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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, π), where the D∗0 meson is reconstructed in the D0π0 and

D0γ final states. The analysis is conducted using proton-proton collision data

collected by the LHCb experiment, corresponding to a total integrated luminosity

of 8.7 fb−1: 3 fb−1 taken at centre-of-mass energies of 7TeV and 8TeV (Run 1);

and 5.7 fb−1 at 13TeV (Run 2). This work presents the first reconstruction of

these decays at a hadron collider, and the first time D∗0 mesons have been fully

reconstructed for a CP violation analysis at a hadron collider. The 2-body D0

meson final states K−π+, K−K+, π−π+, and π−K+ are considered, facilitating the

measurement of 16 CP observables in order to further constrain the CKM angle γ

and the hadronic parameters (rD∗KB , δD
∗K

B , rD
∗π

B , δD
∗π

B ). The first observation of the

suppressed B± → (D∗ → [π∓K±]Dγ)K± decay channel is also presented, colloquially

known as the D0γ ADS mode.



Preface

This thesis describes the analysis of fully reconstructed B± → D∗h± decays, h ∈ (K, π),

at LHCb. 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 Dónal 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 Sec. 4.1.1 was also written by Dónal.

Malcolm John, a member of the LHCb Oxford group, ran the software required to

perform the χ2 minimisation procedure detailed in Chapter 5 for the interpretation

of CP observables. The 2D confidence interval plots for the fundamental parameters

given in Figs. 5.1 and 5.2 were therefore produced by him. I produced all other figures

independently, unless explicitly referenced otherwise.
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1
CP violation and measurements of the

CKM angle γ

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. 1.2 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 γ, using B± → D∗h± decays, is then outlined in Sec. 1.4

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

1



1. CP violation and measurements of the CKM angle γ 2

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∗π± and B± → D∗K± decays

are made, in order to constrain the CP -violating phase γ, 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 × SU(2)L × SU(3)C 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 :

• C: converts particles to their corresponding antiparticles, achieved by changing

the sign of all the quantum charges of a particle state.

• P : inverts the spatial dimensions of space time: (t,x)→ (t,−x).

• 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 Co60 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 3π final state, also decayed to the CP -even 2π 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 B0 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 B0
s systems [14]. The first observation of CP violation in D0

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 violation in decay (direct CP violation) occurs when the decay amplitude

for a process and its CP -conjugate are not equal: Γ(X → f) 6= Γ(X̄ → f̄).

This is the only type of CP violation accessible to charged initial states, and is

therefore the focus of this thesis.

2. CP violation in mixing occurs in neutral meson systems when the oscillation

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

to meson: Γ(X0 → X̄0) 6= Γ(X̄0 → X0).

3. CP violation in the interference between mixing and decay is also accessible to

neutral meson systems. The interference between the amplitudes of the direct

decay Γ(X0 → f) and that of the decay after mixing Γ(X0 → X̄0 → f) can

cause the CP -conjugate decay rates Γ(X0 → f) and Γ(X̄0 → f̄) 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 CP 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.

LCC = − g√
2
uLiγ

µW+
µ (VCKM)ijdLj + h.c. (1.1)

Here, g is the weak coupling constant; γu are the Dirac matrices; W+
µ is the W boson

field, which couples to the up-type and down-type left-handed quark triplets, uLi
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and dLj, where i, j = 1, 2, 3 are the generation numbers; and VCKM are elements of

the 3 × 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× 3 unitary matrix, 32 = 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 CP violation in the quark sector.

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

denoted θ12, θ13 and θ23, and the complex phase δ13:

VCKM =

 c12c13 s12c13 s13e
−δ13

−s12c23 − c12s23s13e
iδ13 c12c23 − s12s23s13e

iδ13 s23c13
s12c23 − c12c23s13e

iδ13 −c12s23 − s12c23s13e
iδ13 c23c13

 , (1.2)

where sij = sin θij and cij = cos θij; this is the standard representation, preferred by

the Particle Data Group (PDG) [19]. The parameter θ12 is the well-known Cabibbo

angle [20]. It is experimentally known that s13 � 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 λ ≡ s12 ' 0.23:

s12 ≡ λ (1.3a)

s23 ≡ λ2A (1.3b)

s13e
−iδ13 ≡ λ3(ρ− iη), (1.3c)

where A, ρ and η are all real parameters of order unity. To O(λ4), the CKM

matrix becomes:

VCKM =

 1− λ2/2 λ Aλ3(ρ− iη)
−λ 1− λ2/2 Aλ2

Aλ3(1− ρ− iη) −Aλ2 1

+O(λ4). (1.4)

It is worth noting that the CP violating term (ρ− iη) is only present in the Vub and Vtd
matrix elements, up to O(λ3). 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 B0 systems [9, 10] (whose mixing diagrams feature

the Vtd element) before B0
s systems [14] (whose mixing involves the Vts 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:

∑
i∈{u,c,t}

V ∗iαViβ = δαβ, α, β ∈ {d, s, b} (1.5a)
∑

α∈{b,s,b}
V ∗αiVαj = δij, i, j ∈ {u, c, t} (1.5b)

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:

VudV
∗
ub + VcdV

∗
cb + VtdV

∗
tb = 0, (1.6)

where all terms are of O(λ3). This condition forms the Unitarity Triangle (UT) in the

complex plane when each side is divided by VcdV ∗cb. An illustration of the UT is given

in Fig. 1.1, 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, α, β, γ, also referred to in the literature as φ2, φ1

and φ3, can be accessed experimentally via the study of B meson decays. For many

years, the least well known angle was:

γ = arg(−VudV ∗ub/VcdV ∗cb), (1.7)

but recently its precision rivals that of α. γ 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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2 12. CKM Quark-Mixing Matrix

Figure 12.1: Sketch of the unitarity triangle.

The CKM matrix elements are fundamental parameters of the SM, so their precise determination
is important. The unitarity of the CKM matrix imposes

q
i VijV

ú

ik = ”jk and
q

j VijV
ú

kj = ”ik. The
six vanishing combinations can be represented as triangles in a complex plane, of which those
obtained by taking scalar products of neighboring rows or columns are nearly degenerate. The
areas of all triangles are the same, half of the Jarlskog invariant, J [7], which is a phase-convention-
independent measure of CP violation, defined by Im

#
VijVklV

ú

il V
ú

kj

$
= J

q
m,n ÁikmÁjln.

The most commonly used unitarity triangle arises from

Vud V
ú

ub + Vcd V
ú

cb + Vtd V
ú

tb = 0 , (12.6)

by dividing each side by the best-known one, VcdV
ú

cb (see Fig. 12.1). Its vertices are exactly (0, 0),
(1, 0), and, due to the definition in Eq. (12.4), (fl̄, ÷̄). An important goal of flavor physics is
to overconstrain the CKM elements, and many measurements can be conveniently displayed and
compared in the fl̄, ÷̄ plane. While the Lagrangian in Eq. (12.1) is renormalized, and the CKM
matrix has a well known scale dependence above the weak scale [8], below µ = mW the CKM
elements can be treated as constants, with all µ-dependence contained in the running of quark
masses and higher-dimension operators.

Unless explicitly stated otherwise, we describe all measurements assuming the SM, to extract
magnitudes and phases of CKM elements in Sec. 12.2 and 12.3. Processes dominated by loop-level
contributions in the SM are particularly sensitive to new physics beyond the SM (BSM). We give
the global fit results for the CKM elements in Sec. 12.4, and discuss some implications for beyond
standard model physics in Sec. 12.5.

12.2 Magnitudes of CKM elements
12.2.1 |Vud|

The most precise determination of |Vud| comes from the study of superallowed 0+ æ 0+ nuclear
beta decays, which are pure vector transitions. Taking the average of the fourteen most precise
determinations [9] yields [10]

|Vud| = 0.97370 ± 0.00014 . (12.7)

1st June, 2020 8:27am

Figure 1.1: Illustration of the Unitary Triangle in the complex plane, where the upper apex
is defined in terms of the Wolfenstein parameters ρ̄ = ρ(1− λ2/2) and η̄ = η(1− λ2/2), up
to O(λ3). The figure is reproduced from the CKM Quark-Mixing Matrix review of the PDG
[19].

δγ
γ
∼ 10−7 [22]. Combining individual results from γ-sensitive decays, the latest

published LHCb measurement of this angle is γ = (65.4+3.8
−4.2)◦ [23]. This is the

most precise determination of γ from a single experiment, and is consistent with

previous results from BaBar and Belle.
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Figure 1.2: CKMfitter constraints in the (ρ̄, η̄) 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 γ 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 γ = (65.7+0.9
−2.65)◦ [24]. This value is

chiefly constrained by the angle β and the length of the side of the triangle opposite γ,

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 γ 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 B0 and B0
s 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 B± → Dh± decays

using the BPGGSZ method [32]. The GLW and ADS techniques will be described

in Secs. 1.4.1 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 γ 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 γ-sensitive decays using tree-level processes.
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(a) (b)

Figure 1.3: Feynman diagrams for B− → D(∗)K(∗)− decays. The decay to D(∗)0 is CKM
|VubV ∗cs/VcbV ∗us| ≈ 0.4 and colour FCS ≈ 1/3 suppressed with respect to the D(∗)0 final state.
The interference of these two diagrams is the common mechanism for accessing γ.

1.4 Tree-level determination of γ using B± →
D∗K± decays

Decays of the kind B− → D(∗)K(∗)−, with intermediate states D0(∗) and D0(∗), are

mediated by b→ ucs 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 VubV ∗cs/VcbV ∗us ≈ 0.4, therefore the decay involving a D0(∗) is Cabibbo suppressed.

This transition also suffers from colour suppression, as the colours of the c 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 (VubV ∗cs/VcbV ∗us), equates to the definition of the CKM angle γ given in

Eq. (1.7), up to O(λ4) ' 2.6×10−3. This is well below the current level of experimental

uncertainty, therefore γ 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∗0 or D∗0 and is fully reconstructed in both the Dπ0 and Dγ final states,

for which the branching fractions are given below:

B(D∗0 → D0π0) = (64.7± 0.9)× 10−2 (1.8)

B(D∗0 → D0γ) = (35.3± 0.9)× 10−2. (1.9)

Defining the amplitude ratio rD∗KB = |A(B−→D∗0K−)|
|A(B−→D∗0K−)| , and the relative strong phase

δD
∗K

B , between B− → D∗0K− and B− → D∗0K− decays, the amplitude for producing
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a neutral D∗ meson in the decay B− → D̃∗K− can be expressed as:

D̃∗ = D∗0 + rD
∗K

B ei(δ
D∗K
B −γ)D∗0. (1.10)

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

intermediate states in the decay amplitude. Writing Eq. (1.10) in terms of odd and

even CP eigenstates, where D∗+ = D∗0+D∗0√
2 and D∗− = D∗0−D∗0√

2 , gives:

D̃∗ = D∗+ +D∗−√
2

+ rD
∗K

B ei(δ
D∗K
B −γ)D

∗
+ −D∗−√

2
. (1.11)

The CP eigenvalue of the D∗ state can be evaluated using the product:

λD∗ = λD × λπ0/γ × (−1)l, (1.12)

where l is the orbital angular momentum quantum number. In the case of strong D∗

(JP = 1−) decay via π0 (JPC = 0−+) emission, λπ0 = −1, and l = 1 by conservation

of angular momentum, therefore λD∗ = +λD and D∗± → D±π
0. In the case of γ

(JPC = 1−−) emission, λγ = +1; by conservation of momentum l could be zero, but

this would violate parity, so l = 1.1 This means that λD∗ = −λD and D∗± → D∓γ,

introducing a phase shift of π (eiπ = −1) into Eq. (1.11) for the Dγ mode:

D̃∗ → D̃π0 : D̃ = D0 + rD
∗K

B ei(δ
D∗K
B −γ)D0 (1.13)

D̃∗ → D̃γ : D̃ = D0 + rD
∗K

B ei(δ
D∗K
B +π−γ)D0. (1.14)

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

Labelling the amplitude of the diagram displayed in Fig. 1.3 (a) as AB = A(B− →
D∗0K−) = A(B+ → D∗0K+), we can construct 4 equations for the decay amplitudes

of B− mesons to final states f(D), or their complex conjugates f̄(D):

Aπ
0

Bf = A(B− → [f(D)π0]D∗K−) = ABAπ0(AD + ĀDe
−iδDrD

∗K
B ei(δ

D∗K
B −γ)) (1.15)

Aπ
0

Bf̄ = A(B− → [f̄(D)π0]D∗K−) = ABAπ0(Āe−iδDD + ADr
D∗K
B ei(δ

D∗K
B −γ)) (1.16)

AγBf = A(B− → [f(D)γ]D∗K−) = ABAγ(AD + ĀDe
−iδDrD

∗K
B ei(δ

D∗K
B +π−γ)) (1.17)

Aγ
Bf̄

= A(B− → [f̄(D)γ]D∗K−) = ABAγ(ĀDe−iδD + ADr
D∗K
B ei(δ

D∗K
B +π−γ)). (1.18)

1The D0γ final state must have the angular momentum projection quantum number m = 0 to
conserve angular momentum despite having l = 1 total angular momentum.
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Figure 1.4: The decay diagram for B− → D∗K− transitions to a general D∗ final state
f̄(D)X, X = π0/γ, 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 D0 or D0 mesons.

The D meson amplitudes are defined as: ĀD = A(D0 → f̄(D)) = A(D0 → f(D))

and AD = A(D0 → f̄(D)) = A(D0 → f(D)); δD 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 B+ mesons, where the only

change is the sign of the CP violating phase γ in the exponent. Flow diagrams for

B+ and B− decays are given in Fig. 1.4 to illustrate this.

It is also possible to access γ by studying B± → D∗π± decays, extracting the weak

phase between b → cud and b → uds transitions. These decays have a branching

fraction ∼ 10 times larger than their B± → D∗K± counterparts:

B(B± → D∗π±) = (4.90± 0.17)× 10−3 (1.19)

B(B± → D∗K±) = (3.97+0.31
−0.28)× 10−4. (1.20)

The suppressed to favoured amplitude ratio rD∗πB = |A(B−→D∗0π−)|
|A(B−→D∗0π−)| , however, is smaller

by a factor |Vus/Vcs|2 ≈ 0.05 than rD∗KB , making this mode considerably less sensitive

to interference effects and therefore γ. 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 CP -even

final states D → K+K− and D → π+π−, therefore δD = 0 and AD = ĀD. 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:

ΓCP+
± (B± → (D∗ → [hh]π0)h±) ∝ |Aπ0

BfCP
|2 ∝ 1 + (rD∗hB )2 + 2rD∗hB cos(δD∗hB ± γ)

(1.21)
ΓCP−± (B± → (D∗ → [[hh]γ)h±) ∝ |AγBfCP |

2 ∝ 1 + (rD∗hB )2 − 2rD∗hB cos(δD∗hB ± γ).
(1.22)

Here, the D decay particles hh stand for K+K− or π+π−. The strong phase shift of

π from the D∗ → Dγ 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 D0 → K+π− and Cabibbo-favoured D0 → K−π+ 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 πK

in this text; the favoured mode is labelled by the opposite symbol arrangement, Kπ.

Defining AD = A(D0 → K−π+) = A(D0 → K+π−) and ĀD = A(D0 → K+π−) =

A(D0 → K−π+) = ADrD, where rD 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:

ΓSUP,π
0

± (B± → (D∗ → [π±K∓]Dπ0)h±) ∝ (rD∗hB )2 + r2
D + 2rD∗hB rD cos(δD∗hB + δD ± γ)

(1.23)
ΓSUP,γ± (B± → (D∗ → [π±K∓]Dγ)h±) ∝ (rD∗hB )2 + r2

D − 2rD∗hB rD cos(δD∗hB + δD ± γ)
(1.24)

ΓFAV,π
0

± (B± → (D∗ → [K±π∓]Dπ0)h±) ∝ 1 + (rD∗hB )2r2
D + 2rD∗hB rD cos(δD∗hB − δD ± γ)

(1.25)
ΓFAV,γ± (B± → (D∗ → [K±π∓]Dγ)h±) ∝ 1 + (rD∗hB )2r2

D − 2rD∗hB rD cos(δD∗hB − δD ± γ).
(1.26)

The D∗K ADS mode possesses particularly high sensitivity to γ as the amplitude

ratios rD and rD
∗K

B 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 γ-constraining equations are obtained compared to traditional analyses of

B± → Dh± decays due to the strong phase difference between D∗ → Dπ0 and

D∗ → Dγ 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 RCP and ACPh , 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∗π 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 5:

ΓSUP,π
0

± (B± → D∗(→ [K∓π±]Dπ0)h±) ∝ r2
D + (rD∗hB )2 (1.27)

+ 2rDrD
∗h

B cos(δD∗hB + δD ∓ γ)

− αy(1 + (rD∗hB )2)rD cos δD

− αy(1 + r2
D)rD∗hB cos(δD∗hB ∓ γ)

+ αx(1− (rD∗hB )2)rD sin δD

− αx(1− r2
D)rD∗hB sin(δD∗hB ∓ γ)

ΓSUP,γ± (B± → D∗(→ [K∓π±]Dγ)h±) ∝ r2
D + (rD∗hB )2 (1.28)

− 2rDrD
∗h

B cos(δD∗hB + δD ∓ γ)

+ αy(1 + (rD∗hB )2)rD cos δD

− αy(1 + r2
D)rD∗hB cos(δD∗hB ∓ γ)

− αx(1− (rD∗hB )2)rD sin δD

− αx(1− r2
D)rD∗hB sin(δD∗hB ∓ γ).

2In the calculations, mixing induced CP violation in D mesons was neglected.
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Compared to the definitions given in Sec. 1.4.2, these are dependent on three

additional variables:

• α: 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, α = 0.88± 0.03. A description of the evaluation

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

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

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

x = ∆M
Γ = (0.31+0.11

−0.12)% (1.29)

y = ∆Γ
2Γ = (0.651+0.063

−0.0.069)%, (1.30)

where ∆M and ∆Γ are the mass and width differences between the mass

eigenstates of the D system, respectively, and Γ 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− → D0XK− decay, followed by the oscillation: D0 → D0,

followed by a favoured D0 → K+π− decay (or the charge conjugate process). Favoured

decays therefore infiltrate the suppressed sample at a rate ∼ |x|, |y|, as the corrections

in Eqs. (1.27) and (1.28) are linear in the terms αx and αy; the relative size of these

terms compared to rD∗hB determines the size of D mixing effects. In the D∗K ADS

mode, rD∗KB ∼ O(0.1), therefore D mixing effects are not visible in this channel

at the current level of experimental uncertainty. In the D∗π ADS mode, however,

rD
∗π

B ∼ O(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 CP Observables

In order to extract γ and the hadronic parameters rD∗KB , δD∗KB , rD∗πB , and δD∗πB , ratios

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± → D∗K± to B± → D∗π± decays for the favoured D decay

mode:

R
Kπ,π0/γ
K/π = Γ(B− → ([K−π+]Dπ0/γ)D∗K−) + Γ(B+ → ([K+π−]Dπ0/γ)D∗K+)

Γ(B− → ([K−π+]Dπ0/γ)D∗π−) + Γ(B+ → ([K+π−]Dπ0/γ)D∗π+) .

(1.31)

2. The CP asymmetry between B− and B+ mesons in the favoured D decay mode

(for B± → D∗K± decays only):

A
Kπ,π0/γ
K = Γ(B− → ([K−π+]Dπ0/γ)D∗K−)− Γ(B+ → ([K+π−]Dπ0/γ)D∗K+)

Γ(B− → ([K−π+]Dπ0/γ)D∗K−) + Γ(B+ → ([K+π−]Dπ0/γ)D∗K+) .

(1.32)

3. The CP asymmetries between B− and B+ mesons decaying to CP eigenstates,

where hh = ππ/KK:

ACP,π
0/γ

π = Γ(B− → ([h+h−]Dπ0/γ)D∗π−)− Γ(B+ → ([h+h−]Dπ0/γ)D∗π+)
Γ(B− → ([h+h−]Dπ0/γ)D∗π−) + Γ(B+ → ([h+h−]Dπ0/γ)D∗π+)

(1.33)

A
CP,π0/γ
K = Γ(B− → ([h+h−]Dπ0/γ)D∗K−)− Γ(B+ → ([h+h−]Dπ0/γ)D∗K+)

Γ(B− → ([h+h−]Dπ0/γ)D∗K−) + Γ(B+ → ([h+h−]Dπ0/γ)D∗K+) .

(1.34)

A correction to account for the difference in CP asymmetry betweenD → K+K−

and D → π+π− decays is considered in Sec. 4.1.2.

4. The ratio of B± → D∗K± to B± → D∗π± decays for D → hh, where hh =
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ππ/KK, divided by RKπ,π0/γ
K/π :

RCP,π0/γ = Γ(B− → ([h−h+]Dπ0/γ)D∗K−) + Γ(B+ → ([h+h−]Dπ0/γ)D∗K+)
Γ(B− → ([h−h+]Dπ0/γ)D∗π−) + Γ(B+ → ([h+h−]Dπ0/γ)D∗π+)

× 1
R
Kπ,π0/γ
K/π

. (1.35)

Here, RKK,π0/γ = Rππ,π0/γ = RCP,π0/γ , 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
πK,π0/γ
π± = Γ(B± → [[K∓π±]Dπ0/γ]D∗K±)

Γ(B± → [[K±π∓]Dπ0/γ]D∗K±) (1.36)

R
πK,π0/γ
K± = Γ(B± → [[K∓π±]Dπ0/γ]D∗π±)

Γ(B± → [[K±π∓]Dπ0/γ]D∗π±) . (1.37)

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

asymmetry AπK,π
0/γ

h and summed over charge ratio RπK,π0/γ
h , because the latter

are statistically correlated; they are therefore calculated by hand using the

formulae:

R
πK,π0/γ
h = R

πKπ0/γ
h− +R

πKπ0/γ
h+

2 (1.38)

A
πK,π0/γ
h = R

πKπ0/γ
h− −RπKπ0/γ

h+

R
πKπ0/γ
h− +R

πKπ0/γ
h+

. (1.39)

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 Fig. 1.5 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/c2, is due to traditionally

studied B− → DK− decays; the dark blue, double horned structure in the low mass

region [5000, 5150]MeV/c2 is due to B− → (D∗ → Dπ0)K− decays; the light blue,
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Figure 3: Invariant-mass distribution of B± ! [K⌥⇡±]Dh± candidates with the fit result
overlaid. A legend is provided in Fig. 1.
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overlaid. A legend is provided in Fig. 1.
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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 K+K− final state, performed by the partially reconstructed
analysis [31].

broad peak sitting underneath this is from B− → (D∗ → Dγ)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 Sec. 2.3.3). Measurements of CP observables for the D∗ → Dπ0

mode have been made with competitive precision, however the D∗ → Dγ 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 Sec. 4.6. 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 rD∗hB and δD∗hB , given

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

rD
∗K

B = (9.9+1.6
−1.9)% (1.40)

δD
∗K

B = (310+12
−23)◦ (1.41)

rD
∗π

B = (0.95+0.85
−0.61)% (1.42)

δD
∗π

B = (139+22
−86)◦ . (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]:

rD
∗K

B = (10.6+1.9
−3.6)% (1.44)

δD
∗K

B = (294+21
−31)◦ , (1.45)

which shows good agreement with the latest LHCb measurements.



2
The LHCb experiment

The reconstruction of B± → (D∗ → [h±h∓]Dπ0/γ)h± decays was performed by the

LHCb 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(1011) 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

√
s = 8TeV 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 c quarks, which are predominantly

produced from gluon-gluon fusions with asymmetric momenta in the laboratory frame,

leading to cc or bb pairs with boosted centre of mass energies. For this reason,

LHCb is a forward spectrometer covering the pseudorapidity region 1.9 < η < 4.9,

where η = − ln(tan θ/2). Here, θ 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 [46].

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 × 1032 cm−2s−1. The total

integrated luminosity collected by the LHCb detector was 3 fb−1 in Run 1 and 5.7 fb−1

in Run 2, providing a total of 8.7 fb−1. The measurements presented in this thesis

are based on the full LHCb dataset.

Figure 2.1: The CERN accelerator complex, including the construction year and length for
a number of accelerators, reproduced from Ref. [47]. The accelerator chain used during pp
operation is: LINAC 2 → BOOSTER → PS → SPS → LHC.
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2.1 The LHCb sub-detectors

The coordinate system for detector description is such that the z-axis lies along

the beamline, and the x-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.
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Chapter 2

The LHCb Detector

2.1 Detector layout

LHCb is a single-arm spectrometer with a forward angular coverage from approximately 10 mrad
to 300 (250) mrad in the bending (non-bending) plane. The choice of the detector geometry is
justified by the fact that at high energies both the b- and b-hadrons are predominantly produced in
the same forward or backward cone.

The layout of the LHCb spectrometer is shown in figure 2.1. The right-handed coordinate
system adopted has the z axis along the beam, and the y axis along the vertical.

Intersection Point 8 of the LHC, previously used by the DELPHI experiment during the LEP

Figure 2.1: View of the LHCb detector.

– 2 –

Figure 2.2: Overview of the LHCb detector, reproduced from Ref. [45].

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 c 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± 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 φ sensors radial strips run from the inner to outer radius of the module, as

illustrated in Fig. 2.4. The strip pitch varies between 40µm and 100µm depending

on the distance from the beam line.

Figure 1: (top left) The LHCb VELO vacuum tank. The cut-away view allows the VELO
sensors, hybrids and module support on the left-hand side to be seen. (top right) A photograph of
one side of the VELO during assembly showing the silicon sensors and readout hybrids. (bottom)
Cross-section in the xz plane at y = 0 of the sensors and a view of the sensors in the xy plane.
The detector is shown in its 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).

The VELO contains a series of silicon modules arranged along the beam direction,
see Fig. 1. A right-handed co-ordinate system is defined with z along the beam-axis into
the detector, y vertical and x horizontal. Cylindrical polar co-ordinates (r, ✓,�) are also
used. The region of the detector at positive (negative) z values is known as the forward
(backward) or downstream (upstream) end.

The sensors are positioned only 7mm from the LHC beams. This is smaller than the
aperture required by the LHC beam during injection. Hence, the detector is produced in
two retractable halves. There is a small overlap between the two detector halves when
closed. This aids alignment and ensures that full angular coverage is maintained. The
position of the VELO halves are moveable in x and y and the VELO is closed at the
beginning of each fill such that it is centred on the interaction region.

Approximately semi-circular silicon sensors are used. Each module contains one r and
one � coordinate measuring sensor, known as R and � sensors and shown schematically in
Fig. 2. The inter-strip pitch varies from approximately 40 to 100µm across the sensor. The
strips are read out from around the circumference of the sensor through the use of routing
lines on the sensor. The sensors are read out using the Beetle [9] analogue front-end ASIC,
operated with a 40MHz input event sampling rate. The signals are digitised and processed

2

Figure 2.3: Cross-section in the x− z plane at y = 0 of the VELO stations in their closed
position. R (φ) 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 8mm 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− 300mrad downstream, so that tracks

pass through at least 3 VELO stations within this coverage.

The PV resolution achieved by the VELO is typically ∼ 10µm in x/y and

∼ 50µm in z. The impact parameter resolution is < 35µm for particles with

pT > 1GeV/c [48], offering discriminatory power between particles produced from

primary and secondary vertices.
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 read out

2048 strips
 read out

Figure 2.4: Illustration of the silicon strip layout for a VELO module, designed to measure
(left) the azimuthal angle, φ, 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 (x − 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 δB/B ≈ 4 × 10−4 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 LHCb 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 ∼ 200µm, giving a

spatial resolution of 50µm. It has 4 layers of detector material: the first and last have

strip readouts with vertical orientation (x-layers); the second and third are oriented

at +5◦ and −5◦ respectively (u- and v- layers). This x− u− v − x geometry allows

the transverse components of particle trajectories to be resolved. The front layer is

depicted in Fig. 2.5. The TT makes it possible to reconstruct long-lived K0
S 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 3.10: Layout of first (left) and last (right) TT layers. The shadings indicate
strip connections.

3.4 Trigger Tracker

Just in front of the magnet, the Trigger Tracker (TT) [26] is located (see Fig. 3.5). It
consists of two stations separated by a distance of 27 cm. As the name indicates, data
from the TT is used to make the trigger decision. The presence of a low integrated
magnetic field of � 0.15 T m between the VELO and the TT (see Fig. 3.6) is su�cient
to assign a rough momentum estimate with a resolution of 20%–40% to the tracks. The
trigger selects events with high-momentum tracks. Since the deflection of these high-
momentum tracks is small, a good spatial resolution is required. Therefore, to resolve
the deviation from a straight line, it is chosen to build the TT as a silicon strip detector.

Apart from its use in the trigger, the TT also serves to reconstruct long-living,
neutral particles (mainly K0

S ’s) which may decay outside the acceptance of the VELO.
Furthermore, it provides a momentum estimate for slow particles that are bent out of
the LHCb acceptance before reaching the T stations, and it improves the momentum
estimate for particles that do reach the T stations.

Each TT station has two layers of silicon covering the full acceptance. The strips in
the four layers are arranged in stereo views, x-u and v-x, corresponding to angles with
the vertical y axis of 0�, �5�, +5�, and 0�. The stereo views allow a reconstruction of
tracks in three dimensions. The vertical orientation of the strips is chosen to obtain a
better spatial resolution in the horizontal plane (bending plane of the magnet), resulting
in a more accurate momentum estimate.

A layer is built out of 11 cm � 7.8 cm sensors as depicted in Fig. 3.10. In total, the
silicon sensors cover a surface of about 8.4 m2. Depending on their distance from the
horizontal plane, the strips of three or four neighbouring sensors are connected so that
they can share a single readout. The layout is explained in detail in Ref. [30].

The capacitance per readout channel increases as more sensors are connected. This
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Figure 2.7.: Layout of the first (left) and last (right) TT layers, with the beam pipe visible
in the middle [42]. The two areas left and right of the beam pipe are covered
by nine eleven-sensor long ladders each. Five-sensor long ladders fill the areas
directly above and below the beam pipe. Vertically, each ladder is subdivided
into several readout sectors, as indicated by di�erent shadings.

Figure 2.8.: Layout of the x-layer (left) and u-layer (right) of the IT, with the cross-shaped
configuration [42]. The beam pipe is visible in the middle.

2.4.1. Inner Tracker (IT)

The Inner Tracker (IT) composes the central region of the T1 ≠ T3 tracking stations,
where particle fluxes are largest. In each of the three tracking layers, the IT consists of
four detector planes. Each plane (or box) employs the same silicon microstrip technology
as used in the TT, and despite its limited e�ective area coverage of 1.3% of the total
detector acceptance, the IT accepts around 20% of all charged tracks produced close to
the interaction point. The cross-shaped geometry of the IT is illustrated in Figure 2.8;
this geometry is motivated by the orientation of the LHCb bending plane. The bending
plane of LHCb is horizontal in this image, and intersects the page at 90 degrees.

2.4.2. Outer Tracker (OT)

The Outer Tracker (OT) [43], illustrated in Figure 2.9, covers the large region outside
the acceptance of the inner tracker, in each of the tracking stations T1 ≠ T3. Each OT

(a)
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Figure 3.11: Layout an IT x and u layer with the silicon sensors in the cross-
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gives rise to a higher noise rate. The signal-over-noise performance can be recovered
by using thicker sensors. In order to connect up to four TT sensors, the sensors re-
quire a thickness of 500 µm. The strip pitch is 183 µm, which results, after clustering
with neighbouring strips, in a spatial resolution of � 50 µm [31]. Due to their similar
technologies, the development and construction of the TT is combined with the Inner
Tracker into a common project named Silicon Tracker.

3.5 Inner Tracker

The Inner Tracker (IT) [32] covers the innermost region of the T stations, which receives
the highest flux of charged particles. An IT station consists of four boxes of silicon
sensors, placed around the beam pipe in a cross-shape. It spans about 125 cm in width
and 40 cm in height (see Fig. 3.11). Each station box contains four layers in an x-u-v-x
topology similar to that in the TT.

The silicon sensors have the same dimensions as in the TT. In the IT, however, not
more than two sensors are connected. Therefore, they can be thinner due to the lower
noise rate. The single sensors are 320 µm thick, while the double sensors are 410 µm
thick. The strip pitch is 198 µm, resulting in a resolution of approximately 50 µm [31].

The cross-shape has been chosen as the optimal shape for the IT. This was done
to limit the occupancy in the hottest regions of the Outer Tracker. In Chapter 5, the
simulation studies justifying this shape are discussed. The average hit occupancy in IT
itself is expected to be less than 2% [31].

3.6 Outer Tracker

In the T stations, the Outer Tracker (OT) [33] covers the large region outside the
acceptance of the Inner Tracker. Chapter 5 discusses in detail the simulation programme
of the OT in LHCb. This section introduces the hardware design of the OT. As it is
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gives rise to a higher noise rate. The signal-over-noise performance can be recovered
by using thicker sensors. In order to connect up to four TT sensors, the sensors re-
quire a thickness of 500 µm. The strip pitch is 183 µm, which results, after clustering
with neighbouring strips, in a spatial resolution of � 50 µm [31]. Due to their similar
technologies, the development and construction of the TT is combined with the Inner
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and 40 cm in height (see Fig. 3.11). Each station box contains four layers in an x-u-v-x
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noise rate. The single sensors are 320 µm thick, while the double sensors are 410 µm
thick. The strip pitch is 198 µm, resulting in a resolution of approximately 50 µm [31].

The cross-shape has been chosen as the optimal shape for the IT. This was done
to limit the occupancy in the hottest regions of the Outer Tracker. In Chapter 5, the
simulation studies justifying this shape are discussed. The average hit occupancy in IT
itself is expected to be less than 2% [31].
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In the T stations, the Outer Tracker (OT) [33] covers the large region outside the
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four detector planes. Each plane (or box) employs the same silicon microstrip technology
as used in the TT, and despite its limited e�ective area coverage of 1.3% of the total
detector acceptance, the IT accepts around 20% of all charged tracks produced close to
the interaction point. The cross-shaped geometry of the IT is illustrated in Figure 2.8;
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2.4.2. Outer Tracker (OT)

The Outer Tracker (OT) [43], illustrated in Figure 2.9, covers the large region outside
the acceptance of the inner tracker, in each of the tracking stations T1 ≠ T3. Each OT

(c)

Figure 2.5: Schematic of (a) an x-layer module of the TT, (b) an x-layer module of the IT
and (c) a v-layer module of the IT [52].

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× 6m2 starting ∼ 10 cm from the beamline. This set up is

illustrated in Fig. 2.6. Each layer has 64 drift tubes of 4.9mm in diameter, filled with

an Ar/CO2/O2 (70/28.5/1.5) gaseous mixture, which ensures a drift time < 50 ns.

The coordinate resolution of the OT was 205µm (171µm) during Run 1 (Run 2) [53].
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Figure 1. (a) OT module cross section, with distances in mm. (b) Arrangement of OT straw-tube modules
in layers and stations.

routing for all detector services (gas, low and high voltage, cooling water, data fibres, slow and
fast control). The C-frames are sustained by a stainless steel structure (called “bridge”), equipped
with rails allowing the independent movement of all twelve C-frames. The bridge is mounted on a
concrete structure (called “table”).

The front-end (FE) electronics measures the arrival times of the ionization clusters produced
by charged particles traversing the straw-tubes with respect to the beam crossing (BX) signal [3].
The signals are amplified and subsequently discriminated against a threshold value. This value is
set as low as possible to minimize the e�ect of time-walk on the drift time resolution, and at the
same time to keep the number of noise hits at an acceptable level. The measured arrival times
are then digitized for each 25 ns (the LHC design value for the minimum bunch crossing interval)
and stored in a digital pipeline to await the lowest-level trigger (L0) decision. This TDC value is
given in units of 0.4 ns, as the 25 ns window is encoded with 6 bits. On a positive L0 decision, the
digitized data of the triggered bunch crossing and of the following two bunch crossings (for a total
window of 75 ns) are transmitted via optical links to TELL1 boards in the LHCb DAQ system [4].

The performance of the OT as studied in detail during Run 1 of LHC (data-taking years
2009–2012) can be found in ref. [5], together with additional details of the apparatus.

Thanks to improvements on the LHC magnets during the Long Shutdown 1 (LS1) period in
2013 and 2014, the LHC provided collisions at a higher centre-of-mass energy of 13 TeV in Run
2 (versus 7 and 8 TeV in Run 1) and proton bunches with a time spacing of 25 ns instead of 50 ns.

– 3 –

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 < 200GeV/c.

This was calculated using data from J/ψ → µ+µ− decays, for which the momentum

resolution can be related to the invariant mass resolution of the J/ψ candidate. The

resolution over the full momentum spectra is plotted in Fig. 2.7.
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Fig. 17. Relative momentum resolution versus momentum for long tracks in data obtained using
J/ψ decays.

2.2.2. Mass and momentum resolution

The momentum resolution for long tracks in data is extracted using J/ψ → µ+µ−

decays. The mass resolution of the J/ψ is primarily defined by the momentum
resolution of the two muons. Neglecting the muon masses and considering decays
where the two muons have a similar momentum, the momentum resolution, δp, can
be approximated as:

(
δp

p

)2

= 2

(
σm
m

)2

− 2

(
pσθ
mcθ

)2

, (1)

where m is the invariant mass of the J/ψ candidate and σm is the Gaussian width
obtained from a fit to the mass distribution. The second term is a correction for
the opening angle, θ, between the two muons, where σθ is the per-event error on θ
which is obtained from the track fits of the two muons. Figure 17 shows the relative
momentum resolution, δp/p, as a function of the momentum, p. The momentum
resolution is about 5 per mille for particles below 20 GeV/c, rising to about 8 per
mille for particles around 100 GeV/c.

The mass resolution is compared for six different dimuon resonances: the J/ψ ,
ψ(2S), Υ (1S), Υ (2S) and Υ (3S) mesons, and the Z0 boson. These resonances are
chosen as they share the same topology and exhibit a clean mass peak. A loose
selection is applied to obtain the invariant mass distributions, as shown in Fig. 18.

The momentum scale is calibrated using large samples of J/ψ → µ+µ− and
B+ → J/ψK+ decays, as is done for the precision measurements of b-hadron and
D meson masses.51–54 By comparing the measured masses of known resonances
with the world average values,55 a systematic uncertainty of 0.03% on the momen-
tum scale is obtained. As shown in Fig. 17 the momentum resolution depends on
the momentum of the final-state particles, and therefore the mass resolution is not
expected to behave as a pure single Gaussian. Nevertheless, a double Gaussian func-
tion is sufficient to describe the observed mass distributions. Final-state radiation
creates a low-mass-tail to the left side of the mass distribution, which is modelled
by an additional power-law tail. To describe the Z0 mass distribution, a single
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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/ψ → µ+µ− 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 LHCb 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/c; the RICH2 detector is positioned upstream of the tracking

system and targets tracks in the momentum range p ∈ [15, 100]GeV/c. RICH1

covers the full LHCb acceptance; RICH2 only operates in the region where higher

momentum tracks lie, θ < 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 θc with respect to the particle trajectory, defined by Eq. (2.1):

cos θc = 1
nβ

, (2.1)

where β = v/c and n is the refractive index of the RICH radiator medium. A

measurement of β, 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 6.1: Cherenkov angle versus particle momentum for the RICH radiators.
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Figure 6.2: (a) Side view schematic layout of the RICH 1 detector. (b) Cut-away 3D model of the
RICH 1 detector, shown attached by its gas-tight seal to the VELO tank. (c) Photo of the RICH1
gas enclosure containing the flat and spherical mirrors. Note that in (a) and (b) the interaction point
is on the left, while in (c) is on the right.

• minimizing the material budget within the particle acceptance of RICH 1 calls for lightweight
spherical mirrors with all other components of the optical system located outside the accep-
tance. The total radiation length of RICH 1, including the radiators, is ⇠8% X0.

• the low angle acceptance of RICH 1 is limited by the 25 mrad section of the LHCb beryllium
beampipe (see figure 3.1) which passes through the detector. The installation of the beampipe
and the provision of access for its bakeout have motivated several features of the RICH 1
design.

• the HPDs of the RICH detectors, described in section 6.1.5, need to be shielded from the
fringe field of the LHCb dipole. Local shields of high-permeability alloy are not by them-
selves sufficient so large iron shield boxes are also used.
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Figure 7: Schematic layout of the RICH2 detector
(seen from above).

emitted at the mid-point of the track
through the radiator, leading to some
smearing of the reconstructed angle.

2. Chromatic: the chromatic dispersion of
the radiators leads to a dependence of the
Cherenkov angle on the photon energy.

3. Pixel: due to the finite granularity of the
detector.

4. Tracking: due to errors in the recon-
structed track parameters.

These contributions are listed in Table 1
for each of the RICH radiators. The granu-
larity of the photon detectors has been chosen
as 2.5mm×2.5mm based on a comparison of
the pixel contribution with the other terms.
Reducing the pixel size would incur increased
cost with little benefit to Cherenkov angle pre-
cision.
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Figure 8: Refractive index of the radiator media
as a function of the photon energy.

Table 1: Some characteristics of the radiator ma-
terials used in the RICH system as determined from
the simulation (for visible light at STP); the lower
part lists the contributions to the resolution (from
emission-point, chromatic, pixel and tracking), the
total resolution per photoelectron and the mean
number of detected photoelectrons in the ring im-
age.

Material CF4 C4F10 Aerogel
L [cm] 167 85 5
n 1.0005 1.0014 1.03
θmax
c [mrad] 32 53 242

pthresh(π) [GeV] 4.4 2.6 0.6
pthresh(K) [GeV] 15.6 9.3 2.0
σemission

θ [mrad] 0.31 0.74 0.60
σchromatic

θ [mrad] 0.42 0.81 1.61
σpixel

θ [mrad] 0.18 0.83 0.78
σtrack

θ [mrad] 0.20 0.42 0.26
σtotal

θ [mrad] 0.58 1.45 2.00
Npe 18.4 32.7 6.6

2.3 Radiators

There are two radiators in RICH1. A 5 cm-
thick aerogel radiator with refractive index
n = 1.03 provides positive kaon identifica-
tion above 2 GeV/c and π−K separation up to
about 10 GeV/c. The useful wavelength range
of the Cherenkov light from aerogel is lim-
ited by Rayleigh scattering. The transmission
through a length L is proportional to e−CL/λ4 ,
for wavelength λ, where C is the clarity co-
efficient. The value assumed in simulations

6

Figure 2.8: Illustration of the RICH 1 (left) and RICH 2 (right) detectors, reproduced from
Refs. [45, 56].

The threshold for emission depends on n and the particle momentum. Sensitivity

is lost at high momentum when β → 1 as cos θc → 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 C4F10

radiator, n = 1.0014; the second with a CF4 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 [55, 57].

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 θc.
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The separation power of RICH1 can be seen in Fig. 2.9 for particle types (p,K, π, µ),

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.

Momentum (GeV/c)

2

Figure 14: Reconstructed Cherenkov angle as a function of track momentum in the C4F10

radiator

ring does not overlap with any other ring from the same radiator.
Figure 14 shows the Cherenkov angle as a function of particle momentum using information

from the C4F10 radiator for isolated tracks selected in data (∼ 2% of all tracks). As expected, the
events are distributed into distinct bands according to their mass. Whilst the RICH detectors
are primarily used for hadron identification, it is worth noting that a distinct muon band can
also be observed.

5.3 PID calibration samples

In order to determine the PID performance on data, high statistics samples of genuine K±, π±,
p and p̄ tracks are needed. The selection of such control samples must be independent of PID
information, which would otherwise bias the result. The strategy employed is to reconstruct,
through purely kinematic selections independent of RICH information, exclusive decays of
particles copiously produced and reconstructed at LHCb.

The following decays, and their charge conjugates, are identified: K0
S → π+π−, Λ →pπ−,

D∗+ → D0(K−π+)π+. This ensemble of final states provides a complete set of charged particle
types needed to comprehensively assess the RICH detectors hadron PID performance. As
demonstrated in Fig. 15, the K0

S, Λ, and D∗ selections have extremely high purity.
While high purity samples of the control modes can be gathered through purely kinematic

requirements alone, the residual backgrounds present within each must still be accounted for.
To distinguish background from signal, a likelihood technique, called sPlot [23], is used, where
the invariant mass of the composite particle K0

S,Λ, D
0 is used as the discriminating variable.

The power of the RICH PID can be appreciated by considering the ∆logL distributions for
each track type from the control samples. Figures 16(a-c) show the corresponding distributions
in the 2D plane of ∆logL(K − π) versus ∆logL(p − π). Each particle type is seen within a
quadrant of the two dimensional ∆logL space, and demonstrates the powerful discrimination
of the RICH.

19

Figure 2.9: Cherenkov angle vs. track momentum for isolated tracks in the RICH1 C4F10
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 Sec. 2.3.3).

The electromagnetic (ECAL) and hadronic (HCAL) calorimeters are preceded by

the Silicon Pad Detector (SPD) and Preshower (PS) detector, separated by a lead

wall (Fig. 2.10) [45]. 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 × 4.04 cm2 in the
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inner region, 6.06× 6.06 cm2 in the middle region and 12.12× 12.12 cm2 in the outer

region. The HCAL, on the other hand, has only an inner and an outer region

with cells of size 13.13 × 13.13 cm2 and 26.26 × 26.26 cm2 respectively, due to the

dimensions of hadronic showers [45].

axis downstream of the interaction point (light and dark blue in Figure 1): a Scintillator
Pad Detector (SPD), a PreShower (PS), an Electromagnetic CALorimeter (ECAL) and
a Hadronic CALorimeter (HCAL), all placed perpendicular to the beam axis. A 2.5 X0

lead foil2 is interleaved between the SPD and the PS. A signal in the SPD marks the
presence of a charged particle. Energy deposited in the PS indicates the start of an
electromagnetic shower. ECAL and HCAL determine the electromagnetic or hadronic
nature of the particles reaching them. Minimum ionizing particles are also detected in all
four sub-detectors.

After briefly recalling the main characteristics of the 4 sub-detectors of the calorimetric
system, this paper describes the various methods developed to calibrate the LHCb
calorimeters and the evolution of these methods over the course of the two distinct data
taking periods (Run 1 and Run 2) at the LHC. The performance of the calorimeters is
then presented.

2 The LHCb Calorimeters

2.1 Detector layout
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Figure 2: Layout of the calorimeter system.

2X0 is the radiation length.

2

Figure 2.10: Layout of the calorimeter system, taken from Ref. [58].

Scintillating pad/preshower detector

The SPD/PS detector consists of two identical scintillating pads separated by a 15mm

lead absorber, corresponding to 2.5 radiation lengths (X0). 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 4mm scintillator and

2mm lead absorber. The Molière radius of the ECAL is 3.5 cm. The depth of the 42cm

Pb/scintillator stack corresponds to 25 X0, 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: θx < 300mrad, θy < 350mrad. The

inner acceptance, limited by radiation levels close to the beampipe, is θx, θy < 25mrad.

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 Eq. (2.2), where the particle energy E is measured in GeV and θ is the angle

between the beam axis and the line from the interaction point to the cell centre [58]

σ(E)
E

= (9.0± 0.5%)√
E

⊕ (0.8± 0.2)%⊕ 0.3
E sin θ . (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 σ(E)/E = (9.0 ± 0.5%)/
√
E ⊕ 4%.
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Figure 5: ECAL cell.

LHCb frame in which (x, y) is the plane perpendicular to the beam axis. The ECAL front
surface is located at about 12.5m from the interaction point. The energy resolution of
ECAL for a given cell, measured with test-beam electrons is parameterised [5] as

�(E)

E
=

(9.0 ± 0.5)%p
E

� (0.8 ± 0.2)% � 0.003

E sin ✓
, (1)

where E is the particle energy in GeV, ✓ is the angle between the beam axis and a line
from the LHCb interaction point and the centre of the ECAL cell. The second contribution
is the constant term (corresponding to mis-calibrations, non-linearities, leakage, ...) while
the third one is due to the noise of the electronics which is evaluated on average to 1.2
ADC counts [1].

2.5 HCAL

The HCAL thickness is 5.6 interaction lengths due to space limitations. A sampling
structure was chosen, made from iron and scintillating tiles, as absorber and active
material, respectively. The special feature of this sampling structure is the orientation of
the scintillating tiles that are placed parallel to the beam axis (Figure 6) thus enhancing
the light collection compared to a perpendicular orientation of the scintillating tiles. The
same photomultiplier type as in ECAL (Hamamatsu R7899-20) is used for the readout.
The HCAL has in total 1488 cells all of the same dimension located in two regions (inner
and outer), depending on their distance to the beam-pipe.

The energy resolution measured in test beams with pions is [6]

�(E)

E
=

(67 ± 5)%p
E

� (9 ± 2)%, (2)

where E is the deposited energy in GeV.
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Figure 6.31: View from upstream of the HCAL detector installed behind the two retracted ECAL
halves in the LHCb cavern (left). A schematic of the internal cell structure (right). The exploded
view of two scintillator-absorber layers illustrates the elementary periodic structure of a HCAL
module.

tiles are interspersed with 1 cm of iron, whereas in the longitudinal direction the length of tiles and
iron spacers corresponds to the hadron interaction length lI in steel. The light in this structure is
collected by WLS fibres running along the detector towards the back side where photomultiplier
tubes (PMTs) are housed. As shown in figure 6.31, three scintillator tiles arranged in depth are in
optical contact with 1.2 mm diameter Kuraray20 Y-11(250)MSJ fibre [145] that run along the tile
edges. The total weight of the HCAL is about 500 tons.

The HCAL is segmented transeversely [146] into square cells of size 131.3 mm (inner section)
and 262.6 mm (outer section). Readout cells of different sizes are defined by grouping together dif-
ferent sets of fibres onto one photomultiplier tube that is fixed to the rear of the sampling structure.
The lateral dimensions of the two sections are ±2101 mm and ±4202 mm in x and ±1838 mm and
±3414 mm in y for the inner and outer section, respectively. The optics is designed such that the
two different cell sizes can be realized with an absorber structure that is identical over the whole
HCAL. The overall HCAL structure is built as a wall, positioned at a distance from the interaction
point of z=13.33 m with dimensions of 8.4 m in height, 6.8 m in width and 1.65 m in depth. The
structure is divided vertically into two symmetric parts that are positioned on movable platforms,
to allow access to the detector. Each half is built from 26 modules piled on top of each other in the
final installation phase. The assembled HCAL is shown in figure 6.31(left). The absorber structure,
shown in figure 6.31 (right), is made from laminated steel plates of only six different dimensions
that are glued together. Identical periods of 20 mm thickness are repeated 216 times in the mod-
ule. One period consists of two 6 mm thick master plates with a length of 1283 mm and a height
of 260 mm that are glued in two layers to several 4 mm thick spacers of 256.5 mm in height and
variable length. The space is filled with 3 mm scintillator.

20KURARAY Corp., 3-10, Nihonbashi, 2 chome, Chuo-ku, Tokyo, Japan.
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Figure 2.11: Illustration of an ECAL cell (left) and HCAL cell (right), reproduced from
Refs. [45, 58].

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 Fig. 2.11. 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 Sec. 2.2) in this work. The L0 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 [58].

σ(E)
E

= (67± 5%)√
E

⊕ (9± 2)%. (2.3)

As in Sec. 2.1.5, 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 pT 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 pT above

a certain threshold, which by definition pass the global L0 trigger (described in

Sec. 2.2.1), 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 1: (a) Side view of the LHCb Muon Detector. (b) Station layout with the four regions
R1–R4.

track is first verified in the four stations M2–M5 searching for hits inside suitable fields of interest
(FOI) projective to the interaction point. If this alignment is found, the hits of M2 and M3 stations
are used to predict the track hit position in M1. If the M1 hit nearest to the prediction is found inside
a suitable FOI, this hit and the one in M2 are used to define the track after the magnet deflection.
The direction of such a track, its impact point at the magnet centre and the average pp interaction
point, provide a rough fast measurement of the magnet deflection and the pT used by L0MU. The
information of M1 station, placed in front of the calorimeter material, improves the pT resolution
from ⇠ 35 % to ⇠ 25 %, with respect to what could be obtained using only the 4 downstream
stations. The M1 information is however not helpful in the high level trigger or offline where a
direct matching of the tracks reconstructed making use of the full spectrometer (T-tracks) with the
muon track segment detected in M2–M5 can be performed. The high resolution momentum of the
matched T-track, typically ranging from 0.35 to 0.55 %, is assigned to the muon.

The geometry of the five stations is projective. The transverse dimensions of the stations scale
with their distance from the interaction point. The chambers are positioned to form, across the
stations, adjacent projective towers pointing to the beam crossing position.

The chambers are partitioned into physical channels whose size is constrained by construc-
tional reasons, or by requirements on their electrical capacitance and rate capability that influence
the noise level and dead time of the front end (FE) electronics. Appropriate combinations of phys-
ical channels are performed to build up rectangular logical pads having the x and y sizes required
to obtain the desired performance of muon trigger and offline muon identification.

Each station is divided into four regions with increasing distance from the beam axis as shown
in Fig. 1(b). The linear dimensions of the regions R1, R2, R3, R4, and the size of their logical pads,
scale in the ratio 1:2:4:8 (see Fig. 2). Since the dipole magnet provides bending in the horizontal

trigger where a minimal value of 1.3 Gev/c is required for the geometrical mean of the first largest and the second largest
muon pT found in the event.

– 3 –

Figure 2.12: Layout of the muon chambers (black dashed lines) and iron absorbers (grey
areas) [60]. M1 is placed before the calorimeter system to improve the pT 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 L0 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 (L0) 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 pT relative to

the large background of soft QCD processes. The L0 trigger exploits this decay

signature by using quick readout from the calorimeter and muon systems to select

high pT events. This selection is achieved by splitting the ECAL and HCAL into

2 × 2 cell clusters with transverse energy:

ET =
4∑
i=1

Ei sin θi, (2.4)

where θi is the cell angle with respect to the beam axis and the average collision point.

The trigger line L0Hadron is passed if the highest HCAL transverse energy deposit

in the event is greater than 3.68GeV. The lines L0Electron and L0Photon are

triggered by the ECAL if the highest transverse energy deposit in the event meets

the threshold ET > 3GeV. 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 pT for the line L0Muon is pT > 1.76GeV/c; the pT

threshold for the product of two muons to trigger the line L0DiMuon is pT > 1.76GeV/c.

The L0Global line used in this thesis is triggered if an event contains at least one

candidate with ET 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 L0 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 pT 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 HLT1TrackAllL0 (re-optimised and renamed
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HLT1TrackMVA in Run 2), an inclusive trigger that selects for high pT 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 pT 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 pT 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 energies1, increased the number of signal candidates per

fb−1 for many analyses. The yields per fb−1 of LHCb data measured in this thesis

are 2.5 times higher for Run 2 than for Run 1 data.

1The B± production cross section within LHCb acceptance is measured to be 43µb at
√
s = 7TeV

and 87µb 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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Fig. 14. A schematic illustration of the various track types:25 long, upstream, downstream, VELO
and T tracks. For reference the main B-field component (By) is plotted above as a function of the
z coordinate.

the VELO tracks are combined with information from the T stations. The momen-
tum of a particle and its trajectory through the detector are fully determined from
the information provided by the VELO and a single T station hit. Further hits
in the T stations are then searched along this trajectory to find the best possible
combination of hits defining the long track. In the second algorithm, called track
matching,40,41 the VELO tracks are combined with track segments found after the
magnet in the T stations, using a standalone track finding algorithm.42 In order to
form such a track segment, particles traversing the T stations need to provide at
least one hit in the x layers and one in the stereo layers in each of the three stations.
The candidate tracks found by each algorithm are then combined, removing dupli-
cates, to form the final set of long tracks used for analysis. Finally, hits in the TT
consistent with the extrapolated trajectories of each track are added to improve
their momentum determination.

Downstream tracks are found starting with T tracks, extrapolating them
through the magnetic field and searching for corresponding hits in the TT.43,44 Up-
stream tracks are found by extrapolating VELO tracks to the TT where matching
hits are then added in a procedure similar to that used by the downstream tracking.
At least three TT hits are required to be present by these algorithms.45
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Figure 2.13: At the top of the illustration, the main B-field component (By) 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 Fig. 2.14

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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Fig. 16. Tracking efficiency as function of the momentum, p, the pseudorapidity, η, the total
number of tracks in the event, Ntrack, and the number of reconstructed primary vertices, NPV.50

The error bars indicate the statistical uncertainty.

The efficiency is measured using a tag-and-probe technique with J/ψ → µ+µ−

decays. In this method one of the daughter particles, the “tag” leg, is fully recon-
structed, while the other particle, the “probe” leg, is only partially reconstructed.
The probe leg should carry enough momentum information such that the J/ψ in-
variant mass can be reconstructed with a sufficiently high resolution. The tracking
efficiency is then obtained by matching the partially reconstructed probe leg to a
fully reconstructed long track. If a match is found the probe leg is defined as effi-
cient. In the trigger and offline selection of the J/ψ candidates, no requirements are
set on the particle used for the probe leg to avoid biases on the measured efficiency.

Two different tag-and-probe methods49,50 are used to measure the efficiency
for long tracks. The overall efficiency depends on the momentum spectrum of the
tracks and the track multiplicity of the event. The tracking efficiency is shown in
Fig. 16 as a function of the absolute momentum, p, of the pseudorapidity, η, of
the total number of tracks in the event, Ntrack, and of the number of reconstructed
primary vertices, NPV. The performance in the 2012 data is slightly worse, which is
partially due to the higher hit multiplicity at the higher centre-of-mass energy. As
can be seen, the average efficiency is above 96% in the momentum range 5 GeV/c <
p < 200 GeV/c and in the pseudorapidity range 2 < η < 5, which covers the phase
space of LHCb. Only in high multiplicity events (Ntrack > 200) it is slightly less
than 96%. The track reconstruction efficiency has been shown to be well reproduced
in simulated events.50
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number of tracks in the event, Ntrack, and the number of reconstructed primary vertices, NPV.50

The error bars indicate the statistical uncertainty.

The efficiency is measured using a tag-and-probe technique with J/ψ → µ+µ−

decays. In this method one of the daughter particles, the “tag” leg, is fully recon-
structed, while the other particle, the “probe” leg, is only partially reconstructed.
The probe leg should carry enough momentum information such that the J/ψ in-
variant mass can be reconstructed with a sufficiently high resolution. The tracking
efficiency is then obtained by matching the partially reconstructed probe leg to a
fully reconstructed long track. If a match is found the probe leg is defined as effi-
cient. In the trigger and offline selection of the J/ψ candidates, no requirements are
set on the particle used for the probe leg to avoid biases on the measured efficiency.

Two different tag-and-probe methods49,50 are used to measure the efficiency
for long tracks. The overall efficiency depends on the momentum spectrum of the
tracks and the track multiplicity of the event. The tracking efficiency is shown in
Fig. 16 as a function of the absolute momentum, p, of the pseudorapidity, η, of
the total number of tracks in the event, Ntrack, and of the number of reconstructed
primary vertices, NPV. The performance in the 2012 data is slightly worse, which is
partially due to the higher hit multiplicity at the higher centre-of-mass energy. As
can be seen, the average efficiency is above 96% in the momentum range 5 GeV/c <
p < 200 GeV/c and in the pseudorapidity range 2 < η < 5, which covers the phase
space of LHCb. Only in high multiplicity events (Ntrack > 200) it is slightly less
than 96%. The track reconstruction efficiency has been shown to be well reproduced
in simulated events.50
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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, Ntrack, (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, π, µ, 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) = LRICH(K)× LCALO(non-e)× LMUON(non-µ) (2.5)

L(π) = LRICH(π)× LCALO(non-e)× LMUON(non-µ). (2.6)

Due to differences in kinematics and underlying event multiplicity, the likelihood

scale changes between events. ∆LL 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:

∆LLx/π = lnL(x)− lnL(π). (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:

∆LLRICHK/π = lnLRICHmax (K|track)− lnLRICHmax (π|track), (2.8)

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 Eq. (2.7).

The RICH PID performance for K/π separation is demonstrated in Fig. 2.15 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 ∆LLK/π 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. 3.1.6.

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∗0 decays. This process begins by grouping together energy

deposits in ECAL cells into clusters by applying a 3 × 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
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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 ∆LLK/π 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 Molière 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, Ei is the local energy deposit

and (xi, yi) is the position of the cell centre:

• Energy:

Ecl =
∑
i

Ei. (2.9)

• Transverse barycentre:

~rcl = (xb, yb) = 1
Ecl

(∑
i

Eixi,
∑
i

Eiyi

)
. (2.10)

• Transverse dispersion:

Scl = 1
Ecl


∑
i
Ei (xi − xb)2 ∑

i
Ei (xi − xb) (yi − yb)∑

i
Ei (xi − xb) (yi − yb)

∑
i
Ei (yi − yb)2

 . (2.11)

The efficiency of reconstructing a cluster out of an ECAL deposit depends on the

transverse energy (ET ) 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 B0 →K∗0γ decays has been studied in Run3 conditions [73] and is
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shown in Fig. 2.16 as a function of ET . For low ET photons in the range 350−1000MeV,

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× 1032 cm−2s−1; in Run3, this will increase by a factor of ∼ 10 to

2× 1033 cm−2s−1. The cluster reconstruction efficiency will therefore be slightly higher

than those shown in Fig. 2.16 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 ET .

3 ECAL performance43

Information from the electromagnetic calorimeter (ECAL) is used in HLT2 to reconstruct44

neutral objects, such as photons and ⇡0, and as input to particle identification (PID),45

with critical impact on electron identification.46

The figures shown below present the e�ciency of reconstructing ECAL clusters from47

the energy deposited by photons (Fig. 18) and the position resolution of the reconstructed48

clusters (Fig. 19). They are produced with B0! K⇤0� simulation samples. Figure 2049

shows the ECAL cluster position resolution for merged ⇡0 ! �� from B decays. The50

resolutions are shown separately for the three ECAL regions, which are characterised by51

a di↵erent size of the ECAL cells that a↵ects in particular the position resolution. The52

ECAL cluster reconstruction is the same in the baseline and fastest HLT2 configurations.53

The power of the ECAL variables to separate electrons from other charged particles54

is shown in Fig. 21 by the distribution of the ECAL energy over the track momentum,55

EcalE/pc, and by the compatibility between the projection of the track direction before56

bending in the magnetic field and deposited energy in ECAL from potential bremsstrahlung57

emission. The latter is part of the fastest configuration of HLT2. These plots are produced58

with B0! K⇤0e+e� simulation samples.59
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Figure 18: ECAL cluster reconstruction e�ciency versus energy E, transverse energy ET and
position in the ECAL X and Y for reconstructible photons from B decays.

16

Figure 2.16: ECAL cluster reconstruction efficiency vs. transverse energy, ET , in Run3
conditions, measured using B0 →K∗0γ 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 χ2
2D is built for each pairing, representing the geometric distance between

the cluster barycentre and the extrapolated track position to the ECAL reference plane:

χ2
2D(~r) = (~rtr − ~r)TC−1

tr (~rtr − ~r) + (~rcl − ~r)TS−1
cl (~rcl − ~r), (2.12)

where ~rtr and ~rcl represent the 2D coordinates of extrapolated tracks and energy-

weighted cluster centres, respectively. Ctr is the covariance matrix of the ~rtr parameters

and Scl is the transverse energy dispersion, defined above. The χ2
2D estimator is

minimised with respect to ~r and energy clusters are identified as neutral clusters or

photon candidates if none of the pairings have a minimum χ2
2D < 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 χ2
2D 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 (xc, yc, zc). The longitudinal barycentre

position, zc, is determined from the longitudinal position in the ECAL; the transverse

barycentre position, (xc, yc), is evaluated from the energy-weighted barycentre (xb, yb).

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 pT > 500MeV/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∗0 decays have pT < 1000MeV/c, therefore photons that have converted before



2. The LHCb experiment 43

the magnet, accounting for < 20% of all photon candidates, are not considered

in this thesis.

Neutral pions originating from D∗0 decays are reconstructed as pairs of well-

separated photons with pT > 200MeV/c to remove large combinatorial backgrounds

from low-momentum photons. These resolved π0 candidates are formed by looping

over photon candidates, pairing them and comparing their invariant mass sum to

the nominal π0 mass (134.98MeV/c2). Candidates with reconstructed mass within

the range 100MeV/c2 < m(π0) < 200MeV/c2 are kept. Merged π0 candidates, where

ECAL granularity fails to resolve the daughter photons, become relevant for the

transverse momentum region pT > 2GeV/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 Two opposite sign e+e− tracks No

Photon converted
after magnet

Single/double PS and ECAL cluster
with SPD hit Yes

Unconverted photon PS and ECAL cluster with no SPD hit Yes

Resolved π0 Pair of well separate photon deposits
in ECAL Yes

Merged π0 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 < 200GeV/c, has a 96% probability of being recon-

structed. In contrast, photons and π0 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±π∓]Dπ0/γ)π± 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 Sec. 4.2.1) are divided by offline selection efficiencies obtained from simulation

(which will be given in Sec. 3.2.4) 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∗0 candidates fully

reconstructed with the neutral particle, compared to partially reconstructed without,

gives an estimate of the neutral reconstruction efficiency at LHCb.

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.



3
Selection and parameterisation of
B±→ (D∗→ Dπ0/γ)h± decays

3.1 Candidate reconstruction and selection

In this chapter, the procedure for reconstructing and selectingB± → (D∗ → Dπ0/γ)h±

decays is described, where the D∗ (D) symbol is inclusive of both D∗0 and D∗0 (D0 and

D0) intermediate states. The strong D∗ decay product, either a π0 meson or a photon,

is denoted the neutral, and h is labelled the companion particle, h ∈ (π,K). The D

meson is reconstructed in the K±π∓, K±K∓, π±π∓, π±K∓ 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 Kπ,KK, ππ, πK 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−1

collected at centre of mass energy
√
s = 7TeV and

√
s = 8TeV during Run 1, and

5.7 fb−1 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]DK and

B → [hh]Dπ. 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) < 7000MeV/c2. 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 χ2 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 χ2 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

χ2 distance between the B meson and the PV must be less than 25.

For both B and D candidates, the vertex quality χ2
vtx/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/c2 of the PDG D0 mass,

m(D0) = 1864.84 ± 0.05MeV/c2. Tracks must be well reconstructed, with track

quality χ2
tr/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 0.5mm. 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 χ2
vtx values in the decay chain (i.e. χ2

vtx (B) + χ2
vtx (D)). Here, the
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flight distance significance is defined as:

VB − PV
σ

, (3.1)

where VB represents the B decay vertex and σ =
√
σ2
VB

+ σ2
PV the flight distance

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/c2. In order to reduce combinatorial

backgrounds from low energy photons in the event, transverse momentum requirements

are placed on neutral particles. For the D∗ →Dγ final state, the transverse momentum

of the photon is required to be greater than 350MeV/c. For the D∗ →Dπ0 final state,

the transverse momentum of the π0 meson is required to be greater than 350MeV/c,

and the π0 secondary photons must have pT > 200MeV/c. There are approximately

2(3) D∗h candidates formed for every Dh candidate in the data when reconstructed in

the Dγ (Dπ0) 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

(L0HadronDecision_TOS, where TOS stands for triggered on signal), or events

containing at least one candidate from elsewhere in the event (L0GlobalDecision_TIS,

where TIS stands for triggered independent of signal), must lie above a fixed threshold

in transverse energy. For signal candidates reconstructed in the Dπ0 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 Dγ 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 Multivariate 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 i holds Si signal events and Bi background events. The

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

Gain = NParentNode ×GParentNode −NLeftNode ×GLeftNode −NRightNode ×GRightNode,

(3.2)

where Ni = Si + Bi. This particular parameterisation uses the Gini Index Gi =

pi × (1− pi), where the purity of a node pi = Si/ (Si +Bi). 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.

Node

Leaf

x > −5x < −5

y < 2 y > 2 z < 7 z > 7

Figure 3.1: Schematic of a decision tree, of depth 2, where x, 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)th
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tree, mis-classified events in the jth tree are weighted by αj = (1− fj) /fj ≥ 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 j, will either give a response

hj (x) = +1 for signal or hj (x) = −1 for background. The boosted event classification

is then given by the weighted average over all trees in the set, as defined in Eq. (3.3),

favouring those that correctly classify events:

Response = 1
Ntrees

Ntrees∑
j=1

ln (αj)hj (x) . (3.3)

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±h∓]Dh± 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±π∓]Dπ0)h± and B± → (D∗ → [K±π∓]Dγ)h±, h = π/K,

are provided as the background sample, where side-bands refers to data that falls

in the range 5800MeV/c2 < m(Dh) < 6800MeV/c2, as depicted in the 2D plots

of Fig. 3.2 for the pion companion. The ∆m variable, on the vertical axes, is

defined as the raw mass difference:

∆m =
m(D∗)−m(D), for D∗ → Dγ

m(D∗)−m(D)−m(π0) +m(π0)PDG, for D∗ → Dπ0,
(3.4)

where the PDG subscript refers to the meson mass listed on the PDG [19],

m(π0)PDG = 134.98MeV/c2. The projection of this 2D data onto them(Dπ) 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

Fig. 3.3; the largest peak depicted on the right hand side of the m(Dπ) distributions

is due to B± → Dπ± decays. The D∗ modes are partially reconstructed to the left

hand side of this peak; the Dπ0 decay channel candidates can be found in the double

horned structure, and the Dγ candidates are distributed broadly underneath this

(as for the PR analysis described in Sec. 1.4.5).

In this thesis, all measured CP 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

modeD → Kπ mode is chosen. Simulated B± → (D∗ → [K±π∓]Dπ0/γ)π±/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 Tab. 3.1, are chosen to exploit

the decay topology of tracks, and represent a sub-sample of those used in previous

B− → [h−h+]Dh− 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 Eq. (3.5),

quantifies the isolation of the B candidate by calculating the pT asymmetry between

the B meson and other tracks from the same PV:

ApT = pBT − pconeT

pBT + pconeT

. (3.5)
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Figure 3.2: 2D histogram of ∆m plotted against m(Dπ) for 2011-2018 data. The background
samples for BDT training are taken from the regions indicated in the labelled boxes for
B± → (D∗ → [K±π∓]Dπ0)π± (left) and B± → (D∗0 → [K±π∓]Dγ)π± (right) data.

(a) (b)

(c) (d)

Figure 3.3: 1D histograms of m(Dπ) for 2011-2018 data with a logarithmic y-axis scale.
B± → (D∗0 → [K±π∓]Dπ0)π± data before and after the application of the charged BDT1
is shown in (a) and (c), respectively. B± → (D∗0 → [K±π∓]Dγ)π± 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(Dπ) & 200MeV/c2, are due to B± → Dπ±

decays; B± → (D∗ → Dπ0)π± decays are part of the double horned structures in the range
5000MeV/c2 & m(Dπ) & 5200MeV/c2, whilst B± → (D∗ → Dγ)π± candidates form broad
resonances in the same region.
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Here, pBT is the pT of the B candidate and pconeT is the pT 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.

2 1 0 1 2
log10( BPV

B± ) (mm)
0.000

0.025

0.050

0.075

0.100

0.125

Ca
nd

id
at

es
 / 

(0
.0

8 
M

eV
/c

2 )

0.0 0.2 0.4 0.6 0.8 1.0
Companion pT (×104MeV/c)

0.00

0.02

0.04

0.06

0.08

Ca
nd

id
at

es
 / 

(2
00

.0
 M

eV
/c

2 )

2 1 0 1 2
log10( BPV

D0 ) (mm)
0.000

0.025

0.050

0.075

0.100

Ca
nd

id
at

es
 / 

(0
.0

8 
M

eV
/c

2 )

20 15 10 5 0
log(1 D0 DIRA)

0.00

0.02

0.04

0.06

0.08

0.10

Ca
nd

id
at

es
 / 

(0
.4

 M
eV

/c
2 )

20 15 10 5 0
log(1 B± DIRA)

0.00

0.02

0.04

0.06

0.08

0.10

Ca
nd

id
at

es
 / 

(0
.4

 M
eV

/c
2 )

0.0 0.2 0.4 0.6 0.8 1.0
Companion p (×105MeV/c)

0.00

0.02

0.04

0.06

Ca
nd

id
at

es
 / 

(2
00

0.
0 

M
eV

/c
2 )

1.0 0.5 0.0 0.5 1.0
B± pT Asymmetry

0.00

0.01

0.02

0.03

0.04

0.05

Ca
nd

id
at

es
 / 

(0
.0

4 
M

eV
/c

2 )

0 5 10 15
log(B± FD 2)

0.00

0.02

0.04

0.06

0.08

0.10

Ca
nd

id
at

es
 / 

(0
.3

 M
eV

/c
2 )

4 2 0 2 4
log10(B± min. IP 2 to PV)

0.00

0.05

0.10

0.15

Ca
nd

id
at

es
 / 

(0
.1

6 
M

eV
/c

2 )

0 5 10 15
log10(D0 min. IP 2 to PV)

0.00

0.02

0.04

0.06

0.08

Ca
nd

id
at

es
 / 

(0
.3

2 
M

eV
/c

2 )

0 5 10 15
log(D0 FD 2)

0.00

0.02

0.04

0.06

0.08

Ca
nd

id
at

es
 / 

(0
.3

 M
eV

/c
2 )

1 0 1 2 3
log10(B± FD) (mm)

0.00

0.02

0.04

0.06

0.08

0.10

Ca
nd

id
at

es
 / 

(0
.0

8 
M

eV
/c

2 )

0.0 0.1 0.2 0.3
D0 max. DOCA (mm)

0.00

0.05

0.10

0.15

0.20

0.25

Ca
nd

id
at

es
 / 

(0
.0

06
 M

eV
/c

2 )

0 2 4 6 8 10
B± vertex 2 (mm)

0.0

0.1

0.2

0.3

Ca
nd

id
at

es
 / 

(0
.2

 M
eV

/c
2 )

1 0 1 2 3
log10(D0 FD) (mm)

0.000

0.025

0.050

0.075

0.100

Ca
nd

id
at

es
 / 

(0
.0

8 
M

eV
/c

2 )

0 2 4 6 8 10
D0 vertex 2 (mm)

0.0

0.1

0.2

0.3

Ca
nd

id
at

es
 / 

(0
.2

 M
eV

/c
2 )

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 Fig. 3.5. The distribution of the output classifier, defined by Eq. (3.3),

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
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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. 3.1.4.

Neutral BDT

The second stage, neutral BDT is designed to select for true D∗ candidates. Separate

classifiers are trained for the Dπ0 and Dγ 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∗ →Dπ0 and D∗ →Dγ 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 χ2
2D cluster isolation variable defined in Eq. (2.12), the transverse energy dispersion

given by Eq. (2.11), 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 Dπ0 and Dγ neutral BDTs are made up

of B± → (D∗ → [K±π∓]Dπ0)π± and B± → (D∗ → [K±π∓]Dγ)π± MC samples,

respectively, which have passed the stripping and trigger requirements. Data side-

bands for the favoured D decay modes B± → (D∗ → [K±π∓]Dπ0)h± and B± →
(D∗ → [K±π∓]Dγ)h±, h = π/K, are provided as background samples. For the neutral

BDT, side-bands refers to data falling in the ∆m upper region 250MeV/c2 < ∆m <

500(400)MeV/c2 for the Dγ (Dπ0) BDT, but m(Dh) signal region. This 2D data

selection is shown in Fig. 3.2, and the 1D projection onto the ∆m 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

Dπ0 candidates is depicted on the left, and Dγ on the right. By comparing the ROC
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(a) (b)

(c) (d)

Figure 3.7: 1D histograms of ∆m for 2011-2018 data. B± → (D∗0 → [K±π∓]Dπ0)π± data
before and after the application of the neutral BDT is shown in (a) and (c), respectively.
B± → (D∗0 → [K±π∓]Dγ)π± 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 Dπ0 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 Dπ0 final state,

information from the π0 decay photons is also used in the training, increasing the

classifier’s performance compared to the Dγ 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. (3.3),

to the data samples that pass the trigger, stripping and BDT1 > −0.2 requirements.

Comparisons of the ∆m distributions before and after application of the neutral BDTs

are given in Fig. 3.7, where the optimisation procedure to select the applied BDT
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Figure 3.8: For D∗ →Dπ0 and D∗ →Dγ 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 Sec. 3.1.4. Two peaks are visible in the Dγ mode distributions,

taking plot (d) in Fig. 3.7 as an example. The peak on the right hand side is from

fully reconstructed B± → (D∗0 → [K±π∓]Dγ)π± decays; the peak on the left hand

side is due to partially reconstructed B± → (D∗0 → [K±π∓]Dπ0)π± 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∗

→Dπ0 decays reconstructed in the Dγ 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 Dπ0 (Dγ) final state, whilst rejecting obvious background. The
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L-shaped cuts illustrated by the 2D BDT1 vs. BDT2 distributions in Fig. 3.9 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.

(a) (b)

(c) (d)

Figure 3.9: 2D plots of the response values of BDT1 vs. BDT2. Images (a) and (b) are of
D∗ → Dπ0 and D∗ → Dγ simulation signal candidates, respectively. Images (c) and (d) are
of D∗ → Dπ0 and D∗ → Dγ 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/c2 of the known

D0 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∗π±

simulation samples are shown in Fig. 3.10. When a neutral pion is present, it is

required to lie within the invariant mass range 125MeV/c2 < m(π0) < 165MeV/c2,

which is within 1.5σ of the mean π0 mass and has a signal efficiency of 73%; a
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Figure 3.10: m(D) distributions for B± → (D∗ → [K±π∓]Dπ0)π± simulation on the left (a)
and B± → (D∗ → [K±π∓]Dγ)π± simulation on the right (b). The selection requirements
1840MeV/c2 < m(D) < 1890MeV/c2 are indicated by the dashed red lines.

fit to the m(π0) distribution for simulated B± → (D∗ → [K±π∓]Dπ0)π± decays is

shown in Fig. 3.11. The partially reconstructed m(Dh) mass must lie in the range

4900MeV/c2 < m(Dh) < 5200MeV/c2, 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∗ → Dπ/γ)h±π, 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) > 4900MeV/c2 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 fakeD∗ candidate. Them(Dh) < 5200MeV/c2 requirement is 100% efficient at

removing these events, as can be seen by referring back to the m(Dh) plots in Fig. 3.3.

The flight distance significance of the D candidate in the z direction is required

to be greater than 2. This variable is defined as:

Sz = zDecay − zOrigin√
(σzDecay)2 + (σzOrigin)2

, (3.6)

where zOrigin and σzOrigin (zDecay and σzDecay) mark the z positions and uncertainties of

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 Dπ0 (Dγ) signal MC.
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Figure 3.11: Fit to the m(π0) distribution of signal B± → (D∗ → [K±π∓]Dπ0)π± simulation
using an asymmetric Gaussian function. The values found for the mean (µ), left-hand width
(σL) and right-hand width (σR) are given to the right hand side.

Companion particles (hB) and D decay products (hD) with the same sign have the

potential to be swapped. Reconstructing B± → (D∗ → [h∓h±D]Dπ0/γ)h±B decays as

B± → (D∗ → [h∓h±B]Dπ0/γ)h±D decays results in mis-reconstructed D mesons. In this

work, the resulting backgrounds are from favoured B± → (D∗ → [K±π∓]Dπ0/γ)π±

decays mis-reconstructed as CP mode B± → (D∗ → [π±π∓]Dπ0/γ)K± decays, and

B± → (D∗ → [K±K∓]Dπ0/γ)π± decays mis-reconstructed as suppressed mode B± →
(D∗ → [π±K∓]Dπ0/γ)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 Eqs. (3.7) to (3.10):

B(D0 → K−π+) = (3.946± 0.030)% (3.7)

B(D0 → K−K+) = (0.408± 0.006)% (3.8)

B(D0 → π−π+) = (0.1453± 0.0024)% (3.9)

B(D0 → π−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
(
h±h∓B

)
is formed for all

samples, and those candidates that lie within 25 MeV/c2 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 CP observables are unaffected.

For the final states D → Kπ,KK, ππ, 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 D0 →K−π+ decays in

the doubly-Cabibbo suppressed D0 →K+π− 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/c2 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: 4950MeV/c2 <

m(D∗h) < 5650MeV/c2 and 60MeV/c2 < ∆m < 190MeV/c2.

3.1.4 BDT optimisation

In order to optimise the first stage, charged BDT, invariant mass fits in ∆m are per-

formed to 2011-2018 data consisting of high statistics B± → (D∗ → [K±π∓]Dπ0/γ)π±

decays. For data reconstructed in the Dγ final state, the fitting region chosen

to perform the optimisation selects for D∗ → Dγ 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 Sec.3.3. Unbinned maximum likelihood fits are

performed across a wide range of possible BDT cuts, −0.1 < BDT1 < 0.35(0.3),

for the Dπ0(Dγ) mode. The signal (S) and background (B) yields ±3σ 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/
√
S +B. (3.11)

The results are depicted in Fig. 3.12, 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 (Dπ0)π

((Dπ0)K) signal MC and 91% (92%) on (Dγ)π ((Dγ)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 ∆m distributions are constructed

across data categories spanning both companion particles, π/K, and the favoured and

suppressed D decay modes, D0 → K−π+ and D0 → K+π−. For data reconstructed
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(a) (b)

Figure 3.12: The signal yield significance vs. BDT1 response for B± → (D∗ →
[K±π∓]Dπ0)π± and B± → (D∗ → [K±π∓]Dγ)π± data is shown (a) and (b), respectively.
The chosen cut, BDT1 > 0.05, is identified using the red dotted lines.
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Figure 3.13: Fits to ∆m at the optimised point BDT1 > 0.05 for B± → (D∗ →
[K±π∓]Dπ0)π± and B± → (D∗ → [K±π∓]Dγ)π± data is shown (a) and (b), respectively.

in the Dγ final state, the fitting region chosen to perform the optimisation selects for

D∗ → Dγ 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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BDT2 < 0.15(0.2) for theDπ0 (Dγ) 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 ]Dπ0/γ)K± to B± → (D∗ → [FAV ]Dπ0/γ)K±

decays (typically called RπK,π0/γ
K ); the measured values of RπK,π0/γ

K plotted against

BDT cut are shown in Fig. 3.14. The chosen cut in the Dπ0 mode is BDT2 > 0, which

is 80% efficient on signal MC in both the D∗π and D∗K sub-samples. The chosen

cut in the Dγ mode is BDT2 > 0.05, which is 56% efficient on Dγ signal MC in both

the D∗π and D∗K sub-samples. The invariant-mass fits performed at the optimised

points are provided in Fig. 3.15 for the Dπ0 mode and Fig. 3.16 for the Dγ mode.

(a) (b)

Figure 3.14: The percentage error on R
πK,π0/γ
K plotted against the selection cut on the

neutral BDT (BDT2) is shown (a) for the Dπ0 mode. The equivalent plot for the Dγ mode
is shown in (b).

3.1.5 Multiple candidate removal

Events reconstructed in both D∗ decay modes are kept in the Dπ0 data sample and

removed from the Dγ data sample. This choice is motivated by the lower statistics

of the Dπ0 final state and the desire for increased purity of signal data in the Dγ

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 Dπ0 mode and ∼ 1.07

candidates per event in the Dγ mode. This reduced rate in the Dγ mode is due to
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Figure 3.15: Simultaneous fit to ∆m at the optimised point BDT2 > 0. Decays of the
type B± → (D∗ → [K±π∓]Dπ0)π± are depicted in (a); B± → (D∗ → [π±K∓]Dπ0)π± in
(b) (blind); B± → (D∗ → [K±π∓]Dπ0)K± in (c); and B± → (D∗ → [π±K∓]Dπ0)K± in (d)
(blind).

the tighter photon transverse momentum cut, removing substantial combinatorial

backgrounds from low energy photons.



3. Selection and parameterisation of B± → (D∗ → Dπ0/γ)h± decays 68

)2m (MeV/c∆

120 130 140 150 160 170 180 190

 )
2

E
v

e
n

ts
 /

 (
 2

 M
e
V

/c

0

1000

2000

3000

4000

5000

6000

7000

 120 130 140 150 160 170 180 190

)
σ

R
e
si

d
u
a
l 

(

4−

2−

0

2

4

)2m (MeV/c∆

120 130 140 150 160 170 180 190

 )
2

E
v

e
n

ts
 /

 (
 2

 M
e
V

/c

Blind

 120 130 140 150 160 170 180 190

)
σ

R
e
si

d
u
a
l 

(
4−

2−

0

2

4

)2m (MeV/c∆

120 130 140 150 160 170 180 190

 )
2

E
v

e
n

ts
 /

 (
 2

 M
e
V

/c

0

50

100

150

200

250

300

350

400

 120 130 140 150 160 170 180 190

)
σ

R
e
si

d
u

a
l 

(

4−

2−

0

2

4

)2m (MeV/c∆

120 130 140 150 160 170 180 190

 )
2

E
v

e
n

ts
 /

 (
 2

 M
e
V

/c

Blind

 120 130 140 150 160 170 180 190

)
σ

R
e
si

d
u

a
l 

(

4−

2−

0

2

4

(a) (b)

(c) (d)

Figure 3.16: Simultaneous fit to ∆m at the optimised point BDT2 > 0.05. Decays of the
type B± → (D∗ → [K±π∓]Dγ)π± are depicted in (a); B± → (D∗ → [π±K∓]Dγ)π± in
(b) (blind); B± → (D∗ → [K±π∓]Dγ)K± in (c); and B± → (D∗ → [π±K∓]Dγ)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∗π±

decays. As well as isolating B± →D∗K± decays from their high statistic counterpart,

this separation enables the measurement of CP 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 < pT < 10

GeV/c, to lie within the RICH’s kinematic range. A binary cut on the difference in

log-likelihood, ∆LLK/π, between the kaon and pion mass hypotheses of 12 is then

applied to these companion hadrons. Candidates with ∆LLK/π > 12 are placed in the

D∗K data samples, reconstructed under the kaon mass hypothesis; candidates with

∆LLK/π < 12 are placed in the D∗π data samples, reconstructed under the pion mass

hypothesis. Any true D∗K (D∗π) candidates that fail this identification requirement

end up in the D∗π (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 Sec. 4.1, employs

the strategy of fitting B →D∗K± decays and B± →D∗π± 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 ∆LLK/π 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 ∆LLK/π > 12

cut applied to the kaon companions in the B± →D∗K± sample is denoted εKPID;

the efficiency of the ∆LLK/π < 12 cut applied to the pion companions in the B±

→D∗π± sample is denoted επPID.

The ∆LLK/π response in simulation is not sufficiently well modelled, therefore

a high statistics sample of D∗± → [K∓π±]D0π± 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 D0 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, η, and the total

number of tracks in the event, NTr.
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The PID efficiencies for pions and kaons in the calibration sample are mapped

in bins of (p, η), so that per-event efficiencies can be assigned to B± → (D∗ →
[K±π∓]Dγ/π0)π± MC samples by identifying the corresponding bin that the compan-

ion falls into. Information from the NTr 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∗π and D∗K samples, therefore both efficiencies can be

calculated from the same D∗π MC reference sample.

The resulting values for επPID and εKPID are displayed in Tabs. 3.3 and 3.4 for the

D∗ →Dγ and D∗ →Dπ0 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:

• 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∗ → [K±π∓]Dγ/π0)π± simulation

samples.

• A global 0.2% systematic for underlying methodological assumptions in

PIDCalib, the LHCb software used to perform the calibration.

• Potential differences in PID efficiencies between decays with D meson final states

Kπ, KK and ππ, 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 εKPID. Concerning

επPID, this effect is found to be negligible.
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Figure 3.17: The kaon PID efficiency, luminosity averaged across years and magnetic
polarities, is plotted in bins of equal occupancy of event multiplicity (NTr) for the Dπ0 (Dγ)
final state on the left (right). εKPID is represented by the grey dotted line, and the shaded
region represents the 1σ statistical error on this value. All efficiencies were calculated using
reference samples of B± → (D∗ → [K±π∓]Dπ0/γ)π± MC. The χ2/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 NTr variable. The variation of εKPID in 10 bins of NTr for the reference samples

are shown in Fig. 3.17. The total kaon PID efficiencies ±1σ are also depicted in

grey. The χ2/ndf was calculated for both D∗ final states:

χ2/ndf = 1
Nbins

Nbins∑
i=1

(εiP ID − εKPID)2

σ(εiP ID)2 + σ(εKPID)2 , (3.12)

where Nbins represents the total number of NTr bins, εiP ID is the total PID efficiency

in bin i, εKPID is the kaon PID efficiency for the given final state (displayed at the

bottom of Tabs. 3.3 and 3.4) and σ(εiP ID) and σ(εKPID) are their respective statistical

errors. The χ2/ndf was calculated to be 0.87 (0.65) for the Dπ0 (Dγ) final state. It

was therefore concluded that there is no evidence of PID efficiency variation over NTr,

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 ∆LLK/π > 2 in Run 1 and ∆LLK/π > 1 in Run 2; pions are required to have

∆LLK/π < −2 in Run 1 and ∆LLK/π < −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.

επPID εKPID
Year MagUp MagDown MagUp MagDown
2011 99.36± 0.31 99.33± 0.32 72.00± 2.06 73.33± 2.24
2012 99.45± 0.26 99.48± 0.26 71.20± 1.65 70.77± 1.62
2015 99.64± 0.30 99.66± 0.29 74.70± 2.33 74.98± 2.24
2016 99.75± 0.22 99.64± 0.22 75.24± 1.21 74.79± 1.22
2017 99.75± 0.22 99.64± 0.22 75.24± 1.21 74.79± 1.22
2018 99.75± 0.22 99.64± 0.22 75.24± 1.21 74.79± 1.22
Total 99.64± 0.07 74.53± 0.76

Table 3.3: PID efficiencies επPID and εKPID calculated using B± → (D∗ → [K±π∓]Dγ)π±
signal MC, where pions are used as a proxy for kaons. All efficiencies are given in percentages.

επPID εKPID
Year MagUp MagDown MagUp MagDown
2011 99.20± 0.64 99.37± 0.56 76.75± 4.10 71.06± 4.15
2012 99.40± 0.44 99.46± 0.42 71.50± 3.39 68.68± 3.33
2015 99.62± 0.37 99.66± 0.38 73.72± 3.42 77.19± 3.55
2016 99.75± 0.24 99.62± 0.26 75.74± 1.81 76.08± 1.80
2017 99.75± 0.24 99.62± 0.26 75.74± 1.81 76.08± 1.80
2018 99.75± 0.24 99.62± 0.26 75.74± 1.81 76.08± 1.80
Total 99.62± 0.10 75.04± 0.91

Table 3.4: PID efficiencies επPID and εKPID calculated using B± → (D∗ → [K±π∓]Dπ0)π±
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∗π) and ∆m distributions for B± → (D∗ → [K±π∓]Dπ0)π± and B± →
(D∗ → [K±π∓]Dγ)π± data, following the application of all selections described

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

are shown in Fig. 3.18.
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Figure 3.18: 1D histograms of m(D∗π) (left) and ∆m (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 Sec. 3.2.
B± → (D∗0 → [K±π∓]Dπ0)π± data are shown in the top two plots, (a) and (b). B± →
(D∗0 → [K±π∓]Dγ)π± 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 Sec. 3.1 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∗ →Dπ0 final

state, and one for data reconstructed in the D∗ →Dγ 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 = {m1,m2, ...,mN}, where each data point follows the probability density function

(PDF), f(m;θ). Here, θ are the set of unknown variables that parameterise the

shape of the distribution. The likelihood function:

L =
N∏
i

f(mi;θ) (3.13)

represents the probability, for given values of θ, of observing the dataset m. The

maximum likelihood estimates (MLE) are the values θ for which L has its global

maximum. In practice, it is more convenient to search for the minimum of the

negative log-likelihood function:

− lnL = −
N∑
i

ln f(mi;θ). (3.14)

The final favoured mode datasets considered in this thesis contain O(105) 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:

L = N !
nB∏
i=1

Pi(θ)Ni
Ni!

, (3.15)

where Ni are the number of entries in bin i, for a total of N events over nB bins. The

variable Pi(θ) 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, mc
i , by the bin width, δmi:

Pi(θ) = δmi × f(mc
i ;θ). (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]. Eq. (3.15) is then

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

L = e−µ(θ)µ(θ)N
N ! N !

nB∏
i=1

Pi(θ)Ni
Ni!

=
nB∏
i=1

e−µi(θ)µi(θ)Ni
Ni!

. (3.17)

To get from the first to the second equation, the definitions N = ∑
iNi and

µi(θ) = Pi(θ)µ(θ) 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, nB], of the Poisson probabilities of observing Ni events, when

µi(θ) events are expected. Removing constant terms, the log-likelihood function

to be minimised is therefore:

− lnL(µ,θ;N ) = −
nB∑
i

Ni lnµi(µ,θ) + µ. (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(B0 → D∗−τ+ντ )/B(B0 → D∗−µ+νµ) [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. 4.4.1

The two discriminating variables used in the fit are:

m(B) = m(D∗h)−m(D∗) +m(D∗)PDG (3.19)

∆m =
m(D∗)−m(D), for D∗ → Dγ

m(D∗)−m(D)−m(π0) +m(π0)PDG, for D∗ → Dπ0,
(3.20)

where the PDG subscript refers to the meson masses listed on the PDG [19],

m(D∗)PDG = 2006.85MeV/c2 and m(π0)PDG = 134.98MeV/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 Dπ0 or Dγ 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) − ∆m space. For m(B) fits, a cut is placed on the ∆m

values of that sample; for ∆m 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)−∆m space considered in the fit, for each component,

is denoted Nbox. 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 Nbox into

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

Nm(B) = Nbox × εm(B) (3.21)

N∆m = Nbox × ε∆m, (3.22)

where the box efficiencies, εm(B) and ε∆m, 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∗lν 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:

− lnL(Nbox,θ; εm(B), ε∆m,N ) =−
n
m(B)
B∑
i

N
m(B)
i lnµm(B)

i (εm(B), Nbox,θ)

−
n∆m
B∑
j

N∆m
j lnµ∆m

j (ε∆m, Nbox,θ)

+Nbox,

(3.23)

where Nm(B)
i (N∆m

j ) are the observed yields in the ith (jth) bin of the m(B) (∆m)

sample, µm(B)
i and µ∆m

j are the expected yields per bin, and nm(B)
B and n∆m

B are the

number of bins in the respective distributions.

Figure 3.19: 2D histogram of ∆m plotted againstm(D∗π) for 2011-2018 data, post-selections,
with the D∗ → Dπ0 mode on the left and the D∗ → Dγ 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 ∆m sample; region (b)
indicates data considered in the m(B) sample selecting Dπ0 signal; region (c) indicates data
considered in the m(B) sample selecting Dγ signal.

The presence of B± → (D∗ → Dπ0)h± signal in theDγ data tuples should be noted

in the 2D plot depicted in Fig. 3.19: this is the partially-reconstructed Dπ0 signal peak,

where only one of the photons from the neutral pion decay has been reconstructed.

The presence of this partially-reconstructed Dπ0 peak motivates a simultaneous fit

across 3 mass samples to model the Dγ datasets, one in ∆m and two in m(B). The

box cuts in the ∆m variable applied to each of the B mass samples are chosen to

select for Dγ candidates and partially-reconstructed Dπ0 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) − ∆m space; the method

developed to handle this correction is described in Sec. 4.4. In theDγ mode, candidates

only appear in one of the m(B) distributions, due to the non-overlapping box cuts

in ∆m, therefore no ‘triple-counting’ of events occurs.

For the B± → (D∗ → Dπ0)h± data sample, the box cuts are:

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

138MeV/c2 < ∆m < 148MeV/c2.

• Data included in the ∆m sample is required to fall within the region

5220MeV/c2 < m(B) < 5330MeV/c2.

For the B± → (D∗ → Dγ)h± data sample, the box cuts are:

• Data included in the fully reconstructed Dγ m(B) sample is required to fall

within the region 125MeV/c2 < ∆m < 170MeV/c2.

• Data included in the partially reconstructed Dπ0 m(B) sample is required to

fall within the region 60MeV/c2 < ∆m < 105MeV/c2.

• Data included in the ∆m sample is required to fall within the region

5240MeV/c2 < m(B) < 5320MeV/c2.

The Dπ0 (Dγ) 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∗0 → [K±π∓]Dπ0)π± mode, i.e. the number of candidates depicted in Fig. 3.20, is

∼ 180 000; the total number of candidates in the B± → (D∗0 → [K±π∓]Dγ)π± 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±π∓]Dπ0)π± data that
is fed into the Dπ0 signal-extraction fit. The m(B) distribution with ∆m mass window cut
is shown in (a); the ∆m 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±π∓]Dγ)π± data that is
fed into the Dγ signal-extraction fit. The m(B) distribution with the ∆m mass window cut
selecting for partially reconstructed Dπ0 signal is shown in (a); the ∆m distribution with
m(B) mass window cut is shown in (b); the m(B) distribution with the ∆m mass window
cut selecting for fully reconstructed Dγ signal is shown in (c).

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

Dπ0 final state, there are two mass slices and therefore two box efficiencies to consider:

• εFRm(B) 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 :

εFRm(B) = N in m(B)FR
N in m(B)FR OR ∆m. (3.24)

• ε∆m: the proportion of events from the total yield that end up in the ∆m sample

of the fit:

ε∆m = N in ∆m
N in m(B)FR OR ∆m. (3.25)
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For the fit to data reconstructed in the Dγ final state, there are three mass slices

and therefore three box efficiencies to consider:

• εFRm(B): 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∗ →Dγ candidates:

εFRm(B) = N in m(B)FR
N in m(B)FR OR m(B)PR OR ∆m. (3.26)

• εPRm(B): 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∗ →Dπ0 candidates:

εPRm(B) = N in m(B)PR
N in m(B)FR OR m(B)PR OR ∆m. (3.27)

• ε∆m: the proportion of events from the total yield that end up in the ∆m sample

of the fit:

ε∆m = N in ∆m
N in m(B)FR OR m(B)PR OR ∆m. (3.28)

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:

(Dπ0)K, (Dπ0)π, (Dγ)K and (Dγ)π. The uncertainties given in the table are due

to the finite size of the simulation samples; systematic uncertainties are handled in

Sec. 4.5, 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∗π±

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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Mode Reco. as ε∆m εFRm(B) εPRm(B)

B± → (D∗ → Dπ0)π±
(Dπ0)π 97.37± 0.13 90.49± 0.24 -
(Dπ0)K 35.99± 0.43 94.52± 0.21 -
(Dγ)π 69.10± 0.22 6.96± 0.12 87.41± 0.16
(Dγ)K 18.31± 0.22 7.31± 0.14 91.32± 0.16

B± → (D∗ → Dπ0)K±
(Dπ0)π 43.56± 0.92 92.23± 0.49 -
(Dπ0)K 98.06± 0.12 90.15± 0.25 -
(Dγ)π 42.37± 0.55 7.95± 0.30 85.17± 0.40
(Dγ)K 69.88± 0.23 7.04± 0.13 87.44± 0.17

B± → (D∗ → Dγ)π± (Dγ)π 92.78± 0.12 92.60± 0.13 0.15± 0.02
(Dγ)K 18.46± 0.22 98.50± 0.07 0.16± 0.02

B± → (D∗ → Dγ)K± (Dγ)π 35.29± 0.53 95.79± 0.22 0.12± 0.04
(Dγ)K 94.04± 0.12 92.45± 0.13 0.14± 0.02

Mis-reco. B± → (D∗ → Dπ0)π±
(Dπ0)π 91.14± 0.22 27.57± 0.35 -
(Dπ0)K 79.94± 0.40 34.78± 0.48 -
(Dγ)π 46.48± 0.34 63.54± 0.32 19.39± 0.27
(Dγ)K 30.97± 0.36 68.30± 0.36 19.88± 0.31

Mis-reco. B± → (D∗ → Dπ0)K±
(Dπ0)π 82.82± 0.72 33.00± 0.90 -
(Dπ0)K 91.21± 0.23 26.98± 0.36 -
(Dγ)π 40.53± 0.69 65.70± 0.67 17.86± 0.54
(Dγ)K 46.09± 0.35 63.95± 0.34 19.18± 0.28

Mis-reco. B± → (D∗ → Dγ)π±
(Dπ0)π 86.44± 0.66 25.87± 0.85 -
(Dπ0)K 85.90± 0.84 25.66± 1.05 -
(Dγ)π 41.46± 0.46 62.51± 0.45 21.99± 0.39
(Dγ)K 35.22± 0.53 64.17± 0.53 22.43± 0.46

Mis-reco. B± → (D∗ → Dγ)K±
(Dπ0)π 84.95± 1.51 28.67± 1.91 -
(Dπ0)K 86.36± 0.70 25.80± 0.89 -
(Dγ)π 36.41± 0.95 64.57± 0.95 21.89± 0.82
(Dγ)K 39.99± 0.48 63.77± 0.47 21.96± 0.40

B0 → (D∗∓ → Dπ∓)π±
(Dπ0)π 92.42± 0.48 24.83± 0.78 -
(Dπ0)K 84.20± 0.79 28.17± 0.97 -
(Dγ)π 45.99± 0.43 62.77± 0.42 21.15± 0.36
(Dγ)K 31.37± 0.45 66.56± 0.46 21.72± 0.40

B0 → (D∗∓ → Dπ∓)K±
(Dπ0)π 81.95± 1.65 32.60± 2.01 -
(Dπ0)K 92.31± 0.49 23.89± 0.79 -
(Dγ)π 40.86± 0.92 66.01± 0.89 19.85± 0.75
(Dγ)K 46.34± 0.44 63.10± 0.43 20.06± 0.36

B± → Dρ±

(Dπ0)π 84.25± 0.93 28.49± 1.15 -
(Dπ0)K 82.68± 1.02 28.84± 1.23 -
(Dγ)π 37.06± 0.58 65.56± 0.57 22.00± 0.50
(Dγ)K 37.29± 0.58 64.52± 0.58 21.39± 0.49

B± → DK∗±

(Dπ0)π 81.75± 2.29 32.63± 2.78 -
(Dπ0)K 86.91± 0.86 27.41± 1.14 -
(Dγ)π 32.97± 1.22 66.76± 1.23 22.39± 1.09
(Dγ)K 39.20± 0.58 62.91± 0.58 22.81± 0.50

B± → (D∗ → Dγ)ρ± (Dγ)π 10.16± 0.69 88.95± 0.72 7.53± 0.61
(Dγ)K 22.85± 0.56 89.75± 0.41 5.55± 0.31

B± → (D∗ → Dπ0)ρ±
(Dπ0)π 15.96± 1.89 84.84± 1.85 -
(Dπ0)K 44.93± 1.17 71.85± 1.06 -
(Dγ)π 12.27± 1.08 48.10± 1.65 47.67± 1.65
(Dγ)K 26.84± 0.72 34.17± 0.77 59.28± 0.80

B± → (D∗ → Dγ)K∗± (Dγ)K 9.60± 0.61 88.52± 0.66 7.85± 0.56

B± → (D∗ → Dπ0)K∗± (Dπ0)K 12.39± 1.54 88.04± 1.51 -
(Dγ)K 12.20± 0.92 47.29± 1.41 48.41± 1.41

Λ0
b → Σ∓c π±

(Dπ0)π 84.08± 2.15 28.03± 2.64 -
(Dγ)π 43.48± 1.95 47.36± 1.97 41.15± 1.94

B0
s → DK∗0

(Dπ0)K 79.00± 1.24 30.80± 1.40 -
(Dγ)K 35.39± 0.68 62.22± 0.69 23.75± 0.61

B0
s → (D∗ → Dπ0)K∓π± (Dπ0)K 14.13± 0.89 94.47± 0.60 -

(Dγ)K 16.73± 0.64 7.94± 0.48 88.11± 0.57
B0
s → (D∗ → Dγ)K∓π± (Dγ)K 5.60± 0.32 98.89± 0.15 0.11± 0.05

Mis-reco. B0
s → (D∗ → Dπ0)K∗0 (Dπ0)K 60.16± 2.21 48.58± 2.25 -

(Dγ)K 29.49± 1.33 68.73± 1.35 20.59± 1.18

Mis-reco. B0
s → (D∗ → Dγ)K∗0 (Dπ0)K 76.19± 2.94 37.62± 3.34 -

(Dγ)K 33.86± 1.37 68.31± 1.35 19.82± 1.15

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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• Branching ratios, which must be corrected for by selection efficiencies, are used

to constrain certain backgrounds.

• 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 Tabs. 3.6 and 3.7 for signal and

background decay modes. In these tables, the total selection efficiency is labelled

εtot, which represents the product of the detector acceptance efficiency, εacc, with the

efficiency of the combined reconstruction, stripping, trigger and offline selection, εsel,

and the box efficiency, εbox. Note that PID efficiencies are not included in εsel: these

are handled separately when parameterising D∗K and D∗π 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:

εbox =

N in m(B)FR OR ∆m

N in 2D for D∗ → Dπ0 candidates
N in m(B)FR OR m(B)PR OR ∆m

N in 2D for D∗ → Dγ candidates,
(3.29)

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

phase space spanning the fitting region, depicted in Fig. 3.19.
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Mode Reco. as εacc εsel εbox εtot

B± → (D∗ → Dπ0)π±

(Dπ0)π 15.7574± 0.0229 0.1069± 0.0011 99.0787± 0.0934 0.0167± 0.0002
(Dπ0)K 15.7574± 0.0229 0.0924± 0.0010 90.2896± 0.3173 0.0131± 0.0001
(Dγ)π 15.7574± 0.0229 0.3191± 0.0018 93.9380± 0.1426 0.0472± 0.0003
(Dγ)K 15.7574± 0.0229 0.2464± 0.0016 90.0140± 0.2018 0.0349± 0.0002

B± → (D∗ → Dπ0)K±

(Dπ0)π 16.0077± 0.0233 0.0909± 0.0010 89.1048± 0.3504 0.0130± 0.0002
(Dπ0)K 16.0077± 0.0233 0.1003± 0.0011 99.2512± 0.1046 0.0159± 0.0002
(Dγ)π 16.0077± 0.0233 0.2257± 0.0016 93.5707± 0.1760 0.0338± 0.0003
(Dγ)K 16.0077± 0.0233 0.2945± 0.0018 93.6890± 0.1542 0.0442± 0.0003

B± → (D∗ → Dγ)π± (Dγ)π 17.6739± 0.0257 0.5274± 0.0031 97.8897± 0.0878 0.0912± 0.0006
(Dγ)K 17.6739± 0.0257 0.4205± 0.0028 92.8401± 0.1662 0.0690± 0.0005

B± → (D∗ → Dγ)K± (Dγ)π 18.0172± 0.0262 0.3710± 0.0026 93.2694± 0.1725 0.0623± 0.0005
(Dγ)K 18.0172± 0.0262 0.4995± 0.0030 98.0959± 0.0839 0.0883± 0.0006

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

Mode Reco. as εacc εsel εbox εtot

Mis-reco. B± → (D∗ → Dπ0)π± (Dπ0)π 15.7574± 0.0229 0.1769± 0.0014 64.7146± 0.3792 0.0180± 0.0002
(Dγ)π 15.7574± 0.0229 0.2072± 0.0015 75.1508± 0.3119 0.0245± 0.0002

Mis-reco. B± → (D∗ → Dγ)π± (Dπ0)π 17.6739± 0.0257 0.0587± 0.0010 55.5585± 0.8653 0.0058± 0.0001
(Dγ)π 17.6739± 0.0257 0.1853± 0.0018 73.7572± 0.4270 0.0242± 0.0003

B± → Dρ±
(Dπ0)π 17.0000± 0.0225 0.0148± 0.0004 51.3922± 1.4674 0.0013± 0.0001
(Dγ)π 17.0000± 0.0225 0.0476± 0.0008 70.1801± 0.7444 0.0057± 0.0001

B0 → (D∗∓ → Dπ∓)π± (Dπ0)π 15.7574± 0.0229 0.0589± 0.0012 58.9851± 1.0002 0.0055± 0.0001
(Dγ)π 15.7574± 0.0229 0.2078± 0.0022 74.7002± 0.4611 0.0245± 0.0003

B± → (D∗ → Dπ0)ρ± (Dπ0)π 17.0000± 0.0225 0.0099± 0.0005 39.3217± 2.2057 0.0007± 0.0000
(Dγ)π 17.0000± 0.0225 0.0120± 0.0005 77.9278± 1.7406 0.0016± 0.0001

B± → (D∗ → Dγ)ρ± (Dγ)π 17.0000± 0.0225 0.0246± 0.0008 80.1022± 1.1797 0.0033± 0.0001

B0
s → (D∗ → Dπ0)K∓π± (Dπ0)K 17.0000± 0.0225 0.0080± 0.0004 82.1002± 1.6251 0.0011± 0.0001

(Dγ)K 17.0000± 0.0225 0.0170± 0.0005 91.9845± 0.7460 0.0027± 0.0001
B0
s → (D∗ → Dγ)K∓π± (Dγ)K 17.0000± 0.0225 0.0267± 0.0006 91.1923± 0.6686 0.0041± 0.0001

Mis-reco. B0
s → (D∗ → Dπ0)K∗0 (Dπ0)K 17.0000± 0.0225 0.0111± 0.0004 34.6833± 1.7099 0.0007± 0.0000

(Dγ)K 17.0000± 0.0225 0.0131± 0.0005 70.5882± 1.5175 0.0016± 0.0001

Mis-reco. B0
s → (D∗ → Dγ)K∗0 (Dπ0)K 17.0000± 0.0225 0.0040± 0.0002 31.2869± 2.5274 0.0002± 0.0000

(Dγ)K 17.0000± 0.0225 0.0126± 0.0004 75.4436± 1.4182 0.0016± 0.0001

Table 3.7: Total selection efficiencies, εtot, used to constrain select background modes in
the invariant-mass fits, where the quoted uncertainties are derived from the finite MC
sample sizes. εacc represents the detector acceptance efficiency; εsel represents the combined
reconstruction, stripping, trigger and offline selection efficiency; εbox 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 = π/K:

1. Signal modes: fully reconstructed B± → (D∗ → [K±π∓]Dπ0/γ)h± decays and

partially reconstructed B± → (D∗ → [K±π∓]Dπ0)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∗0 candidate. These decays form

broad peaks under the signal channels in m(B), but are flat in ∆m phase

space. In the favoured D decay mode fit category, the associated components

are mis-reconstructed B± → (D∗ → Dπ0/γ)h± decays, B → Dh±π decays

and
( )

B0 → (D∗± → Dπ±)h∓ decays. Additional backgrounds infiltrate the

invariant mass spectrum in the lower statistics modes: in the D → KK category,

Λ0
b → (Σ+

c → (Λ+
c → pK−π+))h− decays must be considered; in the doubly-

Cabibbo suppressed mode, B0
s →D0K+π− must be accounted for.

3. Partially reconstructed backgrounds: contain a true D∗0 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∗0 is reconstructed) and flat (events for which a neutral from

the underlying event is combined with the D0 meson) distributions in ∆m.
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Partially-reconstructed decays are of the form B → D∗h±π. In the doubly-

Cabibbo suppressed mode, B0
s →D∗0K+π− 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 ∆m, 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 ∆m.

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 ∆m. 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±π∓]Dπ0(γ))K± and B± → (D∗ →
[K±π∓]Dπ0(γ))π± 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

Dπ0 final state are fit to with unbinned maximum likelihood functions simultaneously

across ∆m and m(B) distributions. Box cuts are applied (see Sec. 3.2.2): events
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considered in ∆m are required to fall in the mass window 5220MeV/c2 < m(B) <

5330MeV/c2; events considered in m(B) are required to fall in the mass window

138MeV/c2 < ∆m < 148MeV/c2. For MC events reconstructed in the Dγ final

state, unbinned maximum likelihood fits are performed simultaneously to the ∆m

distribution and 2 slices of m(B). Events considered in the ∆m sample are required

to fall in the mass window 5240MeV/c2 < m(B) < 5320MeV/c2; events considered

in the m(B) samples are required to fall in the mass windows 125MeV/c2 < ∆m <

170MeV/c2 for fully reconstructed Dγ candidates, or 60MeV/c2 < ∆m < 105MeV/c2

for partially reconstructed Dπ0 candidates. In the text and figures below, the m(B)

slice around the Dπ0 peak is referred to as the PR (partially-reconstructed) m(B)

distribution, and the m(B) slice around the Dγ 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 Eqs. (3.30) and (3.31) as a function of reconstructed mass, m:

fCB (m;α, n, µ, σ) ∝

e
− 1

2(m−µσ )2

, if m−µ
σ

> −α(
n
|α|

)n
e−
|α|2

2
(
n
|α| − |α| − m−µ

σ

)−n
, if m−µ

σ
≤ −α.

(3.30)

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

the modelling of resonances for which some fraction of the particles’ energy and

momenta have been lost during detection. The parameters µ and σ are the mean and

width of the Gaussian, respectively; the power-law tail of the function is parameterised

by n and starts ασ away from the peak position. The tail parameters have the

typical ranges: α ∈ [−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, α1, n1, µ1, σ1, α2, n2, µ2, σ2) = k × fCB,1(m;α1, n1, µ1, σ1)

+ (1− k)× fCB,2(m;α2, n2, µ2, σ2).
(3.31)
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For the signal modes, fCB,1 has a radiative tail extending to low invariant mass and

fCB,2 has a tail extending to high invariant mass in order to describe the reconstruction

and resolution effects of neutral particles.

Decay
Reconstructed as Dπ0 Reconstructed as Dγ

m(B) ∆m m(B)PR ∆m m(B)FR

B± → (D∗ → Dπ0)h± fDCB fDCB fDCB + fG fDCB fCB

B± → (D∗ → Dγ)h± - - fCB fDCB fDCB

Table 3.8: Summary of PDFs used to parameterise signal decay modes, where fCB represents
the Crystal Ball function defined in Eq. (3.30), fDCB represents the double Crystal Ball
function defined in Eq. (3.31) and fG represents a Gaussian function. Mis-reconstructed
B± → (D∗ → Dγ)h± decays that end up in the Dπ0 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∗π and D∗K and are allowed to float for all signal modes. The widths in the D∗π

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 Q values. The α1 and α2 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∗ → Dπ0)h± decays reconstructed in the Dπ0 final state

To determine the signal PDFs for B± → (D∗ → Dπ0)h± decays reconstructed in the

Dπ0 final state, a simultaneous fit across m(B) and ∆m is performed to B± → (D∗ →
[K±π∓]Dπ0)π± 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.

Figure 3.22: 2D distribution, m(B) vs. ∆m, of B± → (D∗ → [K±π∓]Dπ0)π± signal MC.
The vertical (horizontal) rectangle encompasses the MC included in the ∆m (m(B)) sample,
where the box efficiencies are printed as a reference. The efficiencies match up to those list
in Tab. 3.5. The Pearson correlation coefficients, ρ, 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 α are allowed to

vary freely, settling on small positive values for α1 and small negative values for α2

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: µ1 = µ2, σ1 = σ2. In m(B), µ(B) ∼ 5274MeV/c2

and σ(B) ∼ 22MeV/c2; in ∆m, µ(∆) ∼ 142MeV/c2 and σ(∆) ∼ 2MeV/c2.
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Figure 3.23: Simultaneous fit to B± → (D∗ → [K±π∓]Dπ0)π± signal MC in m(B) and ∆m.
2011-2018 samples are used, where all years are considered together.

B± → (D∗ → Dπ0)h± decays reconstructed in the Dγ final state

To determine the signal PDFs for B± → (D∗ → Dπ0)h± decays reconstructed in the

Dγ final state, a simultaneous fit across ∆m and two slices of m(B) is performed

to B± → (D∗ → [K±π∓]Dπ0)π± MC. The 2D MC distribution depicted in Fig. 3.24

is considered in the fit.

The simultaneous fit is shown in Fig. 3.23. The MC distribution in ∆m is

parameterised by the sum of two CBs, which share a single mean and width: µ1 =

µ2, σ1 = σ2. These obtain the values µ(∆) ∼ 85MeV/c2 and σ(∆) ∼ 9MeV/c2.

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 µ(B)PR ∼ 5279MeV/c2, but the Gaussian

mean is offset by ∼ 27MeV/c2 above this to better describe the asymmetry of the

resonance. All three functions are assigned different widths, and these find the values

σ1(B)PR ∼ 26MeV/c2, σ2(B)PR ∼ 45MeV/c2 and σ3(B)PR ∼ 18MeV/c2 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 α are allowed to vary

freely, settling on small positive values for α1 and small negative values for α2. There

is a low efficiency for partially reconstructed Dπ0 MC in the Dγ m(B) slice, as can

be seen in Fig. 3.24. These events are parameterised using a CB function, where
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Figure 3.24: 2D distribution, m(B) vs. ∆m, of B± → (D∗ → [K±π∓]Dπ0)π± signal MC
reconstructed as B± → (D∗ → [K±π∓]Dγ)π±. The vertical rectangle encompasses the MC
included in the ∆m sample; the top (bottom) horizontal rectangle encompasses the MC
included in the m(B) sample selected around the Dγ (Dπ0) peak. The box efficiencies
are printed as a reference and match up to those list in Tab. 3.5. The Pearson correlation
coefficients, ρ, of the 2D mass distributions are also given.
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Figure 3.25: Simultaneous fit to B± → (D∗ → [K±π∓]Dπ0)π± signal MC in ∆m and two
slices of m(B): the partially reconstructed Dπ0 slice on the left, and the Dγ 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 µ(B)FR ∼ 5337MeV/c2 and σ(B)FR ∼ 49MeV/c2.
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B± → (D∗ → Dγ)h± decays reconstructed in the Dγ final state

To determine the signal PDFs for B± → (D∗ → Dγ)h± decays reconstructed in the

Dγ final state, a simultaneous fit across ∆m and two slices of m(B) is performed to

B± → (D∗ → [K±π∓]Dγ)π± MC. The 2D MC distribution depicted in Fig. 3.26

is considered in the fit.

Figure 3.26: 2D distribution, m(B) vs. ∆m, of B± → (D∗ → [K±π∓]Dγ)π± signal MC
reconstructed as B± → (D∗ → [K±π∓]Dγ)π±. The vertical rectangle encompasses the MC
included in the ∆m sample; the top (bottom) horizontal rectangle encompasses the MC
included in the m(B) sample selected around the Dγ (Dπ0) peak. The box efficiencies
are printed as a reference and match up to those list in Tab. 3.5. The Pearson correlation
coefficients, ρ, of the 2D mass distributions are also given.

The simultaneous fit is shown in Fig. 3.27. The MC distributions in ∆m 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 α are allowed to vary

freely, settling on small positive values for α1 and small negative values for α2 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: µ1 = µ2, σ1 = σ2. In m(B), µ(B)FR ∼ 5281MeV/c2
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Figure 3.27: Simultaneous fit to B± → (D∗ → [K±π∓]Dγ)π± signal MC in ∆m and two
slices of m(B): the partially reconstructed Dπ0 slice on the left, and the Dγ slice on the
right. 2011-2018 samples are used, where all years are considered together.

and σ(B)FR ∼ 20MeV/c2; in ∆m, µ(∆) ∼ 143MeV/c2 and σ(∆) ∼ 8MeV/c2. The

component reconstructed in the PR slice of m(B) is small due to the low ∆m region

the partially reconstructed π0 slice selects for (< 105MeV/c2). The chosen PDF

is a single CB function. The mean and width settle on the values of µ(B)PR ∼
5250MeV/c2 and σ(B)PR ∼ 31MeV/c2.

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∗0 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 ∆m distributions of decays involving neutral

combinatorial, where fakeD∗ mesons are built, a PDF shape that modelsm(D∗)−m(D)

mass differences is used:

fD∗−D (∆m; ∆m0, A,B,C) =
(

1− e
(
−∆m−∆m0

C

))
×
(

∆m
∆m0

)A
+B ×

(
∆m
∆m0

− 1
)
.

(3.32)

Here, ∆m0 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.

Decay
Reconstructed as Dπ0 Reconstructed as Dγ

m(B) ∆m m(B)PR ∆m m(B)FR

Mis-reco. B± → (D∗ → Dπ0)h± fCB fD∗−D fDCB + fG fD∗−D fDCB

Mis-reco. B± → (D∗ → Dγ)h± fCB fD∗−D fG fD∗−D fDCB + fG

B0 → (D∗∓ → Dπ∓)h± fG fD∗−D fDCB fD∗−D fDCB

B → Dh±π fG fD∗−D fG fD∗−D fDCB + fG

Λ0
b → (Σ+

c → (Λ+
c → pK−π+)π0)π− fG fD∗−D fCB fD∗−D fCB

B0
s → D0K−π+ fG fD∗−D fCB + fG fD∗−D fCB

Table 3.9: Summary of PDFs used to parameterise mis-reconstructed decay modes, where
fD∗−D represents the m(D∗)−m(D) mass difference function defined in Eq. (3.32), fCB
represents the Crystal Ball function defined in Eq. (3.30), fDCB 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:

• B± → (D∗ → Dπ0)h± decays mis-reconstructed in the Dπ0 final state, where

the wrong π0 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 ∆m.

• B± → (D∗ → Dπ0)h± decays mis-reconstructed in the Dγ 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 ∆m and a double CB in the FR slice of m(B).

• B± → (D∗ → Dγ)h± decays mis-reconstructed in the Dπ0 final state, where a

π0 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 ∆m.

• B± → (D∗ → Dγ)h± decays mis-reconstructed in the Dγ 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 ∆m 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±π∓]Dπ0)π± MC in
m(B) and ∆m. 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∗ → Dγ
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Figure 3.29: Simultaneous fit to mis-reconstructed B± → (D∗ → [K±π∓]Dπ0)π± MC in
∆m and two slices of m(B): the partially reconstructed Dπ0 slice on the left, and the Dγ
slice on the right. 2011-2018 samples are used, where all years are considered together.

decays or as true D∗ → Dπ0 decays. Fits to simulation when reconstructed in

the Dπ0 and Dγ final states are therefore only shown for B± → (D∗ → Dπ0)π±

decays in Figs. 3.28 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.

B0 → (D∗∓ → Dπ∓)h± decays

Decays of the kind B0 → (D∗∓ → Dπ∓)h± end up in the Dπ0 (Dγ) data tuples when

the charged pion from the D∗∓ 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 Dπ0 final state, the MC distribution in m(B) is parameterised by a single

Gaussian; the ∆m sample is described using the m(D∗) − m(D0) mass difference

PDF. The simultaneous fit is shown in Fig. 3.30. For reconstruction in the Dγ final

state, the MC distribution in ∆m is parameterised using the m(D∗)−m(D0) 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 Fig. 3.31.

B → Dh±π decays

Decays of the type B → Dh±π end up in the Dπ0 (Dγ) 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 B0 → (D∗∓ → [K±π∓]Dπ±)π± MC in m(B) and ∆m.
2011-2018 samples are used, where all years are considered together.
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Figure 3.31: Simultaneous fit to B0 → (D∗∓ → [K±π∓]Dπ±)π± MC in ∆m and two slices
of m(B): the partially reconstructed Dπ0 slice on the left, and the Dγ 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∗π sub-sample, two types of decay fall into this category: B± → Dπ±π0

and
( )

B0 → Dπ±π∓ decays, whose branching fractions are:

B(B± → Dπ±π0) = (1.34± 0.18)% (3.33)

B(
( )

B0 → Dπ±π∓) = (8.8± 0.5)× 10−4. (3.34)

Despite having a much smaller branching fraction, the latter features prominently

in the ADS mode as Cabibbo-favoured B0 → [K+π−]Dπ+π− decays are disguised as

suppressed decays when the π− is reconstructed as the companion.

In the D∗K sub-sample, B± → DK±π0 and
( )

B0 → DK±π∓ decays contribute,



3. Selection and parameterisation of B± → (D∗ → Dπ0/γ)h± decays 97

where the latter have a larger value of rB as Cabibbo suppressed as B0 →D0K+π−

decays, involving a V ∗ub matrix element, are not additionally colour suppressed with

respect to favoured B0 →D0K+π− decays; from the latest LHCb γ combination,

rDK
∗±

B± = 0.106+0.087
−0.122 and rDK∗0B0 = 0.25+0.23

−0.27 [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±π0) = (5.3± 0.4)× 10−4 (3.35)

B(
( )

B0 → DK±π∓) = (0.88± 0.17)× 10−4. (3.36)

Full simulation MC samples of B± → D(ρ± → π±π0) decays, re-weighted to

describe the full π±π0 phase space, are used to model all B → Dh±π decay modes.

The re-weighting method is as follows:

• The normalised m(Dπ) distribution of B0 → Dπ±π∓ samples, generated using

the full LHCb amplitude model [87], is divided by that of full simulation

B± → D(ρ± → π±π0) decays.

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

• These are then used to re-weight the m(D∗π) and ∆m distributions of B± →
D(ρ± → π±π0) decays by matching the m(Dπ) 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 ρ± resonance dominates in the region of phase space

considered in this analysis, therefore the re-weighting procedure has a minor effect.

In the Dπ0 final state, the MC distribution of re-weighted B± → D(ρ± →
π±π0) decays in m(B) is parameterised by a single Crystal Ball; the ∆m sample is

described using the m(D∗) −m(D0) mass difference PDF. The simultaneous fit is

shown in Fig. 3.32. For reconstruction in the Dγ final state, the MC distribution

in the PR slice of m(B) is described using a Gaussian function; the ∆m sample is

parameterised using the m(D∗) −m(D0) mass difference function; the FR slice of
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Figure 3.32: Simultaneous fit to B± → D0(ρ± → π±π0) MC in m(B) and ∆m. 2011-2018
samples are used, where all years are considered together.
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Figure 3.33: Simultaneous fit to B± → D0(ρ± → π±π0) MC in ∆m and two slices of m(B):
the partially reconstructed Dπ0 slice on the left, and the Dγ 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∗π 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
( )

B0 → Dπ±π∓

decays; the means and widths of the resonances in B mass and the A parameters

describing the mass difference function curvature in ∆m are floated then fixed in

the data fits to their final values ± uncertainties.
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Λ0
b → Σ+

c h
− decays

Λ0
b → (Σ+

c → (Λ+
c → pK−π+)π0)h− decays end up in the Dπ0 (Dγ) 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 K+K− 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 Λ0
b → (Σ+

c → (Λ+
c → pK−π+)π0)π− MC in m(B) and ∆m.

2012-2016 samples are used, where all years are considered together.
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Figure 3.35: Simultaneous fit to Λ0
b → (Σ+

c → (Λ+
c → pK−π+)π0)π− MC in ∆m and two

slices of m(B): the partially reconstructed Dπ0 slice on the left, and the Dγ slice on the
right. 2011-2016 samples are used, where all years are considered together.

In the Dπ0 final state, the MC distribution inm(B) is parameterised by a Gaussian

function and the ∆m sample is described using the m(D∗)−m(D0) mass difference
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PDF; the simultaneous fit is shown in Fig. 3.34. For reconstruction in the Dγ final

state, the MC distribution in ∆m is parameterised using the m(D∗)−m(D0) 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∗π and D∗K sub-samples.

B0
s → DK−π+ decays

B0
s → DK−π+ decays form a prominent background in the D∗K ADS category

because Cabibbo-favoured D0 → K−π+ 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∗π

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 B0
s → D(K∗0(892)→ K−π+) decays, re-weighted

to describe the full K−π+ phase space, are used to determine the PDFs for this

contribution. The re-weighting procedure is the same as for B± →Dρ± decays,

described earlier in the section:

• The normalised m(DK) distribution of B0
s → DK−π+ samples, generated

using the full LHCb amplitude model [88], is divided by that of full simulation

B0
s → D(K∗0(892)→ K−π+) decays.

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

• These are then used to re-weight the m(D∗K) and ∆m distributions of B0
s →

D(K∗0(892)→ K−π+) 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



3. Selection and parameterisation of B± → (D∗ → Dπ0/γ)h± decays 101

B± → D(∗)h± analysis [31]. The K∗0(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 B0
s → D(K∗0 → K−π+) MC in m(B) and ∆m.

2011-2018 samples are used, where all years are considered together.
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Figure 3.37: Simultaneous fit to weighted B0
s → D(K∗0 → K−π+) MC in ∆m and two

slices of m(B): the partially reconstructed Dπ0 slice on the left, and the Dγ slice on the
right. 2011-2018 samples are used, where all years are considered together.

In the Dπ0 final state, the MC distribution of re-weighted B0
s → D(K∗0(892)→

K−π+) decays in m(B) is parameterised by a Gaussian function; the ∆m sample

is described using the m(D∗)−m(D) mass difference PDF. The simultaneous fit is

shown in Fig. 3.36. For reconstruction in the Dγ 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 ∆m 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
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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 trueD∗0 or chargedD∗∓ 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 Tab. 3.10; more details are given below.

Decay
Reconstructed as Dπ0 Reconstructed as Dγ

m(B) ∆m m(B)PR ∆m m(B)FR

B → (D∗ → Dπ0)h±π fG fG fG fG fG

B → (D∗ → Dγ)h±π - - fG fG fDCB

B0
s → (D∗0 → Dπ0)K−π+ fCB + fG fDCB fCB fDCB -

B0
s → (D∗0 → Dγ)K−π+ - - - fD∗−D fDCB

Mis-reco. B0
s → (D∗0 → Dπ0)K−π+ fG fDCB fG fD∗−D fG

Mis-reco. B0
s → (D∗0 → Dγ)K−π+ fG fDCB fG fD∗−D fG

Table 3.10: Summary of PDFs used to parameterise partially-reconstructed decay modes,
where fD∗−D represents the m(D∗)−m(D) mass difference function defined in Eq. (3.32),
fCB represents the Crystal Ball function defined in Eq. (3.30), fDCB represents the double
Crystal Ball function defined in Eq. (3.31) and fG represents a Gaussian function.

B → D∗h±π decays

Decays of the kind B → D∗h±π end up in the Dπ0 (Dγ) 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∗∓ meson, the charged pion in the D∗∓ 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±π component:

B± → (D∗ → Dπ0)h±π0, B± → (D∗ → Dγ)h±π0,
( )

B0 → (D∗∓ → Dπ∓)h±π0,
( )

B0 → (D∗ → Dπ0)h±π∓ and
( )

B0 → (D∗ → Dγ)h±π∓ decays. The corresponding

branching fractions for decays containing the ρ(770) and K∗(892) resonances (which

dominate the phase space considered) are given below:

B(B± → D∗0ρ±) = (9.8± 1.7)× 10−3 (3.37)

B(
( )

B0 → D∗∓ρ±) = (6.8± 0.9)× 10−3 (3.38)

B(
( )

B0 → D∗0ρ0) < 5.1× 10−4 (3.39)

B(B± → D∗0K∗±) = (8.1± 1.4)× 10−4 (3.40)

B(
( )

B0 → D∗∓K∗±) = (3.3± 0.6)× 10−4 (3.41)

B(
( )

B0 → D∗0K∗0) < 6.9× 10−5, (3.42)

where the hadronic parameters for these decay modes have not yet been measured.

Neutral D∗0 mesons decay to the via Dπ0 ∼ 65% of the time and via Dγ ∼ 35% of

the time; the branching fraction for charged D∗± decays is of a similar size:

B(D∗∓ → D0π∓) = (67.7± 0.5)× 10−2. (3.43)

As for the mis-reconstructed B → Dh±π component, decays originating from a B0

meson dominate in the D∗π ADS mode when Cabibbo-favoured B0 → (D∗± →
[K+π−]Dπ±)π+π− decays are reconstructed with the π− 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∗ → Dπ0)(ρ± →
π±π0) MC; decays where theD∗ meson decays to aD meson and a photon are modelled

using B± → (D∗ → Dγ)(ρ± → π±π0) 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∗π 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 B0 decays.

For events reconstructed in the Dπ0 final state, the selection efficiency of B± →
(D∗ → Dγ)ρ± decays is ∼ 10 times smaller than that of B± → (D∗ → Dπ0)ρ± decays,

therefore the B → D∗h±π component is modelled entirely on the latter. Gaussian

PDFs parameterise both the m(B) and ∆m distributions for B± → (D∗ → Dπ0)ρ±

decays, as depicted in Fig. 3.38. There is no peaking component in the ∆m 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∗0 candidates.
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Figure 3.38: Simultaneous fit to B± → (D∗ → Dπ0)(ρ± → π±π0) MC in m(B) and ∆m.
2011-2018 samples are used, where all years are considered together.

For events reconstructed in the Dγ 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∗ → Dπ0)ρ± decays in ∆m and both slices of m(B) are

parameterised by Gaussian functions. For the latter component, the MC distributions

of B± → (D∗ → Dγ)ρ± decays in ∆m 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, Fig. 3.40 illustrates how the box cuts remove any peaking component

due to true D∗ mesons from the ∆m samples. The simultaneous fits are shown in
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Figure 3.39: Simultaneous fits to B± → (D∗ → Dπ0)(ρ± → π±π0) MC at the top and
B± → (D∗ → Dγ)(ρ± → π±π0) MC at the bottom, using the ∆m distributions and two
slices of m(B): the partially reconstructed Dπ0 slices are depicted on the left, and the Dγ
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.

B0
s → D∗0K−π+ decays

B0
s → D∗0K−π+ decays form a prominent background in the D∗K ADS category

because Cabibbo-favoured D0 → K−π+ 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∗π

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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(a)

(b)

(c)

Figure 3.40: 2D distributions, m(B) vs. ∆m, of B± → D∗(ρ± → π±π0): (a) displays generated
D∗ →Dπ0 decays reconstructed in the Dπ0 final state; (b) displays generated D∗ →Dπ0 decays
reconstructed in the Dγ final state; (c) displays generated D∗ →Dγ decays reconstructed in the
Dγ final state. The vertical (horizontal) rectangles encompass the MC included in the ∆m (m(B))
samples, where the box efficiencies are printed as a reference. The Pearson correlation coefficients, ρ,
of the 2D mass distributions are also given.
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B0
s → D∗0K−π+ decays are split into the five separate D∗ reconstruction categories

listed below:

1. Fully reconstructed B0
s → (D∗0 → Dγ)K−π+ decays.

2. Fully reconstructed B0
s → (D∗0 → Dπ0)K−π+ decays.

3. Partially reconstructed B0
s → (D∗0 → Dπ0)K−π+ decays, where only one

photon from the π0 decay has been detected.

4. Mis-reconstructed B0
s → (D∗0 → Dγ)K−π+ decays, where the D meson has

been combined with a neutral particle from the underlying event.

5. Mis-reconstructed B0
s → (D∗0 → Dπ0)K−π+ 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 Dπ0 final state. Categories 1, 3, 4 & 5 are considered in the invariant-mass fit

to data reconstructed in the Dγ 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 B0
s 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 ∆m

sample due to the m(B) mass window cut, as for B → D∗h±π decays. However, due

to the higher B0
s mass, (5366.88± 0.14)MeV/c2, some true D∗ candidates do end up

in the ∆m sample, as can be seen in the 2D distributions of Fig. 3.41. Therefore,

unlike partially reconstructed B → D∗h±π decays, B0
s → D∗0K−π+ decays have

peaking components in ∆m. 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 B0
s decays. The ∆m 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 B0
s components sit dangerously under the signal peaks in
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(a)

(b)

(c)

Figure 3.41: 2D distributions, m(B) vs. ∆m, of B0
s → D∗K−π+ simulation: (a) displays generated

D∗ →Dπ0 decays reconstructed in the Dπ0 final state; (b) displays generated D∗ →Dπ0 decays
reconstructed in the Dγ final state; (c) displays generated D∗ →Dγ decays reconstructed in the
Dγ final state. The vertical (horizontal) rectangles encompass the MC included in the ∆m (m(B))
samples, where the box efficiencies are printed as a reference. The Pearson correlation coefficients, ρ,
of the 2D mass distributions are also given.
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∆m. 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 B0
s → D∗K−π+

decays. Taking the ratio of resonance contributions to the Kπ phase space from

the amplitude analysis of B0
s → D0K−π+ decays [88], 60% of the phase space is

occupied by the K∗0(892) resonance and 40% by the K∗0(1430) resonance. The

phase space considered in this analysis sits in the far-right corner of the Dalitz plane,

excluding ∼ 50% of the K∗0(1430). The B0
s → D∗0K−π+ samples used to model the

B mass distributions for categories 1, 2 & 3 are therefore hybrid simulation samples,

consisting of (80 ± 10)% B0
s → D∗0(K∗0(892) → K−π+) decays and (20 ± 10)%

B0
s → D∗0K−π+ decays generated over a flat, square Dalitz space. The K∗0(1430)

resonance forms a broad peak, with a natural width of 270MeV/c2, 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 Sec. 4.5.1.

Mis-reconstructed decays, described by categories 4 & 5, are modelled using B0
s →

D∗0(K∗0(892)→ K−π+) MC; the phase space MC is generated with D∗ → Dγ and

D∗ → Dπ0 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 Sec. 4.5.1.

For events reconstructed in the Dπ0 final state, the B mass PDFs are determined

by performing invariant-mass fits to simulation samples of fully and mis- reconstructed

B0
s → (D∗0 → D0π0)K−π+ decays, alongside mis-reconstructed B0

s → (D∗0 →
D0γ)K−π+ decays. The fully reconstructed sample is modelled using the sum of a

Crystal Ball and an offset Gaussian, where as both the mis-reconstructed Dπ0 and
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Dγ 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 Dπ0 final
state for fully reconstructed B0

s → (D∗0 → D0π0)K−π+ MC in (a), mis-reconstructed
B0
s → (D∗0 → D0π0)K−π+ MC in (b) and mis-reconstructed B0

s → (D∗0 → D0γ)K−π+

MC in (c).

The line shapes for the three D∗ decay categories considered in the Dπ0 final

state are then combined into a single B0
s → D∗0K−π+ component. The two mis-

reconstructed PDFs are first combined, where the relative fraction of each is fixed

using selection efficiencies, given in Tab. 3.7, and D∗ branching fractions, given by

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

the fully reconstructed D∗ → Dπ0 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 B0
s events reconstructed in the Dγ final state, the B mass PDFs are determined

by performing invariant-mass fits to simulation samples of fully and mis-reconstructed

B0
s → (D∗0 → D0γ)K−π+ decays, and partially and mis-reconstructed B0

s → (D∗0 →
D0π0)K−π+ decays. Fully reconstructed B0

s → (D∗0 → D0γ)K−π+ 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 B0
s → (D∗0 → D0π0)K−π+ 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 Dγ final state. Partially reconstructed
B0
s → (D∗0 → D0π0)K−π+ MC in the PR slice of m(B) is shown in (a); fully reconstructed

B0
s → (D∗0 → D0γ)K−π+ 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∗ → Dπ0 and D∗ → Dγ distributions are very similar, therefore a single example is

given for mis-reconstructed B0
s → (D∗0 → D0π0)K−π+ decays in Fig. 3.44.
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Figure 3.44: Simultaneous fits to the PR slice of m(B), (a), and the FR slice of m(B), (b),
for B0

s → (D∗0 → D0π0)K∗0 MC mis-reconstructed in the Dγ final state.

The PDFs of the four D∗ decay categories considered in the Dγ final state are

then combined into a single B0
s → D∗0K−π+ component. The fully reconstructed Dγ
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and partially-reconstructed Dπ0 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 B0
s → D∗0K−π+

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 − επPID), and events with a kaon companion end up in the B± → D∗π sub-

sample at a rate (1 − εKPID), 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±π∓]Dπ0)π± and B± → (D∗ → [K±π∓]Dπ0)K± simulation samples. This

means that box efficiencies, εbox, and consequently εtot, are very different for correctly

identified and mis-identified decays. The yields of mis-identified components are

therefore fixed to be (1− εhPID)× (εMis ID
tot /εCorrect ID

tot ) the size of the associated correctly

identified yields, where h ∈ (π,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∗π±π decays reconstructed in the D∗K sub-sample
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Figure 3.45: The 2D distribution, m(B) vs. ∆m, of B± → (D∗ → [K±π∓]Dπ0)π±
reconstructed in theD∗K sub-sample is depicted on the LHS; B± → (D∗ → [K±π∓]Dπ0)K±
decays reconstructed in the D∗π sub-sample are shown on the RHS. The vertical (horizontal)
rectangles encompass events included in the ∆m (m(B)) sample, where the box efficiencies
are printed as a reference. The efficiencies match up to those list in Tab. 3.5. The Pearson
correlation coefficients, ρ, of the 2D mass distributions are also given.

have a peaking component in ∆m, 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±π 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.

Decay
Reconstructed as Dπ0 Reconstructed as Dγ

m(B) ∆m m(B)PR ∆m m(B)FR

B± → (D∗ → Dπ0)π± as D∗K fDCB fDCB fDCB fDCB fCB

B± → (D∗ → Dγ)π± as D∗K - - - fDCB fDCB

Mis-reco. B± → (D∗ → Dπ0)π± as D∗K fCB fD∗−D fCB fD∗−D fG + fG + fCB

Mis-reco. B± → (D∗ → Dγ)π± as D∗K fG fG fCB fD∗−D fCB

B0 → (D∗∓ → Dπ∓)π± as D∗K fG fD∗−D fCB fD∗−D fCB

B → Dπ±π as D∗K fG fD∗−D fCB fD∗−D fCB

B → D∗π±π as D∗K fCB fD∗−D + fDCB fG fD∗−D + fDCB fCB + fG

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 Dπ0 signal simulation are given as an example
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Decay
Reconstructed as Dπ0 Reconstructed as Dγ

m(B) ∆m m(B)PR ∆m m(B)FR

B± → (D∗ → Dπ0)K± as D∗π fCB + fG fDCB fDCB fDCB fCB

B± → (D∗ → Dγ)K± as D∗π - - - fDCB fDCB

Mis-reco. B± → (D∗ → Dπ0)K± as D∗π fCB fD∗−D fCB fD∗−D fG + fG + fCB

Mis-reco. B± → (D∗ → Dγ)K± as D∗π fG fD∗−D fG fD∗−D fCB

B0 → (D∗∓ → Dπ∓)K± as D∗π fG fD∗−D fCB fCB fG

B → DK±π as D∗π fG fD∗−D fCB fCB fCB

B → D∗K±π as D∗π - - - - -

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±π∓]Dπ0)π± decays reconstructed in the (Dπ0)K sub-

sample are shown on the top, and B± → (D∗ → [K±π∓]Dπ0)K± decays reconstructed

in the (Dπ0)π 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 ∆m 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

Sec. 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 ∆m distributions of B± → (D∗ →
[K±π∓]Dπ0)π± decays reconstructed in the (Dπ0)K sub-sample is depicted in the top two
plots. The simultaneous fit for B± → (D∗ → [K±π∓]Dπ0)K± decays reconstructed in the
(Dπ0)π 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

4900MeV/c2 < m(Dh) < 5200MeV/c2 mass window cut). These events are therefore

modelled with a wide Gaussian in m(B), with mean 5200 ± 100MeV/c2 and width
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300± 100MeV/c2. 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 ∆m 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 Dγ final state, the

proportion of combinatorial events sitting under the partially-reconstructed Dπ0 peak,

with respect to the fully-reconstructed Dγ 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 Dπ0 or Dγ 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 ∆m, 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±π∓]Dπ0/γ)h± decays occur at a much higher rate than

their suppressed ADS mode counterparts due to the suppression factors rD∗hB and

rD, as can be seen from the rate equations given by Eqs. (1.23) to (1.26). This is

most prominent in the B± → D∗π± modes, which have a smaller amplitude ratio

rD
∗π

B . When both D decay products are mis-identified (π → K and K → π), 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:

• The ±25MeV/c2 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.

• The D meson mass calculated when both the kaon and pion hypotheses are

swapped must lie outside a ±15 MeV/c2 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.

• The PID requirements placed on the D decay products; pions must have a

∆LLK/π value less than −2 (−1) in Run 1 (Run 2); kaons must have a ∆LLK/π
value greater than 2 (1) in Run 1 (Run 2).

These cuts are applied to both favoured and suppressed mode samples to ensure

that CP 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±π∓]Dπ∓ 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, εCF , 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:

εCF =
(5.34± 0.27)× 10−5, in Run 1

(10.16± 0.37)× 10−5, in Run 2.
(3.44)

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∗π sub-samples.



3. Selection and parameterisation of B± → (D∗ → Dπ0/γ)h± decays 118

Decay
Reconstructed as Dπ0 Reconstructed as Dγ

m(B) ∆m m(B)PR ∆m m(B)FR

B± → (D∗ → DSWAPπ
0)h± fG fDCB fG fDCB fG

B± → (D∗ → DSWAPγ)h± - - - fDCB fG

Table 3.13: Summary of PDFs used to parameterise favoured to ADS mode crossfeed, where
fCB represents the Crystal Ball function defined in Eq. (3.30), fDCB 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 ∆m and the FR slice ofm(B) to B± → (D∗ → DSWAPγ)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 ∈ (π,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 Dγ 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∗π 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∗ → DSWAPγ)h± decays reconstructed

in the Dγ 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(∗)µ±νµ, have the potential to

infiltrate the D∗π 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∗π 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 π± → µ±νµ or K± → µ±νµ 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∗π and D∗K sub-samples. The

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

εisMuon(B± → (D∗ → Dπ0)π±) = (99.21± 0.16)%

εisMuon(B± → (D∗ → Dπ0)K±) = (98.05± 0.26)%

εisMuon(B± → (D∗ → Dγ)π±) = (99.45± 0.06)%

εisMuon(B± → (D∗ → Dγ)K±) = (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, εsel, given in Sec. 3.2.4. This ensures

that the ratios RKπ,π0/γ
K/π 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).



4
Measurement of CP observables

In this chapter, measurements of CP observables are made using the signal extraction

fits to data reconstructed in the Dγ and Dπ0 final states. This chapter builds on the

D1D method detailed in Sec. 3.2 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 Sec. 4.3; 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 Sec. 4.6 and validated using comparisons with previous measurements.

4.1 CP fit setup

In order to measure the CP observables given by Eqs. (1.31) to (1.37), binned extended

maximum-likelihood fits are performed. The fit to data reconstructed in the Dπ0

final state is simultaneous across ∆m and m(B); the fit to data reconstructed in

the Dγ final state is simultaneous across ∆m 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∗π,D∗K) × (B+, B−) × (Kπ,KK, ππ, πK). Candidates considered

in the D∗K and D∗π sub-samples are separated using a binary PID cut to ensure

statistical independence. Candidates whose companion hadron has a ∆LLK/π value

120
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less than 12 are reconstructed as D∗π, whilst those with a ∆LLK/π 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 CP parameters of interest (Sec. 1.4.4), and are allowed

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

− lnL =
∑
c

− lnLc(N c
box,θ; εm(B), ε∆m,N

c), (4.1)

which is a sum over all categories, c, of the D1D log-likelihood function, Lc, defined
by Eq. (3.23). Here, N c

box are the set of measured yields within a given category;

θ are the set of variables that parameterise the distribution, including the desired

observables; εm(B) and ε∆m are sets of box efficiencies and N c 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 Dπ0 case, a bin width of 10 (1)MeV/c2 is used over the range

5050− 5450 (136− 190)MeV/c2 in m(B) (∆m), resulting in 40 + 54 = 94 bins per

category, and 640 + 848 = 1504 bins in total. In the Dγ case, a bin width of 10

(2)MeV/c2 is used over the range 5050−5500 (60−190)MeV/c2 inm(B) (∆m), resulting

in 45 + 75 + 45 = 165 bins per category, and 720 + 1200 + 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 CP asymmetries:

Araw = N− −N+

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, AB+ , are measured in the Dπ0 and

Dγ invariant mass fits. This is achieved by fixing the favoured mode asymmetries,
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AKπ,π
0/γ

π , thereby releasing a degree of freedom for AB+ to float. AKπ,π0
π is fixed to

zero with asymmetric uncertainties 0+0.03%
−0.08%; AKπ,γπ is fixed to zero with asymmetric

uncertainties 0+0.08%
−0.03%. The given uncertainties cover the possible range of CP

asymmetry, calculated using the latest LHCb measurement of γ [23] and World-

averaged values of hadronic parameters [40]. The effective production asymmetries

are measured to be:

• AB+ = (−0.008± 0.005)% using the Dπ0 invariant-mass fit.

• AB+ = (+0.005± 0.003)% using the Dγ 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 2σ.

Kaon and pion detection asymmetries

The detection asymmetry for a K+π− pair was reported in the LHCb paper dedicated

to measuring the B± production asymmetry [89]. The measurement was made in bins

of B± 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:

AKπ = (−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 AKπ, the correction was evaluated to be:

AKπ = (−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 K+π− pair.

For the detection asymmetry of kaons in isolation, AKπ must itself be corrected

for the pion detection asymmetry, Aπ. This quantity was also measured for Run 1

data, in bins of (pT, η), in Ref. [89]. Averaging the results over kinematic bins yields:

Aπ = (−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 AK = AKπ + Aπ. Modes containing a net non-zero number of pions in

isolation are corrected by a factor of Aπ. All corrections are varied within the given

uncertainties in order to determine the associated systematic uncertainties.

L0 hadron trigger asymmetry

An additional kaon asymmetry for candidates that are required to trigger L0Hadron

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 L0Hadron 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

L0_HadronDecision_TOS trigger line, and candidates passing the L0_Global_TIS

line but not L0_HadronDecision_TOS. The measured difference in B± production

asymmetry between these two data samples was measured to be:

δAB+ = AB+(TOS)− AB+(TIS) = (−2.54± 1.19)× 10−3,

which represents the L0 hadron trigger asymmetry in a sample of purely L0Hadron

candidates. This choice is justified by the fact that AB+ was determined by the
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asymmetry in the favoured B± → [K±π∓]Dπ± mode, which contains a net non-zero

number of kaons but net zero pions.

The percentage of L0Hadron candidates in the final datasets that enter the invariant-

mass fits of this analysis are 79.4% for data reconstructed in the Dπ0 final state, and

73.5% for data reconstructed in the Dγ final state. The effective additional kaon

asymmetries due to the L0Hadron trigger are therefore (−2.01 ± 0.94) × 10−3 and

(−1.87± 0.88)× 10−3, respectively. These values are added to the value of AKπ 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) 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:

AB+ = Araw(B+ → [[K+π−]Dπ0/γ]D∗π+) − AKππ − AKπ − Aπ (4.6)

AKπK = Araw(B+ → [[K+π−]Dπ0/γ]D∗K+)− AB+ − AKπ − (AKπ + Aπ) (4.7)

AKKπ = Araw(B+ → [[KK]Dπ0/γ]D∗π+) − AB+ − Aπ (4.8)

AKKK = Araw(B+ → [[KK]Dπ0/γ]D∗K+) − AB+ − (AKπ + Aπ) (4.9)

Aπππ = Araw(B+ → [[ππ]Dπ0/γ]D∗π+) − AB+ − Aπ (4.10)

AππK = Araw(B+ → [[ππ]Dπ0/γ]D∗K+) − AB+ − (AKπ + Aπ) (4.11)

AπKπ = Araw(B+ → [[π+K−]Dπ0/γ]D∗π+) − AB+ + AKπ − Aπ (4.12)

AπKK = Araw(B+ → [[π+K−]Dπ0/γ]D∗K+)− AB+ + AKπ − (AKπ + Aπ). (4.13)

Here, the −AKπ factors correct for the detection asymmetry of a K+π− pair, and

+AKπ for a K−π+ pair. Factors of −Aπ correct for the pion detection asymmetry,

and the −(AKπ + Aπ) = −AK factors correct for the kaon detection asymmetry.
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Equivalent expressions for B− decays are obtained by changing the sign of the AB+ ,

AKπ, Aπ, and (AKπ + Aπ) terms.

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

• AB+ : K−π+ pair from D is assigned a factor −AKπ, and the companion π− a

factor −Aπ.

• AKπK : K−π+ pair from D is assigned a factor −AKπ, and the companion K− a

factor −(AKπ + Aπ), where Aπ is added in order to isolate the kaon detection

asymmetry AK .

• AKKπ and Aπππ : the D decay has zero net kaons and pions and thus is assigned

no factor. A factor −Aπ is assigned to the π− companion hadron.

• AKKK and AππK : the D decay has zero net kaons and pions and thus is assigned

no factor. A factor −(AKπ + Aπ) is assigned to the K− companion hadron.

• AπKπ : K+π− pair from D is assigned a factor +AKπ, and the companion π− a

factor −Aπ.

• AπKK : K+π− pair from D is assigned a factor +AKπ, and the companion K− a

factor −(AKπ + Aπ).

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

CP violation in charm decays was observed by LHCb in 2019 [15]; in this work,

asymmetry observables measured across the KK and ππ final states are corrected for

differences in CP violating effects using these results. The difference in CP asymmetry

between D0 → K+K− and D0 → π+π− decays was found to be:

∆ACP = ACP (D0 → KK)− ACP (D0 → ππ) = (−15.4± 2.9)× 10−4. (4.14)

CP asymmetries for the KK and ππ final states are therefore defined separately, in
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terms of the desired observable ACP,π
0/γ

h and ∆ACP :

A
CP,π0/γ
h (KK) = A

CP,π0/γ
h + ∆ACP

2 (4.15)

A
CP,π0/γ
h (ππ) = A

CP,π0/γ
h − ∆ACP

2 . (4.16)

This makes no assumption about the values of the individual CP asymmetries,

ACP (D0 → KK) or ACP (D0 → ππ), by splitting the ∆ACP 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, N c
box, do not

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 (N+)

and the B− yield (N−):

Ntot = N+ +N−. (4.17)

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, AhB
hDh

′
D

,

given by Eqs. (4.7) to (4.13). Here, hDh
′
D represent the D decay products and

hB the companion particle:

N− = Ntot

2 × (1 + AhB
hDh

′
D

) (4.18)

N+ = Ntot

2 × (1− AhB
hDh

′
D

). (4.19)

The B+/B− yields are themselves calculated by summing correctly identified

candidates (N±trueID) and mis-identified candidates (N±misID):

N± = N±trueID +N±misID, (4.20)
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which is implemented by parameterising the correctly and mis-identified yields in

the following way:

N±trueID(B± → D∗π±) = επPID ×N±(B± → D∗π±) (4.21)

N±misID(B± → D∗π±) = (1− επPID)×N±(B± → D∗π±)

= × εmisID/trueID
tot (B± → D∗π±) (4.22)

N±trueID(B± → D∗K±) = εKPID ×N±(B± → D∗K±) (4.23)

N±misID(B± → D∗K±) = (1− εKPID)×N±(B± → D∗K±)

= × εmisID/trueID
tot (B± → D∗K±), (4.24)

where εmisID/trueID
tot (B± → D∗h±) is 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 Ntot(B± →
(D∗ → [K±π±]Dπ0/γ)π±), Ntot(B± → (D∗ → [K±K±]Dπ0/γ)π±) and Ntot(B± →
(D∗ → [π±π±]Dπ0/γ)π±) float freely in both invariant-mass fits. All other yields are

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

• The summed over charged favoured mode D∗K yields are defined in terms of

the summed over charge favoured mode D∗π yields in order to measure the

floating ratio RKπ,π0/γ
K/π , where the efficiency correction RKπ,π0/γ

ε(K/π) will be explained

in Sec. 3.2.4:
Ntot(B± → (D∗ → [K±π±]Dπ0/γ)K±) =

R
Kπ,π0/γ
K/π ×RKπ,π0/γ

ε(K/π) ×Ntot(B± → (D∗ → [K±π±]Dπ0/γ)π±).
(4.25)

• The summer over charge D∗K yields in the CP modes are defined in terms of

the equivalent summed over charge D∗π yields and the observables RCP,π0/γ:

Ntot(B± → (D∗ → [K±K±]Dπ0/γ)K±) =

RCP,π0/γ ×RKπ,π0/γ
K/π ×Ntot(B± → (D∗ → [K±K±]Dπ0/γ)π±)

Ntot(B± → (D∗ → [π±π±]Dπ0/γ)K±) =

RCP,π0/γ ×RKπ,π0/γ
K/π ×Ntot(B± → (D∗ → [π±π±]Dπ0/γ)π±).

(4.26)
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• The suppressed mode yields are defined split by charge so that the yield in

the D∗h± category, h ∈ (π,K), is parameterised in terms of the corresponding

favoured mode yield and the observable RπK,π0/γ
h± :

N±(B± →(D∗ → [π±K±]Dπ0/γ)h±) =

R
πK,π0/γ
h± ×N±(B± → (D∗ → [K±π±]Dπ0/γ)h±).

(4.27)

4.1.4 Efficiency corrections

The ratios RKπ,π0

K/π and RKπ,γ
K/π must be corrected to account for any efficiency difference

between B± →D∗π± and B± →D∗K± decays. Corrections of the form:

R
Kπ,π0/γ
ε(K/π) = εtot(B± → (D∗ → [K±π∓]Dπ0/γ)K±)

εtot(B± → (D∗ → [K±π∓]Dπ0/γ)π±) (4.28)

are therefore applied to B±→D∗K± yields, defined with respect to B±→D∗π±, in the

data fit. Here, εtot represents the signal mode selection efficiencies, given in Tab. 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 CP 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 = π/K).

Signal modes

The signal modes comprise of B± → D∗h± decays, reconstructed in the following

categories:

• B± → (D∗ → Dπ0)h± decays fully reconstructed in the Dπ0 final state or

partially reconstructed in the Dγ final state.
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• B± → (D∗ → Dγ)h± decays fully reconstructed in the Dγ 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 ∆m. They are constrained by their associated peaking

signal component in order to be distinguished from the other mis-reconstructed

backgrounds:

• In the Dπ0 invariant-mass fit, the yields of mis-reconstructed B± → (D∗ →
Dπ0)h± decays are constrained the yields of fully reconstructed B± → (D∗ →
Dπ0)h± decays.

• In the Dγ invariant-mass fit, the yields of mis-reconstructed B± → (D∗ →
Dγ)h± decays are constrained the yields of fully reconstructed B± → (D∗ →
Dγ)h± decays.

• In the Dγ invariant-mass fit, the yields of mis-reconstructed B± → (D∗ →
Dπ0)h± decays are constrained the yields of partially reconstructed B± →
(D∗ → Dπ0)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 εmis. reco.
tot /εsignal

tot (given in

Tabs. 3.6 and 3.7), 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 D0

meson from the decay chain with a neutral particle from the underlying event.

Mis-reconstructed B± → (D∗ → Dγ)h± decays that end up in the Dπ0 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 Dγ invariant-mass fit and are varied as a source of systematic uncertainty.
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( )

B0 → (D∗± → Dπ±)h∓ decays

This analysis is time-independent, therefore it is assumed that decays involving
( )

B0

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 Eqs. (3.7) and (3.10). The branching ratio B(B0 →
D∗K±)/B(B0 → D∗∓π±) = (7.74 ± 0.66)% also enters both invariant-mass fits as

a fixed parameter, taken from the PDG [19].

B → Dh±π decays

As explain in Sec. 3.3.3, for the B → Dh±π component, decays of the type B± →
Dh±π0 and B0 → Dh±π∓ 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 γ [23].

B → D∗h±π decays

As described in Sec. 3.3.4, B± → D∗0h±π0,
( )

B0 → D∗0h±π∓ and
( )

B0 → D∗∓h±π∓

decays are all considered. The partially reconstructed B → D∗h±π− component

representing these channels is mostly given the freedom to vary freely, as can be

seen in Tab. 4.1.

Hadronic parameters for these decays are unknown. The yield in the ADSD∗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 ∆m 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.

Λ0
b → (Σ+

c → (Λ+
c → pK−π+))h− decays

A PDF component for Λ0
b decays is necessary in the D → KK category when the

pion from the Λ+
c → pK−π+ 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 Tab. 4.1. In the Dπ0 invariant-mass fit, for stability, the rate of

Λ0
b → Σ+

c π
− decays is fixed with respect to Λ0

b → Σ+
c K

− decays using the known

branching ratio B(Λ0
b → Λ+

c π
−)/B(Λ0

b → Λ+
c K

−) = 7.3 ± 3.7% [19], where a 50%

uncertainty has been assigned.

B0
s → D(∗)K+π− decays

B0
s → D(∗)K∓π± decays are not considered in the D∗π 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 B0
s case. The rate of

both B0
s → DK∓π± and B0

s → D∗K∓π± 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 Eqs. (3.7) to (3.9). Again, due to the time integrated

nature of the analysis, B0
s decays are assumed to exhibit no CP 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



4. Measurement of CP observables 133

float in the D∗π 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

Sec. 4.5. 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 Dπ0 (Dγ) invariant-mass fit is found to

be 75 ± 18 (76 ± 26) candidates.

Crossfeed

Crossfeed from favoured B± → (D∗ → [K±π∓]Dπ0/γ)h± decays enter the ADS D∗π

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 Dπ0 and Dγ 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 × 10−4 and

4.70 × 10−4 , 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 Dπ0 fit are given below.

Here, raw implies statistical uncertainties taken straight from RooFit:

RπK,π0

K− = −0.0215± 0.0055

RπK,π0

K+ = −0.0077± 0.0046

RπK,π0

π− = −0.0039± 0.0006

RπK,π0

π+ = −0.0044± 0.0006

RCP,π0 = −1.0692± 0.0665
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RKπ,π0

K/π = −0.0732± 0.0018

AKπ,π
0

K = −0.0031± 0.0240

ACP,π
0

K = −0.1804± 0.0497

ACP,π
0

π = −0.0195± 0.0143.

The raw RooFit results of the split by charge Dγ fit are as follows:

RπK,γ
K− = −0.0086± 0.0039

RπK,γ
K+ = −0.0414± 0.0049

RπK,γ
π− = −0.0056± 0.0005

RπK,γ
π+ = −0.0032± 0.0005

RπK,π0

K− = −0.0333± 0.0059

RπK,π0

K+ = −0.0001± 0.0041

RπK,π0

π− = −0.0033± 0.0006

RπK,π0

π+ = −0.0051± 0.0007

RCP,γ = −0.9357± 0.0358

RCP,π0 = −1.0586± 0.0548

RKπ,γ
K/π = −0.0708± 0.0010

RKπ,π0

K/π = −0.0723± 0.0013

AKπ,γK = −0.0354± 0.0130

AKπ,π
0

K = −0.0563± 0.0161

ACP,γK = −0.1525± 0.0327

ACP,γπ = −0.0126± 0.0085

ACP,π
0

K = −0.1922± 0.0387

ACP,π
0

π = −0.0083± 0.0120.

The quoted uncertainties are statistical, and will be corrected for double-counting

using the procedure described in Sec. 4.4. Systematic uncertainties are evaluated

in Sec. 4.5, and full numerical results given in Sec. 4.6.
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Total

Data

B± → (D∗0 → D0π0)h±

B± → (D∗0 → D0γ)h±

Mis-reconstructed B± → (D∗0 → D0π0)h±

Mis-reconstructed B± → (D∗0 → D0γ)h±

B0 → (D∗∓ → D0π∓)h±

B → D0h±π

B → D∗0h±π

Λ0
b → Σ+

c h
−

B0
s → D0K−π+

B0
s → D∗0K−π+

Crossfeed

Mis-ID

Combinatorial

Figure 4.1: Invariant-mass fit legend, linking the fit components to their associated colours.
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Figure 4.2: Invariant mass fit to B± → (D∗ → [K±π∓]Dπ0)K± candidates in 2011-2018
data, split by B charge. The fit is simultaneous across m(B) (left) and ∆m (right). B−
(B+) meson candidates are displayed on the top (bottom). A legend is given in Fig. 4.1.
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Figure 4.3: Invariant mass fit to B± → (D∗ → [K±π∓]Dπ0)π± candidates in 2011-2018
data, split by B charge. The fit is simultaneous across m(B) (left) and ∆m (right). B−
(B+) meson candidates are displayed on the top (bottom). A legend is given in Fig. 4.1.
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Figure 4.4: Invariant mass fit to B± → (D∗ → [K±K∓]Dπ0)K± candidates in 2011-2018
data, split by B charge. The fit is simultaneous across m(B) (left) and ∆m (right). B−
(B+) meson candidates are displayed on the top (bottom). A legend is given in Fig. 4.1.
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Figure 4.5: Invariant mass fit to B± → (D∗ → [K±K∓]Dπ0)π± candidates in 2011-2018
data, split by B charge. The fit is simultaneous across m(B) (left) and ∆m (right). B−
(B+) meson candidates are displayed on the top (bottom). A legend is given in Fig. 4.1.
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Figure 4.6: Invariant mass fit to B± → (D∗ → [π±π∓]Dπ0)K± candidates in 2011-2018
data, split by B charge. The fit is simultaneous across m(B) (left) and ∆m (right). B−
(B+) meson candidates are displayed on the top (bottom). A legend is given in Fig. 4.1.
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Figure 4.7: Invariant mass fit to B± → (D∗ → [π±π∓]Dπ0)π± candidates in 2011-2018 data,
split by B charge. The fit is simultaneous across m(B) (left) and ∆m (right). B− (B+)
meson candidates are displayed on the top (bottom). A legend is given in Fig. 4.1.
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Figure 4.8: Invariant mass fit to B± → (D∗ → [π±K∓]Dπ0)K± candidates in 2011-2018
data, split by B charge. The fit is simultaneous across m(B) (left) and ∆m (right). B−
(B+) meson candidates are displayed on the top (bottom). A legend is given in Fig. 4.1.
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Figure 4.9: Invariant mass fit to B± → (D∗ → [π±K∓]Dπ0)π± candidates in 2011-2018
data, split by B charge. The fit is simultaneous across m(B) (left) and ∆m (right). B−
(B+) meson candidates are displayed on the top (bottom). A legend is given in Fig. 4.1.
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4.2.1 Signal Yields

The summed over charge yields for each signal mode, measured by theDπ0 andDγ data

fits, are given in Tabs. 4.2 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

B± → (Dπ0)D∗π±

Kπ 25825± 218
KK 3273± 62
ππ 956± 32
πK 108± 14

B± → (Dπ0)D∗K±

Kπ 1889± 60
KK 256± 22
ππ 75± 7
πK 28± 9

Table 4.2: Signal yields, summed over B charge, measured by the Dπ0 data fit.

Decay D mode Yield

B± → (Dγ)D∗π±

Kπ 82984± 406
KK 10874± 121
ππ 3220± 57
πK 368± 38

B± → (Dγ)D∗K±

Kπ 5875± 104
KK 720± 37
ππ 213± 11
πK 147± 23

B± → (Dπ0)D∗π±

Kπ 58598± 373
KK 7279± 135
ππ 2182± 54
πK 245± 33

B± → (Dπ0)D∗K±

Kπ 4236± 100
KK 557± 38
ππ 167± 12
πK 70± 19

Table 4.3: Signal yields, summed over B charge, measured by the Dγ data fit.
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4.3 Fit validation with toys

The performance and stability of both the Dπ0 and Dγ 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:

P =


Ogen −Otoy

∆+
toy

, if Otoy ≤ Ogen
Otoy −Ogen

∆−toy
, if Otoy > Ogen.

(4.29)

Here, Otoy is the final value of the observable found by the toy fit; Ogen is the value

the toy dataset was generated with (i.e. the final value of the fit to data); ∆+(−)
toy is

the positive (negative) uncertainty on O measured by the toy fit.

For a given CP 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 RπK
K± for both the Dπ0 and Dγ signal extraction fits is < 5%,

therefore single double-sided errors are quoted in the final results.

2500 toy datasets have been generated for the Dπ0 and Dγ 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 Tabs. 4.4 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 µ Pull σ

AKπ,π
0

K −0.03± 0.02 0.98± 0.01

ACP,π
0

K −0.01± 0.02 0.98± 0.01

ACP,π
0

π −0.03± 0.02 1.00± 0.02

RCP,π
0 −0.04± 0.02 1.00± 0.02

RKπ,π
0

K/π −0.08± 0.02 0.96± 0.01

RπK,π
0

K− −0.06± 0.02 1.01± 0.02

RπK,π
0

K+ −0.09± 0.02 1.01± 0.02

RπK,π
0

π− −0.04± 0.02 1.00± 0.02

RπK,π
0

π+ −0.01± 0.02 0.98± 0.01

Table 4.4: Measured pull means and widths for each CP observable in the Dπ0 invariant-mass
fit.

Observable Pull µ Pull σ

AKπ,γK −0.01± 0.02 0.99± 0.01

AKπ,π
0

K −0.02± 0.02 1.02± 0.01

ACP,γK −0.00± 0.02 1.01± 0.01

ACP,γπ −0.02± 0.02 1.00± 0.01

ACP,π
0

K −0.01± 0.02 1.01± 0.01

ACP,π
0

π −0.01± 0.02 1.01± 0.01

RCP,γ −0.04± 0.02 0.98± 0.01

RCP,π
0 −0.01± 0.02 0.99± 0.01

RKπ,γK/π −0.02± 0.02 0.97± 0.01

RKπ,π
0

K/π −0.04± 0.02 1.01± 0.01

RπK,γK− −0.01± 0.02 1.01± 0.01

RπK,γK+ −0.03± 0.02 1.00± 0.01

RπK,γπ− −0.03± 0.02 1.00± 0.01

RπK,γπ+ −0.00± 0.02 0.99± 0.01

RπK,π
0

K− −0.03± 0.02 1.03± 0.01

RπK,π
0

K+ −0.06± 0.02 0.99± 0.01

RπK,π
0

π− −0.01± 0.02 1.00± 0.01

RπK,π
0

π+ −0.02± 0.02 0.99± 0.01

Table 4.5: Measured pull means and widths for each CP observable in the Dγ invariant-mass
fit.
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4.4 Correction of statistical uncertainties

The invariant-mass fit procedure described in Sec. 3.2 is performed simultaneously

across 2 or 3 samples of m(B) and ∆m, which overlap around the signal peaks. The

raw fit errors on the observables given in Sec. 4.2 do not account for the double

counting of candidates that have been included in more than one sample,1 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 Sec. 4.3 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 ∆m samples must be correlated

within the box region. For this purpose, toy datasets are generated across the full

2D m(B)−∆m plane using the bootstrapping method [93], whereby events from the

original data sample of size N (i.e. the LHCb 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∗ → Dγ)h± mode observables reconstructed in the Dγ 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

1Note that although the Dγ invariant-mass fit is performed simultaneously across ∆m 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∗ →Dγ CP observable in the Dγ 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:

P ′ =


Onominal −Obootstrap

∆+
bootstrap

, if Obootstrap ≤ Onominal
Obootstrap −Onominal

∆−bootstrap
, if Obootstrap > Onominal,

(4.30)

where Obootstrap is the final value of the observable found by the fit to the bootstrap

sample; Onominal is the nominal value of the fit to data; and ∆+(−)
bootstrap is the raw

positive (negative) uncertainty on the observable O, measured by the bootstrap fit.

The width of each pull, σP ′ , relates to the raw fit error on a given observable, ∆raw,
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and the true statistical uncertainty on that observable, ∆stat, in the following way:

∆stat = ∆raw × σP ′ . (4.31)

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 σP ′ =
√

2. The

proportion of Dπ0 signal candidates that are present in both mass samples in the

Dπ0 fit is 88%; the proportion of Dγ (Dπ0) signal candidates that are present in

both mass samples in the Dγ fit is 86% (63%). The widths are therefore expected

to fall within the range σP ′ ∈ [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∗ →
Dγ)h± mode observables reconstructed in the Dγ final state in Fig. 4.19. Similar
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Figure 4.19: Pull distribution from 2D toys for each D∗ → Dγ CP observable in the Dγ
data fit.
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Observable Pull µ Pull σ

AKπ,π
0

K −0.01± 0.03 1.26± 0.02

ACP,π
0

K −0.03± 0.02 1.15± 0.02

ACP,π
0

π −0.06± 0.03 1.25± 0.02

RCP,π
0 −0.01± 0.03 1.28± 0.02

RKπ,π
0

K/π −0.05± 0.03 1.25± 0.02

RπK,π
0

K− −0.03± 0.03 1.25± 0.02

RπK,π
0

K+ −0.05± 0.03 1.29± 0.02

RπK,π
0

π− −0.06± 0.03 1.26± 0.02

RπK,π
0

π+ −0.03± 0.03 1.27± 0.02

Table 4.6: Measured pull widths from 2D toys for each CP observable in the Dπ0 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 µ Pull σ

AKπ,γK −0.06± 0.02 1.19± 0.02

AKπ,π
0

K −0.01± 0.02 1.18± 0.02

ACP,γK −0.00± 0.03 1.22± 0.02

ACP,γπ −0.03± 0.03 1.23± 0.02

ACP,π
0

K −0.00± 0.02 1.21± 0.02

ACP,π
0

π −0.02± 0.03 1.23± 0.02

RCP,γ −0.00± 0.03 1.25± 0.02

RCP,π
0 −0.03± 0.02 1.17± 0.02

RKπ,γK/π −0.01± 0.02 1.19± 0.02

RKπ,π
0

K/π −0.01± 0.03 1.22± 0.02

RπK,γK− −0.02± 0.03 1.26± 0.02

RπK,γK+ −0.03± 0.03 1.23± 0.02

RπK,γπ− −0.00± 0.03 1.27± 0.02

RπK,γπ+ −0.01± 0.03 1.27± 0.02

RπK,π
0

K− −0.04± 0.03 1.26± 0.02

RπK,π
0

K+ −0.06± 0.03 1.31± 0.02

RπK,π
0

π− −0.03± 0.03 1.27± 0.02

RπK,π
0

π+ −0.01± 0.03 1.27± 0.02

Table 4.7: Measured pull widths from 2D toys for each CP observable in the Dγ 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 Dπ0 observables, as

can be seen in Tabs. 4.6 and 4.7, where the pull means and widths are collated for

CP observables measured by the Dπ0 and Dγ 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:

Z = O − µ
σ

. (4.32)

Here, for a given observable, O represents the value after a systematics run, µ the

measured value in the fit to data with all fixed parameters at their nominal values,

and σ 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 B0
s →D∗K−π+ 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 Dπ0 and Dγ

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∗ → Dπ0)h± PDFs

The tail parameters and fraction of each Crystal Ball shape in the composite PDF,

for both m(B) and ∆m samples, are fixed from fits to simulation. The ratio of

peak width in D∗K with respect to D∗π is fixed in both data fits to the value ±
uncertainty found when it is allowed to float.

B± → (D∗ → Dγ)h± PDFs

The tail parameters and fraction of each Crystal Ball shape in the composite PDF,

for both m(B) and ∆m samples, are fixed from fits to simulation. The ratio of

peak width in D∗K with respect to D∗π 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 Sec. 3.3 are fixed from fits to simulation, apart from the mis-reconstructed

B → Dπ±π component and the partially reconstructed B → D∗π±π 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 B0 decays dominate;
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the PDF parameters in the D∗π 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(D0) mass difference PDFs in ∆m.

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/c2 and width (300± 100)MeV/c2. The ε∆m 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 ∆m, the peaking (true D∗0)

and flat (fake D∗0) components are modelled using fully and mis-reconstructed signal

PDFs, respectively; the εm(B) box efficiencies, calculated from ∆m distributions, are a

normalised sum of the corresponding fully and mis-reconstructed signal efficiencies.

The uncertainties on the ∆m PDF parameters and εm(B) 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 (1.3±8.6)%. 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.

B0
s → D∗K−π+ PDFs

B0
s →D∗K−π+ 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 B0
s →

D∗K−π+ samples are used to describe the K−π+ phase space: (80 ± 10)% B0
s →

D∗(K∗0(892)→ K−π+) decays and (20± 10)% B0
s →D∗K−π+ decays generated over

a flat, square Dalitz space (see Sec. 3.3.4 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 B0
s →D∗K−π+

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 Tab. 3.5, determined from simulation samples, are used to

split total component yields into 2(3) individual mass samples in the Dπ0 (Dγ) 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 ∆m 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 ∆LLK/π
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 Tab. 3.5. 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 Tab. 3.6, determined from simulation samples,

are used to correct raw yields in the signal extraction fits. The background selection

efficiencies listed in Tab. 3.7 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 ∆LLK/π distributions in

simulation samples with data-driven calibration samples, as described in Sec. 3.1.6.

The errors are given in Tabs. 3.3 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],



4. Measurement of CP observables 163

is fixed in both invariant-mass fits to the value ± uncertainty given in Sec. 3.3.7.

The fit components describing mis-reconstructed Λ0
b → Σ+

c h
− and B → Dh±π−

decays are constrained in the D∗K sub-samples by the corresponding yields in the

D∗π sub-samples using the fixed branching fractions listed in Tab. 4.1.

The partially reconstructed B0
s → D∗K−π+ and B± → D∗h±π 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 → K+K− and D → π+π− decays described

in Sec. 4.1.2, and the fixed physics background asymmetries summarised in Tab. 4.1.

Fixed CP ratios

Fixed values of RCP and RπK
h 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 Sec. 4.4), 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 Tabs. 4.6

and 4.7, 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 Dπ0 measurements,
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fully reconstructed Dγ measurements and partially reconstructed Dπ0 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 Dπ0 and Dγ data fits, respectively, where the uncertainties

have been grouped into the following categories:

• PDFs: fixed PDF parameters and box efficiencies.

• εsel: fixed selection efficiencies determined from simulation.

• εPID: fixed kaon and pion PID efficiencies.

• Rates: relative decay rates fixed from branching fraction measurements and the

fixed background level of favoured to ADS mode crossfeed peaking backgrounds.

• Asyms: fixed asymmetries.

• CP Ratios: fixed CP ratios.

• 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 εsel εPID Rates Asyms CP Ratios Corr Total
RπK,π0

K− 17.91 2.12 1.80 2.72 5.85 5.86 3.76 20.46
RπK,π0

K+ 14.54 1.13 2.19 1.10 5.85 7.66 3.76 18.05
RπK,π0

π− 44.98 0.48 2.28 0.59 4.17 3.76 3.76 45.55
RπK,π0

π+ 47.11 0.59 1.62 1.64 4.65 3.74 3.76 47.69
RCP,π0 17.89 18.97 2.37 3.59 2.02 1.67 3.76 26.82
RKπ,π0

K/π 57.91 45.96 39.68 5.77 2.07 2.05 3.76 84.24
AKπ,π

0

K 14.35 0.60 0.66 0.55 6.07 0.73 3.76 16.08
ACP,π

0

K 12.75 3.18 1.89 2.18 3.31 1.88 3.76 14.47
ACP,π

0
π 5.57 0.43 0.42 0.42 9.24 0.63 3.76 11.47

Table 4.8: Systematic uncertainties for each observable measured in the Dπ0 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 RKπ,π0

K/π and RKπ,γ
K/π , the ratios of favoured mode yields in

D∗K and D∗π, 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 εsel εPID Rates Asyms CP Ratios Corr Total
RπK,γ
K− 27.48 0.62 0.48 1.86 8.20 4.06 2.95 29.19

RπK,γ
K+ 18.10 0.95 3.49 5.24 8.41 10.19 2.95 23.48

RπK,γ
π− 21.74 0.10 0.49 0.54 1.94 0.13 2.95 22.04

RπK,γ
π+ 20.86 0.12 0.83 0.64 2.02 0.31 2.95 21.20

RπK,π0

K− 28.59 0.89 2.50 1.22 7.11 3.87 4.34 30.17
RπK,π0

K+ 39.32 1.12 1.23 1.62 8.46 10.70 4.34 41.91
RπK,π0

π− 38.29 0.23 1.25 1.37 1.72 0.32 4.34 38.62
RπK,π0

π+ 39.00 0.24 1.07 1.27 1.64 0.37 4.34 39.31
RCP,γ 19.19 17.75 5.66 3.45 4.91 4.70 2.95 27.97
RCP,π0 37.24 14.24 12.21 4.26 8.77 4.20 4.34 43.25
RKπ,γ
K/π 52.57 49.19 65.75 18.64 2.99 3.10 2.95 99.40

RKπ,π0

K/π 61.54 37.66 54.56 13.49 3.41 3.50 4.34 91.69
AKπ,γK 6.98 0.37 1.03 0.47 12.06 0.18 2.95 14.30
AKπ,π

0

K 9.86 0.48 0.39 2.06 10.32 0.39 4.34 15.08
ACP,γK 14.60 0.65 0.28 1.42 8.64 0.12 2.95 17.29
ACP,γπ 5.82 0.10 0.20 0.66 15.59 0.32 2.95 16.92
ACP,π

0

K 22.33 1.18 0.66 2.39 19.86 1.51 4.34 30.36
ACP,π

0
π 10.15 0.11 0.59 0.37 11.04 0.22 4.34 15.63

Table 4.9: Systematic uncertainties for each observable measured in the Dγ 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 ∆m distributions of data reconstructed in

the Dπ0 and Dγ final states are shown in Figs. 4.2 to 4.9 and Figs. 4.10 to 4.17,

respectively; the measured signal yields are given in Tabs. 4.2 and 4.3. The final results

for the B → (D∗ → Dπ0)h± CP observables measured using data reconstructed in

the Dπ0 final state are:

RπK,π0

K− = −0.0215± 0.0069± 0.0014

RπK,π0

K+ = −0.0077± 0.0059± 0.0011

RπK,π0

π− = −0.0039± 0.0007± 0.0003

RπK,π0

π+ = −0.0044± 0.0008± 0.0004

RCP,π0 = −1.0692± 0.0853± 0.0228

RKπ,π0

K/π = −0.0732± 0.0023± 0.0019

AKπ,π
0

K = −0.0031± 0.0303± 0.0049

ACP,π
0

K = −0.1804± 0.0564± 0.0083

ACP,π
0

π = −0.0195± 0.0179± 0.0020.

The final results for the B → (D∗ → Dγ)h± and B → (D∗ → Dπ0)h± CP observables

measured using data reconstructed in the Dγ final state are:

RπK,γ
K− = −0.0086± 0.0048± 0.0014

RπK,γ
K+ = −0.0414± 0.0060± 0.0014

RπK,γ
π− = −0.0056± 0.0007± 0.0001

RπK,γ
π+ = −0.0032± 0.0006± 0.0001

RπK,π0

K− = −0.0333± 0.0075± 0.0023

RπK,π0

K+ = −0.0001± 0.0052± 0.0022

RπK,π0

π− = −0.0033± 0.0007± 0.0003

RπK,π0

π+ = −0.0051± 0.0008± 0.0003

RCP,γ = −0.9357± 0.0448± 0.0125
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RCP,π0 = −1.0586± 0.0644± 0.0277

RKπ,γ
K/π = −0.0708± 0.0012± 0.0012

RKπ,π0

K/π = −0.0723± 0.0016± 0.0015

AKπ,γK = −0.0354± 0.0153± 0.0022

AKπ,π
0

K = −0.0563± 0.0191± 0.0029

ACP,γK = −0.1525± 0.0398± 0.0069

ACP,γπ = −0.0126± 0.0105± 0.0018

ACP,π
0

K = −0.1922± 0.0468± 0.0142

ACP,π
0

π = −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 RπK,π0/γ
h+ and RπK,π0/γ

h− can be transformed into the CP

parameters RπK,π0/γ
h and AπK,π

0/γ
h using Eqs. (1.38) and (1.39), respectively:

RπK,π0

K = −0.0155 ± 0.0037

RπK,γ
K = −0.0250 ± 0.0045

RπK,π0

π = −0.00418± 0.00047

RπK,γ
π = −0.00443± 0.00048

AπK,π
0

K = −0.697 ± 0.228

AπK,γK = −0.656 ± 0.163

AπK,π
0

π = −0.127 ± 0.083

AπK,γπ = −0.270 ± 0.106,

where statistical and systematic uncertainties have been combined according to

correlations between RπK,π0/γ
h+ and RπK,π0/γ

h− . Single values for RπK,π0

h and AπK,π
0

h are
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obtained by taking the error-weighted average:

µ =
∑
i xi/σ

2
i∑

i 1/σ2
i

(4.33)

σ = 1√∑
i 1/σ2

i

(4.34)

of measurements made by both theDγ andDπ0 signal-extraction fits. Here, for a given

observable, xi represents the measurement from a single fit, and σi is the combined

statistical and systematic uncertainty on the measurement; µ and σ 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]:

S =
√
−2 ln

(L0

L1

)
, (4.35)

where L0 is the extended maximum likelihood value for the nominal D1D fit model,

and L1 is the extended maximum likelihood value for an alternative D1D model

with RπK,π0/γ
h+ and RπK,π0/γ

h− 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∗ → [π±K∓]Dγ)K± signal is measured to be 8.8σ, constituting the

first observation of this decay channel. The significance of partially reconstructed

B± → (D∗ → [π±K∓]Dπ0)K± signal is measured to be 5.9σ; 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∗ → [π±K∓]Dπ0)K± signal

is measured to be 3.7σ.
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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 4.13.

AKπ,π
0

K ACP,π
0

K ACP,π
0

π RCP,π0
RπK,π0

K− RπK,π0

K+ RπK,π0

π− RπK,π0

π+

AKπ,π
0

K 1.00 0.03 0.08 −0.00 0.01 −0.01 0.02 −0.02

ACP,π
0

K 1.00 0.03 0.08 −0.00 −0.01 0.01 −0.01

ACP,π
0

π 1.00 0.00 0.02 −0.02 0.03 −0.03

RCP,π0 1.00 0.04 0.00 −0.00 −0.00

RπK,π0

K− 1.00 0.23 −0.03 0.01

RπK,π0

K+ 1.00 0.01 −0.02

RπK,π0

π− 1.00 0.28

RπK,π0

π+ 1.00
Table 4.10: Statistical correlation matrix for observables measured in the D∗ → Dπ0

invariant-mass fit.

RπK,π0

K− RπK,π0

K+ RπK,π0

π− RπK,π0

π+ RCP,π0
AKπ,π

0

K ACP,π
0

K ACP,π
0

π

RπK,π0

K− 1.00 0.88 0.67 0.67 0.28 0.68 0.62 0.41

RπK,π0

K+ 1.00 0.43 0.43 0.04 0.43 0.29 0.34

RπK,π0

π− 1.00 1.00 0.60 0.93 0.92 0.46

RπK,π0

π+ 1.00 0.60 0.93 0.92 0.46

RCP,π0 1.00 0.53 0.71 0.18

AKπ,π
0

K 1.00 0.94 0.74

ACP,π
0

K 1.00 0.55

ACP,π
0

π 1.00
Table 4.11: Systematic correlation matrix for observables measured in the D∗ → Dπ0

invariant-mass fit.
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4.6.2 Comparison with previous measurements

The corresponding measurements of RπK,π0/γ
h and A

πK,π0/γ
h made by the partially

reconstructed B± → D(∗)h± analysis [31] are:

RπK,π0

K = −0.0118 ± 0.0034

RπK,γ
K = −0.0163 ± 0.0373

RπK,π0

π = −0.00471± 0.00077

RπK,γ
π = −0.00429± 0.00138

AπK,π
0

K = −0.717 ± 0.286

AπK,γK = −0.558 ± 1.349

AπK,π
0

π = −0.149 ± 0.059

AπK,γπ = −0.079 ± 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:

Ntot(B± → (D∗ → [π±K∓]Dπ0)K±) = 1124± 231

Ntot(B± → (D∗ → [π±K∓]Dγ)K±) = 674± 931,

where the quoted uncertainties are statistical. The corresponding yields measured in

this analysis (combining partially and fully reconstructed Dπ0 candidates) are:

Ntot(B± → (D∗ → [π±K∓]Dπ0)K±) = 98± 28

Ntot(B± → (D∗ → [π±K∓]Dγ)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 Dγ final state, and with competitive accuracy in

the Dπ0 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∗ → Dπ0)h±

observables measured by both the Dπ0 and Dγ invariant mass fits are combined

using a weighted average with mean and statistical uncertainty defined by Eqs. (4.33)

and (4.34), respectively. The values are summarised in Tab. 4.14, where the χ2/ndf

is found be to 0.69, indicating consistency between the analyses.

Observable Agreement (σ) χ2

RπK,γ
K− 0.14 0.02

RπK,γ
K+ 0.55 0.30

RπK,γ
π− 0.80 0.63

RπK,γ
π+ 0.72 0.52

RπK,π0

K− 1.09 1.18
RπK,π0

K+ 0.01 0.00
RπK,π0

π− 0.59 0.35
RπK,π0

π+ 0.75 0.56
RCP,γ 0.21 0.05
RCP,π0 0.21 0.04
AKπ,γK 1.51 2.27
AKπ,π

0

K 1.11 1.23
ACP,γK 0.44 0.19
ACP,γπ 0.72 0.52
ACP,π

0

K 1.77 3.14
ACP,π

0
π 0.01 0.00

χ2/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 χ2/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 4.27. 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 rD∗KB and δD
∗K

B are taken from Ref. [44], which combines

measurements made in previous ADS/GLW and GGSZ analyses preformed by BaBar

and Belle. The CKM angle γ is taken from the latest LHCb combination [23],

γ = (65.4+3.8
−4.2)◦. No assumptions are made about rD∗πB or δD∗πB : both are represented

by uniform distributions over the ranges 0 − 0.02 and 0 − 180◦, respectively.
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PR Analysis
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RπK,π0

K−

PR Analysis
0.0202 ± 0.0042
[LHCb-PAPER-2020-036]

D∗ → D[γ]π0

0.0333 ± 0.0078

D∗ → Dπ0

0.0215 ± 0.0070

Figure 4.20: Comparison of RπK,γK− (top) and RπK,π
0

K− (bottom) with results from the partially
reconstructed (PR) analysis [31] and expectations from measurements of rD∗KB and δD∗KB

using the ADS/GLW and GGSZ methods by BaBar and Belle [44]. The result labelled
with D∗ →Dγ corresponds to the measurement from fully reconstructed Dγ signal; the
result labelled with D∗ →Dπ0 corresponds to measurement from fully reconstructed Dπ0

signal; the result labelled with D∗ → D[γ]π0 corresponds to the measurement from partially
reconstructed Dπ0 signal. The error bars include both statistical (black bar) and systematic
(red bar) uncertainties.
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−0.02 0.00 0.02 0.04 0.06 0.08 0.10 0.12

RπK,γ
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PR Analysis
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[LHCb-PAPER-2020-036]
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0.0414 ± 0.0062
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Expected
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PR Analysis
0.0033 ± 0.0041
[LHCb-PAPER-2020-036]

D∗ → D[γ]π0

-0.0001 ± 0.0057

D∗ → Dπ0

0.0077 ± 0.0060

Figure 4.21: Comparison of RπK,γK+ (top) and RπK,π
0

K+ (bottom) with results from the partially
reconstructed (PR) analysis [31] and expectations from measurements of rD∗KB and δD∗KB

using the ADS/GLW and GGSZ methods by BaBar and Belle [44]. The result labelled
with D∗ →Dγ corresponds to the measurement from fully reconstructed Dγ signal; the
result labelled with D∗ →Dπ0 corresponds to measurement from fully reconstructed Dπ0

signal; the result labelled with D∗ → D[γ]π0 corresponds to the measurement from partially
reconstructed Dπ0 signal. The error bars include both statistical (black bar) and systematic
(red bar) uncertainties.
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RπK,γ
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PR Analysis
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Expected
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95% C.L.

0.000 0.002 0.004 0.006 0.008 0.010

RπK,π0

π−

PR Analysis
0.0040 ± 0.0008
[LHCb-PAPER-2020-036]

D∗ → D[γ]π0

0.0033 ± 0.0008

D∗ → Dπ0

0.0039 ± 0.0008

Figure 4.22: Comparison of RπK,γπ− (top) and RπK,π
0

π− (bottom) with results from the partially
reconstructed (PR) analysis [31] and expectations from knowledge of the hadronic parameters
rD
∗π

B and δD∗πB , which are modelled using uniform distributions over the ranges 0− 0.02 and
0− 180◦, respectively. The result labelled with D∗ →Dγ corresponds to the measurement
from fully reconstructed Dγ signal; the result labelled with D∗ →Dπ0 corresponds to
measurement from fully reconstructed Dπ0 signal; the result labelled with D∗ → D[γ]π0

corresponds to the measurement from partially reconstructed Dπ0 signal. The error bars
include both statistical (black bar) and systematic (red bar) uncertainties.
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RπK,γ
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PR Analysis
0.0040 ± 0.0015
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0.000 0.002 0.004 0.006 0.008 0.010 0.012

RπK,π0
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PR Analysis
0.0054 ± 0.0008
[LHCb-PAPER-2020-036]

D∗ → D[γ]π0

0.0051 ± 0.0009

D∗ → Dπ0

0.0044 ± 0.0009

Figure 4.23: Comparison of RπK,γπ+ (top) and RπK,π
0

π+ (bottom) with results from the partially
reconstructed (PR) analysis [31] and expectations from knowledge of the hadronic parameters
rD
∗π

B and δD∗πB , which are modelled using uniform distributions over the ranges 0− 0.02 and
0− 180◦, respectively. The result labelled with D∗ →Dγ corresponds to the measurement
from fully reconstructed Dγ signal; the result labelled with D∗ →Dπ0 corresponds to
measurement from fully reconstructed Dπ0 signal; the result labelled with D∗ → D[γ]π0

corresponds to the measurement from partially reconstructed Dπ0 signal. The error bars
include both statistical (black bar) and systematic (red bar) uncertainties.
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0.8 0.9 1.0 1.1 1.2 1.3 1.4

RCP,γ

PR Analysis
0.952 ± 0.090
[LHCb-PAPER-2020-036]

D∗ → Dγ
0.936 ± 0.047

B-factory measurements:

Expected

68% C.L.

95% C.L.

0.9 1.0 1.1 1.2 1.3 1.4 1.5

RCP,π0

PR Analysis
1.051 ± 0.036
[LHCb-PAPER-2020-036]

D∗ → D[γ]π0

1.059 ± 0.070

D∗ → Dπ0

1.069 ± 0.088

Figure 4.24: Comparison of RCP,γ (top) and RCP,π0 (bottom) with results from the partially
reconstructed (PR) analysis [31] and expectations from measurements of rD∗KB and δD∗KB

using the ADS/GLW and GGSZ methods by BaBar and Belle [44]. The result labelled
with D∗ →Dγ corresponds to the measurement from fully reconstructed Dγ signal; the
result labelled with D∗ →Dπ0 corresponds to the measurement from fully reconstructed
Dπ0 signal; the result labelled with D∗ → D[γ]π0 corresponds to the measurement from
partially reconstructed Dπ0 signal. The error bars include both statistical (black bar) and
systematic (red bar) uncertainties.
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0.0 0.2 0.4 0.6 0.8

ACP,γ
K

PR Analysis
0.1230 ± 0.0623
[LHCb-PAPER-2020-036]

D∗ → Dγ
0.1525 ± 0.0404

B-factory measurements:

Expected

68% C.L.

95% C.L.

−0.4 −0.2 0.0 0.2 0.4

ACP,π0

K

PR Analysis
-0.1150 ± 0.0210
[LHCb-PAPER-2020-036]

D∗ → D[γ]π0

-0.1922 ± 0.0489

D∗ → Dπ0

-0.1804 ± 0.0571

Figure 4.25: Comparison of ACP,γK (top) and ACP,π
0

K (bottom) with results from the partially
reconstructed (PR) analysis [31] and expectations from measurements of rD∗KB and δD∗KB

using the ADS/GLW and GGSZ methods by BaBar and Belle [44]. The result labelled
with D∗ →Dγ corresponds to the measurement from fully reconstructed Dγ signal; the
result labelled with D∗ →Dπ0 corresponds to the measurement from fully reconstructed
Dπ0 signal; the result labelled with D∗ → D[γ]π0 corresponds to the measurement from
partially reconstructed Dπ0 signal. The error bars include both statistical (black bar) and
systematic (red bar) uncertainties.
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0.0083 ± 0.0149
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Figure 4.26: Comparison of ACP,γπ (top) and ACP,π0
π (bottom) with results from the partially

reconstructed (PR) analysis [31] and expectations from knowledge of the hadronic parameters
rD
∗π

B and δD∗πB , which are modelled using uniform distributions over the ranges 0− 0.02 and
0− 180◦, respectively. The result labelled with D∗ →Dγ corresponds to the measurement
from fully reconstructed Dγ signal; the result labelled with D∗ →Dπ0 corresponds to the
measurement from fully reconstructed Dπ0 signal; the result labelled with D∗ → D[γ]π0

corresponds to the measurement from partially reconstructed Dπ0 signal. The error bars
include both statistical (black bar) and systematic (red bar) uncertainties.
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Figure 4.27: Comparison of AKπ,γK (top) and AKπ,π
0

K (bottom) with results from the partially
reconstructed (PR) analysis [31] and expectations from knowledge of the hadronic parameters
rD
∗π

B and δD∗πB , which are modelled using uniform distributions over the ranges 0− 0.02 and
0− 180◦, respectively. The result labelled with D∗ →Dγ corresponds to the measurement
from fully reconstructed Dγ signal; the result labelled with D∗ →Dπ0 corresponds to the
measurement from fully reconstructed Dπ0 signal; the result labelled with D∗ → D[γ]π0

corresponds to the measurement from partially reconstructed Dπ0 signal. The error bars
include both statistical (black bar) and systematic (red bar) uncertainties.



5
Interpretation in terms of γ and hadronic

parameters

The sensitivity of the measured observables, Aobs, to the fundamental parameters

(γ, rD∗KB , δD
∗K

B , rD
∗π

B , δD
∗π

B ) are evaluated using the profile likelihood method. The

set of parameters, θ, are defined:

θ = (γ, rD∗KB , δD
∗K

B , rD
∗π

B , δD
∗π

B , rD, δD, x, y, α), (5.1)

where the charm inputs, rD, δD, x and y are taken from HFLAV 2020 [40], and

Gaussian constrained to their values:

rD = (0.3445± 0.0023)% (5.2)

δD = (188.9± 8.4)◦, (5.3)

x and y are given in Eqs. (1.29) and (1.30), respectively; α = 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 θ, given Aobs, can be represented

by a multivariate Gaussian:

L(θ|Aobs) ∝ exp
(
−1

2(A(θ)− Aobs)TV −1
cov (A(θ)− Aobs)

)
, (5.4)

where A(θ) represents the relations between the observables and the fundamental

parameters (derived in Sec. 1.4), and Vcov 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. 4.6.1. For Gaussian likelihoods, the following

relation holds:

χ2(θ|Aobs) = −2 lnL(θ|Aobs) (5.5)

= (A(θ)− Aobs)TV −1
cov (A(θ)− Aobs) + c, (5.6)

where c is a constant that is independent of θ. It is this χ2 function that is minimised

to determine the best estimates for the central values of the fundamental parameters

of interest; the minimum value of the χ2 function is denoted χ2
min ≡ χ2(θ̂|Aobs).

The PROB method is used to construct frequentist confidence intervals for some

subset, φ, of the full parameter set θ; the remaining nuisance parameters are denoted

η = θ − φ. The confidence level (CL) for a specific set of values, φ0, is determined

by again minimising the χ2 function whilst constraining φ = φ0. This results in a

new minimum θ̂′ = (φ0, η̂
′), which satisfies χ2(θ̂′|Aobs) ≥ χ2

min. In the approximation

that the fundamental parameter estimates θ̂ have been sampled from Gaussians

centred on the true values1, the variable:

∆χ2(φ0|Aobs) = χ2(θ̂′|Aobs)− χ2
min (5.7)

follows a χ2 distribution with n degrees of freedom, where n represents the number

of parameters in the subset φ. This process is repeated for different values of φ0,

mapping out ∆χ2 across the parameter space. The values of ∆χ2 can then be

converted to confidence levels using the cumulative distribution function of a χ2

with n degrees of freedom, Fn:

CL(φ0|Aobs) = Fn(∆χ2(φ0|Aobs)). (5.8)

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 φ = (γ, δD∗πB ), (rD∗πB , δD
∗π

B ),
1This 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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(γ, δD∗KB ), and (rD∗KB , δD
∗K

B ) are drawn in Fig. 5.1, where the colour intensity of the

filled regions represents the CL value at each point in 2D space. The ∆χ2 = 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 γ 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 γ combination and the results of this analysis.

Confidence regions have also been mapped out in (γ, δD∗KB ) space in Fig. 5.2,

comparing results from the fully reconstructed analysis using only measurements of

CP observables in B± → (D∗ → Dπ0)h± decays in (a); using only measurements of

CP observables in B± → (D∗ → Dγ)h± decays in (b); using the results of the partially

reconstructed analysis (dominated by decays to the Dπ0 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 γ [36].

This is due to the strong phase difference of π between the two D∗ final states, leading

to 4 ADS mode observables, defined by Eqs. (1.27) and (1.28), with only 3 unknowns:

γ, rD∗hB and δD
∗h

B (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 Dπ0 and Dγ final

states, respectively, do not resolve the trigonometric ambiguities. Multiple minima

for the χ2 function still exist, and it is not possible to extract a single solution for γ

using the ADS/GLW analysis of B± → D∗h± decays in isolation.

The contour plots of Fig. 5.2 also give evidence that the partially and fully

reconstructed analyses posses complementary strengths, and offer powerful constraints

on γ and the hadronic parameters when combined. Another χ2 minimisation is

therefore performed, this time using all inputs to the latest LHCb combination [23],

alongside the fully reconstructed observables. Best estimates for γ and the hadronic

parameters rD∗πB , δD∗πB , rD∗KB and δD∗KB 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:

γ = (64.5+3.5
−3.8)◦

rD
∗K

B = (11.50+0.81
−0.86)%

δD
∗K

B = (309.4+7.0
−8.4)◦

rD
∗π

B = (0.69+0.33
−0.18)%

δD
∗π

B = (102+34
−47)◦ .

Comparing these results to those measured by the latest γ combination, which were

given in Chapter 1 and are repeated here as a reference:

γ = (65.4+3.8
−4.2)◦

rD
∗K

B = (9.9+1.6
−1.9)%

δD
∗K

B = (310+12
−23)◦

rD
∗π

B = (0.95+0.85
−0.61)%

δD
∗π

B = (139+22
−86)◦ ,

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 γ

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 γ combination, the uncertainties on γ are

reduced by 9%; the uncertainties on rD
∗K

B are reduced by 52%; taking a simple

average of the positive and negative errors on δD
∗K

B gives a 66% reduction in the

average uncertainty; for rD∗πB , the average uncertainty is reduced by 65%; for δD∗πB ,

the average uncertainty is reduced by 25%.
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Figure 5.1: 2D confidence regions for the fundamental parameters (γ, rD∗πB ) in (a),
(δD∗πB , rD

∗π
B ) in (b), (γ, rD∗KB ) in (c) and (δD∗KB , rD

∗K
B ) 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 γ combination [23].
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Figure 5.2: 2D confidence regions for the fundamental parameters (γ, δD∗KB ) constrained
by the B± → (D∗ → Dπ0)h± observables measured using the fully reconstructed analysis
in (a), by the B± → (D∗ → Dγ)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∗ → Dπ0)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 ∈ π,K), have

been conducted for the first time at a hadron collider, where the 2-body D0 meson

final states K−π−, K−K+, π−π+, and K−π+ are considered. The D∗ meson is

reconstructed in the Dπ0 and Dγ final states, which possess a strong phase difference

of π 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 8.7 fb−1 of pp collision data collected by the LHCb

experiment: 3 fb−1 taken at centre-of-mass energies of 7TeV and 8TeV (Run 1);

and 5.7 fb−1 at 13TeV (Run 2).

The first observation of the suppressed B± → (D∗ → [π∓K±]Dγ)K± decay channel

is achieved with a statistical significance of 8.8σ. 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

(rD∗KB , δD
∗K

B , rD
∗π

B , δD
∗π

B ), and a 9% reduction in the uncertainty on the tree-level

determination of the CKM angle γ. 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∗0

mesons: the D∗0 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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A
Bootstrap distributions

The distribution of measurements for each D∗ → Dπ0 observable from fits to 2500

datasets generated using the bootstrapping method [93] 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.
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Figure A.1: Bootstrap distributions for each CP observable in the Dπ0 data fit.
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Figure A.2: Bootstrap distributions for each D∗ →Dπ0 CP observable in the Dγ data fit.



B
Breakdown of systematic uncertainties

The sources of systematic uncertainty listed in Sec. 4.5 are broken down individually

in Tabs. B.1 to B.2.

AKπ,π
0

K ACP,π
0

K ACP,π
0

π

B± → (D∗ → Dπ0)h± PDFs 0.0010 0.0026 0.0003
B± → (D∗ → Dγ)h± PDFs 0.0000 0.0000 0.0000
Mis. and part. reco. PDFs 0.0042 0.0067 0.0010
B0
s → D(∗)K∓π± PDFs 0.0002 0.0004 0.0001

Mis-ID and crossfeed PDFs 0.0002 0.0012 0.0001
εsel 0.0002 0.0018 0.0001
εPID 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 CP ratios 0.0002 0.0011 0.0001
Statistical Error Correction 0.0011 0.0022 0.0007
σ(Syst.) 0.0049 0.0083 0.0020
σ(Syst.)
σ(Stat.) 0.1608 0.1447 0.1147

Table B.1: Systematic uncertainties for each asymmetry measured in the Dπ0 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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RπK,π
0

K− RπK,π
0

K+ RπK,π
0

π− RπK,π
0

π+ RCP,π
0

RKπ,π
0

K/π

B± → (D∗ → Dπ0)h± PDFs 0.0005 0.0001 0.0000 0.0000 0.0035 0.0006
B± → (D∗ → Dγ)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
B0
s → D(∗)K∓π± 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
εsel 0.0001 0.0001 0.0000 0.0000 0.0161 0.0010
εPID 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
σ(Syst.) 0.0014 0.0011 0.0003 0.0004 0.0228 0.0019
σ(Syst.)
σ(Stat.) 0.2046 0.1805 0.4555 0.4769 0.2682 0.8424

Table B.2: Systematic uncertainties for each ratio measured in theDπ0 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.

AKπ,γK AKπ,π
0

K ACP,γK ACP,γπ ACP,π
0

K ACP,π
0

π

B± → (D∗ → Dπ0)h± PDFs 0.0001 0.0003 0.0008 0.0001 0.0022 0.0002
B± → (D∗ → Dγ)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
B0
s → D(∗)K∓π± 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
εsel 0.0001 0.0001 0.0003 0.0000 0.0006 0.0000
εPID 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 CP 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
σ(Syst.) 0.0022 0.0029 0.0069 0.0018 0.0142 0.0023
σ(Syst.)
σ(Stat.) 0.1430 0.1508 0.1729 0.1692 0.3036 0.1563

Table B.3: Systematic uncertainties for each asymmetry measured in the Dγ 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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C
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 α, as shown in Eqs. (1.27)

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 τ parameter of the exponential is fixed to

the known D lifetime (τD = 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) = c× (a× t)n
1 + (a× t)n × e

−t/b, (C.1)

where t is the D proper time, c 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∗ → [K±π∓]Dγ)π±

decays, partially reconstructed B± → (D∗ → [K±π∓]Dπ0)π± decays and fully
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reconstructed B± → (D∗ → [K±π∓]Dπ0)π± decays are shown in Fig. C.1, with

the measured acceptance functions displayed underneath. The acceptance function

parameters a, b and n are given in Tab. 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 1σ, therefore the weighted average, calculated

using Eqs. (4.33) and (4.34), is taken to be the correction co-efficient for the D-

mixing terms of ADS observables:

α = 0.88± 0.03. (C.2)

Parameter Value (MC)
b [ps] −01.52± 0.17
a [ps−1] −25.61± 1.17
n −01.85± 0.08
µ [ps] −01.03± 0.37
σ [ps] −00.67± 0.13

Parameter Value (MC)
b [ps] −01.24± 0.14
a [ps−1] −26.32± 0.90
n −02.01± 0.08
µ [ps] −01.22± 0.29
σ [ps] −00.75± 0.10

Parameter Value (MC)
b [ps] −01.35± 0.16
a [ps−1] −31.58± 2.07
n −02.09± 0.16
µ [ps] −00.55± 0.30
σ [ps] −00.50± 0.12

Table C.1: Fitted parameter values from D lifetime fits to simulation samples of fully
reconstructed B± → (D∗ → [K±π∓]Dγ)π± decays on the left, partially reconstructed
B± → (D∗ → [K±π∓]Dπ0)π± decays in the centre and fully reconstructed B± → (D∗ →
[K±π∓]Dπ0)π± decays on the right.
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