum for charged particles
that pass through the entire tracking system [51], measured using J/p — putu~ decays in
data.

2.1.4 Ring Imaging CHerenkov detectors (RICH)

The identification of different particle species is an important component of flavour
physics; for this thesis in particular, the ability to separate pions and kaons is crucial.
At the LHCDb experiment, this is made possible by the RICH detectors [55]. The
RICH1 detector sits between the VELO and TT, targetting tracks in the momentum
range p € [1,60] GeV/¢; the RICH2 detector is positioned upstream of the tracking
system and targets tracks in the momentum range p € [15,100] GeV/c. RICHI1
covers the full LHCb acceptance; RICH2 only operates in the region where higher
momentum tracks lie, § < 120(100) mrad in the horizontal (vertical) plane. An
overview of both detectors is given in [Fig. 2.8

Cherenkov radiation is emitted by a particle passing through a medium at a speed
v, which is greater than the phase velocity of light in that medium. Light is emitted
in a cone, with angle 6. with respect to the particle trajectory, defined by :

1

5 (2.1)

cosf,. =

where § = v/c and n is the refractive index of the RICH radiator medium. A
measurement of 5, along with information of the track momentum from the tracking

system, allows the particle mass and therefore species to be determined.
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Figure 2.8: Illustration of the RICH 1 (left) and RICH 2 (right) detectors, reproduced from

Refs. , .

The threshold for emission depends on n and the particle momentum. Sensitivity
is lost at high momentum when § — 1 as cos . — 1/n. Different radiator mediums
are therefore chosen for RICH1 and RICH2 to provide coverage for all particle types
within the designated momentum spectra. The first detector is filled with a C4F
radiator, n = 1.0014; the second with a CF, radiator, n = 1.0005. During Run 1, an
Aerogel radiator with n = 1.03 was also installed to provide particle identification
(PID) at very low momenta, however this was removed in Run 2 as it brought minimal
performance benefits at the cost of Cherenkov photon yield .

A series of curved and flat mirrors are designed so that the light from incident
tracks is focused conically onto Hybrid Photon Detectors (HPDs), outside the LHCb
acceptance. Incident light causes the emission of photoelectrons in the HPDs, which
are focused onto a silicon chip using an electrostatic field. The final photoelectron
positions on the chip are used to deduce the location of incident photons on the

HPDs and therefore calculate 6..
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The separation power of RICH1 can be seen in[Fig. 2.9|for particle types (p, K, m, i),

where the Cherenkov angle is plotted against particle momentum. Details of the

PID variables used in this analysis are given in [Sec. 2.3.2]
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Figure 2.9: Cherenkov angle vs. track momentum for isolated tracks in the RICH1 C4Fg
radiator [57].

2.1.5 Calorimeters

The calorimeter system is involved in the L0 trigger, particle identification and, of
significance for this analysis, the reconstruction of neutral particles (see .
The electromagnetic (ECAL) and hadronic (HCAL) calorimeters are preceded by
the Silicon Pad Detector (SPD) and Preshower (PS) detector, separated by a lead
wall . There is a consistent design across all calorimeter components:
metal absorbers are interspaced with organic scintillator plates; scintillation light is
collected by wavelength-shifting fibres (WLS) and transported to photomultiplier
tubes (PMTs); the PMTs convert light into electrical signals, which are read out
and digitised by Front End Boards (FEB).

The hit density varies by two orders of magnitude over the calorimeter surface:
it is a steep function of distance from the beampipe. The SPD, PS and ECAL are
segmented in the plane perpendicular to the beam axis to account for this variation,

providing a one-to-one cell correspondence. The cell size is 4.04 x 4.04cm? in the
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inner region, 6.06 x 6.06 cm? in the middle region and 12.12 x 12.12 cm? in the outer
region. The HCAL, on the other hand, has only an inner and an outer region
with cells of size 13.13 x 13.13cm? and 26.26 x 26.26 cm? respectively, due to the
dimensions of hadronic showers .

PS: the same design

ECAL: "shashlik"
technology

Outer section

section

Inner

cut—out

SPD: single layer
of scintillator tiles

Lead absorber (2.5 X0)

~ HCAL: interleaved
iron plates
and scintillator tiles

Figure 2.10: Layout of the calorimeter system, taken from Ref. .

Scintillating pad/preshower detector

The SPD/PS detector consists of two identical scintillating pads separated by a 15 mm
lead absorber, corresponding to 2.5 radiation lengths (Xj). Each pad contains
6016 cells with granularity described above, where signal is read out by multi-

anode PMTs [45].

The SPD delivers binary information per cell, dependent on whether the energy
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deposited is over a certain threshold. This identifies whether incident particles
are charged (signal) or neutral (no signal) [58]. The PS distinguishes between
electromagnetic and hadronic particles by looking at the longitudinal segmentation of
the electromagnetic shower after the lead absorber. Using this procedure, photons,
electrons and pions can be identified by their energy deposition sequence. When
evaluating the energy of electrons, photons and neutral pions, the deposits in the

PS are combined with their projected partners in the ECAL.

Electromagnetic calorimeter

The ECAL has a shashlik structure with 66 alternating layers of 4 mm scintillator and
2mm lead absorber. The Moliere radius of the ECAL is 3.5 cm. The depth of the 42cm
Pb/scintillator stack corresponds to 25 X, which ensures optimal energy resolution
and full containment of high energy electromagnetic showers. The outer acceptance of
the ECAL matches that of the tracking system: 6, < 300mrad, 6, < 350 mrad. The
inner acceptance, limited by radiation levels close to the beampipe, is 8,, 8, < 25 mrad.
There are a total of 6016 ECAL cells over the inner, middle and outer regions; each
cell is read out by a single PMT [45], as shown in [Fig. 2.11]

The ECAL energy resolution, measured using test-beam electrons [59], is parame-
terised by , where the particle energy E' is measured in GeV and 6 is the angle

between the beam axis and the line from the interaction point to the cell centre [5§]

o(E) (9.0 +0.5%) 0.3
SRR & (08+029% & 2.

(2.2)

The first term accounts for fluctuations in the number of signal generating processes,
for example the number of photo-electrons produced by PMTs. The second, constant
term results from imperfections in calorimeter construction, for example the loss of
particle energy in dead material, mis-calibrations and non-uniform response across the
detector. The third term is due to electronic noise. For more realistic LHCb operating
conditions, considering event pile-up, material before the ECAL and non-isolated

photons, the energy resolution is closer to o(E)/E = (9.0 + 0.5%)/VE @ 4%.
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Figure 2.11: Ilustration of an ECAL cell (left) and HCAL cell (right), reproduced from

Refs. , .

Hadronic calorimeter

The HCAL has a sampling structure, with alternating 1 cm iron plates and scintillating
tiles oriented parallel to the beamline, enhancing light collection. This layout is
illustrated in There are a total of 1488 cells in the HCAL, over the inner
and outer regions, and each cell is read out by a single PMT [45].

Unlike the other three calorimeter components, which are involved in neutral
particle identification and reconstruction, the HCAL is only used for the hardware L0
triggering (see in this work. The LO trigger does not require good hadron
energy resolution, therefore HCAL thickness it limited to 5.6 interaction lengths due
to space limitations. The energy resolution achieved is given by [Eq. (2.3), where
the particle energy E is measured in GeV .

As in the first term accounts for fluctuations in the number of signal
generating processes and the second, constant term results from imperfections in

calorimeter construction.
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2.1.6 Muon stations

Muons are the only particles that penetrate the full calorimeter system (excluding
neutrinos), therefore the muon detection system is the final downstream sub-detector.
Five rectangular tracking stations, M1-M5, covering the full LHCb acceptance are
dedicated to muon identification and triggering [60]. The first muon station, M1,
is located upstream of the calorimeter system and provides pr information for the
Level 0 muon trigger. The final four stations, M2-M5, are used to identify and
trace muons for online and offline analysis and are positioned downstream of the
calorimeters. They are interspaced with 80 cm think iron absorbers to select only
penetrating muons. This layout is depicted in [Fig. 2.12]

All muon stations employ Multi-Wire Proportional Chambers (MWPCs) to track
traversing particles [61]. The only exception is the central region of the M1 station,
which utilises gas-electron multiplier detectors around the beamline due to higher
track multiplicity and radiation levels in this region [62].

Events for which the companion particle of the signal decay triggers the isMuon
line are removed from this analysis in order to target semi-leptonic backgrounds, as
will be described in [Sec. 3.3.8] However, events containing muons with pr above
a certain threshold, which by definition pass the global LO trigger (described in
, are included in the dataset which is analysed. This is because it is possible
for an event to be considered if it is triggered independent of signal, i.e. due to

other particles produced in the pp interaction.

2.2 The LHCb Trigger

During Run 1 (Run 2), the LHC operated with a collision frequency of approximately
20 MHz (40 MHz). At the interaction point, the transverse overlap of the 2 beams
is reduced so that, on average, 1.6 (1.1) pp interactions occur per bunch crossing in
Run 1 (Run 2). To reduce the rate of data uptake, online event selection consists

of a hardware and software trigger. The hardware trigger uses information from
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Figure 2.12: Layout of the muon chambers (black dashed lines) and iron absorbers (grey
areas) . M1 is placed before the calorimeter system to improve the pr measurement,
which is used in the Level 0 muon trigger.

the calorimeter and muon systems, and reduces the rate of information that needs
to be stored down to 1 MHz, allowing latency for the full detector to be read out.
This is required for the software trigger, which involves a full event reconstruction.
Events that pass the software trigger are read out at a rate of 3 kHz (2011), 5
kHz (2012) and 12.5 kHz (Run 2).

The data considered in this thesis has to pass a set of trigger lines. Each line
consists of a sequence of algorithms and thresholds, designed to select for specific
decays, and returns an accept or reject decision. Events must pass at least one

hardware and software line to be retained.

2.2.1 LO trigger

There is insufficient processing power to store events at the nominal bunch crossing
rate of 20 (40) MHz in Run 1 (Run 2), therefore the level-0 (LO) trigger is tasked

with reducing this down to the more manageable level of 1 MHz. The large mass
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of the B meson means that its decay products are typically of high pr relative to
the large background of soft QCD processes. The LO trigger exploits this decay
signature by using quick readout from the calorimeter and muon systems to select
high pr events. This selection is achieved by splitting the ECAL and HCAL into
2 x 2 cell clusters with transverse energy:
4
Er =) E;siné;, (2.4)
i=1
where 6; is the cell angle with respect to the beam axis and the average collision point.
The trigger line LOHadron is passed if the highest HCAL transverse energy deposit
in the event is greater than 3.68 GeV. The lines LOElectron and LOPhoton are
triggered by the ECAL if the highest transverse energy deposit in the event meets
the threshold Er > 3 GeV. The identification of the deposit as an electron or photon
depends on whether there is an associated SPD hit. The triggering of muons is based
on whether an approximate straight line can be draw from the interaction point to hits
in the muon stations. The minimum pr for the line LOMuon is pr > 1.76 GeV/¢; the pr
threshold for the product of two muons to trigger the line LODiMuon is pp > 1.76 GeV/c.
The LOGlobal line used in this thesis is triggered if an event contains at least one
candidate with Ep above the described thresholds.
High multiplicity events that would take too long to process by the high-level trigger
(HLT) are additionally discarded by rejecting events with more than 1000 SPD hits.

2.2.2 High-level trigger

The output of the LO trigger is processed by the HLT on the Event Farm Filter (EFF):
a farm consisting of 900 (1700) multiprocessor computing nodes during Run 1 (Run
2). The HLT consists of two stages: HLT1 and HLT2.

There is enough latency for the full detector to be read out at 1 MHz for a
partial event reconstruction to be performed by HLT1. Tracks that pass through all
elements of the tracking system (long tracks) and have a pr greater than a certain
threshold are built, and tracks in the VELO are used to determine the position of

primary vertices (PVs). The trigger line HLT1TrackA11LO (re-optimised and renamed
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HLT1TrackMVA in Run 2), an inclusive trigger that selects for high pr tracks with
significant displacement from the PV, is used to filter data in this thesis. When
selecting Run 2 data, an additional inclusive trigger HLTTwoTrackMVA is employed: a
multivariate classifier trained on track and vertex properties that is applied to two
pronged vertices formed from high pr tracks not originating from a PV. These lines
are specific to this thesis, but other triggers designed to select muons, calibration
data, low-multiplicity events and a number of exclusive lines exist. The overall effect
of HLT1 is to reduce the event rate further, down to 40 (110) kHz in Run 1 (Run
2), so that a full event reconstruction can be performed by HLT2.

The full event reconstruction of HLT2 was also based on long tracks with high
momentum during Run 1. During Run 2, a complete, fully aligned reconstruction
was performed, made possible by the increased number of multiprocessor nodes
on the EFF. The data considered in thesis was filtered by inclusive ‘topological’
HLT2 lines. Tracks that satisfy fit quality requirements, have high pr and are
displaced from the PV are combined one-by-one and identified as having either 2-,
3-, or 4-body topology depending on their distance of closest approach, which must
be < 0.2mm. A multivariate classifier, which discriminates using invariant mass
combinations and event topology, is applied to the n—body object to see whether
it should be accepted or rejected. These lines are denoted HLT2Topo2,3,4BodyBBDT
(HLT2Topo2,3,4Body) for Run 1 (Run 2) data. Events that pass HLT2 lines are
stored permanently, ready for offline analysis.

Improvements in and re-optimisation of the HLT before Run 2 lead to an increase
in trigger efficiency. This effect, combined with the increase in B* production cross
section at higher collision energies!, increased the number of signal candidates per
fb~! for many analyses. The yields per fb™' of LHCb data measured in this thesis
are 2.5 times higher for Run 2 than for Run 1 data.

IThe BT production cross section within LHCb acceptance is measured to be 43 ub at /s = 7TeV
and 87 ub at /s = 13TeV [63)].
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2.2.3 Offline data filtering

For qualifying events, reconstruction is performed offline on the Worldwide LHC
Computing Grid, and candidates that fulfill a set of pre-selection requirements are
stored in a centrally produced dataset known as stripping. Each stripping line selects
exclusively for a particular family of decays. Signal candidates are built and loose pre-
selection requirements are chosen to help reduce combinatorial background, therefore
reducing disk usage and CPU time required for offline analysis. For the purpose of
this thesis, the combinatorial background targeted at this stage refers to the random

combination of charged tracks in the event not originating from the same B meson.

2.3 Reconstruction

This section describes how charged and neutral particles are reconstructed and

identified using the various LHCb sub-detectors.

2.3.1 Track reconstruction

Track reconstruction uses information from the VELO, TT and T1-T3 tracking stations
to fit particle trajectories. The type of track is defined by which of these sub-detectors
it traverses, where the different possibilities are illustrated in [Fig. 2.13] Long tracks,
which pass through the entire tracking system and have the best momentum resolution,
are the only type used to form the B meson candidates considered in this thesis.
To construct long track candidates, hits are first combined in the VELO and
T1-T3 tracking stations (known as T tracks) separately, as the low magnetic field
within these detectors means that traversing particles have approximately straight

trajectories. There are two methods that are then employed to match these segments:

1. Forward tracking, where VELO tracks are used as seed tracks and extrapolated

to match T-tracks [64].

2. Track matching, where VELO tracks and T tracks are extrapolated into the

bending region to determine whether they are compatible [65].
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Figure 2.13: At the top of the illustration, the main B-field component (B,) is plotted as a
function of z. Below, the different types of tracks are depicted: long, upstream, downstream
VELO and T tracks. This figure is taken from Ref. [51].

TT hits are added last. Tracks found using both methods are saved unless a track
appears twice, then only the candidate with the best fit quality is kept. Lastly, the long
tracks are refitted with a Kalman filter, which accounts for multiple scattering and
energy losses due to ionisation as the particles pass through detector material [66, 67].

The particle decays considered in this thesis have 3 final state tracks and in
many LHCb analyses this number is even higher, therefore it is important to have
a single track reconstruction efficiency close to 100%. This is plotted in
as a function of track momentum, and as a function of the number of tracks in
the event, for Run 1 data [68]. The lower efficiencies in 2012 compared to 2011
are partially due to the higher event multiplicities at higher centre-of-mass energy.
Similar efficiencies have been achieved in Run 2.

The development of tools using multivariate analysis on the kinematic and track
properties of ghost compared to normal tracks means that ghost tracks do not pose a

problem in offline analyses and are not considered as a potential source of background
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Figure 2.14: The single track reconstruction efficiency as a function of the momentum, p,
(left) and the total number of tracks in the event, Ny.qcr, (right). This figure is reproduced
from Ref. [51].

in this thesis. Here, ghost tracks refer to tracks that are not associated to any charged

particle and are made up of uncorrelated real and noise hits.

2.3.2 Charged particle identification

Charged tracks for a given particle x € (K, p, m, u, e) are identified using information
from the RICH detectors, calorimeters and muon stations. The absolute likelihood, L,
for each particle type is constructed by multiplying the individual likelihoods from
each sub-detector. For the analysis considered in this thesis it was essential to separate

pions and kaons, therefore these likelihoods are considered here:
L(K) = L"™PH(K) x LC49(non-¢) x LMYON (non-p) (2.5)

L(m) = LU () x L0 (non-e) x LMYON (non-p). (2.6)

Due to differences in kinematics and underlying event multiplicity, the likelihood
scale changes between events. ALL values with respect to a reference likelihood,
chosen to be the pion hypothesis, are therefore constructed, and the global PID

likelihood function is defined as:

ALLy/x =1nL(z) — In L(r). (2.7)

Substituting [Eq. (2.5)| and [Eq. (2.6)| into [Eq. (2.7), it can be seen that pions and
kaons are identified primarily using the RICH detectors (see [Sec. 2.1.4)).
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The RICH likelihoods are constructed by comparing the observed pattern of hit
pixels on the RICH photo detectors to the expected pattern, given all reconstructed
tracks in an event under a given set of particle hypotheses [69]. All tracks in an event
must be considered simultaneously because the Cherenkov rings of different tracks
overlap. The likelihood function is maximised by varying the particle hypotheses
for each track being a kaon, proton, pion, muon or electron. In the case of pion-

kaon separation:

ALL%?H = In LEICH (K |track) — In LECH (r|track), (2.8)

max max

where the maximum likelihood of the kaon hypothesis for a given track is taken
relative to the maximum likelihood of the pion hypothesis, as per .

The RICH PID performance for K/m separation is demonstrated in using
data samples from Run 1 and Run 2. The kaon identification efficiency (red) and
pion misidentification rate (black) are plotted as a function of track momentum. Two
different ALLg/, requirements have been imposed on the samples, resulting in the
open and filled marker distributions for the looser and tighter threshold, respectively.
As discussed in [Sec. 2.1.4] at high momentum the Cherenkov angle saturates and at
low momentum the tracks suffer from a low Cherenkov photon yield, degrading the
RICH separation power at both ends of the spectrum. The majority of pion/kaon
tracks considered in this thesis lie in the central, high performance momentum region.

As well as track momentum, the RICH performance is also known to depend on
the particle rapidity and the track multiplicity of an event [70]; the exact calculation

of PID efficiencies will be covered in Sec. 3.1.6l

2.3.3 Neutral particle identification and reconstruction

Of particular significance for this thesis is the reconstruction of neutral pions and
photons from strong D*® decays. This process begins by grouping together energy
deposits in ECAL cells into clusters by applying a 3 x 3 cell pattern around the
local energy deposition maxima [72|. If multiple clusters overlap in a single cell,

the cell energy is redistributed between the clusters proportional to the total cluster



2. The LHCb experiment 40

> T T T T > C T T T T ]
2 14 -] g 141 -
% 1.2 IW-§HS§Tev O 0O ALLK-m)>0 L 12F B Tev 2017 validation © 8 ALLK-m>0
2 1. -] o 12F -
T ® W ALLK-7)>5 E o e ® ALLK-m>5 ]
1 Wﬂi o e - m 1 :9_-6-&0-*:9:3_0_ om0 ]
T 3 Fo- . T ]
0.8 K - K e o 08F K =K e o7
- G e o ]
0.6 - = 06F T -
0.4 - 3 04F e
n—-K 0 o n—=K o=
0.2 - I~ 02F L
o ] oo ]

0 - e I,_D_—D—-D—_D_ ] 1 03 0 :D-—D—_D_ , _D_-D-'D'_D__D_ R %1 03

0 20 40 60 80 100 0 20 40 60 80 100

Momentum (MeV/c) Momentum (MeV/c)

Figure 2.15: The RICH kaon identification efficiency (red) and pion misidentification rate
(black) are plotted as a function of track momentum for 2012 data (left) and 2017 data (right)
[71]. Two different ALL g/, requirements have been imposed on the samples, resulting in
the open and filled marker distributions for the looser and tighter threshold, respectively.

energy using an iterative procedure. The Moliere radius of the ECAL is smaller
than the size of each cell, therefore this converges quickly. The following cluster
parameters are then evaluated, where for each cell i, E; is the local energy deposit

and (z;,y;) is the position of the cell centre:

o Energy:
E,=)_E;. (2.9)

o Transverse barycentre:

S 1
T = (To, ) = E, <Z EﬂuZEiyi) . (2.10)
e Transverse dispersion:
1 > B (z; — m)’ S Ei (v — x) (i — Ub)

S, = i . (2.11)

Ea \ X Ei (zi — ) (i — u) S Ei (yi — )

1

The efficiency of reconstructing a cluster out of an ECAL deposit depends on the
transverse energy (Er) of the cluster itself and is particularly affected by the overlap
from other particles arriving in the ECAL. A neutral particle is only considered to be
reconstructed if it contributes to at least 90% of the cluster’s energy and the cluster
contains 90% of the particle’s energy. The efficiency of reconstructing ECAL clusters

using simulated B® — K*%y decays has been studied in Run3 conditions [73] and is
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shown in[Fig. 2.16as a function of Er. For low Er photons in the range 350—1000 MeV,
as are considered in this thesis, the efficiency is between 40 — 60% due to high levels
of low energy combinatorial photons. The instantaneous luminosity at LHCb in Run
1 and Run 2 was 4 x 10> cm~2s7!; in Run3, this will increase by a factor of ~ 10 to
2 x 103 em™2s7!. The cluster reconstruction efficiency will therefore be slightly higher
than those shown in for Run 1 and Run 2 due to less pile up, but this is still

the dominant source of inefficiency when reconstructing neutral particles at low FEr.
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Figure 2.16: ECAL cluster reconstruction efficiency wvs. transverse energy, Er, in Run3
conditions, measured using B® — K*%y simulation [73].

Once an energy cluster has been reconstructed, photon candidates are identified
as those without any associated extrapolated track. This is realised by performing
a one-to-one matching between reconstructed tracks and clusters in the event. A 2-
dimensional x3p, is built for each pairing, representing the geometric distance between

the cluster barycentre and the extrapolated track position to the ECAL reference plane:
Xap(F) = (For — 1) CH (T — 7) + (T — 7) T 83 (Far — 1), (2.12)

where 7, and 7, represent the 2D coordinates of extrapolated tracks and energy-
weighted cluster centres, respectively. Cy, is the covariance matrix of the 73, parameters
and S, is the transverse energy dispersion, defined above. The x3, estimator is
minimised with respect to 7 and energy clusters are identified as neutral clusters or

photon candidates if none of the pairings have a minimum Y3, < 4. This cut was
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chosen have to a 100% rejection rate of electrons clusters. It also significantly reduces
clusters due to other charged particles whilst maintaining a high efficiency for photons
(~ 90%). Apart from the x3, requirements, no further cuts are placed on photon
clusters; higher efficiency is favoured over increased purity as the majority of photon
backgrounds are from neutral combinatorial, not charged tracks [58].

Once a photon candidate has been established, its energy is derived from the
total cluster energy in the ECAL and the reconstructed energy deposit in the PS.
Corrections are applied to account for longitudinal leakage, where energy is lost in
the lead absorber, and transverse leakage, which considers shower extension outside
the cluster area and energy lost in the passive material in the transverse plane of
the detector. The photon direction is taken along the vector connecting the primary
vertex to the barycentre of the photon shower (., y., z.). The longitudinal barycentre
position, z., is determined from the longitudinal position in the ECAL; the transverse
barycentre position, (x.,y.), is evaluated from the energy-weighted barycentre (zy, yp).

There are three categories of reconstructed photons [72]:

1. Converted photons that pair-produce before the magnet/tracking stations. The

electron-positron pair can be reconstructed from the 2 opposite sign tracks.

2. Converted photons that pair-produce after the magnet/tracking stations. These
are recognised by single or double clusters in the ECAL with an associated SPD
hit.

3. Unconverted photons, which reach the SPD/PS detector without pair-producing.
These are recognised by a single cluster in the ECAL, with no associated SPD
hit.

For photons within category 1, only electron/positron tracks with pr > 500 MeV/c
are considered by the reconstruction algorithm: below this, electrons are swept out
of detector acceptance by the dipole magnet. The majority of photons from strong

D* decays have pp < 1000 MeV/c, therefore photons that have converted before
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the magnet, accounting for < 20% of all photon candidates, are not considered
in this thesis.

Neutral pions originating from D*C decays are reconstructed as pairs of well-
separated photons with pr > 200 MeV/c to remove large combinatorial backgrounds
from low-momentum photons. These resolved 7° candidates are formed by looping
over photon candidates, pairing them and comparing their invariant mass sum to
the nominal 7° mass (134.98 MeV/c?). Candidates with reconstructed mass within
the range 100 MeV/c? < m(7%) < 200 MeV/c? are kept. Merged 7° candidates, where
ECAL granularity fails to resolve the daughter photons, become relevant for the
transverse momentum region pr > 2 GeV/c. These merged candidates are therefore
not considered in this thesis. A summary of neutral candidates, classified by their

reconstruction signature, is given in [Tab. 2.1]

Neutral candidate Reconstruction Considered

Photon converted
before magnet

Photon converted Single/double PS and ECAL cluster

Two opposite sign eTe™ tracks No

after magnet with SPD hit Yes
Unconverted photon | PS and ECAL cluster with no SPD hit Yes
Pair of well separate photon deposits
0
Resolved w in ECAL Yes
Merged 7° Unresolved photon deposits in ECAL No

Table 2.1: Neutral candidates, classified by their method of reconstruction. Whether a
particular candidate has been considered in this thesis is indicated in the right hand column.

A charged particle passing through the whole tracking system, with momentum
within the range 5GeV/c < p < 200 GeV/e, has a 96% probability of being recon-
structed. In contrast, photons and 7° mesons have a reconstruction efficiency of around
20% and 3%, respectively. These neutral reconstruction efficiencies were evaluated by
taking the ratio of the estimated number of B¥ — (D* — [K*7T|pn®/v)7* events
straight out of stripping for the fully and partially reconstructed analyses. The yields

measured by the final invariant mass fits to data of the FR analysis (which will be
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given in are divided by offline selection efficiencies obtained from simulation
(which will be given in to estimate the number of events straight out
of stripping. An equivalent calculation was performed to the yields measured by
the partially reconstructed analysis of B — D®h* decays [31], where the neutral
particle was not included in the final state. The number of D** candidates fully
reconstructed with the neutral particle, compared to partially reconstructed without,

gives an estimate of the neutral reconstruction efficiency at LHCDb.

2.4 Simulation

Centralised LHCb Monte Carlo (MC) simulation samples are used in this thesis
to determine selection efficiencies, efficiencies of PID variables and to model the
invariant-mass distributions of signal and background decay modes.

To generate these samples, simulated bb pairs are produced from pp collisions
using PyTHIA 8 [74], with an LHCb specific configuration [75]. One quark is then
chosen at random to decay via a user-specified process and its decay is simulated
using EVTGEN [76], with PHOTOS [77] modelling any final state radiation. The
interaction of generated particles with the detector, and the detector response, is
modelled using GEANT4 [78]. The simulated samples are then processed through

the trigger, reconstruction and stripping as for real data.



Selection and parameterisation of
B* — (D* = Da"/~)h* decays

3.1 Candidate reconstruction and selection

In this chapter, the procedure for reconstructing and selecting B* — (D* — Dn°/~)h*
decays is described, where the D* (D) symbol is inclusive of both D*® and D*® (D° and

% meson or a photon,

DY) intermediate states. The strong D* decay product, either a 7
is denoted the neutral, and h is labelled the companion particle, h € (7, K). The D
meson is reconstructed in the K¥nT, K* KT nF7T 7+ KT final states, corresponding
to the favoured D decay mode, the 2 CP modes, and the suppressed mode, respectively.
These modes will be referenced by the symbols K7, KK, 7n, 7K in following text.
The CP modes are easily identified at first glance; the identifiable difference between
the favoured and suppressed modes is that for the former, the kaon D decay product

has the same sign as the companion particle. In contrast, for the suppressed mode,

the tracks have opposite charge.

The data presented in this thesis corresponds to an integrated luminosity of 3 fb~*
collected at centre of mass energy /s = 7TeV and /s = 8 TeV during Run 1, and
5.7fb™" collected at /s = 13TeV during Run 2.

45
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3.1.1 Reconstruction and trigger requirements

The data analysed in this thesis comes from two centrally produced stripping lines
(see [Sec. 2.2.3), which reconstruct and store decays of the kind B — [hh]pK and
B — [hh]pm. These lines discard high multiplicity events prior to the formation
of any combinations by applying a Global Event Cut (GEC) on the number of
tracks, which must be less than 500. Signal candidates are then built by selecting
combinations of D candidates and charged tracks (h*) within the invariant mass
range 4750 < m(Dh) < 7000 MeV/c?. The loose pre-selection requirements, described
below, are designed to reject combinatorial backgrounds from charged tracks in the

event not originating from the same B meson.

In order to select candidates that are displaced from the primary vertex (PV), the
B proper lifetime must exceed 0.2 ps and the y? of the distance between the decay
vertex and the PV for D candidates must be greater than 36. For the companion
particle and D decay products, the minimal x? distance between each track and the
PV is required to be greater than 4. To ensure the B meson originated close to the
PV, the cosine of the direction angle (DIRA) between the B meson momentum vector
and the line connecting the PV to its decay vertex must be > 0.999, and the minimal

x? distance between the B meson and the PV must be less than 25.

For both B and D candidates, the vertex quality x2, /ndf (where ndf refers to
the number of degrees of freedom in the vertex fit) is required to be below 10. The
invariant mass of D candidates must lie within £100 MeV/c? of the PDG D° mass,
m(D°%) = 1864.84 + 0.05MeV/c?. Tracks must be well reconstructed, with track
quality x?./ndf less than 3 (4) for Run 1 (Run 2), and pions and kaons are subject
to loose PID requirements. The distance of closest approach (DOCA) between D
decay products must be less than 0.5 mm. B candidates must additionally satisfy
a loose multivariate selection using a Boosted Decision Tree classifier (BDT) [79).
This takes as input the particle momentum and flight distance significance, as well

as the sum of all x2, values in the decay chain (i.e. X%, (B) + x%, (D)). Here, the



3. Selection and parameterisation of B — (D* — D7°/v)h* decays 47

flight distance significance is defined as:
Vg — PV
o

where Vp represents the B decay vertex and o = /03, + 0y the flight distance

, (3.1)

uncertainty.

Once a B* — Dh* candidate has been loaded from the stripping, neutral particles
from the underlying event are combined with the D meson to make B* — D*h*
candidates. When building the D* candidates, the mass difference m(D*) — m(D)
is required to lie in the range [0,500] MeV/c®. In order to reduce combinatorial
backgrounds from low energy photons in the event, transverse momentum requirements
are placed on neutral particles. For the D* — D~ final state, the transverse momentum
of the photon is required to be greater than 350 MeV/c. For the D* — Dr° final state,
the transverse momentum of the 7% meson is required to be greater than 350 MeV/c,
and the ¥ secondary photons must have pr > 200 MeV/c. There are approximately
2(3) D*h candidates formed for every Dh candidate in the data when reconstructed in
the Dy (DY) final state. This is due to high levels of low Et photons in the underlying
event. Of these D*h combinations, only ~ 11%(~ 1%) are signal candidates, which
we label true D* mesons. D* candidates formed using the wrong neutral are labelled
fake D* candidates. As a point of comparison, for the events considered straight out
of stripping in the partially reconstructed B* — D®h* analysis [31], ~ 87% of Dh
combinations are true B*¥ — Dh* signal candidates. This demonstrates the high
level of combinatorial background from neutral particles in the fully reconstructed
data. These numbers were calculated using MC truth information, which provides
the user with the true, generated properties of each candidate in the event.

Selected B* — D*h* candidates must then fulfil the hardware trigger,
meaning that decay products of the signal candidate detected by the HCAL
(LOHadronDecision_TOS, where TOS stands for triggered on signal), or events
containing at least one candidate from elsewhere in the event (LOGlobalDecision_TIS,
where TIS stands for triggered independent of signal), must lie above a fixed threshold

in transverse energy. For signal candidates reconstructed in the D7° final state, 55%
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are triggered on signal (TOS), 15% are triggered independent of signal (TIS) and 30% of
events pass both triggers. The statistics are similar for signal candidates reconstructed
in the D~ final state, where 49% are triggered on signal (TOS), 25% are triggered
independent of signal (TIS) and 26% of events pass both triggers. All candidates
in the signal decay chain must additionally pass the software trigger. This places
requirements on the quality of tracks (HLT1Track, HLT1TwoTrack), which are combined
one-by-one and identified as having either 2- (HLT2Topo2Body), 3-(HLT2Topo3Body),
or 4-body (HLT2Topo4Body) topology, depending on their distance of closest approach.
A more thorough description of these trigger lines can be found in [Sec. 2.2]

3.1.2 DMultivariate analysis with Boosted Decision Trees
(BDT)

The first stage of the optimised offline selection designed specifically for this analysis

uses multivariate analysis (MVA) techniques. This allows correlations between

variables to be exploited and in doing so achieves a higher level of purity in the

data sample than would be possible by cutting on theses variables independently.

There are two stages of MVA implemented to reduce combinatorial backgrounds:

« BDT1: charged BDT - discriminates against random combinations of charged

tracks in the event.

« BDT2: neutral BDT - trained on neutral particle information to minimise

fake D* combinations.

BDTs are supervised machine learning algorithms, so must be provided with a
sample of classified events. A set of variables from labelled signal and background
samples are used as input, which are randomly split into training and testing sub-
samples. The former is then used to train the BDT, classifying the events as
signal-like or background-like, and the latter to check for any bias in the algorithm
towards the training sample, known as overtraining. Both stages use Adaptive
(Ada-)Boosted Decision Trees |79} |80], implemented by the Toolkit for Multivariate
Analysis (TMVA) [81], 82].
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A schematic of a simple Decision Tree (DT) is shown in [Fig. 3.1} Each level of
the tree looks for the best combination of variable and value to split the training
data into two subsets. These splitting points are known as nodes, and in this binary
implementation, each node ¢ holds 5; signal events and B; background events. The

separation is performed in order to maximise the separation gain, defined by:

Gain = NpgrentNode X GparentNode — NLeftNode X GreftNode — NRightNode X G RightNode,

(3.2)
where N; = S; + B;. This particular parameterisation uses the Gini Index G; =
pi X (1 — p;), where the purity of a node p; = S;/ (S; + B;). A straight-forward DT
repeats this process, optimising the variable and value choice for each node, until the
separation gain is no longer increased by further splitting, or a minimum number of
events is reached. The number of decisions determines the depth of the tree, and the
final node is known as a leaf. The leaves are labelled as either signal-like or background-
like, according to the class that the majority of events belong to. Background events

on a signal leaf or signal events on a background leaf are deemed mis-classified.

Leaf

Figure 3.1: Schematic of a decision tree, of depth 2, where z, y and z represent variable
names.

A boosting algorithm uses a collection of classifiers of the same type trained
sequentially on a training sample that is re-weighted each time. The final response is
a weighted average of the individual classifiers, which increases the stability of the
classifier to statistical fluctuations in the training data. An Ada-Boosted Decision
Tree algorithm uses a set of DTs with shallow depth (< 3). All events in the training

sample are initially given equal weights. Following this, before training the (j + 1)
p Vg q g g ) g J
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tree, mis-classified events in the j* tree are weighted by a; = (1 — f;) /f; > 1, where
fj < 0.5 is the fraction of mis-classified events. The data sample is then re-normalised
so that the sum of weights remains constant. In this way, mis-classified events are
given a higher weight in the training of the next tree. Each event x, represented
by a tuple of training variables, put into a single tree 7, will either give a response
h; (x) = +1 for signal or h; (x) = —1 for background. The boosted event classification
is then given by the weighted average over all trees in the set, as defined in
favouring those that correctly classify events:

Nirees

> In(ay) by (x). (3.3)

trees j=1

Response =

This response can range from -1 (background-like) to +1 (signal-like).

Charged BDT

The strategy used for the first stage BDT builds on work published in previous
ADS/GLW analyses of B* — [h*hT|ph* decays [31, 83]. The purpose of this BDT
is to target fake D candidates, formed from the combination of two random tracks,
and fake B candidates, comprised of a true D mesons plus a random track.

A single BDT classifier is trained to encompass data collected across both Run
1 and Run 2, and both D* decay modes. Data side-bands for the favoured D decay
modes B — (D* — [K*7F|pn®)h* and BT — (D* — [K*aF]py)h*, h = 7/K,
are provided as the background sample, where side-bands refers to data that falls
in the range 5800 MeV/c? < m(Dh) < 6800 MeV/c?, as depicted in the 2D plots
of for the pion companion. The Am variable, on the vertical axes, is

defined as the raw mass difference:

A = {m(D*) —m(D), for D* — Dy (3.4)

m(D*) —m(D) — m(7°) + m(7°)ppg, for D* — D7r",
where the PDG subscript refers to the meson mass listed on the PDG [19],
m(m%)ppg = 134.98 MeV/c?. The projection of this 2D data onto the m(D7) dimension

is shown in [Fig. 3.3
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The partially reconstructed mass variable m(Dh) is used to determine the
background sample due to the presence of over-reconstructed B* — Dh* decays
in the data, where a neutral particle from the underlying event has been added to
the D meson. The inclusion of the neutral shifts the reconstructed B upwards in
mass and into the m(D*h) upper sideband. It would reduce the discriminating power
of the classifier if these candidates contaminated the background sample, as they
contain true D and B mesons. The presence of this background can be clearly seen in
; the largest peak depicted on the right hand side of the m(Dm) distributions
is due to B* — Dr* decays. The D* modes are partially reconstructed to the left
hand side of this peak; the D7° decay channel candidates can be found in the double
horned structure, and the D~y candidates are distributed broadly underneath this
(as for the PR analysis described in .

In this thesis, all measured C'P observables are constructed from ratios of common
D decay products, or a double ratio thereof, to minimise systematic uncertainty
from the relative reconstruction efficiency of different D decay modes. It is therefore
considered sufficient to analyse one set of simulation samples for this work; the favoured
mode D — K7 mode is chosen. Simulated B* — (D* — [KE7F|pn®/v)r* /K= signal
events are therefore provided as a combined signal sample to the BDT, where MC
candidates are required to satisfy the same stripping and trigger requirements as
data. The described signal and background samples are split into training and test
subsets using an 80 : 20 split, respectively.

The set of training variables, listed by rank in [lab. 3.1, are chosen to exploit
the decay topology of tracks, and represent a sub-sample of those used in previous
B~ — [hhT|ph~ ADS/GLW analyses [31, 83]. A description of each variable is
given in the table, where some are transformed using a logarithm function to increase
their separation power. The quantity labelled Bu_ptasy_1.50, defined by ,
quantifies the isolation of the B candidate by calculating the pr asymmetry between

the B meson and other tracks from the same PV:

B cone
_Pr —DPr

cone "’

3.5
P? +pr ( )

pT
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Figure 3.2: 2D histogram of Am plotted against m(Dm) for 2011-2018 data. The background
samples for BDT training are taken from the regions indicated in the labelled boxes for
B* - (D* — [K*7F|pr®)7* (left) and B* — (D' — [KEaT]py)nT (right) data.
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Figure 3.3: 1D histograms of m(Dm) for 2011-2018 data with a logarithmic y-axis scale.
B* - (D** — [K*7T]pn®)n* data before and after the application of the charged BDT1
is shown in (a) and (c), respectively. B* — (D** — [K*nF]py)rT data before and
after the application of the charged BDT1 is shown in (b) and (d), respectively. The
large peaks to the right hand side, above m(D7) > 200 MeV/c?, are due to BT — Dr™
decays; Bt — (D* — D7n%)nt decays are part of the double horned structures in the range
5000 MeV/c? > m(Dx) 2 5200 MeV/c?, whilst B¥ — (D* — Dv)r* candidates form broad
resonances in the same region.
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Here, p2 is the pr of the B candidate and p5™® is the pr of all other tracks in a cone
around the B candidate of radius 1.50 radians. The relative discriminating power of
each variable is evaluated on the training set by counting how often it is used to split
decision nodes, weighting each split by the square of the separation gain, defined by
Eq. (3.2)} and the number of events considered on the node. This can be interpreted
as a measure of the ease of telling the signal and background distributions apart. A

visual illustration of the separation power of each variable is given in [Fig. 3.4]
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Figure 3.4: Normalised training variable distributions for the signal (blue) and background
(red) samples that feed into the charged BDT.

The following BDT hyperparameters are optimised using a grid search: the number
of trees, the maximum depth of a single tree, and the minimum fraction of events on
a single leaf. Due to limited simulation sample sizes, this is done using 5-fold cross-
validation. During this process, the training data is split into five subsets; 4 of these
subsets are used to train the model, and the final ‘hold-out’ subset is used to evaluate

model performance. In this case, performance is evaluated using the area under the
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Receiver Operating Characteristic (ROC) curve; the larger the area under the ROC
curve, the more powerful the classifier. This process is repeated 5 times, and for each
iteration (fold) a different subset acts as the hold-out sample, whilst the remaining four
are combined to make the training sample. The mean performance over all iterations
is reported and used to select optimum values for the hyperparameters: 850 trees, a
maximum tree depth of 3, and a minimum of 2.5% of events per leaf. The BDT is then
retrained on the entire training dataset with these hyperparameter values specified.

The performance of the charged BDT is evaluated using the test dataset and is
summarised in The distribution of the output classifier, defined by
is shown for signal candidates (blue) and background candidates (red). The response
for training and testing data are overlaid, displaying a high degree of overlap, therefore
no evidence of overtraining is found. The ROC curve, in this case signal efficiency
vs. background rejection, for the BDT applied to the test data is also plotted. In
the ideal case, the BDT would keep 100% of signal and reject 100% of background,
corresponding to the apex in the top right of plot (b), [Fig. 3.5} the curve shown closely

approaches this apex, indicating a high level of performance.
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Figure 3.5: Image (a) shows the output classifier response of BDT1 for signal (red) and
background (blue). The response of the testing data is overlaid on top of the training data
response. The corresponding signal efficiency v.s. background rejection curve is shown in

(b).

Once the BDT has been trained, the classifier is used to assign response values

to data that passes the trigger and stripping requirements. Comparisons of the



3. Selection and parameterisation of B* — (D* — Dr°/y)h® decays 55

m(Dh) distributions of this data before and after application of the charged BDT

is given in [Fig. 3.3 where the optimisation procedure for selecting the applied

cut is described in Sec. 3.1.41

Neutral BDT

The second stage, neutral BDT is designed to select for true D* candidates. Separate
classifiers are trained for the D7° and D~ final states. The classifiers are supplied
with a set of variable distributions for signal and background samples. These
variables, listed in [Tab. 3.2 are a mixture of neutral particle momenta and photon
identification parameters. Comparisons of the normalised signal and background

sample distributions are given in [Fig. 3.6|
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Figure 3.6: Normalised training variable distributions for the signal and background samples
that feed into the D* —Dx” and D* — D~ neutral BDTs, where the D* final state is
indicated on the top left of each plot.
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The neutral PID variables, CL and IsNotE, are multi-layered perceptrons imple-
mented with the TMVA tool [81} 82]. These supervised algorithms are trained on
properties of photon, electron and hadron clusters in the PS and ECAL, for example
the x2p, cluster isolation variable defined in the transverse energy dispersion
given by , and ratios with corresponding energy deposits in the HCAL.
Using these classifiers as inputs to the neutral BDTs is possible for this analysis as
precise knowledge of BDT efficiencies are not needed; all measured ratios have the
same D* decay in the numerator and denominator, so any efficiencies associated

with the neutral selection cancel.

The signal samples provided to the Dx° and D~ neutral BDTs are made up
of B* — (D* — [K*7rF]pn%)n* and B* — (D* — [K*aF]py)r* MC samples,
respectively, which have passed the stripping and trigger requirements. Data side-
bands for the favoured D decay modes B* — (D* — [K*7nF|pn®)h* and B* —
(D* — [K*7F|py)h®, h = /K, are provided as background samples. For the neutral
BDT, side-bands refers to data falling in the Am upper region 250 MeV/c? < Am <
500(400) MeV/c? for the Dy (D7) BDT, but m(Dh) signal region. This 2D data
selection is shown in [Fig. 3.2 and the 1D projection onto the Am sample is shown
in [Fig. 3.7 The described signal and background samples are split into training and

test subsets using an 80 : 20 split, respectively.

A loose cut on the charged BDT, BDT1 > —0.2, is also applied to all samples before
training the second stage BDTs. This requirement removes obvious backgrounds from
track combinatorial whilst retaining 100% of signal, therefore preserving simulation
statistics. Hyperparameter optimisation was also performed for the neutral BDTs,
and the same values were found as for the charged BDT: 850 trees, a maximum tree

depth of 3, and a minimum of 2.5% of events per leaf.

The performance of the neutral BDTs are evaluated on the test datasets and
are summarised in [Fig. 3.8] The output classifier distributions are shown for signal
candidates (blue) and background candidates (red). The classifier trained to distinguish
D7 candidates is depicted on the left, and Dy on the right. By comparing the ROC



3. Selection and parameterisation of B* — (D* — Dr°/y)h® decays 58

x10° x10*

| (a) | (b)

o o [y
o ) =1
w I w o
| | 1

o
IS

Candidates / (1.0 MeV/c?)
N

Candidates / (1.0 MeV/c?)

o
]
-
|

o
o
|
o

250 300

200 300
Am (MeV/c?) Am (MeV/c?)

x10* x10*

w
o
—
o
~
=
(=)}
A
—
~—

g
n
=
kS
)

N
o
|
=
N}
)

=
o
"

=
n
1
o
@

o
o

Candidates / (1.0 MeV/c?)
=
=)

Candidates / (1.0 MeV/c?)

o
IS

=

n
o
N}

o
o
o
o

250 300 200 300

Am (MeV/c2) Am (MeV/c?)

Figure 3.7: 1D histograms of Am for 2011-2018 data. B* — (D** — [K*7T|pn0) 7T data
before and after the application of the neutral BDT is shown in (a) and (c), respectively.
BT — (D*0 — [K*7T]|py)nt data before and after the application of the neutral BDT2
is shown in (b) and (d), respectively. The first stage, charged BDT has been cut on in all
distributions.

curves in (c) and (d), it can be seen that the D7 classifier achieves a higher level of
performance. The quality of any BDT is largely dependant on its ability to distinguish
signal and background with the input variables provided. For the Dz final state,
information from the 7% decay photons is also used in the training, increasing the
classifier’s performance compared to the D~ final state. The responses for training
and testing data are overlaid, displaying a high degree of overlap, therefore no
evidence of overtraining is found.

The trained classifiers are used to assign response values, calculated using [Eq.
to the data samples that pass the trigger, stripping and BDT1 > —0.2 requirements.
Comparisons of the Am distributions before and after application of the neutral BDTs

are given in where the optimisation procedure to select the applied BDT
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Figure 3.8: For D* —D7° and D* — D~ candidates, respectively, images (a), (b) show the
neutral BDT classifier response for signal (red) and background (blue), with testing and
training data superimposed. The corresponding signal efficiency v.s. background rejection
curves are shown in (c) and (d).

cuts is described in Two peaks are visible in the Dy mode distributions,
taking plot (d) in as an example. The peak on the right hand side is from
fully reconstructed B* — (D*® — [K*7¥]py)n® decays; the peak on the left hand
side is due to partially reconstructed B* — (D* — [K*7T|pn®)n* decays, where
only one of the photons from the neutral pion decay has been reconstructed. In order
to exploit the extra information provided by this resonance, observables from D*

— D% decays reconstructed in the D~y data tuples are also measured.

3.1.3 Rectangular cuts

Pre-optimisation boundary cuts are placed on the BDT response values, BDT1 > —0.1
and BDT2 > —0.1, which have a combined signal efficiency of 95% (92%) for data

reconstructed in the Dr® (D7) final state, whilst rejecting obvious background. The
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L-shaped cuts illustrated by the 2D BDT1 vs. BDT2 distributions in depict
this. A series of rectangular cuts, described in this sub-section, to improve the signal

purity of the data samples are applied before the BDTs are optimised.
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Figure 3.9: 2D plots of the response values of BDT1 vs. BDT2. Images (a) and (b) are of
D* — D7° and D* — D~ simulation signal candidates, respectively. Images (c) and (d) are
of D* — D" and D* — D~ data samples, respectively. The L-shaped cuts applied to the
data before optimisation are depicted in white.

The following mass cuts have no effect on the results of the analysis, as the same
requirements are placed on all modes, and all observables are ratios of common D
and D* final states. The D meson is required to be within +25MeV/c? of the known
DP mass, which corresponds to approximately three times the mass resolution and
is 97% efficient on signal; the D invariant mass distributions for signal B* — D*r*
simulation samples are shown in When a neutral pion is present, it is
required to lie within the invariant mass range 125MeV/c? < m(7") < 165 MeV/c?,

0

which is within 1.50 of the mean 7” mass and has a signal efficiency of 73%; a
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Figure 3.10: m(D) distributions for B¥ — (D* — [K*7T]pn®)n* simulation on the left (a)
and B* — (D* — [K*nF]py)nT simulation on the right (b). The selection requirements
1840 MeV/c? < m(D) < 1890 MeV/c? are indicated by the dashed red lines.

fit to the m(7°) distribution for simulated B* — (D* — [K*7T|p7n°)n* decays is
shown in [Fig. 3.11] The partially reconstructed m(Dh) mass must lie in the range
4900 MeV/c? < m(Dh) < 5200 MeV/c?, retaining all signal candidates whilst reducing
the rate of partially-reconstructed backgrounds and removing over-reconstructed
backgrounds. Partially-reconstructed backgrounds refer to decays of the kind B —
(D* — Dm/y)h*r, where two particles in the decay chain have been missed and a
neutral particle added. These candidates sit low in m(D*h) and m(Dh) mass, and the
m(Dh) > 4900 MeV/c? requirement is 73% (80%) efficient at removing backgrounds
with a photon (pion) associated with the D* meson. Over-reconstructed decays refer to
those of the kind B* — Dh*, for which the full decay chain has been reconstructed and
a neutral particle from the underlying event combined with the D meson candidate to
create a fake D* candidate. The m(Dh) < 5200 MeV/c? requirement is 100% efficient at
removing these events, as can be seen by referring back to the m(Dh) plots in

The flight distance significance of the D candidate in the z direction is required
to be greater than 2. This variable is defined as:

S B ZDecay _ ZOrigin (3 6)
\/(UZDecay)2 + (UZOrigin)2 ’

and o, origin (2P°® and o ,peeay) mark the z positions and uncertainties of

where z©rigin

the D origin (decay) vertex. This selects D candidates that have flown a significant
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distance from the B decay vertex, and is traditionally put in place to remove charmless
backgrounds, comprising decays of the form B — hhhX. Due to the small section
of D* phase space that this analysis is conducted in, charmless backgrounds do not
pose a problem, but the D flight distance cut is necessary to reduce the rate of mis-

reconstruction between signal decay categories. This cut is 89% (87%) efficient

on Dr% (D7) signal MC.

Events / (1 MeV/c?)

p = (139.85 £ 0.57) MeV/c?
or, = (11.34 4 0.37) MeV/c?
or = (15.05 £ 1.12) MeV/c?

P I
170 180

m[r©] (MeV/c?)

Figure 3.11: Fit to the m(n°) distribution of signal B* — (D* — [K*7T]p7%)7® simulation
using an asymmetric Gaussian function. The values found for the mean (p), left-hand width
(or) and right-hand width (o) are given to the right hand side.

Companion particles (hg) and D decay products (hp) with the same sign have the
potential to be swapped. Reconstructing B* — (D* — [hThE]p7°/v)h} decays as
B* = (D* = [hTh]pn®/v)hE decays results in mis-reconstructed D mesons. In this
work, the resulting backgrounds are from favoured B* — (D* — [K*7T|pn?/y)n*
decays mis-reconstructed as CP mode B* — (D* — [7%77|p7?/y)K* decays, and
B* — (D* — [K*KT|pn®/y)n* decays mis-reconstructed as suppressed mode B+ —
(D* — [7*KF|pn®/v)K* decays. The danger of this cross-mode contamination arises

from the varying branching fractions (B) of the different D decay modes, which
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are given in [Egs. (3.7) to [(3.10);

B(D® — K~ n") = (3.946 £ 0.030)% (3.7)
B(D" — K~ K*) = (0.408 % 0.006)% (3.8)

B(D" — 7~ 7)) = (0.1453 £ 0.0024)% (3.9)
B(D® — 7~ K*) = (0.00150 = 0.0007)%. (3.10)

Without removing these cross-mode reconstructions, decay channels with larger
branching fractions, and therefore higher statistics samples, will cause significant
contamination of the lower statistics modes. Consequently, in addition to the D flight
distance significance cut, the invariant mass combination m (hihg) is formed for all
samples, and those candidates that lie within 25 MeV/c? of the nominal D mass are
removed; this veto is found to be > 99% efficient on signal simulation. Although
several decay modes do not suffer from this background, application of the veto across
all samples ensures that C'P observables are unaffected.

For the final states D — Kw, KK,nw, the amount of mis-reconstruction is
negligible between the D decay products themselves because the invariant mass
of the mis-reconstructed D candidate falls outside the selection window. The D meson
mass of candidates with pions misidentified as kaons will be shifted upwards; the D
meson mass of candidates with kaons misidentified as pions will be shifted downwards.
There are also particle identification requirements placed on final state hadrons,
which will be detailed in [Sec. 3.1.6, When both D secondaries are mis-reconstructed,
however, there is some contamination of Cabibbo-favoured D* — K ~7" decays in
the doubly-Cabibbo suppressed D — K7~ sample (herein referred to as crossfeed),
as the distribution of the double-misidentification crossfeed remains centred at the
D mass, albeit much wider. To suppress this crossfeed, a veto is applied to D final
states containing a pion and kaon. The D candidate is reconstructed with the mass
hypothesis of the daughters swapped, i.e. the kaon is reconstructed as a pion and the
pion is reconstructed as a kaon. These mass-swapped D candidates that lie within

15 MeV/c? of the nominal D mass are removed. The crossfeed veto is 93% efficient
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on signal and the residual crossfeed rate is discussed in [Sec. 3.3.7]
At this stage, mass cuts are also placed on the fitting variables: 4950 MeV/c? <
m(D*h) < 5650 MeV/c? and 60 MeV/c? < Am < 190 MeV/c2.

3.1.4 BDT optimisation

In order to optimise the first stage, charged BDT, invariant mass fits in Am are per-
formed to 2011-2018 data consisting of high statistics B* — (D* — [K*7T]pn?/y)n*
decays. For data reconstructed in the D~ final state, the fitting region chosen
to perform the optimisation selects for D* — D~ signal candidates only. Events
considered are required to pass the selection requirements described earlier in this
section. For both D* decay modes, the signal resonance is modelled using the
sum of two Crystal Ball functions, and the combinatorial background is described
using a probability density function (PDF) that specifically models backgrounds
for m(D*) — m(D) invariant-mass difference distributions. Both of these functions
are described in more detail in Secl3.3] Unbinned maximum likelihood fits are
performed across a wide range of possible BDT cuts, —0.1 < BDT1 < 0.35(0.3),
for the D%(D~y) mode. The signal (S) and background (B) yields +30 around the

measured signal mean are extracted at each cut value, and the significance figure

of merit, defined by [Eq. (3.11)] is calculated:
FOM = S/v S+ B. (3.11)

The results are depicted in and a cut of BDT1 > 0.05 is chosen for
both D* decay modes. This choice provides the highest purity samples before the
signal significance begins to fall. The efficiency of this cut is 94% (95%) on (D7°)m
(DY) K) signal MC and 91% (92%) on (D)7 ((D~)K) signal MC. The invariant
mass fits at the optimised points are provided in [Fig. 3.13

Before optimising the second stage, neutral BDT, candidates are required to pass
the first stage, BDT1 > 0.05. Simultaneous fits to Am distributions are constructed
across data categories spanning both companion particles, 7/ K, and the favoured and

suppressed D decay modes, D° — K~ and D° — K*7~. For data reconstructed
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Figure 3.13: Fits to Am at the optimised point BDT1 > 0.05 for B* — (D* —
[K*aF]pn®)nt and BT — (D* — [K*71F|py)n*t data is shown (a) and (b), respectively.

in the D~ final state, the fitting region chosen to perform the optimisation selects for
D* — D~ signal candidates only. Once again, the sum of two Crystal Balls plus the
m(D*) —m(D) mass difference PDF are employed to model the data. The parameter
describing the curvature of the m(D*) — m(D) PDF is floated independently in all
categories. The fits to the suppressed D decay modes are blind, so as not to bias
the analysis during the optimisation procedure.

Simultaneous fits are performed across a range of neutral BDT values: —0.1 <
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BDT?2 < 0.15(0.2) for the D7° (D+) mode. A high purity sample of signal candidates is
then selected by cutting on the BDT2 response that minimises the percentage error on

the yield ratio of B* — (D* — [SUP|pn®/v)K* to B — (D* — [FAV]pr® /)K=

mK,m0/y

decays (typically called Ry 7K, 70 /y

); the measured values of Rj; plotted against
BDT cut are shown in [Fig. 3.14} The chosen cut in the D7° mode is BDT2 > 0, which
is 80% efficient on signal MC in both the D*r and D*K sub-samples. The chosen
cut in the Dy mode is BDT2 > 0.05, which is 56% efficient on D~ signal MC in both

the D*m and D*K sub-samples. The invariant-mass fits performed at the optimised

points are provided in [Fig. 3.15|for the D7® mode and |Fig. 3.16| for the D~ mode.
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Figure 3.14: The percentage error on R plotted against the selection cut on the

neutral BDT (BDT?2) is shown (a) for the D7 mode. The equivalent plot for the Dy mode
is shown in (b).

3.1.5 Multiple candidate removal

Events reconstructed in both D* decay modes are kept in the D7 data sample and
removed from the D~ data sample. This choice is motivated by the lower statistics
of the D7 final state and the desire for increased purity of signal data in the D~
final state. By construction, this choice does not bias the analysis.

It is possible for multiple candidates per event to be present in the final data
sample that passes all selection requirements; only one is kept, chosen at random.
There are found to be ~ 1.20 candidates per event in the D7r° mode and ~ 1.07

candidates per event in the Dy mode. This reduced rate in the D+ mode is due to
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Figure 3.15: Simultaneous fit to Am at the optimised point BDT2 > 0. Decays of the
type BT — (D* — [K*7F|pr®)nT are depicted in (a); BY — (D* — [T KT|pn®)7rT in
(b) (blind); B* — (D* — [K*7F]pr®) K™ in (c); and B* — (D* = [#*KT|pr%)K¥ in (d)
(blind).

the tighter photon transverse momentum cut, removing substantial combinatorial

backgrounds from low energy photons.
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Figure 3.16: Simultaneous fit to Am at the optimised point BDT2 > 0.05. Decays of the
type B* — (D* — [K*7F]py)rT are depicted in (a); B* — (D* — [T KTF]py)n*
(b) (blind); B* — (D* — [K*nF]py)K* in (c); and BT — (D* — [st*KT]py)K* in (d)
(blind).

3.1.6 Particle identification requirements

The ability to distinguish between kaons and pions is crucial to this analysis, in order to
separate Cabibbo-suppressed B¥ —D*K* decays from Cabibbo-favoured B* — D*r*
decays. As well as isolating B¥ —D* K= decays from their high statistic counterpart,

this separation enables the measurement of C'P observables in both decay modes.
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Particle identification (PID) information is obtained from the RICH detector,
described in [Sec. 2.3.2] The charged pion and kaon from the B* decay vertex are
required to occupy the momentum regions 5 < p < 100 GeV/c and 0.5 < pr < 10
GeV/c, to lie within the RICH’s kinematic range. A binary cut on the difference in
log-likelihood, ALLg/, between the kaon and pion mass hypotheses of 12 is then
applied to these companion hadrons. Candidates with ALLg/, > 12 are placed in the
D*K data samples, reconstructed under the kaon mass hypothesis; candidates with
ALLg/r < 12 are placed in the D*m data samples, reconstructed under the pion mass
hypothesis. Any true D*K (D*m) candidates that fail this identification requirement
end up in the D*r (D*K) sample. This ensures that all candidates are accounted

for, but no candidate appears simultaneously in both samples.

The simultaneous fit used to extract observables, described in employs
the strategy of fitting B —D*K* decays and B* —D*r* decays together, where the
yield of each mode is determined by summing the total number of correctly identified
and mis-identified decays. The efficiency of the ALLgk/, cut on both companion
types must therefore be known, so that the proportion of correctly identified decays
in each sample can be accurately determined. The efficiency of the ALLg/, > 12
cut applied to the kaon companions in the B¥ —D*K* sample is denoted €5, ,;
the efficiency of the ALLg/, < 12 cut applied to the pion companions in the B*

—D*r* sample is denoted €%, ).

The ALLg/,~ response in simulation is not sufficiently well modelled, therefore
a high statistics sample of D** — [K¥71%]|po® decays is used to calibrate signal
MC. Decays of this kind are chosen as both D** decay products can be determined
without the any RICH PID information; the track types of the D decay products
can be unambiguously identified using their relative charge compared to that of
the companion pion. This provides a high purity sample of pion and kaon tracks
that can be used to calibrate the RICH detector performance. This depends on
several factors, most notably the momentum, p, pseudorapidity, n, and the total

number of tracks in the event, Nrp,.
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The PID efficiencies for pions and kaons in the calibration sample are mapped
in bins of (p, 1), so that per-event efficiencies can be assigned to B*¥ — (D* —
[K*7F] py /%) 7 MC samples by identifying the corresponding bin that the compan-
ion falls into. Information from the N7, variable is not used as the event multiplicity
is not well modelled in simulation (this will be discussed in more detail later in
the sub-section). The average efficiency over all companion tracks is then taken
to represent the overall PID efficiency, which is calculated separately for each D*
final state, data taking year, and magnetic polarity. The bachelor kinematics are
highly similar across the D*m and D*K samples, therefore both efficiencies can be
calculated from the same D*m MC reference sample.

The resulting values for €%, and €5, are displayed in and for the
D* —D~ and D* — D7 decay modes, respectively. The total efficiencies evaluated
in the final row are fixed in the signal extraction fits and are shared across all D decay
modes. These are luminosity-scaled averages over all data taking years and magnetic
polarities, and are varied within the uncertainties quoted in the table when evaluating

systematic uncertainties (see [Sec. 4.5)). These quoted uncertainties account for:

o The use of binned efficiencies: an alternative binning scheme is used to evaluate
the average PID efficiencies and the difference between these numbers and those

calculated using the default binning scheme is taking as a systematic [31].

« The finite size of the reference B — (D* — [KEnT|py/n%)n® simulation

samples.

o A global 0.2% systematic for underlying methodological assumptions in

PIDCalib, the LHCD software used to perform the calibration.

« Potential differences in PID efficiencies between decays with D meson final states
Km, KK and 77, which can arise due to correlations between PID performance
and other tracks in the event. The range of PID efficiencies calculated for each
D final state separately in the partially reconstructed analysis was found to be

0.67%. This additional source of uncertainty is therefore added in quadrature
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to the other sources described when calculating the error on €%,,. Concerning

€pbrp. this effect is found to be negligible.

0.80 0.80
x?/ndf = 0.87 | x?/ndf = 0.65
0.78 | 0.78
0.76 <’> 0.76
Q Q _+_ + +‘ |
0.74 + *‘ 0.74 + ++ +
0.72 0.72

0 100 200 300 400 500 0 100 200 300 400 500 600 700
nTracks nTracks

Figure 3.17: The kaon PID efficiency, luminosity averaged across years and magnetic
polarities, is plotted in bins of equal occupancy of event multiplicity (Nr,) for the D" (D~)
final state on the left (right). €5, is represented by the grey dotted line, and the shaded
region represents the 1o statistical error on this value. All efficiencies were calculated using
reference samples of B¥ — (D* — [K*nTF|pn®/y)n*t MC. The x2?/ndf values, calculated

using [Eq. (3.12)], are also given.

The contamination of signal data with neutral combinatorial in the underlying
event makes it difficult to obtain high purity signal samples using data. This motivated
the use of simulation samples when performing the PID efficiency calculation, and a
study was conducted to validate this choice at the expense of binning PID efficiencies
in the Ny, variable. The variation of €&, in 10 bins of Ny, for the reference samples
are shown in [Fig. 3.17 The total kaon PID efficiencies +10 are also depicted in
grey. The x?/ndf was calculated for both D* final states:

Nyins 2

(E%ID - EgID>

2
Noins = 0(€prp)? +0(ebrp)?

(3.12)

where Ny, represents the total number of Ny, bins, €5, is the total PID efficiency
in bin 4, €&, is the kaon PID efficiency for the given final state (displayed at the
bottom of and and o(eb; ) and o (e, ) are their respective statistical
errors. The x?/ndf was calculated to be 0.87 (0.65) for the Dn® (D7) final state. It
was therefore concluded that there is no evidence of PID efficiency variation over Ny,

justifying the use of simulation to evaluate PID efficiencies.
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PID requirements are also applied to the D decay products. Kaons are required
to have ALLg/r > 2 in Run 1 and ALLg/. > 1 in Run 2; pions are required to have
ALLg/r < —2in Run 1 and ALLg/r < —1 in Run 2. This reduces the occurrence
of mis-identified D decays across the different modes, which would otherwise pose
a significant background in the doubly Cabibbo-suppressed mode. The threshold is
lowered for Run 2 as the PID performance at a given cut value improved compared to
Run 1, primarily due to the removal of the aerogel radiator as discussed in [Sec. 2.1.4]
For this work, it is not necessary to evaluate the efficiencies of the D decay product
PID cuts as all measurements are constructed as ratios, where the D final state is

common to both the numerator and denominator.

viy
€pID

K
€pID

Year

MagUp

MagDown

MagUp

MagDown

2011
2012
2015
2016
2017
2018

99.36 = 0.31
99.45 £ 0.26
99.64 £+ 0.30
99.75 £ 0.22
99.75 + 0.22
99.75 + 0.22

99.33 £0.32
99.48 £0.26
99.66 = 0.29
99.64 £ 0.22
99.64 + 0.22
99.64 £ 0.22

72.00 £ 2.06
71.20 £ 1.65
74.70 £ 2.33
75.24£1.21
75.24+£1.21
75.24 £1.21

73.33+£2.24
70.77 £1.62
74.98 £2.24
74.79 £1.22
74.79 £ 1.22
74.79 £ 1.22

Total

99.64 £ 0.07

74.53 £0.76

Table 3.3: PID efficiencies €%, and €k, calculated using B* — (D* — [K*nT]py)r™®
signal MC, where pions are used as a proxy for kaons. All efficiencies are given in percentages.

T K
€pID €piD

Year

MagUp

MagDown

MagUp

MagDown

2011
2012
2015
2016
2017
2018

99.20 £0.64
99.40 +£ 0.44
99.62 £ 0.37
99.75 £ 0.24
99.75 +0.24
99.75£0.24

99.37 £ 0.56
99.46 + 0.42
99.66 = 0.38
99.62 £0.26
99.62 £0.26
99.62 £0.26

76.75 £4.10
71.50 = 3.39
73.72 £ 3.42
75.74 £ 1.81
75.74 £ 1.81
75.74 £1.81

71.06 £4.15
68.68 £ 3.33
77.19 £ 3.55
76.08 £ 1.80
76.08 £ 1.80
76.08 = 1.80

Total

Table 3.4: PID efficiencies €5, and €, calculated using B* — (D* — [K*aF]pr9) 7

99.62 £ 0.10

75.04 £0.91

+

signal MC, where pions are used as a proxy for kaons. All efficiencies are given in percentages.
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3.1.7 Invariant-mass distributions

The m(D*r) and Am distributions for B¥ — (D* — [K*aF]pr®)7r* and BT —
(D* — [K*7rF]py)r® data, following the application of all selections described

in this section (stripping, trigger, BDT, rectangular cuts and PID requirements),

are shown in
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Figure 3.18: 1D histograms of m(D*r) (left) and Am (right) for 2011-2018 favoured
mode data post-stripping, trigger, BDT, rectangular cuts and PID requirements. The
distribution ranges correspond to those used in the invariant-mass fits to data in
BT — (D0 — [K*7T|pn®)7rT data are shown in the top two plots, (a) and (b). B* —
(D*® — [K*7F]py)rT data are shown in the bottom two plots, (c) and (d).

3.2 Set up of double-1D (D1D) signal extraction
fits

Events that pass the entire selection procedure described in are fed into

binned, extended maximum likelihood fits to determine the best model parameters
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that describe the data. This work uses two separate invariant-mass fits to determine
the observables listed in [Sec. 1.4.4] one for data reconstructed in the D* — D7 final
state, and one for data reconstructed in the D* — D~ final state. The novel double-1D

fitting technique developed for this analysis will be introduced in this section.

3.2.1 Binned, extended maximum likelihood

A given invariant mass distribution is described by N independent data points,
m = {my, my, ..., my}, where each data point follows the probability density function
(PDF), f(m;0). Here, 6 are the set of unknown variables that parameterise the

shape of the distribution. The likelihood function:

£=1]f(m:6) (3.13)

represents the probability, for given values of 8, of observing the dataset m. The
maximum likelihood estimates (MLE) are the values @ for which £ has its global
maximum. In practice, it is more convenient to search for the minimum of the

negative log-likelihood function:
N
—InL=-> Inf(m;0). (3.14)

The final favoured mode datasets considered in this thesis contain O(10°) events,
therefore, in order to improve the computation efficiency of the likelihood function,
binned datasets are used. This choice degrades the statistical errors on the observables

in only their third significant figure. The likelihood function therefore takes the form:

PO
N (3.15)

£=NT]

i=1

where NN; are the number of entries in bin 4, for a total of N events over ng bins. The
variable P;(0) represents the expected probability for an event to lie in a particular
bin. The numerical methods implemented by the RooFit package [84], which is
used to construct and minimise the negative log-likelihood functions employed in

this work, calculates this probability by multiplying the PDF evaluated at the bin
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centre, m¢, by the bin width, dm,:
P.(8) = bm; x [(mS;6). (3.16)

When the number of events described by a particular PDF also needs to be
measured, the extended maximum likelihood method is used [85]. is then

multiplied by a Poisson term for N observed events, when ;(0) events are expected:

np P i nB (0 N;
L= (9)'u ' N‘ H — H e—mw)&_ (3.17)
: i=1

N;!
To get from the first to the second equation, the definitions N = }°, N; and
1;(0) = P;i(0)u(0) have been used. From the second equation, it can be seen that
the binned extended maximum likelihood function can be interpreted as the product
over all bins, i € [1,np], of the Poisson probabilities of observing N; events, when
1;(0@) events are expected. Removing constant terms, the log-likelihood function

to be minimised is therefore:

—InL(u,0; N) ZN In 15 (1, 0) + p. (3.18)

3.2.2 D1D fitting method

The most challenging aspect of the fully reconstructed B¥ — D*h* analysis is
distinguishing signal from the many contaminating neutral combinatorial backgrounds.
The strategy that has been developed trains a dedicated neutral BDT for each D*
decay mode to remove the majority of combinatorial events (see [Sec. 3.1.2)), then
employs a simultaneous extended maximum likelihood fit for each D* final state across
multiple invariant-mass samples to pick out signal candidates.

The idea of using a simultaneous fit across multiple variables was first presented
in the measurement of R(D*~) = B(B* — D* ttv,)/B(B* — D*~pn"v,) [86], where
backgrounds from double-charmed candidates were constrained using simultaneous
fits across up to 4 mass samples. This was the inspiration for the double-1D technique
developed in this work; the difference being that the R(D*~) analysis did not consider

the impact on statistical errors from including candidates in more than one sample.
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In this thesis, this effect is studied and accounted for, as will be described in this

section and expanded on in [Sec. 4.4\

The two discriminating variables used in the fit are:

m(B) = m(D*h) — m(D*) +m(D")ppc (3.19)
A — m(D*) — m(D), for D* — D~ (3.20)
m(D*) —m(D) — m(7°) + m(7°)ppg, for D* — D", '

where the PDG subscript refers to the meson masses listed on the PDG |[19],
m(D*)ppa = 2006.85MeV/c? and m(n%)ppg = 134.98 MeV/c2. The key benefit
of using both variables is that only the signal modes peak in both distributions,
allowing their yields to be constrained. The implementation of these simultaneous
fits are outlined below.

As data reconstructed in the D7® or D~ final state is read into the associated
fit, it is split into the different mass samples depending on the location of the event
in two-dimensional m(B) — Am space. For m(B) fits, a cut is placed on the Am
values of that sample; for Am fits, a cut is placed on the m(B) values of that sample.
These final, sample-defining requirements are referred to as box cuts, and are chosen
to increase the signal purity of the 1D mass samples, as illustrated in [Fig. 3.19}

The total yield within m(B) — Am space considered in the fit, for each component,
is denoted Ny,,. Visually, this represents the number of candidates for a given decay
mode that lie within the white boxes of [Fig. 3.19] The transformation of Ny, into

the 1D yields of each mass sample is performed using the following equations:

NinB) = Nbox X €m(B) (3.21)

NAm - Nboz X €Am, (322>

where the box efficiencies, €p,(p) and €a,,, which are measured using MC and fixed in

the invariant-mass fits, are covered in more detail in [Sec. 3.2.3] The log-likelihood

1Ongoing analyses of B — D*lv decays in the Oxford LHCb group are now implementing the method
developed in this work to correct statistical uncertainties for events that are present in more then
one sample. Their initial findings suggest that the corrections are less significant for analyses of
this kind, which are of much lower purity than the decays studied in this thesis.
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function to be minimised therefore becomes:

W (B)

B
_hlﬁ(Nboz)O;Em(B)aeAmaN) = Z sz(B) lnﬂ;n(B)<€m(B)7Nbox70)

nim R . (3.23)
_ Z Nj mln,uj " (€ams Nboz, 0)
J

+Nbowv

where NP (N2™) are the observed yields in the i (%) bin of the m(B) (Am)

(B)

sample, /L;R(B) and p5™ are the expected yields per bin, and ny"’ and ng™ are the

number of bins in the respective distributions.

Am (MeV/c2)

Candidates / (5.0 MeV/c? x 1.0 MeV/c?)
Am (MeV/c?)

Candidates / (5.0 MeV/c2 x 1.0 MeV/c?)

5200 5300
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5100 5200 5300 5400 5500

Figure 3.19: 2D histogram of Am plotted against m(D*7) for 2011-2018 data, post-selections,
with the D* — D7% mode on the left and the D* — D~ mode on the right. The phase
space shown is the region spanned by the invariant-mass fits, and the box cuts are indicated
by the white boxes. Region (a) indicates the data considered in the Am sample; region (b)
indicates data considered in the m(B) sample selecting Dr¥ signal; region (c) indicates data
considered in the m(B) sample selecting D~ signal.

The presence of BY — (D* — Dn°)h* signal in the Dy data tuples should be noted
in the 2D plot depicted in : this is the partially-reconstructed D7 signal peak,
where only one of the photons from the neutral pion decay has been reconstructed.
The presence of this partially-reconstructed Dn® peak motivates a simultaneous fit
across 3 mass samples to model the D~ datasets, one in Am and two in m(B). The
box cuts in the Am variable applied to each of the B mass samples are chosen to
select for D+ candidates and partially-reconstructed D7° candidates separately.

It can also be seen from the 2D distributions that a subset of events are included

in two mass samples. This requires the correction of statistical uncertainties for the
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double-counting of events where boxes overlap in m(B) — Am space; the method
developed to handle this correction is described in[Sec. 4.4] In the Dy mode, candidates
only appear in one of the m(B) distributions, due to the non-overlapping box cuts
in Am, therefore no ‘triple-counting’ of events occurs.

For the B* — (D* — Dn%)h* data sample, the box cuts are:

o Data included in the m(B) sample is required to fall within the region

138 MeV/c? < Am < 148 MeV/c2.

o Data included in the Am sample is required to fall within the region

5220 MeV/c? < m(B) < 5330 MeV/ 2.
For the B* — (D* — Dv)h* data sample, the box cuts are:

» Data included in the fully reconstructed Dy m(B) sample is required to fall
within the region 125 MeV/c* < Am < 170 MeV/c?.

+ Data included in the partially reconstructed D7° m(B) sample is required to

fall within the region 60 MeV/c? < Am < 105 MeV/c?.

o Data included in the Am sample is required to fall within the region

5240 MeV/c* < m(B) < 5320 MeV/c?.

The Dr° (D7) data displayed in [Fig. 3.18|is therefore split into 2 (3) samples. The final

distributions that are fed into the invariant mass fits, with box cuts applied, are shown

in [Fig. 3.20| (Fig. 3.21)). At this stage, the total number of candidates in the B* —
(D** — [KExF]pr¥)7® mode, i.e. the number of candidates depicted in [Fig. 3.20] is

~ 180 000; the total number of candidates in the B* — (D** — [K*7F]py)7* mode,

i.e. the number of candidates depicted in [Fig. 3.21| is ~ 470 000.

3.2.3 Box efficiencies

The invariant-mass fits used in this analysis are simultaneous across 2 or 3 mass slices.

The total yield for each component is transformed into 1D yields within each slice using
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Figure 3.20: 1D histograms depicting 2011-2018 B* — (D*0 — [K*aF]pn0)n* data that
is fed into the D7 signal-extraction fit. The m(B) distribution with Am mass window cut
is shown in (a); the Am distribution with m(B) mass window cut is shown in (b).
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Figure 3.21: 1D histograms depicting 2011-2018 B* — (D*0 — [K*7F]py)n*t data that is
fed into the D~y signal-extraction fit. The m(B) distribution with the Am mass window cut
selecting for partially reconstructed D7 signal is shown in (a); the Am distribution with
m(B) mass window cut is shown in (b); the m(B) distribution with the Am mass window
cut selecting for fully reconstructed D~ signal is shown in (c).

fixed box efficiencies, as given by [Eq. (3.22)| For the fit to data reconstructed in the

Dr final state, there are two mass slices and therefore two box efficiencies to consider:
* ¢/ is the proportion of events from the total yield that end up in the m(B)
sample of the fit. In terms of number of candidates, N:

EFR _ N in m(B)FR
mB) " N in m(B)pg OR Am’

(3.24)

e €am: the proportion of events from the total yield that end up in the Am sample

of the fit:
B N in Am
~ Nin m(B)rr OR Am

(3.25)

€EAm
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For the fit to data reconstructed in the D~ final state, there are three mass slices

and therefore three box efficiencies to consider:

. 551?3): the proportion of events from the total yield that end up in the m(B)

sample of the fit that selects for fully reconstructed D* — D~ candidates:

€FR _ N in m(B)FR (3 26)
mB) " N in m(B)pr OR m(B)pr OR Am’ ‘

. eﬁzB): the proportion of events from the total yield that end up in the m(B)

sample of the fit that selects for partially reconstructed D* — D7 candidates:

EPR _ N in m(B)pR (3 27)
m™PB) " N in m(B)pr OR m(B)pr OR Am’ '

e €am: the proportion of events from the total yield that end up in the Am sample

of the fit:

N in Am (3.28)
EAm = - . .
A" 7 N in m(B)rr OR m(B)pgr OR Am

These 1D box efficiencies are calculated for each decay mode considered in the invariant-
mass fits using simulation samples. Their values are given in [Tab. 3.5 averaged across
years and magnetic polarities, for events reconstructed in the following categories:
(D) K, (D7°%) 7, (Dy)K and (Dv)w. The uncertainties given in the table are due
to the finite size of the simulation samples; systematic uncertainties are handled in
where the errors associated with each efficiency are increased in order to

account for possible differences between data and simulation.

3.2.4 Selection efficiencies

Most reconstruction and selection efficiencies fully cancel in this analysis, as all
observables are ratios of topologically identical final states. However, corrections
must be applied to ratios with differing companion hadrons in the denominator
and the numerator to account for any efficiency difference between B* — D*r*
and B¥ — D*K¥ decays. The invariant-mass fits to data also read in selection

efficiencies for the following use-cases:
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/ 0. as FR PR
Mode Reco. as €Am €m(B) Em(B)

(Dr%r  97.37+0.13 90.49+0.24 -
(Dr%)K  35.99+0.43 94.52+0.21 -
(Dy)w  69.10+£0.22 6.96+0.12 87.41+0.16
(Dy)K 18314022 7.31+0.14 91.32+0.16
(Dr%)r  4356+0.92 92.23+0.49 -
(Dr%)K  98.06+0.12 90.15+0.25 -
(Dy)r 42374055 7.95+0.30 85.17+0.40
(DY)K  69.88+023 7.04+0.13 87.44+0.17
(Dy)r 9278 £0.12 92.60£0.13 0.15 £ 0.02
(Dy)K  1846+0.22 9850+ 0.07 0.16 = 0.02
(Dy)r  35.29+0.53 95.79+0.22 0.12+0.04
(DY)K  94.04+0.12 9245+0.13 0.14+0.02
(Dr%r  91.14+0.22 27.57£0.35 -
(Dr%)K  79.94+0.40 34.78+0.48 -
(Dy)r  46.48+0.34 63.54+0.32 19.39+0.27
(Dy)K  30.97+0.36 68.30+0.36 19.88+0.31
(Dr%r  82.82+0.72 33.00£0.90 -
(Dr%)K  91.21+0.23 26.98+0.36 -
(Dy)r  40.53+0.69 65.70+0.67 17.86+0.54
(DY)K  46.09+0.35 63.95+0.34 19.18+0.28
(Dr%r  86.44+0.66 25.87+0.85 -
(Dr%)K  85.90+0.84 25.66+ 1.05 -
(Dy)w 41464046 62.51+0.45 21.99+0.39
(DY)K 35224053 64.17+0.53 22.43+0.46
(Dr%r  84.95+ 1.51 2867+ 1.91 -
(Dr%)K  86.36+0.70 25.80 = 0.89 -
(Dy)r  36.41+0.95 64.57+0.95 21.89+0.82
(DY)K  39.99+0.48 63.77+0.47 21.96 + 0.40
(Dr%)r  92.42+0.48 2483+0.78 -

(Dr%)K  84.20+0.79 28.17+0.97 -

(Dy)r  45.99+043 62.77+£0.42 21.15+0.36
(DY)K 31374045 66.56+0.46 21.72+0.40
(Dr%)7  81.95£1.65 32.60 £ 2.01 -
(
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(
(
(
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(
(
(
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(
(
(
(
(
(
(
(
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B* - (D* — Dr%)n*

B* - (D* — Dn%)K*

B* — (D* — Dry)n*

B* = (D* — Dvy)K*

Mis-reco. B* — (D* — Dr%)n*

Mis-reco. B* — (D* — Dr%)K*

Mis-reco. B¥ — (D* — Dry)n*

Mis-reco. BY — (D* — Dy)K*

B® — (D*F — DrnT)n*

Dr%)K 92314049 23.8940.79 -
Dy)m 40.86 £0.92 66.01 £0.89 19.85+0.75
Dy)K  46.34+0.44 63.10+0.43 20.06 £ 0.36
D% 84.25+0.93 2849+ 1.15 -
Dr%)K 82.68+1.02 28.84+1.23

B® — (D*F — DrT)K*

+ + -
B= = Dp Dy)r  37.06+0.58 65.56+0.57 22.00 £ 0.50
Dy)K 37204058 64524058 21.39+0.49
Dr%)r  81.75+229 32.63+2.73 -
Bt DRt Dr%)K 86914086 27.41+1.14

Dy)r 32974122 66.764+1.23 22.39 4 1.09
DyY)K 39204058 62914058 22.81+0.50
Dy)r 1016 +0.69 8895+0.72 7.53 % 0.61
Dy)K 22854056 89.75+0.41 5.55+0.31
Dr%)r 1596+ 1.89 84.84 % 1.85 -
Dr%)K  44.93+1.17 71.85+1.06 -
Dy)r 12274108 4810+ 1.65 47.67+1.65
Dy)K 26844072 34174077 59.28 + 0.80
Dy)K  9.60+061 8852+0.66 7.85+0.56
DK 1239+ 1.54 88.04 % 1.51 -
DyY)K 12204092 47.294+141 48414141
Dn%)r  84.08+2.15 28.03+2.64 :
Dy)r 43484195 47.36+1.97 41.15+1.94
DK 79.00 £ 1.24 30.80 & 1.40 -
DyY)K  3539+0.68 62224069 23.75+0.61
DK 14.13+£089 94.47 £ 0.60 -
Dy)K  16.73+0.64 7.94+048 88.11+0.57
Dy)K  5.60+032 9889+0.15 0.11+0.05
Dr%)K  60.16 £2.21 4858 +2.25 ,
DY)K 29494133 68734135 20.59+1.18
DK 7619 +294 37.62+3.34 -
Dy)K  33.86+1.37 68314135 19.82+1.15

B* — (D* — Dy)p*

B* — (D* — Dr%)p*

B* 5 (D' 5 D)K**

B* — (D* — Dr%)K**

A) = SFrt

BY — DK*

BY — (D* = Dr°)KFr*
BY — (D* — Dy)K¥n*

Mis-reco. BY — (D* — Dr%)K*°

Mis-reco. BY — (D* — Dy)K*°

Table 3.5: 1D box efficiencies for all fit components. All efficiency values are given in
percentages. The total efficiencies over all years are luminosity averaged.
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o Branching ratios, which must be corrected for by selection efficiencies, are used

to constrain certain backgrounds.

o Mis-identified decays, fixed in yield relative to correctly identified decays, must
be corrected for by selection efficiencies due to B mass displacements caused by
assigning the companion particle the wrong mass hypothesis. This displacement
has a noticeable effect on the efficiency for a candidate to pass the box cuts

outlined in the previous sub-section.

These corrections will be covered in more detail in [Sec. 4.1.4{ and [Sec. 3.3| respectively,

but the efficiencies used to make them are given in and [3.7] for signal and

background decay modes. In these tables, the total selection efficiency is labelled
€10t, Which represents the product of the detector acceptance efficiency, €,.., with the
efficiency of the combined reconstruction, stripping, trigger and offline selection, €,
and the box efficiency, €,,. Note that PID efficiencies are not included in €4,: these
are handled separately when parameterising D*K and D*7 yields in [Sec. 3.3.5|
The box efficiency for each mode is defined as the proportion of events that

end up in at least one mass sample:

e mng 35 gDOR = for D* — Dn" candidates 399
o T A mBlrn ORmiBlpr ORAm o D* 5 Dry candidates, (3:29)

where ‘N in 2D’ represents the number of candidates, N, in the 2D m(B) — Am

phase space spanning the fitting region, depicted in |Fig. 3.19|
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Mode

eacc

€sel

€box

€tot

B* — (D* — Dr0%)x*

15.7574 £ 0.0229
15.7574 £ 0.0229
15.7574 £ 0.0229
15.7574 £ 0.0229

0.1069 £ 0.0011
0.0924 £ 0.0010
0.3191 £ 0.0018
0.2464 £+ 0.0016

99.0787 £ 0.0934
90.2896 & 0.3173
93.9380 £ 0.1426
90.0140 £+ 0.2018

0.0167 £ 0.0002
0.0131 £ 0.0001
0.0472 £ 0.0003
0.0349 £ 0.0002

B* — (D* — Dr%)K*

16.0077 £ 0.0233
16.0077 £0.0233
16.0077 £0.0233
16.0077 £ 0.0233

0.0909 £ 0.0010
0.1003 & 0.0011
0.2257 £ 0.0016
0.2945 £ 0.0018

89.1048 £ 0.3504
99.2512 4 0.1046
93.5707 £ 0.1760
93.6890 £ 0.1542

0.0130 £ 0.0002
0.0159 £ 0.0002
0.0338 £ 0.0003
0.0442 £ 0.0003

B* — (D* — Dy)r* ((

17.6739 £ 0.0257
17.6739 £ 0.0257

0.5274 4+ 0.0031
0.4205 £ 0.0028

97.8897 4 0.0878
92.8401 £ 0.1662

0.0912 £ 0.0006
0.0690 £ 0.0005

B* — (D* — Dvy)K*

18.0172 £ 0.0262
18.0172 £ 0.0262

0.3710 £ 0.0026
0.4995 £ 0.0030

93.2694 £+ 0.1725
98.0959 £ 0.0839

0.0623 £ 0.0005
0.0883 £ 0.0006

Table 3.6: Total selection efficiencies, €;, for the signal modes, where the quoted
uncertainties are derived from the finite MC sample sizes. €, represents the detector
acceptance efficiency; ez represents the combined reconstruction, stripping, trigger and
offline selection efficiency; €., represents the box efficiency. All efficiencies are given in

€acc

€sel

€box

€tot

15.7574 4+ 0.0229
15.7574 £ 0.0229

0.1769 £ 0.0014
0.2072 £ 0.0015

64.7146 £ 0.3792
75.1508 £ 0.3119

0.0180 £ 0.0002
0.0245 £ 0.0002

17.6739 £ 0.0257
17.6739 £ 0.0257

0.0587 £ 0.0010
0.1853 £ 0.0018

55.5585 £ 0.8653
73.7572 £ 0.4270

0.0058 £ 0.0001
0.0242 £ 0.0003

17.0000 £ 0.0225
17.0000 £ 0.0225

0.0148 £ 0.0004
0.0476 £ 0.0008

51.3922 £ 1.4674
70.1801 £ 0.7444

0.0013 £ 0.0001
0.0057 £ 0.0001

15.7574 £ 0.0229
15.7574 £ 0.0229

0.0589 £ 0.0012
0.2078 £ 0.0022

58.9851 £ 1.0002
74.7002 £ 0.4611

0.0055 £ 0.0001
0.0245 £ 0.0003

17.0000 £ 0.0225
17.0000 £ 0.0225

0.0099 £ 0.0005
0.0120 £ 0.0005

39.3217 £ 2.2057
77.9278 £ 1.7406

0.0007 £ 0.0000
0.0016 £ 0.0001

17.0000 £ 0.0225

0.0246 £ 0.0008

80.1022 £ 1.1797

0.0033 £ 0.0001

17.0000 £ 0.0225
17.0000 £ 0.0225

0.0080 £ 0.0004
0.0170 £ 0.0005

82.1002 £ 1.6251
91.9845 £ 0.7460

0.0011 £ 0.0001
0.0027 £ 0.0001

17.0000 £ 0.0225

0.0267 £ 0.0006

91.1923 £ 0.6686

0.0041 £ 0.0001

17.0000 £ 0.0225
17.0000 £ 0.0225

0.0111 £ 0.0004
0.0131 £ 0.0005

34.6833 £ 1.7099
70.5882 £ 1.5175

0.0007 £ 0.0000
0.0016 £ 0.0001

percentages.
Mode Reco. as
D0
Mis-reco. B* — (D* — D)+ (Dr)m
(Dy)m
D0
Mis-reco. B¥ — (D* — Dy)r* (D7)
(Dy)m
B* — Dp* (Dr%)m
(Dy)m
0
BO N (D*:F —>D7r:F)7Ti (D?T )7T
(Dy)m
D0
B* — (D* — Dr%)p* (Dr)
(Dy)m
B* — (D" — Dv)p* (Dy)m
DK
BY — (D* — Dr%)K¥r* (D7)
(DK
By = (D" » Dy)K*r* (DK
Dn%K
Mis-reco. BY — (D* — Dr%)K*° (Dx?)
' (D)K
Dn%K
Mis-reco. B? — (D* — Dv)K*° (D)
‘ (DK

17.0000 £ 0.0225
17.0000 £ 0.0225

0.0040 £ 0.0002
0.0126 £ 0.0004

31.2869 £ 2.5274
75.4436 £ 1.4182

0.0002 = 0.0000
0.0016 £ 0.0001

Table 3.7: Total selection efficiencies, €, used to constrain select background modes in
the invariant-mass fits, where the quoted uncertainties are derived from the finite MC
sample sizes. €4 represents the detector acceptance efficiency; e, represents the combined
reconstruction, stripping, trigger and offline selection efficiency; €, represents the box
efficiency. All efficiencies are given in percentages. The detector acceptance efficiency for
many backgrounds is approximated at 17% as the data fits are not sensitive to the exact

values.
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3.3 Decay modes considered and their parameter-
isation

A number of background decay modes cannot be separated from signal during the
selection procedure, therefore dedicated PDFs are needed in the signal extraction fits
to model these contributions. An overview of all decay modes and descriptions of the

PDFs used to model signal and background components are given in this section.

3.3.1 Overview

The decays considered in this analysis can be grouped into six categories. In the

following, h = n/K:

1. Signal modes: fully reconstructed B* — (D* — [K*7F|pn®/y)h* decays and

partially reconstructed B* — (D* — [K*7T|pn®)h* decays.

2. Mis-reconstructed backgrounds: a charged pion or neutral particle from
the true decay has been missed and a neutral particle from the underlying
event added to the D meson to form a D** candidate. These decays form
broad peaks under the signal channels in m(B), but are flat in Am phase
space. In the favoured D decay mode fit category, the associated components
are mis-reconstructed B* — (D* — Dn%/y)h* decays, B — Dh*r decays
and B9 — (D** — Dr*)hT decays. Additional backgrounds infiltrate the
invariant mass spectrum in the lower statistics modes: in the D — K K category,
A) = (ZF — (AF — pK—7"))h~ decays must be considered; in the doubly-

Cabibbo suppressed mode, B? —D°K "7~ must be accounted for.

3. Partially reconstructed backgrounds: contain a true D*C or charged D*¥
candidate. A charged pion or neutral particle, either the decay product of the
D* or an associated companion particle, has been missed in the final state.
These decays peak low in B mass and form a combination of peaking (events
for which a true D*? is reconstructed) and flat (events for which a neutral from

the underlying event is combined with the D° meson) distributions in Am.
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Partially-reconstructed decays are of the form B — D*h*m. In the doubly-

Cabibbo suppressed mode, B? —D** K7~ decays must also be considered.

4. Mis-identified decays: the companion hadron is assigned the wrong mass
hypothesis. These decays are shifted upwards/downwards in B mass due to the
incorrect mass assignment; in Am, they have similar shapes to their correctly

identified counterparts.

5. Combinatorial background: the correct neutral D* meson is reconstructed
and combined with a random track, or a D meson is combined with a neutral
particle from the underlying event and a random track. These events are flat in

m(B) and have peaking (true D*) and flat (fake D*) components in Am.

6. Crossfeed: the decay products of Cabibbo-favoured D decays are both
mis-identified, therefore infiltrating the doubly-Cabibbo suppressed sample.
Crossfeed components are assigned for all signal components, and peak directly
under the signal in B mass and Am. The rate of these events is therefore fixed

in the signal extraction fits.

Approximately 15 (10) million simulated events are generated within the LHCb
detector acceptance for the B* — (D* — [K*nT|p7r°(y))K* and B* — (D* —
[K=7¥]|pm®(y))n® signal modes using the procedure described in [Sec. 2.4, The
generation is performed to reproduce the conditions for each data taking year separately,
where the relative size of each per-year sample is representative of the integrated
luminosity of LHCb data collected during that period. Such a large sample size is
needed in order to evaluate selection efficiencies and model signal mode line shapes
due to the low reconstruction efficiency of neutral particles, as discussed [Sec. 2.3.3]
Similar sample sizes are also generated for the background modes listed above, in
order to determine the component PDFs any any relevant efficiencies.

In order to obtain PDFs for each component, MC events reconstructed in the

D final state are fit to with unbinned maximum likelihood functions simultaneously

across Am and m(B) distributions. Box cuts are applied (see [Sec. 3.2.2)): events
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considered in Am are required to fall in the mass window 5220 MeV/c* < m(B) <
5330 MeV/c?; events considered in m(B) are required to fall in the mass window
138 MeV/c? < Am < 148MeV/c®. For MC events reconstructed in the D~ final
state, unbinned maximum likelihood fits are performed simultaneously to the Am
distribution and 2 slices of m(B). Events considered in the Am sample are required
to fall in the mass window 5240 MeV/c?* < m(B) < 5320 MeV/c?; events considered
in the m(B) samples are required to fall in the mass windows 125MeV/c? < Am <
170 MeV/c? for fully reconstructed Dy candidates, or 60 MeV/c?> < Am < 105 MeV/c?
for partially reconstructed D7° candidates. In the text and figures below, the m/(B)
slice around the D7° peak is referred to as the PR (partially-reconstructed) m(B)
distribution, and the m(B) slice around the D~ peak is referred to as the FR (fully

reconstructed) m(B) distribution.

3.3.2 Signal modes

The signal modes are predominantly parameterised by the sum of two Crystal Ball

(CB) functions, given by [Egs. (3.30)]and |(3.31)|as a function of reconstructed mass, m:

e_%(m;”)Q, if =&
g

n \" e g m—p) " : —p
) e (&= o — if
laf la o ’ o

Crystal Balls are Gaussian-like functions with additional tail parameters that facilitate

3

fCB (m;oz,n,,u,a) X (330)

—Q
— Q.

3

IN V

the modelling of resonances for which some fraction of the particles’ energy and
momenta have been lost during detection. The parameters p and o are the mean and
width of the Gaussian, respectively; the power-law tail of the function is parameterised
by n and starts o away from the peak position. The tail parameters have the
typical ranges: « € [—5,5] and n € [0, 10]; they are highly correlated, and it is often
necessary to fix one of them to ensure the minimisation procedure converges. The
double Crystal Ball function (DCB) has an additional floating parameter, k, which

determines the relative size of the individual CBs:

fDCB(m; k%041;”1;#1701,062,n27ﬁ02702) =k x fCB,l(m; 0417711,/“701) ( )
3.31
+ (1 = k) x fepa(m; ag,ng, tia, 02).
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For the signal modes, fcp1 has a radiative tail extending to low invariant mass and
fcp.2 has a tail extending to high invariant mass in order to describe the reconstruction

and resolution effects of neutral particles.

Reconstructed as D7° Reconstructed as D~y
Decay
m(B) Am m(B)pr Am | m(B)rr
B* — (D* = Dr®)h* | fpcs fpce foce+ fa | foes | feB
B* = (D* — Dy)h* - - fes focs | fpos

Table 3.8: Summary of PDFs used to parameterise signal decay modes, where fop represents
the Crystal Ball function defined in fpcos represents the double Crystal Ball
function defined in and fg represents a Gaussian function. Mis-reconstructed
BT — (D* — D~y)h* decays that end up in the D7¥ data tuples are not considered signal
decays.

A summary of the PDFs used to describe the signal modes is given in [Tab. 3.8}
more details are given below. In the fit to data, the PDF means are shared across
D*m and D*K and are allowed to float for all signal modes. The widths in the D*r
mode also vary freely; the widths in D*K, defined respectively to these, are floated
then fixed in the data fits to allow for differences in resolution between the two B
meson decay modes due to their different () values. The «; and «y tail parameters
are also floated then fixed in the fit to data, to account for any mis-modelling of the
distribution tails in simulation. These parameters are varied within the uncertainties
measured by the data fit to determine the associated systematic uncertainty. All other
shape parameters are fixed to the values found in simulation, and varied within the

uncertainties measured by the MC fits when evaluating systematics.

B* — (D* — D7n°)h* decays reconstructed in the D7 final state

To determine the signal PDFs for B — (D* — D7°)h* decays reconstructed in the
D7 final state, a simultaneous fit across m(B) and Am is performed to B* — (D* —

[KExF]pr?) 7t MC. The 2D MC distribution depicted in [Fig. 3.22]is considered in
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the fit. A total floating yield is assigned to the MC falling within the region selected
by the box cuts, outlined by white rectangles. The total number of events is then split

into each mass sample by multiplying the total yield by the relevant box efficiency.
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Figure 3.22: 2D distribution, m(B) vs. Am, of B* — (D* — [K*aT]pn®)n* signal MC.
The vertical (horizontal) rectangle encompasses the MC included in the Am (m(B)) sample,
where the box efficiencies are printed as a reference. The efficiencies match up to those list
in [Tab. 3.5l The Pearson correlation coefficients, p, of the 2D mass distributions are also

given.

The simultaneous fit is shown in [Fig. 3.23] The residuals displayed below the fits
are defined as the difference between the data and the PDF projection at the bin
centre, divided by the Poisson error on the number of candidates in that bin. The n
parameters are fixed to values of 10 to aid stability. The values of « are allowed to
vary freely, settling on small positive values for oy and small negative values for as
in both mass samples. The relative contribution of the two Crystal Ball functions,
k, floats in both fits. The means and widths vary freely but are shared across both
Crystal Balls within each sample: p; = g, 01 = 09. In m(B), pu(B) ~ 5274 MeV/c?
and o(B) ~ 22MeV/c%; in Am, p(A) ~ 142MeV/c? and o(A) ~ 2MeV/c2.
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Figure 3.23: Simultaneous fit to B* — (D* — [K*7F|pn®)7* signal MC in m(B) and Am.
2011-2018 samples are used, where all years are considered together.

B* — (D* — D=n°%)h* decays reconstructed in the Dy final state

To determine the signal PDFs for B* — (D* — D7%)h* decays reconstructed in the
D~ final state, a simultaneous fit across Am and two slices of m(B) is performed
to B* — (D* — [K*7¥]pn®)a* MC. The 2D MC distribution depicted in [Fig. 3.24]
is considered in the fit.

The simultaneous fit is shown in [Fig. 3.23l The MC distribution in Am is
parameterised by the sum of two CBs, which share a single mean and width: p; =
o, 01 = o3. These obtain the values p(A) ~ 85MeV/c? and o(A) ~ 9MeV/c?.
The PR m(B) slice is modelled by the sum of two CBs and a Gaussian function.
The two CBs share a mean, found to be u(B)pg ~ 5279 MeV/c?, but the Gaussian
mean is offset by ~ 27MeV/c? above this to better describe the asymmetry of the
resonance. All three functions are assigned different widths, and these find the values
01(B)pr ~ 26 MeV/c?, 09(B)pr ~ 45MeV/c? and o3(B)pr ~ 18 MeV/c? for the two
CBs and the Gaussian, respectively. The n parameters of the CBs in both mass
samples are fixed to values of 10 to aid stability. The values of « are allowed to vary
freely, settling on small positive values for oy and small negative values for as. There
is a low efficiency for partially reconstructed D7° MC in the Dy m(B) slice, as can

be seen in These events are parameterised using a CB function, where
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Figure 3.24: 2D distribution, m(B) vs. Am, of B* — (D* — [K*aT|pr%)7* signal MC
reconstructed as B¥ — (D* — [K*7T]py)r®. The vertical rectangle encompasses the MC
included in the Am sample; the top (bottom) horizontal rectangle encompasses the MC
included in the m(B) sample selected around the Dy (D7°) peak. The box efficiencies
are printed as a reference and match up to those list in [Tab. 3.5 The Pearson correlation
coeflicients, p, of the 2D mass distributions are also given.
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Figure 3.25: Simultaneous fit to B¥ — (D* — [K=aF]p7r%) 7T signal MC in Am and two
slices of m(B): the partially reconstructed Dn? slice on the left, and the D~ slice on the
right. 2011-2018 samples are used, where all years are considered together.

the tail parameter n has been fixed to 10. The mean and width in this sample are

found to be u(B)rr ~ 5337MeV/c? and o(B)pr ~ 49 MeV/c2.
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B* — (D* — D~)h* decays reconstructed in the D~ final state

To determine the signal PDFs for B* — (D* — D~y)h* decays reconstructed in the
D~ final state, a simultaneous fit across Am and two slices of m(B) is performed to
B* — (D* — [K*7rF]py)n* MC. The 2D MC distribution depicted in
is considered in the fit.
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Figure 3.26: 2D distribution, m(B) vs. Am, of BT — (D* — [K*nTF|py)n* signal MC
reconstructed as B* — (D* — [K*nF]py)r®. The vertical rectangle encompasses the MC
included in the Am sample; the top (bottom) horizontal rectangle encompasses the MC
included in the m(B) sample selected around the Dy (D7") peak. The box efficiencies
are printed as a reference and match up to those list in The Pearson correlation
coeflicients, p, of the 2D mass distributions are also given.

The simultaneous fit is shown in |Fig. 3.27, The MC distributions in Am and the
FR slice of m(B) are parameterised by the sum of two CBs. The n tail parameters
are floated then fixed in the fit to aid stability. The values of a are allowed to vary
freely, settling on small positive values for a; and small negative values for as in
both mass samples. The relative contribution of the two Crystal Ball functions, k,
floats in the both fits. The means and widths vary freely but are shared across both

Crystal Balls within each sample: p; = po, 01 = 0. In m(B), u(B)pr ~ 5281 MeV/c?
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Figure 3.27: Simultaneous fit to B — (D* — [K*7T]py)rT signal MC in Am and two
slices of m(B): the partially reconstructed Dz¥ slice on the left, and the D+ slice on the
right. 2011-2018 samples are used, where all years are considered together.

and o(B)rg ~ 20MeV/c?; in Am, u(A) ~ 143MeV/c? and o(A) ~ 8 MeV/c?. The
component reconstructed in the PR slice of m(B) is small due to the low Am region
the partially reconstructed 7° slice selects for (< 105MeV/c?). The chosen PDF

is a single CB function. The mean and width settle on the values of p(B)pr ~

5250 MeV/c? and o(B)pr ~ 31 MeV/c?.

3.3.3 Mis-reconstructed backgrounds

Mis-reconstructed decays are formed when a charged or neutral pion from the true
decay has been missed and a neutral particle from the underlying event added
to the D meson to form a D*° candidate. The mis-reconstructed decay modes
considered in this work and their associated PDFs are summarised in [Tab. 3.9, and
are discussed in more detail below.

In order to parameterise the Am distributions of decays involving neutral
combinatorial, where fake D* mesons are built, a PDF shape that models m(D*)—m(D)

mass differences is used:

Am—Am, A
Foep (Am; Amg, A, B,C)) = L ) ((Am LB [2m )
Amo Amo
(3.32)

Here, Amyg is the mass difference threshold; the shape parameter A governs the
power law rate with which the right hand tail increases/decreases; B also effects

the right hand tail, but describes a linear rate of increase/decrease and C' > 0
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determines the dominance of the exponential decay function. Large correlations
between the function variables exist therefore it is often necessary to fix 1 — 3

parameters to obtain a stable fit.

Reconstructed as Dr° Reconstructed as D~y
Decay
m(B) Am m(B)pr Am m(B)rr
Mis-reco. B* — (D* — Dr%)h* fon fo—p foes+ fa | fo—p foes
Mis-reco. B* — (D* — D~y)h* fon fo—p fe fo—p | focs + fa
B — (D*F — DnF)h* fa fp_p foes fo—p foes
B — Dh*r fa fop fa fo—p | foes + fa
Ay = (B = (A = pK- ")) 1 | fa fp—p fon fo—p fes
B! — D°K~r* fe Ip-p fes+ fo | foe-p fes

Table 3.9: Summary of PDFs used to parameterise mis-reconstructed decay modes, where

fp=—p represents the m(D*) — m(D) mass difference function defined in fes
represents the Crystal Ball function defined in [Eq. (3.30), fpcp represents the double

Crystal Ball function defined in [Eq. (3.31)|and fg represents a Gaussian function.

Mis-reconstructed B* — D*h* decays

Mis-reconstructed B¥ — D*h* decays occur when the charged section of the decay
is reconstructed correctly but a fake D* meson is built by combining the D meson
with a neutral particle from the underlying event. These are mis-reconstructed
‘signal” decays, and therefore can be constrained in the invariant-mass fit to data
by the peaking, correctly reconstructed, signal modes; this parameterisation will
be described in more detail in Sec. 4.1.5

Four categories of mis-reconstructed B* — D*h* decays exist. The PDFs used to

parameterise the invariant-mass distributions for each are described below:

o B* — (D* — Dr°)h* decays mis-reconstructed in the D7° final state, where
the wrong 7° meson has been used to build a fake D* candidate. Decays of this

kind are parameterised with a single CB shape in m(B) and the m(D*) — m(D)
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mass difference function in Am.

o B* — (D* — Dn%)h* decays mis-reconstructed in the D final state, where a
photon from the underlying event has been used to build a fake D* candidate.
Decays of this kind are parameterised with a double CB combined with a
Gaussian in the PR slice of m(B), the m(D*) — m(D) mass difference function
in Am and a double CB in the FR slice of m(B).

e B* — (D* — Dv)h* decays mis-reconstructed in the Dr° final state, where a
7Y meson from the underlying event has been used to build a fake D* candidate.
Decays of this kind are parameterised with a single CB shape in m(B) and the

m(D*) — m(D) mass difference function in Am.

e B* — (D* — Dv)h* decays mis-reconstructed in the D~ final state, where
the wrong photon has been used to build a fake D* candidate. Decays of this
kind are parameterised with a Gaussian function in the PR slice of m(B), the

m(D*) —m(D) mass difference function in Am and a double CB and a Gaussian

in the FR slice of m(B).
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Figure 3.28: Simultaneous fit to mis-reconstructed B* — (D* — [K*7T]pa®)7* MC in
m(B) and Am. 2011-2018 samples are used, where all years are considered together.

A summary of these PDFs is given in [Tab. 3.9, The distributions of mis-reconstructed

B* — D*h* decays are very similar for those that were generated as true D* — D~y
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Figure 3.29: Simultaneous fit to mis-reconstructed B* — (D* — [KT7T|p7r)7t MC in
Am and two slices of m(B): the partially reconstructed D7¥ slice on the left, and the D~y
slice on the right. 2011-2018 samples are used, where all years are considered together.

decays or as true D* — Dr® decays. Fits to simulation when reconstructed in
the D% and D~ final states are therefore only shown for B* — (D* — Dn%)x*
decays in and [3.29] respectively. The shape parameters measured by
these simultaneous fits enter as fixed terms in the invariant-mass fits to data, and

are shared across all decay categories.
B° — (D*F — DnT)h* decays

Decays of the kind B® — (D*F — D7F)h* end up in the Dr° (D7) data tuples when
the charged pion from the D*T is not reconstructed, and a neutral pion (photon) from
the underlying event is combined with the D meson to make a fake D* candidate.
In the D7 final state, the MC distribution in m(B) is parameterised by a single
Gaussian; the Am sample is described using the m(D*) — m(D") mass difference
PDEF. The simultaneous fit is shown in [Fig. 3.30. For reconstruction in the D~ final
state, the MC distribution in Am is parameterised using the m(D*) — m(D°) mass
difference function; the FR and PR slices of m(B) are parameterised by the sum of

two Crystal Balls. The simultaneous fit is shown in
B — Dh*m decays

Decays of the type B — Dh*m end up in the Dr® (D~) data tuples when the pion

produced alongside the companion, h, is not reconstructed, but a neutral pion (photon)
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Figure 3.30: Simultaneous fit to B® — (D*T — [K*7TF|pr® )™ MC in m(B) and Am.
2011-2018 samples are used, where all years are considered together.
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Figure 3.31: Simultaneous fit to B — (D*T — [KT7T]|pat)nr® MC in Am and two slices
of m(B): the partially reconstructed D7 slice on the left, and the D+ slice on the right.
2011-2018 samples are used, where all years are considered together.

from the underlying event is combined with the D meson to make a fake D* candidate.
In the D*r sub-sample, two types of decay fall into this category: B* — Dr*r®

(_
and BY — Da*nF decays, whose branching fractions are:

B(B* — Dr*r°%) = (1.34 +£0.18)% (3.33)

B(B° — Dr*n¥) = (8.8 +0.5) x 107, (3.34)

Despite having a much smaller branching fraction, the latter features prominently
in the ADS mode as Cabibbo-favoured B — [K ™7~ |pr™n~ decays are disguised as
suppressed decays when the 7~ is reconstructed as the companion.

In the D*K sub-sample, B* — DK*7° and BY = DEK*r¥ decays contribute,
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where the latter have a larger value of rp as Cabibbo suppressed as B® — DK+~
decays, involving a V, matrix element, are not additionally colour suppressed with
respect to favoured B® —D°K* 7~ decays; from the latest LHCb ~ combination,

DK** = 0. 106450,087

DK*0 0.23
T'Bj: 0.122 and TB() = O25i

027 [23]. These channels are therefore more
prominent in the ADS and GLW modes despite having a branching fraction ~ 17%

the size of the former:

B(B* - DK*r%) = (5.3 +£0.4) x 107* (3.35)

B(BY = DK*5¥) = (0.88 £ 0.17) x 107, (3.36)

Full simulation MC samples of B — D(p* — 757%) decays, re-weighted to
describe the full 7*7° phase space, are used to model all B — Dh*71 decay modes.

The re-weighting method is as follows:

o The normalised m (D7) distribution of B® — Dr*nT samples, generated using
the full LHCb amplitude model [87], is divided by that of full simulation

B* — D(p* — m%7°) decays.
 Bin-by-bin ratios in the m(Dm) variable are obtained.

o These are then used to re-weight the m(D*r) and Am distributions of B —
D(p* — 7tn%) decays by matching the m (D7) value of each event to the

associated weight.

The samples used to obtain the weights were generated for the partially reconstructed
B* — D®h* analysis [31]. The p* resonance dominates in the region of phase space
considered in this analysis, therefore the re-weighting procedure has a minor effect.
In the Dn° final state, the MC distribution of re-weighted B* — D(p* —
7E7%) decays in m(B) is parameterised by a single Crystal Ball; the Am sample is
described using the m(D*) — m(D°) mass difference PDF. The simultaneous fit is
shown in [Fig. 3.32] For reconstruction in the D~ final state, the MC distribution
in the PR slice of m(B) is described using a Gaussian function; the Am sample is

parameterised using the m(D*) — m(D°) mass difference function; the FR slice of
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Figure 3.32: Simultaneous fit to B* — D%(p™ — 7570%) MC in m(B) and Am. 2011-2018
samples are used, where all years are considered together.
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Figure 3.33: Simultaneous fit to B¥ — D%(p* — 77%) MC in Am and two slices of m(B):
the partially reconstructed D7 slice on the left, and the D+~ slice on the right. 2011-2018
samples are used, where all years are considered together.

m(B) is parameterised by the sum of two Crystal Balls plus a Gaussian function.
The simultaneous fit is shown in [Fig. 3.33|

The shape parameters measured by these simultaneous fits enter as fixed terms in
the invariant-mass fits to data, and are shared across all decay categories apart from
the D*m ADS modes. In this category, freedom is given in both data fits to allow for
any phase-space differences due to the dominance of mis-reconstructed gf — Dr*rnT
decays; the means and widths of the resonances in B mass and the A parameters
describing the mass difference function curvature in Am are floated then fixed in

the data fits to their final values + uncertainties.
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A) — YtTh™ decays

A — (BF — (AT — pK—at)r%)h~ decays end up in the Dr® (D) data tuples
when the proton is mis-identified as a kaon, the charged pion is not reconstructed,
and a neutral pion (photon) from the underlying event is combined with the mis-
reconstructed KK~ pair to make a D* candidate. These decays therefore form a

prominent background in the D — KK category.
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Figure 3.34: Simultaneous fit to A) — (X5 — (A7 — pK=7")7%) 7~ MC in m(B) and Am.
2012-2016 samples are used, where all years are considered together.
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Figure 3.35: Simultaneous fit to A) — (X5 — (AF — pK 7 )n%)7~ MC in Am and two
slices of m(B): the partially reconstructed Dz¥ slice on the left, and the D+ slice on the
right. 2011-2016 samples are used, where all years are considered together.

In the D7¥ final state, the MC distribution in m(B) is parameterised by a Gaussian

function and the Am sample is described using the m(D*) — m(D°) mass difference
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PDF; the simultaneous fit is shown in [Fig. 3.34] For reconstruction in the D~ final
state, the MC distribution in Am is parameterised using the m(D*) — m(D°) mass
difference function and both slices of m(B) are parameterised using a single Crystal
Ball; the simultaneous fit is shown in [Fig. 3.35 The shape parameters measured by
these simultaneous fits enter as fixed terms in the invariant-mass fits to data, and

are shared across both D*m and D*K sub-samples.
Bg — DKt decays

BY — DK~r" decays form a prominent background in the D*K ADS category
because Cabibbo-favoured D° — K~7* decays are produced with an oppositely-
charged kaon companion, giving them the same signature as suppressed mode signal
candidates. These decays are also considered in the D* K GLW modes, with reduced
contributions in line with to the lower D branching fractions; the contribution to the
favoured mode is considered negligible. This background is not included in the D*r
sub-sample as the reduction in B mass when the companion kaon is not reconstructed
pushes the contribution below the invariant mass range considered.

Full simulation MC samples of BY — D(K*°(892) — K~ 7") decays, re-weighted
to describe the full K~ 7% phase space, are used to determine the PDFs for this
contribution. The re-weighting procedure is the same as for B* —Dp* decays,

described earlier in the section:

o The normalised m(DK) distribution of B — DK nt samples, generated
using the full LHCb amplitude model [88], is divided by that of full simulation
BY — D(K*°(892) — K~ 7T) decays.

 Bin-by-bin ratios in the m(DK) variable are obtained.

 These are then used to re-weight the m(D*K) and Am distributions of B? —
D(K*°(892) — K~ 7") decays by matching the m(DK) value of each event to

the associated weight.

The samples used to obtain the weights were generated for the partially reconstructed
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B* — D®h* analysis [31]. The K*°(892) resonance dominates in the region of phase

space considered in this analysis, therefore this process has a minor effect.
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Figure 3.36: Simultaneous fit to weighted B? — D(K*® — K~7) MC in m(B) and Am.
2011-2018 samples are used, where all years are considered together.
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Figure 3.37: Simultaneous fit to weighted B? — D(K*® — K~7%) MC in Am and two
slices of m(B): the partially reconstructed Dz¥ slice on the left, and the D slice on the
right. 2011-2018 samples are used, where all years are considered together.

In the Dr° final state, the MC distribution of re-weighted B? — D(K*°(892) —
K~7") decays in m(DB) is parameterised by a Gaussian function; the Am sample
is described using the m(D*) — m(D) mass difference PDF. The simultaneous fit is
shown in For reconstruction in the D~ final state, the MC distribution in
the PR slice of m(B) is described using the sum of a Crystal Ball and a Gaussian
function; the Am sample is parameterised using the m(D*) — m(D) mass difference

function; the FR slice of m(B) is parameterised by a Crystal Ball. The simultaneous



3. Selection and parameterisation of B* — (D* — Dr°/y)h® decays 102

fit is shown in |Fig. 3.37, The shape parameters measured on simulation enter as
fixed terms in the invariant-mass fits to data, and are shared across the GLW and

ADS modes in the D*K sub-sample.

3.3.4 Partially reconstructed backgrounds

Partially reconstructed decays contain a true D*? or charged D*¥ candidate. A charged
or neutral pion, either the decay product of the D* or an associated companion particle,

has been missed in the final state. The decays considered in this category and their

associated PDFs are summarised in [Iab. 3.10; more details are given below.

Reconstructed as D7 Reconstructed as Dy
Decay
m(B) Am m(B)pr | Am | m(B)pr

B — (D* — Dr%)h*r fe fe fea fe fe

B — (D* — Dy)h*r - - fe fe foce
B) = (D* — D) K~ 7" fes+ fa Ipes fes Ipce -

BY = (D* — Dy)K—n* - - - fo-p | [pce
Mis-reco. BY — (D*® — Dr%)K 7™ fa focs fa Jp—p fa
Mis-reco. BY — (D*® — Dy)K—n+ fa foes fa Jp+—p fe

Table 3.10: Summary of PDFs used to parameterise partially-reconstructed decay modes,
where fp«_p represents the m(D*) — m(D) mass difference function defined in
fop represents the Crystal Ball function defined in fpcp represents the double
Crystal Ball function defined in and fg represents a Gaussian function.

B — D*h*m decays

Decays of the kind B — D*h*rm end up in the Dn® (D7) data tuples when the
pion produced along with the companion hadron, h is not reconstructed. If the
decay contains a neutral D* meson, the D* candidate is either fully reconstructed
or the neutral particle is missed, in which case a neutral pion (photon) from the

underlying event is combined with the D to make a fake D* candidate. If the decay
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contains a D*T meson, the charged pion in the D*T decay is not reconstructed and
a neutral pion (photon) from the underlying event is combined with the D meson
to make a fake D* candidate.

There are several decays that contribute to the low-mass B — D*h*m component:
B = (D* — DiOh*r0, B* — (D* — Dy)h*®, BY — (D*F — Dx¥)h*no,
BY - (D* — Dr%)h*xT and BY - (D* — Dv)h*nT decays. The corresponding
branching fractions for decays containing the p(770) and K*(892) resonances (which

dominate the phase space considered) are given below:

B(B* — D*p*) = (9.8 £1.7) x 107* (3.37)
B(BY — D*Fp*) = (6.8 +0.9) x 1073 (3.38)
B(B° — D) < 5.1 x 1074 (3.39)
B(B* — D*K**) = (8.14+14)x 10™* (3.40)
B(BY = D'FK**) = (3.3 4 0.6) x 10~ (3.41)
B(BY — DK*) < 6.9 x 1075, (3.42)

where the hadronic parameters for these decay modes have not yet been measured.
Neutral D*® mesons decay to the via Dr® ~ 65% of the time and via D~y ~ 35% of

the time; the branching fraction for charged D** decays is of a similar size:
B(D*F — D°7%) = (67.7 4+ 0.5) x 1072 (3.43)

As for the mis-reconstructed B — Dh*m component, decays originating from a B°
meson dominate in the D*r ADS mode when Cabibbo-favoured B® — (D** —
[K*7~|prt)rTn~ decays are reconstructed with the 7~ as the companion.
To obtain PDFs for this component, decays where the D* meson decays to a D
meson and a charged or neutral pion are modelled using B* — (D* — D7%)(p* —
+70) MC; decays where the D* meson decays to a D meson and a photon are modelled
using BT — (D* — Dv)(p* — n57%) MC. The PDF parameters measured from fits
to MC (documented below) are shared across all decay modes in the invariant-mass

fits to data, except in the D*mr ADS mode. In this sub-sample, freedom is given to the
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means and widths of the distributions to accommodate any phase-space differences
from the dominance of mis-reconstructed favoured mode B° decays.

For events reconstructed in the Dr final state, the selection efficiency of B* —
(D* — D~y)p* decays is ~ 10 times smaller than that of B — (D* — D7%)p* decays,
therefore the B — D*h*71 component is modelled entirely on the latter. Gaussian
PDFs parameterise both the m(B) and Am distributions for B* — (D* — Dz0)p*
decays, as depicted in [Fig. 3.38, There is no peaking component in the Am distribution
due to the box cut on the m(B) variable, as can be seen in the 2D distribution of

Fig. 3.40; the selection window cuts out the resonance from true D** candidates.
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Figure 3.38: Simultaneous fit to B* — (D* — Dr%)(p* — 77 MC in m(B) and Am.
2011-2018 samples are used, where all years are considered together.

For events reconstructed in the D~ final state, two PDFs are modelled: decays
in which the D* meson decays to a D meson and a pion, and decays in which the
D* meson decays to a D meson and a photon. For the former component, the MC
distributions of B* — (D* — Dn%)p* decays in Am and both slices of m(B) are
parameterised by Gaussian functions. For the latter component, the MC distributions
of B* — (D* — Dv)p* decays in Am and the PR slice of m(B) are parameterised
by Gaussian functions; the FR slice of m(B) is modelled using the sum of two Crystal
Balls. Again, illustrates how the box cuts remove any peaking component

due to true D* mesons from the Am samples. The simultaneous fits are shown in
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Figure 3.39: Simultaneous fits to B* — (D* — Dr%)(p™ — 77%) MC at the top and
B* — (D* — D7)(p* — nt71%) MC at the bottom, using the Am distributions and two
slices of m(B): the partially reconstructed Dr¥ slices are depicted on the left, and the D~y
slices are on the right. 2011-2018 samples are used, where all years are considered together.

Fig. 3.39, In the fit data, these two components are combined into a single PDF by
fixing the fraction of each using the relative selection efficiencies, given in[Tab. 3.7}

and the branching fractions of the contributing decay modes.
B? — D**K~wt decays

B? — D**K~7" decays form a prominent background in the D*K ADS category
because Cabibbo-favoured D° — K~7t decays are produced with an oppositely-
charged kaon companion, giving them the same signature as suppressed mode signal
candidates. These decays are also considered in the D* K GLW modes, with reduced
contributions in line with the lower D branching fractions; the contribution to the
favoured mode is considered negligible. This background is not included in the D*xr
sub-sample as the reduction in B mass when the companion kaon is not reconstructed

pushes the contribution below the invariant mass range considered.
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Figure 3.40: 2D distributions, m(B) vs. Am, of B* — D*(p* — 7 7%): (a) displays generated
D* —Dr° decays reconstructed in the D7 final state; (b) displays generated D* — Dz decays
reconstructed in the D~ final state; (c¢) displays generated D* — D~y decays reconstructed in the
D~ final state. The vertical (horizontal) rectangles encompass the MC included in the Am (m(B))
samples, where the box efficiencies are printed as a reference. The Pearson correlation coefficients, p,
of the 2D mass distributions are also given.
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B? — D**K~n* decays are split into the five separate D* reconstruction categories

listed below:
1. Fully reconstructed B? — (D*® — Dvy)K~nt decays.
2. Fully reconstructed B? — (D*® — Dr%) K~ 7" decays.

3. Partially reconstructed B? — (D** — Dz%)K~7n" decays, where only one

photon from the 7° decay has been detected.

4. Mis-reconstructed BY — (D** — D~)K 7" decays, where the D meson has

been combined with a neutral particle from the underlying event.

5. Mis-reconstructed B? — (D*® — Dr%) K" decays, where the D meson has

been combined with a neutral particle from the underlying event.

Categories 2, 4 & 5 are considered in the invariant-mass fit to data reconstructed in
the D7 final state. Categories 1, 3, 4 & 5 are considered in the invariant-mass fit
to data reconstructed in the D~ final state. In this way, modelling doesn’t rely on
simulation samples having the correct proportion of mis- and correctly reconstructed
D* mesons, and the B? decay modes are handled identically to fully, partially and
mis-reconstructed B*¥ — D*h* decays (i.e. signal).

The majority of true D* mesons in categories 1, 2, & 3 are removed from the Am
sample due to the m(B) mass window cut, as for B — D*h*m decays. However, due
to the higher B? mass, (5366.88 4 0.14) MeV/c?, some true D* candidates do end up
in the Am sample, as can be seen in the 2D distributions of [Fig. 3.41] Therefore,
unlike partially reconstructed B — D*h*m decays, B? — D**K~nt decays have
peaking components in Am. The shape of each distribution in this mass sample is
determined by D* decay kinematics, which are shared between the corresponding
categories of signal and B? decays. The Am PDF for each D* decay category is
therefore shared with the corresponding B* — D*h* component, as these MC
samples have significantly higher statistics. The power of the D1D method is evident

here, as these peaking BY components sit dangerously under the signal peaks in
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Figure 3.41: 2D distributions, m(B) vs. Am, of B — D*K~rT simulation: (a) displays generated
D* —Dr° decays reconstructed in the D7 final state; (b) displays generated D* — Dz decays
reconstructed in the D~ final state; (c¢) displays generated D* — D~y decays reconstructed in the
D~ final state. The vertical (horizontal) rectangles encompass the MC included in the Am (m(B))
samples, where the box efficiencies are printed as a reference. The Pearson correlation coefficients, p,
of the 2D mass distributions are also given.
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Am. Their yields in the invariant-mass fits to data, however, are constrained by
the corresponding B mass distributions, which are displaced to low mass due to

their partially reconstructed nature.

Simulation samples are needed to model the B mass distributions of B — D*K 7"
decays. Taking the ratio of resonance contributions to the Km phase space from
the amplitude analysis of B — DYK~7" decays [88], 60% of the phase space is
occupied by the K*(892) resonance and 40% by the K*(1430) resonance. The
phase space considered in this analysis sits in the far-right corner of the Dalitz plane,
excluding ~ 50% of the K*°(1430). The B? — D**K~ 7" samples used to model the
B mass distributions for categories 1, 2 & 3 are therefore hybrid simulation samples,
consisting of (80 + 10)% BY — D**(K*°(892) — K~n") decays and (20 + 10)%
BY — D**K~7™ decays generated over a flat, square Dalitz space. The K*°(1430)
resonance forms a broad peak, with a natural width of 270 MeV/c?, so its contribution
to the distribution in the far corner of the Dalitz plot is approximated with the phase
space generation. The box efficiencies given in [Tab. 3.5 used to partition the total
component yield between the simultaneous mass samples, are also calculated using this
hybrid dataset. The +10% uncertainties assigned to the resonance contributions are

used when evaluating the systematic error associated with this component in

Mis-reconstructed decays, described by categories 4 & 5, are modelled using BY —
D*(K*°(892) — K~m") MC; the phase space MC is generated with D* — D~ and
D* — D7° decays in the same sample, so that mis-reconstructed decays of each kind
are indistinguishable from each other. Seeing as these mis-reconstructed samples have
lower selection efficiencies and do not peak in D* mass, this does not pose a problem

for the analysis. A systematic uncertainty to account for this is described in

For events reconstructed in the Dx final state, the B mass PDFs are determined
by performing invariant-mass fits to simulation samples of fully and mis- reconstructed
BY — (D* — D%7%)K—nt decays, alongside mis-reconstructed B? — (D*0 —
DY%)K~ 7" decays. The fully reconstructed sample is modelled using the sum of a

Crystal Ball and an offset Gaussian, where as both the mis-reconstructed D7° and
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D~ samples are modelled using Gaussian functions; the fits are shown in [Fig. 3.42|
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Figure 3.42: Fits to the m(B) distributions of candidates reconstructed in the D7 final
state for fully reconstructed B? — (D*¥ — D%7®)K~—n*t MC in (a), mis-reconstructed
BY — (D* — D79 K~—7+ MC in (b) and mis-reconstructed B? — (D* — DY%)K 7
MC in (c).

The line shapes for the three D* decay categories considered in the D7 final
state are then combined into a single B? — D**K 7" component. The two mis-
reconstructed PDFs are first combined, where the relative fraction of each is fixed

using selection efficiencies, given in and D* branching fractions, given by

IEgs. (1.8)and [(1.9)l The total mis-reconstructed component is then combined with

the fully reconstructed D* — Dz® PDF; the fraction of each, i.e. the amount of
mis- to fully reconstructed D* decays, is shared with the relative amount of mis- to
fully reconstructed B* — D*h* decays in the favoured mode. Relative efficiency
differences, dominated by differences in box efficiencies, are accounted for.

For B? events reconstructed in the D final state, the B mass PDFs are determined
by performing invariant-mass fits to simulation samples of fully and mis-reconstructed
BY — (D*® — D%)K~n* decays, and partially and mis-reconstructed B — (D*0 —
D70 K—r* decays. Fully reconstructed B? — (D*® — D%y)K~ 7" decays have a
negligible efficiency when reconstructed in the PR slice of m(B), therefore a 1D fit
using the sum of two Crystal Balls is performed only to the FR slice of m(B) for
this component. Similarly, partially reconstructed B? — (D*® — D7) K~—n" decays
have a negligible efficiency when reconstructed in the FR slice of m(B), therefore a

1D fit using a Crystal Ball function is performed only to the PR slice of m(B) for
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Figure 3.43: Fits to candidates reconstructed in the D~ final state. Partially reconstructed
BY — (D** — D%7%)K~7T MC in the PR slice of m(B) is shown in (a); fully reconstructed
BY - (D*® — D%)K~7" MC in the FR slice of m(B) is shown in (b).

this component. These fits are shown in |Fig. 3.43| For the mis-reconstructed samples,
simultaneous fits are performed to the FR and PR slices of m(B) simultaneously;
the distributions are modelled using Gaussian functions. The mis-reconstructed

D* — D7% and D* — D~ distributions are very similar, therefore a single example is

given for mis-reconstructed B? — (D*® — D7%) K~ decays in [Fig. 3.44]

L L =
g ¥ (b) | 2 (a)
g 10 2 20) |
g § | | E 15 II" |
Z s i E Mg
il 10| "I I|.|‘l
4 |A| | ||| I I | i
ki i ! |
|uﬁ|| I LW H It
5%50 5100 5150 5200 52ISO 'JF 5400 5450 5500 50 5100 5150 5200 5250 5300 5350 --- 5500
m(B) (MeV/c?) m(B) (MeV/c?)

4 4
g, ' O
3 Oﬁl 4H||“HII,J|H"| i |1H ”ﬂl" w3 °[RV||1|i”|lm\lth|1||1r””'HLIHh"ﬂhulluuhdlhﬂnm|L|1’mHH|""'”'“”“
e B |

5050 5100 5150 5200 5250 5300 5350 5400 5450 5500 5050 5100 5150 5200 5250 5300 5350 5400 5450 5500

Figure 3.44: Simultaneous fits to the PR slice of m(B), (a), and the FR slice of m(B), (b),
for BY — (D*0 — D% K*0 MC mis-reconstructed in the D final state.

The PDFs of the four D* decay categories considered in the D~ final state are

then combined into a single BY — D**K~7" component. The fully reconstructed D~y
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and partially-reconstructed D7® PDFs are first combined, where the relative fraction
of each is shared with the relative amount of fully to partially reconstructed signal
decays in the favoured mode. The two mis-reconstructed PDFs are also combined,
where the relative fraction of each is fixed using selection efficiencies and D* branching
fractions. The two composite PDFs are then used to build a total B — D**K 7t
PDF'; the proportion of each, i.e. the fraction of mis- to correctly reconstructed
D* decays, is shared with the relative amount of mis- to correctly reconstructed
B* — D*h* decays. Relative efficiency differences, again dominated by differences

in box efficiencies, are accounted for.

3.3.5 Mis-identified decays

Events with a pion companion end up in the B¥ — D*K¥* sub-sample at a rate
(1 — €%;p), and events with a kaon companion end up in the B — D*r sub-
sample at a rate (1 — €5,,), where the PID efficiencies are given in [Sec. 3.1.6]
Mis-identified decays must therefore be accounted for and are modelled for each
component in the invariant-mass fits using simulation samples that have been assigned
the incorrect companion mass hypothesis. When pions are mis-identified as kaons,
the reconstructed B invariant mass is shifted upwards; when kaons are mis-identified
as pions, the reconstructed B invariant mass is shifted downwards. This effect is
illustrated in [Fig. 3.45] which shows the 2D distributions of mis-identified B* —
(D* = [K*7F]pr®)7® and B — (D* — [K*7T|pn®) K+ simulation samples. This
means that box efficiencies, €,,,, and consequently ¢, are very different for correctly
identified and mis-identified decays. The yields of mis-identified components are
therefore fixed to be (1 — ¢k, ) x (eMis ID /Correct ID) the gize of the associated correctly
identified yields, where h € (m, K).

Mis-identified components are included in the invariant-mass fits to data for
the signal modes and all favoured mode backgrounds. A summary of the PDFs

used to parameterise each decay mode are given in [Tabs. 3.11] and [3.12] Notably,

partially reconstructed B — D*r*rm decays reconstructed in the D*K sub-sample
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Figure 3.45: The 2D distribution, m(B) vs. Am, of B¥ — (D* — [K*¥aT|pr)r*
reconstructed in the D* K sub-sample is depicted on the LHS; B¥ — (D* — [K*7T]pn0)K*
decays reconstructed in the D*7 sub-sample are shown on the RHS. The vertical (horizontal)
rectangles encompass events included in the Am (m(B)) sample, where the box efficiencies
are printed as a reference. The efficiencies match up to those list in [ITab. 3.5 The Pearson
correlation coefficients, p, of the 2D mass distributions are also given.

have a peaking component in Am, modelled by the sum of two CBs, as the upwards
shift in B mass pushes true D* mesons into the m(B) box window. On the other
hand, partially reconstructed B — D*K*r decays are shifted below the invariant
mass range of the fit when the kaon is mis-identified as a pion, therefore these

components are not modelled.

Reconstructed as D Reconstructed as Dy
Decay
m(B) Am m(B)pr Am m(B)rr
B* — (D* = Dn%)7n* as D'K foes fpcs focs fpca fen
Bt — (D* — Dy)rt as D*K - - - fpes fpos
Mis-reco. B* — (D* — Dn%)n* as D*K | fop fo—p fes fo—p fa+ fa+ fes
Mis-reco. B* — (D* — Dy)r* as D*K | fq fa fes fp—p fen
BY = (D*F — Dn¥)n* as D*K fe Jfp-p fes Jp-p fes
B — Drn*mas D*K fa fp-p fon Ip-p fen
B — D*r*r as D*K fes | fo—p+ fpes fa fo—p + fpce fes + fa

Table 3.11: Summary of PDFs used to parameterise decay modes with a companion pion
mis-identified as a kaon.

Simultaneous fits to mis-identified D7® signal simulation are given as an example
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Reconstructed as D Reconstructed as Dy
Decay
m(B) Am m(B)pr | Am m(B)rr
B* — (D* — Dn°)K* as D*r fes+ fa fpcs foce | fpce fes
B* — (D* — Dy)K* as D*& - - - fpce fpce
Mis-reco. B¥ — (D* — Dr%)K* as D*x fes fo—p fes fo—p | fa+ fa+ feB

Mis-reco. B* — (D* — Dy)K®* as D*w fa fp—p fa fo—p fen
BY = (D*F — DrT)K* as D*r fa fo—p fes fen fa

B — DK*r as D*r fa fo—p fes fes fen
B — D*K*1 as D*r - - - - .

Table 3.12: Summary of PDFs used to parameterise decay modes with a companion kaon

mis-identified as a pion.

in [Fig. 3.46 B* — (D* — [K*#F]p7r®)7® decays reconstructed in the (Dn%) K sub-

sample are shown on the top, and B* — (D* — [K*7T|p7r?) K* decays reconstructed

in the (D7%)m sub-sample are shown on the bottom.

3.3.6 Combinatorial background

There are three distinct sources of combinatorial background that have been considered

in this thesis:

1. Charmless backgrounds, of the form B — hhhX. Due to the narrow region

of Am phase space that this analysis is conducted in, there are no peaking

charmless backgrounds. The small number of charmless events that are present

fall harmlessly into the background PDFs already defined.

2. Neutral combinatorial, where correctly reconstructed Dh decays are combined

with a neutral particle from the underlying event. Events of this kind are labelled

mis-reconstructed B¥ — D*h* decays and have already been accounted for in

bec, 3.3.3

3. Charged combinatorial, where the correct neutral D* meson is reconstructed
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Figure 3.46: The simultaneous fit to the m(B) and Am distributions of B* — (D* —
[KEaF]pn0)nt decays reconstructed in the (D7°)K sub-sample is depicted in the top two
plots. The simultaneous fit for B* — (D* — [K=7F]p7?) K+ decays reconstructed in the
(D7%)m sub-sample is shown in the bottom two plots.

and combined with a random track, or a D meson is combined with a neutral
particle from the underlying event and a random track. Events of this kind will

be considered here.

By nature, combinatorial backgrounds formed from the combination of a true D*
meson, or a D meson combined with a neutral particle from the underlying event, and
a random track are non peaking in B mass. Their shape will also not be exponential
due to the removal of events far out to the left and right hand sides of the fit (with the
4900 MeV/c? < m(Dh) < 5200 MeV/c? mass window cut). These events are therefore
modelled with a wide Gaussian in m(B), with mean 5200 4= 100 MeV/c? and width
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300 4 100 MeV/c?. These parameters are fixed in the invariant-mass fits to data and
varied within the given errors as a source of systematic uncertainty.

In the Am sample, combinatorial events share peaking and flat backgrounds with
fully and mis-reconstructed B* — D*h* decays, respectively representing events with
true and fake D* candidates; the proportion of these PDFs is then constrained by the
same ratio in signal decays. For the fit to data reconstructed in the D~ final state, the
proportion of combinatorial events sitting under the partially-reconstructed D7° peak,
with respect to the fully-reconstructed D~ peak, is also constrained by the relative size
of these components in signal decays. The justification for these shared fractions is that
the well constrained ratios in the signal modes represent the proportion of D* mesons
that are reconstructed as either Dr¥ or D~ candidates, or are mis-reconstructed, and
therefore can be shared with any events containing D* candidates.

The associated box efficiencies, used to split the total combinatorial yield in each
fit category into the different mass samples, are estimated using the PDF shapes
described. In B mass, this amounts to integrating the wide Gaussian over the box cut
range. In Am, the efficiencies are calculated from a normalised sum of the efficiencies
for fully and mis-reconstructed B* — D*h* decays, where the relative proportion

of each component is taken into account.

3.3.7 Crossfeed

Favoured B* — (D* — [K*7F]pn®/~)h* decays occur at a much higher rate than

their suppressed ADS mode counterparts due to the suppression factors 2" and

rp, as can be seen from the rate equations given by [Egs. (1.23)| to|(1.26). This is

most prominent in the B* — D*r* modes, which have a smaller amplitude ratio
rB"™. When both D decay products are mis-identified (7 — K and K — 7), favoured
mode candidates end up in the ADS mode samples. This effect would dwarf the
ADS mode signal if it weren’t for three specific selection requirements implemented

to reduce the rate to the percentage level:

o The +25MeV/c* D mass window cut, which has a 97% efficiency when applied
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to correctly identified decays and a lower efficiency for doubly misidentified

decays, as the latter form wider resonances.

e The D meson mass calculated when both the kaon and pion hypotheses are
swapped must lie outside a £15 MeV/c? mass window. This efficiently removes
favoured decays reconstructed in the ADS sample, which form the true D mass

distribution when reconstructed in this way; 93% of the ADS signal is retained.

e The PID requirements placed on the D decay products; pions must have a
ALLj/, value less than —2 (—1) in Run 1 (Run 2); kaons must have a ALLg /.
value greater than 2 (1) in Run 1 (Run 2).

These cuts are applied to both favoured and suppressed mode samples to ensure
that C'P observables are unaffected; it is assumed that their effect on both samples,
when correctly identified, is the same.

The efficiency of these requirements on correctly and doubly-misidentified D
decays was calculated for the 2-body B* — D™h* analysis [31] using simulation
samples of B¥ — [K*7T|pnT decays, reconstructed with the double swapped D
mass hypothesis. The PID efficiencies were evaluated using the LHCb software
PIDCalib, and the efficiencies of the D mass window cuts were determined using
smeared simulation samples to ensure accurate representation of data. The rate of
favoured mode crossfeed in the ADS sample, ecp, was then calculated by taking
the efficiency ratio of these requirements on doubly-misidentified events relative to
correctly identified events. Due to the different PID cuts applied to D decay products
in Run 1 and Run 2 data, separate measurements were made for each run. The

values quoted below are used directly in this work:

(5.344+0.27) x 10, in Run 1
ccr = _ (3.44)
(10.16 + 0.37) x 1075, in Run 2.

In the invariant-mass fits to data, these numbers are averaged using the relative
luminosity of each run. The yield of the favoured mode crossfeed in the ADS mode
is then fixed from the correctly identified favoured mode yield using this average

rate, in both the D*K and D*rm sub-samples.
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Reconstructed as Dr° Reconstructed as D~y
Decay
m(B) Am m(B)pr | Am | m(B)gr
B* = (D* = Dswapm)h* | fa fpcs fa Jpcs fe
B* — (D* — Dgsw apy)h* - - - foce fa

Table 3.13: Summary of PDFs used to parameterise favoured to ADS mode crossfeed, where
fop represents the Crystal Ball function defined in [Eq. (3.30), fpcp represents the double
Crystal Ball function defined in [Eq. (3.31)|and fg represents a Gaussian function.
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Figure 3.47: Simultaneous fit in Am and the FR slice of m(B) to BT — (D* — Dgw apy)h™
MC, where the D meson is reconstructed as if it were an ADS mode candidate with both
the kaon and pion mass hypothesis swapped. Both companion final states, h € (7, K) are
included to increase statistics; 2011-2018 samples are used, where all years are considered
together. It can be seen that the efficiency for reconstructing mass-swapped D~y signal in
the PR slice of m(B) is negligible by the low numbers of events in the left hand plot.

Double mis-identification of the D decay products results in wider invariant mass
distributions, therefore simultaneous fits to simulated favoured decays where both D
decay products are given the incorrect mass hypothesis are used to determine the
crossfeed PDFs. All selections are applied to the samples except D decay product
PID cuts, and the BDT cuts are loosened to increase statistics. D*m and D*K
samples are combined and all years considered together to ensure maximum statistics.
An associated crossfeed component is included for every peaking signal component:
the PDFs used to parameterise the mass samples are given in [Tab. 3.13. As an
example, the simultaneous fit to B* — (D* — Dgswapy)h® decays reconstructed

in the D~ final state is shown in [Fig. 3.47]
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3.3.8 Semi-leptonic backgrounds

Semi-leptonic backgrounds, for example B — D®u*y, have the potential to
infiltrate the D*m sub-sample when the neutrino is not reconstructed and the muon is
mis-identified as a pion. This mis-identification occurs due to the similar masses of the
two particles, making them harder to distinguish in the RICH detector (as is evident
in [Fig. 2.9). Decays of this kind are not explicitly modelled in the signal-extraction
fits, therefore events that are consistent with a muon hypothesis are removed from the
final data sample by requiring that the companion particle does not trigger the muon
line (isMuon==0). This binary decision tests whether the extrapolation of a long or
downstream track through the muon stations is consistent with a muon hypothesis.

In the D*r sub-sample, ~ 3% of background events sitting at low B mass are
removed by this cut. Decays in flight, when the companion hadron undergoes the
decay 7 — pFv, or K* — p*v, in the detector, are also removed. The rate of
decay in flight to muonic final states for pions and kaons is not equal, therefore the
efficiency of the isMuon cut differs for data in the D*m and D*K sub-samples. The

total, luminosity-averaged efficiencies for each signal decay mode are given below:

€isntuon(BE — (D* = D7) 71¥) = (99.21 £ 0.16)%

99.45 + 0.06)%

)

€isrtuon(BT — (D* — D7) K¥)
EisMuon(B:t — (D* — D’Y)/Ni)

)

( )
(98.05 & 0.26)%
( )
( )

EisMuon(Bi — (D* — D")/)Ki 99.10 £ 0.08 %,

where the quoted uncertainties are due to finite simulation sample sizes. Efficiency
differences between the two neutral final states are due to selection effects.

The efficiency of the isMuon==0 requirement for each decay mode has been included
when evaluating the offline selection efficiencies, €, given in [Sec. 3.2.4l This ensures
that the ratios Rﬁ;:’:ro/ 7 are calculated accurately. All other observables are ratios
with the companion particle common to the numerator and denominator and are
therefore unbiased by the cut (across all D decay modes, the same proportion of

signal events will be removed from each category of the fit).



Measurement of C'P observables

In this chapter, measurements of CP observables are made using the signal extraction
fits to data reconstructed in the Dy and D7° final states. This chapter builds on the
D1D method detailed in of the previous chapter; the full setup of the CP
fits are detailed in [Sec. 4.1 The raw fit results are given in [Sec. 4.2} fit stability is
demonstrated in the observables are corrected for the double counting of
events in [Sec. 4.4 systematic uncertainties are evaluated in [Sec. 4.5 The final results

are presented in and validated using comparisons with previous measurements.

4.1 CP fit setup

In order to measure the C'P observables given by [Eqgs. (1.31)|to((1.37)} binned extended

maximum-likelihood fits are performed. The fit to data reconstructed in the Dm®°
final state is simultaneous across Am and m(B); the fit to data reconstructed in
the D~ final state is simultaneous across Am and 2 slices of m(B). For details
on how the datasets are split into these separate mass samples, please refer to
[Sec. 3.2.2 The invariant-mass fits are also simultaneous across the following 16
categories: (D*m, D*K) x (BY,B™) x (Km, KK,7nm,7K). Candidates considered
in the D*K and D*r sub-samples are separated using a binary PID cut to ensure

statistical independence. Candidates whose companion hadron has a ALLg/, value

120
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less than 12 are reconstructed as D*m, whilst those with a ALLg/, value greater
than 12 are reconstructed as D*K.

A total simultaneous PDF describing the data distribution in each category is
formed by combining the individual line shapes described in [Sec. 3.3 Signal yields
are expressed in terms of the C'P parameters of interest , and are allowed

to vary freely. The log-likelihood estimator to be maximised is therefore:

—Inl = Z_ln‘cc(leow70; em(B);eAmaNC)u (41)

which is a sum over all categories, ¢, of the D1D log-likelihood function, L., defined
by . Here, N are the set of measured yields within a given categorys;
0 are the set of variables that parameterise the distribution, including the desired
observables; €,(p) and €an, are sets of box efficiencies and IN¢ are the observed
per-bin yields within a given category.

Data samples spanning all years (2011-2018), summed over magnet polarity, are
included. In the D7° case, a bin width of 10 (1) MeV/c? is used over the range
5050 — 5450 (136 — 190) MeV/c? in m(B) (Am), resulting in 40 + 54 = 94 bins per
category, and 640 + 848 = 1504 bins in total. In the D~ case, a bin width of 10
(2) MeV/c? is used over the range 5050—5500 (60—190) MeV/c? in m(B) (Am), resulting
in 45 4 75 + 45 = 165 bins per category, and 720 + 1200 4 720 = 2640 bins in total.

4.1.1 Production and detection asymmetry corrections

Raw charge asymmetries, given by [Eq. (4.2)] must be corrected for sources of

experimental asymmetry in order to measure C'P asymmetries:

N-—N*

Arawzi-
N—+ N+

(4.2)
Here, N* and N~ are the B™ and B~ yields, respectively.

B* production asymmetry

Effective values for the B¥ production asymmetry, Ag+, are measured in the D7° and

D~ invariant mass fits. This is achieved by fixing the favoured mode asymmetries,
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Aff”’“om, thereby releasing a degree of freedom for Ag+ to float. Afr(””ro is fixed to

zero with asymmetric uncertainties Ofg:gg%; Aff’w is fixed to zero with asymmetric

uncertainties 0+8:8§ZZ. The given uncertainties cover the possible range of C'P

asymmetry, calculated using the latest LHCb measurement of v [23] and World-
averaged values of hadronic parameters [40]. The effective production asymmetries

are measured to be:

o Ap+ = (—0.008 + 0.005)% using the Dr® invariant-mass fit.

o Ap+ = (4+0.005 £ 0.003)% using the D~ invariant-mass fit.

where the quoted uncertainties are statistical. These measurements cannot be
considered main results of the analysis as the data samples include other species of
B hadron. This is also the reason for measuring the asymmetry separately for the
two D* decay samples: differences in data selection requirements result in different
rates of each B hadron species in the invariant mass spectrum. The measurements

are, however, consistent within 2.
Kaon and pion detection asymmetries

The detection asymmetry for a K7~ pair was reported in the LHCb paper dedicated
to measuring the B* production asymmetry [89]. The measurement was made in bins
of BT momentum and pseudorapidity using Run 1 data. Averaging these results over

2011 and 2012 data, and across all kinematic bins, results in the detection asymmetry:
Ak = (—0.960 £ 0.080)%, (4.3)

where the quoted uncertainty combines both statistical and systematic uncertainties.
The 2-body B* — D™ h* analysis corrected this uncertainty for an extension of the
measurement to Run 2 data [31]. This was achieved by comparing the kinematic
distributions of the companion hadron and D decay products for data collected during
Run 1 and Run 2. Conservatively, assuming the observed deviation in kinematics

translated to the same change in Ak, the correction was evaluated to be:

Agr = (—0.960 = 0.134)%. (4.4)
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This value is used directly in this work and enters as a fixed parameter in the
invariant-mass fits to correct the raw asymmetries of modes containing a K7~ pair.

For the detection asymmetry of kaons in isolation, A, must itself be corrected
for the pion detection asymmetry, A,. This quantity was also measured for Run 1

data, in bins of (pr,7), in Ref. [89]. Averaging the results over kinematic bins yields:
A, = (—0.064 £ 0.018)%, (4.5)

where the quoted uncertainty combines both statistical and systematic uncertainties.
The pion asymmetry is also assumed to apply to Run 2, assigning a larger uncertainty
of 0.019% to account for kinematic differences of the D decay products and the
companion hadron [31].

Modes containing a net non-zero number of kaons in isolation are correct by a
factor of Ax = Ak, + A,. Modes containing a net non-zero number of pions in
isolation are corrected by a factor of A,. All corrections are varied within the given

uncertainties in order to determine the associated systematic uncertainties.
LO hadron trigger asymmetry

An additional kaon asymmetry for candidates that are required to trigger LOHadron
must also be considered. K~ mesons have a larger nuclear interaction cross section
than K mesons, therefore are preferentially absorbed by detector material. This
means that a higher proportion of positive kaons may reach the hadronic calorimeter
and trigger the LOHadron line.

This effect was quantified in the 2-body B* — D®h* analysis [31]. Fits
to selected candidates were performed in two categories: candidates passing the
LO_HadronDecision TOS trigger line, and candidates passing the LO_Global TIS
line but not LO_HadronDecision_T0S. The measured difference in B* production

asymmetry between these two data samples was measured to be:
§Ap+ = Ap+(TOS) — Ap+(TIS) = (—2.54 4+ 1.19) x 107,

which represents the L0 hadron trigger asymmetry in a sample of purely LOHadron

candidates. This choice is justified by the fact that Ag+ was determined by the
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* mode, which contains a net non-zero

asymmetry in the favoured B* — [K*n¥|pr
number of kaons but net zero pions.

The percentage of LOHadron candidates in the final datasets that enter the invariant-
mass fits of this analysis are 79.4% for data reconstructed in the Dz° final state, and
73.5% for data reconstructed in the D~ final state. The effective additional kaon
asymmetries due to the LOHadron trigger are therefore (—2.01 & 0.94) x 1072 and
(—1.87 £ 0.88) x 1073, respectively. These values are added to the value of Ag, given
above, and varied when evaluating systematic uncertainties.

Definition of asymmetry observables in terms of raw asymmetry and
associated corrections

The raw asymmetries in [Eq. (4.2)l must be corrected for the different sources of
detection and production asymmetries listed above. The formulae used in the fit to

convert raw asymmetries to the measured observables are therefore:

Ap+ = Araw(B+ - HK+7T7]D7TO/7]D*7T+) - Afrﬁ — A — Az (4‘6)

AII?T = Araw(B+ — HK+7T7]D7TO/7]D*K+) - AB+ - AK“' - (AK” + A"') (47>

ARE = Ao (BT = [[KK]pm® /y]pent) = Ap+ — Ax (4.8)
ARN = Aww(BY = [[KK]pn®/4]p-KT)  — Ap+ — (Akr + Ax) (4.9)
A™ = Ao (BT — [[r7]p7° /7] ™) — Ap+ — A, (4.10)
ATT = A (BT — [[n7]pn®/A]p-KT)  — Aps+ — (Agr +A;)  (4.11)
A™ = Ao (BY = [T K7 pm° /] pent) — Apt + Ay — Ax (4.12)

AR = A (BT = [[7" K7 |pn° /4] KF) = Ap+ + Agn — (Agr + Az). (413

Here, the — Ay, factors correct for the detection asymmetry of a K7~ pair, and
+Agr for a K—7t pair. Factors of —A, correct for the pion detection asymmetry,

and the —(Ag, + A;) = —Ag factors correct for the kaon detection asymmetry.
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Equivalent expressions for B~ decays are obtained by changing the sign of the Ag+,
Akr, Ar, and (Ag, + Ay) terms.

Different factors are assigned for each final state, with the following reasoning:

e Ap+: K7t pair from D is assigned a factor —Ag,, and the companion 7~ a

factor —A..

o AE™ K—7" pair from D is assigned a factor —Ag,, and the companion K~ a
factor —(Agk, + Ay), where A, is added in order to isolate the kaon detection

asymmetry Ag.

o ABK and A™™: the D decay has zero net kaons and pions and thus is assigned

no factor. A factor —A, is assigned to the 7~ companion hadron.

o ARK and AFF: the D decay has zero net kaons and pions and thus is assigned

no factor. A factor —(Ag. + A,) is assigned to the K~ companion hadron.

o A™: KT~ pair from D is assigned a factor +Ag,, and the companion 7~ a

factor —A,.

o ATE: K*7~ pair from D is assigned a factor +Ag,, and the companion K~ a

factor —(Agr + Ar).

4.1.2 Difference in CP asymmetry between KK and w7 de-
cays

CP violation in charm decays was observed by LHCb in 2019 [15]; in this work,
asymmetry observables measured across the K K and 77 final states are corrected for
differences in CP violating effects using these results. The difference in CP asymmetry

between D° — K+*K~ and D° — 777~ decays was found to be:
AAcp = Acp(D° — KK) — Acp(D° — 7mr) = (=154 £2.9) x 107 (4.14)

CP asymmetries for the K K and 7r final states are therefore defined separately, in
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: cP.n0/y )
terms of the desired observable A, and AAgp:

AA

AgPﬂTO/’Y(KK) — Agpﬂro/'y + % (415)
AA

Agp77r0/’y(’ﬂ'7r) — Agpyﬂ—o/’y — % (416>

This makes no assumption about the values of the individual CP asymmetries,
Acp(D® — KK) or Acp(D° — 7r), by splitting the AAcp correction equally across
both modes. A systematic uncertainty is assigned to this correction by varying it

within the measured uncertainty.

4.1.3 Yield parameterisation

The component yields that pass the box cuts within each category, N2 . do not

box
all enter the fit as floating parameters. Instead, there are inter-category relations
between yields in order to extract the parameters of interest; this parameterisation
is described below.

The total yield of each component, for a given combination of companion particle,

D decay mode and D* final state, is defined as the sum of the B yield (NT)
and the B~ yield (N7):

Ntot:N++N7~ (417)

In practice, this is achieved by defining the split by charge yields in terms of the

total yield, summed over B charge, and the specific decay mode asymmetry, AZ?) W
D

given by [Eqs. (4.7)| to |(4.13), Here, hphy, represent the D decay products and

hp the companion particle:

_ Ntot
NT=—2x(1 +A2§h,D) (4.18)
N
Nt = 2” x (1 — AZihg)' (4.19)

The BY/B~ yields are themselves calculated by summing correctly identified

candidates (N2, ;) and mis-identified candidates (NZ.p):

Ni = NtfueID + Nrﬁile? (42())
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which is implemented by parameterising the correctly and mis-identified yields in

the following way:

NE p(B* = D*n%) = €5, x N¥*(B* = D*n?%) (4.21)
N o(B* = D) = (1 — €5,p) x N¥(B* — D*n*)

X epsID/truelD (gt _y prp) (4.22)

NE o(B* = D*K*) =€, x N*(B* — D*K®) (4.23)
Ni o(B* = D*K*) = (1—€8,,) x N5(B* = D*K¥)

x episID/truelD gy pyx ey (4.24)

isID /truelD : : : o ,
where esIP/tnelD (g, DrpE) s the ratio of selection efficiencies for the mis-

identified B* — D*h* component, compared to the correctly identified B* — D*h*
component.

Further relations are dependent on the D decay mode. The yields N;(B* —
(D* — [K*nE]pr?/y)7%), Ni(BE — (D* — [KEK*|pn®/v)7%) and Ny (B* —
(D* — [rt7E]|pr®/y)n*) float freely in both invariant-mass fits. All other yields are

defined in terms of these, and the ratios of interest:

e The summed over charged favoured mode D*K yields are defined in terms of

the summed over charge favoured mode D*7 yields in order to measure the

, where the efficiency correction Rfi};’;i)/ 7 will be explained

floating ratio Rg;mo/ 7

™
in [Sec. 3.2.4

Nit(BE — (D* — [K*rE]pr® /) KF) =
(4.25)

Y 7r,7r0 *
Rﬁ/;r M« RffK/ﬂ)M X Nyot(BE = (D* = [K*r¥]pn®/y)n).

o The summer over charge D*K yields in the CP modes are defined in terms of
the equivalent summed over charge D*7 yields and the observables R¢" w0/,
Nit(BT = (D* — [K*K*|pr®/7)K*) =
ROPZI X RITT X Niy(BE — (D = [K* K¥]pn® /7))
Nit(B* = (D" — [r* 7| pr® /1) K) = 20

REP™ /7 « R?;:rﬂo/7 X Ntot(Bi — (D" — [Wiﬂi]DWO/V)Wi)'
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e The suppressed mode yields are defined split by charge so that the yield in
the D*h* category, h € (m, K), is parameterised in terms of the corresponding

favoured mode yield and the observable R;er o/ 7

N*(B* =(D* — [7*K*]pn/y)h*) =
o (4.27)
RyE™/7 x N¥(B* — (D — [KErt]pr®/7)h®).

4.1.4 Efficiency corrections
. Km0 Ky . .
The ratios R, I and Ry, /» must be corrected to account for any efficiency difference

between B* —D*nt and B¥ —D*K¥* decays. Corrections of the form:

RKﬂ'JrO/'y o Etot(Bi — (D* — [KiW:F]DWO/’Y)Ki) (4 28)
U/m) T e (BE o (D" = [KEnt]pmdj)nt) |

are therefore applied to B¥ —D*K* yields, defined with respect to B*¥ —D*7*, in the

data fit. Here, ¢;,; represents the signal mode selection efficiencies, given in [lab. 3.6

4.1.5 Summary of fit components

Component yields in each decay mode are parameterised in term of CP parameters,
as described in [Sec. 4.1.3 The potential of each decay to violate C'P is discussed
here but in the invariant-mass fits to data any decays involving B* mesons are given
the freedom to do so. A summary of the parameter values assigned for the various
physics decay modes and details of what is fixed/floated in the signal extraction fits
are given in [Tab. 4.1} for details on the fit PDFs, please refer to [Sec. 3.3

In the following text, if the companion particle is represented as h, it is inclusive

of both kaon and pion decay channels (h = 7/K).
Signal modes

The signal modes comprise of B¥ — D*h* decays, reconstructed in the following

categories:

o B* — (D* — Dr°%h* decays fully reconstructed in the Dr® final state or

partially reconstructed in the D~ final state.



129

4. Measurement of CP observables

"JeO[J O} POMO[[& 918 SI[(eAIdSCO [RUSIS [[B SB 9[qR] SIY)} Ul POJUSUWINIOP JOU I8
SOPOWL Y (] 4~ & 9L "UONB[OIA 4 AU® }IIYXD JOU 0} POUWINSSE oIe SARIOP UOSOUWL g [RINLN *|0F] AVTAH uo pue sioded oousiofor vy
ur pejroder axe 1011d 9T} JO SHUSTLINSLAW e [Flay Jo peajsur usalS ore |(6¢ 1) pue|(8¢ 1) sby| ur pauyep ‘| pue ,fyy sjeurered opow
possaxddns oy, “A}[Iqe)s }J SINSUS 0} dIR SIOUSISPIP AUe dIAYM ‘S)IJ UOIIORIIXD [RUSIS L(T PU® (L7 9} 10j A[pjeredss UOALS oIe SHUTRIISUOD
oY, 'PoxXy aIe jey) sidjourered a1} Jo senfea o) seplaoid pue (92.4f) S SSLUI-JURLIBAUL 91} UI WOPSAI] UIAIS 9Ie SO[(RLIRA UDIYM S9)RIIPUI
9[qe) ST, E Ul PoqLIOsap se s1ojourered J) JO ULID) Ul pasiiojoureled oIe opow ABISP [oed Ul SPRIA punoIdspeq oy [, :1'F o[qel,

00F 00 - - - - - - - - La
LM od o4

00F 00 - - - - - - - - ok

- - - - 2.4 29.4f - - 2a.4f La
YRy

- - - - a.4f aa.4f - - YULEFEL okd

GOF00 010°0 F CT0°0 .4f 22.4f 224f 2.4f 22.4f 2.4f a4f ra
Ly, —4g

cCOF00 0100 F ST0°0 %(1°0F 0°0) 294f oa.4f 204f 20.4f %(ZF0) oa4f okd

050 F 69°0— 2100 F 910°0 aa.f aa.tf 24 | %(06F09) | 900FF0T | %(6°0F00) .4 La
. . _ . LY — g

050 F 69°0— 2100 F910°0 %(80°0 F 00°0) aa.tf ao.1f %(0°6 F 0°9) 29.4f %(6°0F 0°0) aa.tf otd

00F 00 |¢0TX(ST'0FO08E) 00F 00 e—0T X (8T0F 08€) [ 00FO00| 00F00 00FO0T 00F00 | %(990FF2L) Vel
U 4 o]

00F 00 |¢0TX(SI'0FO08€E) 00F 00 e—0T X (ST0F08°¢) | 00F 00| 00F00 00FO0T 00F00 | %O90FFLL) | o2d
i ey eV sl a5V aoV aotl w5V Ry se "009Y Aeoo




4. Measurement of CP observables 150

o B* — (D* — D~)h* decays fully reconstructed in the D+ final state.

In the invariant-mass fits to data, the signal yields are parameterised as described

in [Sec. 4.1.3, with freedom given to all CP observables.
Mis-reconstructed B* — D*h* decays

Mis-reconstructed B¥ — D*h* decays form broad resonances under the signal peaks B
mass and flat distributions in Am. They are constrained by their associated peaking
signal component in order to be distinguished from the other mis-reconstructed

backgrounds:

o In the D7¥ invariant-mass fit, the yields of mis-reconstructed B* — (D* —
Dr%)h* decays are constrained the yields of fully reconstructed B* — (D* —

D7r%)h* decays.

o In the Dy invariant-mass fit, the yields of mis-reconstructed B* — (D* —
Dv)h* decays are constrained the yields of fully reconstructed B* — (D* —

Dv)h* decays.

o In the Dy invariant-mass fit, the yields of mis-reconstructed B* — (D* —
D7%)h* decays are constrained the yields of partially reconstructed B* —

(D* — D7%)h* decays.

In each fit category, the yield of a given mis-reconstructed component is related to its

associated signal component via the selection efficiency ratio ef2is- reco- /& 8% (given in

and , multiplied by a freely varying parameter. This floating parameter
is shared across all categories of the fit and accounts for any difference in multiplicity
between simulation and data, representing the relative probability of combining a D°
meson from the decay chain with a neutral particle from the underlying event.
Mis-reconstructed B* — (D* — Dv)h* decays that end up in the D7r° data
tuples, however, must be handled differently due to the lack of an associated peaking
component. Instead, the CP parameters of these decays are fixed using the results of

the D~ invariant-mass fit and are varied as a source of systematic uncertainty.
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BY - (D** — D7n*)hT decays

This analysis is time-independent, therefore it is assumed that decays involving (B_d
mesons do not exhibit any CP violation. This results in the fixed CP parameters
displayed in [Tab. 4.1, where asymmetries have been set to zero, Rcp to one, and
the ratios of ADS to favoured mode candidates are fixed using the well-known D
branching fractions given in and . The branching ratio B(B° —
D*K*)/B(B° — D*Tr%) = (7.74 £ 0.66)% also enters both invariant-mass fits as
a fixed parameter, taken from the PDG |[19].

B — Dh*m decays

As explain in , for the B — Dh*71 component, decays of the type B* —
Dh*71% and B® — Dh*7n¥ are both considered. These decays are allowed to CP
violate, but it is necessary to fix certain CP parameters in order to improve fit
stability. These fixed parameters are summarised [Tab. 4.1 and are taken either
from previous measurements [90, 91] or calculated using World-averaged values of

fundamental hadronic parameters [40] and the recent LHCb measurement of v [23].

B — D*h*7 decays

As described in [Sec. 3.3.4, B* — D*h*rn0, BY = DOpEx® and BY — D*FhErT

decays are all considered. The partially reconstructed B — D*h*7~ component
representing these channels is mostly given the freedom to vary freely, as can be
seen in [Tab. 411

Hadronic parameters for these decays are unknown. The yield in the ADS D* K sub-
sample is therefore fixed to be (1.5£1.0)% of that in the D*K favoured mode, and the
CP asymmetry is fixed to 0 with an uncertainty of +0.5. The motivation behind fixing
these parameters is to aid fit stability. The central values have been chosen to align with
similar decays of the type B¥ — D) K*(); the uncertainties assigned are conservative.
This component sits at low B mass, removed from the signal PDF, and with a

negligible contribution in the Am sample due to the applied box cuts. It therefore is
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of little consequence to the signal yields and CP observables of this analysis, which is

demonstrated by the small systematic effect of the fixed ADS parameters in [Sec. 4.5
A) — (ZF — (AF — pK~nt))h™ decays

A PDF component for A) decays is necessary in the D — KK category when the
pion from the A7 — pK 7" decay is not reconstructed and the proton is mis-
identified as a kaon. These decays are mostly given the freedom to vary freely, as
can be seen in . In the D7¥ invariant-mass fit, for stability, the rate of
A) — Yrr~ decays is fixed with respect to A) — Y FK~ decays using the known
branching ratio B(A) — ATn™)/B(A) — AFK~) = 7.3+ 3.7% [19], where a 50%

uncertainty has been assigned.
B? - DY K*n~ decays

B? — D®KFr% decays are not considered in the D*7 sub-samples, as to miss a kaon
would shift the invariant mass of the candidates below the lower m(B) range of both
data fits. The yields in the favoured mode D* K sub-samples are also assumed to be
zero, as this would correspond to suppressed D decays in the B? case. The rate of
both BY — DK¥7* and B? — D*KFr* decays float freely in the D*K ADS mode

sub-samples. The GLW mode yields are fixed relative to these using the well known

D branching fractions, given by [Egs. (3.7)[to|(3.9)l Again, due to the time integrated

nature of the analysis, BY decays are assumed to exhibit no C'P violation.

Mis-identified decays

Companion misidentification is handled in the fit using mis-identified PDFs, where
the relative size of these compared to correctly identified components are fixed using

measured PID and selection efficiencies.

Combinatorial

The combinatorial component is assumed to exhibit zero CP asymmetry, which is

handled as a source of systematic uncertainty in [Sec. 4.5| Combinatorial yields
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float in the D*r favoured mode, then are fixed relative to this in all other modes
using the measured yields in the partially reconstructed B* — D™ h* analysis [31].
These fixed ratios are varied as a source of systematic uncertainty, described in
The assumption made here is that the fake companion background level
across decay modes is similar for the partially and fully reconstructed analyses. The
favoured mode combinatorial yield in the D7® (D7) invariant-mass fit is found to

be 75 + 18 (76 £+ 26) candidates.

Crossfeed

Crossfeed from favoured B* — (D* — [K*7T|pn®/v)h* decays enter the ADS D*r
and D*K sub-samples when both D decay products are misidentified. All signal
modes are assigned a crossfeed component. The crossfeed rate is taken from the

partially reconstructed analysis [31] and is fixed in the invariant-mass fits.

4.2 Raw fit results split by charge

The results of the invariant-mass fits to 2011-2018 data, split by B charge, will now
be given. Both the D7® and D~ fits converge to stable minima with well behaved
covariance matrices (in ROOFIT language, this equates to the flags: MIGRAD = 0 and

HESSE = 0, and estimated distance to minimum values: EDM = 6.32 x 10~* and

4.70 x 107 | respectively). The results are illustrated in [Figs. 4.2| to [4.17} each D

decay mode is displayed separately, and a legend is provided in [Fig. 4.1
The raw numerical RooFit results of the split by charge D7¥ fit are given below.

Here, raw implies statistical uncertainties taken straight from RooFit:

Rﬂ'K,ﬂ'O

= 0.0215 4 0.0055

RTE™ = 0.0077 4 0.0046

R™™ —0.0039 4 0.0006
TK,m0

R™™ = 0.0044 + 0.0006

ROP™ — 1.0692 %+ 0.0665
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RET™ = 0.073240.0018
AR — _0.0031 4 0.0240
AP — _0.1804 & 0.0497
ACPT — 10,0195 + 0.0143.

The raw RooFit results of the split by charge D~ fit are as follows:

RS = 0.0086 + 0.0039
R = 0.0414 £ 0.0049
R™7 = 0.0056 + 0.0005
RS = 0.0032 £ 0.0005
mK,m0
RS = 0.0333 4 0.0059
K70
RE™ = —0.0001 £ 0.0041
K70
R™™ = 0.0033 £ 0.0006
K70
RTS™ = 0.0051 £ 0.0007
REPT = 0.9357 £ 0.0358
REP™ = 1.0586 + 0.0548
Ry = 0.0708 £ 0.0010
RET™ = 0.072340.0013
AR™ = —0.0354 4 0.0130
ART™ —0.0563 £ 0.0161
ASPY = 0.1525 £ 0.0327
AYPT = —0.0126 + 0.0085
ASP™ = —0.1922 £ 0.0387
ACPT —0.0083 £ 0.0120.
The quoted uncertainties are statistical, and will be corrected for double-counting

using the procedure described in [Sec. 4.4l Systematic uncertainties are evaluated
in [Sec. 4.5, and full numerical results given in [Sec. 4.6|
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—— Total B B — D*h*r
—+— Data CIA) = XFh
B B* — (D — Dx%)h* 1B~ DKt
3 BE = (D™ —s DOy)h* B - DOK-rt

B Mis-reconstructed B* — (D** — D°7%)h* BN Crossfeed
[ Mis-reconstructed B* — (D*® — DY%)h* [ Mis-ID

mm B’ — (DT — DxF)h* B Combinatorial
O B — Dh*n

Figure 4.1: Invariant-mass fit legend, linking the fit components to their associated colours.
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4.2.1 Signal Yields

The summed over charge yields for each signal mode, measured by the D7® and D~ data
fits, are given in and [4.3] respectively. The quoted uncertainties are statistical
and have been corrected for double counting using the method described in [Sec. 4.4]

Decay D mode Yield
Kn 25825 4+ 218
KK 3273 £ 62
B* — (Dr%) p.n®
T 956 £ 32
TK 108 £ 14
Kr 1889 £+ 60
KK 256 + 22
B* — (D% p-K*
T HET
TK 289

Table 4.2: Signal yields, summed over B charge, measured by the Dr® data fit.

Decay D mode Yield
Kr 82984 + 406
B* = (Dy)pert KK 10874 4+ 121
T 3220 + 57
TK 368 + 38
Kr 5875 4+ 104
B* = (D7)p K* KK 720 + 37
T 213 £ 11
K 147 + 23
Kr 58598 + 373
B* s (Dr%) pert KK 7279 + 135
T 2182+ 54
TK 245 £33
Kr 4236 + 100
B* s (Dr%)p. K* KK 557 £+ 38
T 167 £ 12
K 70 + 19

Table 4.3: Signal yields, summed over B charge, measured by the Dy data fit.
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4.3 Fit validation with toys

The performance and stability of both the Dz’ and Dy invariant-mass fits are
evaluated using toy experiments. For each D* final state, the total simultaneous PDF
is first fit to data, then many toy datasets are generated from this PDF; these datasets
are therefore created with all floating parameters initialised to the final values of
the data fit. Fits are performed to these datasets, where all PDF parameters are
initialised to the same initial values used in the data fit. Collecting the results of

these toy experiments, pull distributions can be plotted for each CP observable:

@ en — @ o .
thya if Otoy S Ogen

P = oy (4.29)
Ma if Otoy > Ogen‘

toy

Here, Oy, is the final value of the observable found by the toy fit; Oy, is the value
the toy dataset was generated with (i.e. the final value of the fit to data); A:;g/_) is
the positive (negative) uncertainty on O measured by the toy fit.

For a given C'P observable, a P distribution with mean consistent with 0
demonstrates that the fit returns an unbiased estimate of this observable; a P
distribution with width consistent with 1 demonstrates that the fit returns the correct
associated statistical uncertainty on this parameter. The formula for calculating pulls
with asymmetric errors was derived in Ref. [92]; these are used as slight non-parabolic
behaviour of the likelihood profile at low event yields in the D* K ADS mode shows
up as asymmetry in P if not accounted for. The difference between raw positive
and negative errors on R7% for both the D% and D+ signal extraction fits is < 5%,
therefore single double-sided errors are quoted in the final results.

2500 toy datasets have been generated for the Dr® and D~ D1D PDFs separately,
and the pull distributions for each CP observable fit to using a Gaussian function
with freely varying mean and width; the results are provided in and [4.5]
respectively. These demonstrate that both invariant-mass fits are able to measure
all parameters without significant biases to either central values or statistical

uncertainties.
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Observable Pull Pull &

Afm® 0.03£0.02 0.9840.01
AGPm —0.01+0.02 0.98 £ 0.01
ACPa® 0.0340.02 1.0 £ 0.02
ROP —0.04+0.02  1.00 £ 0.02
R ~0.08+0.02  0.96 +0.01
R ~0.06 4+ 0.02 1.01 +0.02
RTET ~0.09+0.02 1.01 +0.02
RrHT ~0.04+0.02  1.00 % 0.02
R —0.01+0.02  0.98 +0.01

153

Table 4.4: Measured pull means and widths for each CP observable in the D7¥ invariant-mass

fit.

Observable Pull Pull &

AR —0.01£0.02  0.99 4 0.01
Almon? —0.0240.02  1.02+0.01
AP 0.004+0.02 1.01 40.01
ACPy 0.02+0.02 1.0040.01
AP 0.01+0.02 1.0140.01
ACP" 0.01+0.02 1.01+0.01
ROP —0.04 +£0.02 0.98 +0.01
ROP 0.01+0.02 0.99 +0.01
Ry 0.02+0.02 0.97 +0.01
R ~0.04+0.02 1.01+0.01
R —0.01+0.02 1.01£0.01
R 0.03+0.02 1.00 % 0.01
R ~0.03+0.02  1.00 £ 0.01
R ~0.00 £ 0.02  0.99 = 0.01
R ~0.03+0.02 1.03+0.01
RTET ~0.06+0.02 0.9 +0.01
R 0.01 £0.02 1.00+0.01
R 0.0240.02 0.9 +0.01

Table 4.5: Measured pull means and widths for each CP observable in the D~ invariant-mass

fit.
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4.4 Correction of statistical uncertainties

The invariant-mass fit procedure described in is performed simultaneously
across 2 or 3 samples of m(B) and Am, which overlap around the signal peaks. The
raw fit errors on the observables given in do not account for the double
counting of candidates that have been included in more than one sample,! therefore a
bootstrapping procedure is employed to calculate the true statistical error on each

observable. This method is outlined in the section below.

4.4.1 Bootstrapping method

Toy datasets generated to validate the fit models in are Poisson fluctuated
independently within each mass sample. In order to assess the effect of double
counting, the fluctuation of events in the m(B) and Am samples must be correlated
within the box region. For this purpose, toy datasets are generated across the full
2D m(B) — Am plane using the bootstrapping method 93|, whereby events from the
original data sample of size N (i.e. the LHCDb data) are randomly sampled N times
with replacement. These 2D bootstrap datasets are then sliced up using the box cuts
described in [Sec. 3.2.2] and are fit to with the total simultaneous D1D PDF (where
all parameters are initialised to their initial values in the data fit).

Fits are performed to 2500 datasets generated in this way, for each D* final
state, and the distribution of measurements for each observable is fit to using a
Gaussian function with freely varying mean and width. The distributions are shown
for B — (D* — Dv)h* mode observables reconstructed in the D+ final state in
[Fig. 4.18} the other bootstrap distributions can be found in [Appendix A] It can be
seen that the set of measurements for each observable is centered on the central value
of the nominal fit result; the spread of measurements for each observable, however, is
larger than the associated statistical uncertainty listed in [Sec. 4.2] This is because

the bootstrap distributions encompass the effect of double counting, where as the

INote that although the D+ invariant-mass fit is performed simultaneously across Am and two phase
space regions of m(B), the latter do not overlap, so there is no ‘triple counting’ of events.
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Figure 4.18: Bootstrap distributions for each D* — D~ CP observable in the D~ data fit.

raw RooFit results do not. The widths of the bootstrap distributions are therefore
taken to represent the true statistical uncertainties on the observables; these can be
viewed in list format with the final results in Sec. 4.6

Validation of this method is given by looking at the pull distributions of the

bootstrap fits. These are defined by the equation:

OnOminal - Obootstrap it O <O
A+ y 1 bootstrap >~ “Ynominal

P, _ bootstrap (430)

Obootst'rap - Onominal if O O
, 1 bootstrap > nominal

bootstrap

where Opootstrap is the final value of the observable found by the fit to the bootstrap
+(=)

bootstrap 15 the raw

sample; O, ominat 18 the nominal value of the fit to data; and A
positive (negative) uncertainty on the observable O, measured by the bootstrap fit.

The width of each pull, op/, relates to the raw fit error on a given observable, A,
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and the true statistical uncertainty on that observable, A, in the following way:
Asta,t = A7‘aw X opr. (431)

Employing Poisson errors, in the limit of that all events are double counted and
background levels are negligible, the width of each pull is expected be opr = /2. The
proportion of D7 signal candidates that are present in both mass samples in the
Dr fit is 88%; the proportion of Dy (Dn°) signal candidates that are present in
both mass samples in the D~ fit is 86% (63%). The widths are therefore expected
to fall within the range op € [1,/2]. In addition, in order to demonstrate that the
observables are measured in an unbiased way, the pulls should be centered on zero.
The pull distributions for each CP observable are fit to using a Gaussian function
with freely varying mean and width; the plots are provided for the B* — (D* —

D~)h* mode observables reconstructed in the D~ final state in [Fig. 4.19] Similar
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Figure 4.19: Pull distribution from 2D toys for each D* — D~ CP observable in the D~
data fit.
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Observable Pull p Pull o

Afm® —0.01+£0.03 1.26 % 0.02
AGPm 0.03+£0.02 1.15 4 0.02
ACPa® ~0.06+0.03  1.25 % 0.02
ROP 0.01+0.03 1.28 4 0.02
R ~0.05+0.03  1.25 +0.02
R ~0.0340.03 1.25+0.02
RTET ~0.05+0.03 1.29+0.02
RrHT ~0.06+0.03  1.26 % 0.02
R —0.03+0.03  1.27 +0.02

Table 4.6: Measured pull widths from 2D toys for each CP observable in the Dr® invariant-
mass fit. The pulls for each observable are computed on the same set of toys and thus the
uncertainties in the table are not independent.

Observable Pull p Pull o

AR ~0.06 £0.02  1.19 +0.02
Almn? 0.01+0.02 1.18 4 0.02
A 0.00+0.03  1.2240.02
AGPY 0.03+0.03 1.23 +0.02
AP —0.00+0.02  1.21 £ 0.02
ACP" 0.02+0.03 1.23 +0.02
ROP 0.00 +0.03 1.25 4 0.02
ROP 0.03+0.02 1.17 +0.02
Ry —0.01£0.02  1.19£0.02
R ~0.0140.03 1.22+0.02
R —0.02+0.03  1.26 £ 0.02
R —0.03 +0.03  1.23 £ 0.02
R —0.00 £ 0.03  1.27 £ 0.02
R 0.01+0.03 1.27 +0.02
R —0.04+0.03 1.26 £ 0.02
R —0.06+0.03  1.31 +0.02
R ~0.03+0.03 1.27+0.02
R ~0.01+0.03  1.27 +0.02

Table 4.7: Measured pull widths from 2D toys for each CP observable in the D~ invariant-
mass fit. The pulls for each observable are computed on the same set of toys and thus the
uncertainties in the table are not independent.
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results are obtained for the fully and partially reconstructed D% observables, as
can be seen in and [4.7, where the pull means and widths are collated for
CP observables measured by the Dr® and D~ invariant-mass fits, respectively. All
means are centered on zero and the width of each Gaussian lies within the expected

range. A systematic uncertainty to account for the variation in pull width across

CP observables in assigned in [Sec. 4.5

4.5 Systematic uncertainties

All observables measured in this analysis are ratios of topologically identical final
states, therefore most sources of systematic uncertainty cancel. The majority of those
that remain enter as fixed parameters in the invariant-mass fits, where each parameter
has an associated uncertainty; what must be determined is how these uncertainties
translate onto the CP observables of interest.

To evaluate this effect, the signal extraction fits are run 1000 times, where, for
each run, a given set of parameters are varied randomly by sampling each from a
Gaussian function with mean representing the nominal parameter value and width
corresponding to the assigned uncertainty. A distribution of each observable is
built up by recording the final value after each run, where outliers are removed

by requiring a Z-score of less than 3:

(4.32)

Here, for a given observable, O represents the value after a systematics run, u the
measured value in the fit to data with all fixed parameters at their nominal values,
and o the corrected statistical uncertainty. The root mean square (RMS) of these
distributions are then taken to be the systematic uncertainties on the observables
associated with the set of parameters that were varied.

There are two categories of systematic uncertainty that are evaluated using
different methods, which will be explained in the subsection below: the uncertainty

assigned to the correction of statistical errors, covered in [Sec. 4.4 and the uncertainty
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assigned to modelling B —D*K 7" decays with a hybrid simulation sample, as

described in Sec. 3.3.4]

4.5.1 Sources of systematic uncertainty

Fixed parameters in the invariant-mass fits and their assigned uncertainties are detailed
in this subsection; the assigned parameter uncertainties apply to both the D7® and D~y
invariant-mass fits, unless specified. The parameters within each category listed below
are varied simultaneously to account for correlated effects on the final observables;
explicit correlations between parameters are not modelled.

For PDF parameters fixed from fits to simulation, the central values and

uncertainties are taken directly from these results.
B* — (D* — D#°)h* PDFs

The tail parameters and fraction of each Crystal Ball shape in the composite PDF,
for both m(B) and Am samples, are fixed from fits to simulation. The ratio of
peak width in D*K with respect to D*r is fixed in both data fits to the value +

uncertainty found when it is allowed to float.
B* — (D* — D~)h*™ PDFs

The tail parameters and fraction of each Crystal Ball shape in the composite PDF,
for both m(B) and Am samples, are fixed from fits to simulation. The ratio of
peak width in D*K with respect to D*r is fixed in both data fits to the value +

uncertainty found when it is allowed to float.

Mis- and partially reconstructed background PDFs

All PDF parameters describing the mis- and partially reconstructed backgrounds
listed in are fixed from fits to simulation, apart from the mis-reconstructed
B — D7t component and the partially reconstructed B — D*r*m component in
the ADS mode. These have different phase space distributions compared to the same

decay modes in the other fit categories as mis-identified favoured B° decays dominate;
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the PDF parameters in the D*7r ADS mode are therefore given some freedom. The
means and widths of the m(B) PDFs are allowed to float in the fits to data then are
fixed to the measured values + uncertainties. The same procedure is performed to

the A parameters of the m(D*) — m(D°) mass difference PDFs in Am.

Fixed parameters associated with combinatorial backgrounds are also included in
this parameter set as they sit underneath the mis- and partially reconstructed modes.
These components are modelled using a wide Gaussian in m(B), with fixed mean
(5200 +100) MeV/c? and width (300 £ 100) MeV/c?. The €a,, box efficiency, calculated
from the B mass distribution, is determined by integrating the Gaussian function
over the box cut range and is assigned a 10% error. In Am, the peaking (true D*°)
and flat (fake D*°) components are modelled using fully and mis-reconstructed signal
PDFs, respectively; the €,,(p) box efficiencies, calculated from Am distributions, are a
normalised sum of the corresponding fully and mis-reconstructed signal efficiencies.
The uncertainties on the Am PDF parameters and €,,p)y box efficiencies are therefore
shared with the signal components.

The weighted average of the measured combinatorial asymmetries in the partially
reconstructed B¥ — D™ h* analysis [31] is (1.348.6)%. The combinatorial component
in this work is therefore assumed to exhibit zero CP asymmetry, with a 10% uncertainty.
Combinatorial yields float in the favoured mode, then are fixed relative to this in
all other modes using the measured yields in the PR analysis; these fixed ratios are

assigned uncertainties calculated from the statistical errors on the PR yields.

B° —» D*K-nt PDFs

B? - D*K~n" decays are considered in the D*K ADS and GLW modes. All PDF
parameters are fixed from fits to simulation samples.

For the cases where the true neutral D* decay is reconstructed, hybrid B? —
D*K 7" samples are used to describe the K~ 7" phase space: (80 & 10)% B? —
D*(K*°(892) — K —7") decays and (20 + 10)% B? —D*K 7" decays generated over
a flat, square Dalitz space (see for details). To evaluate the systematic
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uncertainty associated with this phase space modelling, the invariant-mass fits to
data are run with the PDF parameters and box efficiencies for the B —D*K 7+
components calculated from hybrid simulation samples with a 70 : 30 split and a
90 : 10 split. The difference between the final values of the observables measured by
the data fits when run with these alternative setups, with respect to the observables
measured using the default setup (with an 80 : 20 split), are taken to be the systematic
uncertainties. The positive and negative uncertainties on the observables calculated
using this method are almost equal, so the largest uncertainty is chosen and attributed

symmetrically to each observable.
Mis-identified and crossfeed PDFs

Components for favoured mode decays mis-reconstructed in the ADS mode are included
for each signal channel; all PDF parameters are fully fixed from fits to simulated
favoured mode samples with both D decay product mass hypotheses swapped. Mis-
identified PDF parameters are fully fixed from fits to simulated samples reconstructed

with the incorrect companion mass hypothesis.

Box efficiencies

The box efficiencies given in determined from simulation samples, are used to
split total component yields into 2(3) individual mass samples in the D7° (D) data fit;
the errors given in this table are calculated from the finite size of simulation samples.

Signal PDFs in the invariant-mass fits to data are well constrained in both B
mass and Am samples, therefore their means and widths are able to float freely and
their tail parameters are floated then fixed to the value preferred by the data. They
therefore provide good candidates to investigate the difference between mass shapes
(and therefore box efficiencies) in data and simulation.

The integral of each signal PDF in the data fits, over the mass range of the
relevant box cut, is evaluated and compared to the same integral from the fit to
simulation. The average difference of these integrals across all signal PDFs is 0.8%.

This is taken to represent the error associated with transferring the box efficiencies,
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measured using simulation, onto data.

Companion hadron PID cuts have the potential to influence invariant-mass
distributions, and therefore box efficiencies. To account for the fact that efficiencies
are calculated before the application of PID, the box efficiencies for each simulation
sample were evaluated before and after cutting on the stored, uncalibrated ALL/,
variable. The largest difference compared to the default efficiencies, calculated before
PID cuts, was found to be 0.8%.

The total uncertainty assigned to each box efficiency when evaluating systematic
uncertainties is the sum in quadrature of the 0.8% uncertainty assigned for MC/data
differences, the 0.8% uncertainty assigned for PID effects, and each binomial error
given in [lab. 3.5l Each box efficiency is varied as a systematic at the same time as
the corresponding PDF component as both are determined by the invariant-mass

distribution of the associated decay mode.

Selection efficiencies

The signal selection efficiencies listed in determined from simulation samples,
are used to correct raw yields in the signal extraction fits. The background selection
efficiencies listed in are used to constrain background components. In both
cases, efficiencies are varied as a source of systematic uncertainty within the given

errors, which are determined from finite simulation sample sizes.

PID efficiencies

Kaon and pion PID efficiencies are determined by correcting ALLg/, distributions in
simulation samples with data-driven calibration samples, as described in [Sec. 3.1.6|
The errors are given in and [3.4] which account for the use of binned

efficiencies and finite sample sizes.

Fixed branching fractions and rates

The residual rate of doubly mis-identified favoured mode candidates infiltrating the

ADS sub-samples, taken from the partially reconstructed B* — D®)h* analysis [31],
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is fixed in both invariant-mass fits to the value £ uncertainty given in [Sec. 3.3.7]
The fit components describing mis-reconstructed AY — ¥*h~ and B — Dh*n~
decays are constrained in the D*K sub-samples by the corresponding yields in the
D*rr sub-samples using the fixed branching fractions listed in [Tab. 4.1}
The partially reconstructed B? — D*K~nt and B* — D*h*r background
components are described by composite PDFs | as detailed in[Sec. 3.3.4] The branching
fractions used to fix the relative amount of the contributing decay modes are varied

within their known errors when evaluating systematic uncertainties.

Fixed asymmetries

The following asymmetries are fixed in the invariant-mass fits and varied as a source of
systematic uncertainty within the quoted errors: the detection asymmetries given in

Sec. 4.1.1] the CP asymmetry between D — KTK~ and D — 777~ decays described
in and the fixed physics background asymmetries summarised in

Fixed CP ratios

Fixed values of Rgp and RTX for the background components, summarised in {Tab. 4.1}

are varied within the given uncertainties when evaluating systematics.

Statistical error correction

The increase in statistical uncertainty due to the double counting of events, represented
by the pull width of bootstrap distributions (see , should be approximately
uniform across all CP observables. Differences in background levels across the
different decay channels can lead to differences in the correction factor: the higher
the background level, the lower the correction is expected to be (as a smaller fraction
of the statistical error is Poissonian).

The root mean square (RMS) of the range of pull widths given in
and [£.7, multiplied by the raw statistical uncertainty for each observable, is therefore
conservatively assigned as the systematic uncertainty associated with the bootstrapping

method. The RMS is calculated separately for fully reconstructed D7° measurements,
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fully reconstructed D~ measurements and partially reconstructed D7® measurements,

in line with the different box efficiencies of these modes.

4.5.2 Systematic uncertainties for each observable

A breakdown of the systematic uncertainties from the sources listed above can be
found in [Appendix B] Summaries of the systematics for each observable are given in
Tabs. 4.8 and [4.9| for the Dr® and D~ data fits, respectively, where the uncertainties

have been grouped into the following categories:

e PDFs: fixed PDF parameters and box efficiencies.

e ¢, fixed selection efficiencies determined from simulation.

e eprp: fixed kaon and pion PID efficiencies.

e Rates: relative decay rates fixed from branching fraction measurements and the
fixed background level of favoured to ADS mode crossfeed peaking backgrounds.

o Asyms: fixed asymmetries.

o CP Ratios: fixed CP ratios.

o Corr: systematic assigned to the correction of statistical uncertainties.

All systematics are given as a percentage of the statistical uncertainty of the associated

observable, in order to highlight their relative importance. The total systematic

Observable PDFs €, €epip Rates Asyms CP Ratios Corr Total

RTE 1791 212 180 272 585 5.86 3.76  20.46
Ry 1454 113 219 110 5.8 7.66 3.76  18.05
R 4498 048 228 059 417 3.76 3.76  45.55
R 4711 059 162 1.64  4.65 3.74 376 47.69
ROP’ 1789 1897 237 359  2.02 1.67 376 26.82
Ry 57.91 4596 39.68 577  2.07 2.05 3.76  84.24
Altma? 1435 060 066 055  6.07 0.73 3.76  16.08
AP 1275 318 189 218  3.31 1.88 376 14.47
ACP® 557 043 042 042  9.24 0.63 376 11.47

Table 4.8: Systematic uncertainties for each observable measured in the D7® data fit.
Uncertainties are given as a percentage of the statistical uncertainty, and the total is
evaluated by summing all columns in quadrature.
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uncertainty for each observable, printed in the right hand column of each table,

represents the sum in quadrature of the individual sources.

All observables are statistically limited.

It can be seen that the systematic

uncertainties for the ratio observables are larger than those of the asymmetries. This

is due to the presence of different D decay modes in the numerator and denominator

of the former: the systematic effect of different background contributions across the

D decay mode categories do not cancel. The systematic uncertainties only approach

the statistical in the case of Rﬁ;:’fo and Rﬁ%y, the ratios of favoured mode yields in

D*K and D*m, due to the presence of a different companion particle on the top and

bottom of the ratio. This means that selection and PID efficiency corrections do not

cancel, inflating the systematic uncertainties compared to the other observables.

Observable PDFs €y  €epip Rates Asyms CP Ratios Corr Total
R}If’“’ 27.48 0.62 048 1.86 8.20 4.06 2.95 29.19
R?i’“Y 18.10 095 349 524 8.41 10.19 2.95 23.48
R;F‘F’V 21.74 0.10 049 0.54 1.94 0.13 2.95 22.04
R:f"y 20.86 0.12 083 0.64 2.02 0.31 2.95 21.20
RWKIS’”O 28.59 0.89 250 1.22 7.11 3.87 4.34 30.17
RWK{{’”O 39.32 .12 123 1.62 8.46 10.70 4.34 4191
R;{(”O 38.29 0.23 125 1.37 1.72 0.32 4.34  38.62
R;f”o 39.00 024 1.07 1.27 1.64 0.37 4.34 39.31
RCEPY 19.19 17.75 566  3.45 4.91 4.70 295 2797
ROPx° 3724 14.24 1221  4.26 8.77 4.20 4.34 43.25
Rg}:j 52.57 49.19 65.75 18.64 2.99 3.10 2.95 99.40
Rﬁ%ﬂo 61.54 37.66 54.56 13.49 3.41 3.50 4.34 91.69
A?r’“’ 6.98 037 1.03  0.47 12.06 0.18 2.95 14.30
A?r’wo 9.86 048 039 206 10.32 0.39 4.34 15.08
AP 1460 065 028 142  8.64 0.12 2.95 17.29
ACPA 5.82 0.10 0.20 0.66 15.59 0.32 2.95 16.92
A?{P’“O 22.33 1.18 0.66 239 19.86 1.51 4.34 30.36
Afpﬂro 10.15 0.11  0.59 037 11.04 0.22 4.34 15.63
Table 4.9: Systematic uncertainties for each observable measured in the D~ data fit.

Uncertainties are given as a percentage of the statistical uncertainty, and the total is

evaluated by summing all columns in quadrature.
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4.6 Results

Invariant-mass fits to the m(D*h) and Am distributions of data reconstructed in
the D7° and D~ final states are shown in to and [Figs. 4.10| to 4.17]
respectively; the measured signal yields are given in and [4.3] The final results

for the B — (D* — D7°)h* CP observables measured using data reconstructed in
the D7° final state are:

RWKIE’WO = 0.0215 £ 0.0069 £ 0.0014

RTE™ = 0.0077 4 0.0059 = 0.0011

R:f(’wo = 0.0039 £ 0.0007 £ 0.0003

RLK’“O = 0.0044 £ 0.0008 £ 0.0004

REP™ = 1.0692 + 0.0853 + 0.0228
Rﬁ;;’:ro = 0.0732 £ 0.0023 £ 0.0019
Aﬁ”’“o = —0.0031 £ 0.0303 £ 0.0049
ASP™ — —0.1804 = 0.0564 + 0.0083

ACPT — 10,0195 + 0.0179 = 0.0020.

The final results for the B — (D* — Dv)h* and B — (D* — Dn°)h* CP observables
measured using data reconstructed in the D~ final state are:
R}rgf” = 0.0086 £ 0.0048 £ 0.0014

R = 0.0414 £ 0.0060 + 0.0014

R = 0.0056 £ 0.0007 + 0.0001

™

R™7 = 0.0032 = 0.0006 + 0.0001
RTS™ —0.0333 4 0.0075 + 0.0023
RTE™ — —0.0001 4 0.0052 + 0.0022
R™™ —0.0033 + 0.0007 + 0.0003
R™™ —0.0051 4 0.0008 = 0.0003

REPY = 0.9357 & 0.0448 + 0.0125
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REP™ — 11,0586 & 0.0644 + 0.0277
Ry = 0.0708 £ 0.0012 = 0.0012
RETT = 0.0723 £ 0.0016 + 0.0015
AR™Y = —0.0354 £ 0.0153 =+ 0.0022
AR~ 0.0563 4 0.0191 & 0.0029
ASPT = 0.1525 £ 0.0398 + 0.0069
ACPT = —0.0126 £ 0.0105 4 0.0018
AP = —0.1922 & 0.0468 & 0.0142

ACPT —0.0083 = 0.0148 + 0.0023,

where the first quoted uncertainties are statistical and the second are systematic. The

statistical uncertainties have been corrected for double-counting using the procedure

described in [Sec. 4.4]

The measured values of RZf ™/ and R;f’wo/ 7 can be transformed into the CP

Km0/ K,/
and A,

parameters Ry using |Eqs. (1.38)| and |(1.39)|, respectively:

RTE™ = 0.0155 £ 0.0037
RIS = 0.0250 4 0.0045
RTE™ = 0.00418 4 0.00047
R™ = 0.00443 + 0.00048
ATE™ — 0,697 £0.228
AT = —0.656 £ 0.163
AT — 0127 40.083

AT = 0.270 4 0.106,

where statistical and systematic uncertainties have been combined according to

. K, 0 K, 0 . K 0 K 0
correlations between BT~ /" and Ry™ /7. Single values for Rf™™ and AT™ are



4. Measurement of CP observables 168

obtained by taking the error-weighted average:

/02
§= % (4.33)
S S (4.34)

\/Zil/UiZ

of measurements made by both the D+ and D signal-extraction fits. Here, for a given
observable, x; represents the measurement from a single fit, and o; is the combined
statistical and systematic uncertainty on the measurement; p and o represent the
average value and error of the combination.

The statistical significance of the D*K ADS modes can be calculated using
Wilk’s theorem [94]:

Lo
— =2 (20 A,
s n<£1), (4.35)

where Ly is the extended maximum likelihood value for the nominal D1D fit model,
and £; is the extended maximum likelihood value for an alternative D1D model

. K, w0
with R,

/7 and Rﬁ(’ﬂo/ 7 set to zero. The likelihood value is larger if the model
better describes the data, therefore the more unlikely the alternative model is
correct, the higher the statistical significance. The significance of fully reconstructed
B* — (D* — [rfK¥]py)K® signal is measured to be 8.80, constituting the
first observation of this decay channel. The significance of partially reconstructed
B* — (D* — [#*KF|pn®) K* signal is measured to be 5.907; a significant result, but
this mode was first observed by the partially reconstructed B* — D®h* analysis

[31]. The significance of fully reconstructed B* — (D* — [s*KT]pn?)K* signal

is measured to be 3.7c.
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4.6.1 Correlation matrices

The statistical and systematic correlation matrices for CP observables are given

in [Tabs. 4.10 to 4.13l

7T,7r0 ,7rO T T T ,7'('0 T ,7r0 Uy 7TrD T ,7r0

ARTT AP Achat gepst prim prim TR RTE

A= 100 003 008 —0.00 00l —00l 0.02 —0.02

AP 1.00 003 008 —000 —0.01 001 —0.01

ACP? 1.00 000 002 —0.02 003 —0.03

RCP 100 004 000 —0.00 —0.00

R .00 023 —0.03 0.01
Y3 7'1'0

R 1.00 0.0l  —0.02
Km0

R™" 1.00 0.8

R 1.00

Table 4.10: Statistical correlation matrix for observables measured in the D* — Dx®
invariant-mass fit.

RTEm prKa®  priat pria popxt gKmat o jOPm0 - gOPa
RIS™ 1 100 088 067 067 028 068 062 041
R 1.00 043 043 004 043 029 034
R 1.00  1.00 060 093 092 046
R 1.00 060 093 092 046
ROPT 100 053 071 0.18
Afmr? .00 094  0.74
CPxY
ASF 1.00  0.55
ACP 1.00

Table 4.11: Systematic correlation matrix for observables measured in the D* — Dz
invariant-mass fit.
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4.6.2 Comparison with previous measurements

. nK,m0/y 7K,m0/y .
The corresponding measurements of R, and A, made by the partially

reconstructed B¥ — D®h* analysis [31] are:

RIE™ = 0.0118 +0.0034
R = 0.0163 +0.0373
RT™ = 0.00471 £ 0.00077
R™7 = 0.00429 £ 0.00138
ATET 0717 £0.286
AT = —0.558  +1.349
AT — 0,149 4 0.059

ATEY = 0.079  4+0.128.

To provide a point of reference when comparing the results of the two analyses, the
signal statistics are also presented. The number of ADS mode candidates measured

in the partially reconstructed analysis are as follows:

Ny (B* = (D* — [r*KF|pr®)K*) = 1124 4+ 231

Ny (B* = (D* — [r*KF|py)K*) = 674 £ 931,

where the quoted uncertainties are statistical. The corresponding yields measured in

this analysis (combining partially and fully reconstructed Dn® candidates) are:

Niot(BT — (D* = [r*KF|pn®)KF) = 98 + 28

Nyt (B* = (D* = [r*KF]py)K*) = 147 £ 23.

These results demonstrate that, despite significantly smaller signal yields due to
the low neutral reconstruction efficiency at LHCb, the fully reconstructed technique
developed in this thesis measures CP observables for the B* — D*h* modes with
significantly higher purity in the D~ final state, and with competitive accuracy in

the D final state, compared to the partially reconstructed method.
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To quantify the compatibility of the results of the two analyses, a comparison
across all CP observables is performed. For each observable, the level of agreement
is determined by calculating the absolute difference in central value between the
fully and partially reconstructed measurements, divided by the sum in quadrature
of the statistical uncertainties. To make these comparisons, B* — (D* — Dr%)h*
observables measured by both the D7® and D~ invariant mass fits are combined

using a weighted average with mean and statistical uncertainty defined by
and |(4.34)|, respectively. The values are summarised in [Tab. 4.14] where the x?/ndf

is found be to 0.69, indicating consistency between the analyses.

Observable Agreement (o) e
R 0.14 0.02
REY 0.55 0.30
RT 0.80 0.63
RIS 0.72 0.52
Rl 1.09 1.18
R 0.01 0.00
R 0.59 0.35
R 0.75 0.56
RCPA 0.21 0.05
RCP 0.21 0.04
AR 1.51 2.27
Almr? 1.11 1.23
ASEY 0.44 0.19
ACP 0.72 0.52
AP 1.77 3.14
ACP 0.01 0.00
X2/ndf 11.01/16 = 0.69

Table 4.14: Table to quantify the compatibility of CP observables measured by this analysis
and the partially reconstructed analysis [31]. The agreement levels of each observable are
indicated in standard deviations, and the total x?/ndf is given in the final row.

Visual comparisons of the results of this analysis and previous measurements made

by LHCb and the B-factories are shown in [Figs. 4.20] to [£.27. The error bars on

the LHCb measurements include both statistical and systematic errors, where the

former are represented by black bars and the latter red bars. The 68% and 95%
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confidence regions are constrained by B-factory measurements, and are represented
by the dark and light blue shaded regions, respectively. These are calculated using
the equations for the observables in terms of the fundamental parameters derived
in [Sec. 1.4 Values for 78X and 65" are taken from Ref. [44], which combines
measurements made in previous ADS/GLW and GGSZ analyses preformed by BaBar
and Belle. The CKM angle v is taken from the latest LHCb combination [23],
v = (65.473%)°. No assumptions are made about 75" ™ or §5°™: both are represented

by uniform distributions over the ranges 0 — 0.02 and 0 — 180°, respectively.
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B-factory measurements:
----- Expected
B 68% C.L.

95% C.L.

D* — Dr
0.0086 =+ 0.0051

PR Analysis
\ . , 0.0117 £ 0.0380

[LHCH-PAPER-2020-036]

—0.02 0.00 0.02 0.04 0.06 0.08
Rﬂ'K,’y

D* — Dn°
0.0215 £ 0.0070

D* — D[¥]x0
0.0333 £ 0.0078

PR Analysis
0.0202 £ 0.0042

[LHCb-PAPER-2020-036]

002 000 002 004 006 008 010  0.12
7K, 0
R}

Figure 4.20: Comparison of Rz~ (top) and RWKIE’WO (bottom) with results from the partially
reconstructed (PR) analysis and expectations from measurements of r5 & and §8" X
using the ADS/GLW and GGSZ methods by BaBar and Belle . The result labelled
with D* — D~y corresponds to the measurement from fully reconstructed D~ signal; the
result labelled with D* —D#% corresponds to measurement from fully reconstructed D7°
signal; the result labelled with D* — D[v] 0o corresponds to the measurement from partially
reconstructed Dr¥ signal. The error bars include both statistical (black bar) and systematic

(red bar) uncertainties.
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B-factory measurements:
----- Expected
B 68% C.L.

95% C.L.

D* — Dy
0.0414 £ 0.0062

PR Analysis
0.0292 £ 0.0378

[LHCb-PAPER-2020-036]

—0.02 000 002 004 006 008 010 0.12

Ky

D* — Dx'
0.0077 £ 0.0060

D* = D[]0
-0.0001 % 0.0057

PR Analysis
0.0033 £ 0.0041

[LHCh-PAPER-2020-036]

—001  0.00 0.01 0.02 0.03 0.04 0.05
7K 0

m Km0

Figure 4.21: Comparison of RWKK’7 (top) and Ry " (bottom) with results from the partially
reconstructed (PR) analysis and expectations from measurements of r5 X and 65"
using the ADS/GLW and GGSZ methods by BaBar and Belle . The result labelled
with D* — D~y corresponds to the measurement from fully reconstructed D~ signal; the
result labelled with D* —D#% corresponds to measurement from fully reconstructed D7°
signal; the result labelled with D* — D[y] 0o corresponds to the measurement from partially
reconstructed Dr¥ signal. The error bars include both statistical (black bar) and systematic

(red bar) uncertainties.
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----- Expected
B 68% C.L.
95% C.L.

D* — Dy
0.0056 & 0.0007

PR Analysis
0.0047 £ 0.0015

[LHCb-PAPER-2020-036]

0.000  0.002  0.004 0006 0008 0010  0.012
Rﬂ'K,fy

™

D* — Dn'
0.0039 = 0.0008

D* — D[y],0
0.0033 £ 0.0008

PR Analysis
0.0040 £ 0.0008
[LHCh-PAPER-2020-036]

0.000 0.002 0.004 0.006 0.008 0.010
n Km0

™

Figure 4.22: Comparison of RZ{{’7 (top) and R:{<’ﬂ0 (bottom) with results from the partially
reconstructed (PR) analysis and expectations from knowledge of the hadronic parameters
rg*“ and 55 "™ which are modelled using uniform distributions over the ranges 0 — 0.02 and
0 — 180°, respectively. The result labelled with D* — D~ corresponds to the measurement
from fully reconstructed D~ signal; the result labelled with D* —Dz® corresponds to
measurement from fully reconstructed D7¥ signal; the result labelled with D* — D[v] 0
corresponds to the measurement from partially reconstructed D7¥ signal. The error bars
include both statistical (black bar) and systematic (red bar) uncertainties.
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----- Expected
B 68% C.L.
95% C.L.

D* — D
0.0032 + 0.0006

PR Analysis
0.0040 £ 0.0015

[LHCh-PAPER-2020-036]

0.000

0.002

0.004

R

0.006 0.008
T K,y
7T+

D* — Dxn®
0.0044 £ 0.0009

D* = D[y],0
0.0051 £ 0.0009

PR Analysis
0.0054 £ 0.0008

[LHCbh-PAPER-2020-036]

0.000

0.002

0.006  0.008  0.010
K70
R™Y

t+

Km0
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Figure 4.23: Comparison of Rﬁ{’” (top) and R”}""  (bottom) with results from the partially
reconstructed (PR) analysis and expectations from knowledge of the hadronic parameters
rg*“ and 55 "™ which are modelled using uniform distributions over the ranges 0 — 0.02 and
0 — 180°, respectively. The result labelled with D* — D~ corresponds to the measurement
from fully reconstructed D~ signal; the result labelled with D* —Dz® corresponds to
measurement from fully reconstructed D7¥ signal; the result labelled with D* — D[v] 0
corresponds to the measurement from partially reconstructed D7¥ signal. The error bars

include both statistical (black bar) and systematic (red bar) uncertainties.
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B-factory measurements:
----- Expected
B 68% C.L.

95% C.L.

D* — Dy
0.936 + 0.047

PR Analysis
0.952 %+ 0.090

[LHCb-PAPER-2020-036]

0.8 0.9 1.0 1.1
RCP,’y

D* — Dn®
1.069 £ 0.088

D* = D[y
1059 & 0.070

PR Analysis
1.051 + 0.036

[LHCh-PAPER-2020-036]

0.9 1.0 1.1 1.2
RCP,WO

1.3 1.4 1.5

179

Figure 4.24: Comparison of REP7 (top) and R¢P 0 (bottom) with results from the partially

reconstructed (PR) analysis and expectations from measurements of rg*K and

D*K
5B

using the ADS/GLW and GGSZ methods by BaBar and Belle . The result labelled
with D* — D~y corresponds to the measurement from fully reconstructed D~ signal; the
result labelled with D* — D= corresponds to the measurement from fully reconstructed
D70 signal; the result labelled with D* — D[y] 0 corresponds to the measurement from
partially reconstructed Dr¥ signal. The error bars include both statistical (black bar) and

systematic (red bar) uncertainties.
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B-factory measurements:
----- Expected
Bl 63% C.L.

95% C.L.

D* — Dy
0.1525 & 0.0404

PR Analysis
0.1230 £ 0.0623
[LHCb-PAPER-2020-036]

0.0 0.2 0.4
CPyy
Ay

0.6 0.8

D* — Dn'
-0.1804 £ 0.0571

D* — D[]0
-0.1922 £ 0.0489

PR Analysis
-0.1150 £ 0.0210

[LHCh-PAPER-2020-036]

04 0.2 0.0
CPr°
Ay

0.2 0.4

180

Figure 4.25: Comparison of AP"y (top) and A%P’WO (bottom) with results from the partially

reconstructed (PR) analysis || and expectations from measurements of rg*K and

D*K
5B

using the ADS/GLW and GGSZ methods by BaBar and Belle [44]. The result labelled
with D* — D~y corresponds to the measurement from fully reconstructed D~ signal; the
result labelled with D* — D7 corresponds to the measurement from fully reconstructed
D70 signal; the result labelled with D* — D[y]0o corresponds to the measurement from
partially reconstructed Dr¥ signal. The error bars include both statistical (black bar) and

systematic (red bar) uncertainties.
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----- Expected
B 68% C.L.
95% C.L.

D* — Dy
-0.0126 =+ 0.0107

PR Analysis
0.0000 £ 0.0152

[LHCH-PAPER-2020-036]

006 —0.04 —0.02 000 002 004 006 008 0.10
CP,
AZ

D* — Dn'
0.0195 £ 0.0180

D* — D[’y],r(l
0.0083 £ 0.0149

PR Analysis
0.0130 £ 0.0076
[LHCb-PAPER-2020-036]

—0.04 —0.02 000 002 004 006 008 010  0.12
CP,WO
Aﬂ'

Figure 4.26: Comparison of ASP7 (top) and ASP™ (bottom) with results from the partially
reconstructed (PR) analysis and expectations from knowledge of the hadronic parameters
rg*” and (551? "7 which are modelled using uniform distributions over the ranges 0 — 0.02 and
0 — 180°, respectively. The result labelled with D* — D~ corresponds to the measurement
from fully reconstructed D~ signal; the result labelled with D* —D7® corresponds to the
measurement from fully reconstructed D7 signal; the result labelled with D* — D[v] 0
corresponds to the measurement from partially reconstructed D7° signal. The error bars

include both statistical (black bar) and systematic (red bar) uncertainties.
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----- Expected
Bl 8% C.L.
95% C.L.

D* — D~y
————— -0.0354 =+ 0.0155

PR Analysis
-0.0040 £ 0.0143
[LHCb-PAPER-2020-036]

—0.04 =002  0.00 0.02 0.04 0.06 0.08
Kryy
Ay

D* — Dr”
b . i -0.0031 £ 0.0306

D* — D[]0
60363 =0:0193

PR Analysis
0.0200 % 0.0076

[LHCh-PAPER-2020-036]

002 0.00 0.02 0.04 0.06 0.08 0.10
Knx®
Ay

Figure 4.27: Comparison of AI[?W (top) and A?T’ﬂo (bottom) with results from the partially
reconstructed (PR) analysis and expectations from knowledge of the hadronic parameters
rg*“ and 55 "™ which are modelled using uniform distributions over the ranges 0 — 0.02 and
0 — 180°, respectively. The result labelled with D* — D~ corresponds to the measurement
from fully reconstructed D~ signal; the result labelled with D* —D7° corresponds to the
measurement from fully reconstructed D7¥ signal; the result labelled with D* — D[v] 0
corresponds to the measurement from partially reconstructed D7¥ signal. The error bars
include both statistical (black bar) and systematic (red bar) uncertainties.



Interpretation in terms of v and hadronic
parameters

The sensitivity of the measured observables, A, to the fundamental parameters
(7, rB K K p D™ §D°T) are evaluated using the profile likelihood method. The
set of parameters, #, are defined:

0 = (v, rB K g0 K p D7 50T p 0p, 2Ly, @), (5.1)
where the charm inputs, rp, dp,  and y are taken from HFLAV 2020 [40], and
Gaussian constrained to their values:

rp = (0.3445 £+ 0.0023)% (5.2)

5p = (188.9 +8.4)°, (5.3)

x and y are given in [Egs. (1.29)]and |(1.30)} respectively; a = 0.88£0.03 is the analysis
specific D-mixing correction co-efficient, whose origin is explained in [Appendix C]

It is assumed that the likelihood function for 6, given A,s, can be represented

by a multivariate Gaussian:

LO]Ay,) o exp (—1(,4(9) ATV (A®G) — Aobs)>, (5.4)

2 cov

where A() represents the relations between the observables and the fundamental

parameters (derived in [Sec. 1.4)), and V,,, is the sum of the statistical and systematic

183
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covariance matrices between the observables, which can be calculated from the
correlation matrices given in [Sec. 4.6.1l For Gaussian likelihoods, the following

relation holds:

X* (0] Aops) = =210 L(6] Aops) (5.5)
= (A(0) — Aops)" Vg (A(0) — Abs) + ¢, (5.6)

where c is a constant that is independent of . It is this x? function that is minimised
to determine the best estimates for the central values of the fundamental parameters
of interest; the minimum value of the 2 function is denoted x2,;, = x2(A| Aops)-
The PROB method is used to construct frequentist confidence intervals for some
subset, ¢, of the full parameter set #; the remaining nuisance parameters are denoted
n = 60 — ¢. The confidence level (CL) for a specific set of values, ¢y, is determined
by again minimising the x? function whilst constraining ¢ = ¢¢. This results in a
new minimum ' = (¢, %), which satisfies x2(8'|Agps) > x2,;,- In the approximation
that the fundamental parameter estimates 6 have been sampled from Gaussians

centred on the true values', the variable:

AXP (0] Aops) = X2(0'| Abs) — XPuim (5.7)

follows a x? distribution with n degrees of freedom, where n represents the number
of parameters in the subset ¢. This process is repeated for different values of ¢y,
mapping out Ay? across the parameter space. The values of Ax? can then be
converted to confidence levels using the cumulative distribution function of a x?

with n degrees of freedom, F),:

CL(¢0|A0bS) = Fn<AX2<¢O|A0bs))- (58)

This method is named PROB after the ROOT function that performs this conversion;
the logic follows that given in the documentation of Ref. [95].
Using only the CP observable measurements presented in this thesis, two-

dimensional confidence regions for the parameter pairs ¢ = (v,d5™™), (r&™™ §0°™),

IThis is the case for maximum likelihood estimates in asymptotically large samples; the datasets
considered in this thesis are deemed large enough to give meaningful results.
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(7,68 %), and (rB"K §8°K) are drawn in , where the colour intensity of the
filled regions represents the CL value at each point in 2D space. The Ay? = 2.30,
6.18 and 11.8 contours, corresponding to the 68.3%, 95.5% and 99.7% confidence
levels, respectively, are indicated by the red lines. For comparison, the CL contours
and best-fit points for the latest LHCb 7 combination [23] are also shown in black,
where constraints on the hadronic parameters come from the partially reconstructed
B* — D™h* analysis [31]. In general, the confidence intervals show good agreement

between the ~ combination and the results of this analysis.

Confidence regions have also been mapped out in (v,55"%) space in [Fig. 5.2}
comparing results from the fully reconstructed analysis using only measurements of
CP observables in B* — (D* — D7%)h* decays in (a); using only measurements of
CP observables in B — (D* — Dv)h* decays in (b); using the results of the partially
reconstructed analysis (dominated by decays to the D7® final state) in (c); and using
a combination of all 3 in (d). It was initially suggested that the ADS method applied
to B* — D*h* decays could provide a single, unambiguous measurement of + [36].

This is due to the strong phase difference of © between the two D* final states, leading

to 4 ADS mode observables, defined by [Eqgs. (1.27)]and |(1.28) with only 3 unknowns:

v, rB"" and 68" (the traditional ADS method using B* — Dh* decays provides
just 2 independent equations with 3 unknowns). By comparing plots (a) and (b) in
Fig. 5.2] it is evident that the constraints provided by both the D7 and D~ final
states, respectively, do not resolve the trigonometric ambiguities. Multiple minima

for the y? function still exist, and it is not possible to extract a single solution for v

using the ADS/GLW analysis of B¥ — D*h* decays in isolation.

The contour plots of also give evidence that the partially and fully
reconstructed analyses posses complementary strengths, and offer powerful constraints
on 7 and the hadronic parameters when combined. Another y? minimisation is
therefore performed, this time using all inputs to the latest LHCb combination [23],
alongside the fully reconstructed observables. Best estimates for v and the hadronic

D*K
0p

parameters 75" §0" rD"K and are found, and the PROB method is employed
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for each of the parameters individually to extract the 68.3% confidence levels:

64. 5+3 5)

f‘)/
11.507085) %

(
= (

SEK = (309.4779)°
= (0.697073) %
=(1

5o 02734)°,

Comparing these results to those measured by the latest v combination, which were

given in and are repeated here as a reference:
65.4155)"
9.9+18Y%

= (

= (
65K = (310752)°
= (0.951557)%
= (

68T = (139722)°

it can be seen that with the inclusion of the CP observables measured in this work,
world leading constraints are achieved. It should be noted that constraints on
come from the many contributing analyses included in the combination; constraints
on the D*h hadronic parameters are dominated by the results of the PR analysis
and those presented in this thesis. The best parameter estimates show that with
the inclusion of the FR analysis in the v combination, the uncertainties on 7 are

DK are reduced by 52%; taking a simple

reduced by 9%; the uncertainties on rg
average of the positive and negative errors on §5 % gives a 66% reduction in the
average uncertainty; for 78", the average uncertainty is reduced by 65%; for 65",

the average uncertainty is reduced by 25%.
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Figure 5.1: 2D confidence regions for the fundamental parameters (v,75 ™) in (a),
(62 rB™™) in (b), (7,7B %) in (c) and (657K, 7E"%) in (d). The constraints provided by
the results of this thesis are indicated in red, and the black/grey lines depict the confidence
regions from the latest LHCb + combination .
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Figure 5.2: 2D confidence regions for the fundamental parameters (7,5 &) constrained
by the BT — (D* — D7%)h* observables measured using the fully reconstructed analysis
in (a), by the B¥ — (D* — Dv)h* observables measured using the fully reconstructed
analysis in (b), by the observables measured using the partially reconstructed analysis in (c)
(these are dominated by B — (D* — D7%)h* results) [31], and using the results of both
analyses in (d).
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5.1 Conclusion

CP violation studies of fully reconstructed B* — D*h* decays, (h € 7, K), have
been conducted for the first time at a hadron collider, where the 2-body D meson
final states K7, K- K", 77", and K~ 7" are considered. The D* meson is
reconstructed in the D7® and D~ final states, which possess a strong phase difference
of m between them, doubling the number of CP violation observables compared to
traditional B¥ — Dh™* analyses. The data used in this work corresponds to a
total integrated luminosity of 8.7fb™! of pp collision data collected by the LHCh
experiment: 3fb~' taken at centre-of-mass energies of 7TeV and 8 TeV (Run 1);
and 5.7fb™" at 13TeV (Run 2).

The first observation of the suppressed B — (D* — [T K*]py) K* decay channel
is achieved with a statistical significance of 8.80. 16 CP violation observables are
measured, which, when combined with existing measurements used in the latest
LHCb combination [23], offer world leading constraints on the hadronic parameters
(rB7E ST p D 50" and a 9% reduction in the uncertainty on the tree-level
determination of the CKM angle 7. These measurements will therefore be of high
importance in future combinations, driving down the uncertainty on this Standard
Model standard candle.

The techniques developed in this thesis will be reused in future studies of D*°
mesons: the D** reconstruction process; and the error-corrected double-1D fitting
method, which is particularly applicable to analyses that require simultaneous fits

across multiple correlated variables in order to avoid large systematic uncertainties.
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Bootstrap distributions

The distribution of measurements for each D* — D7° observable from fits to 2500

datasets generated using the bootstrapping method are provided in [Figs. A.1
and [A.2] The standard deviation printed on each plot represents the true statistical

uncertainty on the observable, encompassing the effect of double counting.

191
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Figure A.1: Bootstrap distributions for each CP observable in the D7 data fit.
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Breakdown of systematic uncertainties

The sources of systematic uncertainty listed in are broken down individually

in [Tabs. B.1l to B.2

0

Agmﬂ'o A?{P,Tro AgPﬂT
BT — (D* — D7°)h* PDFs 0.0010  0.0026  0.0003
B* — (D* — Dy)h* PDFs 0.0000  0.0000  0.0000
Mis. and part. reco. PDFs 0.0042  0.0067 0.0010
B? - D®KTr* PDFs 0.0002  0.0004  0.0001
Mis-ID and crossfeed PDFs 0.0002 0.0012  0.0001
€sel 0.0002  0.0018  0.0001
€PID 0.0002  0.0011  0.0001
Fixed branching fractions and rates 0.0002  0.0012  0.0001
Fixed asymmetries 0.0018  0.0019 0.0017
Fixed C'P ratios 0.0002  0.0011  0.0001
Statistical Error Correction 0.0011  0.0022  0.0007
o(Syst.) 0.0049  0.0083  0.0020
o(Byst) 0.1608  0.1447  0.1147

o(Stat.)

Table B.1: Systematic uncertainties for each asymmetry measured in the D% data fit.
Uncertainties are given in absolute terms, where the dominant contribution is highlighted in
red. The total systematic uncertainty is evaluated by summing all rows in quadrature. The
ratio of the total systematic to statistical uncertainty is given in the final row of the table.
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Km0 Km0 7K, w0 K, w0 cP.x° Km0
RK‘ ]%I(Jr R‘n'_ I%‘n'+ R RK T

B* — (D* — Dr%)h* PDFs 0.0005 0.0001  0.0000 0.0000 0.0035  0.0006
B* — (D* — Dv)h* PDFs 0.0000  0.0000  0.0000  0.0000 0.0000  0.0000
Mis. and part. reco. PDFs 0.0008 0.0005 0.0003  0.0004 0.0146 0.0011
BY — DY K¥x* PDFs 0.0008 0.0007 0.0000 0.0000 0.0011  0.0000
Mis-ID and crossfeed PDFs 0.0001  0.0001  0.0000 0.0000 0.0017  0.0002
€sel 0.0001  0.0001  0.0000  0.0000 0.0161 0.0010
€PID 0.0001  0.0001  0.0000 0.0000 0.0020 0.0009
Fixed branching fractions and rates 0.0002  0.0001  0.0000 0.0000 0.0031  0.0001
Fixed asymmetries 0.0004  0.0003  0.0000 0.0000 0.0017  0.0000
Fixed CP ratios 0.0004  0.0005  0.0000 0.0000 0.0014  0.0000
Statistical Error Correction 0.0003  0.0002  0.0000 0.0000 0.0032  0.0001
o(Syst.) 0.0014  0.0011  0.0003 0.0004 0.0228 0.0019
Zioee] 0.2046  0.1805 0.4555 0.4769 0.2682  0.8424

Table B.2: Systematic uncertainties for each ratio measured in the D7¥ data fit. Uncertainties
are given in absolute terms, where the dominant contribution is highlighted in red. The
total systematic uncertainty is evaluated by summing all rows in quadrature. The ratio of
the total systematic to statistical uncertainty is given in the final row of the table.

Ky Km0 CPr cPp, CP.x" C PO
AR AKX A< ACPY  AC AC

BT — (D* — Dr%)h* PDFs 0.0001  0.0003  0.0008 0.0001 0.0022  0.0002
B* — (D* — Dv)h* PDFs 0.0001  0.0006  0.0005 0.0001 0.0015 0.0002
Mis. and part. reco. PDFs 0.0011  0.0018 0.0058 0.0006 0.0101 0.0015
BY — D®KFr* PDFs 0.0000  0.0000  0.0001  0.0000 0.0003  0.0000
Mis-ID and crossfeed PDFs 0.0001  0.0002  0.0002 0.0001 0.0006 0.0001
€sel 0.0001  0.0001  0.0003 0.0000 0.0006 0.0000
€EPID 0.0002  0.0001  0.0001  0.0000 0.0003 0.0001
Fixed branching fractions and rates 0.0001  0.0004 0.0006 0.0001 0.0011 0.0001
Fixed asymmetries 0.0019  0.0020 0.0035 0.0016 0.0093 0.0016
Fixed C'P ratios 0.0000  0.0001  0.0000 0.0000 0.0007  0.0000
Statistical Error Correction 0.0005 0.0008 0.0012 0.0003 0.0020  0.0006
o(Syst.) 0.0022  0.0029 0.0069 0.0018 0.0142 0.0023
Zigi’;f; 0.1430 0.1508 0.1729  0.1692 0.3036  0.1563

Table B.3: Systematic uncertainties for each asymmetry measured in the D~ data fit.
Uncertainties are given in absolute terms, where the dominant contribution is highlighted in
red. The total systematic uncertainty is evaluated by summing all rows in quadrature. The
ratio of the total systematic to statistical uncertainty is given in the final row of the table.
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D lifetime acceptance functions

The ‘ideal-case’ corrections for D mixing are calculated assuming a uniform selection
efficiency over D lifetime [39]. In practice, it is necessary to measure the analysis
specific D lifetime acceptance functions in order to correct the ‘ideal-case’ equations.
This correction takes the form of the multiplicative factor «, as shown in
and [(1.28)]

To determine the functional form of the D decay time acceptance function for each
of the signal modes, fits to the D proper time distributions of signal simulation samples
are performed. The fit PDFs are composite: an exponential function is convoluted
with a Gaussian resolution model, where the 7 parameter of the exponential is fixed to
the known D lifetime (7p = 0.41 ps) and the mean and width of the resolution function

vary freely. This function is then multiplied by an acceptance function of the form

f(t) =cx m x e t/b, (C.1)

where t is the D proper time, ¢ is a normalisation term, the parameters a and n
describe the loss of events at low lifetime values, and b accounts for a loss of events at
higher lifetimes. In the fits, all acceptance function parameters vary freely.

Fits to simulation samples of fully reconstructed B* — (D* — [KEa¥]py)r®

decays, partially reconstructed B — (D* — [K*#F]pr®)nr® decays and fully
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reconstructed B* — (D* — [K*7nF|pn%)n* decays are shown in , with
the measured acceptance functions displayed underneath. The acceptance function
parameters a, b and n are given in [lab. C.1} as are the means and widths of the
Gaussian resolution models. It can be seen that the D meson selection efficiency falls
at low decay times; this is due to the D flight distance significance cut detailed in
Sec. 3.1.3, used to remove backgrounds from wrong combinations of tracks.

Using these functional forms, the D system can be integrated over time for each
signal mode in order to extract the ‘ideal-case’ correction factor for D-mixing terms.
The errors on each correction are evaluated by varying the acceptance function
parameters within the given uncertainties. The individual values obtained for each

signal channel are consistent within 1o, therefore the weighted average, calculated

using [Eqgs. (4.33)| and ((4.34)], is taken to be the correction co-efficient for the D-

mixing terms of ADS observables:

a = 0.88 £ 0.03. (C.2)

Parameter  Value (MC) Parameter  Value (MC) Parameter ~ Value (MC)

b [ps] 1.5240.17 b [ps] 1.24+0.14 b [ps] 1.354+0.16
a [ps™!] 25.61+1.17 a [ps™!] 26.32 4+ 0.90 a [ps™] 31.58 £ 2.07
n 1.85+0.08 n 2.01+£0.08 =n 2.09 £0.16
 [ps] — 1.03+0.37 e [ps] — 1.22+0.29 © [ps] — 0.55+£0.30
o [ps] 0.67 £0.13 o [ps] 0.75 £ 0.10 o [ps] 0.50 £ 0.12

Table C.1: Fitted parameter values from D lifetime fits to simulation samples of fully
reconstructed BT — (D* — [KTnF]py)rT decays on the left, partially reconstructed
B* = (D* — [K*71F|pn®)7r® decays in the centre and fully reconstructed B* — (D* —
[KEaF]pn®)7n* decays on the right.
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