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Abstract

Measurements of beauty meson to double open charm decays are presented. These
measurements use data collected in proton-proton collisions by the LHCb detector at the
Large Hadron Collider (LHC) between 2011 and 2018.

Firstly a search for sixteen rare decays of the B meson to two charm mesons is
performed. Studies of the B meson can improve understanding of heavy quark dynamics,
and its decay to two charm mesons could be wuseful in measuring the
Cabibbo-Kobayashi-Maskawa quark-mixing phase y in future LHC data taking periods.
The first evidence of the B — D;’EO decay is found with a significance of 3.4 standard
deviations and its branching fraction is measured. Upper confidence limits on the
branching fractions of the other fifteen decays are improved.

Secondly, the charge-parity asymmetries (A°") and branching fractions of decays of
the B~ meson to two charm mesons are measured. No evidence of charge-parity violation
is seen, but the first measurements of A“(B~— D*"D°) and A“(B~— D, D*°) are made
and the precision is improved on the A" of a further five decay modes. Moreover, ratios
between the branching fractions of doubly charmed decays of the B~ meson are measured
for the first time. These results will help to constrain physics beyond the Standard Model.

Finally, a generic beauty hadron neural network and exclusive selections for doubly
charmed beauty meson decays are developed, which are implemented in the trigger for
future data taking. The improvement in selection efficiency using these selections in the
upgraded trigger system is evaluated. Additionally, prospects for measurements of doubly
charmed beauty meson decays with future LHCb datasets are discussed. Sensitivity to rare
doubly charmed B meson decays and high-precision measurements of charge-parity

violation will be enabled by the upgraded LHCb detector and trigger system.

Beauty meson to double open charm decays with the LHCb detector
Fionn Caitlin Ros Bishop
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Preface

This thesis documents the research that I have performed since October 2019 as part of the
LHCb collaboration on beauty meson to double open charm decays. Firstly, a search for double
charm decays of the B meson is presented using the data collected by the LHCb experiment
in proton-proton collisions between 2011 and 2018 [1]. This is followed by measurements
of charge-parity violation and branching fractions for double charm decays of the B~ meson
using the same dataset [2]. Finally, selections for doubly charmed beauty meson decays to
be evaluated in real-time during future LHCb data taking have been developed.

The majority of the research described in this thesis is my own work. However, these
measurements were performed in collaboration with Dr Rolf Oldeman, with contributions
to the early stages of the analysis from Dr Alison Tully and Dr Chris Jones, and under the
supervision of Professor Val Gibson. Therefore it is necessary to describe some work that has
been performed by my collaborators for the sake of clarity. My contributions to Chapter 5
are:

» Studies of the inclusion of the charm meson decay modes that include neutral
particles.

* Correcting simulated samples for the B meson kinematics and event multiplicity, B

meson kinematics, and four-body D° meson decay distribution.
* Homogenisation of simulation versions.

* Weighting simulated samples to emulate the kinematics of partially reconstructed
decays.

* Adaptation of the multivariate analysis for measuring the branching fraction of B~
meson decays.

* Optimising the selection of data according to the multivariate analysis output.
* Evaluating the charge dependence of the multivariate analysis.

* Analysis and treatment of multiple candidates.
The contributions of my collaborators to Chapter 5 are:

* Development of stripping lines and preselection.
* Preparation of data and simulation samples.

* Correcting momentum scale, momentum resolution, and PID variables for simulated

samples.

* Development and training of the multivariate analysis.

ix



Chapters 6-7 are my own work except for the evaluation of single charm background
yields and of signal and normalisation efficiencies. The correction of production and
detection asymmetries and selection efficiencies described in Sections 8.2-8.3 relies on
measurements performed by LHCb collaborators, which are either published as

measurements or available in internal tools, namely:

* Measurement of the production asymmetry in kinematic bins.

* Measurement of the hardware trigger global TIS asymmetry in kinematic bins.

* Measurement of the hardware trigger hadron TOS efficiency in bins of track
transverse energy and HCAL region, and evaluation of HCAL cell miscalibration and
occupancy.

* Internal tool to evaluate kaon-pion detection asymmetry for given signal decay
kinematics.

* Measurement of the pion detection asymmetry in kinematic bins.

* Internal tool to evaluate particle ID efficiencies in kinematic bins.

* Measurement of the tracking efficiency in kinematic bins.
In these sections, my contributions are:

* Weighting of the binned measurements by signal kinematics.

* Optimisation of binning for the evaluation of the kaon-pion detection asymmetry and
particle ID efficiencies.

 Validation of the weighting procedure in the evaluation of the kaon-pion detection
asymmetry.

* Determination of the effective PID requirement.

* Evaluation of the hardware trigger TOS and TISnotTOS efficiencies in bins of

kinematics of the B~ meson.

The remainder of Chapter 8 is my own work.

The development of a generic b-hadron neural network for real-time selections in
future data taking (Section 9.2) was performed in collaboration with the Beauty to Open
Charm working group. My contribution was the neural network training. The remainder
of Chapter 9 is my own work.

The field of particle physics and its open questions are introduced in Chapter 1.
Chapter 2 provides the theoretical background that motivates the study of beauty meson
to double charm decays, as well as frameworks used to extract physical information from
the data in later chapters. Chapter 3 introduces the Large Hadron Collider and then the
LHCb detector, which are the machine used to accelerate and collide protons at high
energies and the detector that records the collision events used in the analyses described
in this thesis, respectively.



xi

The measurements of beauty meson to double open charm decays are introduced in
Chapter 4, and then presented in full detail in the following chapters. The data and
simulation samples, and the selection applied to reduce backgrounds, are described in
Chapter 5. In Chapter 6, the models used to describe the invariant-mass distributions of
signal and background decays in the data are explained. Chapter 7 completes the
description of the search for doubly charmed B meson decays, and Chapter 8 details the
measurement of charge-parity violation and branching fractions in doubly charmed B~
meson decays.

Chapter 9 explains the development of real-time selections for beauty meson to double
charm decays for future data taking and outlines experimental prospects for the remainder
of LHC data taking. The results are summarised in Chapter 10, and prospects for improving
knowledge on beauty meson to double charm decays in future data taking at the Large

Hadron Collider are also discussed.
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CHAPTER 1

Introduction

At the scale of fundamental particles, our universe is described by the Standard Model
(SM) of particle physics [3-5]. The SM firstly contains twelve spin-half fermions,
consisting of six quarks (u,d,s,c,t,b), three charged leptons (e, u,T), and three neutral
leptons, or neutrinos (v,, v, v.). For each of these fermions an antiparticle exists, whose
quantum numbers are reversed in sign relative to the particle. These fermions are divided
into three generations, each containing one up-type and one down-type quark, one
charged lepton, and one neutrino. The SM also describes several interactions through
which fermions interact, namely the strong, weak, and electromagnetic (EM) interactions.
These interactions are mediated by four spin-one gauge bosons. The weak and
electromagnetic interactions unify at sufficiently high energy as the electroweak
interaction. The strong interaction is mediated by the gluon, and the electroweak
interaction by the W* and Z bosons and the photon (y). Finally, the Higgs field gives
particles mass, and is associated with a spin-zero Higgs boson particle [6-8].

Since the conception of the SM, particle physics experiments have sought to test this
theory, firstly by discovering new particles predicted by the SM, and then by comparing
their properties with predictions: although the SM has nineteen free parameters, the
number of observables is much higher, allowing the SM to be overconstrained and thereby
tested. To date, the SM has enjoyed great success at predicting the properties of particles
and their interactions, including before their observation. The production of W and Z
bosons was observed in proton-antiproton collisions in 1982 and 1983, respectively, with
masses and cross-sections consistent with the SM predictions [9-12]. The verification of
the self-consistency of the SM through precision measurements of electroweak parameters
continued in high energy electron-positron collisions. On the side of the fermions, the
observation of the top quark (t) in proton-antiproton collisions in 1995 [13, 14] and the
tau neutrino in 2000 [15] completed the third generation of matter. The observation of
the SM particles was complete with the discovery of the Higgs boson in proton-proton
(pp) collisions in 2012 [16,17].

Despite these successes, the SM leaves a number of questions unanswered. For example,
in the fermion sector, there is no explanation as to why there are three generations of
matter or why the generations span such a large mass range. Moreover, the distribution of
astronomical matter inferred from gravitational behaviour is inconsistent with the visible
distribution of matter. This observation cannot be explained using SM particles, motivating
the hypothesis of weakly interacting dark matter particles beyond the SM [18-20].
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Furthermore, the SM does not explain the baryon asymmetry of the universe (BAU)
given that matter and antimatter were produced in equal quantities in the early universe.
The baryon density asymmetry relative to the photon density of the universe is measured
using observations of the cosmic microwave background [20-22] and the relative
abundances of light elements in astrophysical systems [21-23]. Baryon asymmetry is
permitted if the three Sakharov conditions are satisfied [24]. The first condition is the
existence of processes that violate baryon number conservation, which is accommodated
in the SM [25]. The second condition, a departure from thermal equilibrium in the early
universe, can be explained in the SM but is incompatible with the measured Higgs boson
mass [26,27].

The final condition is the violation of charge (C) and charge-parity (CP) symmetries.
Charge transformation is the reversal of the sign of all quantum charges, in effect
transforming a particle into its antiparticle and vice versa. Parity transformation is the
reversal of all spatial coordinates, which transforms left-handed into right-handed fields
and vice versa. However, even assuming a departure from thermal equilibrium, the degree
of CP symmetry violation (CPV) observed in the SM is many orders of magnitude too
small to produce the observed BAU [28-30].

The issues with the SM, which include the inconsistency of the observed BAU with the
measured SM parameters, imply a need for new physics (NP) beyond the Standard Model
(BSM), including a larger source of CPV. The ATLAS and CMS experiments at the Large
Hadron Collider (LHC) seek to produce heavy BSM particles in pp collisions, but none
have been observed to date. Other experiments, including the LHCb detector at the LHC,
precisely measure the behaviour of SM particles. BSM particles may perturb this behaviour
through quantum loops, allowing their presence to be identified even at energies too low
to produce them directly.

Moreover, even processes so far described accurately by the SM cannot necessarily be
described precisely because the strong interaction cannot be evaluated as a perturbation
expansion in low energy processes, such as in the bound states of quarks and their decays.
Improved understanding of the bound states and strong interactions of quarks can help
improve the theoretical tools used to describe these non-perturbative processes. This will
enable a more precise description of the behaviour of hadronic particles, which can in turn
assist with the identification of BSM particles in quantum loops.

This thesis presents two measurements of the decays of beauty (B) mesons that consist
of a b quark plus a lighter antiquark,® to two charm (D) mesons that consist of a ¢ quark plus
a lighter antiquark, with the LHCb detector. Firstly, a search for decays of the B meson (be)
to two charm mesons (B — DD) is performed [1] using data collected in pp collisions by
the LHCb detector [31] at the LHC. Consisting of two heavy quarks, the B meson is poorly

!The inclusion of charge-conjugate processes is implied throughout except in the discussion of
asymmetries.



understood both theoretically and experimentally. Measurements of its hadronic decays
may improve understanding of its QCD dynamics. Furthermore, hadronic beauty meson
decays could in general be affected by BSM physics [32-34]. Finally, when larger samples
of these decays are obtained, they may be useful to test the self-consistency of CPV in the
SM. Since existing e*e™ colliders do not operate at sufficiently high centre-of-mass energies
to produce the BY meson, and identification of these rare decays above a large hadronic
background requires excellent momentum resolution and particle species identification, the
LHCb detector provides a unique opportunity to search for these decays.

Secondly, a measurement of CPV and branching fractions for the decays of the B~ meson
(bu) to two charm mesons (B~ — DD) decays is presented [2]. These measurements could
help to identify BSM physics exhibiting a high degree of CPV, which may help to explain the
baryon asymmetry problem.

The LHCb detector has recently completed upgrades to permit the detection of five times
more pp collision events at once. This requires redesign of the trigger and readout system
through which events are saved for analysis. The development of selections implemented
in the trigger system to select beauty meson to double charm decays will also be described
in this thesis.
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CHAPTER 2

Theoretical background

2.1 The Standard Model

Interactions in the SM are defined by a local SU(3). x SU(2), x U(1), gauge symmetry.
Each of the constituent gauge symmetries results in spin-one gauge bosons that mediate
the interactions between the SM particles. The SU(3). gauge symmetry of the SM gives
rise to the strong interaction, described by the theory of quantum chromodynamics (QCD).
QCD is mediated by eight massless gluons. Gluons couple to particles carrying colour charge,
namely the quarks and themselves.

The SU(2), and U(1)y gauge symmetries result in W' bosons (i = 1,2,3) and one B
boson, respectively. Additionally, the SM contains the complex scalar Higgs field that
spontaneously breaks the SU(2), x U(1)y symmetry to a U(1)qg, symmetry through the
Higgs mechanism [6-8]. This symmetry breaking produces the observable electroweak
mediators. Massive W* bosons are linear combinations of the W' and W? bosons, and
mediate charged-current weak interactions. The massive Z boson and massless photon
are linear combinations of the W* and the B bosons that mediate neutral-current weak
interactions and EM interactions, respectively. The Higgs mechanism additionally results
in a physical spin-zero Higgs boson in the SM.

The constituent particles of the SM are the twelve fermions identified in Chapter 1 plus
the four gauge bosons and one Higgs boson described above. These particles and their

properties are specified in Figure 2.1.

2.2 Weak interactions of quarks in the Standard Model

The quark states which couple to the strong and EM interactions are equal to the quark
mass eigenstates. This is also true for the up-type quark states in their couplings to the
weak interaction. In constrast, the weak down-type eigenstates (d’,s’, b’) are related to the
mass eigenstates (d, s, b) by the unitary Cabibbo-Kobayashi-Maskawa matrix [36,37] (CKM

matrix, or Veg,,) as

d’ d
S =Vexm | s | 2.1)
b’ b



6 CHAPTER 2. THEORETICAL BACKGROUND

Standard Model of Elementary Particles

three generations of matter interactions | force carriers
(fermions) (bosons)
I Il ]
mass |~ =2.2 MeV/c? =1.28 GeVic? =173.1 GeV/c? 0 =124.97 GeV/c?
charge | % % % 0 0
spin | %2 U Y2 C Y2 t 1 g 0 H
up charm top gluon | higgs
=4.7 MeVic? =96 MeV/c? =4.18 GeVi/c? 0
-4 -4 -4 0
» x (G » XY
down strange bottom photon |
=0.511 MeV/c? =105.66 MeV/c? =1.7768 GeV/c? =91.19 GeV/c?
-1 -1 -1 0
« v (W » &
electron muon tau Z boson |
<1.0 eV/c? <0.17 MeV/c? <18.2 MeV/c? =80.433 GeV/c?
0 0 0 1

Y Ve Y VP Y Vt 1 V\//
electI:on muon tau_ W boson
neutrino neutrino neutrino

Figure 2.1: The elementary particles of the SM and their masses, EM charges, and spin [35].

where
Vud Vus Vub
Vekm = Vea Vs Vip | (2.2)
th Vts th

and the matrix elements V,,, are complex scalars. Off-diagonal elements in Vi, enable
flavour changes in charged-current weak interactions. The matrix Vg, can be
parameterised in terms of three mixing angles (0,,, 6,5 and 6,5), and six complex phases.
The relative phase between quark fields is unphysical, so these phases can be absorbed
into the redefinition of five quark fields, leaving one physical complex phase (6), allowing

Vexwm to be expressed as [38]

id

C12C13 $12C13 S13€
is is
—S512C23 — C12523513€ C12C23 = 512523513€ S23C13 | > (2.3)
is is
$12823 — C12€23513€ —C12523 —S12C23513€ C23C13
where ¢;; = cos6;; and s;; = sin6;;. The mixing angles and complex phase are free

parameters of the SM that must be measured experimentally. The current world average

values of the magnitudes of the elements of V i, are [39]



2.3. CHARGE-PARITY VIOLATION 7

0.97435°000%% 0225007052 0,00367°001”

[Verm| = | 0.22487+0009%4 0.97352£0.00006  0.0415*0000¢ | (2.4)
100008 . .000018
0.00852+0-00008 0.0407709%¢ 0.99914270-9900°8

The CKM matrix is strongly hierarchical with 5,5 < 5,5 < 57, < 1, so weak coupling is
strongest between quarks in the same generation. Consequently, decays involving coupling
between quarks in the same generation are referred to as Cabibbo-favoured (CF). Decays
involving coupling between adjacent generations are Cabibbo-supressed (CS) and doubly
Cabibbo-supressed (DCS) decays involve a coupling between the first and third generations.

2.3 Charge-parity violation

In the SM, CPV manifests itself in the weak interactions of quarks due to the imaginary
part of V. CPV was first observed in the decays of kaons [40-42]. The phenomenon
was subsequently observed in beauty mesons in 2001 [43, 44] and in charm mesons in
2019 [45]. The remainder of this section further describes the manifestations of CPV in the

weak interactions of quarks.

2.3.1 Direct charge-parity violation

The rate T' of the decay of an initial state i to a final state f is related to the amplitude
A(i — f) as

(i — f) o< |AG — f)I%. (2.5)
The total amplitude is the sum over the amplitudes of all possible diagrams,
Ali = f) =) Awl@+4), (2.6)

where A; are the magnitudes, §; are the CP-even strong phases from strong interactions,
and ¢; are the CP-odd weak phases arising from V,x,,, of each diagram. Under a CP
transformation, the sign of the weak phase is reversed, and the strong phase is

unchanged:

A= F) =D A%, 2.7)

The decay i — f exhibits CPV if its rate is different to that of the CP-conjugate process,
that is if

A — £ —AG — f)I* #0. (2.8)
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b e e R ———— d b -t | -t ' -t d
W+ | 6767¥ [}
I ]
I ]

B u,c,t K | A B BO we ! s 7o
I ]
I ]
w- | u, c, t |
—_— . — - 1 [l -
d b d b

Figure 2.2: Box diagrams contributing to B%-B° oscillations [46].

If only one diagram contributes to Equation 2.6, then the left hand side of Equation 2.8
is always equal to zero and CP symmetry is conserved, regardless of the existence of a
weak phase. The observation of direct CPV in a decay requires the existence of at least two
amplitudes with different strong phases 6, # &, and weak phases ¢, # ¢,.

The degree of CPV in a decay is quantified by the CP asymmetry

ACP = F(i—>f)—1“(f—>]7).
T(i— f)+T3{ - f)

(2.9)

2.3.2 Charge-parity violation in neutral meson mixing

Neutral K°, D°, B°, and B? mesons oscillate as a function of time into their antiparticles
through flavour-changing-neutral-current box diagrams (Figure 2.2). Consequently the

flavour eigenstates mix so that the mass eigenstates
My = qM° +pM° (2.10)

and
M; = pM°® —qM° (2.11)

are linear combinations of the flavour eigenstates. The mass eigenstates differ both in mass,
Am=my—m,, (2.12)

and in width,

These oscillations violate CP symmetry if the rate of M° — MP° oscillations differs from
the rate of M° — M?° oscillations. CPV in mixing can be isolated from direct CPV by
considering the asymmetry in the decay rate to a flavour-specific final state f, for example
a semileptonic final state, which identifies the flavour at the time of decay. The rate of the
decay to the final state f that is wrong-flavour relative to the produced M° meson is

proportional to the rate of the process M® — M°. Therefore CPV in mixing is quantified by
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measuring
LT’ > f)—T(M°~ f) 214
IO £)+T(MO— )’ |

0 e e
where M denotes the initial flavour.

2.3.3 Charge-parity violation in the interference of neutral meson
mixing and decay

The interference of neutral meson mixing and flavour-non-specific decays induces a third

manifestation of CPV. The rates of the four possible decays oscillate as a function of the

decay time (t). In the B%> (f) decay system, where ATI'/T < 1 [47], the decay rates evolve
as:

dr(B°—>f) e'"

(14 A%)(1—(S + AS)sin(Amt) + (C + AC)cos(Amt)),

dt - 8t
BO —t/T

dF(B;t ) 687 (1+ AP)(1 + (S + AS)sin(Amt) — (C + AC) cos(Amt)),

dT(B°—> f) et/" (2.15)
T G A®PY(1 — (S — AS)sin(Amt) + (C — AC) cos(Amt)),

dr(B;: D_ e;:(l — AP)(1 + (S — AS)sin(Amt) — (C — AC) cos(Amt)),

where 7 is the B meson lifetime and C, S, AC, and AS are decay-specific parameters.
A and C quantify CPV in the decay, S quantifies the CPV in mixing, AC quantifies the
flavour specificity of the decay, and AS is related to the strong phase difference between
the interfering amplitudes [48,49].

2.4 Unitarity of the CKM matrix

Unitarity of the CKM matrix requires that >}, V;;Vi = & and >}, V;;V;, = 6. The six

constraints with j # k and i # k can be represented in the complex plane as six unitarity

triangles (UTs). The most commonly used UT is from the constraint

Vud Vu*b

VeaVay

thV*
VedV,

=0, (2.16)

which can be represented as a triangle in the complex plane (Figure 2.3). Its three angles
are labelled as

a =arg(—V, vV}, /VdV.5), (2.17)

B =arg(=VeaV3,/ViaV,y); (2.18)
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Figure 2.3: A diagram of the most commonly used unitarity triangle in the complex plane,
corresponding to Equation 2.16 [22].

y = arg(—V V', /V.q V). (2.19)

The vertices are (0,0), (1,0), and (p,n), where

D +im=—(VqV’ [VegVis). (2.20)

The location of the third vertex is not predicted by the SM and must be measured
experimentally.  Experimental constraints on this vertex are shown in Figure 2.4.
Overconstraining the UT by measuring more than two of the parameters shown in
Figure 2.4 provides a powerful test of the SM, since differences between two
determinations of the UT would indicate that the measurement of the input parameters is

biased, potentially by BSM physics.

In particular, the UT determined from the quantities extracted from tree-level decays
(y and |V,;|/|V.,]) can be compared to that determined from quantities extracted from
loop-level decays ( and Am,;/Am,), as demonstrated in Figure 2.5. This is a powerful
test of the SM because NP is expected to affect tree-level and loop-level decays differently.
Loop-level decays are generally believed to be the most sensitive to NP since their
amplitudes are suppressed in the SM. However, large NP contributions to tree-level heavy
quark decays, which could allow a 10° shift in y, are also permitted by existing
experimental constraints [50, 51]. Moreover, discrepancies between the measured
branching fractions of singly charmed beauty meson decays and SM predictions have been
identified [32-34].

The two UT determinations are presently consistent with each other. To improve the
sensitivity of this test, it is essential to improve precision on the input parameters,
particularly y, which is one of the least well-known CKM matrix parameters and has a
negligible irreducible theoretical uncertainty on its extraction of 5y/y < O(1077) [52].
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Figure 2.4: Experimental constraints at 95% confidence level on (p,n) [39].
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Figure 2.5: Experimental constraints at 95% confidence level on (o, n) using inputs measured in
(left) tree-level and (right) loop-level decays [39].

2.4.1 Extraction of the CKM phase y

The phase y can be extracted from the interference between b — ¢W™ and b — uW~™
transitions, for example in B — Dh decays where h is a kaon or pion and D is a linear
combination of the D° and D° mesons that decays to a final state f (Figure 2.6). For a

two-body final state f, the amplitudes are related as

A(B+—) [50]fh+) rDe_i5D
A(B+— [D°]sh*)  rpeilstn)’

(2.21)

where the hadronic paramters r; and 65 are the ratio and strong phase difference between
the B* — D°h* and B* — D°h* amplitudes, and rp, and &, are the ratio and strong phase

difference between the D° — f and D°— f amplitudes. For the charge-conjugate process,
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Figure 2.6: Feynman diagrams for the B~— D°K~ and B~ — D°K~ decays [46].

the sign of the weak phase v is reversed, and the sign of the strong phase is unchanged.
Therefore the total rate depends on the charge of the B* as

T(B*— [ 1ph*) oc r2 +r2 + 2ryry cos(8 + 6, £ 1), (2.22)

demonstrating that direct CPV is present in these decays and is a function of y. To constrain
all hadronic parameters and therefore extract y from the measured CPV, it is necessary to
analyse multiple beauty and charm meson decay modes, and perform a combined fit to
extract y from the information provided by each decay mode [53]. Different charm meson
decay modes require different analysis methods, which will be outlined in the remainder
of this section.

The Gronau-London-Wyler method [54,55] uses decays where D is a CP eigenstate,

O:DO:I:DO.

Di=—r (2.23)

In this case, r, = 1 and 6, = 0, eliminating uncertainties from these parameters. The
CP-even Dfﬂ can be identified in its decay to m*n~ or KTK~, and the CP-odd D° can be
identified in its decay to K{n°, KJp°, K¢w, or K¢ ¢. This method is illustrated in Figure 2.7
using B* — DK* as an example, which shows the relationship between the amplitudes
in the complex plane. If T(B*— DYK*), I'(B~— DYK™), I'(B*— D°K*) =T(B~— D°K"),
and I'(B*— D°K*) =T'(B~— D°K~) are known, then the phase y can be derived. This
method can be extended to multibody decays which are not pure CP eigenstates, such as
D — mtn~ 7%, In this case the sensitivity to y is diluted according to the fraction of CP-even
content [56].

Despite lower yields, decays with h = K produce better precision than decays withh = 7
as ry is closer to unity, so the interference is larger. Even so, rz &~ 0.1, which limits sensitivity
to y. This is avoided in the Atwood-Dunietz-Soni method [57,58] by choosing f such that
rg ~ rp, for example f = K~ nt*. The cost is reduced precision from the uncertainty on rp
and 6. This method is also extended to multibody decays, with the dilution due to strong
phases between intermediate resonances parameterised by the coherence factor [58].

The Bondar-Poluektov-Giri-Grossman-Soffer-Zupan method [59, 60] uses multibody

self-conjugate decays (such as D — KSn*n_), and analyses the distributions of decay
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V2A(B~— D%K")

A(BT— D°K™)
v2A(B*— D°K™)

A(B~— D°K™)

A(B*— D°K*) =A(B~— D°K")

Figure 2.7: Amplitudes of B* — DK* decays represented in the complex plane. Knowledge of the
magnitude of each amplitude is sufficient to extract the CKM phase y, which is the angle between
A(B*— D°K*) and A(B~ — D°K™). Relative lengths are not correct.

candidates in the Dalitz plane. The Dalitz plane is the plane spanned by the two-body
invariant masses in a three-body decay, for example m(Kg nt) and m(Kgrc_). Information
on the Dalitz distributions allows the dependence of r, and &), over the phase space to be
captured, avoiding the dilution that occurs when using multibody charm decays with the
GLW or ADS methods.

Finally, y — 2f;, where B, = arg(—V,V},/VV}), can be extracted from the
time-dependent rates of Bf — DFK * decays [61-63]. Combining results from all measured
beauty and charm decay modes, and using dedicated measurements of the charm
hadronic parameters at LHCb, CLEO, and BESIII [64-68], the current world average

measurement is y = (63.83’:?)0 [69].

2.5 Doubly charmed B meson decays

The B meson has a mass of 6274.47 £ 0.32MeV/c* [70] and a lifetime of
0.510 +0.009 ps [22], which is several times shorter than that of the B*, B® or BY. The
requirement for the production and subsequent hadronisation of two heavy quarks makes
the production of a B} meson rare, and it was only observed for the first time in 1998 at
the CDF experiment [71].

Since my; is below the threshold to produce a beauty plus a charm meson, the B] meson
only decays through the weak interaction. Decays of the b or ¢ quarks, as well as weak
annihilation, are possible. The absence of strong or EM decay channels, and the presence
of two heavy quarks, makes the B particularly interesting in the study of QCD dynamics.

One interesting category is the tree-level decays of the B meson to two charm
mesons. Decays of the form B — D(Jg )50 are CF compared to decays of the form
Bf — D(Jg )DO, and so these decays are referred to as right-sign (RS) and wrong-sign (WS),
respectively. The RS decays receive contributions from colour-suppressed and annihilation
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Figure 2.8: The (left) colour-suppressed and (right) annihilation diagrams contributing to the CF
B — D D° decay.
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Figure 2.9: The (left) colour-allowed and (right) colour-suppressed diagrams contributing to the CS
B — D D° decay.

diagrams (Figure 2.8). The WS decays are dominated by the colour-allowed diagram,
with a subleading contribution from the colour-suppressed diagram (Figure 2.9).

Decays of the B} meson to two charm mesons have not yet been observed, despite
being tree-level processes. This is mostly due to the small fragmentation fraction of the
B} (Table 3.2), but also because the CF B — D*D° decay is colour suppressed relative to
the CF B* — D}'D° decay. Finally, it is difficult to separate the short-lived B} meson from
random combinations of tracks in pp collisions.

The branching fractions of B — DD decays have been predicted by multiple groups
(Table 2.1). Predicted values depend on the theory tools and the included diagrams, and
span over an order of magnitude. This large variation in branching fraction predictions
in part motivates the experimental study of B — DD decays to help probe heavy quark
dynamics.

A further motivation for the study of these decays is their potential utility in measuring
the CKM phase vy, which will be explained in the remainder of this section.
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Table 2.1: Predicted branching fractions of selected B} — DD decays, in units of 107°.

Channel Ref. [72]  Ref. [73] Ref. [74] Ref.[75] Ref.[76]
B> DD’ 23+0.5 4.8 1.7 2.1 0.27
Bf—DfD° 3.0%+0.5 6.6 2.5 7.4 0.22
Bf—>D'D" 3247 53 32 33 1.3
B'—D'D° 0.10£0.02  0.32 0.11 0.31 0.008
Bf—D**D® 1243 49 17 9 1.6
B'—D*'D° 0.09£0.02  0.40 0.38 0.44 0.018

2.5.1 Extraction of y with B} meson decays

Since the CF B — DD decay is colour suppressed and the CS B} — DD decay is colour
allowed, the ratio between the interfering amplitudes in B — D:Di decays is expected to
be rz ~ O(1). For this reason, Bf — DD decays have been proposed as an alternative
mode for the GLW method outlined in Section 2.4.1, with much better sensitivity to y at
a given yield [73,74,77,78]. Angular observables in B — D"D* decays could provide
further information on y [79].

Another benefit is that the strong phase difference 65 is expected to vanish [79],
although it may be non-zero in reality due to resonance effects [80]. In the case that
05 = 0, the CP asymmetry would vanish, but by measuring the charge-averaged ratios

I'(Bf - D'D?)+T(B. — D DY)

R.=2 = , (2.24)
I'(Bf — D}D°) + I'(B; — D;DO)

y could be extracted with no dependence on the hadronic parameters through the

expression [79]
1 R.—R_
cosy == L

4 IR +R)—1

(2.25)

2.6 Charge-parity violation in doubly charmed B~ decays

Direct CPV manifests in the decays of the B~ meson to two charm mesons due to the
interference between the colour-allowed tree diagrams and the suppressed QCD penguin
and annihilation diagrams (Figure 2.10). The SM predicts small CP asymmetries
(Table 2.2) due to large differences in the sizes of the interfering amplitudes:
A% (B~ — D~D™P) are expected to be 0(0.1%), and A% (B~ — D"~D™P) are expected
to be O(1%). These asymmetries could be enhanced by an order of magnitude in BSM
models, for example in R-parity violating minimal supersymmetry [81], in minimal
supergravity [82], or with four generations of quarks [83].
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Figure 2.10: (Left) colour-allowed tree, (centre) QCD penguin, and (right) annihilation diagrams
contributing to B~ — D~D°. Similar diagrams apply for excited charm mesons and, with the d quark
replaced by an s quark, for decays with the D™ replaaced by a D_".

Table 2.2: Predicted CP asymmetries for B~ meson decays to two charm mesons in percent.

Decay Ref. [81] Ref. [84] Ref. [82] Ref.[85] Ref. [83]
B~— D D°  —0.28+0.06 - —0.2675% 0.30 —0.14+0.25
B~— D D° —0.065 0.005 - —0.07%90° 0.08 —0.01+0.10
B~— D D*  0.045%+0.015 - 0.03*00>  —0.03  0.08+0.03
B~—D™D° 4.95+1.08 0.6%0°  4.4%,  —48 -
B~—D*D° 1.19£0.16 0.170¢ 1.2 —14 -
B~—DD* —0.80%0.35 —0.57, —0.6707 0.4 -

B~— D* D*° 1.19+0.16 0.20¢ 1.2 —14 -

The amplitude of the QCD penguin diagrams is difficult to predict. Therefore,
although observing a CP asymmetry of several percent in a CF decay would provide
convincing evidence of NB it would be difficult to distinguish between enhanced QCD
penguin amplitudes and NP for observation of a moderate but larger than predicted CP

asymmetry [86,87]. This discrimination can be improved through a simultaneous analysis

0
(s)

mesons. Sum rules relating amplitudes, and therefore expressions relating observables,

of CP observables and branching fractions for all double charm decays of the B~ and B

can be established using SU(3) flavour symmetry. Small corrections are applied for SU(3)
symmetry breaking and highly suppressed diagrams [86]. For example, B~ — D D° and
B® — D D* decays have the same amplitude except for small corrections from

annihilation and EW penguin diagrams,

A(B~— D D)

— =1+0(107%). (2.26)
A(B°— D;D*)

QCD penguin amplitudes and SU(3) symmetry breaking corrections cancel in the ratio
between these amplitudes. Similarly,
A(B-— D™ D%
A(B°— D-D+) + A(B°— DOD9)

=14+ 0(1072). (2.27)
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Figure 2.11: (Yellow) Experimental constraints on A (B~ — D~D°) and C(B° — D~D*) (here
denoted as A°*(B® — D™DT)). (Red) Constraints at 95% confidence level from a global fit
to observables in B— DD decays using amplitude sum rules and (dark blue) similar constraints
allowing for enhanced amplitudes from QCD penguin diagrams [86].

These relations can be translated into correlations between CP observables and
branching fractions of different decay modes. For example, in Figure 2.11, the
experimental constraints on CP asymmetries are compared to constraints using all
measured beauty meson to double charm decays with amplitude sum rules. Although the
constraints are currently consistent with each other, there are regions of phase space that
are permitted by experimental constraints but not when enforcing amplitude sum rules,
illustrating how BSM effects could be identified using more precise measurements. These
examples demonstrate how a comparison of isospin-related decays may allow the
detection of isospin symmetry-violating NP even in the presence of enhanced QCD
penguin amplitudes. To separate between isospin symmetry-violating SM contributions
and NB decays to states involving excited charm mesons can also be measured.
Measurements of annihilation-dominated decays would furthermore be particularly
helpful, since the effect of NP may be more visible against a smaller SM amplitude.

In summary, a comprehensive set of measurements of the CP observables and
branching fractions for double charm decays of the B~ and B?S) mesons would overstrain
sum rules relating the amplitudes of these decays. This would improve control over
hadronic uncertainties and thereby allow the SM to be tested to much higher precision

than could be achieved by considering individual observables.
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CHAPTER 3

The LHCb detector at the LHC

The results described in this thesis use data collected by the LHCb, or Large Hadron Collider
beauty detector. The LHCD detector is one of the four large detectors analysing high-energy
collisions at the LHC, and it is optimised for the study of heavy hadrons containing a beauty
or charm quark. The LHC will be introduced in Section 3.1, and the LHCb detector in
Section 3.2. The LHCb detector has been upgraded between 2018 and 2022 to enable the
collection of larger datasets, and these upgrades are outlined in Section 3.3. Simulation of
events and their interaction with the LHCb detector is essential to interpret the collected

data, and Section 3.4 describes the generation of these simulated datasets.

3.1 The Large Hadron Collider

The LHC, in the CERN accelerator complex (Figure 3.1), is the largest particle collider in
the world with a circumference of 26.7 km. The most common configuration is collisions
between proton bunches in two counter-rotating beams. However, collisions with one or
both beams replaced by lead or xenon ion beams have also been performed. It is also the
highest energy particle collider. The design centre-of-mass energy (4/s) for proton-proton
(pp) collisions is 14 TeV; collisions at 4/s = 13.6 TéV have already been achieved.

The LHC ring consists of eight arcs and eight straight sections. The arcs are each lined
with 154 superconducting twin-bore magnets, which produce the magnetic field of up to
8.33 T required to constrain the high-momentum beams to their central orbits. Each twin-
bore magnet contains two beam pipes and two sets of coils (Figure 3.2). To achieve the
electrical current required to produce this magnetic field the superconducting magnets are
cooled to below 2K using superfluid helium [89]. The straight sections are approximately
528 m long and lined by radio-frequency cavities oscillating at 400 MHz, which accelerate
the beams to compensate for energy loss from synchrotron radiation in the arcs. Crossing
points are located in the centre of each straight section. The two beams share a beam pipe
for approximately 130 m at the crossing points. Four crossing points are instrumented with
particle physics experiments and are also referred to as interaction points, and collisions
are suppressed at the other four. Each interaction point has one large experiment, and

optionally additional smaller experiments. The main experiments are:

* LHCD [31]: A forward-arm spectrometer designed for the study of weak decays of
heavy hadrons containing a beauty or charm quark. This experiment is described in
more detail in Section 3.2.

19
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The CERN accelerator complex
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Figure 3.1: Layout of the CERN accelerator complex in 2022 [88].

e ATLAS [91]: A general-purpose particle physics experiment that jointly discovered
the Higgs boson. Its main purpose is precision measurements of electroweak physics
and the Higgs boson, and direct searches for BSM particles at the TeV scale such as
supersymmetric particles. Its physics programme also encompasses studies of flavour
physics, proton-ion, and ion-ion collisions.

* CMS [92]: The other general-purpose particle physics experiment at the LHC that
discovered the Higgs boson jointly with the ATLAS experiment. Its physics goals are
similar to the ATLAS experiment. This overlap was important to provide confidence
in the discovery of the Higgs boson and will be equally important if either experiment

discovers a new fundamental particle in the future.

* ALICE [93]: An experiment dedicated to studying the high-energy collisions of nuclei
with the aim of improving understanding of QCD at at high energy densities. This
encompasses studies of the quark gluon plasma, the state of matter believed to have
formed just after the Big Bang.
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Figure 3.2: Cross-section of an LHC twin-bore dipole magnet. Two beam pipes at vacuum are each
surrounded by superconducting coils that produce a strong magnetic field. The beam pipes and coils
are surrounded by an iron yoke cooled to below 2 K [90].

The protons are produced by ionising hydrogen gas in an electric field. Before injection
into the LHC they are accelerated in several stages: First to 50 MeV in the LINAC2, then
1.4 GeV in the Booster, then 25 GeV in the PS and finally 450 GeV in the SPS [94]. From
2020, LINAC2 has been replaced by LINAC4, which accelerates negative hydrogen ions to
160 MeV. The negative ions are subsequently transformed into protons [95]. An LHC fill
is the injection of proton bunches that circulate for up to twelve hours. During the fill the
number of protons decreases, mostly as a result of collisions [94]. Once the number has

fallen sufficiently, the beam is dumped and a new fill is started.

The luminosity (£) is the ratio between the number of interactions per unit time and the
interaction cross-section (o), and is therefore proportional to the number of collision events
in a bunch crossing. The design luminosity of the LHC for pp collisions was 10** cm™2s™!.
However, collisions with luminosity up to double this value were achieved between 2015

and 2018. The luminosity will be increased to 5 x 10** cm™2s~! by approximately 2030.

LHCD benefits from a lower luminosity than the ATLAS and CMS experiments since a
small number of interactions per bunch crossing accommodates precise vertex and track
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Figure 3.3: Evolution of the LHCb peak and time-integrated luminosity [100]. Exact years are only
indicative and subject to changes in the LHC schedule.

reconstruction [96]. The luminosity at the LHCb interaction point is reduced with a
levelling process where the overlap between the colliding bunches is reduced locally [97].
Levelling is also used more generally in the LHC to maintain a constant luminosity as the
maximum possible luminosity naturally declines, to reduce variations in detector
occupancy, and to allow the trigger configuration to remain constant during a fill [98].
The achieved and expected peak luminosities and time-integrated luminosities (f Ldt) at
the LHCb interaction point are shown in Figure 3.3, where peak luminosity denotes the

2

luminosity at the start of each fill. Peak luminosities of up to 4 x 10%? cm™2s™! were used

in LHCb data taking until 2018. In 2022, the peak luminosity has been increased to

—2571 after

2 x 10® cm™2s!. The peak luminosity will be increased again to 1.5 x 10** cm
2030. The pile-up is the average number of pp interactions per visible event, which
depends mostly on the instantaneous luminosity but also on 4/s. The average pile-up was
approximately 2 for data taking at £ = 4 x 10*2cm™2s™! and is expected to increase to 6
for post-2022 data taking at £ = 2 x 102 ecm 257! [99] and 40 for post-2030 data taking

at £L=1.5x10**cm 25! [100].

The LHC schedule is divided into a series of operational runs separated by long
shutdowns (LS). Major upgrades to the experiments and the LHC are implemented in each
LS. To date Run 1 and Run 2 have been completed and are mostly differentiated from
each other by a significant increase in 4/s. Run 3 began in 2022 and is marked by a
five-fold increase in luminosity at the LHCb interaction point and a small increase in 4/s.

The past and expected schedule of LHC operational runs is given in Table 3.1.
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Table 3.1: Past and expected schedule of LHC operational runs, and anticipated peak and integrated
luminosities [101,102]. The expected time period for Run 6 has not been denoted in Ref. [101].

Run Time period  /5/ TeV LHC peak £ LHCb peak £ LHCb f Ldt

[em™2s1]  [em™2s!] [fb ']
Runl  2010-12 7—8 8 x 10% 4 x 10 3
Run2  2015-18 13 2 x 10% 4 % 10 6
Run3  2022-25 13.6 2 x 10% 2x10% 14
Run4  2029-32 14 5x 10% 2 x10% 27
Run5  2035-38 14 5x 103 1.5 x 10%* 125
Run 6 - 14 5x 10%* 1.5 x 10%* 150

3.2 The LHCD detector

The LHCD detector is a single-arm forward spectrometer at the LHC optimised for the study
of heavy flavour physics. In particular, the detector was designed to precisely measure the
CKM matrix and CP violation, to investigate rare beauty hadron decays involving leptons,
and to perform heavy flavour spectroscopy [ 103]. However, LHCb has also shown excellent

performance in areas including electroweak, heavy ion, and fixed target physics.

The layout of the LHCb detector is shown in Figure 3.4. The beam pipe is along the
z-axis. The interaction point is at (x, y,z) = (0,0, 0) and particles traverse the detector in
the positive z direction. A dipole magnet bends charged particle trajectories in the (x,z)
plane to allow for precise momentum measurements. Subdetectors at lower (higher) z than

the magnet are referred to as up(down)stream of the magnet.

The detector acceptance is an angle of 15—300(250) mrad in the bending (non-bending)
plane of the magnet. This corresponds to a pseudorapidity (n) of 2.1 < 1 < 4.9, where

nE—ln(tan(g)) (3.1)

for a polar angle 6. This narrow acceptance covers 27% of produced b quarks
(Figure 3.5), which tend to be boosted along the beam pipe by the dominant gluon-gluon
fusion production mechanism [104]. Quarks produced in pp collisions rapidly hadronise
with each other and form colour-singlet hadrons. The production cross-sections of mesons
formed by the hadronisation of a b quark with a lighter antiquark with 2.0 <1 < 4.5 and
pr < 40GeV/c, where p; is the momentum transverse to the beam axis, are given in
Table 3.2. The differential production cross-sections decrease with increasing p; and
comparatively few mesons are produced with py > 40GeV/c. All cross-sections are
approximately doubled at /s = 13TeV compared to /s = 7TeV. The fragmentation
fraction (f) expresses the fraction of b quarks that hadronise into each species. The ratio
of the B to B~ (f,./f,) and the BsO to B (f,/f,) fragmentation fractions is approximately
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Figure 3.4: A schematic diagram of the LHCb detector at the LHC [31]. The beam pipe is along the
z-axis. The interaction point is (x, y,z) = (0,0, 0).

unchanged at different centre-of-mass energies from 7 to 13 TeV [105, 106].

Physics measurements with the LHCb detector generally require full reconstruction of
the decay vertices, identification of particle species, and knowledge of momentum to
achieve good mass resolution. This information also allows interesting signal candidates
to be separated from uninteresting events, first by the trigger system, which reduces the
event rate to a sufficient level that events can be stored permanently, then in offline
selection. This information is acquired with a series of subdetectors, which each have a
specific purpose. Progressing downstream, these are as follows:

* Vertex Locator (VELO): A silicon microstrip detector surrounding the interaction
region. Its primary aim is to identify secondary vertices displaced from the location

of the collision (primary vertex, PV) consistent with long-lived hadrons.

* Ring Imaging Cherenkov detector 1 (RICH1): This subdetector identifies the

species of charged particles according to their Cherenkov light cones.
* Tracker Turicensis (TT): A tracking detector upstream of the magnet.

* Magnet: A dipole magnet bends charged particle trajectories to enable momentum
measurements.
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Figure 3.5: Simulated production distribution of b quarks as a function of polar angle from the beam

pipe [107].

Table 3.2: Production cross-sections of B mesons in the LHCb acceptance at /s = 7 and 13 TeV.
Charge conjugates are included. No measurement for o(B°) at 13 TeV is available, however it is

expected to scale with 4/s similarly to o(B~). Additionally no measurement for O'(BSO) at 13 TeV is

available, however ]{—2 is known [105] and is similar to its value at 7 TeV.

. o/ ub
Species 7 TeV 13 Tev Source
B~ 43.0£3.0 86.6+6.4 [108]
B° 38.1+6.0 - [109]
B? 10.3+0.8 - [105]
B~ 0.31+0.07 0.65+0.17 [106]

» Tracking stations (T1-3): Three tracking stations downstream of the magnet able to

measure momentum precisely.

* RICH2: A second RICH detector, optimised for higher momentum particles than

RICHI.

* Calorimeter (CALO): A series of calorimeters that aid in particle identification (PID)

and provide energy measurements.

* Muon system (MUON): Five muon stations (M1-5) that identify and measure the

momentum of muons.

The tracking detectors are described in more detail in Section 3.2.1 and the particle

identification detectors in Section 3.2.2. Section 3.2.3 explains how the information from

the subdetectors is used by the trigger system to decide which events to save, and

Section 3.2.4 describes how the data is processed offline.
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3.2.1 Tracking

Vertex Locator

The VELO is a silicon microstrip tracking detector surrounding the interaction region. This
subsystem measures the relative position of production and decay vertices, which allows
the identification of b and ¢ hadrons that tend to have long lifetimes, and therefore the
rejection of backgrounds from random combinations of tracks. The decay time of beauty
and charm hadrons can also be measured using information from the VELO, which for
example is essential in time-dependent measurements such as of the Bf mass difference
from flavour oscillations [110].

The VELO is 1 m long in the direction of the beam pipe and is divided in two, with one
half on each side of the beam pipe. Each half contains 21 semicircular modules in series
along the beam direction. There is a small overlap between the halves to ensure full angular
coverage and to assist with alignment [111]. Each module consists of one R and one & n™-
on-n sensor, which measure radial distance from the beam axis and azimuthal angle around
the beam axis, respectively. Each sensor has a diameter of 84 mm and contains 2048 strips.
The diameter is such that all tracks inside the LHCb acceptance will cross at least three
VELO stations [111].

An inner hole in the sensors of radius 8 mm accommodates the beam. The sensors must
not be so close to the unstable beams during injection, so the VELO is retracted in these
periods [31,112]. The VELO is enclosed and separated from the beam vacuum within
a vacuum vessel. The beam-facing surface is a 0.3 mm aluminium sheet chosen for its
low material budget and the protection that it provides the sensors from beam-induced
electromagnetic fields [113]. The aluminium sheet is corrugated to allow overlap between
VELO halves and to further reduce the material budget [112,114].

Dipole magnet

A particle of charge q moving with velocity ¥ in a magnetic field B is deflected in the

direction perpendicular to its velocity and the magnetic field by the Lorentz force,
F=q(vxB). (3.2)

A particle moving through a magnetic field of length L is consequently deflected by an
angle
a=-Lpr, (3.3)
b1
where p, is the particle momentum perpendicular to the magnetic field [115]. Therefore
the momentum of a charged particle can be derived if its trajectory before and after passing

through a magnetic field is known. In the LHCb detector, a dipole magnet with an integrated
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Figure 3.6: (Top) Layout of the VELO sensors when fully closed in the (x,z) plane relative to the
interaction region. (Bottom) Front face of a (red) R and (blue) & sensor in the (left) fully closed
and (right) fully open positions.

field of 4 Tm bends charged particle trajectories to enable momentum measurements using

tracks reconstructed both up and downstream of the magnet.

Two saddle-shaped aluminium coils are mounted inside a window-frame yoke of
laminated steel. Each coil is formed of fifteen pancakes that are electrically connected in
series. Each pancake is wound from fifteen turns of aluminium. The aluminium has a
circular channel in the centre of its cross-section for water cooling. This layout is
illustrated in Figure 3.7. The coils carry 5.8 kA resulting in power consumption of
4.2 MW. [31,116].

Oppositely charged particles are deflected in opposite directions, so left-right detector
differences lead to charge asymmetries in detection. These asymmetries are cancelled to a
large extent by reversing the magnet polarity with a frequency of approximately two weeks,
corresponding to the frequency of detector and trigger calibrations. The two polarities are
referred to as MagUp and MagDown. Approximately the same quantity of data was collected
with each magnet polarity in each year from 2012 to 2018. In 2011, 30% more data was
collected with the down polarity [117].
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Figure 3.7: (Left) Layout of the dipole magnet. (Right) cross-section of a pancake showing the
fifteen turns, and the square cross-section of the aluminium conductor with a circular channel in the
centre for water cooling [116].

Tracker Turicensis

The TT is a silicon tracker upstream of the dipole magnet covering the full LHCb acceptance.
It assists in matching track segments between the upstream and downstream detectors and
provides p; measurements, which are used by the trigger system to make decisions. It is
also essential for reconstructing the trajectories of low-momentum particles that are bent
out of acceptance before the downstream tracking stations by the dipole magnet and of
long-lived neutral particles that decay outside of the VELO [118,119].

The tracker consists of four detection layers of 500 um thick p*-on-n silicon microstrip
sensors with strip pitch 200 um. The layers have an (x-u-v-x) arrangement where the
strips are vertical in the first and fourth layers and rotated by £5° around the beam axis in
the second and third layers. The layers are grouped into two pairs with 27 cm separation
between the pairs (Figure 3.8). The primarily vertical orientation of the strips allows for
precise measurements in the bending plane, which are required for good momentum
resolution. The small rotations and the separation of the detection layers enable
three-dimensional trajectory reconstruction [31, 118, 120]. The single hit resolution is
59 um and the hit efficiency is 99.3% for charged particles with p > 10 GeV/c [121].

Inner tracker

The IT forms the central region around the beam pipe of the three T stations. It is used in
place of the less expensive gaseous straw tube technology used for the outer region of the
T stations to achieve higher granularity. This is necessary to maintain sufficiently low
occupancy in this region of high particle flux. It is formed of four detector boxes
surrounding the beam pipe, occupying a region 120 cm wide and 40 cm high (Figure 3.9).
Silicon microstrip sensors identical to those in the TT, except for their thickness, are
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Figure 3.8: Layout of the Tracker Turicensis. The square elements are silicon sensors that each
contain 512 strips [122].
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Figure 3.9: Arrangement of the four IT detector boxes relative to the LHC beam pipe [31].

employed. Sensor thicknesses of 320-410 um are chosen as a compromise between
maximising the signal-to-noise ratio and minimising material budget. The four layers are
orientated in an (x-u-v-x) configuration similarly to the TT [31, 120]. The single hit
resolution is 50um and the hit efficiency is 99.7% for charged particles with

p>10GeV/c [121].

Outer tracker

The OT is a gaseous straw tube tracking detector that covers the full detector acceptance
except for the small region covered by the IT and forms the remainder of the T stations. An
Ar/CO, /0O, mixture provides drift time of below 50 ns in all tubes, which minimises overlap
between bunch crossings. The straw tubes have an inner diameter of 4.9 mm and are 2.4 m

long. Each station consists of four module layers in an (x-u-v-x) configuration, which
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and shape of OT stations with a cross-shaped gap around the beam pipe for the IT [123].

B

each contain two staggered layers of straw tubes (Figure 3.10). The single-hit resolution is
200 um and the single-hit efficiency is 99.2% in the central half of the straw [123].

Track reconstruction

Tracks are reconstructed by combining approximate straight line segments of hits in the
upstream and downstream tracking detectors. The types of reconstructed track are
illustrated in Figure 3.11 and are defined as [98]:

* Long tracks: Hits in the VELO and T stations, and optionally also TT. These tracks
have the best momentum resolution and are preferentially used for physics analysis.

* Upstream tracks: Hits in the VELO and TT only. These tracks are associated with
low momentum particles. Their reconstruction allows the corresponding background

to be subtracted when deriving information from the RICH1 detector.

* Downstream tracks: Hits in the TT and T stations. These tracks are used to study

long-lived particles.

* VELO tracks: Hits in the VELO only, which applies to large-angle or backward tracks.

These tracks are useful in reconstructing the primary vertex.
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Figure 3.11: Types of reconstructed tracks defined by the tracking systems in which hits are present,
and comparison of the location of tracking systems to the magnetic field distribution [98].

* T tracks: Hits in the T stations only. These tracks are generally the result of
secondary interactions. Similarly to upstream tracks, T tracks are used to subtract
the corresponding backgrounds when analysing the output from the RICH2 detector.

* Ghost tracks: Do not correspond to real charged particles. Most ghost tracks result
from the incorrect matching between track segments in the VELO and T stations.

Two algorithms are employed to reconstruct long tracks, which both begin by
identifying VELO tracks. The forward tracking algorithm combines VELO tracks with a T
station hit, which is sufficient to fully define a possible trajectory. The algorithm then
selects tracks by identifying the proposed trajectories that are associated with a cluster of
T station hits [124]. The track matching algorithm combines track segments from the
VELO and T stations [125]. Both algorithms subsequently add TT track segments that are
consistent with the interpolated trajectories. Tracks are then fitted with a Kalman
filter [126] taking multiple scattering and energy loss due to ionisation into account, to
improve estimation of the track parameters (x, y,dx/dz,dy/dz,q/p) [98]. Finally, ghost
tracks are rejected using a neural network that evaluates a ghost probability using the fit
quality; track kinematics; subdetector occupancies; and the number of hits on a track and
the difference relative to the expected number [127].

The momentum resolution is 0.5% for particles with p < 20 GeV/c, and rises to 1% at
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Figure 3.12: Relative momentum resolution as a function of momentum for long tracks [98].

150 GeV/c (Figure 3.12). The tracking efficiency, defined as the probability that the trajectory
of a charged particle that has passed through the full tracking system is reconstructed, is
96% for tracks with p > 5 GeV/c and events with less than 200 tracks (Figure 3.13) [128].

Momentum scale calibration

Imperfect knowledge of the magnetic field map and tracking system alignment may bias
the reconstructed momentum and therefore also invariant masses. Momentum scale is
calibrated by comparing measured to known reconstructed mass values in J/1) — u*u~
and B — J/yK* decays [129,130].

3.2.2 Particle identification

Ring imaging Cherenkov detectors

The RICH detectors provide discrimination between charged particle species based on their
produced Cherenkov light. This discrimination is essential to distinguish between signal
and background events with the same topology. For example, BsO — D7K™ decays used to
measure the CKM phase y [63] would be almost invisible alongside the Cabbibo-favoured
Bs0 — D m* decays without the discrimination between charged pions and kaons provided
by the RICH detectors. The PID information from the RICH also allows backgrounds from
random combinations of tracks with incorrect flavour content to be reduced. These tracks
are mostly pions that are produced abundantly in pp collisions.

As charged particles move through a medium with a refractive index (n) higher than a
vacuum, they emit a cone of radiation, known as a Cherenkov ring, given their speed (v) is
greater than c/n. The angle between the cone from the particle trajectory, the Cherenkov
angle (6,), depends on n and v as

cos 6, = L. (3.4)
ny

The velocity is extracted by measuring the cone angle. The particle species is
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Figure 3.13: Long track efficiency as a function of (top left) track momentum, (top right) track
pseudorapidity, (bottom left) number of tracks in the event, and (bottom right) number of primary
vertices in the event in 2012 data and simulation. Uncertainties are statistical only [128].

subsequently determined by combining the velocity with the momentum measured by the
tracking detectors. Figure 3.14 shows 6. as a function of momentum for several particle
species in three radiators that have been used in the RICH detectors. Below a momentum
threshold, which depends on the particle species and radiator, no Cherenkov ring is
produced. 6. also asymptotically approaches a maximum at high momenta. Therefore at
sufficiently low or high momentum it is impossible to discriminate between particle
species hypotheses. Consequently, multiple radiators are required to cover the entire
desired momentum range.

The RICH system is split into two subdetectors: RICH1 upstream of the magnet and
RICH2 downstream. RICH1 has dimensions of 2.4 x 2.4 x 1.0 m® resulting in an acceptance
of 25—300 mrad. It is filled with C,F,, (n = 1.0014), which provides positive identification
for kaons in the range 9.3 < p < 40GeV/c. In the range 2.6 < p < 9.3 GeV/c, pions can be
positively identified and kaons or heavier species are identified as tracks without associated
Cherenkov rings [131]. In Run 1, a 50 mm aerogel wall (n = 1.03) was also located in
RICH1 to positively identify kaons with momenta as low as 2 GeV/c [132]. The aerogel was
removed for Run 2, since it produced a low photon yield per detected track and large rings,
which would become increasingly difficult to analyse in higher pile-up. Its removal also
reduced the material budget by 0.05X, where X, is the radiation length, and increased the
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Figure 3.14: Cherenkov angle 6. as a function of momentum for several particle species in the
radiators used in the RICH detectors [31].

reconstruction speed by halving the number of Cherenkov ring candidates [131,133,134].

RICH2 is filled with CF, (n = 1.0005), with 10% CO, to reduce scintillation [134]. It
provides kaon-pion discrimination for 15 < p < 100GeV/c in the acceptance
15 < 0 < 120mrad [132]. This limited acceptance is acceptable since high-momentum
particles produced in the decays of forward-boosted heavy hadrons tend to have a low

polar angle and are less deflected by the magnet.

Figure 3.15 illustrates the design of both RICH detectors in Run 1. Cherenkov light is
detected by an array of hybrid photodiode (HPD) detectors [135] located outside of the

acceptance by way of a spherical focusing mirror and a flat mirror [136].

Owing to the high background from other overlapping tracks in the event, it is not
possible in general to precisely determine the Cherenkov angle associated with a specific
track.  Instead a global algorithm wusing all tracks and RICH hits produces a
likelihood-based PID discriminant for each track [132,137]. The algorithm first assumes
that all tracks are pions since this is the most probable species. An event likelihood is
evaluated given the observed and expected photon hit distributions, assuming Poisson
statistics. The expected distribution is evaluated based on the reconstructed tracks and
their assumed species, and the expected background from sources such as electronic noise.
The background contribution is determined by comparing the expected and observed
signal in each HPD. Then for each track separately the mass hypothesis is changed to e, u,
K and p, leaving all other hypotheses unchanged. The nominal hypothesis is updated to
that which produces the largest increase in the likeihood. The background estimation and
likelihood maximisation are repeated iteratively until no further improvement in
likelihood is found.
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The algorithm output is a set of DLL, . values,

DLL, . = log(£(x)) —log(£(m)),

(3.5)

which are the differences in overall event log-likelihood when the track hypothesis is

changed from a pion to another species (x). PID criteria are imposed with requirements

on DLL values. The use of this algorithm with information from the RICH detectors results

in the excellent kaon-pion discrimination shown in Figure 3.16. Discriminating power is

momentum-dependent and degrades at both high and low momentum. It is also more

weakly dependent on the event multiplicity and track pseudorapidity. Overall, in the range
3 <p<150GeV/c, 2.0 < n < 4.9, 95% pion rejection is achieved at 90% kaon efficiency.
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Calorimeters

The CALO system provides positive identification and energy measurements for electrons,
photons, and neutral pions that convert into a pair of photons. The positive identification of
and discrimination between neutral pions and photons is necessary for many measurements
sensitive to BSM physics, and increases the number of final states available for measuring
the CKM phase y. The reconstruction of electron energy and bremstrahlung is essential
for tests of lepton universality [140]. The calorimeters also allow for rapid triggering on
high transverse energy (E;) hadron, electron and photon candidates that often originate in

heavy flavour decays [31].

The CALO system is divided into three subsystems: The scintillator pad detector
(SPD) /preshower (PS), electromagnetic calorimeter (ECAL) and hadronic calorimeter
(HCAL). Each system uses scintillator material to measure energy deposits produced in
electromagnetic or hadronic showers. Showers excite the scintillator material, which then
emits scintillation light with energy proportional to that of the shower. The scintillation
light is transmitted by wavelength-shifting fibres to photomultipliers [31].

The SPD/PS and ECAL dimensions and segmentation into cells are related projectively.
Since the hit density varies by over two orders of magnitude transverse to the beam pipe,
the scintillator pads are divided into inner, middle and outer regions, with the finest
segmentation in the inner region and the coarsest segmentation in the outer region. The
HCAL dimensions are related projectively but the segmentation is coarser due to the larger
size of the hadronic showers, and it is segmented into only an inner and outer section.
The outer dimensions are equivalent to the detector acceptance [31]. The composition

and segmentation of each subsystem is illustrated in Figure 3.17.

The SPD and PS are near-identical high-granularity planes of scintillator pads
separated by a 15 mm(2.5X,) lead converter. Only charged particles produce ionisation in
the SPD. The lead plate initiates electron and photon showers. By comparing energy
deposits in the SPD and PS, charged and neutral particles can be distinguished. The SPD
hit multiplicity is a proxy for the event multiplicity, which is also used to veto the most
complex events that would be difficult to analyse even offline [141]. The PS increases the
longitudinal segmentation of the electromagnetic shower, which improves discrimination

between electrons and the large charged pion background [31].

The ECAL is a shashlik-type calorimeter consisting of alternating scintillator tiles and
lead plates. It measures the energy and position of electrons and photons and allows
triggering on high-E; electrons and photons. Electrons and photons shower at the lead
plates, similarly to in the SPD/PS. The thickness is 25X, which is required to fully contain
the electromagnetic shower and therefore optimise the energy resolution, which is
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The HCAL has a similar design, but uses iron instead of lead to initiate hadronic showers.

The total thickness is 5.6 interaction lengths due to space limitations. The energy resolution
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is comparatively poor [141].
As well as providing input to the hardware trigger for high-E; charged hadrons, a
comparison of energy deposits in the PS and HCAL allows for discrimination between

electrons and charged pions [142].

Muon system

The triggering on and identification of muons is important for reconstructing decays with
a J/+) in the final state, for example B° — J/l/)Kg, which is used to measure the CKM angle
B [143]. Muon reconstruction is also necessary for studying leptonic or semileptonic decays
that may be sensitive to BSM physics, such as B?S )= utu~ [144].

The MUON system [145] consists of five rectangular muon tracking stations, denoted
as M1-5, in series along the beam axis with projective geometry. M1 is upstream of the
calorimeter and M2-5 are downstream. M1-3 have high spatial resolution in the bending
plane. This allows p; measurements with 20% resolution [31]. M2-5 are interleaved with
80cm iron absorbers to attenuate hadrons that were not completely stopped by the
calorimeters, and therefore select penetrating muons. The total absorber thickness is 20
nuclear interaction lengths, of which 6.6 interaction lengths is in the calorimeters. The
layout of the MUON stations relative to the calorimeters is shown in Figure 3.18.

Over 99% of the muon system is instrumented with multi-wire proportional chambers
(MWPCs) [146]. At very high flux, MWPCs cannot be segmented sufficiently finely to
maintain adequately low occupancy in a channel [115], so the inner region of M1 is
instead instrumented with triple-gas electron multiplier (GEM) detectors. Both types of
detector are filled with an Ar/CO,/CF, mixture [146]. Each station has a detection
efficiency of over 99% [146].

3.2.3 Trigger system

A trigger system is required to reduce the event rate sufficiently to allow the output to be
saved. LHCb employs a multi-level trigger system (Figure 3.19) where each level performs

an improved event reconstruction at lower rate using information from more subdetectors.
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Figure 3.17: Diagram of the calorimeter system with particle stream direction indicated [141].

Real-time alignment and calibration was also introduced at the beginning of Run 2,
enabling offline-quality reconstruction in the final level of the software trigger, which
improved discrimination between signal candidates and background, and allowed partial

events to be saved, thereby reducing bandwidth relative to signal rate.

The trigger system implements a set of algorithms at each filtering stage that decide
whether to retain events and which part of the event to retain. Each algorithm is referred
to as a trigger line. A candidate for a signal decay is Triggered On Signal (TOS) relative to
a trigger line if the candidate itself fired this trigger line, or Triggered Independent of Signal
(TIS) if the event excluding the candidate fired the trigger line.
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Figure 3.18: Layout of the five MUON stations relative to the calorimeters. The z-axis is parallel to
the beam pipe and the y-axis is in the non-bending plane [31].

LO trigger

The LO hardware trigger filters events to a rate of 1 MHz using information from the
calorimeters and MUON system. It is implemented on field-programmable gate arrays
with a 4 us latency. The hadron, electron and photon triggers fire if a transverse energy
deposit in a 2 x 2 cluster of cells exceeds a threshold. Transverse energy is defined as
E; = Esin 6, where 0 is the angle between the z-axis and a line from the centre of a cell to
the interaction point. The thresholds are adjusted to maintain the output rate under
different LHC conditions, and the threshold for the hadron trigger is approximately
3.5GeV/c. The muon and dimuon triggers fire upon the identification of a muon with
pr > 1.76GeV/c, or two muons with pr; X py, > 1.6 GeV?/c?, in the MUON system. A
requirement on the number of hits in the SPD rejects high-multiplicity events that are slow
to reconstruct and where discrimination between signal and background is particularly
difficult. A maximum of 600(450) hits is imposed for the majority of trigger lines in
Run 1(2) [148, 149]. The efficiency as a function of the true E; of the particle rises
sharply above the threshold and is higher for deposits in the outer region of the HCAL
(Figure 3.20).
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Figure 3.19: Diagram of the stages in the (left) Run 1 and (right) Run 2 trigger system, and the
output rate of each stage [147].

HLT1

The events passing the LO trigger are transferred to an event filter farm of 27000 physical
cores on 1700 nodes [148] where the software trigger runs on central processing units
(CPUs). The HLT1 stage of the software trigger partially reconstructs the event using
information from the VELO, tracking system and MUON system. The forward tracking
algorithm reconstructs long tracks, a Kalman filter is applied, and ghost tracks are rejected
(Section 3.2.1). Muons are identified by adding hits in the MUON stations that are near
the projected trajectory of long tracks.

Events are then filtered according to a small set of trigger lines. Most important for the
selection of hadronic B decays are the two inclusive trigger lines that select events with
one or two good quality high-p; tracks that are significantly detached from the PV [148,
150]. Additional trigger lines select decays involving muons; low-multiplicity events for
the study of central exclusive production; and decays useful for alignment and calibration.
The TOS efficiency of the inclusive trigger lines for several beauty meson decays is shown

in Figure 3.21.
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Figure 3.20: Hadron hardware trigger efficiency as a function of track py in the (left) inner and
(right) outer regions of the HCAL for (blue) n*, (red) K* and (green) p [149].

Real-time alignment and calibration

During Run 2, the output of HLT1 was written to a 10 PB disk buffer, sufficient to store
two weeks of HLT1 output. Real-time detector alignment and calibration was run on the
disk buffer for each fill using the output of dedicated HLT1 lines, to compute alignment
and calibration constants, which were written to a conditions database (Figure 3.22). This
permitted offline-quality event reconstruction in the final trigger stage [151]. The
introduction of a buffer moreover allowed events to be processed between fills, which
accommodated higher HLT1 output rates [148].

HLT2

The final trigger stage uses information from all subdetectors to perform a more complete
event reconstruction than in HLT1 including particle identification; calorimeter cluster
reconstruction including shower energy measurements and neutral cluster reconstruction;
and improved track reconstruction with better momentum resolution. This allows the
calculation of quantities such as track momenta, shower energies and DLL variables. In
Run 2, the real-time alignment and calibration allowed offline-quality event
reconstruction at this point, which permitted higher signal efficiencies.

Beauty hadron decays are mostly selected using inclusive topological trigger lines that
occupy 40% of the HLT2 output rate. A rectangular selection followed by a Boosted Decision
Tree (BDT) selects two to four-track vertices with high p;, large displacement from the PV,
and a topology consistent with a beauty hadron decay [148,152-154]. The TOS efficiency
of these topological trigger lines for certain beauty hadron decays is shown in Figure 3.23.

The remaining 60% of the output rate is occupied by muon and dimuon trigger lines; trigger
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Figure 3.21: TOS efficiency of the HLT1 inclusive trigger lines in Run 2 as a function of (left) py and
(right) rest frame lifetime for selected beauty meson decays [148].

lines for low-multiplicity events to study central exclusive production; and exclusive lines
selecting specific decays for studies including charm physics, electroweak physics, exotic
searches, and calibration of track reconstruction and PID [148].

Selected events are written to magnetic tape. Since event reconstruction in HLT2 was of
offline-quality during Run 2, it was possible to only save part of the event. As little as only
the signal candidate could be saved, referred to as the Turbo model, which would reduce
the event size by an order of magnitude. This model was mostly used for charm decays.
Additional reconstructed objects (TurboSP) or the full reconstruction (Turbo++) could also

be saved if important for the subsequent physics analysis [151].

3.2.4 Offline reconstruction and selection

Subsequent stages of the dataflow are implemented offline, and are shown relative to the
online stages in Figure 3.24. Reconstruction is performed on the saved raw events,
followed by further selection and the calculation of higher-level quantities. The final
output is ROOT [155] ntuple files suitable for use in physics analysis. This section
describes the offline reconstruction stages. Different software applications are used at
each stage, and are built on GAUDI [156], an object oriented framework that provides a
common infrastructure and environment for the software applications used by LHCb.

The BRUNEL application reconstructs the raw events saved by the HLT2 trigger [157]
using alignment and calibration constants for the corresponding fill. In Run 2, this is of
similar quality to the reconstruction in HLT2 but the algorithms in this offline reconstruction

may be updated. The reconstructed events are saved in the Data Summary Tape (DST)
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format.

The resulting dataset is still too large to be usable by individual analysts. Instead the
data is filtered further in the DAVINCI application. Firstly DAVINCI analyses the ProtoParticles
from the reconstruction to locate primary and secondary vertices and identify composite
particle candidates. Then the data is filtered by loose stripping line exclusive selections.
Stripping lines are grouped into streams, and the events selected by all stripping lines in
a stream are written to the same file in DST format. To minimise duplication of events
between streams and therefore reduce file sizes, stripping lines with common physics, for
example containing a beauty hadron decay, are in the same stream.

Finally, analysts can use DAVINCI to process the data in a stream and produce ntuples,
which are useful for physics analysis. Only the events that were selected by a specified set
of stripping lines are retained. Algorithms can be applied to evaluate and save
higher-level quantities for signal decay candidates, which are useful in physics analysis or
further selection. One such algorithm is a Decay Tree Fit (DTF) [158], which improves the
momentum and therefore mass resolution by incorporating knowledge of the decay chain.
Constraints that can be used include fixing daughter particle masses to their known values
and requiring that the momenta of all tracks point towards the corresponding production
vertices. A Kalman filter applies these constraints and extracts more precise estimates of
the vertex positions, particle momenta, and decay times.

Events saved in the Turbo stream by the HLT2 trigger (Section 3.2.3) do not go through

the reconstruction and stripping stages, and can be accessed directly when making ntuples.
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3.3 Upgrade I

To accelerate the growth of the LHCb dataset, the instantaneous luminosity has been
increased by a factor of five for Run 3 data taking, as discussed in Section 3.1. The LHCb
detector itself has been substantially upgraded to cope with the resulting higher pile-up.
To maintain sufficiently low occupancies under increased event multiplicity, the
granularity of many subdetectors has been increased. Furthermore, the data processing
strategy has been largely redesigned. To maintain an acceptable event rate, it would have
been necessary to increase the LO trigger thresholds, which would saturate the triggered
yield of interesting decays. Therefore the hardware trigger is replaced by a full-software
trigger, which relies on the selection of good-quality displaced tracks at the first level of
filtering (HLT1). This increased demand on the HLT1 trigger required further upgrades to
the tracking detectors to enable improved track reconstruction and impact parameter
measurement. The read-out electronics were also replaced to accommodate readout at
the bunch crossing frequency of 40 MHz. These improvements, implemented between the
end of Run 2 and the start of Run 3, are collectively referred to as Upgrade I [99].

3.3.1 Hardware upgrades

Owing to their importance in the new full-software trigger, all tracking detectors have been
entirely replaced to achieve improved track reconstruction speed and precision. The VELO
now uses hybrid pixel sensors instead of microstrips; the inner radius has been reduced
to 5.1 mm; and the inner foil radius has been reduced to 3.5mm [114]. These changes
improve resolution, and the uniformity enables faster track reconstruction. A new higher
granularity, more radiation hard, silicon microstrip Upstream Tracker (UT) replaced the TT.
A Scintillating Fibre tracker (SciFi) replaced the T stations. 2.5m long fibres read out by
silicon photo-multipliers offer high efficiency, resolution and radiation hardness with a low
material budget [160].

The SPD, PS and M1 have been removed owing to their reduced importance with the
full-software trigger. Otherwise, the conceptual design of the PID detectors is unchanged.
All read-out electronics have been upgraded to accommodate 40 MHz triggerless readout
and the RICH HPDs have been replaced with multianode photomultiplier tubes. The RICH1

optical layout has been redesigned to reduce the peak occupancy [99].

3.3.2 Data processing upgrades

With no hardware trigger, the first stage of the software trigger is required to be an
inclusive trigger able to reduce the data rate from 30 MHz to 1 MHz and process each
event in 13ms [131, 161]. Conceptually the upgraded HLT1 trigger is similar to the
original HLT1 trigger, and it performs a similar partial reconstruction using only the
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tracking detectors. However, improvements to the reconstruction algorithms and tracking
detectors, and implementation of the trigger on 200 graphics processing unit (GPU)
cards [99] allow the substantial increase in rate despite the higher multiplicity
environment.

The 7% of events with the highest UT+SciFi occupancy are rejected, playing a similar
role to the requirement on the number of hits in the SPD implemented in the previous
hardware trigger [162]. Tracks are then reconstructed using information from the VELO,
UT, and SciFi. Finally, events are filtered according to a set of trigger lines, which are
similar to those used in Runs 1 and 2. Trigger lines selecting a single displaced track or
displaced two-track vertex with high p; inclusively select most beauty and charm hadron
decays. There are also lines to select decays involving muons; decays useful for calibration;
and lines which occupy a smaller rate designed specifically for hard-to-select signals.

The output data is written to a disk buffer where real-time alignment and calibration is
performed to accommodate offline-quality reconstruction, similarly to in Run 2. The data
is then filtered by the HLT2 trigger implemented on CPUs [99]. The HLT2 trigger firstly
performs a full event reconstruction including reconstructing charged particle tracks and
calorimeter clusters, and deriving PID variables. A set of trigger lines determine which
events to save based on rectangular and multivariate cuts, and which subset of the event to
save. The majority of lines are inclusive topogical lines or select exclusive decays.

The major difference with respect to Run 2 is that, owing to the success of the Turbo
model in Run 2 and the need to reduce the output bandwidth of HLT2 in view of higher
luminosity and trigger efficiencies, the TurboSP model has become the default for Run 3.
68% of events are expected to be written through the TurboSP model, occupying 25% of
bandwidth. In particular, most beauty hadron decays will now also use the TurboSP model.
This will additionally avoid the inefficiency of the topological triggers. The full event is
still written for the output of inclusive topological triggers and for physics cases that are
particularly sensitive to misalignment and therefore may benefit from offline recalibration,
such as electroweak physics analyses. The output of HLT2 is written to tape at 10 GB/s.

The stripping of Run 1-2 has been replaced by a sprucing stage [99] that re-reconstructs
the event and applies exclusive selections for data saved in the Full stream such that the
bandwidth is reduced sufficiently to write the data to disk. Since this stage is performed
offline, the timing constraints on reconstruction are less strict than in HLT2. Sprucing will
run concurrently with data taking and in an annual re-sprucing.

The full data flow in Run 3 is shown in Figure 3.25.

3.4 Simulation

Simulating the differential production distribution and the detector response for signal and
background decays using Monte Carlo (MC) methods is critical for analysis of LHCb data.
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The Gauss application [164] controls this simulation by calling specialised applications.

A generator application simulates the pp interaction and subsequent hadronisation. The
general-purpose generator PYTHIA [ 165] is used for most LHCb simulation. The specialised
BCVEGPY [166] generator is typically used to simulate B meson production as these are
rarely produced by PYTHIA. EVTGEN [167] is then called to simulate the signal particle decay.
PHOTOS [168] generates final state radiation. The distribution of detector hits as a result
of the propagation through and interaction with the detector of the final state particles is
simulated by GEANT4 [169,170].

To ensure that the trigger and offline data processing will be modelled correctly, the
simulated hits are converted into the same format as the read-out of real events. This
digitisation is performed by BOOLE, which simulates the detector response, read-out
electronics, and hardware trigger [157].

Simulated data also contains truth information, which records the physics history of the
generated event and relates the hits to particles [157]. This information can be useful when
using the simulation in physics analysis as the reconstructed candidate may not be the true
signal decay in the event.

Simulation is labelled according to the version of Gauss used in the generation. The label
takes the form SimXXy, where XX is a two-digit number and y is a letter. The major version
denoted by XX reflects updates updates in the decay generation software and in GEANT4,
and major detector description updates. The minor version denoted by y is incremented

upon smaller changes.
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CHAPTER 4

Analysis overview

4.1 Search for doubly charmed B] meson decays

This thesis firstly presents a search for sixteen decays of the B meson to two open charm
mesons with the data collected in pp collisions by the LHCb detector between 2011 and
2018 [1]. A previous search using only data collected in 2011 and 2012 found no evidence
of these decays [171].

These sixteen decays are all possible combinations of a D* or D®* meson with a D®°
or 5(*)0 meson. D" and D*® mesons decay to a D and D° meson, respectively, primarily by
emitting a soft X° = {n°, y}, which are very difficult to reconstruct in the LHCb detector due
to the finite energy and spatial resolution of the ECAL and the large background from the
underlying event [172]. Therefore decays involving these mesons are partially reconstructed
in the analysis, meaning that only the charged final state tracks are reconstructed. The
missing momentum results in a reconstructed mass distribution at lower mass than my and
with a standard deviation of typically 100 MeV/c?. The wider mass distribution decreases
the statistical sensitivity to these decays in the presence of backgrounds. The D** meson
may also decay emitting a neutral particle, but it primarily decays to D°7t* with a branching
fraction of (66.7+0.5)% [22]. Therefore searches for decays involving a D** are performed
by fully reconstructing the decay to D°n*.

To cancel systematic uncertainties associated with luminosity and absolute signal
efficiencies, the branching fractions are measured using high yield B — D((:))+5° decays as
normalisation modes. Note that B* — D((S*))JFD0 decays are forbidden at tree level. The

experimentally accessible observable proportional to the branching fraction of fully
)+

—)0 .
© D" decays is

reconstructed B: —D

%)+ =0
£. BB DED)  NB) (B
fu B(B*— D)D)  N(BY) e(B)

(4.1)

and similar expressions are applicable for partially reconstructed decays. N are the yields
in data, extracted from fits of a model to the invariant mass distribution of B(J; ) candidates.
¢ are the efficiencies accounting for acceptance, reconstruction, and selection, evaluated
with samples of simulated signal decays. The value of f./f, has been measured in the LHCb
acceptance for pr(B) > 4GeV/c [106]. The number of generated events in the kinematic
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range of interest pr(B) > 4 GeV/c,2.0 < y < 4.5 (Ng, i) is the denominator for e,

Nsel
= — 2
€=y , (4.2)

gen,kin

to ensure that the efficiency of this requirement cancels in the branching fraction

measurement.

4.2 Analysis of doubly charmed B~ meson decays

A measurement of CP asymmetries , defined as

— _ PGP0y _ pR+ — pW+HH°
CP(p— ()= ()0 — (s) (s)
AP (B DD ):B(B — D D"°)—BB*—-D D )

(4.3)

B(B-— D((:))—D(*)O) + B(B+— D((:))+5(*)O)’

and branching fractions in B~ — DD decays is performed, again using the data collected
in pp collisions by the LHCb detector between 2011 and 2018. Similarly to the search for
B — DD decays, both fully and partially reconstructed decays are analysed.

The A" are measured for fully reconstructed decays and decays with one missing
particle. The A" to be measured, the channel in which they will be measured, and their
current experimental status are shown in Table 4.1. AP(B- — DS_DO) and
A(B~ — D™D°) were measured with the Run 1 LHCb dataset [173] and were found to
be consistent with both CP symmetry and SM expectations. The B~ — D* D° decay is
accessible in both the D*D° and D**D° channels, but better precision is possible in the
D**D° channel where it can be fully reconstructed with a higher branching fraction. The
stripping line requirement m(B) > 4800 MeV/c? prevents the analysis of decays with two
missing particles.

When all asymmetries are smaller than 5%, the CP asymmetry is approximated to very

Table 4.1: The CP asymmetries measured in this analysis, the channels in which they are measured,
and the current status of their measurement [22].

Channel Decay A world average / %  Source
B~— D D° —0.4%0.7 [173]
DfD° B — D D° - -
B~— D D* - -
DD B~— D™ D° 1.6+£25 [173-175]
B~— D D* 13+£18 [175]
pepo B DD — 6413 [175]

B~ — D* D*° —-15+11 [175]
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Table 4.2: Current world averages on the branching fractions of B~ — D~D° decays [22].

Quantity World average
B(B-— D D% (9.0£0.9)x107°

B(B-— D D% (3.8+0.4)x107*
B(B-— D* D% (3.9+0.5)x107*

good precision by subtracting the production asymmetry of the B~ meson,

B7)—o(B*
o= ZB)—oB) (4.4)
o(B~)+o(B*)
and the detection asymmetry of the final state particles,
B7)—¢(B*
.AD = M’ (4.5)
e(B~)+¢e(B*)
from the raw asymmetry measured in the data,
.ACP — AraW—AP—.AD, (46)
N(B")—N(B*
A = (B7) (B7) 4.7)

~ N(B)+N(B*)

Production and detection asymmetries are evaluated using measurements from
calibration data samples that are corrected for the kinematics of the signal decays.
Additionally, CP-averaged branching fractions of the fully reconstructed decays are also
measured. Only ratios of branching fractions can be measured with high precision due to
large uncertainties on luminosities, the B* production cross-section, and absolute
efficiencies. This thesis describes a measurement of the ratio between the B~ — D~ D° and
B~ — D D° branching fractions, and the B~ — D*"D° and B~ — D~ D° branching fractions.

B(B-— D D°)B(D~— nn K")
B(B~— D-D°) B(D; — K*K—m~)’

R(D™D°/D;D°) = (4.8)

and

B(B~— D*D°) B(D*— D°n)B(D°— K*m")

R(D*D°/D~D°) =
( / ) B(B—— D—DO) B(D—— n—n—K+)

(4.9

These branching fractions have been measured as absolute branching fractions, most
recently by Belle [174,176] and BaBar [175, 177], but with a fractional uncertainty of
approximately 10%. LHCb has also measured the branching fraction of the B~ — DS‘D0
decay relative to B°— D D* [178]. The current world averages on the absolute branching
fractions are shown in Table 4.2. A higher precision measurement of the ratios of B~ — DD

branching fractions will be useful in the combined analysis of B— DD decays.
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Branching fraction ratios are measured as the efficiency-corrected yield ratio,

B(B-—>D D N(B —»D D%&B — D D%
B(B-— D;D°) N(B~— D D°) ¢(B-— D-D°)’

(4.10)

where N is the yield in selected data and ¢ is the acceptance, reconstruction and selection
efficiency, which is evaluated using simulated signal samples and corrected for

mismodelling in simulation using samples of calibration data.



CHAPTER 5

Data samples and selection

This chapter describes the data and simulation samples for the analyses discussed in this
thesis. The properties of the dataset are outlined in Section 5.1 and the choice of the decay
modes in which the charm mesons are reconstructed is explained. Sections 5.2-5.4 describe
the simulation samples and the correction of mismodelling in the simulation. Sections 5.5-
5.8 explain how backgrounds are reduced in the data. Finally, Section 5.9 discusses the

treatment of events producing multiple candidates in the selected data.

5.1 Data samples

The analyses described in this thesis use the data collected by the LHCb detector in pp
collisions during Run 1 and Run 2 of the LHC. This corresponds to an integrated luminosity
of 1.0fb " at 4/s = 7TeVin 2011; 2.0 fb™" at /s = 8 TeVin 2012; and 6.0 fb ™' at /s = 13 TeV
in 2015-2018.

D° D and D mesons are reconstructed in specific decay modes, and the decay
products are referred to as final states. The decays with the highest branching fraction
occur at tree level and are either fully hadronic (for example D° — K~ n™) or semileptonic
(for example D° — K {*v). The LHCb detector is optimised for the reconstruction of
charged kaons and pions. Therefore, in this thesis, charm mesons are reconstructed in
their CF charged hadronic decay modes: D° — K n*(n n*), D™ — K n*rn*, and
D} — K*K m*. The four body D° decay has a branching fraction double that of the two
body decay, primarily due to the larger available phase space. However, the available
momentum is split between more particles, so the reconstruction and selection efficiency
of each final state particle is lower. Overall, 1.5 — 2 times fewer D° —» K~ n*n n* decays
than D® — K~ 7" decays are observed. Therefore, B(t )~ p 5™ decays where both D°
mesons decay to K-ttt are not included in the following analyses. The D** meson is
reconstructed through its decay into a D° and a soft .

Neutrinos cannot be observed by the LHCb detector, and therefore the resolution on any
mass observable for a semileptonic final state is very poor compared to a charged hadronic
final state. With poor mass resolution, separation between the low-yield B — DD decays
and background, or percent-precision measurements of B~ — DD decays, would not be
possible. Therefore semileptonic D decay modes have not been included in these analyses,
despite the potential yield gains.

The possible gain in sample size through reconstructing final states with a Kg or 1°
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Table 5.1: Branching fraction of selected D°, D* and D meson decays [22].

Decay mode B/%

K rn*t 3.947 £ 0.030

K ntn® 14.4+0.5

K ntn’n® 8.86+0.23
D°— K ntmm 8.22+0.14

K ntnnn° 43+04

KJm*n~ 2.80+0.18

Korntnn® 52+0.6

K ntrt 9.38+0.16

K ntntn® 6.25+0.18

KK n* 0.968 £0.018
D" — KK n'n° 0.662 +0.032

Komtn® 7.36+0.21

ntntn™ 0.327+£0.018

ntrntn nd 1.16 £0.08

K*K rnt 5.38+£0.10

N K*K mtn® 5.50 £0.24

D' — o

Tt 1.08 £ 0.04

K*K*K~ 0.0215 £ 0.0020

can also be considered. Table 5.1 shows that branching fractions to these final states can
be substantial: for example, B(D° — K rn*n’) = (14.4 £ 0.5)% compared to
B(D°— K~ 7t*) = (3.946 + 0.030)%. However, it is difficult to reconstruct a 7t° or a KJ in
the LHCDb detector. A 7° decays into a pair of photons, which are reconstructed in the
ECAL. At p; below 500 MeV/c, the n° identification efficiency is low, and the background
from neutral pions created in fragmentation and from random combinations of photons is
high. A Kg is reconstructed in its decay to m*m~, which has a branching fraction of
(69.20+0.05)% [22]. It has a long lifetime of (89.564 £+ 0.033) ps [22] so two thirds of Kg
mesons are reconstructed in LHCb as a pair of downstream tracks. Only one third are
reconstructed as a pair of long tracks, which have better momentum, vertex resolution,
and trigger efficiency [179].

The decay channels D® — K~ n*n® and D — K{n* ™ are used to investigate whether
improvements to signal sensitivity could be achieved by using decay modes with neutral
pions or kaons in spite of the experimental difficulties. B* — D*D° candidates with
D°—- K n*,D°—-» K n*n n*, D°— K n*n° and D®— K{n"n~ in the 2018 dataset are
obtained from the output of the StrippingBc2DDOD2HHHDO2XBeauty2CharmLine
stripping lines where X={HH, KHHH, HHPIO, KSHH}. The DO2HH and DO2KHHH lines are
described in Section 5.6, and the other lines are identical except for changes to the D°
selection. The requirements applied in these stripping selections to the D° candidates are

standard requirements used in many LHCD stripping lines. The selection described in
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Table 5.2: B* — D*D° candidate yields in 2018 data for several D final states obtained using the
method described in the text.

DO final state Yield

K nt 2099 £ 102
Krntnnt 1428 £ 108
K ntn® 192+ 47
Komtn~ 126+ 72

Section 5.7 is also applied, as well as 20 MeV/c* KJ and n° mass windows, which have a
high signal efficiency.

The m(D*D°) distributions for the selected data are shown in Figure 5.1. The signal
yields in Table 5.2 are extracted by subtracting the sideband yields 30 < |m — mg.| <
60 MeV/c? from the signal window yields |m — my. | < 30 MeV/c?.

Both the K~ 7® and K{n* 7t~ final states have less than 10% of the yield of the K~ n*

final state. These yields and the corresponding branching fractions imply efficiency ratios
e(D°—- K n*tn®)/e(D°— K n*) = 0.025 + 0.006, (5.1)

e(D°—» KJn*mn™)/e(D°—» K n*n ") =0.37+0.22. (5.2)

The low efficiency for the K~ n*n° final state results from the p;(n®) > 500 MeV/c
requirement applied in the stripping selection to remove the large low-energy n° and y
background in the calorimeters, where the n° reconstruction efficiency is anyway low.
Although the reconstruction efficiency is not as low for the Kg nt 7, it is still lower than
for a four-track final state not involving an intermediate long-lived K2, and there are no
final states involving the Kg with a branching fraction high enough to compensate for the
reduced efficiency. Overall, no useful gain in signal yield can be achieved by including

final states with neutral particles.

5.2 Simulation samples

Samples of simulated signal and background decays are essential for the training of a
multivariate classifier to improve background rejection, the evaluation of efficiencies, and
knowledge of invariant mass and kinematic distributions. Simulation samples were
produced as described in Section 3.4 using PYTHIA and BCVEGPY to generate B* and B
mesons, respectively. EVTGEN simulated the decay chains. Two body decays were
generated according to a phase space model including particle spin. Three body decays
followed the resonance structure measured in the Dalitz plane. Four body decays were
generated according to either a phase space model (Sim08) or an incoherent sum of
intermediate states (Sim09). Final state radiation was implemented by PHOTOS, and
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Figure 5.1: B* — DD candidates selected by relevant stripping lines in 2018 data. The D° is
reconstructed as (top left) K~ n*, (top right) K- n*n~n™", (bottom left) K~ 7°, and (bottom right)
Kg nt ™. The preselection described in Section 5.7 is applied, in addition to £20 MeV/c? Kg and 7°
mass windows. The fit of a Gaussian plus an exponential is drawn (red) for illustration.

GEANT4 simulated the detector response.
This analysis uses simulated samples of each RS fully reconstructed BJr — D(*)+D°

D(*)+ p° decay. WS decays have identical

signal decay and partially reconstructed B —
kinematics and therefore need not be simulated. For partially reconstructed decays, a
simulation sample was produced for both D* — Dn° and D* — Dy decays, and for both
polarisations of B— D*D* decays. Simulation was generated under 2012, 2015, and 2016
conditions, with a 1:4 ratio between the generated yield in 2015 and 2016. Additionally, a
sample of B* — D°K*K~n* decays with D° — K* 7~ was generated under 2012 conditions
to help model this peaking background.

B(“; )~ DJr D° and B* — D°K*K~n* decays under 2012 conditions were generated with
Sim08; all other simulation was generated with Sim09. LHCb simulation produced
centrally is often stripping-filtered to reduce file sizes, meaning that only events selected
by a specified stripping line are saved. Stripping decisions are evaluated but the
corresponding selection is not applied for stripping-flagged simulation samples. The Sim08
samples described above are stripping-flagged and the SimO9 samples are

stripping-filtered. Stripping-flagged samples are required to evaluate the efficiency of the
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PID requirements applied in the stripping selection, which is important for high precision
branching fraction measurements. For this purpose, stripping-flagged samples of
B*— D(t)ﬁo in 2017 conditions and B* — D**D° in 2015 conditions with D® — K*n~ are
also used in the measurement of B~ — DD branching fractions.

Simulation of the detector response is time consuming, and in certain cases the
inclusion of detector reponse does not significantly modify the important distributions.
Generator-level simulation samples are produced for these cases, which include only the
production and decay processes, allowing the rapid production of simulation for a large
range of decays. Generator-level simulation is used to model low-mass backgrounds in the
analysis of B~ — DD decays from B— D*D* decays with two missing particles or B— D**D
decays with at least one missing particle. The invariant mass distributions of these decays
are already much broader (¢ > 100MeéV/c?) than the B mass resolution
(o ~ 22MeV/c? [180]) due to the unreconstructed particles and the non-negligible width
of D** states, so an accurate description of the detector response is not necessary. To
improve correspondence between distributions in the generator-level simulation and data,
the B meson and all final state particles are required to be within the LHCb acceptance
(2.0 < y(B) < 4.5, 10 < 6 < 400mrad for all final state particles), and the p(
requirements in the stripping (Section 5.6) and preselection (Section 5.7) are applied.
350 thousand events were generated under 2016 conditions, of which approximately 10%
pass the applied cuts, which do not significantly modify the invariant mass distribution in
practice. To emulate detector resolution, the invariant mass of the B meson is smeared by
a double Gaussian whose shape parameters are obtained from a fit to full simulation of

fully reconstructed decays to the same final state.

5.3 Corrections to simulation

Distributions are often mismodelled in simulation. This can bias the signal efficiencies
and charge asymmetries, which depend strongly on the kinematics and PID variables, for
example. It is necessary to correct simulation for any mismodelling that may bias these
quantities. This section will explain these corrections.

5.3.1 Momentum scale and resolution

Mismodelling of momentum resolution in simulation is corrected by smearing momenta
using a standard tool at the time of ntuple creation. Additionally, to improve agreement in
D mass distributions between simulation and data, the momenta of all particles are scaled
downwards by 0.038% in Run 1 and 0.052% in Run 2 simulation [181], and invariant

masses are updated accordingly.
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5.3.2 Particle identification variables

Due to the complexity of the RICH detectors, DLL; . variables also tend to be mismodelled
in simulation. These variables are corrected with a function that transforms DLL . values
as a function of track p; and 7. The transformation is obtained using calibration samples
and implemented in the PIDCorr package [182]. The corrected DLLy,, is the value in the
calibration sample that results in the same efficiency as the original value in simulation,
at a given value of track p; and 7. This requires the distribution of the calibration and
simulation samples to be parameterised as a function of (DLLy., pr, 1) using a kernel density
estimate. This method preserves but does not correct dependence of PID variables on other
parameters. In particular, it preserves correlations in PID variables between tracks in the

same candidate.

5.3.3 Gradient-boosted reweighting

Simulation is corrected such that several distributions match those in data
(Sections 5.3.5-5.3.8) with a Gradient Boosted Reweighter (GBR) [183] method. A GBR is
a series of boosted decision trees (BDTs) [184] that evaluates a weight for each candidate
according to its location in the phase space such that the weighted distribution (the
corrected simulation) in the phase space matches a target distribution (the
background-subtracted data). In general, a decision tree (DT) splits the dataset in one
variable in order to optimise some criterion, creating two nodes. Each node is then split in
the same manner. This process is repeated until another criterion is met, and the final
nodes are referred to as leaves. The number of times the splitting is repeated is the depth

of the DT. In the context of a GBR, the split is chosen to maximise

2 (WMC,l - Vvdata,l)2 n (WMC,Z - Vvdata,z)2
WMC,] + Wdata,l WMC,Z + Wdata,z

X ; (5.3)
where Wy,¢; and Wy, ; are the total weights of candidates on node i in simulation and data,
respectively, normalised so that Wy ; + Wyco = Wyara1 + Wyara 2+ In this way, the DT finds
the division which maximise the differences between simulation and data on each leaf.
The weight of each simulated candidate is then updated so that the total weight of the

simulated candidates on each leaf is equal to the total weight in data:

Wye = Wi X €7, (5.4)
W,
y = In data,i (55)
WMCI

Using this method, a sufficiently deep DT could correct the simulated distribution.

However, the resulting weight function would be unstable with respect to statistical
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fluctuations. A boosted series of DTs produces a much more stable weight function. In the
context of a GBR, boosting refers to the use of the weights updated by one DT in the
creation of the next DT.

The variable y may be scaled by a learning rate between 0 and 1. A lower learning
rate mitigates the risk of overtraining, where the reweighter learns to follow statistical
fluctuations in either dataset, but more trees are needed for the reweighting rule to
converge. An overly high number of trees or tree depth also results in overtraining. Since
a small number of candidates on a leaf produces large and unphysical weights, the
minimum number of candidates on each leaf can be specified. Finally, a fraction of the
data can be selected at random to train each DT, which further reduces overtraining.

The hyperparameters for training this reweighter are 200 trees; a learning rate of 0.1;
a maximum depth of 2; a minimum of 1000 candidates on each leaf; and the selection of
70% of the dataset at random to train each tree. Since asymmetries and efficiencies vary
slowly as a function of the distributions to be corrected, they will not be significantly biased
as a result of overtraining, and therefore the choice of hyperparameters is not critical. k-
folding [185] is employed to reduce bias, where the weight function applied to each fifth of
the dataset is determined by training with the other four-fifths.

5.3.4 Background subtraction in data

Signal distributions in data are obtained using sideband subtraction. This is a robust
background subtraction method where the background distributions from the m(B™)
sidebands are subtracted from the signal window. The signal window is
|m(B*) — mp.| < 30 MeV/c? and the sidebands are defined as
30 < |m(B*) —my.| < 60MeV/c, limited by the presence of partially reconstructed
B — DD decays below 5220 MeV/c?. The signal model described in Section 6.1 plus an
exponential to describe background from random combinations of tracks is fitted to the
data. The relative background yields in the sidebands and the signal window are
extracted from this fit and converted into the weights for sideband candidates needed to
cancel the background in the signal window. In practice, if the signal window candidates
are assigned a weight of 1, the sideband weight is within 0.5% of —1.

A more sophisticated method that results in smaller statistical uncertainties is the sPlot
method [186]. This method assigns signal weights as a continuous function of m(B)
according to the fit of a signal plus background model to the m(B) distribution. The result
of applying these weights to the data is the background-subtracted distribution in any
variable that is uncorrelated with m(B). However, correlation can introduce a bias into
the resulting distribution. The absence of correlation is not a trivial requirement: For
example, mass resolution is correlated with p;. Consequently, a bias of 140 MeV/c on
(pT(B+—> D:50)> = 11930 £+ 20 MeV/c is observed in Run 2 data as a result of using the
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sPlot method instead of sideband subtraction. Therefore the sPlot method is not used in
these analyses.

Sideband subtraction could also introduce bias if the signal window is not much larger
than the signal width. No bias is expected since the £30 MeV/c? window is three times the
standard deviation in m(B™). This is confirmed by noting that using a 40 MeV/c? signal
window with 20 MeV/c? sidebands results in only a 10 MeV/c shift in p;(B*). Consequently,
sideband subtraction is used for all background subtraction in these analyses.

5.3.5 B™ kinematics and event multiplicity

B meson production as a function of p;(B), y(B), and event multiplicity is often
mismodelled in simulation. Production and detection asymmetries tend to be smaller at
high p, and signal efficiencies are in general larger. Detection asymmetries are larger at
low y as a larger volume of material is traversed. A high-multiplicity event is more
difficult to reconstruct, so tracking and PID efficiencies are smaller. The number of tracks
in the event (nTracks) is used as a proxy for the event multiplicity. =~ Therefore
mismodelling of these quantities biases signal efficiencies and charge asymmetries, and
must be corrected. For a decay with a clear signal in data, such as for B* — DD decays,
this can be achieved by applying a weight to each simulated candidate so that the
(pr(B), y(B),nTracks) distribution matches that in background-subtracted data.

The B production spectrum and event multiplicity are assumed to be mismodelled in
the same way in all final states, so the weight function is determined using the high yield
Bt— Ds+5°, D°— K final state, separately for Run 1 and Run 2. The selection described
in Sections 5.5-5.7 is applied to both data and simulation samples. The unweighted and
weighted distributions are compared to background-subtracted data in Figure 5.2, which
demonstrates that this procedure corrects substantial mismodelling in p;(B*) and
nTracks, and small discrepancies in y(B*). 2D projections of the mean weights are
shown in Figure 5.3. The relative changes in efficiency between different final states,
which does not depend on the normalisation of the weights, is shown in Table 5.3.

When measuring branching fraction ratios, it is essential that the effect of this
weighting on the denominator of the efficiencies in Equations 4.2 and 8.18 cancels or
otherwise vanishes. In the measurement of B~ — DD branching fractions relative to other
B~ — DD decays, the effect cancels naturally, as the production spectrum does not depend
on the decay products. Conversely when measuring the branching fraction of B — DD
decays relative to B¥ — DD decays, the weights must be normalised such that the
denominator is unchanged. The nTracks distribution prior to reconstruction and
selection is not available, and therefore it is not possible to weight the simulation such
that the denominator is unchanged. Therefore, in the measurement of the B — DD

branching fractions, simulation is not weighted in nTracks for either B* or B} simulation.
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Table 5.3: Fractional changes in efficiency relative to the KK 7, K 7t final state when applying weights
as a function of (p(B), y(B),nTracks).

Acg/e
Run 1 Run 2

KKmn,K3mn 2.82£0.14% 1.22 £0.06%
Knm, KT 0.13+0.00% —1.28=+0.03%
Kmnm,K3m 3.27+0.18% —0.36+0.20%
Knr,Kn 2.39+0.07% —0.04+0.03%
Knr,K3nm  4.79+0.20% —0.51+0.13%
K3nm,Km  4.65+£0.21%  0.09+0.09%

Final state

This is acceptable, firstly because the statistical uncertainties on these measurements are
expected to be much larger than the bias from event multiplicity mismodelling, and
additionally because the effect of mismodelling on the efficiencies is expected to cancel
between two decays with almost identical final states to a much higher degree than the
systematic uncertainties related to limited knowledge on the true B production
distribution.

5.3.6 BCJr kinematics

Discrepancies between the true and simulated B production spectra are also expected
and must be corrected to obtain unbiased efficiencies. A forward-backward asymmetry in
BcvEGPY under 2012 conditions! was corrected using weights obtained in (pr(B),n(B))
bins using simulated samples both with and without the asymmetry. Weights as a function
of the decay time t,

T gen

w= eXp(t/Tgen - t/TPDG): (5.6)

TppG
where 7., is the simulated lifetime and 7y is the world average lifetime [22], correct the

decay time distribution.

A linear dependence of 7 J:L 7 ON pr has been measured in the LHCb acceptance for 4 <
pr < 25GeV/c [106], parameterised as
Je = p, + po(pr — 7200 MeV/¢c), (5.7)
fu + fd

with the fitted coefficients (p,,p,) at v/s = 7,13 TeV listed in Table 5.4. This function is
extrapolated to py > 25GeV/c by assuming it is valid until it becomes negative and is
subsequently zero. No dependence on 7(B;") was observed in Ref. [106].

The production distribution in (p+(B),n(B))) can be corrected so that the p; and

y-dependences of the ratio of B} to B' yields in generator-level simulation matches the

IThis asymmetry was due to a bug in BCVEGPY at the time that the simulation samples were generated.
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Figure 5.2: Distributions of (top) pp(B*), (middle) y(B*), and (bottom) nTracks in (black)
background-subtracted data, (red) simulation and (blue) corrected simulation. For B* — D;D°,
D°— K7 candidates in (left) Run1 and (right) Run2. Each histogram is normalised to unit integral.
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Figure 5.3: Weights applied to B* simulation to improve agreement with background-subtracted
data in (left) Run 1 and (right) Run 2. Averaged in (top row) in (p, y), (middle row) (py, nTracks)
and (bottom row) (y,nTracks) bins. Large weights of up to ten are present for Run 2 due to a tail of
high-multiplicity (nTracks > 400) events in data that is effectively absent in simulation. Since the
fraction of such events is small in both data and simulation, these large weights do not significantly
increase uncertainties associated with the simulation sample size.
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Table 5.4: Parameters describing the py-dependence of 7 f: 7, as defined in Eq. 5.7 [106].

Vs P1 p2/10_5( MeV/c)™

7Tev. 3.82+0.09+0.05 —-6.2+1.7+1.1
13TeV 4.13+£0.05£0.04 —9.7+0.8£1.0

Table 5.5: Parameters of a Tsallis function fitted to the pr-distribution of generated B and B*
mesons at /s = 8,13 TeV. The fits are illustrated in Figure 5.4.

Parameter 2012 2016
T(B')/Mev/c* (1.411£0.026) x 10° (1.504 +0.026) x 10°
N(B}) 11.0+0.6 10.2+0.5
T(B")/MeV/c? (1.589+0.029) x 10® (1.324+£0.024) x 10°
N(BY) 9.3+0.4 6.98+0.19

measured dependence of f./f,. The corrections on (p;(B*),y(B*)) and the B}
forward-backward asymmetry are applied prior to performing this correction.

The B production distribution with respect to p;(B) can be modelled by a Tsallis

function [187,188]:
Cpr

(1+ W_M)N'

T(pr) = (5.8)

T-N

The Tsallis function T(py) is fitted to the generator-level distributions with M fixed
to M (B(t)) and treating T and N as free parameters, which vary as a function of 4/s and
between B} and B*. The fitted T(p;) are shown in Figure 5.4. Additionally, the ratios of
the B} to B* production spectra are plotted and the Tsallis function ratios are compared to

the measured p;-dependence of f./f,. The fitted parameters are given in Table 5.5.

Although Ref. [106] studied f,/f, as a function of 7, the 2.0 < y(B) < 4.5 requirement
used in this analysis will introduce non-linearities in the n-distribution of the ratio, and it is
reasonable to assert that the absence of evidence for an 1n-dependence implies the absence
of evidence for a y-dependence. Therefore the ratio of B to B™ yields in generator-level

simulation is fitted to a linear function of y(B),

NB;(J’) _
Np(y)

1 tq2Yy. (5.9)
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Figure 5.4: (top) Generated B yield, (middle) generated B* yield and (bottom) their ratio as a
function of py in the kinematic region of interest: 2.0 < 1 < 4.5, pr > 4GeV/c. For (left) 2012
simulation at 8 TeV and (right) 2016 simulation at 13 TeV. Weights to correct for asymmetric B
production and mismodelling of BT production have been applied. The fit of a Tsallis function to each
generator-level distribution is overlaid (red), corresponding to the fitted parameters in Table 5.5.
The measured ’_[ﬁ 7 asa linear function of py is also overlaid (blue), corresponding to the parameters
in Table 5.4. The simulated ratio is consistent with the measured ratio, within uncertainties on the

measurement and from the size of the simulation sample.
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Figure 5.5: Ratio of generated B yield to generated B yield as a function of y in the kinematic
region of interested: 2.0 < 1 < 4.5, pyr > 4 GeV/c. For (left) 2012 simulation at 8 TeV and (right)
2016 simulation at 13 TeV. Weights to correct for asymmetric B; production and B* kinematic
weights have been applied. A linear fit is overlaid (red), corresponding to the fitted parameters in

Table 5.6. The measured uniform 7 ff 7 asa function of y is also overlaid.

Table 5.6: Parameters of a linear fit to the y-distribution of generated B} and B* mesons at /s =
8,13 TeV. The fits are illustrated in Figure 5.5.

Parameter 2012 2016
q: 0.568 +0.024 0.774 +£0.023
q —0.038 £ 0.008 —0.095 £ 0.007

The fits are shown in Figure 5.5 and parameters are tabulated in Table 5.6. B

simulation is corrected by applying the weights

Tp+
(p1+ papr — 7200 MeV/0)) - 85 - -y pr < —E 47200 MeV/c

0 pr>—% +7200 MeV/c.

w= (5.10)

These weights are normalised so that the B yield in the kinematic region of interest
in generator-level simulation is unchanged. Figure 5.6 compares p; and y distributions
between weighted and unweighted data, and shows the normalised 2D weights. Table 5.7
shows the fractional changes in the B and B™ efficiencies, and their ratio, as a result of
reweighting in p; and y.

The p; and y-dependence of f./f, has also been measured using fully hadronic
decays [189]. In contrast to Ref. [106], a dependence on y was observed. The potential

effect of a change in y-dependence on the efficiencies is assessed by repeating the
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Table 5.7: Fractional change in efficiencies and efficiency ratio as a result of weighting as a function
of (pr(B), y(B)). Both e(B;L) and e(B") receive sizeable corrections that cancel to a large extent in
the ratio. Differences between Run 1 and Run 2 are predominantly due to changes in the B meson
production distributions in simulation and statistical uncertainty on the measured f,/f,,.

Period Final state Ae(B) Ae(B") A(e(B)/e(B"))

KKn,Km 5.1% 1.9% 3.1%
KKn,K3m 9.0% 4.5% 4.4%
Knmn,Km 5.1% 2.7% 2.3%
Runl Knm,K3n 8.4% 4.6% 3.6%
KnKm 5.9% 3.4% 2.5%
KnK3m 9.6% 5.1% 4.3%
K3nKm 8.4% 4.4% 3.8%
KKn,Kn —6.7% —6.3% —0.4%
KKn,K3n —6.5% —6.8% 0.4%
Knmn,Km —6.7% —6.1% —0.7%
Run2 Knmn,K3m —6.9% —6.8% 0.0%
Kn,Km —6.2% —5.9% —0.3%
Kn,K3® —6.4% —6.8% 0.4%
K3m,Km —6.4% —6.4% 0.0%

correction to B kinematics described in this section without considering y. The change in
efficiency is 1 — 2%, which is smaller than the systematic uncertainty assigned to the B

kinematic correction in Section 7.3.1.

5.3.7 Angular distribution of four-body D° decay

The angular distribution of the D° — K~ n*n~ 7t decay is modelled in Sim08 simulation
according to a uniform distribution in phase space, when reality it depends strongly upon
the presence of intermediate resonances in the decay. The comparison of simulation and
background-subtracted data in Figure 5.7 shows this difference as the absence or presence,
respectively, of resonant peaks in the two- or three-body invariant mass combinations of
the decay products. This mismodelling of the angular distribution may bias the momentum
distributions of the final state particles, and therefore the efficiencies. Therefore Sim08
simulation is weighted to match background-subtracted data in the ten two- or three-body
invariant mass combinations. The CF DD° decay is used for both the DD° and D*D°
channels. Otherwise, the methodology is the same as in Section 5.3.5. The weighted and
unweighted simulation is compared to background-subtracted data in Figure 5.7, which
demonstrates that significant differences are corrected by this procedure. The weights are
normalised so that the yield in generator-level simulation is unchanged. Applying these

normalised weights to simulation increases the efficiencies by up to 2%.
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Figure 5.7: Angular distributions in (black) background-subtracted data, (red) simulation and (blue)
corrected simulation. Each histogram is normalised to unit integral.
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5.3.8 Homogenisation of simulation versions

As discussed in Section 5.2, 2017 stripping-flagged simulation samples are used to obtain
PID efficiencies. The simulation versions are Sim09f and Sim0%h for B* — D:EO and
D*D°, respectively, whereas the remainder of the Sim09 simulation of B* decays is
Sim09c. The distributions of B meson kinematics and nTracks are known to differ even
between these minor versions, in particular due to changes in the treatment of resonant
states in hadronisation and decay processes [190]. The SimO9c samples have been
corrected as described in Section 5.3.5, so the Sim09f and SimO9h samples must be
corrected to match the Sim09c samples. Correction weights are obtained as a function of
(pr(B), y(B),nTracks) using a GBR similarly to in previous sections. The normalisation of
these weights is not important because they are only used to obtain per-candidate PID
efficiencies. The effect on this correction on the relevant distributions is shown in

Figure 5.8.

5.3.9 Weighting to emulate the kinematics of partially reconstructed

decays

The charge asymmetries in production and detection depend on the kinematics of the
candidate. Full simulation is used to model the kinematics of fully reconstructed decays.
Full simulation was not produced for the partially reconstructed B* — DD decays.
Regardless, good precision can be obtained on the production and detection asymmetries
for partially reconstructed decays by weighting the full simulation of the fully
reconstructed decays to achieve a softer spectrum.

To compare the distribution of p(B) between partially and fully reconstructed signal,
background subtraction is performed using the charm sidebands (25 < |m(D) — mp| <
75MeV/c?) in the mass range occupied by partially reconstructed signal (5040 < m(B) <
5140 MeV/c?) and fully reconstructed signal (5250 < m(B) < 5310 MeV/c?) (Figure 5.9).
An appropriate weight function for modelling the partially reconstructed signal kinematics
is determined from the ratio of the p(B) distributions. A power law of the form p~* describes
the ratio well and is therefore chosen as the weight function. The ratio is fitted to a power
law for each channel, final state and for Run 1 and 2 (Table 5.8). The overall correction is
a power law p~“ whose power is the weighted average over all final states and data taking
periods.

However, this weighting does not in general correct the momentum distributions of
the final state particles, which are required for the detection asymmetries. This is seen in
Figure 5.10, which also shows that the size of the shift due to weighting is similar to the
size of the discrepancy. Therefore, for corrections that depend on the kinematics of the final
state particles, the difference between applying this power law weighting rule and applying
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no weights will be assigned as a systematic uncertainty for partially reconstructed decays.

5.4 Comparison of simulated and true signal distributions

Corrected simulation is compared to background-subtracted data in Appendix A for the

highest signal yield dataset: B* — D;LEO decays in Run 2 data. Several variables compared

in this Appendix have not yet been defined. These are:

* Decay time (t): The time between the production and decay of the particle in the

particle’s rest frame. This is the distance between the production and decay vertices

measured in the VELO. The decay time can be negative due to finite resolution in the

VELO.
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Figure 5.9: Ratio of p(B™) spectrum between partially reconstructed region 5040 < m(B™) <
5140MéV/c? and fully reconstructed region 5250 < m(B~) < 5310MeV/c? in background-
subtracted data. For B~ — DS_DO, D% —» K~ " candidates in (left) Runl and (right) Run2 data.
The spectrum is softer in partially reconstructed than in fully reconstructed decays. The ratio can
be described by a power law (fitted curve).

well modelled following the corrections applied in Section 5.3.

mismodelling is observed for t/At, x2, x2., and Dalitz variables.

e Decay time significance (t/At):

The measured decay time divided by its

uncertainty.

* Vertex y? (y2.): The y? of a vertex fit.

* Impact parameter (IP): The shortest distance between the extrapolated trajectory

of the particle and a vertex, in general the primary vertex.

* Impact parameter > (y2): The change in the y? of the vertex fit when the particle

is removed from the vertex. This quantity behaves similarly to (IP/op)*.

* Track y? per degree of freedom(y?2, /ndf): The x> per degree of freedom quality

of the track fit.

* Dalitz variables (m;;): The invariant mass of the combination of two decay

products in a three-body decay. Three-body decays often proceed through a decay
to one of the decay products and an intermediate resonance that decays to the
remaining decay products, for example D — (¢(1020) — K*K™)n*. Therefore
genuine three-body decays often exhibit strong peaks in the Dalitz variables. This
can be used to distinguish true signal candidates involving three-body decays from
backround candidates with random combinations from tracks, which have a flatter

distribution in the Dalitz variables.

The D invariant masses and kinematics, the track kinematics, and PID variables are all

A small degree of
The x2 /ndf is

substantially mismodelled. Examples of good modelling of the track kinematics after

corrections and poor modelling of thrk/ ndf are shown in Figure 5.11.
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Table 5.8: Result of the fit of a power law to the ratio in p(B) of partially to fully reconstructed

background-subtracted data.

Dataset Final State a
KKmn,Km 0.089 £ 0.017
KKm,K3m 0.034+0.026
Knn,Km 0.11 £ 0.07
Run 1 Knm,K3m 0.20+0.16
Knr,Km 0.40 +0.16
Knm, K3t  0.29+0.16
K3nrm, Kmr  0.11+0.18
KKn,Km 0.072 £ 0.008
KKm,K3m 0.047+£0.012
Knm,Km 0.15+0.04
Run 2 Knm,K3m 0.13+£0.05
Knr, Kn  —0.05+0.07
Knm,, K3t  0.10+0.09
K3nm, Kr  0.23+0.09
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Figure 5.10: Momentum distribution of (left) the K~ from the D and (right) the K~ from the DO.
In (points) the mass region occupied by partially reconstructed signal and (filled) the mass region
occupied by fully reconstructed signal, both with (red) and without (blue) p(B) weights applied. The
bottom pannel shows the ratio between data in the fully reconstructed and partially reconstructed
regions. The agreement is generally poor both with and without weights.
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(red), 2017+18 (blue), and simulation (black) for B* — DD, D°— K~ " decays.

The effect of mismodelling thrk/ ndf is mitigated by only applying a loose selection on
this variable in the trigger and stripping selection (Section 5.6). However, even this loose
requirement could introduce a bias to a high precision branching fraction measurement
as discussed in Section 8.4. For the remaining mismodelled variables, the bias induced
by this mismodelling is also expected to be small in general, since the relevant selection
requirements have a high signal efficiency and only branching fraction ratios or charge
asymmetries are considered. However, care must be taken when including these variables
in the selection. The choice of variables in a multivariate discriminant will be discussed in
Section 5.8.1, and the biases introduced through the use of these variables will be quantified
in Sections 7.3.1 and 8.4.

5.5 Trigger selection

Candidates for these analyses are selected by specific trigger lines at each level of the trigger
system. At LO, either the candidate fires the hadron trigger (LO Hadron TOS) or the rest of
the event fires any LO trigger (LO Global TIS). The fraction of candidates in each category
depends on the momentum of the final state particles but is approximately 60% in each
category after full selection is applied, as some events are triggered in both ways.

At HLT1, an inclusive trigger described in Section 3.2.3 selects a single good quality high-
pr track displaced from the PV. At HLT2, the inclusive topological triggers select the majority
of candidates. A trigger line selecting the ¢(1020) — K*K~ resonance additionally selects
candidates with a D, since 42% of D" — K*K " decays proceed through this narrow
resonance [22]. This trigger line selects two kaon candidates with good thrk/ ndf, high pr,
high xlzp, and a small distance of closest approach (DOCA) to each other. The kaon pair is
combined to form a ¢(1020) candidate, which is selected if it is within a £20 MeV/c? mass
window, has high pr, and has a high y2 . The candidate is required to be TOS to both the
HLT1 and HLT2 decisions.
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5.6 Stripping selection

The output of the following exclusive stripping lines select B — DD candidates from data

saved by the triggers described in the previous section.

* StrippingBc2DDOD2HHHDO2HHBeauty2CharmLine

* StrippingBc2DDOD2HHHDO2KHHHBeauty2CharmLine

* StrippingBc2DstD0Dst2DOPIDO2HHDO2HHBeauty2CharmLine

* StrippingBc2DstD0Dst2DOPIDO2HHDO2KHHHBeauty2CharmLine

* StrippingBc2DstDODst2DOPIDO2KHHHDO2HHBeauty2CharmLine

These stripping lines apply the selection specified in Table 5.9. The vertex separation
22 ( X\%s) is the y? significance of the separation between the decay vertex of the particle
and the PV. The direction angle 6 is the angle between the particle momentum and the line
from the PV to the particle decay vertex; cos(0) is also referred to as DIRA. The first block
in this table correspond to requirements either on the B or on all tracks in the candidate, or
the number of long tracks in the event. The second block specifies requirements on each D
daughter or on all tracks forming the D candidate. The combination of the D° with a soft
7" produces a poor quality vertex, so requirements on the D vertex quality or geometry are
not applied for the D**. Instead a cut on the mass difference Am(D**) = m(D**) — m(D°)
is applied to reject background from the combination of a D® and * where one or both are
not from the signal decay. The same requirements are applied to the D° from the D** decay
as is applied to the other D°. The final block lists the requirements on each final state track
in the candidate.

5.7 Preselection

Additional selection is applied to reduce the background from specific decays or from
random combinations of tracks. To address the second category, the B candidate is
required to have p; > 4 GeV/c and y, < 15; pions must have DLL;,, < 10; and kaons must
have DLLy, > —5. The invariant mass of all charm meson candidates must be within
25 MeV/c? of their known mass [22]. An opening angle of greater than 0.5 mrad between
all tracks in each candidate is required to avoid the multiple use of a single VELO track.
There is an O(1%) charge asymmetry in the interactions of kaons with detector
material that must be corrected when measuring the A“”. The corresponding asymmetry
for pions is also corrected, but is much smaller and consequently a precise correction is

less important. The interaction cross-section is smoothly varying for p > 3 GeV/c and
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Table 5.9: Cuts applied in the stripping to select B

+ DY DO candidates.
() (s)

Variable Requirement

B and event

Number of long tracks < 500

m(B) > 4800 MeV/c?; < 6800 MeV/c?
t(B) > 0.05ps

x2 /ndf (B) <10
x5(B) <20 (25 in Run 1)
cos(65) > 0.999
S Dr > 5000 MeV/c
min(y?, /ndf) < 2.5 (4 in Runl)
max(track py) > 1700 MeV/c
max(track p) > 10000 MeV/c

max(track IP)
max(track x2)

> 0.1 mm
> 16

Each D daughter

m(D(,) > mp. —100 MeV/c?; < my, + 100 MeV/c?
|m(D%) — mpo| < 100 MeV/c?

Am(D*") < 200 MeV/c?

x2 /ndf (D(JS“),DO,D*J“) <10

Xys (D),D%,.D*) > 36

cos(GDg),Do,DH) >0

>k Pr > 1800 MeV/c

max(track pr) > 500 MeV/c

max(track p) > 5000 MeV/c

DOCA for all track combinations < 0.5mm

Each final state track

DPr > 100 MeV/c

p > 1000 MeV/c

12 /ndf <4 ((3inRunl)

1 >4

DLLy () <10 (20 in Run 1 or D** decay product)
DLLg.(K) > —5 (10 in Run 1 or D** decay product)

Ghost probability

<04




5.7. PRESELECTION 79

varies on small momentum scales below this [22]. To ensure the accuracy of this
important correction, kaons with momenta below 3 GeV/c are not used in the CP
asymmetry measurement.

Cross-feed between decay channels involving a D" and D™ is possible through K — 7
misidentification and forms a peaking background. To reduce D} — D* cross-feed, a
D" — K n*n* candidate is rejected if, when one of the 7" is assigned a K* hypothesis,
the resulting K"K*n* combination has a mass within 25MeV/c? of mp., and either
m(K~K") is within 10 MeV/c® of m (;099) or the original nn* has DLLy, > —10. D* — D
cross-feed is reduced by rejecting a D" — K"K*n" candidate if m(K~K™) is not within
10 MeV/c? of m y(1020), DLLg(K*) < 10, and the K- 7* 7" combination has a mass within
25MeV/c? of mp. when the K7 is assigned a n* hypothesis.

D}— K K*n" and D°— K~ n*(n~n*) candidates can be duplicated if a kaon and pion
are both consistent with the PID requirements for both kaon and pion hypotheses, namely
—5 < DLLg, < 10, and both particle species assignments produce charm mesons within
+25MeéV/c? of the known mass. For the D, the candidate with [m(K*K™) — My 1020)] <
10 MeV/c? is retained. If neither or both candidates satisfy this condition, the candidate with
DLLy,.(K) > DLLg () is retained. For the D°, the candidate with DLL;,(K) > DLL . (7) is
retained.

Although the single charm decay B* — D°K n*n* is forbidden at tree level,
B* — D°n m*n* has a branching fraction over one hundred times larger than
B* — D°(D* — n*n*K~) [22] and produces a large peaking background in this channel
above myg. through m — K misidentification. In addition to modifying the background
shape, the presence of this background when training a multivariate discriminant
(Section 5.8) would reduce the efficacy of this discriminant in rejecting the main
background from random combinations of tracks. This background can be rejected by
requiring t/At(D*) > 3. The B* — D°K~K*n* decay produces a peaking background in
the 50D;r channel. However, the D" meson has half the lifetime of the D* meson [22], so
a looser cut t/At(D}) > —3 is required to maintain a high signal efficiency. The resulting
background rejection is not sufficiently low, so this background must be included when
modelling the invariant mass distribution (Section 6.4). B* — D(“; )K+7'c_ decays proceed
through a V,;, annihilation with low branching fraction and consequently only a loose
requirement on the D° lifetime significance t/At(D°) > —3 is necessary.

B?s) — D, )7'c+ decays can additionally form a peaking background when combined with
one or three charged tracks from the underlying event. Similarly to the single charm
backgrounds, this modifies the background shape and reduces the ability of a multivariate
discriminant to reject background from random combinations of tracks. This background
is vetoed by requiring that [m(Dn (n"n7)) — mp| > 30 MeV/c* and
|m(D* = (n* 7)) — mpo| > 30MeV/c?. It is not necessary‘to consider B® — D°r*m~

decays that require m~ misidentification in addition to an extra track from the event to be
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reconstructed in one of the analysed final states, or other B — D°h*h™ decays with a

lower branching fraction.

5.8 Multivariate selection

Even after applying preselection, the level of background from random combinations of
tracks is still too high to permit a search for the rare Bf — DD decays that lack a distinctive
signature. The precision on measurements of B~ — DD decays can also be improved with
an additional rejection of background. Further background rejection is achieved with a
multivariate analysis (MVA) that quantifies the signal-likeness of a candidate according to
its location in a multidimensional parameter space. The mapping between the set of input
parameters and output response is obtained through a machine learning algorithm that
uses the parameter values in a signal and a background training sample as input. The
configuration of the MVA is discussed in Section 5.8.1. The selection of data according to
MVA output is explained in Section 5.8.2. Its dependence on the B charge is investigated

in Section 5.8.3.

5.8.1 Multivariate classifier

An adaptive BDT [191] classifier has been found to be most discriminating between signal
and background data for these decay modes [192]. BDTs have already been introduced in
Section 5.3.5; in the context of classification, each DT splits the training data into nodes
to achieve the best signal-background separation and each leaf is classified depending on
whether the training data on the leaf is predominantly signal or background. Adaptive
boosting gives events misclassified during the training of one DT a higher weight when
training the next DT. When the BDT is applied to another dataset, the output is a response
value for each candidate, which is obtained by averaging over candidate classification for
each DT. We transform the BDT response such that it is a uniform distribution between 0
and 1 for the signal training sample, so the requirement on the BDT response is equal to
the signal rejection. Training and classification is implemented in the TMVA package [193].
k = 5-folding reduces bias [185].

Different BDTs are trained for each final state and separately for Run 1 and Run 2, but
RS and WS candidates use the same BDT. Large samples of signal-like and background-like
data are required to train the BDT. The signal training sample is signal simulation passing
all selection described in the previous sections, within 40 MeV/c? of the known B mass and
+25MeV/c? of the known D masses, to avoid training with low-quality signal candidates.
The corrections described in Section 5.3 are applied. Separate BDTs are trained for the
analyses of BY — DD and B~ — DD decays, and the signal training sample corresponds to
the appropriate B meson. The background training sample is both RS and WS candidates
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Table 5.10: The number of events in the signal and background training samples for the BDT. Note
that when applying k = 5-folding, 80% of the events are used in training.

Period Final state Signal = Background

KKm,Km 24x10* 7.2x10°
KKm,K3n 7.6x10° 9.6x10°
Knn,Kn 1.6x10* 26x10°
Runl Knm, K37 58x10° 4.9x10°
Kn,Kmn 6.4x10* 1.0x10*
Knm,K3nm 3.2x10° 1.8x10*
Km,Km 2.4x10* 1.6 x10*

KKn,Km 3.0x10* 1.5x107
KKm,K3m 1.2x10* 2.9x10°
Knn,Kn 24x10* 54x10°
Run2 Knm, K3m 9.3x10° 9.4x10°
Kn,Kmn 6.0x10* 3.0x10*
Knm,K3nm 5.4x10° 5.5x10*
Km,Km 2.0x10* 5.1 x10*

in the 5350 < m(B) < 6200 MeV/c? sideband between my. and M. The charm mass
windows are extended to +£75MeV/c? to increase the size of the training sample. This
does not strongly modify the composition of the background sample as most background
candidates are either single-charm or charmless, as opposed to combinations of two random
charm mesons [192]. The training sample sizes are given in Table 5.10.

The input variables are:

* Xu(B)

* x2 (D) for both D mesons

* 2(B)

* t/At(B)

* t/At(D) for both D mesons

* m(D) for both D mesons

e m(K*K™) and m(n*K™): the Dalitz variables for the D" decays

e max(m(n*K~)) and min(m(n*K™)): the Dalitz variables for the D™ decays
 Am(D*")

* min(track p;) for each D meson

e min(track XIZP) for each D meson
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* min(track DLLy, (K)) for each D meson

» max(track DLL; . (1)) for each D meson

Logarithms are applied to t/At, pr, track y2, and DLLy, variables to compress long
tails, after a subtraction to ensure positive definite values. Charm masses are folded in by
adding (subtracting) 50 MeV/c? if they are above (below) the +25 MéV/c? window around
the known mass. This avoids the training of the classifier to reject charm sideband events
entirely using charm masses, and maintains a large sample of selected charm sideband
candidates for background studies. The distributions in signal and background of the
transformed input variables is shown in Appendix B. No further improvement in
performance was observed by uniformising or decorrelating the variables [192]. The
distribution of BDT response for signal and background samples is shown in Figure 5.12.

As discussed in Section 5.4, several of these variables are mismodelled in simulation.
This dataset is too small to assess the degree of mismodelling for Am(D*"), but in general
it is known to be poorly modelled. This is unimportant in the A’ measurement where
biases cancel in the charge difference. Much more care is required when measuring
branching fraction ratios. When measuring the branching fraction of B — DD decays, it
is not necessary to know this bias to high precision due to the large statistical uncertainty
in this measurement. In the measurement of branching fractions in B~ — DD decays, the
bias on the branching fraction ratios as a consequence of mismodelling can be quantified
as the change when correcting the mismodelled variables to match data (Section 8.4). To
measure this bias with acceptable precision, the weighting rule is determined using the CF
B™ — DS_D0 decay. This is not possible when correcting the properties of the charged
charm meson. Therefore the t/At and y2 of the charged charm meson, Dalitz variables,
Am(D**), and DLLy,, are removed from the BDT when measuring the B~ — DD branching
fractions. This does not substantially reduce the performance.

The performance of a BDT can be quantified as the integral under the receiver operator
characteristic (ROC) curve of background rejection as a function of signal efficiency. The
maximum depth of the DTs was limited to 2 to avoid overtraining, which with 800 trees
produced a ROC integral of 0.995 when training to select B} — D:EO decays in Run 2
data compared to 0.992 with a maximum depth of 1. No improvement in performance was
observed with a higher number of trees was observed. For each DT, only four variables
are considered at random, which further mitigates overtraining. This does not reduce the

performance compared to considering all variables for every tree.
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Figure 5.12: BDT response in Run 2 signal and background samples in the (first row) B — Ds+50
(second row) B} — D*DY and (third row) Bf — D**DO channels with D°— K~ =t [1].
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5.8.2 Optimisation of the selection

The two analyses, a search for the very rare B — DD decays and a measurement of the high-
yield B¥* — DD decays, require very different selection strategies. The following section
describes how the response to the BDT is used to further reduce the level of background in
the data in both cases.

Optimisation of the selection of B — DD decays

The statistical power of the search can be improved by splitting the data into subsamples
according to BDT response and performing a fit in each subsample while sharing certain
parameters including the signal strength between subsamples. Although the sensitivity is
correlated with the number of subsamples, the complexity of the fit also increases as the data
is more finely divided. Both the statistical sensitivity and fit complexity must be considered
when defining the subsamples. To assess the optimum divisions, the expected 90 and 95%

confidence limits on several branching fractions are obtained using three different schemes.

In scheme A, the lowest purity data according to BDT response containing 30(10)% of
signal is discarded for the Dg ) 5)0 (D** 17)0) channels. The remaining data is divided into
three subsamples with low, medium, and high purity data, containing 20%, 20%, and
30(50)% of signal, respectively for the D(Jg ) 5)0 (D** 5)0) channels. Less data is discarded

for the D** D” channels where the background is already lower. In scheme B, the lowest
purity data containing 10% of signal is discarded, and the remaining data is divided into
nine subsamples, each containing 10% of the signal. This scheme effectively represents
the highest sensitivity that can be achieved using this method with a very complex fit.
Scheme C is a simple cut rejecting the lowest purity data containing 40% of the signal,
and treating the remainder of the data together. This choice of threshold is taken from the
search for B — DD decays in Run 1 LHCb data [171]. The expected limits at 90(95)%
confidence level (C.L.) using each scheme are given in Table 5.11. This illustrates that a
large improvement in sensitivity is achieved using three bins compared to a simple cut,
and only a small improvement in sensitivity is achieved by extending this to nine bins.
Therefore the three bin scheme A is chosen to achieve high sensitivity while avoiding an

unecessarily complex fit.

Optimisation of the selection of B* — DD decays

Since B* — DD decays already have a high signal-background ratio, little sensitivity is
gained by dividing the data into subsamples when analysing these decays. Instead, data

with BDT response below a threshold is discarded, where the threshold is chosen to
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maximize the significance (S) of the fully reconstructed signal,

Ny

VNs +Ng’

where N is the signal yield within +40MeV/c? of m(B~). To avoid sensitivity to

S= (5.11)

fluctuations in the BDT response distribution of signal candidates in data, Ny = €3Ns,
where € is the signal efficiency from simulation, and N, is the signal yield with no
requirement on the BDT response. Nj is the background yield within £20MeV/c? of
m(B~). It is obtained from extrapolating the fit of an exponential function to the
high-mass sideband [5350, 6200] MeV/c?.

The dependence of ¢ and S on the BDT response cut for the A" BDT is shown in
Figure 5.13, and the values at the optimal cut for both BDTs are given in Tables 5.12-5.13.
The branching fraction BDT perfoms only slightly worse than the A’ BDT.

5.8.3 Charge dependence

To verify that the BDT does not introduce a charge asymmetry, the asymmetry in the
efficiency of a BDT requirement is assessed. In Figure 5.14, the charge asymmetry in the
BDT response distribution after normalising the data so that there is no overall charge
asymmetry, is plotted. The charge asymmetries induced by the BDT requirements are

shown in Table 5.14 and there is no evidence of a non-zero asymmetry in any dataset.

5.9 Multiple candidates

Some events in a selected dataset will contain multiple candidates. For rare processes (on
average much less than one candidate per pp collision) like those studied with the LHCb
detector, the probability of more than one true signal process per event is negligible.
However, B° — D**D*~ decays reconstructed as D**D° can produce two genuine signal

candidates differing only in the D° and D° assignment and reconstructed charge. Another

Table 5.11: Expected limits at 90(95)% C.L. assuming statistical uncertainties only, in Run 2 data.
Limits are evaluated in each of three division schemes, which are defined in the text.

Parameter of interest Scheme A Scheme B Scheme C

f. B(B/—»D*D")
fu B(B+—D+D0)
nO
f. B(B;-D!D°)
fu B(B+—DD®)
S
f. B(Bf—D**D°)
fu B(B¥+—D*+D0)

3.1(3.8)x10™% 2.8(3.5)x10% 4.0(5.0)x 1073
1.4(1.8) x107* 1.4(1.8) x10™* 2.5(3.0)x 10™*
4.7(6.0)x10° 4.5(5.7)x107° 6.2(7.8)x 1073
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Table 5.12: Signal efficiency (eg), background retention (ez) and relative significance compared to
the significance under no BDT cut (S/S,) at the optimal cut of the A“” BDT.

Period Final State €5 eg S/S,

KKn,Km 098 0.15 1.09
KKn,K3m 097 0.11 1.15
Knm,Km 0.90 0.03 1.62
Runl Knm,K3nm 0.87 0.02 2.08
Knn,Km 095 0.09 1.19
Knn,K3m 093 0.06 1.40
K3nm,Km 095 0.08 1.31

KKmn,Km 0.98 0.19 1.04
KKn,K3m 098 0.13 1.11
Knm,Kn 0.93 0.05 1.35
Run2 Knm,K3w 0.90 0.03 1.63
Knn,Km 098 0.12 1.13
Knn,K3m 095 0.08 1.29
K3nn,Km 096 0.10 1.21

source of multiple candidates is through different PID hypothesis assignments, and the
least probable candidates can be vetoed, such as in Section 5.7. After applying these
vetoes, in general most multiple candidates are formed by combining a subset of the
tracks in one candidate with other tracks in the event to form another candidate.

Table 5.15 shows the fraction of events passing all selection for the A“ measurement
and in the signal region that contain multiple candidates, and the composition of these
multiple candidates. As previously discussed, B — D**D*~ decays result in a large fraction
of candidates that differ only in the D° and D° assignment in the D** D° channels. Otherwise,
the majority of multiple candidates differ from the other candidates in the event by only
one track, and no more than 2.5% of events contain multiple candidates overall. In the data
selected for the B — DD search, the majority of multiple candidates again differ from the
other candidates in the event by only one track, and no more than 4.7% of events contain
multiple candidates.

When measuring a branching fraction, rejecting all but one of the multiple candidates
helps to avoid undercoverage in confidence intervals, and also reduces the backgroud
level. Therefore, in the branching fraction measurements discussed in this thesis, only one
candidate per event is retained, and this candidate is chosen at random after all selection
has been applied. For the B — DD search, the BDT samples above the minimum
threshold for analysis are combined when analysing and rejecting multiple candidates.

In contrast, the removal of multiple candidates will bias an A’ measurement [194]

since multiple candidates are less likely for the charge with the lower yield. Therefore



5.9. MULTIPLE CANDIDATES 89

Table 5.13: Signal efficiency (e€g), background retention (ez) and relative significance compared to
the significance under no BDT cut (S/S,) at the optimal cut of the branching fraction BDT.

Period Final State €5 eg S/S,

KKm,Km 0.98 0.37 1.06
KKm,K3® 096 0.22 1.12
Knn,Kn 0.91 0.06 1.58
Runl Knm,K3nw 0.89 0.04 1.98
Krmn,Kmt 097 0.16 1.17
Knrn,K3nm 0.88 0.08 1.34
K3nn,Km 093 0.16 1.24

KKmn,Km 0.99 043 1.03
KKn,K3nm 0.97 0.23 1.09
Knmn,Km 0.93 0.08 1.33
Run2 Knmn,K3w 091 0.06 1.57
Knn,Km 096 0.13 1.12
Knrn,K3m 093 0.11 1.26
K3nn,Km 0.94 0.15 1.18

multiple candidates are not rejected in the A measurement. This causes small
undercoverage and slightly increases the background level, but both of these effects are
negligible given that the fraction of multiple candidates is small, which is seen to be the
case in Table 5.15. Note that the presence of multiple candidates in the B® — D**D*~

background instead causes overcoverage in measurements of the B~ — D*~D*? signal.

Table 5.14: Charge asymmetry (Agpt) of the BDT requirement for BT candidates in data.

Agpr/%
Run 1 Run 2

KKn,Knm —0.31£0.29 —-0.15+0.11
KKm,K3m 0.9+0.5 0.33+0.22

Final state

Knm,Km —4+4 1.3£1.4
Knr,K3m —1+£8 —2.3+2.8
Kn,Kn 3+4 1.7£1.5
Km,K3n 2+7 —0.5+3.1

K3n,Kn —2+7 —0.3+2.3
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Table 5.15: Fraction f of events containing multiple candidates in data selected for the .A°
measurements split by channel, final state and between Run 1 and 2. All candidates counted here
have passed preselection cuts; have a BDT response greater than the minimum threshold for use
in the analysis; and are within the 4870 < m(B*) < 5400 MeV/c? and |m —mp| < 25 MeV/c? mass
windows that constitute the signal region. The fraction of events with multiple candidates in the
same final state frg; the fraction with multiple candidates that differ by no more than one track
fa—1erk; and the fraction that differ only in the D° and D° assignment fpo,po are also shown.

Period Channel Final state f frs  fazierk fpoospo
B*—> DD’ Kn 0.5% 0.5% 0.4%  0.0%
B*—>D'D° K3n 2.0% 20% 1.3%  0.0%
B*—D'*D" Kn 0.8% 0.3% 0.4%  0.0%

Runl B+ p*p° K3n 1.7% 1.3% 1.0%  0.0%

B*— D**D° Km,Kn 75% 7.5% 0.6% 7.0%
B*— D**D° K3m,Km 13.7% 1.6% 1.1% 11.7%
B*—- D" D° Km,K3m 153% 2.8% 1.7% 12.1%

B*—> DD’ Kn 0.6% 0.6% 0.5%  0.0%
B*—>D'D° K3n 25% 25% 1.7%  0.0%
B*—>D'D’ Kn 0.7% 0.3% 0.6%  0.0%
Run2 g+ p*D° K3n 2.1% 1.7% 1.4%  0.0%

B*— D**D° Km,Kn 88% 8.8% 0.7%  8.2%
Bt*—»D**D° K3mKn 16.8% 2.6% 1.9% 14.1%
B*— D**D° Km,K3nm 17.7% 3.1% 2.1% 14.9%




CHAPTER 6

Modelling of signal and background
decays

The raw yields required to evaluate branching fractions and CP asymmetries are
determined with best precision by fitting a probability density function (PDF) to the
invariant mass distribution of the beauty meson candidates in data. This chapter will
describe the contribution to the PDF from each signal, normalisation, and background
component. The PDFs used to model the invariant mass distribution of each component
are summarised in Table 6.1, and the remainder of this chapter will describe the
contribution to the overall PDF from each component in more detail. Many of these PDFs

are informed by the invariant mass distributions in simulated decays.

Table 6.1: Summary of PDFs used to describe the invariant mass distribution of each component.

Component Model Section
Fully reconstructed Gaussian function plus 6.1
B(t ,— DD double-sided Crystal Ball function :
B*, B?S) — D*D® Parabola function corrected for 6.9.1
with one missing particle resolution and selection effects o
+ 0 * )%
B ¢ By D D . Kernel Density Estimate 6.2.2
with two missing particles
Z?riag}i é(i*c)onstructed Kernel Density Estimate 6.2.3
Partially reconstructed . .
B— D™D Kernel Density Estimate 6.3
Single charm background Double-sided Crystal Ball function 6.4
— Gaussian function plus
0 0
D" — D" cross-feed double-sided Crystal Ball function 6.5.1
Sum of two
+ +
D > D™ cross-feed Gaussian functions 6.5.2
Combinatorial background Exponential or 6.6

exponential plus constant

91
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+

6.1 Fully reconstructed B,

— DD decays

The invariant mass distribution of fully reconstructed B, — D}D° D*D° and D**D° decays
are described by the sum of a narrow Gaussian (Gaus) and a broader double-sided Crystal
Ball (DSCB) function. A DSCB function [195] has a Gaussian core that becomes power
law tails of power n; at distance a;0 from the peak. The tails account for Bremstrahlung

radiation and inaccurate reconstruction of momenta. Its functional form is

DSCB(m; mgy, 0, ay,Mn,, 0y, My) O< exp( 1 (w)Z) for —a,;0 <m—my < a,0 (6.1)

2\l o

m—mg \ "2 .
A, (B2 +— °) otherwise

where
n. n; a.2
A= (—l) exp (——l) , (6.2)
a; 2
and
B="i_gq. (6.3)
Q;
The sum f (m) is written as
f(m) = foausGaus(m; my, ko) + (1 — faus)DSCB(m; my, 0, ay, 1y, @y, 11,), (6.4)
1 rm—my)2
Gaus(m;m,,0) o< exp _E( ) , (6.5)
o

where fg,, is the fraction of the integral from the Gaussian. The peak position m, is shared
between the Gaussian and the DSCB. The width of the Gaussian is related to the width of
the DSCB core by a scale factor k < 1.

The mass resolution is better for higher values of the BDT reponse, so in the search for

B — DD decays, the width o is a linear function of the mean BDT response of signal in
the data sample (m),

0 =0y, — OppBDT. (6.6)

The fit to the invariant mass distribution of B — Djﬁo, D°— K*n~ candidates in each
BDT sample is shown in Figure 6.1, which demonstrates the correlation between BDT
response and mass resolution. Fits of this model to the invariant mass distribution of
simulated B* — DD candidates passing selection for the A’ measurement in different

final states are shown in Figure 6.2.

The statistical power of the dataset is only sufficient to constrain my,(B*) and o,(B*),
which are therefore free parameters when the model is fitted to data. The parameters «x,

faus» @i»> Ny, and ogpy are fixed to values obtained from fitting the model to simulation. The
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Figure 6.1: Invariant mass distribution of BC+ - D:EO, D% — K~ nt candidates in (left) Run 1 and
(right) Run 2 simulation, in the (top) low, (middle) medium, and (bottom) high BDT samples. The
fitted BDT-dependent Gaussian plus DCSB model described in the text is also drawn.

ratio of o, between data and simulation is required to be the same for B and B* — DD

decays,
0,(B/,data) _ 0y(B*,data)
0o(Bf,MC) ~ 0,(B+,MC)’

6.7)

and the difference between the peak positions for B* and B signal is fixed to the known
mass difference [22,70],
mo(B:_)_mo(B+) == mBz- _mB+. (6.8)

In general, my(B™) is mismodelled in simulation by up to 1 MeV/c? and o,(B*) by up
to 3%. Exemplar fits to data in the mass range near my., dominated by this model but
also including single charm (Section 6.4) and combinatorial (Section 6.6) backgrounds,

are shown in Figure 6.3.
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Figure 6.2: Invariant mass distribution of (top) Bt — D:EO, (middle) D*DO, and (bottom) D**D°
candidates with (left) D® — K*n~ and (right) D° — K*n~n*n~ in Run 2 simulation passing
selection for the A“Y measurement. The fitted Gaussian plus DCSB model described in the text
is also drawn.

6.2 Partially reconstructed B— D*D® decays

Signal decays with one or two missing photons or pions have broader and more complicated
reconstructed mass distributions at lower mass. Different methods are used to model B:,
+ 0 O . . . . .
B™, B” and B/ decays, and decays with one or two missing particles. The appropriate
method depends on the importance of an accurate model, the possibility of modelling the

shape with an analytic function, and the availability of simulation.

The invariant mass distribution depends on the number and species of the missing
particles, and the polarisation of the charm mesons in B — D*D* decays. These
contributions are modelled separately, and weighted in the model by the D* — DX°
branching fractions [22] and the fraction of longitudinally polarised B— D*D* decays,
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Figure 6.3: Selected Bt — D:ﬁo, D°— K~ n* candidates. For the (top) low, (middle) medium, and
(bottom) high BDT sample, in (left) Run 1 data and (right) Run 2 data [1].

known as the polarisation fraction (f;). Sections 6.2.1-6.2.3 explain how each
contribution is modelled under different circumstances. Section 6.2.4 discusses the
treatment of the polarisation fractions. The precision on A“ measurements can be
improved by constraining the yields of B? relative to B® decays, which is described in
Section 6.2.5.

6.2.1 B— DD decays with one missing particle

B~ — D*D™ decays with one missing particle form a high-yield signal component in the CP
asymmetry measurement. To ensure that the fitted model accurately describes these high-
yield signal decays, the reconstructed mass is described using an analytic function with free
parameters. B?S )= D((S*))_D*Jr decays with D** — D%z* where the 7 is not reconstructed
form a peaking background and can be modelled in the same way. The true visible mass is

a parabola. This parabola is multiplied by a mass-dependent reconstruction and selection
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efficiency function, and the product is convolved with a resolution function [196]. Each of

these elements will be described in the remainder of this section.

True visible mass distribution

In a B— D*D decay or a longitudinally polarised B— D*D* decay, the D* has zero helicity.
Conservation of angular momentum and parity requires that if the D* decays into a D and

a pion, the differential decay rate is

dr
dcos B

o< cos? 0, (6.9)

where 6 is the angle between the pion momentum in the D* rest frame and the D*
momentum in the B rest frame. This means that the pion is most likely to be produced
parallel or antiparallel to the D* momentum. If the D* instead decays into a D and a

photon,
dr

d cos 0
so the photon is most likely to be produced perpendicular to the D* momentum. In a

o< sin® 0, (6.10)

transversely polarised B — D*D* decay, the D* has helicity A = £1 and the angular
distribution is identical to Equation 6.10 for a D*— Dm decay. For a D* — Dy decay,

dr
dcosf

o< 1+ cos? 6, (6.11)

so that the photon is most likely to be produced parallel or antiparallel to the D* momentum,
but the miminum is shallower than in the other angular distributions [197,198].
The visible mass m(D;D,) for the decay chain B — D;(D* — D,X°) depends only on
cos 6 as
m(D,D,)* = mj, +m} +2E,E,—2p,p,cos, (6.12)

where El/ and p; are the energy and momentum of D; in the rest frame of the D*. Therefore

the decay rate as a function of the visible mass is

dr (m—a‘;—b)z fora<m<b

dar (6.13)
dm 0 otherwise

neglecting small terms of O((m — %)3) < 1, where
a’= mlz)l + m%z + ZE;E; - Zp;p/z, (6.14)

b*>=mj +my +2E E,+2pp,. (6.15)

In practice a and b are shifted by the same value, AM, that the fully reconstructed peak
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is shifted from my., primarily due to momentum miscalibration. The angular distribution

in Equation 6.10 leads to the mass distribution

dT —(m—a)(m—>b) fora<m<b
o<

“a , (6.16)
dm 0 otherwise
and the angular distribution in Equation 6.11 leads to the mass distribution
a 2 a—b)2
dr m— )" 4 (L2 fora<m<b
dr _ J(m=32)+(55") | 617)
dm 0 otherwise

Mass-dependence of efficiency

Reconstructed final state particles carry less momentum when the reconstructed invariant
mass is smaller, so the reconstruction and selection efficiency is correlated with the
reconstructed mass. This is modelled as a linear function of m as

—¢  b&—a

1
NI
8(m)ocb_am+ e (6.18)

where 0 < £ < 1 is the relative efficiency between m = a and m = b. The relative efficiency
de
> dm

final state. This is enforced by writing £ as

gradient, = /e(m = my.), is shared between all decays with one missing particle in a given

_e(m=mp.)+(a—mp.)de/dm
 e(m=mp )+ (b—mg.)de/dm’

3 (6.19)

Resolution

The resolution function is a quadruple Gaussian that consists of a double Gaussian core
with tails on either side,

R(m) = f Gaus(m; my, ko) + (1— f — f, — f,)Gaus(m; my, &) 620
+ f1Gaus(m; my —s,0,5,0) + f,Gaus(m; m, +suo,500')' .

The core parameters my, K, o, and f = f;,, are fixed to their values from the Gaussian
plus DSCB fit to fully reconstructed simulation in the previous section. fi, f,,s,, and s, are
obtained from fits of the quadruple Gaussian to fully reconstructed simulation, as shown in
Figure 6.4.
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Figure 6.4: Fits of the quadruple Gaussian resolution function R(m) (Equation 6.20) to the invariant
mass distributions of fully reconstructed B* — Ds+ DO decays. For (left) D% - K*n~ and (right)

D°— K*n~n*n~ in (top) Run 1 and (bottom) Run 2 simulation.

6.2.2 B— DD decays with two missing particles

The reconstructed mass distribution of B_,BO,BS — D*D* decays with two missing
particles cannot be straightforwardly described with an analytic function. Since these
decays do not form the signal in this analysis and only marginally overlap with signal
decays, their accurate modelling is also not critical: a large change in the shape causes
only a small change in A" (Section 8.4). Therefore these decays are modelled as a kernel
density estimate (KDE) [199] of the reconstructed mass in generator-level simulation
produced as described in Section 5.2. Examplar fits are shown in Figure 6.5.

The efficiency again depends on the reconstructed mass, and this effect is not fully
modelled in the generator-level simulation samples. Therefore each template is again
multiplied by a linear efficiency function, with a free relative efficiency gradient
j—; /e(m = my.) shared between all decays in a final state with two missing particles.

To ensure the stability of the fit, the relative yields of B~ — DD and B — DD decays are
fixed using the known branching fractions [22] and assuming equal B~ and B° production.
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Figure 6.5: Distributions of the mass reconstructed when missing two soft neutral particles, in
generator-level simulation of B~ — D*~"D*? decays. The fitted KDE is also drawn (red). Decays
involving a B® or a D are similar except for small mass shifts.
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Table 6.2: Values of f; used to model B*, B® and BSO — D*D* decays, and the source of these values.

Decay Value Source
B~— D D*  0.52+0.06 [81-85]

B~ —D*D* 0.54+0.09 [81,82,84,85]
B°—> D D** 0.578+0.015 [197]
B°— D*"D** 0.624£0.031 [200]

B’— D" D**  0.50+0.09 [81,82,84]
B’—D*D**  0.5%+0.5 -

6.2.3 B — DD decays

B} — DD decays are expected to have yields of no more than a few candidates, so a model
with free parameters is not required to describe the data well. Instead the model for each
Bf — DD is a KDE of the simulated invariant mass distribution. Examples are shown in

Figure 6.6.

6.2.4 Polarisation fractions

The relative yield of longitudinally and transversely polarised B — D*D* decays is
determined according to the polarisation fraction, f;. Values of f;(B® — DE’;D**) have
been measured [197,200], and these measurements as absolute fractions differ by up to
0.1 from theoretical predictions [81-85]. Values of f, (B~ — D(*S;D*O) and f;(BY — D" D**)
have been predicted but not measured [81-85]. In this case f; is taken as the mean of the
predictions, and the uncertainty is the quadrature sum of the standard deviation and the
difference between experiment and theory in B® decays. No measurement or prediction is
available for f;(B?— D*"D**), so it is assigned a value of 0.5+ 0.5.

To avoid a strong dependence of the results on theory predictions, f;(B~ — D* D*°) is
treated as a free parameter in the fit to data in the D*"D° channel. Otherwise, f; is set to
the values in Table 6.2.

Values of f; (B — Digﬁ*o) have been predicted [72]. Nevertheless, to avoid strong
dependence of results on one theory prediction, f; is treated as a free parameter. A full

description of the treatment of f; is given in Section 7.3.

6.2.5 BY— DD yields

The yields of B decays are related to the corresponding B° yields as

N(B®)  f, B(BY) e(B)
N(B®) ~ f, B(B®) £(B°)’

(6.21)

Values of the ratio 8(B50) /e(B®) in the range [1.0, 1.1] have been measured in multiple
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Figure 6.6: Invariant mass distributions of Run 2 simulated (first row) BCJr - DS(*)+5(*)O decays with
one missing particle, (second row) B:’ - Ds*+5*° decays with two missing particles, (third row)
Bf — pe+pt° decays with one missing soft particle, (fourth row) B} — D**D*° decays with two
missing particles and (fifth row) B:r — D**D*0 decays with one missing particle, summing over

contributions from each missing particle species and polarisation. The fitted KDE is also drawn
(red) [1].
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Table 6.3: Values of branching fractions and ;—; used to relate yields of Bs0 to yields of B® decays.

Quantity Value Source

B(B°-> D D*")  (2.9£0.7)x10™*  [81,82,84]
B(B)— D D**) (6.7+22)x10™*  [81,82,84]

B(B°-> D D**)  (8.0£1.1)x107° [22]
B(B®— D"D**) (1.77+0.14) x 1072 [22]
B(B'—D*D**) n

W 0.137+0.018 [202]
B(B>—D*"D*")

m 0.269 £ 0.034 [201]
L (7TeV) 0.2390 % 0.0076 [105]
# (8TeV) 0.2385 £ 0.0075 [105]
# (13Tev) 0.2539 + 0.0079 [105]

data taking periods and final states when fully reconstructing all charm mesons [201,202].
Therefore, 1.05£0.05 is used as the efficiency ratio in Equation 6.21. The input branching
fractions and values of )’f—z are given in Table 6.3, which are taken from measurements if

possible, or otherwise from theoretical predictions.

6.3 Partially reconstructed B— D**D decays

B — D™D decays, where D** is the umbrella term for excited charm mesons with orbital
angular momentum L > 1 [203], can enter the low-mass end of the signal region when
they are partially reconstructed after emitting one or more pions and photons. This
peaking background should be modelled. The branching fractions of B— D**D decays are
not known in general. As a representive model, the branching fractions of the decays
involving the four P-wave states are assumed to be equal, and states with higher L are not
considered. The assumption of equality is motivated by the similar branching fractions of
B* — D}(2457)D°, B* — D7 (2317)D°, and B* — D (2536)D° [22]. The P-wave states
are the D;(2300), D,(2420), D; = D,(2430), D,(2460), D;,(2317), D,;(2460), D;;(2536),
and D} (2573). The D;(2300) and D,(2430) have large widths, and the remainder are
narrow. It is not necessary to include the D;;(2536) and D7, (2573) in the model as they
emit a kaon in almost 100% of the decays, resulting in a different flavour content at much
lower reconstructed mass.

A template is obtained for each possible decay chain, for both B~ and B° mesons, by
fitting a KDE to generator-level simulation similarly as in Section 6.2.2. Since these decays
occupy a similar mass range to the B— DD decays with two missing particles, the template
is multiplied by the same efficiency slope.

The branching fractions of all considered D** states are known with good precision
(Table 6.4). The templates for each decay chain contributing to a final state are summed
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Table 6.4: Branching fractions that determine the weight of each decay chain in the B — D™D
template.

Quantity Value Source
B(D**— D°r°) 0.647+£0.009  [22]
B(D**— D) 0.353£0.009  [22]
B(D**— D" %) 0.307£0.005  [22]
B(D**— D°n*) 0.677+0.005  [22]
B(D*"— Dy) 0.016+0.004  [22]
B(D;*— D n°) 0.0058+0.007  [22]
B(D;*— D{y) 0.935+0.007  [22]
B(Dj,— D n°) 1 [22]
B(D)— D/y) 0.18+£0.04  [177]
B(Dj;— D;*n°) 048+0.11  [177]
B(D**— DWn*)/B(D* — DWW ) 2 isospin
B(D;— Dm)/B(D;— D*r) 1.52+0.14  [22]

with weights determined by the branching fractions and assuming equal B~ and B°
production. The resulting template in each channel, after summing over all D** species, is

shown in Figure 6.7.

6.4 Single charm and charmless backgrounds

Single charm and charmless decays, which have the same final state as the double charm
decays but without one or both intermediate charm mesons, may form peaking backgrounds
under the double charm decays. As discussed in Section 5.7, these backgrounds can be
reduced to a large extent using charm lifetime requirements and mass windows. Figure 6.8
shows that there is a peak only in the D} sideband, from single charm B* — D°K*K~n*
and charmless B* — K*K*K "~ decays, which is expected since these decays have the
highest branching fractions. After halving the charmless yield to account for the size of the
mass range, it is only 6% of the single charm yield, so the charmless background can be
neglected.

The single charm background could only be rejected further by introducing a large
signal inefficiency, so it is instead modelled in the fit to data. A DSCB describes the
m(D°K*K~n*) distribution well, and because the yield is much smaller than the signal
yield, a more complicated description is not necessary. Whereas the DTF improves mass
resolution if the decay chain is correct, it randomly changes the momenta of tracks not
corresponding to the correct decay chain, thereby degrading the mass resolution for single
charm decays by the same amount. The tail parameters, the mass resolution without the
DTE and the increase in resolution due to the application of the DTF (o s), are obtained

through a simultaneous fit to the simulated raw mass (m,,,) and DTF mass (mpgg)
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Figure 6.7: Generator-level simulation of B — D**D decays that are reconstructed as (top) DS_DO,
(centre) DD° and (bottom) D*~D°. All four D** species and their decay chains are included,
weighted by branching fractions, assigning an equal branching fraction to each of the D** species
and assuming equal B~ and B® production. The contributions to the fitted KDE from each D** species
are also shaded.

distributions. For the fit to m,,,,, the m(D;") window is extended to +75 MeV/c? to improve
the statistical precision on the fitted parameters. The window cannot be extended for the

fit to mpyyp, since it depends on m(D;"). Figure 6.9 shows the model fitted to both m,,,, and

raw

Mmprg.



6.4. SINGLE CHARM AND CHARMLESS BACKGROUNDS 105

~ _ T T T T T 7] ~ 60 F T T T T T =
o, 1200 F 3 E B
; o ] ; 50 = =
2 1000 - Q E ]
= C ] = o 3
N 800 4 < 4F + E
~ - - ~ : -1
w) - -1 W) -
s 6001 4 £ OF }
2 r 1 2
K400 fe 4 m 20p + + =
200 - 10F =
0 : 1 1 1 1 1 : 0 E 1 1 1 1 1 E
5240 5260 5280 5300 5320 5240 5260 5280 5300 5320
M, (K"K D" [MeV/c2] M, (UK D) [MeV/c2]
~ E ~ F— T 1~ 1T "~ 1T T 4
450 F o o 3
= E S s0F 3
§ 400 ﬁ 50 .
350 & £ 3
E 40 F 3
300 d £ ]
2 250F = 30F + '} _], 3
= = = -
o 200F CaTRe 15} o
@ 150F Ay 4 Q20 g + +
g o - RATE
50 E E ]
0 E 1 1 1 1 1 0 C 1 1 1 1 1 7
5240 5260 5280 5300 5320 5240 5260 5280 5300 5320
My (DTK ') [MeV/c?] m,,(D*K*T) [MeV/c?]
(:; 350 F — T - T T T T T T E ‘:; 25 T T T — T T T 3
S 300F 4 = u 3
2 E 3 2 2F =
= 250F 4 = E E
a E 7 r ]
< 200F t 44 4 < is5F =
a8 o E 2 o ]
= '_ — = L
g 150 T 3 % 10
=100 y M ,
F 7 T
50 3 o +.H. ‘H.l J_ﬁ l+ll ‘ ll‘{'HllT.{:
0 E 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 3 0
5240 5260 5280 5300 5320 240" 5260 5280 5300 5320
me, (KK TK*T) [MeV/c2] My (K KHT) [MeV/e?]

Figure 6.8: Mass distribution without the DTF in the (top) D(t ) sidebands, (middle) D° sidebands,
and (bottom) DJr and D sidebands. For the (left) D D° and (right) D*D°, D®— K™~ final states
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The DSCB peak position is shared with the fully reconstructed B — DD decays in the fit
to data. As discussed in Section 6.1, mass resolution tends to be mismodelled in simulation.
The change in mass resolution introduced by the DTF is however expected to be correctly
modelled. Therefore the resolution of the single charm decay in mpp is the simulated
resolution in m,,, scaled by the data/simulation ratio of the double charm resolution in

M., SMeared by the simulated change in resolution due to the DTF application:

raw>’

2 2
o (DTF,data) — o
2 _ DD > DTF _2 2
O px.(DTF,data) = 52 (DTF.MC)— o2 02 i (raw,MC) + o2 .. (6.22)
DD ) DTF

The yield of this background is determined using a fit of this model plus an
exponential to describe background from random combinations of tracks to the raw mass
distribution in the 25 < |m(D;") — mDS+| < 75MeV/c? sidebands (Figure 6.8). The yield is
divided by two to account for the width of the sidebands. In the A“® measurement, the
yield is approximately 6% of that of the fully reconstructed signal. The BDT response for
single charm decays is skewed towards lower values than for double charm signal, so this
background is less important in the search for Bf — DD decays where tighter

requirements on the BDT response are imposed, but it is still modelled.

6.5 Cross-feed

6.5.1 D°— D° cross-feed

B*— D((:))+5° decays create a cross-feed into the WS B* — D((S*))JFD0 channels through either
DCS D° — K~n*(n~n™) decays or CF D° decays with the misidentification of both a kaon
and an opposite sign pion. This cross-feed is suppressed using a veto (Section 5.7) but some
background may remain. The DCS cross-feed has the same invariant-mass distribution as
the RS decays, and its yield in BDT sample i (N}
(N.g) by the ratio of the DCS to CF D° branching fractions as

) is constrained by scaling the RS yield

l- B(D°— K—nt(n~ )
DCS —

B(D°— K+n—(m+ n—))NRS. (6.23)

Double species misidentification degrades the mass resolution but does not affect the
peak position. Therefore the double misidentification cross-feed is described with the same
invariant-mass distribution model as the DCS cross-feed, but the width o is scaled by a
factor greater than one. Cross-feed from the CS B* — D®*D° decays are small, so the scale
factor is determined when fitting the model to data in the B* — D}D° channel and the
same scale factor is used for each channel. A different scale factor is obtained for Run 1

and Run 2 data and for each D° final state. Fitted scale factors are given in Table 6.5.
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Fits of the total model in the mass range around mgy. to the DS+D0 channel, which
includes both sources of cross-feed as well as combinatorial background (Section 6.6), are
shown in Figure 6.10. These fits show the increased width of doubly misidentified decays
and that their yield is lower at higher BDT response.

6.5.2 D: « D7 cross-feed

A reconstructed D* and D differ in the identification of one of the tracks as a pion or
kaon. In this way, CF B* — D;’EO decays can produce a peaking background below the CS
B* — D*D° peak, and there is cross-feed between the B — D*D° and B} — D/ D° decays.
Vetoes remove most of this cross-feed (Section 5.7), and the charm mass windows and BDT
requirements provide further rejection, but this peaking background may still be present in
the data.

The number of D*D° candidates in the D:ﬁo channel is found in simulation to be no
more than 0.4% of the number in the D*D® channel after all selection, including the
minimum BDT requirement. Assuming the predicted branching fraction ratio
(Section 2.5), the yield of CF B — D*DO cross-feed in the CS DS+5° channel is expected to
be no more than 5% of the signal yield. The yield of CS cross-feed to the CF channel is
expected to be yet smaller. Therefore this background can be neglected in the search for
B — DD decays as long as the yields are not large.

The yield of B* — D}D° to B* — D*D° cross-feed is similarly calculated to be 4% of
the signal yield. In the precise measurement of CP asymmetries and branching fractions
of the B~ decays, this is not negligible, so it is important to include this background when
modelling the data. The expected cross-feed yield is estimated by scaling the ratio between
the yields of simulated B* — D} D° decays selected in the D*D° and D;D° channels by the
selected yield in the Djﬁo channel in data (Table 6.6).

This background is modelled as the sum of two Gaussians, and the shape parameters are
extracted from a fit to the simulated mass distribution (Figure 6.11). Since this background
has a low selected yield in simulation, the shape parameters are shared between both final

states and data taking periods.

Table 6.5: Scale factors relating the widths of the distribution of B¥ — D D° candidates from double

misidentification to candidates from true B* — D D decays. Values are obtained from a fit in the
B*— D D° channel and are split between Run 1 and 2 data and by D° final state.

Final state Run 1 Run 2

D°— Ktn™ 1.24+0.2 1.9+0.2
D> K'n ntn~ 19404 1.2+0.2
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Figure 6.10: Invariant mass distributions of selected B* — D D° candidates in the region near
mg+ in (left) Run 1 and (right) Run 2 data. For the (top row) low, (middle row) medium, and
(top row) high BDT samples. The model containing contributions from B* — D DO cross-feed and
combinatorial background is also drawn.

Table 6.6: Expected B~ — D~ D° to D™DO cross-feed yields.

Period Final state Expected yield

Run 1 D°—-> K n* 43+7
DK ntn mt 12+5

Run 2 D°—- K nt 233+£30
D°-»K ntnnt 125+27

6.6 Combinatorial background

Random combinations of tracks form a combinatorial background that is smoothly falling
as function of invariant mass. A very high fraction is rejected by the selection, but is still

clearly present in the selected data. In the analysis of B~ — DD decays, this background is
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Figure 6.11: Invariant mass distribution for D" DO decays selected in the D*D° channel and the fit
of a double gaussian. For (left) D°— K*n~ and (right) D° — K*n~n*n~ final states in (first row)
Run 1 and (second row) Run 2 data.

described well by an exponential f (m) = e, B* candidates are modelled with different
decay constants as the underlying event is charge-asymmetric. In the search for B} —
DD decays, an additional degree of freedom is required to ensure that the background
is accurately modelled over the larger mass range (5230 < m(B) < 6700MeV/c?). An

exponential function plus a constant is chosen,
fm)y=c+e ™. (6.24)

The sensitivity of the search is improved by sharing the combinatorial background
shape parameters between all BDT samples when fitting the model to data. In this way,
the background shape in the high signal purity sample is informed by the high yield
background in the low signal purity sample. The validity of the shape model and the
assumption of BDT-independence of the shape is tested by introducing a linear
dependence on the mean signal BDT response in the subsample (0 < BDT < 1) into the
exponent,

¥ =71o(1—v55rBDT), (6.25)

and fitting the modified model to data in the charm sidebands (for example.
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Table 6.7: Values of yzn7 (Equation 6.25) obtained from fitting the BDT-dependent exponential plus
constant model to the charm sidebands. The y? for consistency with Yap7 = O is also calculated.

Final state Run 1 VBT Run 2

D}D°, D°—Kn 0.60+£0.25 —0.4+0.5
DD°, D°—Km —0.2+09 —0.3+0.8
DD D°—>K3m —0.3+0.6  0.4£0.2
DD, D°—K3m —-1.84+£26 —0.2+0.4
D*D°, D> Kn —-0.7+1.3 —0.0£0.8
D*D°, D> Kn 09+0.4 04+1.1
D*D° D°— K3m —11+16 —1.3+22
D™D° D°— K3n — 4=+10 0.4+0.9
D**D° D’ Km, D°—Kn 0.5+0.5 1.0+0.4
D**D°, D° - Kn, D°—>Kn 0.8+0.6 0.0+1.2
D**D° D°— K3m, D°—>Kn 0.0+0.8 0.6+0.5
D**D°, D°—> K3n,D°—>Kn —0.6+1.4 0.0+0.8
D**D°, D° > Km,D°->K3n —1.3+1.3 0.2+0.5
D**D° D°—- Kmn,D°—>K3nr —1.3+54 0.7+0.5
x2/ndf 15.7/14 17.0/14

Im(D*) —mp+| < 75MeV/c? & |m(D°) —mpo| < 75MeV/c? &! (|m(D*) —mp.| < 25 MeV/c?
& |m(D°) — mpo| < 25MeV/c?) for D*D®). Exemplar fits in Figure 6.12 demonstrate that
the exponential plus constant function describes this background well. Table 6.7 shows
the fitted ygg7 in each dataset. By calculating the y? for consistency with yzs7 = 0, no

evidence of a BDT-dependence of the background shape is observed.
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Figure 6.12: B — D;’EO candidates with D° — K37 in the charm mass sidebands in (left) Run 1 and
(right) Run 2 data in the (top row) low BDT, (middle row) medium BDT, and (top row) high BDT
samples. The fit to the BDT-dependent exponential plus constant model described in Equations 6.24-
6.25 is also drawn.
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CHAPTER 7

Search for doubly charmed B;’ meson

decays

This chapter completes the discussion of the search for sixteen B — DD decays that was
introduced in Section 4.1. Branching fraction ratios are measured for decays with a
significance of greater than three standard deviations, and an upper confidence limit is set
on the branching fraction of decays with a signifance of less than five standard deviations.

For the fully reconstructed decays, the measured ratios are

RS 5% =L B, = Dy 73)0) _ NE) e(B") (7.1)

fu B(B+— D((:))+D0) N(B*) &(B})

As established in Section 6.2, the invariant-mass distributions of partially reconstructed

Bf— D(*;)r p° and B — D(*s' ) D decays overlap. Their branching fractions can be measured

separately by assuming that the signal in the corresponding invariant mass range arises
entirely from each decay, as

*+ 70
% (o % L BB PG D) 1 NEDewH)
Wt )= Tt Ry BT D X0 " oy -
/ B(B!— D}, D™) N(B)eB*

" fu B(B*—DLD%)  N(BY)e(B)

) 0 %0
B — D*D* decays are observed in both the D** D" channels when a D emits a soft
. . 0 }
neutral particle, and in the D(*S' ) D" channels when both charm mesons emit a soft neutral

particle. The measured ratios are

» o, _ £ BB D) N(B!) £(BY)

+ o+ %0
R'(D* 5°) = f, BB - DD ) 1 N(B) ¢(B*)

= Jc = . (7.5)
© fu BB+— D},DY)  B(DGj— D{,X°) N(B*) e(By)

Efficiencies of signal and normalisation modes are evaluated in Section 7.1. Section 7.2
explains how the data is modelled and how signal and normalisation yields are extracted

by fitting the model to data. Sources of systematic uncertainty on the branching fractions

113
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Table 7.1: Acceptance, reconstruction and selection efficiencies of B
kinematic range of interest, as defined in Equation 4.2, and the ratio between the B and B*

(c)

+ D(*)+50

(s)

efficiencies. The uncertainties are only from the finite size of the simulation samples.

Period Channel Finalstate ¢(B)/107° ¢(B*)/107°  &(Bf)/e(B")
DfD°  KKmKm 9.28+0.12 19.94+0.19 0.465+0.008
DfD°  KKmK3m 264+0.05 6.45+0.09 0.409+0.010
D*D° Knm,Kn 7.48+0.11 16.36+0.17 0.457+0.008

Run1l p+po Knm,K3nw 2.11+0.05 5.16+0.08 0.410+0.011
D**D°  Km,Km 5.21+0.08 14.33+£0.20 0.364+0.008
D**D° Km,K3m  1.78+0.04 5.11+0.11 0.348+0.011
D**D°  K3mKm  1.79+0.04 5.28+0.10 0.339+0.010
DfD°  KKmKm 9.73+0.12 20.55+0.19 0.473+0.007
D D° KKm K3m 2.71+£0.05 7.01£0.09 0.386+0.008
D*D° Knm,Km  8.26+0.10 17.19+£0.17 0.480+0.008

Run2 p+p°®  gpmp,K3m 2.1540.04 5.41+£0.07 0.396+ 0.009
D**D°  Km,Km 5.74+0.09 18.51+0.20 0.310=+0.006
D**D° KmK3m 1.97+0.06 7.26+0.12 0.271+0.009
D**D°  K3mKm  1.92+0.05 6.64+0.10 0.289+0.009

decays in the

are discussed in Section 7.3. Section 7.4 then presents the measurements of and confidence

limits on the branching fractions.

7.1 Signal and normalisation efficiencies

Branching fraction measurements rely on knowledge of the acceptance, reconstruction,
and selection efficiency for both signal and normalisation modes (Equation 7.1). These
efficiencies are calculated by dividing the yield of selected simulation events in each BDT
sample after applying the corrections in Section 5.3.1-5.3.6 by the number of events
generated with a signal or normalisation candidate in the kinematic range of interest
(Equation 4.2).

BT decays have 30-50% of the efficiency of the corresponding B* decays due to the
shorter lifetime of the B]. The efficiencies for B} and B* decays, summed over all BDT
samples, are displayed in Table 7.1. Partially reconstructed decays have a lower efficiency
than fully reconstructed decays by 10-20% due to the lower momentum of the reconstructed
particles.

The efficiency of LO trigger requirements is poorly modelled in simulation, and this is
discussed in detail in Section 8.3.1. However, it is reasonable to assume that this
mismodelling will cancel in the ratio between B and B* decays to the same final state to

a degree much better than the precision of this analysis. This is supported by observing
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Table 7.2: Fraction of D D candidates in selected simulation passing the LO Global TIS (fr;s) and
Hadron TOS (frog) requirements. Calculated using simulation that has passed all preselection cuts
and with a BDT response greater than the minimum threshold (Section 5.8.2).

Period Final state fris(B)) fris(BT) fros(B)) fros(B™)

Run 1 D> Km 0.587+£0.009 0.596+0.006 0.651+0.010 0.661=+0.006
D°—> K3m 0.630+0.019 0.626+0.010 0.614+0.018 0.621+0.010

Run 2 D> K 0.593£0.006 0.590+0.005 0.666=+0.006 0.656=+0.006
D°—>K3m 0.653+0.011 0.641+0.008 0.610+0.011 0.605 =+ 0.008

that the fraction of simulated candidates passing the LO Global TIS and LO Hadron TOS
requirements is equal within statistical uncertainties for BCJr and B* decays (Table 7.2).
Therefore mismodelling of LO trigger efficiencies is not considered further in this analysis.

7.2 Fit to data

7.2.1 Fit method

The branching fraction ratios are extracted from data using an extended unbinned
maximum likelihood fit of the PDF F(m; @), where 6 is the set of free parameters in the

PDE The parameters that best describe the data are found by maximising

(7.6)

n!

n,—v(0) 1
10)= 20 kim0,
i=1

where () is the expected total yield of the PDF as a function of 8, and the product is over
all candidates in the dataset. This fit is performed simultaneously over all BDT samples and
final states, sharing certain shape and signal strength parameters. Maximum likelihood
estimation is only fully unbiased in the asymptotic limit as the number of candidates in the
dataset tends to infinity. In the extreme case of no candidates in the signal window, the
estimated signal yield diverges to negative infinity. This is of concern in this analysis, since
there are no candidates within £20 MeV/c? of mg. in some datasets. Therefore the yields
of all components are required to be positive. This introduces an explicit bias to the signal
yields. To avoid bias on the measurements, branching fractions are only measured for decay

modes with a signal significance (S) greater than three standard deviations.

7.2.2 Model

The components modelled in this search are the fully reconstructed signal and
normalisation decays (Section 6.1), partially reconstructed signal decays (Section 6.2),
single charm background (Section 6.4), D° cross-feed to D° (Section 6.5.1), and
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combinatorial background (Section 6.6). The shape parameters to be shared have been
specified in these sections.

The signal (N;,’f %) and normalisation (N];';F ) yields in each BDT sample (i) and final state
(FS) are related tﬂrough the branching fraction ratio R (Equation 7.1) and the efficiencies

(e"F%) as
i FS

. B+ .
i,FS __ c i,FS
Ny:” =R Ny:™. (7.7)
B+

In this way, R is shared between all BDT samples and final states, which allows R to be
extracted straightforwardly and with maximum precision. The quantity that relates N;’f S

and R is henceforth referred to as the normalisation factor,

i,FS

NS = B pgirs (7.8)
~ iFST Bt :
B+

The yields of doubly misidentified D° decays and combinatorial background are free
parameters in each BDT sample. The single charm yield in each BDT sample is fixed as
described in Section 6.4. The yield of DCS D° decay cross-feed is constrained to its expected
value calculated in Section 6.5.1, which means that the PDF is multiplied by a normal
distribution exp (—(x —u)?/ 20'2) where u is the expected value of the parameter x to be

constrained and o is the uncertainty on the expected value.

7.2.3 Blinding

The data in the signal window ([5500,6325]MeV/c? for D, D°; [5845,6325] Mev/c? for
D** D_)O) was blinded during the development of the method to avoid bias. All of the data
presented in this chapter is now unblinded.

A normalisation plus background model was fitted to the data excluding the mass
range to be blinded. This model was interpolated into the signal window. The signal
window was divided into twenty equal windows. To blind the data, the data in each
window was replaced by fake data randomly generated in each window according to the
expected background shape and yield from the interpolated fit and Poisson statistics. This
blinding method allows the analysis workflow to be fully tested, including with the true

data outside of the signal window.

7.2.4 Fit results

The fitted yields of B candidates in the selected data are given in Tables 7.3-7.5,
including statistical uncertainties and the systematic uncertainties described in
Section 7.3. The invariant mass distributions in each channel and the highest purity BDT

samples summing over Run 1 and Run 2 and all D° final states are shown in Figures 7.1.
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Figure 7.1: Invariant mass distribution of (top left) D} D°, (top right) D} D°, (middle left) D*D°,
(middle right) D*D°, (bottom left) D**D°, and (bottom right) D**D° candidates summing over all

final states in Run 142 data in the high purity BDT samples. The fitted model described in the text
is also drawn.

Figure 7.2 shows the invariant mass distributions of B(t )~ Djﬁo candidates in Run 2 data
for each BDT sample and D° final state, corresponding to the datasets involved in a single
fit. This demonstrates how the highest purity BDT sample provides the best sensitivity to
B! signal, whereas the lowest purity BDT sample helps to constrain the shape of the
combinatorial background.
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Figure 7.2: Invariant mass distribution of B(J;) — DS+50 candidates in Run 2 data with (left)

D — K~ n* and (right) D° — K~ntn~n" for data corresponding to the (top) lowest, (middle)
intermediate, and (bottom) highest BDT sample. The fitted model described in the text is also
drawn and corresponds to a single combined fit to all BDT samples and D° final states.

7.3 Systematic uncertainties

7.3.1 Systematic uncertainties on the normalisation

Systematic uncertainties account for limited knowledge on effects including the
efficiencies, modelling of invariant mass distributions, and D* branching fractions. Many
of these systematic uncertainties can be expressed as a relative uncertainty on R. The
effect of these uncertainties is incorporated into the fit described in the previous section

and consquently into the measurement of R by allowing N to vary by writing

AN
N:NO X (1+TO) 5 (79)
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Table 7.3: Yields of B} — Ds(*)+5(*)0 and B} — D* D0 decays in the selected data, summing over

all BDT samples. Both statistical and systematic uncertainties are included.

Period Final state N(D/D°) N(D:*D°+D}D*) N(D:*D*)

1.6 1.7 3.0
Run1 KmKKm  0.0%0 0.0%57 0.0730
K3m,KKm  0.0%0% 0.0797 0.0%°

+5.1 +4.9 +17.4

Run 2 KM KKm 12.8+_2‘%4 0'018:9 12.5191%.5
K3m,KKn ~ 7.1*2% 0.0, 6.8 %

0 * 0 0 %0

N(D;/D°) N(D*D°+DD*) N(D:*D*°)
2.3 2.3 5.2
Run 1 Kn,KKm 0.67¢2 0.07¢5 0.075¢
K3m,KKn  0.3%)72 0.0%,2 0.0%57

33 8.3 15.7
Run 2 Kn,KKn 3.9%7% 6.77 6.242%
K3m,KKn  2.1%% 3.7 3.4%57

—(x)0

Table 7.4: Yields of B} — D®*D"" and B — D D) decays in the selected data, summing over

all BDT samples. Both statistical and systematic uncertainties are included.

Period Final state N(D*D°) N(D**D°+D*D*°) N(D**D*)

2.1 2.5 16.8
Run 1 Kn,Kmnm 0.775: 0.07¢2 0.0%,;
K3m,Knm 0.3, 0.0%0 0.0,
3.9 9.8 15.5
Run 2 Kn,Knm 19;%8 92;53% 0'01;0892
K3nm,Knm 1.077 4.9_4.5 0.0%;5
N(D+DO) N(D*+D0 +D+D>¢<0) N(D*+D*O)
0.2 0.0 16.3
Run 1 KTC,KTETE 2'8t1.6 O-OiO.O 19'4i13.2
K3m,Knn  1.6709 0.00¢ 10.627,
2.6 6.6 153
Run 2 KmKnm 2.2 3.95% 0.025%
K3m,Knm  1.241° 2.0153 0.025

where N, is the nominal value of N/, AN is its uncertainty, and «a is a free parameter in the

fit constrained by a normal distribution with zero mean and unit standard deviation. This

results in a log-normal distribution of N, which means that log N/ is normally distributed.
When AN/N, < 1, a normal distribution with mean N, and standard deviation AN is

recovered.

All systematic uncertainties except that due to the finite size of the simulation samples

are correlated between BDT samples and D° final states. These correlations are

incorporated into the measurement by decomposing the log-normal variation into a

correlated and uncorrelated component, such that

. a i FS ai,FS
. ' ANI,FS corr ANI, uncorr
Nl,FS — N(;,FS % (1 + N corr |1+ uncorr )

i,FS i,FS
0 N 0

where ANy are the uncertainties from (un)correlated systematics.

(7.10)

The variation
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Table 7.5: Yields of B} — p®+H™ and BF — D®* DO decays in the selected data, summing over
all BDT samples. Both statistical and systematic uncertainties are included.

Period Final state N(D**D°) N(D**D*)

Km,Knm, 0.8%03 0.0%5:2

Run1 Km,K3nm,  0.6107 0.0%07
K3m,Knm, 05707 0.0%7%
Kn,Knm, 0-6:1,52 1-9f13§é

Run2 Km,K3nm,  0.4%0% 1.3*22
0.8 2.0

K37T,K7T7Ts O-4t0.4 1'2t1.2

N(D**D°) N(D**D*)

Kn,Knm, 0.0724 1357

Run1 Km,K37mm,  0.0707 1.0112
K3m,Knm, 0.0 0.9%05
Km,Knm, 0.070¢ 0.8%7

Run2 Km,K3mm,  0.0%03 0.5%02
K3m,Knm,  0.0%03 0.5

corresponding to the correlated component (a.,) is shared between data samples,
whereas a variation corresponding to the uncorrelated component (afl’rFlcsorr) is assigned to
each dataset.

The remainder of this section describes the sources of systematic uncertainty that are
treated as an uncertainty on the normalisation, and explains how their size is evaluated.
The uncertainties are tabulated in Table 7.6. Unless specified uncertainties are given for
the fully reconstructed signal, but are of similar size for partially reconstructed signal.

Finite size of simulation sample: The uncertainty associated with the simulation
sample size is propagated.

PID variable correction: Kinematic differences between B and B™ decays may result
in small differences in the PID efficiency ratio. A systematic uncertainty is assigned by
comparing the efficiency ratio with and without the application of PID corrections.
Although conservative, this evaluation of the systematic uncertainty is acceptable since it
is still small compared to other sources of systematic uncertainty.

D** branching fractions: The uncertainty on B(D** — D*X?) is propagated.

B lifetime: The uncertainty on 7(B;) is propagated to an uncertainty on the weights.

Single charm background: To account for statistical uncertainty and possibly invalid
assumptions when extracting the yield of the single-charm background to B* — D:EO from
the sidebands, this yield is assigned a 100% uncertainty. Although this is a conservative
estimate, it is still one of the smaller systematic uncertainties.

Multiple candidate rejection: The rate and distribution of multiple candidates are
poorly described by simulation, and this mismodelling does not necessarily cancel
between the signal and normalisation modes [194]. The fraction of candidates in the
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signal region removed by the multiple candidate removal and no other preselection is
assigned as a systematic uncertainty.

Hit resolution parameterisation: Hit resolution in the VELO is mismodelled in 2017-
18 simulation [190]. This biases the )(IZP distribution by approximately —20% and therefore
biases simulated efficiencies. The change in efficiency ratio as a result of increasing the y2
requirement on all final state particles by 20% is assigned as a systematic uncertainty.

Fully reconstructed signal model: Toy studies demonstrate that uncertainty on the
fully reconstructed signal shape leads to a multiplicative uncertainty on the signal yield,
which can consequently be absorbed into the normalisation factor. Toy data is generated
under a normalisation-plus-background hypothesis according to Poisson statistics. A
complete fit (signal, normalisation and background) is then performed for each toy under
a double sided Crystal Ball plus Gaussian (DCSBG) and double Gaussian (DG) signal
shape hypothesis. The DSCB tail parameters are fixed to a; = +1.5 and a, = —1.5, and all
other shape parameters are fixed to their values from simulation. Since only positive
signal yields are considered in this analysis, toys where the fitted branching fraction ratio
is zero are discarded. Owing to the low expected background yield, this can occur for a
large fraction of toys: For certain Run 1 datasets containing B* — D**D° candidates where
the expected background yield within 15 MeV of Mg is less than 1 in the low purity and
0.01 in the high purity BDT samples, up to 90% of toys must be discarded. The number of
generated toys is adjusted acccording to the fraction of discarded toys to ensure an
ensemble of adequate size to precisely evaluate this systematic uncertainty. The
distribution of the ratio of the fitted branching fraction ratio under the DSCBG hypothesis
relative to the DG hypothesis peaks a few percent above unity, as expected from the slowly
decaying tails of the DSCBG. Only a weak dependence of the peak position on the
background yield is observed. This indicates that uncertainty on the fully reconstructed
signal model can be treated as a fractional uncertainty on the signal yield and therefore
absorbed into the normalisation factor. The systematic uncertainty is obtained by
subtracting unity from the median ratio.

B* production spectrum: There are systematic uncertainties on £(B*) associated
with the background subtraction and the statistical uncertainty of the training datasets. The
uncertainty associated with background subtraction is calculated as the change in efficiency
when a linear function instead of an exponential is used in background subtraction. The
statistical uncertainty is calculated as the change in efficiency when the number of trees
in the reweighter is halved from 200 to 100. The overall systematic is dominated by the
statistical uncertainty.

B} production spectrum: The systematic uncertainty on £(B;) from the kinematic

correction is dominated by uncertainties on the measured slope of f)-c:fd [106]. This

uncertainty is evaluated as the change in efficiency when the parameters p; and p, are

varied by their uncertainty.
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Table 7.6: Effective fractional contributions of the systematic uncertainties on the normalisation in
percent. A weighted average is performed over all BDT samples and D° decay modes. Weights are
the normalisation yield in each dataset.

Final state D' p° p* D" p*+ D"
Runl Run2 Runl Run2 Runl Run2

B signal shape 9.4 3.8 4.8 5.3 2.8 3.9
B production spectrum 3.7 2.4 3.9 2.4 4.2 2.9
B* production spectrum 0.5 0.9 0.6 1.0 0.6 1.1
Hit resolution parameterisation - 1.5 - 1.2 - 2.2
R simulation sample size 1.2 1.0 1.4 1.1 1.5 1.5
R’( +0) simulation sample size 1.4 0.9 2.1 1.2 1.1 1.1
R” simulation sample size 1.5 0.8 1.7 0.9 - -
B! lifetime 1.3 1.4 1.3 1.3 2.1 2.6
PID efficiencies 1.6 1.2 2.8 0.8 2.2 1.4
Multiple B(t) candidates 0.4 0.4 0.6 0.5 1.4 1.2
Data-simulation differences 0.1 0.1 0.1 0.1 0.1 0.2
B*— D°K*K m* 0.7 0.5 - - — —
B(D** — D*X0) —~ -~ 1.5 1.5 -~ —~
R total 10.4 5.3 7.2 6.6 6.3 6.5
R/(+,0) total 4.6 3.7 5.7 3.8 5.5 5.0
R” total 4.6 3.7 5.5 3.7 - -

Data-simulation agreement in BDT variables: There is a systematic uncertainty on the
relative efficiency between BDT samples due to data-Simulation differences in the variables
used in the BDT. This is evaluated by fitting a linear function to the ratio between data and
simulation of the BDT response. The systematic uncertainty is the fractional change in the
efficiency ratio when both B and B* simulation are weighted by this function, which is

normalised so that the number of candidates with no BDT requirement is unchanged.

7.3.2 Systematic uncertainties on the model

Systematic uncertainties due to model choice that cannot be absorbed into the systematic
on the normalisation are included as nuisance parameters in the model. This section will
outline the sources of these systematic uncertainties and how they are incorporated into
the model. Including these model uncertainties results in an increase of the upper limits
calculated as described in Section 7.4.2 on the branching fraction ratios of 7% on average.

Combinatorial background model: The shape of the combinatorial background is
not known beyond considering the goodness of fit to the data for different models. This
systematic uncertainty is incorporated with the discrete profiling method, where the

model choice is indexed with a discrete nuisance parameter that is chosen to maximise the
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likelihood [204]. The model choices are an exponential and an exponential plus a
constant.

Normalisation mode model: There is an uncertainty of the shape of the
normalisation mode that affects the normalisation yield and may also affect the
combinatorial background shape. The overall width and peak position are already free
parameters in the fit to data. The tail parameters a; have an uncertainty from the finite
simulation sample size and a systematic uncertainty from possible mismodelling in
simulation. The a; do not differ between data and simulation by more than approximately
0.2 (Table 7.7). Following the earlier conservative approach to small systematic
uncertainties, each a; is assigned an uncertainty that is the quadrature sum of their
statistical uncertainty and 0.2. In the fit to data, the a; are allowed to vary within

Gaussian constraints, where the width of each constraint is the uncertainty.

Fully reconstructed signal width: The ratio o(B)/o(B*) is determined from
simulation with a statistical uncertainty of 15 — 20%, which is assigned as a systematic
uncertainty on the fit to data.

Fully reconstructed signal peak position: There is an uncertainty on the difference
between m(B) and m(B") due to uncertainty on the measured masses
(mps = 6274.5+0.3 MeV/c? [70], mp: = 5279.34 + 0.12 [22]) and 0.03% momentum
scale uncertainty [130]. Therefore the difference is assigned a systematic uncertainty of
0.5 MeV/c2.

Partially reconstructed signal shape: Partially reconstructed signal decay shapes have
a systematic uncertainty from the statistical uncertainty on the simulated shape and from
the fraction of the yield that is attributed to each of the two overlapping contributions.
Although the fractions have been predicted [72, 73, 75], these predictions are not used
to avoid strong dependence of the results on theory predictions. In the fit to data, the
uncertainty is incorporated by treating the fraction as a free parameter.

When setting confidence limits on the branching fractions with pseudoexperiments,
greater model stability is required. For B — D*D* decays, a limit is found under the
fi =0and f; = 1 hypotheses and the least stringent limit is quoted. For B — D*D decays,
separate limits are found for B] — D(*S“)L p° and Bf — Dé ) D decays by assuming that the
contribution arises entirely from each decay. To account for the statisical uncertainty on
the simulated shapes, a small amount of the overlapping decay is allowed to contribute by
constraining instead of fixing the fraction. The width of the constraint is equal to the
fraction of the overlapping decay that must be added to increase the y? between the

original KDE and the simulation admixture by 1o.

Cross-feed yield: The DCS B* — DD cross-feed yield has an uncertainty from the
statistical uncertainty on the RS yield and uncertainty on the D° branching fractions.
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Table 7.7: Comparison of fitted DSCB tail parameters a; between data and simulation for B* — Ds+50
final states in Run 2.

aq ay

Final State ) . . .
Data Simulation Data Simulation

KKn Km 2.29+0.04 2.28+0.08 2.51+£0.05 2.53+0.12
KKn K3m 2.14+0.04 2.07£0.12 2.38+0.05 2.55£0.17

7.4 Results

7.4.1 Signal significances and branching fractions

The significance (S) of signal is calculated using the results of the extended maximum
likelihood fits in Section 7.2.4 and Wilks’ theorem [205] as

S =\ 21n(%), (7.11)
b

where L., and L, are the maximised extended likelihoods defined in Equation 7.6 under
the signal plus background and background only hypotheses, respectively. The significances
are given in Table 7.8, including for the Run 1+2 combination, which is determined in a
simultaneous fit to the Run 1 and Run 2 dataset. Evidence of Bf — DD’ signal is seen in
Run 2 data with a significance of 3.7 standard deviations, which is reduced to 3.4 standard
deviations in the Run 1+2 combination. This corresponds to a measurement in Run 2 data
of

20y 1.54+0.3 —4
R(DD®)=(3.6"7,73) x 1074,

where the uncertainties are statistical and systematic, respectively. No other evidence of
signal is seen.

The absolute branching fraction can also be calculated using external inputs for the
normalisation mode branching fractions [22] and f,/f, [106] as

B(B; — D}D°) = (4.3"}595£1.1)x 107*,

where the first and second uncertainties are statistical and internal systematic uncertainties.
The third uncertainty is from the external inputs, which is dominated by the uncertainty
on the theoretical prediction of B(B] — J/yu~7,) on which f./f, depends. Since f,/f, is a
function of /s, only the absolute branching fraction is measured for the combined Run 1+2

dataset,

B(Bf — DD = (3.5"13"03 £1.0) x 107*.
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Table 7.8: Significances of signal decays calculated using Wilks’ theorem.

Decay Runl Run2 Run 1+2
BY— DID° 0.0 3.7 3.4
B}—D*D°+DfD*® 0.0 0.0 0.0
B — D*D* 00 0.6 0.0
Bf— D}D° 03 15 1.5
Bf—D*D°+D/D* 00 08 0.5
Bf — D**D* 00 04 0.2
Bf— D*D° 04 0.5 0.6
B'—D**'D°+D*D* 0.0 1.1 0.9
B} — D**D* 0.0 0.0 0.0
Bf— D*D° 23 1.2 2.2
Bf—»D**D°+D*D* 0.0 0.7 0.4
BY— D**D* 1.3 0.0 0.0
B} — D**D° 11 07 1.0
B} — D**D* 02 0.8 0.8
Bf — D**D° 00 0.0 0.0
B — D**D*° 1.9 16 1.8

Comparison with Table 2.1 demonstrates that this measurement is two orders of
magnitude larger than SM predictions. Profile likelihood scans of R(D:EO) in Run 2 data
and B(B — Djﬁo) in Run 1+2 data are shown in Figure 7.3. Profile likelihood scans for
the branching fraction of all decays in Run 1+2 data are given in Appendix C.

Verification of significances

Wilks’ theorem holds exactly only in the asymptotic limit. More generally, S is related to
the one-sided p-value through
S = v2erfc ! (2p), (7.12)

where erfc is the complementary error function

erfe(z) = %f e_tzdt, (7.13)
TC Z

and p is the probability that a background-only pseudodataset varies more from the
background-only hypothesis than the observed data. The variation from the

background-only hypothesis is quantified with the delta log likelihood,

ALL=InL, ,—InL,. (7.14)
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Figure 7.3: (Left) Delta log (black) likelihood and (red) profile likelihood for R(D:EO) in Run 2 data,
and (blue) delta log profile likelihoods from individual final states and BDT samples. (Right) Delta
log profile likelihood for B(B;r — Ds+ D) in (dotted) Run 1, (dashed) Run 2, and (solid) Run 142
data. The 68% confidence interval is shaded in both figures.

To verify the significance of the evidence for B — DS*EO signal, background-only
pseudodatasets are generated according to the fitted model. A signal plus background
model is fitted to each pseudodataset and the distribution of ALL in the
pseudoexperiments is plotted and compared to the observed ALL = 6.6 (Figure 7.4). It is
not feasible to generate enough toys to calculate the p-value by counting (none of 5000
generated pseudoexperiments has a ALL larger than the observed value), so the p-value
is estimated by extrapolating the fit of an exponential to the tail of the distribution
(ALL > 2). Using this method S = 3.70 is found, in agreement with Wilks’ theorem.

7.4.2 Confidence limits on branching fractions

The CLs method

Upper confidence limits are evaluated on the branching fraction of all decays using the CLs
method [206] implemented in GammaCombo [207]. The CLs method is a conventional
statistical method of excluding a range of signal strengths (u) at confidence level (C.L.)
1—a. It is a modified frequentist method that exhibits overcoverage, so that the true value

of u is excluded in fewer than a fraction a of experiments.

The confidence limit on u is the value of u for which
CL,<1—aqa, (7.15)

where
CL. = %

) 7.16
T CL, ( )
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Figure 7.4: ALL distributions of toys for B — D;’ﬁo in Run 2 data. The p-value is estimated by
fitting an exponential (red line) to the tail of the distribution.

et dP(t,|u)
CL,,, = f —“‘udtu, (7.17)
oo de,
twobs dP(t,]0
CL, = J %dtu. (7.18)
—00 w

The test statistic t, is defined to increase monotonically for increasingly signal-like
datasets, and ¢, ,, is the value of the test statistic for the observed data as a function of
the signal strength u. dP(t,|lu)/dt, is the distribution of t, in pseudoexperiments
generated with signal strength u. These pseudoexperiments are generated from the model
fitted to the observed data, but with the value of the global observables generated
according to their constraint PDE

A modified likelihood ratio

—2InA(u) g<up

t[L = b (7.19)
0 otherwise
I A
A(u) = (‘f "f), (7.20)
L(j,0)

where ( and 6 are the maximum likelihood estimates of w and 0, and 9 is the maximum
likelihood estimate of @ at a given u, is used as the test statistic. This test statistic is
appropriate for the determination of upper limits (as opposed to two-sided confidence
intervals) since datasets with (i > u are not used to reject u. Note also that u and (i are
required to be positive, as discussed in Section 7.2.1.

Observed CLs limits are sensitive to fluctuations in the data. Expected CLs limits,

assuming that the true signal strength is zero, can be extracted from the expected CL;
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Table 7.9: Upper limits on the branching fraction ratios at 90(95)% C.L. for Run 1 and Run 2 data,

in units of 1072,

R Run 1 Run 2
R(DID°)  0.45(0.58) 0.57(0.62)
R (DD°) 0.45(0.75) 0.36(0.42)
R(D}D°) 0.64(0.71) 0.27(0.36)
R'(D!D%  1.1(1.5)  0.9(1.1)
R(D;D°) 0.51(0.62) 0.22(0.25)
R (D}D°) 0.76(0.89) 0.59(0.72)
R)(D;D") 0.74(0.88) 0.49(0.60)
R'(D/D°)  1.6(2.3) 0.9(1.0)
R(D*DY) 8(11) 3.5(4.4)
R,(D*D%)  45(52) 26(33)
R,(D*D°)  16(20) 11(12)
R’(D*D®)  90(110) 21(28)
R(D™D?) 12(14) 2.9(3.6)
R (D*D°)  17(33) 18(21)
R)(D'D°) 8.2(9.8)  6.6(7.3)
R/(D*D%)  82(94) 17(20)
R(D**D) 26(28) 6.9(8.4)
R((D**D%)  31(44) 16(19)
R(D**DY) 8(13) 3.6(4.4)
R'(D*'D°)  36(45) 12(15)

curve, which is the median CL, value as a function of yu when substituting the observed
data with the ensemble of background-only pseudodatasets. The expected CLs limit is

useful to denote the expected sensitivity of a search.

Confidence limits on the branching fractions

Upper limits on R, for which the lowest uncertainty is achieved, are evaluated at 90(95)%
C.L. (Table 7.9). The limits using Run 1 data, in particular for partially reconstructed decays,
are more stringent than in the previous analysis using Run 1 data [171], mostly due to
improved constraints on the combinatorial background shape as a result of dividing the
data into BDT samples.

Upper limits at 90(95)% C.L. on the absolute branching fractions, which are the most
interesting quantity from a physics perspective, are given below. These limits use the Run 2
dataset only, since inclusion of the Run 1 data does not significantly improve sensitivity, and
the evaluation of limits corresponding to data from a single operational run is already very
computationally demanding. The reported upper limits on decays with a D** meson use
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the channel with fully reconstructed D** — D%zt decays because the sensitivity is better
than in the channel with a partially reconstructed D** — D*X° decay. The corresponding

observed and expected CL, curves are shown in Appendix D.

B(Bf — D/D°) < 7.2(8.4) x 107%;

B(B}— DD®) <3.0(3.7) x 107%;

B(Bf — D*D®) < 1.9(2.5) x 107%;

B(Bf — D*"D°) < 1.4(1.8) x 1074
B(B} — D:*D%) < 5.3(5.7) x 107%;
B(B} — DD*) < 4.6(5.6) x 107%;
B(B} — D**D°) < 0.9(1.0) x 107%;
B(B — DD**) < 6.6(8.4) x 1074
B(Bf — D**D?) < 3.8(4.8) x 107%;
B(Bf — D**D°) < 2.0(2.4) x 1074
B(Bf — D"D*) < 6.5(8.2) x 107%;
B(B — D*D*°) < 3.7(4.6) x 107%;
B(B}— D:*D*") < 1.3(1.5) x 107%;
B(Bf— D*D*°) < 1.3(1.6) x 1073;
B(Bf — D**D*°) < 1.0(1.3) x 107%;
B(Bf —» D**D*°) < 7.7(8.9) x 107*,
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CHAPTER 8

Analysis of doubly charmed B~ meson

decays

This chapter details the analysis of B~ — DD decays that was introduced in Section 4.2.
Raw asymmetries are obtained and validated in Section 8.1. Production and detection
asymmetries are calculated in Section 8.2, and efficiencies are corrected in Section 8.3.
Systematic uncertainties are evaluated in Section 8.4. Sections 8.5-8.6 present and validate

results on the CP asymmetries and branching fraction ratios, respectively.

8.1 Raw asymmetries and yields

Yields and raw charge asymmetries are extracted in the extended maximum likelihood fit
of a model to the invariant mass distribution of data candidates in the range
4870 < m(D((:))_DO) < 5400MeV/c?, in bins of width 1MeV/c?. The fit is performed
simultaneously between the datasets containing B* and B~ candidates, sharing shape
parameters except where specified in Chapter 6. A separate fit is performed for Run 1 and
2 and for each final state.

During the development of the analysis, the data was charge-blinded by reversing the
charge for even run numbers. This ensured that the analysis would be blind to the charge
of a specific candidate but that correlations in charge between candidates in the same event
would be preserved. The data presented in this chapter is now unblinded.

Section 8.1.1 describes the model. Fit results are presented in Section 8.1.2 and
validated in Sections 8.1.3-8.1.4.

8.1.1 Fit model

The invariant mass distribution contains contributions from fully reconstructed B~ — DD
decays (Section 6.1), partially reconstructed B— DD decays (Section 6.2), partially
reconstructed B— D**D decays (Section 6.3), single-charm background (Section 6.4),
D — D™ cross-feed (Section 6.5.2), and combinatorial background (Section 6.6).

The charge-summed yield of each fully reconstructed decay and each B~ or B® decay
with one missing particle is a free parameter. The sum of the yields of all B~ and B® — D*D*
decays with two missing particles, and the sum of the yields of all B— D**D decays, are free

parameters, with the relative yield from each decay chain fixed as specified in Sections 6.2.2

131
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and 6.3 to ensure fit stability. The yield attributed to the single-charm, cross-feed and Bs0
decay backgrounds have been described in Sections 6.4, 6.5.2, and 6.2.5, respectively. The
combinatorial background yield is a free parameter.

All signal modes have a free A™". Precision on A is improved by constraining the
A™ of background decays where possible. A™"(B~ — D* D™°) are constrained using
measurements in the D* DY channel corrected for A° + AP (Section 8.2).
AraW(B(Os ,— D*"D**) must be equal to AP,

The asymmetry in F(](S_d — D™D*") oscillates as described in Section 2.3.3. The time-
integrated A™" is dominated by A% = (1.3 +1.4)% [22] plus AP. The time-dependent
A™(t) also contains

AP(AC cos Amyt — AS sin Amyt) + 0(0.01%), (8.1)

where t is the B° decay time, (t) is the decay-time dependent efficiency, and
Am,; = 0.5065 £ 0.0019 ps~! [22] is the B° mass eigenstate difference. Therefore the

time-integrated asymmetry contains

fooo e t/"B¢(t) AP(AC cos Amyt —ASsin Amyt)dt
7 emt/=B0g(t)dt

; (8.2)

where 7(B°) = 1.519 £ 0.004 ps [22] is the B° lifetime. Since 7(B°) is similar to the
oscillation period T = 27/Amy, the oscillating asymmetry partially averages to zero when
integrating over decay time. Given the values of A® ~ O(1%) [48] and
AC ~ AS ~ 0(0.1) [22], the contribution from Equation 8.2 can be neglected relative to
AP,

AP + A®(B° — D D**) has been measured using the fully reconstructed decay chain
at LHCb [48]. This is corrected for the soft pion detection asymmetry. The same analysis
measured A(B°) =(—1.1£0.9)% in Run 1 and (0.4 £ 0.5)% in Run 2, which is diluted
through B° oscillations by a multiplicative factor 0 < d < 1. Choosing d = 0.5 £ 0.5 does
not lead to a significant systematic uncertainty (Section 8.4), so no attempt is made to

determine a more precise value.

AP for the remaining double charm background decays have not been measured.
Predictions of A®"(B~— D;~D*°) and A% (B, — D™~D**) [81-85] are not used to avoid
a strong dependence of the result on theoretical predictions. Instead the A™" are treated
as free parameters. To ensure fit stability, the AraW(Bf — Ds(*)_D*+) are fixed to 0 and

assigned a systematic uncertainty of £100%.

The A™" of cross-feed is constrained by measurements in the D D° channel.
AP(B~ — [K n*],K nK*') has not been measured. It is assigned a value of
(0.0 £ 2.2)%, which is double the wuncertainty on the measured
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Table 8.1: A™" in percent and statistical uncertainty.

AW Run D°—Kn D°— K37
ANE D), 0T0n rsod
A™(B~— D;"D°) é _iﬁgﬁﬁi —3.;32
_ + — +
AMESDDY) oty osiia
ANE DY), aT0s issor
DK D°—> K37
+ +
AEoDD) 0o it
+ — 2%
A oppo) Lo 1S - 2lo
AT T i
AME-DD), 13iTE 1eii
D°—>Kn D°->Kr  D°—K3m
D°>Kn D°— K37 D°>Kn
+ —4+ +
A™(B~— D**D°) ; 2.gig.8 2.312.3 1.gig.3
y L TS P S SR
An@opepe) 1 OSE0C. 02206 - 0607

APB™ - [Knt]pn ntn™) = (—0.2 £ 1.1)% [208], as these decays have the same
flavour structure. The raw asymmetry of the sum of all B — D**D decay yields and the

combinatorial background are free parameters.

8.1.2 Fit results

The invariant mass distributions of B* candidates, and the fitted model, are plotted in

Figure 8.1. The A™" and signal yields obtained from these fits are presented in Table 8.1
A™¥(B~— D D**) and A™"(B~— D D°) have a —65%

correlation as the invariant mass distributions overlap, and otherwise correlations

and Table 8.2, respectively.

between the A™" of decays in the same channel are no more than 10%.
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Figure 8.1: Invariant mass distribution of (top row) B~ — DS_DO candidates, (middle row)
B~ — D D° candidates, and (bottom row) B~ — D* D candidates, separated into (left) B~ and
(right) B* candidates. The fitted model described in the text is also drawn. The data and model is
a sum over all datasets [2].
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Table 8.2: Charge-summed fitted yields of signal candidates selected for the measurement of A,
summed over Run 1 and 2 and over D° meson final states.

Decay Yield

B~— D D°  (2.305%0.005) x 10°
B~— D"D° (1.905+0.030) x 10°
B~— D D*  (2.14%0.04) x 10°
B~— D D° (1.149+0.012) x 10*
B~— D D*  (1.22+0.08) x 10*
B~ — D" D° (2.9+0.6) x 10°

B — D" D° (4.41+0.07)x10°
B~ — D* D*° (8.5+0.6) x 10°

8.1.3 Validation of modelling of partially reconstructed decays

To validate the modelling of partially reconstructed decays with one missing soft particle
X, = {y,n% n*} from a D*, their branching fractions relative to the fully reconstructed

decays,

B(B— D*D)B(D*— DX,)
B(B—— D°D)
_ N(B— (D*—DX)D) ¢(B — D°D)
~ N(B-—D°D) ¢(B— (D*— DX,)D)’

R(D*D) =

(8.3)

are measured. The efficiency ratio is estimated from the gradient de/dm of the linear
efficiency slope obtained in the fit to data,

e(B—>(D*—>DXs)D)_1 de (m _a+b) 8.4)
= . , .

¢(B-— DD) dm 2

where a and b are defined in Section 6.2.1. Since B°— D*"D** candidates in the D*~D°
channel can be reconstructed twice, the efficiency is doubled.

All systematic uncertainties considered for A™" (Section 8.4) are considered in this
validation. An additional systematic uncertainty to account for non-linearity of the
efficiency slope is evaluated as the change in the branching fraction when the efficiency
gradient for decays with two instead of one missing particle is used. Finally, the statistical
uncertainty on the efficiency gradient is propagated to an uncertainty on the branching
fraction ratio. The non-linearity of the efficiency slope forms the dominant systematic
uncertainty.

The measured values of R(D*D) are presented in Table 8.3, including the combined
measurement using all datasets. All measurements are consistent with expectations
(Table 8.4) and between datasets. This combination requires the correlation in

uncertainties between datasets to be specified. These correlations are not well known for
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many sources of uncertainty, including the dominant systematic uncertainties from the
description of the efficiency slope and combinatorial background, so the correlations that
represent the least information in the covariance matrix must be chosen. Assuming 100%
correlations on systematic uncertainties results in the least information only if the
correlated uncertainties are smaller than uncorrelated uncertainties [209]. To obtain the
covariance matrix with the least information, each covariance matrix element o; is

required to be no more than than both o;; and o ;; [209].

8.1.4 Bias and coverage

This section describes the implementation of pseudoexperiments to assess the bias and
coverage properties of the A™" measurements, and discusses the results of these
pseudoexperiments. Generating pseudodata requires an understanding of the correlations
between candidates, including knowledge of the fraction of B® — D*'D*" decays

producing double candidates, which will be evaluated first.

Counting of duplicated B°— D**D*~ decays

The fraction of selected B — D*"D** decays that produce two candidates is evaluated by
fitting to two subsets of the data. The first subset contains all pairs of candidates that differ
only by whether the soft pion is assigned to the D° or D°. In the second subset, these pairs
are removed.

If both soft pions are reconstructed, the average momentum of the decay excluding
one soft pion is lower than if only one soft pion is reconstructed, which creates a negative
correlation between the reconstructed mass and efficiency. Therefore, in the first subset,
the efficiency gradient is allowed to take the opposite sign, and in the second subset, the
B* and B?s) decays are allowed to have different efficiency slopes.

Exemplar fits to each subset are shown in Figure 8.2. The number of B® — D* D**
decays producing a single candidate, N, and the number producing a double candidate,
Ny, are extracted from these fits and used to calculate the fraction of selected B® —
D*~D** decays that produce two candidates, fy,p. (Table 8.5).

Pseudoexperiments

Pseudodatasets are generated with one signal .A™" set to 0%, 2% or 10%, and all other
unconstrained asymmetries set to 0%. Global observables, which are the parameters that
are constrained using external inputs, are generated randomly according to their Gaussian
PDFs. All other parameters are set to the parameters obtained from the fit to data.

Toy datasets are initially generated according to Poisson statistics with N (B(Os) — D*"D*")

equal to the number of decays with only one candidate. Then the number of decays with two
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Table 8.3: Measured values of R with statistical and systematic uncertainties.

Final state

Run 1

Run 2

Run 142

D—D*O

S

KKn,Km
KKmn,K3m
combination

1.20£0.06 £0.41
1.45+0.10+0.44
1.23+0.06+0.41

1.15+£0.02+0.26
1.23+0.04+£0.25
1.22+0.04 £0.25

1.15+0.02+0.26
1.23+0.04+0.25
1.22+0.04+0.25

D D°

KKn,Km
KKm,K3m
combination

1.08 £0.04+0.36
0.85+0.09 £0.26
0.87+0.08£0.26

1.08 +£0.03 +£0.25
1.03+0.03+0.20
1.03+0.03+0.21

1.08 +£0.03 +0.25
1.02+0.03 +0.20
1.03£0.03+0.21

DS_D*+

KKmn,Km
KKmn,K3m
combination

0.77£0.04+0.27
0.54+0.06+0.17
0.56+0.06+£0.17

0.71+0.02+0.17
0.61+0.03+£0.12
0.61+0.03+0.13

0.71+0.02+0.17
0.60+0.03+£0.12
0.61+0.03£0.13

D D*

Knmn,Kn
Knmn,K3m
combination

1.30+£0.26 £0.28
1.09+0.42+0.48
1.26 £0.23 +£0.28

1.29+0.12+0.16
1.27+£0.16+0.28
1.29+0.10+£0.17

1.29+0.11+0.16
1.26 £0.15+0.28
1.29+0.10+0.16

D*—DO

Knmn,Kn
Knm,K3m
combination

0.29+0.19+0.07
0.38+0.29+£0.16
0.32+0.16 £0.08

0.30+0.08 £0.05
0.42+0.12+0.09
0.33+0.07£0.05

0.30+0.08 +0.05
0.42+0.11+0.09
0.33+0.06+0.05

D D**

Knmn,Kn
Knm,K3m
combination

1.06+0.20+0.19
0.79+0.27+0.28
0.99+0.16 £0.20

0.93+0.09+0.07
0.76+0.12+0.14
0.89+0.07+0.08

0.94+0.08+0.08
0.76+0.11 £0.15
0.91+0.07+0.08

D*—D*O

Knn,Km
Knm,K3m
K3nr,Kmn
combination

4.07 £0.64+0.82
2.53+0.72+1.53
2.82+0.92+0.83
3.51+0.49+0.69

2.49+0.67 £1.02
3.54+0.48+0.65
2.44+0.31+1.08
3.25+0.36 £0.68

3.47+0.47+0.79
3.46 +£0.44+£0.66
2.60+0.42+0.90
3.44+0.32+£0.62

D*—D*+

Knrn,Km
Knmn,K3m
K3nr,Km
combination

1.83+0.28+0.38
1.21+0.30+0.68
1.42+0.39+0.38
1.63+0.22+0.32

1.36 £0.21 £0.53
1.49+0.20+0.29
0.92+0.13+0.41
1.35+0.14+0.30

1.66+0.20+0.38
1.47+0.18+0.30
1.08 £0.15+0.36
1.46+0.13+0.28
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Table 8.4: Expected R values [22].

R Expectation

D D* 0.91+0.21
DD° 0.84+0.20
D D** 0.60+0.10
D~D* 1.7+0.5

D*"D° 0.33+£0.06
D D**  1.09+0.16
D*D* 21405

D*D*" 1.39+0.21
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Figure 8.2: Fit to B — D*D° D° —» K—n*, D° - K*n~ candidates in Run 2 data. For (left)
the subset with only B— D**D*~ candidates and (right) with duplicated B — D**D*~ candidates
removed. The fitted model is also drawn and is described in the text.

candidates is generated according to Poisson statistics, and toy datasets for Bg )= D* D**
decays with this generated yield are generated with A™" = 0.

The model is then fitted to the dataset. The bias x — x,,, and pull (x —x,,,)/o, where
x is the fitted value, x,,,, is the generated value and o is the uncertainty on x, are obtained
for each parameter of interest. 1000 pseudoexperiments are performed for each set of
generation parameters. The central value bias, and the mean (u) and standard deviation
(o) of the pull distributions, are given in Tables E.1-E.6. Any bias is at least five times
smaller than statistical uncertainties and can therefore be neglected. Some overcoverage is
observed, in part due to the presence of double B — D*~D** candidates. This overcoverage

is no larger than 20% and no correction is applied.

8.2 Charge asymmetry corrections

Detection asymmetries (Equation 4.5) result from the asymmetry of nuclear interactions
of final state particles with the matter in the detector. The LO trigger requirements, track
reconstruction, and PID requirements also induce detection asymmetries. Furthermore

there is an asymmetry in the production of B~ mesons (Equation 4.4). These asymmetries
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Table 8.5: The number of B® — D*~"D** decays producing a single candidate, Niingle; the number
producing a double candidate, Ny, pje; and the fraction of selected B — D*~D** decays that produce
two candidates, fouble-

Period Final State Niingle Nyouble faouble
Kn,Km 511+£69 133+11 0.207+0.026

Runl Kmn,K3m 401 £53 75+8 0.158 £0.023
K3m,Km 289 + 88 79+9 0.22 +£0.05
Kmn,Km 1766+247 646+25 0.268 +£0.028

Run2 Kmn,K3m 1431 +£137 463 +21 0.244+0.020
K3m,Km 968 £220 454+21 0.32+0.05

must be evaluated to correct A™" to obtain A" (Equation 4.6). This section will explain

how each contribution is evaluated.

8.2.1 Production asymmetry

The asymmetry of the initial pp state induces a production asymmetry that is expected to
vary as a function of 4/s, p;, and y [210]. LHCb has measured A”(B™) in pp collisions
at /s = 7,8,13TeV as a function of (py(B™), y(B~)) by correcting the raw asymmetry in
B* — J/3yK* decays for the detection and known A" (Figures 8.3-8.4) [211,212]. The
dominant uncertainties are from the finite size of the calibration samples and a +0.3%
uncertainty on A“*(B* — J/4pK™) [22].

Corrections to A" (Table 8.6) are obtained by weighting the binned measurements by
the distributions of simulated candidates passing all selection and within +40 MeV/c? of

mpg-. The correction for partially reconstructed candidates differs by approximately 0.03%.

Table 8.6: AP(B™) in percent and statistical plus systematic uncertainty, excluding the uncertainty
on A(B* — JApK™).

Channel Final State 7 TeV 8 TeV 13 TeV

B-—D D’ KKmKm —07+06 —-13+04 —1.1%0.5
B-—D D’ KKm,K3nm —0.7£0.7 —1.5+0.5 —1.2+0.5
B —D D’ KnmnKn —-07+£06 —-13+£04 —-1.1+05
B —DD° KrnmK3m —08+07 —14+05 —1.2+0.5
B —»D*D° Knn,Km —0.6+0.6 —1.4+05 —1.1+0.5
B~—D*D° Knm,K3nm —0.9+0.8 —1.5+0.5 —1.2+0.5
B —D*D° K3nm,Km —0.8+0.7 —1.5+0.5 —1.1+0.5
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Figure 8.3: A"(B™) as a function of py(B™) (left) and y(B™) (right) at (top) /s =7TeV and
(bottom) 8 TeV [211]. Uncertainties are both statistical and systematic, and a 0.3% uncertainty
from AP(BT— JpK™) is correlated between all bins.
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Figure 8.4: AP(B™) as a function of py(B™) (left) and y(B™) (right) at /s =13TeV [212].
Uncertainties are both statistical and systematic, and a 0.3% uncertainty from A" (B* — JApK™)
is correlated between all bins.

8.2.2 Hardware trigger global TIS asymmetry

The requirement that the event excluding the signal candidate passes an LO trigger
introduces a CP asymmetry because the event always contains a b hadron of opposite
flavour to the signal candidate. The asymmetry

epis(B™) — eqis(B™)

ATIS —
ers(B™) + epg(B)’

(8.5)

where er5(B7) is the efficiency for a candidate to be TIS to any LO trigger, has been
measured as a function of p(B~) by LHCb at /s = 7,8 TeV using B~ — Do,u_@ decays
that passed the LO muon trigger [213]. The p;-integrated asymmetry was consistent with
zero.

A™ in signal is obtained by weighting these measurements by the p; distribution of
selected candidates passing the LO Global TIS requirement within £40 MéV/c? of my-. The
8 TeV measurement is used to obtain a correction for Run 2 data. The resulting A™ values
are are given in Table 8.7. A" is corrected by A™S multiplied by the fraction of selected
candidates in background subtracted data passing the LO Global TIS requirement
(approximately 60%).

8.2.3 Hardware trigger hadron TOS asymmetry

The efficiency of requiring that a hadron fires the LO Hadron trigger depends to first order

on the true E; at the HCAL surface and whether the energy deposit is in the inner or outer



142

CHAPTER 8. ANALYSIS OF DOUBLY CHARMED B~ MESON DECAYS

Table 8.7: A™S in percent for signal candidates passing the LO Global TIS requirement.

Final State  Polarity 2011 2012 2015-18

B~— D D° Up 0.10£0.34 0.06+0.20 0.05+0.21
KKm Down 0.31£0.28 —0.14+£0.20 —0.17+0.21
Kn Combined 0.22+0.18 —0.04+0.14 —0.06=+0.15
B~— D D° Up 0.12+£0.42 0.09+0.25 0.08+0.26
KKn Down 0.58+0.36 —0.17+0.25 —0.22+0.26
K3m Combined 0.38+0.34 —0.04+0.18 —0.07+0.19
B~— D D° Up 0.11+£0.35 0.05+0.20 0.05+0.21
Knm Down 0.34+£0.29 —0.15+0.20 —0.18+0.21
Kn Combined 0.24+0.20 —0.05+0.14 —0.06=+0.15
B~— D D° Up 0.10£0.45 0.09+0.26 0.08+0.27
Knm Down 0.60+£0.38 —0.20+0.27 —0.23+0.27
K3m Combined 0.38+0.34 —0.06+0.19 —0.07 +0.19
B~—D*D° Up 0.05+0.38 0.07+0.22 0.06+0.24
Kmnm, Down 0.40+0.33 —0.18+0.23 —0.22+0.24
Km Combined 0.25+0.23 —0.06+0.16 —0.08+0.17
B~— D" D° Up 0.07£0.49 0.08+£0.29 0.08+0.28
Kmnm, Down 0.65+0.42 —0.25+0.29 —0.25+0.28
K3m Combined 0.40+0.37 —0.08+0.20 —0.09 +0.20
B~— D" D° Up 0.08+0.42 0.08+0.25 0.07+0.26
K3nm, Down 0.52+0.36 —0.18+0.25 —0.24+0.27
Kn Combined 0.33+0.30 —0.05+0.18 —0.08+0.19

HCAL. This dependence, which is plotted in Section 3.2.3, is measured separately for kaons
and pions of each charge as the fraction of D** — (D° — K~ n*)n* decays passing the LO
Global TIS requirement where the kaon or pion also fires the LO hadron trigger.

At higher order, overlapping energy deposits from other hadrons in the candidate
increase the efficiency. The additional E; from overlap is estimated by modelling the
shower shape as a double Gaussian and the fraction of tracks not reaching the HCAL as an
exponential function of E;. The shower shape parameters and the decay constant are
derived from simulation.

The efficiency measurements for Run 1 [149] do not account for this effect, so the
measured efficiency curve incorporates the average E; overlap from the remainder of the
D**— D%t candidate. Consequently the measured efficiency curves in Run 1 are higher
than the true efficiency curves for a single charged hadron. Therefore this analysis does not
correct for overlap when calculating efficiencies for Run 1, and instead assigns a systematic

uncertainty to cover the effect of this correction.

The underlying event produces a small amount of additional E; that has been measured
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Figure 8.5: (Left) epos(B™), (centre) erog(B*), and (right) AT95, as a function of (p(B), n(B)). For
B™— DS_DO, D°— K~ n* decays in 2016 MagUp data.

in Run 2 only as a function of position in the HCAL, using events passing the LO Muon trigger.
Finally, the relative miscalibration of each HCAL cell is derived for Run 2 by comparing the
location of the turn-on in the efficiency curve in each cell to the known E; threshold, and
efficiencies are adjusted accordingly.

The candidate efficiency is the logical OR of the efficiencies ¢; of the tracks in the

candidate,

eros(B)=1—[ [(1—¢0. (8.6)

The asymmetry

ATOS _ eros(B7) — €10s(B™)
eros(B™) + €10s(BT)

in signal is calculated in bins of (pr(B),n(B)) (Figure 8.5) by applying this method to

(8.7)

simulated candidates passing the LO Global TIS requirement, in addition to all selection.
Each dimension is divided into two (four) bins containing equal yield for Run 1(2)
simulation. AT for signal candidates passing the LO Hadron TOS requirement is
calculated by weighting this measurement by the distribution of selected simulation
candidates passing the LO Hadron TOS decision. AT differs by less than 0.01% for
partially reconstructed decays. A is corrected by AT multiplied by the fraction of
selected candidates in background subtracted data passing the LO Hadron TOS
requirement (approximately 60%). No calibration data is available for 2015, so 2016 data
is used instead.

Table 8.8 shows A" for each final state and magnet polarity in 2012 and 2016. The
quoted uncertainties are from the finite sizes of the calibration and signal simulation
samples.

The uncertainty from the simulation sample size is large, up to 0.5%, when
considering only a single magnet polarity. The magnetic field shifts the x-component of
the momentum by approximately 1.2 GeV/c. This introduces a large shift in the efficiency,

which is in the opposite direction depending on whether a B~ or B™ hypothesis is
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Table 8.8: AT0S in percent and uncertainty is from the finite size of the simulation and calibration

samples.

Year Final state Up Down Combined
KKn,Km  —0.13£0.13 —0.08+0.13 —0.10£0.02
KKn,K3n® —0.34+£0.20 0.15+£0.20 —0.10£0.01
Knn,Kn 0.04+0.16 —0.03+£0.16  0.01+0.02

2012 Knm,K3m —0.14+£0.27 0.17£0.27 0.01£0.01
Knm,Km 0.11+0.25 —0.07+0.25 0.02+0.01
Knn,K3m  0.13£0.31 —0.10£0.31 0.01+0.02
K3nm,Knm  040+0.37 —0.39+0.37 0.01+0.04
KKn,Km  —0.22£0.20 —0.10£0.19 —0.16%+0.03
KKn,K3n —-0.46+0.34 0.15+0.33 —-0.15+0.03
Knn,Kn —0.21£0.20 0.02+0.20 —0.10%£0.06

2016 Knm,K3mw —0.24+£0.39 0.12+0.39 —0.06+0.05
Krnrn,Knm —0.14£0.23 0.194+0.22 0.02+£0.03
Knrn,K3® —0.35+£0.46 0.38+0.44 0.01+£0.04
K3nm,Kn —0.59+£0.45 0.45+0.44 -—0.07+0.04

considered, and therefore a large charge asymmetry. When reversing the magnetic field,
trajectories are bent in the opposite direction. Therefore the uncertainty associated with
the finite size of the simulation sample is strongly anticorrelated between magnet
polarities. Therefore, when averaging over magnet polarities, this uncertainty mostly
cancels, and the uncertainty associated with the calibration sample size becomes

dominant. An example of this effect is shown in Figure 8.6.

8.2.4 Kaon-pion detection asymmetry

The interaction cross-section of hadrons with matter has a momentum-dependent charge
asymmetry. Due to variations in material distribution, the asymmetry in detector
interactions also depends on pseudorapidity. This asymmetry is particularly large for
kaons, and smaller but non-zero for pions [22,214].

The best precision on the kaon detection asymmetry is achieved by measuring the

detection asymmetry of a K~ 7" pair,

ke EEK m)—e(K'n7)
 e(K—mt)+e(Ktm)’

(8.8)

in the difference of the raw asymmetries of the CF D* — K n*n* and D* — K°n*

decays [214-216]. These raw asymmetries are decomposed as

raw( y+ —
A®(DT"—> K™ 1 Mg

)=AP(D") + AP(K n*) + AP(n ),

trig

(8.9)
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Figure 8.6: Distribution of .AT°S weighted by e1os in simulated B~ — D~D°, D° — K3 candidates
in 2016. For each magnet polarity, the average asymmetry is ©(0.1%) but consistent with zero. The
polarity-averaged asymmetry is O(0.01%). The quoted uncertainty is from only the finite size of the
simulation sample.

and
A™(DY - K" )= AP (D) + A™(K®) + A°(n" ), (8.10)

trig trig

where n;g triggered the HLT1 line that selects events with a good quality track. If the D*
and ', . kinematics match between the two calibration samples, then the D* production,
7" detection, and trigger asymmetries cancel in the difference:

A™(DT > K 'y )— A (DT — I?Oﬂ:;ig) = AP(K~ ™) — A™(KO). (8.11)

To determine A" for the signal decay, the kinematics of the K m* in the
D" — K~ m*n* calibration sample must additionally match the kinematics in the signal
sample. Therefore binned weights are firstly applied to the D* — K~ n* " sample so that
the (p(K™), pr(n*),n(K™),n(n*)) distribution matches that in the signal sample. Then
weights are applied to the D* — K°z* sample so that the (p(D*), pT(n;ig), n(D"),
¢(m*,;,)) distribution matches that in the D™ — K~ " " sample.

The A™" for both calibration samples are extracted by fitting a signal plus background
model to the weighted m(D™) distributions. The bins (Table 8.9) were chosen to be as
narrow as possible while avoiding large weights that would reduce the stability of the A™"
determination. The binning for the first weighting is much coarser due to the lower statistics
of the signal sample compared to the calibration samples. The weighting procedure was
considered to be acceptably stable since the standard deviation of the weights was never
more than ten times the mean weight. An example of the weighting procedure is given in
Figure 8.7, which demonstrates that large differences, particularly in p and pr, are corrected
by the weighting.

If the calibration samples are not weighted accurately, the asymmetries will be biased.
The finite size of the bins necessitates the validation of this weighting procedure. The
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Table 8.9: Bin edges used in the weighting of calibration samples. The top three rows correspond
to binning for the first weighting and the bottom four rows correspond to binning for the second
weighting.

Variable Bin low edges

p(K)[ GeV/c] [0, 7, 10, 12, 15, 18, 21, 30, 40, 50, 70]

po(m)[ GeV/c] [0,0.5,1, 1.5, 2, 3]

n(K, m) [1.8, 2.9, 3.4]

(D) [2.55, 2.68, 2.78, 2.87, 2.95, 3.03, 3.11, 3.18, 3.26, 3.33,

3.40, 3.47, 3.54, 3.61, 3.69, 3.77, 3.87, 3.98, 4.14]
[1.9, 2.6, 2.9, 3.0, 3.2, 3.4, 3.5, 3.7, 3.9, 4.0,

pr(D)L GeV/c] 4.2,4.4,4.6,4.9,52,5.5, 5.9, 6.4, 7.1, 8.3]
[1.47,1.67,1.73, 1.79, 1.85, 1.92, 1.99, 2.07, 2.16, 2.25,

Pr(ugdl GV/e] 5 5"y 47 2,60, 2.74, 2.91, 3.13, 3.39, 3.74, 4.24. 5.15]

) (Mg [-3.15, -3.00, -2.85,..., 3.15]

procedure is validated by inserting artificial detection and production asymmetries with
kinematic variations into the calibration samples and verifying that the obtained signal AX™

agrees with expectations.

The exact form of the artificial AX™ is not critical, but it is important that it is qualitatively
similar to and varies at approximately the same rate as the true A*™. The dependence on the
kaon and pion momenta is determined in a fit to measurements of A" obtained as described
above. A linear 1) dependence is chosen to introduce a small but non-negligible variation

qualitatively in line with physical expectations. The artificial detection asymmetries are

_ 6
AP(K7)=—(14+0.5(n—3)) (0.4+ STGave /C), (8.12)
. 5
AP(nH)=(1 +0.5(n—3))(—0.6+ TGevle /C), (8.13)

and A?(D") = —0.96% [217]. For each D* charge q, asymmetry weights are calculated for

each candidate regardless of true charge in the D* — K~ n*t* sample,

_ 1+q(A°(DY) + AP(KT) + AP(n) + A°(n))

wi(q) = 5 : (8.14)
and the D* — K°n* sample,
1+q(A°(D") + AP(m*
wi(q) = q( ( 2) ( )). (8.15)

The yields for ¢ = £1 are determined in a fit to the calibration dataset, with each
candidate weighted by the product of the kinematic weights and w(q). These yields are
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Figure 8.7: (First two rows) distributions of (from left) p(K), n(K), pr(m) , and n(r) in (red)
B™ — DS_DO signal simulation and (blue) D* — K n™n* calibration data. (Second two rows)
distributions of (from left) pp(D*), n(D"), pr(n) and ¢(x) in (red) D* - K~ n* =t and (blue)
Dt — Kg n* calibration data. The signal and calibration distributions are compared (first and third
rows) before and (second and fourth rows) after weighting. For 2016 MagUp data.

used to obtain AX"™. This procedure ensures that the statistical uncertainty in this validation
is negligible.

The measured and expected asymmetries are compared for selected K-t pairs, which
are chosen to ensure that the full range of kinematics is investigated. The differences,
averaged over years and magnet polarities, are shown in Table 8.11. Overall there is no
strong indication of a bias, and differences are smaller than the systematic uncertainties

assigned to this asymmetry.

The residual A™"(K°) was estimated by simulating the propagation of the neutral
kaons through the detector and their flavour oscillations when interacting with the
material [214]. A™" = (—0.080 % 0.005)% in 2011 and (—0.082 %+ 0.005)% in 2012 were
calculated [218], with the uncertainty dominated by the material budget material. For
Run 2 the asymmetry was calculated as a function of the momentum of the pion from the
K° [216]. This measurement was folded over the momentum distribution in the weighted
calibration sample to obtain a correction of approximately (—0.065 % 0.005)% when the

calibration samples were weighted to match a high-momentum two-body D° — K~ 7%



148 CHAPTER 8. ANALYSIS OF DOUBLY CHARMED B~ MESON DECAYS

Table 8.10: AX" — A™(K©) in percent for K~ n* pairs in signal decays. Uncertainties are from the
finite size of the calibration samples. The asymmetry in each row is for the underlined kaon and
averaging over all opposite-sign pions. In the final row of each channel, the total contribution to the
detection asymmetries from K 7t pairs is calculated, treating the uncertainties as fully correlated.

Final state Run 1 Run 2

D (K-mn K*)D°(K m*) —0.85+0.26 —0.79+0.08
D (K-n KH)D°(K m*) —0.98+0.13 —0.85+0.06
D (K-mn K")D°(K_m*) —0.80+0.25 —0.71+0.10
D (K mn K")D°(K~m*) —0.67+0.39 —0.65+0.13
D (K-m K")D°(K n*n~n*) —0.95+0.15 —0.84+0.04
D (K nK)D(K n*n~n*) —0.96+£0.16 —0.82+0.06
D (K n K")D°(K_n*n m*) —0.96+0.12 —0.82+0.05
D (K mK")DK n*n~n*) —0.94£0.11 —0.84+0.04
D (n~n K")DY(K~nh) —0.98+0.18 —0.83+0.06
D~ (n~n K")D°(K_ =) —0.76£0.23 —0.70+0.11
D (n~mn KT)D°(K n") 0.23+0.08 0.13+0.07
D (n n K)D°(K ntn n*) —0.97+0.14 —0.78+0.06
D (m n K")D°(K n*n wt) —0.95+0.12 —0.81+0.04
D (nnK)DYK ntn nt) 0.02+0.03 —0.03+0.02
D* (K*n n DK n*) —0.80+0.19 —0.64+0.10
D* (K*n m})D’(K_n*) —0.74+0.27 —0.70£0.10
D* (K*n m)D°(K~n*) 0.06+0.15 —0.06+0.01
D* (K*n nH)D’(K n*n n*) —0.84£0.17 —0.68+0.09
D*(K*n nH)D’(K_n*n n*) —0.98+£0.14 —0.82+0.05
D*(K*n n)D°(K n*n n*) —0.13£0.11 —0.13+0.04
D*(K*n n*n n/)D°(K-n*) —1.00£0.10 —0.83+0.04
D*(K*n n*n n/)D°(K_n*) —0.84£0.18 —0.70+0.09
D*(K*n n*n n)D°(K n*) 0.17+£0.11  0.13+0.06

decay or (—0.071 £ 0.005)% when weighted to match lower momentum particles.

8.2.5 Pion detection asymmetry

The pion detection asymmetry is defined as

_e(n)—e(n)

A= e(nt) +e(n)’

(8.16)
where e(7*) is the detection efficiency for a m*. e(n") is measured as the fraction of
D** - (D° - K n*n n*)m! decays that can be partially reconstructed as K- n*n m}

requiring only one 7", where the full final state can also be reconstructed [219].
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Table 8.11: Absolute difference between the measured and expected AX” in percent for selected
K~ 7t pairs when the asymmetries in Equations. 8.12-8.13 are applied.

Km Runl Run?2
K- K+ Kt 0.04  0.07
K nK',Knt —0.04 —-0.01
K n Kt K nt 0.02 0.04
K nK',K ntnnt —0.06 —0.01
K'nn ,K n* 0.03  0.03
K'nn*n n_,K 7" —0.08 0.00

A" for each final state pion (Table 8.12) is evaluated by weighting the measurement
with the momentum distribution in selected simulated candidates. For 2016-2018 data,
only momentum-integrated measurements are available. To obtain A", these integrated
measurements are shifted by the change in asymmetry induced by folding Run 2 simulation
over the 2012 measurement. The correction in partially reconstructed signal differs by less
than 0.01%.

8.2.6 PID asymmetry

Owing to the dependence of the PID response on the reconstruction of the charged particle

tracks, there may be a charge asymmetry in the PID response,

PID — epp(B™— f)— &pp(BT— JT)

—. (8.17)
epp(B=— f) + &pp (BT — f)

PID requirements are placed on all final state particles in the preselection, and cross-feed
vetoes subject some particles to even tighter PID requirements (Section 5.7). The inclusion
of PID variables in the BDT (Section 5.8) further tightens the requirements, but it is no
longer possible to define exact PID cuts. Therefore the effective PID cut is defined as the
cut on DLL, . that produces the same mean DLL, . as the optimum BDT cut (Figure 8.8).
This effective cut accounts for PID requirements from all of the above sources. Effective
cuts are given in Table 8.13.

Furthermore a PID asymmetry is absorbed into A" and A™ since the calibration samples
used to derive these asymmetries are subjected to PID requirements that are often tighter
than the requirements in this analysis. The PID requirements applied to the calibration
samples for A" are shown in Table 8.14. The relevant pions in the A™ calibration sample
have DLL;, < 6(10) in Run 1(2).

The software package PIDCalib [220] uses calibration data samples [182] to
determine the charge-dependent efficiency of the effective and detection asymmmetry PID

requirements for each track in bins of track p, track 1, and nTracks. Since PID efficiencies
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Table 8.12: A”™ for all pions in signal decays in percent. Uncertainties are from the finite size of the

calibration samples.

Final state Run 1 Run 2

D (K n K*)D°(K~n*) —0.19+0.07 —0.04+0.04
D (K~mn K")D°(K m*) —0.15+0.09 —0.02+0.04
D (K n K")D(K n*n~n*) —0.19£0.07 —0.04+0.04
D (K n K")D°(K n*n~n*) —0.19£0.06 —0.05=0.04
D (K mK")DK n*n~n*) —0.19£0.06 —0.04+0.04
D (K nK")DK n*n~n*) —0.20£0.06 —0.05=0.04
D (n-n K")D°(K~ =) —0.17+£0.06 —0.03£0.04
D~ (n~n_K*)D°(K~n*) —0.17£0.06 —0.03+0.04
D~ (n~n K*)D°(K~r*) —0.15£0.09 —0.02+0.04
D (n mK")D°(K n*n w*) —0.17+0.06 —0.03+0.04
D (n n K")D°(K n*n w*) —0.17+0.06 —0.03=+0.04
D (n n K")D°(K ntn n*) —0.20£0.06 —0.05+0.04
D (m m KN)D°(K n*n w*) —0.194£0.06 —0.04=+0.04
D (n n K")D°(K ntn n*) —0.19+£0.06 —0.05+0.04
D* (K*n—m)D°(K~n*) —0.14+£0.09 —0.01+0.04
D* (K*n~n)D°(K~n*) —0.35+0.09 —0.17+0.04
D*~(K*n~n_)D°(K 1) —0.14+0.10 —0.02+0.04
D*(K*n~n)D°(K n*n~n*) —0.14£0.10 —0.01+0.04
D*(K*n n)D°(K n*n~n*) —0.34£0.09 —0.16+0.04
D*—(Kw—n_;)DO(K—n_%—n*) —0.19+0.06 —0.04+0.04
D*(K*n n)D°(K n*n_n*) —0.19£0.06 —0.04+0.04
D (K*n n)D°(K n*m n*) —0.19+0.06 —0.04+0.04
D*(K*n_n*n n)D°(K~n*) —0.20£0.06 —0.05+0.04
D*(K*n n*n n)D°(K n*) —0.19+£0.06 —0.04+0.04
D*(K*n n*n~n)D°(K m*) —0.20£0.06 —0.05=0.04
D*(K*n n*n n)D°(K n*) —0.35£0.09 —0.16+0.04
D (K*n n*n m)D°(K-m*) —0.15+0.11 —0.02+0.04
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Figure 8.8: (Top) Distributions of DLLg, (red) before and (black) after the BDT cut and (bottom)
efficiency of the BDT cut as a function of DLLg, in corrected simulation. For (left) the kaon and
(right) the pion from the D° in Run 2-simulated B~ — D~D° decays. The location of the effective
cut and the average efficiency are also indicated.

vary most strongly as a function of p, the calibration data is most finely divided in this
variable. In particular, the data is very finely divided below 10 GeV/c where the efficiency
varies most rapidly, and there are bin edges at the pion and kaon Cherenkov ring
thresholds of 2.6 and 9.3 GeV/c. The division is much coarser in 1 and nTracks to avoid a

large number of bins with low calibration yield. The bin low edges are:

e p: [1.0, 2.6, 4.5, 7.0, 9.3, 15.6, 19.0, 24.4, 29.8, 35.2, 40.6, 51.4, 56.8, 62.2, 67.6,
73.0, 78.4, 83.8, 89.2, 94.6, 100.0] GeV/c

e 7n: [1.500, 2.375, 3.250, 4.125]

* nTracks: [0, 150]

The PID asymmetry is evaluated on simulated candidates within +40 MéeV/c? of mj-
that pass all selection except for the BDT requirement, since the BDT introduces PID
requirements. Per-candidate efficiencies are determined for each track under both the
positive and negative charge hypotheses. The product of the track efficiencies are the
candidate efficiencies, which are used to determine the per-candidate PID asymmetries.
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Table 8.13: Effective DLLg, requirements on each final state particle.

Period Final state DLLg.(K) > DLLg () <
KKm,Kn  (—2.0,—2.4,—2.8) (8.7,8.6)
KKm, K31 (—2.0,—1.8,—1.8)  (8.8,9.5,9.5,9.2)
Knm,Kn (—1.1,—0.6) (7.6,8,6.7)

Runl Knm,K3n (—0.5,0.6) (7.6,8,7.0,7.2,8)
Knn,Kn (—3.4,—1.4) (8.0,9.9,8)

Knn,K3m (—2.4,—0.1) (6.6,9.9,7.7,7.4,7.9)
K3nm,Kn  (-2.1,—1.8)  (9.3,8.9,9.1,10.0,8.6)

KKm,Kn  (—2.9,—3.0,—3.1) (6.2,6.7)
KKm, K3t (—2.8,—-2.7,—2.0)  (6.0,5.9,5.9,6.1)
Knm,Kn (—1.1,—1.2) (2.7,3.3,3.8)
Run2 Knm, K37 (=0.9,0.6) (3.0,2.8,3.1,3.6,3.1)
Knm,Kn (—3.2,—1.9) (7.2,9.5,5.7)

Knm,K31 (—2.0,—0.4) (5.8,10.0,4.1,4.0,3.9)
K3nm,Kn (—1.8,—-1.7) (7.0,6.0,7.2,9.6,5.7)

Table 8.14: Requirements on DLLg, in the calibration samples used to calculate Ap(Km).
Requirements are tighter for earlier years.

Years PID requirements
2011-12  DLLg,(K)> 7, DLLg,(m) <O
2015 DLLg,.(K) > 5, DLLg () <5

2016-18 DLLy,(K) > —10, DLL (1) <7

The total AP is the mean of the per-candidate asymmetries weighted by the
per-candidate charge-averaged efficiencies. The total correction to A is the difference
A AP between the AP from the effective PID requirement and the total A" absorbed
into AX™ and A" (Tables 8.15-8.16). The correction for partially reconstructed decays
differs by less than 0.01%.

8.3 Efficiency corrections

Efficiencies of acceptance, reconstruction, and selection are essential to measure branching
fraction ratios, and are determined using samples of simulated decays as

_ Ziwi

N

gen

€ (8.18)

where the sum is over all selected candidates in simulation within £40 MeV of m-. N

gen

is the number of generated events. The weights w; correct for both the mismodelling of
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Table 8.15: AP of the effective PID requirement and absorbed into detection asymmetries, and the
associated AA"™P| in Run 1 data.

Final State  Polari A"/ % AAPP [
Y Effective Cut AP °

B~—D D’ Up 0.00+£0.06 0.17+0.10 -0.17=+0.06
KKrn Down -0.03+0.06 -0.33+0.10 0.30+0.05
Km Combined -0.02+£0.05 -0.09+0.08 0.07£0.04
B-—D D° Up 0.00£0.12 0.12+0.15 -0.11£0.06
KKn Down -0.03+0.12 -0.30+0.15 0.27+0.06
K3rm Combined -0.02+0.08 -0.10£0.11 0.08 £0.04
B~—D™D° Up 0.06+0.14 0.12+0.15 -0.07+0.03
Knm Down -0.04+£0.14 -0.13£0.14 0.09+0.03
Kr Combined 0.00+0.10 -0.01£0.11 0.01£0.02
B~— D™ D° Up 0.02+0.09 0.06+0.12 -0.04%0.04
Knm Down -0.05+0.08 -0.05+0.11 0.00+0.04
K3m Combined -0.01£0.06 0.00£0.08 -0.02+0.03
B~—D*D° Up -0.02+0.41 -0.16+0.48 0.15+0.13
Kmm, Down -0.05+0.40 -0.02+0.44 -0.03+0.13
Km Combined -0.03+0.29 -0.09+0.34 0.06=+0.09
B~— D" D° Up -0.04+0.24 -0.18+0.32 0.14%+0.11
Knm, Down -0.06 £0.21 0.08+0.28 -0.14+0.10
K3m Combined -0.05+0.16 -0.04+0.21 -0.01£0.07
B~—D*D° Up -0.00+0.24 0.08+0.25 -0.09+0.14
K3mnm, Down -0.02+0.24 -0.07+0.23 0.05+0.15
Kr Combined -0.01+0.18 0.00£0.17 -0.02+£0.10

kinematic and angular distributions (Section 5.3) and of the efficiency of LO requirements,
track reconstruction, and PID requirements. This section will describe the evaluation of the

weights to correct each these efficiencies.

8.3.1 Hardware trigger efficiency

The efficiencies of LO trigger requirements are not modelled accurately in simulation, so
per-candidate efficiency correction weights are determined using measurements derived
from calibration samples. The efficiency of the LO Hadron TOS requirement (erqg) is
determined in bins of (p;(B),n(B)) using the method described in Section 8.2.3, and
binned data-simulation corrections for ey5 are derived. Data-simulation corrections for
the requirement that a candidate passes LO Global TIS but not LO Hadron TOS (&rsp0iros)
are obtained using ersnorros = 1 — €rog for candidates that have passed the LO Global TIS

decision. Per-candidate weights for all selected simulated candidates are determined from
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Table 8.16: AP of the effective PID requirement and absorbed into detection asymmetries, and the

associated AA"™P| in Run 2 data.

Final State  Polari A"/ % AAPP [
Y Effective Cut AP °

B~—D D’ Up 0.03+0.03 0.03+0.03 0.01+0.02
KKm Down 0.12+0.03 0.13£0.03 -0.01+0.02
Km Combined 0.08£0.02 0.08+0.02 -0.00+0.01
B-—D D° Up -0.00£0.03 0.01+0.05 -0.02+0.05
KKm Down 0.09+0.04 0.07£0.04 0.01%+0.02
K3m Combined 0.04+0.02 0.04+0.03 -0.00%+0.03
B~—D™D° Up 0.06+£0.08 0.05+0.06 0.01+0.04
Knm Down -0.08 £0.08 -0.00+0.06 -0.08+0.05
Km Combined -0.01+0.06 0.03+0.04 -0.03+0.03
B~— D™ D° Up 0.09+0.04 0.06+0.03 0.03+0.03
Knn Down -0.07 £0.06 -0.02+0.04 -0.04+0.05
K3m Combined 0.01+0.04 0.02+£0.03 -0.01=%0.03
B~—D*D° Up 0.14+£0.12 0.15+0.12 -0.01+0.01
Krm, Down 0.12+0.13 0.05+0.11 0.07+0.04
Km Combined 0.13£0.10 0.10£0.09 0.03%£0.02
B~— D" D° Up 0.08£0.07 0.08+0.07 -0.00%+0.02
Krm, Down 0.03+0.07 0.06+0.06 -0.03=+0.02
K3m Combined 0.05+0.05 0.07+0.05 -0.02+0.01
B~ — D" D° Up 0.10£0.16 0.13+0.15 -0.03+0.04
K3mm, Down 0.14+0.14 0.07+£0.13 0.07+0.04
Km Combined 0.12+0.11 0.10£0.10 0.02%0.03

these binned corrections. Figure 8.9 shows a typical example of the binned efficiencies

and weights, and Table 8.17 shows the average weight for each final state.

8.3.2 Tracking efficiency

The tracking efficiency, introduced in Section 3.2.1, has been measured in bins of track
(p,m) with J/3p — u*u~ decays using a tag-and-probe technique [128]. One of the muons,
the tag leg, is fully reconstructed. To reconstruct m(u*u~) with sufficient resolution to
separate the decays from random combinations of tracks, the other muon, the probe leg,
must be reconstructed in two of the VELO, TT, T stations, and MUON stations. The tracking
efficiency in the other tracking detectors is then the fraction of probe legs that match a long
track. For example, the long track efficiency is determined using tracks present in both the
TT and MUON as probes. Data-simulation correction weights are the ratio of the efficiencies
after the same method is applied to simulation.
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Figure 8.9: (Top) €1070s and (bottom) € grisnorros i (left) data and (centre) simulation, and (right)
corresponding data-simulation weights as a function of (p4(B),n(B)). For the DS_DO, D> K nt
final state in the 2016 MagUp dataset.

Table 8.17: Corrections to € including uncertainties from the finite size of calibration and
simulation samples.

Final state Run 1 Run 2

KKn,Kn 0.976 £0.003 0.974+0.003
KKmn,K3m 0.985+0.005 0.983+0.004
Knm,Kn 0.978 £0.004 0.971+£0.003
Knm,K3®w 0.990+£0.007 0.988 +0.005
Krnn,Kn  0.997+0.009 0.970=+0.004
Knn,K3m 1.028+0.014 0.990+0.008
K3nn,Km 1.003+£0.016 0.983+0.007

Per-candidate weights are derived by applying corrections to each final state particle.
The calibration sample only contains tracks with p > 5 GeV so a correction of 1.00 + 0.05
is assigned for tracks with p < 5GeV. The resulting efficiency corrections are shown in
Table 8.18.

8.3.3 PID efficiency

The efficiency of PID requirements on a candidate (&p,) can be determined accurately and
precisely as described in Section 8.2.6. The PID requirements include:

* The PID requirements applied in stripping using uncorrected DLLg ..
* The PID requirements applied in preselection using corrected DLLy,..

* The efficiency of the PID-dependent components of the cross-feed vetoes.
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Table 8.18: Corrections to the tracking efficiency in each final state and operational run, including
uncertainties from the finite size of calibration and simulation samples.

Final state Run 1 Run 2

KKm,Km 1.03£0.01 0.98=+0.01
KKm, K3t 1.05%£0.02 0.97%£0.02
Knn,Km 1.03+£0.01 0.98+0.01
Knn,K3m 1.05%£0.02 0.97+0.02
Knn,Km 1.03+£0.02 0.98+0.02
Knn,K3nm 1.06+0.03 0.97+0.03
K3nrn,Kn 1.06+£0.04 0.97+0.03

The majority of the simulated samples for this analysis were generated in ‘Filtered’ mode,
so the PID requirements in stripping have been irreversibly applied. Stripping ‘Flagged’
samples are available for B~ — D(;)DO, D°— Kn(7m)in 2012 conditions, B~ — D*"D°, D° —
K*n~,D°— K n't in 2015 conditions and B~ — D(;)DO, D°— K in 2017 conditions.

To correct the PID efficiency in filtered samples, data-simulation corrections for the
PID efficiency of each final state particle in (p,m,nTracks) bins are derived using
stripping-flagged samples. Per-candidate weights are evaluated using these binned
corrections. Corrections for all pions in a D°— K~ n*n~ " decay use corrections from the
pion in the D° — K+ decay. Corrections are obtained for B~ — D*"D° decays in Run 1
using B~ — D~ D° simulation, using the first pion in the D~ — 7~ 1 K" decay to correct
the pions from the D° and the second pion to correct the soft pion from the D*~. Average
weights are shown in Table 8.19.

The exception is for B~ — D )DO decays in Run 1, where the stripping-flagged samples
are used elsewhere in the analysis. In this case, no PID requirements are applied to the
simulation sample and the weights are efficiencies instead of data-simulation corrections.
Average efficiencies are given in Table 8.20.

To validate the corrections obtained using different final states, epy, for D )DO,
D°— K~mn*n n" in Run 1 when using the D° — K~ " final state is compared to the true
epp Obtained using PIDCalib and stripping-flagged simulation samples. A similar test is
performed using the D™D° channel to correct the D*"D° channel in Run 2. In both cases,
the efficiencies are consistent within 2o (Table 8.21).

8.4 Systematic uncertainties

This section describes the evaluation of systematic uncertainties on A“ and R. The
numerical values following a weighted average over D° decay modes are presented in
Tables 8.22-8.23.
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Table 8.19: Data-simulation correction weights, including uncertainties from the finite size of the
calibration and B— DD calibration simulation samples.

Channel Final state Run 1 Run 2
D-D° D> K - 0.996 +0.003
s D°— K3rm - 0.999 + 0.005
D-D° D°—>Kn - 0.998 £ 0.005
D°—> K3m - 1.003 £0.008

D* > Knn,D°—>Kn  0.978+0.005 0.998 +0.003
D*D° D — Knm,D°—K3m 0.981+0.012 1.002=+0.005
D* - K3nm, D°>Kn 0.973+0.006 0.993+0.004

Table 8.20: epp for Run 1 data, including uncertainties from the finite size of the calibration samples.

Channel Final state epin/ %0
D-D° D°->Kn 88.19+0.12
s D°—>K3m 83.21+0.41

D°—-Kn 78.88+0.14
D°—> K3m 73.30+0.34

Systematic uncertainties on the raw asymmetries and yields

Systematic uncertainties on the raw asymmetries and yields due to the choice of invariant-
mass model are assessed conservatively as the change in central value when an alternative
model is used. These alternative models are specified below. Additionally, the systematic
uncertainties associated with fixed model parameters are evaluated as the change in central

value when these parameters are varied by their uncertainties.

Fully and partially (one missing particle) B — DD model: The resolution function
is replaced by a double Gaussian.

B — D*D* (two missing particles) model: The resolution smearing applied to the
generator-level simulation (Section 5.2) is removed.

Partially reconstructed B — D**D model: The resolution smearing is removed, and

Table 8.21: Bias on epyp as a result of using the weighted correction method. The quoted uncertainty
includes the finite size of the calibration and simulation samples, and the finite size of the calibration
and signal bins. Correlations in uncertainties between the methods are included.

Final state Period Bias

KKn,K3m Runl 0.993+0.011
Knn,K3®r Runl 0.983+0.011
Knrn,Km Run2 1.004=+0.003
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the fraction of the model from each of the four components (D** = D,, D,, D;, D,) is varied
between 0 and 1.

Combinatorial background model: A linear model is used.

Cross-feed yield, asymmetry, and model: The yield and asymmetry are varied by
their uncertainties. A single Gaussian model is used.

Single charm model: The yield and Gaussian width are varied by their statistical
uncertainties.

External inputs: Branching fractions, polarisation fractions, asymmetries, and BS0 to
B° efficiency ratios that are fixed from external inputs are varied by adding and
subtracting their uncertainties. The average change in central value is assigned as a
systematic uncertainty.

AP(B°) dilution: The dilution is varied between 0 and 1.

Systematic uncertainties on the asymmetry and efficiency corrections

All corrections have the following sources of systematic uncertainty in common:

Calibration sample size and systematic uncertainties: The statistical and systematic
uncertainties on the binned measurements are propagated.

Simulation sample size:  The systematic uncertainty is the uncertainty on the
(weighted) mean of the per-simulated-candidate asymmetries or weights.

Finite bin size: The bias due to the finite size of the bins is estimated by doubling the
bin size in all dimensions.

Further uncertainties are specific to an asymmetry or efficiency correction:

AP(B* = J/¢yK*): The 0.3% uncertainty [22] is propagated.

.Ara""(fo): The uncertainty, dominated by material map uncertainty, is propagated.
Additionally, this asymmetry is observed to vary as a function of the daughter pion
momentum, and this dependence is not included in the Run 1 evaluation. Therefore the
0.009% difference between the asymmetries from weighted and unweighted calibration
samples [218] is included as a systematic uncertainty for the Run 1 measurement.

2015 calibration data: No A" or e;o5 measurements are available for 2015 data.
Systematic uncertainties are evaluated as the standard deviation of the 2016-2018
corrections.

Effective PID requirement: The uncertainty on the effective PID requirement is
estimated as the change in the PID requirement that further doubles the PID inefficiency.
This uncertainty is propagated to an uncertainty on A",

PID efficiency independence: The PID efficiencies of each of the tracks in a candidate
are assumed to be independent, but this is not valid as the Cherenkov rings may overlap.
The associated bias on A”™P is assessed by comparing the simulated asymmetry induced by
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applying all PID requirements at once to the sum of the simulated track PID asymmetries.
The statistical uncertainty on this bias is evaluated using bootstrap resampling [221]. The
bias is consistent with zero and the uncertainty is assigned as a systematic uncertainty. The
standard deviation of the biases on PID efficiencies, which are evaluated as the fractional
difference between the PID efficiency and the product of track PID efficiencies, is assigned
as a systematic uncertainty on all branching fraction ratios.

Kinematic distributions for A”®: As described in Section 8.2.6, the BDT requirement
is not applied when evaluating A”P because the BDT uses PID variables. The absence of
the BDT requirement modifies kinematic distributions, which may bias A"'°. This bias is
assessed as the change in A”"® when the BDT requirement is applied.

A9 and ¢, binning variable: AT and ¢,, are determined in bins of (p;(B), y(B)),
but in reality depend on the E; and HCAL position of all final state tracks. The bias
associated with this simplification is estimated as the change in asymmetry correction
when binning the measurement in the maximum E; of the final state particles that are
within HCAL acceptance and assigned as a systematic uncertainty.

£10s corrections: The calibration data available for evaluation of &;y,5 in Run 1 does
not permit the evaluation of higher order corrections from the overlap of other tracks in
the decay, HCAL occupancy from the underlying event, and relative miscalibration of HCAL
cells. The resulting bias is assessed by considering the effect of these corrections in Run 2.

Hadronic interactions: Approximately 14% of kaon and 11% of pion tracks cannot
be reconstructed because of hadronic interactions. These interactions are modelled in
simulation, however, there is a 10% uncertainty on the material budget. Therefore there is
a fractional systematic uncertainty on the tracking efficiency for each final state particle of
10% multiplied by the fraction of tracks that cannot be reconstructed [128].

Tracking efficiency calibration simulation: The simulation samples used to obtain
the data-simulation weights are corrected in nTracks. A systematic uncertainty of
0.4(0.8)% per track in Run 1(2) is found by correcting the calibration simulation in

different variables.

Additional uncertainties on the efficiency ratio are:

Finite size of simulation sample: The uncertainty associated with the simulation
sample size is propagated.

Multiple candidate removal efficiency: The occurence of multiple candidates is
poorly described in simulation [194]. The change in efficiency ratio when all multiple
candidates are retained is assigned as a systematic uncertainty.

Mismodelling of BDT input variables: xftX(D), t/At(D) and y2(B) are mismodelled
in simulation (Appendix A), which biases the efficiency of the requirement on BDT response.
2 (DY) and t/At(D") are removed from the BDT for the

vtx
branching fraction measurement for this reason. x2 (D), t/At(D°) and y2(B) can be

As discussed in Section 5.8.1, y
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corrected using the CF decay, treating D° — Kn and D° — K3 separately. A systematic
uncertainty is assigned as the difference with and without this correction.

Mismodelling of 2 /ndf: y2 /ndf is mismodelled in simulation (Figure A.7). Since
the xfrk cuts applied in stripping lines are not fully efficient, this may bias the efficiencies.
This bias is assessed by fitting a bifurcated Crystal Ball function to the y2, /ndf distributions
in data and simulation, sharing the tail parameters between all tracks in all final states to
ensure fit stability. The inefficiency of the stripping requirements in data and simulation are
estimated by extrapolating the fitted PDF and used to calculate the bias. Inefficiencies of up
to 8% and biases of up to 4% are observed, which cancel to a large extent in the efficiency

ratio.

Systematic uncertainties from weighting

Uncertainties on the weighting of the simulation to agree with background-subtracted data
and on the weighting of simulation to model partially reconstructed decays (Section 5.3)
result in uncertainties on all corrections:

Reweighting training sample size: The uncertainty from the finite size of the training
samples is evaluated as the standard deviation in the average weight when the training
dataset is bootstrap resampled [221] one hundred times.

Background subtraction: Background subtraction is performed using a linear
background moddel.

Partially reconstructed weight parameterisation: The power law weight function in
p(B) is replaced by a Gaussian plus constant weight function in p;(B).

Partially reconstructed weight statistical uncertainty: The power law is varied by
its statistical uncertainty.

Partially reconstructed weights for final state particles: As discussed in
Section 5.3.9, the weight function for partially reconstructed decays does not in general
correct the kinematics of final state particles, but the size of the shift due to weighting is
similar to the size of the discrepancy. Therefore, for corrections that depend on the
kinematics of the final state particles, the difference with and without the partially

reconstructed weights is assigned as a systematic uncertainty.
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Table 8.22: Systematic uncertainties on A in percent, averaged over all D° decay modes.

D D° D~ D° D* D°

Source Runl Run2 Runl Run2 Runl Run2

Araw(B—_) D((:‘))—DO)
Double charm model 0.01 0.02 0.11 0.08 0.21 0.18
Single charm model 0.05 0.05 - - - -

Cross-feed model - - 0.00 0.00 - -

Combinatorial model 0.01 0.00 0.14 0.13 0.52 0.15
External inputs 0.05 0.06 0.01 0.00 0.04 0.01
Total 0.07 0.08 0.18 0.15 0.56 0.23

AraW(B—_)D((S*))_D*O)
Double charm model 0.14 0.23 1.10 1.04 1.51 1.19

Cross-feed model - - 0.00 0.00 - -

Combinatorial model 0.08 0.04 1.14 0.92 4.49 1.02
External inputs 0.55 038 0.14 0.12 0.11 0.11
Total 0.57 045 1.59 140 4.74 1.57

A™(B~— D;"D°)
Double charm model 0.78 0.51
Combinatorial model 0.55 0.22

External inputs 0.89 0.73

Total 1.31 0.91

AP 042 043 041 043 0.48 0.48
AP (Bt — JPK™) 030 030 0.30 030 0.30 0.30
AK® 0.28 0.11 0.04 0.04 0.10 0.00
A 0.09 0.09 0.06 0.06 0.18 0.17
APP 0.29 0.03 025 0.11 0.55 0.10
ATIS 0.08 0.10 0.08 0.10 0.09 0.11
ATOS 0.01 003 0.01 0.02 0.01 0.01
Weighting 0.01 0.00 0.04 0.00 0.01 0.00

Part. rec. weighting 0.03 0.02 002 001 003 0.01
Total 0.67 055 058 055 082 0.61
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Table 8.23: Fractional systematic uncertainties on branching fraction ratios in percent, combined
over all D° decay modes.

R(B-— D D% R(B~— D* D%

Source Runl Run2 Runl Run2
Double charm model 0.8 0.1 1.2 0.4
Single charm model 0.3 0.3 - -
Cross-feed model 0.0 0.0 0.0 0.0
Combinatorial model 0.1 0.0 0.5 0.2
Hardware trigger efficiency 0.6 0.1 1.4 0.2
Tracking efficiency 0.4 0.3 1.4 1.1
PID efficiency 0.8 0.6 1.6 0.7
Simulation sample size 0.8 0.9 1.1 1.1

Multiple candidate removal 0.1 0.1 0.2 0.4
MVA variable mismodelling 0.8 0.1 1.0 0.4

Track y? mismodelling 0.5 0.1 0.5 0.1
Weighting 0.1 0.0 0.1 0.0
Total 1.8 1.2 3.3 1.9

8.5 Charge-parity asymmetry results

In this section, CP asymmetry measurements are presented and validated, and the
measurements using data from each final state and operational run are averaged. The CP
asymmetries are obtained as specified in Equation 4.6 by subtracting the corrections

derived in Section 8.2 from the raw asymmetries measured in Section 8.1.

When averaging measurements from multiple datasets, weights

v11

where V is the covariance matrix, and 1 is a vector of ones, are assigned to each dataset.
These weights minimise the uncertainty on the average [222]. However, correlations
between datasets for many sources of systematic uncertainty are not precisely known,
including for sources of large uncertainty, such as the combinatorial background shape. To
obtain V, 100% correlation in uncertainty between datasets is assumed for all sources of
systematic uncertainty where a correlation might be expected. If the correlated
uncertainties are not large compared to uncorrelated uncertainties, this assumption
corresponds to the least additional information in the covariance matrix, which results in
the largest and therefore most conservative uncertainty on the combined measurement,
reflecting the limited knowledge of the correlations. Conversely, if correlated uncertainties

are large compared to uncorrelated uncertainties, higher correlations increase the
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Table 8.24: Weights for each data taking period and final state in their combination.

ACP Final State Run1 Run 2
D-DO KKmn,Km 0.20 0.52
. KKm, K37 012  0.16

KKm,Kn 0.11  0.59

*— 10
b;D KKmn,K3m 0.02 0.28
DD KKmn,Km 0.12 0.45
s KKmn,K3m 0.12 0.31
DD° Knmn,Kn 0.13 0.53
Knm,K3m 0.07 0.27
D~D*0 Knmn,Kn 0.17 0.52

Knm,K3t  0.01 0.31

Knn,Km 0.08 0.34
D*D° Krm,K3m 0.05 0.24
K3nn,Km 0.05 0.24

Knmn,Km 0.00 0.43
D*D* Knn,K3m 0.03 0.29
K3nn,Km 0.00 0.24

information in the covariance matrix; this regime is indicated by the presence of negative
weights in Equation 8.19 [209].

To address the presence of negative weights due to limited knowledge of correlations,
the measurement corresponding to the most negative weight is removed from the average
and the weights are re-computed. This process is repeated until no negative weights
remain [209]. The removed measurements correspond to measurements with large
correlated systematic uncertainties, and therefore contribute little to the overall
measurement and erroneously reduce the overall uncertainty if they are included. In
practice, negative weights are only obtained for A“(B~ — D* D*°). The weights derived
using this procedure are shown in Table 8.24.

Measured CP asymmetries, including weighted averages obtained as described above,
are presented in Table 8.25. No evidence of CP violation is seen. This table also shows the
relative size of the statistical and systematic uncertainties for each dataset. Correlations
between the A’ measurements are given in Table 8.26. Tables 8.27 and 8.28 also specify

the correlations in the statistical and systematic uncertainties, respectively.
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Table 8.25: A“Y measurements in percent in each final state and operational run, and the combined
measurements. The first uncertainty is statistical, the second is internal systematic, and each
measurement has an additional uncertainty of 0.3% from A" (B* — J/apK™) that is not tabulated.

Decay Final state Run 1 Run 2 Run 1+2
KKn,Km —0.4+0.6£0.6 0.8+0.3+0.4 0.5+0.3+0.4
DS_D0 KKmn,K3m 04+£09+0.6 1.0+0.4+£0.5 0.8+£04+0.5
combination —0.1+0.5%+0.6 0.8+0.3+0.4 0.5+£0.2+0.5
KKmn,Km 25+£31+12 —-09+14+£10 —-03+13%£1.0
DS’"_D0 KKmn,K3m 85+59+2.2 —-1.6+22+09 —06x+2.0x+1.0
combination 3.7£2.7+1.3 —-11+124+09 —-05+1.1+1.0
KKmn,Km —3.7+£2.3+£0.9 24+1.2+0.6 1.1+£1.1£0.6
D;D* KKm,K3nm —0.1£25%0.8 1.6+1.4+06 12+1.240.6
combination —2.0+1.7+0.8 2.1+0.9+0.6 1.1+£0.8£0.6
Knn,Km 1.2+29+0.5 1.7+£14+04 1.6+1.3+£0.4
D~ D° Knm,K3m 50+4.1+0.6 42+1.9+0.6 43+£1.7+£0.6
combination 24+24+0.5 26+1.1+04 25+1.0+04
Knmn,Km 1.9+53+1.1 02+£28+1.6 0.6t25+14
DD KnmK3m —09+9.7+45 —20+£33+24 —-19+3.1+25
combination 14+47+17 —-06+22+14 —02+20+14
Knn,Kn 9.5+£56+0.9 3.0+£2.8+0.5 42+25+0.6
D*DO Knn,K3n —29+72%+1.0 3.5+3.3+0.6 2.3£3.0£0.6
K3nm,Km 39+£71+1.0 2.8+ 3.3+0.5 3.0£3.0£0.5
combination 46+£3.7+0.9 3.1£1.8+0.5 3.3£1.6+0.6
Knn,Kmn —74+7.1+£13.0 57+35+£1.5 50£33+1.6
DD Knn,K3n 0.0+£8.7+3.1 09+£3.7+1.9 0.8+£3.4+2.0
K3nm,Km 56+£89+7.5 —15+3.8+26 —-14+3.7+27
combination 1.7£6.3+t4.8 24+21+1.6 23+21+1.7

8.5.1 Validation

As part of the unblinding procedure, the differences in the CP asymmetries between magnet
polarities (Table 8.29), final states (Tables 8.30-8.32), and operational runs (Tables 8.33)
were measured. Additionally, the measurements of A*(B~— D(_S)DO) with Run 1 data were
compared to the earlier LHCb measurement that used only Run 1 data [173]. In all cases, a
difference of more than two standard deviations would trigger further investigation, and a
difference of more than five standard deviations would be considered an error that would
need to be resolved before the analysis could progress.

A difference of 2.00 is observed for A’ (B~ — D~D°) when comparing magnet polarities
and for A’ (B~ — D D*°) when comparing Run 1 and Run 2. All other comparisons pass the
unblinding check of consistency within 2c. This is deemed acceptable since 23 independent

comparisons are performed.
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Table 8.26: Total correlations between AY measurements after combining Run 1 and 2 and final

states.

p;p° DpsD° D;D* D D° DD D*D° D*D*¥
D D° 1.000
D7D’ | 0.335  1.000
D D* | 0.431 —0.282  1.000
D~ D° 0.386 0.186 0.234  1.000
D™D* | 0.183 0227 0.180 0.195 1.000
D*D° | 0.286 0161 0177 0.166 0.130  1.000
D**D* | 0190 0227 0211 0.168 0311 0.189  1.000

Table 8.27: Correlations in statistical uncertainty between A" measurements after combining Run 1

and 2 and final states.

| p;p°® DD° DD* D D° DD DD’ D" D?
D D° 1.000
D D° | 0.092  1.000
D D* | —0.025 —0.628  1.000
DD° | —0.000 0.000 0.000 1.000
D™D* | 0.000 0.000 0.000 0.060 1.000
D**D° | 0.000 —0.000 —0.000 —0.000 —0.000  1.000
D*D* | 0.000 0.000 0.000 0.000 0.000 0.054 1.000

Table 8.28: Correlations in systematic uncertainties excluding A“*(B*— JApK™') between AP
measurements after combining Run 1 and 2 and final states.

p;p° DpsD° D;D* D D° DD D*D° D*D¥
D D° 1.000
D D° 0.434  1.000
D D* 0.714 —0.007  1.000
D~D° 0.895 0.512 0.736  1.000
D™ D*° 0.282 0.536 0.438 0.530 1.000
D*D° 0.846 0.516 0.708 0.962 0.574  1.000
D*D* | 0.273 0476 0488 0.550 0.834 0.616 1.000
Table 8.29: Difference in A" between magnet polarities.
AP Run 1 Run 2 Run 142
D D° —-1.3+1.0+04 0.6+0.5+0.4 0.0+0.5+0.3
DD° —52%54%+0.8  26+24£07 14+22+£0.6
D D* 25+£33+0.6  01+1.7£05 09%15+0.5
D™ D° 5.7+4.8+0.6 3.9+22+0.3 4.2+2.0+0.3
D D* —-169+132+23 —03+43+06 —28+39+0.5
D*D° 50+75+0.7 —-20+3.6+04 —-08+32+04
D*D* 145+11.0+3.8 4.0+50+1.1 32+48+1.2
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Table 8.30: Difference A(f;, f;) in ACP between final states f; and fj in Run 1 data.
AP A(Km,K3m)
D D° —0.8+1.1£0.4
DD° —59+6.6+1.8
D D*  —3.6+£3.4%0.6
AP A(Km,K3m)
D~ D° —3.8+5.0+0.2
D™ D*° 2.8+11.0+3.5
AP A(KnKn,KnK3n) A(KnKn,K3nKn) A(KnK3m,K3nKm)
D*D° 12.4+9.1+0.3 5.6+9.0+0.4 —6.8+10.1+0.3
D*D* —754+11.24+10.3 —-13.1£11.4+57 —5.6+12.4+4.7
Table 8.31: Difference A(f;, f;) in A" between final states f; and f; in Run 2 data.
AP A(Km,K3m)
D D° —0.24+0.5£0.2
D D° 0.7£2.6£0.5
D D* 0.8+1.8+0.2
AP A(Km,K3m)
D~ D° —2.5+2.34+0.3
D~ D*° 21+4.4+2.6
AP A(KnKn,KnK3n) A(KnKn,K3nKn) A(KnK3m,K3nKm)
D*D° —0.5+4.3+0.2 0.1+4.3+0.3 0.6+4.7+0.2
D*D* 4.8+51+1.3 7.2+5.2+25 2.4+53+1.3

Table 8.32: Difference A(f;, f;) in ACP between final states f; and f;j in Run 142 data.

AP A(Km,K3m)

D D° —0.3+£0.5+0.2

D D° 0.3+£2.4+£0.6

D;D*  —0.1£1.6+0.2

AP A(Km,K3m)

DD —2.7+21+0.2

D~D* 2.5+4.0+2.4

AP A(KnKn,KnK3n) A(KnKn,K3nKn) A(KnK3m,K3nKm)
D*D° 1.9+£3.9+0.2 1.24+3.94+0.2 —0.7+4.3+0.2
D*~D* 43+48+0.9 6.4+5.0£2.0 2.1+£5.1+£1.2
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8.6 Branching fraction results

Combining measurements from all datasets with weights evaluated using the method

described in the previous section results in measurements of
R(B-— D D% =(7.25+0.09+0.09) x 1072,
and
R(B~— D™ D%) =0.271£0.007 £ 0.005,

where the first uncertainty is statistical and the second is systematic. The correlation
between these measurements is —47%. These values are in good agreement with the
world averages of (7.4+1.1) x 1072 and 0.29 + 0.05, respectively [22].

8.6.1 Validation

To validate the measurement, the ratio

B(D°— K~ n™)

0y
R(DD = B(D°— K—mtn—mt)

(8.20)

is measured to be 0.524 £0.005 £ 0.019 and compared to the world average of 0.480 =
0.007 [22], which is dominated by a measurement from CLEO [223]. The uncertainty is
dominated by uncertainty on the material budget.

Measurements of the branching fraction ratios and R(D°) are compared between Run 1
and 2 and between the decay channels in Tables 8.34-8.36. To validate the LO trigger
efficiency corrections, the branching fractions are measured separately for TOS and
TISnotTOS candidates in Tables 8.37-8.39. When dividing the dataset in this way, the
uncertainty is dominated by the uncertainty associated with corrections to ¢;,. In all cases,

the measurements agree to better than 3 standard deviations.

8.6.2 Stability tests

The stability of the central value against different selection is evaluated by using no MVA cut,
a tight MVA cut (half the efficiency of the nominal cut) and a tight PID cut (DLLy.(K) >
—1, DLLg () < 1). Tables 8.40-8.42 show the relative bias on each value of R. This
bias is defined as the value under the modified selection divided by the nominal value.
Correlations between the datasets are accounted for. The significance of the bias is also
quoted. When applying a tight MVA cut, the systematic uncertainty from reweighting of
MVA variables becomes dominant. When applying tight PID cuts, systematic uncertainties
from the binning of PID efficiency calibration samples and PID efficiency track independence

become dominant.
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Table 8.34: R(D™D°/D;D®)/1072 in each final state and for each data taking period. The first

Table 8.33: Difference in AP between Run 1 and Run 2.

AP A

D;D° —0.9%+0.6+0.4
D;/D°  4.8%3.0+0.7
D;D* —41£1.9%0.7
DD° —0.1+£26+0.3
D~D*° 2.0+£5.2+0.6
D*D° 1.5+4.2+0.7
D*D* —0.7+6.6+3.5

uncertainty is statistical and the second is systematic.

Table 8.35: R(D*~D°/D~D°) in each final state and for each data taking period. The first uncertainty

Final state

Run 1

Run 2

Kn
K3m

6.88+0.24+0.12 7.35+0.12+0.11
6.93+0.38+0.23 7.40+0.18+0.15

is statistical and the second is systematic.

Table 8.36: R(D°) as measured in each decay channel and for each data taking period. The first

Final state

Run 1

Run 2

Km 0.328+0.023+0.011 0.256+0.009 £ 0.005

K3m

0.316 £0.033+0.015 0.272+0.012+0.008

uncertainty is statistical and the second is systematic.

Channel

Run1

Run 2

B~— D D°
B~— D D°
B™— D*_[Krms]DO
B~ — D* D%y

0.562 +£0.007 +0.030
0.558 £0.036 +£0.030
0.579 £0.062 £ 0.035
0.558 +0.059 £0.032

0.518 £0.003 +£0.020
0.514+£0.015+0.021
0.485 £ 0.024 £ 0.020
0.513+0.028 £0.026




Table 8.37: R(D~D°/ DS_DO) /1072 in each final state and for each data taking period, separated by LO trigger decision. The first uncertainty is statistical

and the second is systematic.

Run1

Final state

TOS

TISnotTOS

Run 2

TOS TISnotTOS

Kmr
K3m

6.90+0.30£0.19 7.00£0.41+0.19 7.18+0.15+0.15 7.66+0.20+0.16
6.88+0.50+£0.38 6.93+£0.58+0.43 7.42+0.24+0.23 7.42+0.27+0.22

Table 8.38: R(D*~D°/D~DP) in each final state and for each data taking period, separated by LO trigger decision. The first uncertainty is statistical and

the second is systematic.

Final state Run 1 Run 2

TOS TISnotTOS TOS TISnotTOS
Km 0.316 £0.026 +£0.013 0.346+0.044 £0.019 0.254+0.011+0.006 0.273+0.016+£0.010
K3m 0.281 £0.040+0.018 0.420+0.063 £0.029 0.254+0.015+0.010 0.318+0.024+£0.012

Table 8.39: R(D°) as measured in each decay channel and for each data taking period, separated by LO trigger decision. The first uncertainty is statistical

and the second is systematic.

Channel

Run 1

TOS

TISnotTOS

Run 2

TOS

TISnotTOS

B~— D D°

B~ — D D°

B™— D*_[Kmrs]DO
B — D*_DO[KTE]

0.576 +£0.010+0.070
0.577 £0.048 = 0.066
0.649 £0.093 +0.071
0.590 £0.078 £0.057

0.551+0.011 £0.045
0.556 +0.056 £ 0.045
0.459£0.078 £0.046
0.504 £0.091 £0.044

0.508 £0.004 £ 0.022
0.492+0.019 +£0.023
0.492+0.031+£0.023
0.483 +£0.031+£0.031

0.538 £0.005 £ 0.024
0.556 +0.024 £ 0.028
0.478 +£0.040 £0.027
0.616 £0.052 +0.056
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Table 8.40: Bias on R(D™D°/ DS_DO) for different selections and corresponding significance

Run

Tight MVA

Tight PID

Run

Run

0.925 £ 0.032 + 0.004(—2.40)
1.008 + 0.052 + 0.031(+0.10)
0.977 +£0.015 £ 0.010(—1.20)
0.945 £ 0.021 £ 0.020(—1.90)

1.032 +0.023 + 0.024(+1.00)
1.048 + 0.047 + 0.034(+0.80)
0.989 % 0.009 + 0.024(—0.40)
1.031+0.014 +0.025(+1.10)

Table 8.41: Bias on R(D*~D°/D™~D°) for different selections and corresponding significance

Run

Tight MVA

Tight PID

Run

Run

0.969 £ 0.070 £ 0.010(—0.40)
1.163 £ 0.104 + 0.029(+1.50)
1.006 £ 0.034 + 0.016(+0.10)
0.986 + 0.044 + 0.019(—0.30)

0.891 %+ 0.054 + 0.055(—1.40)
0.776 £ 0.085 + 0.039(—2.40)
0.998 +0.019 + 0.022(—0.10)
0.931 +0.027 £ 0.021(—2.00)

Table 8.42: Bias on R(D°) for different selections and corresponding significance.

Run

Tight MVA

Tight PID

Run 1

1.073 +£0.013 +0.039(+1.80)
0.985 =+ 0.060 + 0.051(—0.20)
0.820 £ 0.080 =+ 0.048(—1.90)
0.923 £ 0.096 £ 0.024(—0.87)

0.928 + 0.009 + 0.023(—2.90)
0.915 + 0.045 £ 0.028(—1.60)
1.051+0.121 + 0.034(+0.40)
0.863 + 0.089 + 0.054(—1.30)

Run 2

Final state No MVA

, km 1.062 £ 0.044 £+ 0.006(+1.40)
K3m 1.096 +0.095 +0.027(+1.00)

, Km 0.993 £0.015 + 0.004(—0.50)
K37 0.989 £ 0.028 +0.017(—0.30)
Final state No MVA

, Km 0.968 + 0.053 £ 0.011(—0.60)
K3m 0.850 £0.099 £0.017(—1.50)

, K 1.048 £ 0.023 £ 0.003(+2.00)
K3rn 1.063 £ 0.045 £ 0.011(+1.40)

Channel No MVA

B~— D D° 0.969 £+ 0.007 £ 0.035(—0.90)
B~— D D° 0.939 +0.090 £ 0.053(—0.60)
B™— D" gnnD°  1.069 +0.092 %+ 0.041(+0.70)
B> D* D%,  1.002+0.073 +0.042(+0.00)
B~— D D° 1.001£0.003 +£0.017(+0.10)
B~ — D D° 1.005 +0.032 +0.025(+0.10)
B™— D" (g 1D°  0.991+0.035+0.023(—0.20)
B~— D" D%,  0.990+0.030+0.021(—0.30)

1.007 + 0.006 %+ 0.012(+0.50)
1.041 £+ 0.028 + 0.017(+1.30)
1.062 +0.052 + 0.026(+1.10)
1.100 + 0.055 + 0.018(+1.70)

0.983 £ 0.003 + 0.029(—0.60)
0.942 +0.015 £ 0.027(—1.80)
1.010 +0.031 + 0.035(+0.20)
0.976 + 0.029 + 0.039(—0.50)
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CHAPTER 9

Beauty to double charm decays in Run 3

and beyond

To prepare for a five-fold increase in instantaneous luminosity, the LHCb detector has been
upgraded in advance of Run 3, as described in Section 3.3. These upgrades included the
removal of the hardware trigger and the use of real-time alignment and calibration to
enable exclusive real-time selection of decay chains in the final stage of the software
trigger. This redevelopment of the trigger system is expected to produce large increases in
signal efficiencies, particularly for fully hadronic final states such as those described in
these thesis, which suffered from low hardware trigger efficiencies.

This chapter firstly describes the development of HLT2 trigger selections to select B(“: )
meson decays to two charm mesons in Run 3 within the new trigger paradigm. The
trigger line requirements in terms of final states and target event rates are specified in
Section 9.1. In Section 9.2, a generic b-hadron neural network is developed to reduce the
rate of background candidates that are not kinematically and geometrically consistent
with a b-hadron candidate. The utility of this neural network extends beyond double
charm decays, and its output is currently used as a discriminating variable in over two
hundred HLT2 lines selecting beauty hadron to open charm decays in Run 3. In
Section 9.3, trigger line thresholds on discriminating variables are optimised for signal
efficiency and event rate.

Up to four further data taking periods, at progressively higher luminosities and
centre-of-mass energies, are foreseen for the LHC and the LHCb experiment, as specified
in Section 3.1. The substantial increases in luminosity, in particular, will vastly increase
the size of the LHCb dataset and accelerate the pace at which the LHCb experiment is able
to advance understanding of fundamental physics. Experimental propsects for beauty
meson to double charm decays in future data taking periods, based on the scheduled
integrated luminosities and the expected gain in signal efficiencies evaluated in this
chapter, are discussed in Section 9.4.

9.1 Trigger line specification

. . . . —0 ..
Trigger lines are developed for the exclusive selection of B(t ) decays to D((:))J’ D" final states.
D™ mesons are selected in the K"n*n™ or K"K*7™ final states; D" mesons are selected in

the K"K n* final state; D*" mesons are selected in the D’ final state; and D° mesons
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172 CHAPTER 9. BEAUTY TO DOUBLE CHARM DECAYS IN RUN 3 AND BEYOND

are selected in the K*nn*(n*n~), K- K*(n*n~), and n*n~n*n~ final states. For B} decays,
the D° mesons are additionally selected in the CP-odd K{n*n~, KJK*K~, and KJK¥r*

final states that will be useful for a potential measurement of y. K{ — m* 7~ candidates are

0

reconstructed as either a pair of long tracks (Kj (L]

) or a pair of downstream tracks (KS [DD])
in separate trigger lines.

The HLT2 output bandwidth limit is 10 GB/s, which restricts the rate at which trigger
lines can select events. In 2022 and early 2023 data taking, the instantaneous luminosity is
similar to that in Run 2, which is five times lower than the planned eventual instantaneous
luminosity for Run 3 data taking. Furthemore, detector commissioning, calibration, and
alignment will not be complete until later in 2023. Moreover, the quality of the agreement
between data and simulation is not known, and reconstruction and identification tools must
be tuned on data before they are reliable. Consequently, tight selections, even with a high
signal efficiency in simulation, may introduce a large signal rejection in data.

Owing to the low instantaneous luminosity and the limited reliability of tight selections,
the initial development of trigger selections described in this chapter targets a background
efficiency of below 0.01%, corresponding to a 100 Hz event selection rate for a 1 MHz HLT1
output rate. These selections are optimised to achieve an event rate below the target while
maximising signal efficiency. Once the improvements described above are complete, the

selections must be revised to further reduce the background efficiency.

9.2 Generic beauty hadron neural network

An MVA is trained to discriminate between b-hadron decays and candidates from
combinatorial background. This MVA is evaluated at the final filtering stage for HLT2
lines, and takes as an input the full b-hadron candidate. The training variables are the 7,
log(pr), log(1 — DIRA), log(x2)), log(x2), and log(IP) of the b hadron. The MVA is
trained using simulated signal and minimum bias candidates selected by the HLT2 line
corresponding to the signal decay for B — (D, = K" K*n )K*, B’— (D, - K K"n")n™,
B — (D> K K"K ,B = (D°—>K{n*n )K", and A) - (A* — pK~nn*)n~ decays.

The MVA architecture is a monotonic Lipschitz neural network [224]. This architecture is
based on a feed-forward neural network, which consists of layers of nodes. Each node outputs
a response as a function of the output of all nodes in the previous layer. The input layer
consists of one node for each training variable that outputs the value of the corresponding
variable; this is followed by hidden layers of nodes, and an output layer that evaluates and
outputs a scalar response.

A monotonic Lipschitz neural network is robust to fluctuations in the training data and
small changes in the experimental conditions, such as the calibration. This property is
enforced by constraining the functions that transform node inputs into outputs, and

therefore constraining the magnitude of the gradient of the response function with respect
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to the input paramaters. This robustness reduces bias in the simulated selection efficiency
from disagreement between data and simulation, which decreases systematic
uncertainties in future physics analyses. Monotonicity of the response function in any
subset of of the input variables is enforced by constraining the sign of the gradient. This
property allows a high efficiency to be maintained for signal candidates with extreme
values of the input variables that are a priori known to be interesting for physics analysis,
even if these candidates are not well represented in the signal training data.

The MVA is trained with two thousand background candidates and five thousand
signal candidates. It will be retrained with HLT2 output data once this becomes available,
to both increase the size of the training dataset and to better describe the background
distributions. The response is required to increase monotonically in p; and decrease
monotonically in all other variables. The distributions of the training variables in signal
and background are given in Figure 9.1. The signal response as a function of each variable
(evaluated at the median of the signal distribution in all other variables) is also shown in
this figure, illustrating the monotonic and smooth variation of the response in each
dimension. Figure 9.2 shows the response in two-dimensional planes of the discriminating
variables (again evaluated at the median of the signal distribution in all other variables),
and the contour corresponding to the requirement of a response greater than 0.2 applied
in Section 9.3. The output distribution and ROC curve are shown in Figure 9.3.

Overtraining of the MVA can be assessed using a two-sample Kolmogorov-Smirnov
test [225], which tests if two distributions are compatible with originating from the same
parent distribution. If two distributions are compatible, p-values for the test are expected
to be randomly distributed according to a uniform distribution between zero and one. For
this neural network, the p-values are 0.11 and 0.65 for the signal and background

datasets, respectively, indicating no evidence of overtraining.

9.3 Beauty to double charm trigger lines

The trigger line selections must reduce the event rate to below 100 Hz, where the event
rate
R =1 MHz x €minbias (91)

is evaluated as the HLT1 output rate, 1 MHz, multiplied by the selection efficiency on HLT1-
sig Should be
is the yield of selected simulated candidates matching truth criteria divided

filtered minimum bias simulation, &;..s- Meanwhile, the signal efficiency ¢
maximised. &g,
by the number of simulated signal decays where all final state particles are within LHCb
acceptance.

Separate trigger lines are developed for B and B} meson decays. This allows the lines

selecting Bl meson candidates to take advantage of the lower background at higher
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Figure 9.1: Distributions of input variables to the b-hadron MVA in signal and background training
samples, and signal response as a function of each parameter. The signal response is higher at high
pr and 7; at DIRA close to one where the directions of the candidate momentum and displacement
are similar; for good-quality vertices; and for small transverse displacements from the PV,

invariant mass to employ looser selections on the displacement of the B meson.

Mass windows for the B(t ) and D mesons are chosen to include the full range that may
be useful for physics measurements. The window m(B™) € [4800,5650]MeV/c? includes
B™ — DD decays that are fully reconstructed or partially reconstructed with one missing
particle; the upper mass sideband for training an MVA in offline selection; and a lower
mass range to constrain peaking backgrounds that partially overlap with signal decays. The
window m(B) € [5050,6700] MeV/ c? covers fully and partially reconstructed Bf — DD
decays and fully reconstructed B* — DD decays that can be used as normalisation modes.
D(*s' ) and D° candidates are required to have a reconstructed mass within 100 MeV/c? of their
known mass.

Selection variables are based on those used in the stripping selection for Run 1+2 data.
The displacement along the z-axis of the D meson from the B(t) meson, Az(D), is also
considered. The thrk/ndf and ghost probability are not considered at this stage as these
must be trained on data before they are used in selections.

An iterative procedure is established to optimise the thresholds. Firstly, samples of
simulated B, — DD° and Bi, — D**D° decays with D° — K*n~, and minimum bias
events, are selected using the loose thresholds in Table 9.1. Additionally, standard
thresholds that are not studied are applied, requiring a DOCA smaller than 0.5 mm
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Figure 9.2: Response to the b-hadron MVA in two-dimensional planes of the discriminating variables.
The contour corresponding to a response of 0.2 is also drawn (black).
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Figure 9.3: (Left) Response of signal and background samples to the b-hadron MVA. (Right)
Corresponding background rejection as a function of signal efficiency.

between all tracks in a vertex and between the D° and 7" forming a D**; cos(0;) > 0.999;
cos(GDF)’Do) > 0; and y, > 4 for all final state tracks.

€., and R are plotted as a function of the threshold values in Figures 9.4-9.5. Since this

sig
study is performed using only candidates selected with a specific final state (D" — K"K~ r*
and D°— K~ n%), R is smaller than the true event rate, but still indicates the variation as a
function of threshold values. These plots are used to decide tighter selections. This process
is repeated until an acceptable rate is achieved.

The final thresholds deployed in HLT2 for data taking in 2022 are given in Table 9.2.
This includes the standard selections on the K¢ meson that are not studied in this thesis.
The resulting event rates, including all charm decay channels, are given in Table 9.3. Since
different lines may select the same event, the total event rate for all lines, 420 Hz, is lower
than the sum of the event rates for each line.

Table 9.4 compares the signal trigger efficiencies to the efficiencies of the comparable
selections in Run 2, namely the efficiency of trigger and stripping selections plus the DLL,
and p;(B) requirements applied in the preselection (Sections 5.5-5.7). The efficiency is
between a factor of 2.3 to 5.9 higher in Run 3, benefitting from the removal of the hardware
and topological trigger selections, and the removal of the requirements on X\%S(D*J“) and

cos(Bp+ ).
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Table 9.1: Loose cuts applied to select simulated candidates used in the optimisation of selections

in B(t) — DD decays.

Variable Requirement
B and event

x5 (B) <50
X\%s(B) -

x2 /ndf (B) <50
t(B) > 0.05 ps
>k P > 1000 MeV/c
MVA response -

Each D daughter

Am(D*") [90,400] MeV/c?
Xlzp (D(—:))DO) -

Xlzp (D*+) _

X /ndf (DF),D°,D")
Xys (D)D)

<30

Xys (D) -

ok DT > 1800 MeV/c
Az(Df,, D) ;
Each final state track
Dt > 100 MeV/c
p > 1GeV/c
XlzP >4
DLLy () <20
DLLy.(K) > —20
Soft pions
DLLy () :
Pr -
p -

2
XIP
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Figure 9.4: Event rate and signal efficiency as a function of selection thresholds in the selection of

B(J;) — D}D° D°— K*n~ candidates.
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Figure 9.5: Event rate and signal efficiency as a function of selection thresholds in the selection of
B(t) — D**D% D°— K~ nt, D°— K* 7~ candidates.
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Table 9.2: Thresholds applied in HLT2 lines for selecting B(t) — DD decays.

Variable Requirement
B and event
x5(B) <20
Xés(B) -
x2 /ndf (B) <20
t(B) > 0.05 ps
cos(6p) > 0.999
>k Pr > 5000(5500) MeV/c
MVA response > 0.2
Each D daughter
Am(D*") [90,180] MeV/c?
X[zp (D(-:)3D07D*+) -
X g /ndf (DF,D°,D*) <10
Xgs (D3),D%) > 64(49)
X\%s (D*+) _

ik PT > 1800 MeV/c
Az(Dg,, D% > —1mm
Each final state track
Dt > 250 MeV/c
p > 2GeV/c
DLL, (1) <5
DLLy . (K) >—5
Soft pions
DLL, (1) <20
Pt -
p , -
X1p B

0
Ks [DD]
Xiocn <25
p(m) > 2GeV/c
1o (1) >4
x2 /ndf <25

0

K [LL]
Aioca <30
p(m) > 2GeV/c
x5 () >9
x2 /ndf <30
Ao > 4
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Table 9.3: Event selection rates of HLT2 lines. h refers to a pion or kaon.

Channel Final state R(B*)/Hz R(B!)/Hz
D°— h*h™ 40+£20 30+20
D+ P JEO — 2h"2h~ 70£30  60%20
’ D®— K¢ pyth™ - 0+10
D°— K, h*h - 20+10
D°— h*h~ 70+30 60%20
DO [EO — 2h*2h~ 70+£30 10030
D®— K¢\ pytTh™ - 0+10
D°— K, ;h*h - 10+10
D°— h*h~, D°— h*h~ 10+£10  10£10
D°— h*h™, D°— 2h*2h~ 40+£20 80+£30
D°— h*h™, D®— K¢ phh*h™ - 0£0
D**D° D°— h*h™, D°—> K¢, Jh*h™ — 10+ 10
D** - D°xt D°— 2n*2h~, D°— h*h~ 40+20 40+20
D°— 2h*2h~, D°— 2h*2h~ 10+10 50+20
D°— 2h*2h~, D°— KJ, h*h™ — 0£10
D°— 2h*2h™, D°—> KJ,, Jh*h™ - 0£10

Table 9.4: Simulated signal efficiencies in percent of (Run 3) trigger selections and (Run 2) trigger
and stripping selections, DLLg . (K) > —5, DLLg () < 10, and p(B) > 4 GeV/c. Uncertainties are
statistical only and simulation has not been corrected for mismodelling.

Decay Run 3 Run 2
B*—>D'D°, D°—> K*n~ 5.3+0.2 2.27+0.02
Bf—> DD’ D’ K*n~ 3.3+0.1 1.15+0.01

B*—>D**D°, D> K n*,D°>K*nm~ 5.24+0.2 1.52+0.01
Bf—»D**D° D°-» K n*,D°->K*n~ 3.0+0.1 0.51+0.01
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9.4 Experimental prospects in Run 3 and beyond

In this chapter, a b-hadron neural network and exclusive HLT2 trigger lines have been
developed to select beauty hadron to open charm decays in Run 3. The gain in signal
efficiency as a result of the redesign of the trigger system has been demonstrated. In this
section, the prospects for doubly charmed beauty meson decays in Run 3 and beyond,

bolstered by the improved efficiency from the upgraded trigger system, are assessed.
The expected selected yield of B meson decays is estimated by scaling the selected
yield of normalisation candidates in Run 2 (R2) data, N(B*, R2), as
f.B(Bf—>DD) e(Bf) [ Ldt

N = BB DD) e, RD) [, e ©:2)

The range of signal yields that could be selected by the end of each data taking period,
assuming the predictions on the branching fractions in Table 2.1 and the integrated
luminosities in Table 3.1, are displayed in Table 9.5. The quoted yields are cumulative, so
include the signal yield from the given and all preceeding datasets. The efficiency ratio is
taken from Table 9.4 and assumed to remain constant from Run 3 onwards. Variations in
the production cross-section between 13 and 14 TeV are neglected. The quoted range
includes uncertainty from the range of the branching fraction predictions, f./f,, the
measured B* — DD branching fractions, and the efficiency increase. The uncertainty is
dominated by the range of predictions of B — DD branching fractions.

Table 9.5 also shows projections assuming the much larger value of B(B — D:EO)
measured in Chapter 7. These yields are evaluated by scaling the fitted yield in Run 1+2
data for the integrated luminosity, production cross-section, and efficiency. The statistical

uncertainty of the Run 1+2 yield and the efficiencies are included.

If the branching fraction measured in Chapter 7 is of the correct order of magnitude,

Table 9.5: Range of expected selected yields for Bf — DD decay modes by the end of each
operational run. For the measured IS’(B;r - D;’ D°) = (3.5+1.7) x 10~* and for the branching
fractions predicted in Table 2.1.

Decay Run 3 Run 4 Run 5 Run 6

B(B} - DD%)=(3.5+1.7)x 107*
Bf—DfD° [79,189] [207,497] [797,1926] [1506, 3640]

Predicted B

BY—- DD’ [0.1,2.2] [0.2, 5.9] [1, 23] [1, 43]
Bf—DfD° [0.1,3.5] [0.2,9.1] [1, 35] [1, 66]
BY— D*D° [0, 19] [1, 49] [3, 189] [5, 356]

B*— D*D° [0.00,0.11] [0.00,0.29] [0.0, 1.1] [0.0, 2.2]
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Table 9.6: Expected total yields of selected B~ — DD decays by the end of each operational run.

Yield Run 3 Run 4 Run 5 Run 6

N(B~—D;D%)/10° 1.29+0.04 3.25+0.12 12.3+0.5 23.2+0.9
N(B~— D™ D%/10* 6.49+0.21 163+06 61.7+24 116+5

Table 9.7: Expected statistical uncertainty on A™" in percent by the end of each operational run.

Decay Run3 Run4 Run5 Runb6

B~—D;D° 0.11 0.7 0.04 0.03
B-—»D D’ 04 03 01 01

an observation of the Bl — D:EO decay in the Run 3 dataset should be achievable.
Conversely, if the branching fractions are in accordance with the most pessimistic
predictions in Ref. [76], it is unlikely that any B} — DD decays can be observed at the
LHC. However, predictions from the majority of sources [72-75] suggest good prospects
for observing several Bf — DD decays within the lifetime of the LHC: The B} — D*D°
decay may be observed as early as Run 3 if the true branching fraction is in accordance
with optimistic predictions [73]. Observation of the B — D p° decays is also likely,
although not until Run 5 according to the branching fraction predictions [72-75].

Selected yields for B~ — DD decays are predicted by scaling the fitted signal yields
from Chapter 8 for increased integrated luminosities and increased efficiencies. The
corresponding statistical uncertainties on the A™" are also estimated by assuming that
they scale as 1/+/N. These are displayed, again cumulatively, in Tables 9.6-9.7.

An integrated luminosity of 14 fb™" collected in Run 3 would provide more than a five-
fold increase in signal yield. The substantial increase in instantaneous luminosity again at
the start of Run 5 will allow the signal yield to grow to one hundred times its current value
assuming 250 fb~" collected during Run 546. Assuming that uncertainty on the production
and detection asymmetries will also scale with the size of the calibration datasets, these
yield increases would allow measurements of A" with more than double the precision at
the end of Run 3 and ten times improved precision at the end of Run 6.

Given the values of the SM predictions on A, measuring evidence for or observing
CP violation in one or more decay modes is probable by the end of Run 3. By the end of
LHC running, discrepancies from the SM of @(1073®*) in the CS (CF) decay modes will
be measurable, which would permit the identification of deviations at this level due to CP-

violating NP
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CHAPTER 10

Summary and outlook

10.1 Summary

The SM has enjoyed a high degree of success in predicting the properties and behaviour
of particles to date. However, some phenomena remain unexplained: for example, CPV
measured at the quark level is insufficient to explain the observed baryon asymmetry of
the universe. Moreover, satisfactory methods to make predictions in the non-perturbative
regimes of the SM, for example in hadronic bound states, have not yet been established.

This thesis advances understanding of these problems through the study of double
charm decays of charged beauty mesons using data collected by the LHCb detector in pp
collisions at the LHC between 2011 and 2018. Firstly, a search was performed for sixteen
double charm decays of the B meson. This search provided evidence for the B} — D:EO
decay with a significance of 3.4 standard deviations, corresponding to a branching
fraction of

B(Bf— DD% = (3.5715*03 £ 1.0) x 107*. (10.1)

This branching fraction is two orders of magnitude higher than predicted with the SM.
If this value is confirmed using data collected by the LHCb detector in future data taking
periods, it would challenge understanding of the behaviour of the complex B meson within
the SM, or potentially the validity of the SM itself. Upper limits at 90(95)% C.L. on the

branching fraction of all sixteen decays were established as

B(B} — D/D%) < 7.2(8.4) x 1074,
B(B} — DD°) <3.0(3.7) x 1074,
B(Bf - D*D%) <1.9(2.5)x 107%,
B(B}— D*D%) < 1.4(1.8) x 107%,
B(Bf — D¥*D®) < 5.3(5.7) x 107%,
B(B} — DD**) < 4.6(5.6) x 107%,
B(Bf— D*D°) < 0.9(1.0) x 107,
B(Bf — D/D**) < 6.6(8.4) x 107%,
B(B}— D**D°) < 3.8(4.8) x 107%,
B(Bf — D*'D°) <2.0(2.4) x 1074,

185
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B(B} — D*D*°) < 6.5(8.2) x 107%,
B(Bf — D*D**) < 3.7(4.6) x 1074,
B(B — D¥*D*%) < 1.3(1.5) x 1072,
B(B = D*D**) < 1.3(1.6) x 1072,
B(B} — D**D*) < 1.0(1.3) x 1073,
B(Bf — D**D*°) < 7.7(8.9) x 107*.

Secondly, CP asymmetries of decays of the B~ meson to two charm mesons were

measured to be

A% (B~— D, D°) =(+0.5£ 0.2+ 0.5+ 0.3)%,
AP (B~— D D°) =(—0.5+ 1.1+ 1.0+ 0.3)%,
AP (B~— D D) =(+1.1£0.8£0.6 £ 0.3)%,

AP(B"—> D D% =(4+2.5+ 1.0+ 0.4 £0.3)%,
AP(B"—> D* D) =(4+3.3+1.6+0.6+0.3)%,
AP(B" > D D) =(—0.24+2.0+1.4+0.3)%,

AP(B > D" D) = (+2.3+£2.1£1.7£0.3)%,

where the first uncertainty is statistical, the second is systematic, and the third is from
A (B* — J/ApK™). The branching fraction ratios

B(B-— D DY )B(D = K'n n")

=(7.25+0.09 £0.09) x 1072
B(B~— D D°) B(D;— K*K—71~) ( )

and

B(B~— D*D°) B(D*— D°n")B(D°— K*n")

=0.271+£0.07 £0.05
B(B—— D—DY%) B(D-— Ktn—m)

were also measured, where the first uncertainty is statistical, and the second is systematic.
These are the most precise measurements of CP asymmetries and branching fraction
ratios for double charm decays of the B~ meson, and include the first measurements of
AP (B~ — D D°) and A% (B~ — D D*°). Although no evidence of CP violation is seen,

these results will help to constrain CP-violating NP
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10.2 Outlook

Following the completion of Run 1 and Run 2 data taking at the LHC, four further
operational data taking runs are forseen over the next twenty years with higher
luminosities, higher centre-of-mass energies, and upgrades to the LHCb detector. Run 3
data taking commenced in 2022 with a target instantaneous luminosity at the LHCb
interaction point five times higher than in Run 2, and the LHCb detector has been
upgraded to accommodate the associated increase in pile-up. Furthermore, a redesign of
the trigger system, including the removal of the hardware trigger and the wide-scale
implementation of exclusive selections in the final level of the software trigger, has
permitted a three-fold increase in efficiency for beauty meson to double charm decays.
The development of exclusive selections for these decays has been presented in Chapter 9.

A further ten-fold increase in instantaneous luminosity at the LHCb interaction point is
planned for Run 5 data taking, commensurate with further upgrades to the LHCb detector
(Upgrade I1[100]) to accomodate yet higher pile-up. The yields of beauty meson to double
charm decays available for physics analysis by the end of each operational run have been
predicted in Section 9.4, indicating an increase of two orders of magnitude by the end of
LHC running.

If the value of B(B — DS“LEO) measured in Chapter 7 is the correct order of magnitude,
an observation of this decay is likely with the data that will be collected in Run 3. This
value is two orders of magnitude larger than predictions based on the SM, so an
observation would challenge understanding of the behaviour of the B meson in the SM,
or understanding of the SM itself. To improve understanding of the reason for this
discrepancy, it would be essential to measure the branching fraction more precisely in
future datasets. The observation of B} — Ds(*)+5(*)0 decays would also be likely, and
measurements of the corresponding branching fractions as well as f; (B — D:‘*ﬁ*o) would
provide further phenomenological insight.

The evidence for the B — DS+5° decay suggests that the branching fractions of other
doubly charmed B meson decays may also differ from expectations, and therefore may
be observed sooner than anticipated. Even if the SM predictions are in fact accurate, an
observation of the B} — D*D° decay is possible in Run 3 or 4, and the Bf— D/ p° decays
in Run 5 or 6.

The feasability of measuring the CKM phase y in doubly charmed B meson decays
depends entirely on their true phenomenology: The dominant diagrams for the
BY— DD’ and B} — D D° decays must have similar amplitudes, and one must contain a
b — u transition and the other a b — c transition. It seems unlikely that these conditions
would still hold if the true value of B(B} — D:EO) is two orders of magnitude larger than
expectations, but a full phenomenological understanding is required to draw definitive
conclusions.
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Conversely, if the SM predictions are accurate, only small yields would be required to
measure y due to the large degree of interference. An uncertainty of o, ~ 18° would
be expected using data corresponding to 300 fb" of integrated luminosity [192]. Although
this is much lower precision than the expectation of o, ~ 0.35° using all other decay modes
with the same dataset [102], a comparison of y measured using different beauty mesons
would provide complementary sensitivity to NP since different BSM diagrams and couplings
may contribute to the decays of different beauty mesons [69].

On the side of B~ meson decays to double charm final states, prospects for measuring
CPV as early as Run 3 are promising. Furthermore, by the end of LHC running, precision of
0.03% and 0.1% is anticipated on A“ (B~ — D D°) and A% (B~ — D~ D), respectively. To
maximise sensitivity to NP it is essential that measurements of the isospin partner decays are
also updated. These measurements will benefit similarly from the improvements in trigger
efficiency. In future data taking periods, measurements of CP observables for the suppressed
annihilation decays of BE’S) mesons will become possible, further enhancing sensitivity to NP
Overall, with the collection of fourteen times more signal decays possible with the LHCb
Upgrade I detector, and a hundred times more with the LHCb Upgrade II detector, the
prospects for probing CP-violating NP in doubly charmed beauty meson decays with future

LHCb datasets are very encouraging.
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Figure B.1: D_istri_butions in (blue) signal and (red) background of the input variables to the MVA
for BY — DD°, D°— K*n~ candidates in Run 2 data.
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APPENDIX C

Likelihood scans
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Figure C.1: Negative log profile likelihood in (dotted line) Run 1, (dashed line) Run 2 and (solid
line) Run 1+2 combination for B} — DD decays. Where the combined significance is greater than
20, the 68% CR is shaded. The top row is for Bf — DD decays; the middle row is for B} — D*D
decays; the bottom row is for BY — D*D* decays. The left column is for RS decays; the right column
is for WS decays.
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Figure C.2: Negative log profile likelihood in (dotted line) Run 1, (dashed line) Run 2 and (solid
line) Run 1+2 combination for B} — D*D decays. Where the combined significance is greater than
20, the 68% CR is shaded. The top row is for Bf — DD decays; the middle row is for B} — D*D
decays; the bottom row is for BY — D*D* decays. The left column is for RS decays; the right column
is for WS decays.
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Figure C.3: Negative log profile likelihood in (dotted line) Run 1, (dashed line) Run 2 and (solid
line) Run 142 combination for B:’ — D**D decays. Where the combined significance is greater than
20, the 68% CR is shaded. The top row is for B — D*D decays; the bottom row is for B — D*D*
decays. The left column is for RS decays; the right column is for WS decays.
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APPENDIX D

CLs curves for branching fractions
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Figure D.1: CL, distributions for the branching fractions of (top left) B} — D D°, (top right) B} —
D D°, (middle left) Bf — DS*J“EO, (middle right) B — DS*+D°, (bottom left) Bf — D D*°, and
(bottom right) Bf — D D* decays in Run 2 data.
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Figure D.2: CL, distributions for the branching fractions of (top left) B} — D}*D*°, (top right) Bf —
DS*+D*0, (middle left) B — D*D°, (middle right) Bf — D*DY, (bottom left) Bf — D**D° D*D*O,
and (bottom right) B} — D**D° D™D*0 decays in Run 2 data.
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APPENDIX E

Bias and coverage on raw asymmetry

Table E.1: Bias on central value, and mean and standard deviation of pull distributions, from fits to pseudoexperiments generated under multiple 4"
hypotheses. For B~ — DS_D0 candidates in Run 1 data.

Generated  Fitted KKn,Km KKm,K3m
AT AT u— Ay /% Upull Opull p— Agr /% Ml Opull
0% DS_DO —0.03 £ 0.02 —0.05+0.03 0.99 £ 0.02 —0.02 +0.03 —0.01 £0.03 1.02 +£0.02

DS*_D0 0.03 £0.10 0.01£0.03 0.99+0.02 0.12+0.19 0.02+0.03 0.95+0.02
DS_D*0 —0.07+£0.07 —0.03+0.03 1.00=+0.02 0.03+£0.08 —0.00£0.03 0.97+0.02

D D° D7D°  —0.01£0.02 —0.01£0.03 1.024£0.02 —0.01£0.03 —0.02£0.03 0.96+0.02
=2% D D° 0.04 £0.10 0.024+0.03 0.97+0.02 —0.30+£0.19 —0.04+0.03 0.96+ 0.02

D;D* —0.02+0.07 —0.02+0.03 0.96+0.02 0.15+0.08 0.04£0.03 0.98+0.02
D D° D D° 0.02 £ 0.02 0.03+£0.03 0.97 +£0.02 0.04 +0.03 0.03+0.03  1.03+0.02
=10% D~ D° 0.13+0.10 0.05+£0.03 0.99 +0.02 0.01+0.19 0.00£0.03  0.97 £0.02

D;D*®  —0.02+0.08 —0.02+0.03 1.00+£0.02 —0.02£0.08 —0.02+0.03 1.010.02
D7D DD 0.01 £0.02 0.01+0.03 0.99+0.02 —0.00£0.03 —0.00£0.03 0.99 +0.02
=2% D~ D° 0.01+£0.10 —0.00+0.03 0.99+0.02 0.03+0.19 —0.01+0.03 0.97+0.02

D D*0 0.08 + 0.07 0.03+0.03  0.98+0.02 0.05 + 0.08 0.00+0.03  0.96+0.02
D~ D° D;D°  —0.02+0.02 —0.03+0.03 1.01+0.02 0.02 +0.03 0.02+£0.03  0.98+0.02
=10% D~ D° 0.01+£0.10 —0.02+0.03 0.99+0.02 —0.36+0.19 —0.06+0.03 0.93 % 0.02

D;D** —0.01+0.08 —0.01+0.03 0.99+0.02 0.16 +0.08 0.04£0.03 0.98+0.02
D D*0 D;D°  —0.04+0.02 —0.06+0.03 0.96+0.02 —0.01£0.03 —0.01£0.03 0.97 £0.02
=2% D:D° —0.08+0.10 —0.03+0.03 0.99+0.02 —0.22+0.19 —0.04+0.03 0.98 +0.02

D D*0 0.02+0.07 —0.00+0.03 0.96+0.02 0.09 + 0.09 0.01+0.03 1.02+0.02
D7 D*° D;D®  —0.01+0.02 —0.01+0.03 1.00£0.02 —0.01+0.03 —0.00+0.03 0.99+0.02
=10% D* DO 0.17£0.10 0.06+£0.03 0.95+0.02 —0.11+0.19 0.01£0.03 0.98£0.02

s

D7D*®  —0.04£0.07 —0.05+0.03 0.94+0.02 —0.02+0.09 —0.05+0.03 0.99 £0.02

s




Table E.2: Bias on central value, and mean and standard deviation of pull distributions, from fits to pseudoexperiments generated under multiple 4"

hypotheses. For B~ — DS_D0 candidates in Run 2 data.

Generated  Fitted KKn,Km KKm,K3m
AT AT p— Ay /% Bpull O pull p— Ay /% Bpull O pull
0% D;D°  —0.01+£0.01 —0.02+0.04 1.03+0.03 —0.01£0.01 —0.03+0.03 0.980.02
D D°  —0.03+£0.05 —0.03+0.03 0.99+0.02  0.05£0.07  0.02+£0.03 0.99 £ 0.02
D7D  0.01£004  0.02+0.03 099+002  001+0.04  0.01+0.03 1.03+0.02
D;D° D;D° 0.01+0.01  0.03+0.04 1.00+0.02 —0.02+0.01 —0.05+0.03 0.97+0.02
=2% D D° —0.13+£0.05 —0.08+0.04 1.01+£0.02 —0.06£0.07 —0.03+0.03 1.010.02
D7D 0.03+£0.04  0.02+0.04 1.07+£0.03  0.00£0.05  0.01£0.03 1.050.02
D D° D D° 0.00£0.01 —0.01+0.03 0.99+0.02 —0.02+0.01 —0.04+0.03 1.010.02
=10% D D®  0.06+005  0.06+0.04 1.03£003  0.00+0.07  0.00+0.03 0.97%0.02
D7D  —0.01+0.04 —0.01+0.04 1.05+0.03 —0.00£0.04 —0.00+0.03 0.96+ 0.02
D D° D;D°  —0.01+£0.01 —0.0240.03 1.014£0.02  0.03£0.01  0.08+0.03 0.94+0.02
=2% D:D°  0.01+£0.05 0.00£0.03 0.99+£0.02  0.02£0.07  0.01+£0.03 0.97 £0.02
D7D  —0.01+£0.04 —0.01£0.03 0.99+0.02 —0.01£0.04 —0.01£0.03 0.99 +0.02
D D° D D° 0.00£0.01  0.01+0.03 0.99+0.02  0.00£0.01  0.02+0.03 1.000.02
=10% DD 0.02+0.05  0.02+0.03 1.00+£0.02 —0.06+0.07 —0.03+0.03 0.98+0.02
D;D*®  0.03+£0.04  0.02+0.03 0.95+0.02  0.00£0.04 —0.00+0.03 0.96+0.02
D;D* D;D° 0.01+£0.01  0.03+0.04 1.01+0.02 —0.00£0.01 —0.01+0.03 0.99=+0.02
=2% D:D°  —0.04+0.05 —0.03+0.03 0.95+0.02  0.03£0.07  0.01£0.03 1.000.02
D;D*  0.01+0.04 —0.00+0.03 093+002  0.04+0.05  0.03+0.03 1.02+0.02
D D*° D D° 0.00+0.01  0.01£0.04 1.01£0.03 —0.02+0.01 —0.04+0.03 1.01+0.02
=10% DD  —0.01+£0.05 —0.01+0.03 1.00+£0.02 —0.03+0.07 —0.01+0.03 0.96+0.02
D;D*®  —0.01+0.04 —0.02+0.04 1.01+0.03  0.02+0.04 —0.00+0.03 1.00+0.02
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Table E.3: Bias on central value, and mean and standard deviation of pull distributions, from fits to pseudoexperiments generated under multiple A™"
hypotheses. For B~ — D~ D° candidates in Run 1 data.

Generated  Fitted Knm,Kn Knm, K31
AW AW p—Agn/% Upull O pull w— Agen /% Upull O pull
0% D~ DO —0.15+0.09 —0.05+0.03 0.98 +£0.02 0.07£0.12 0.02+0.03 0.97+0.02
D D*®  —0.08+0.18 0.01£0.03 0.92+0.02 —0.12+0.33 0.04 +£0.03 0.84+0.02
D~ DO D~ DO 0.11£0.09 0.04£0.03 0.99+0.02 —-0.09+£0.13 —0.03%+0.03 1.01 £0.02
=2% D~D*0 0.17+0.17 0.06+£0.03 0.91 £0.02 0.09 £0.34 0.04 +£0.03 0.84+0.02
D~ DO D~ DO —0.03+0.09 —0.02+0.03 0.99 +£0.02 0.07£0.12 0.02+0.03 0.98+0.02
=10% D™D  —0.20+0.19 0.01£0.03 0.97+0.02 0.25 £+ 0.35 0.08 £0.03 0.87+0.02
D~ D*0 D~ DY —0.08£0.09 —0.03+0.03 1.03 £0.02 0.23+0.13 0.05+£0.03 1.04 £0.02
=2% DD  —0.01+0.18 0.00£0.03 0.94+0.02 —-0.16+£0.35 —0.00+0.03 0.82+0.02
D™D D DO —0.10+0.09 —0.04+£0.03 0.99 +£0.02 0.04 £0.12 0.01 £0.03 0.99+0.02
=10% D™D 0.22+0.19 —0.05+0.03 0.96 +0.02 0.86+0.37 —0.13+0.03 0.89 £0.02

Table E.4: Bias on central value, and mean and standard deviation of pull distributions, from fits to pseudoexperiments generated under multiple A™"
hypotheses. For B~ — D~D° candidates in Run 2 data.

Generated  Fitted Knmn,Kn Knmn,K31
AT AT u—= A?ﬁ/ % Upull O pull w—= Af;vr‘ll/ % Upull Opull
0% D~ DO 0.04 £0.05 0.03 £0.03 1.04 £0.02 0.05 £ 0.06 0.03 £0.03 1.01£0.02
D™D  —0.01+0.09 —0.02+0.03 1.01+0.02 —0.09£0.11 —0.02+0.03 0.95+0.02
D~ DO D~ DO 0.09 £ 0.04 0.07 £0.03 1.02+0.02 —0.00£0.06 —0.00£0.03 0.96+0.02
=2% D~ D*0 0.01£0.09 —0.00£0.03 0.99£0.02 0.14+0.12 0.03£0.03 0.98+0.02
D~ DO D~ DO —0.06+0.04 —0.05+0.03 1.02 +0.02 0.02 £ 0.06 0.02 +£0.03 1.01+£0.02
=10% DD 0.09 £ 0.09 0.03 £0.03 1.00 £0.02 0.07£0.11 0.02+0.03 0.97+0.02
D~ D*0 D~ DY 0.06 + 0.04 0.04+£0.03 0.98+0.02 0.01 £0.06 0.01£0.03 1.05%+0.02
=2% D~ D*0 0.08 £0.09 0.02+£0.03 0.96+0.02 0.01+£0.12 —0.02+0.03 1.00+0.02
D~ D*0 D~ DO 0.06 +£0.04 0.05 £ 0.03 1.03+0.02 —0.02+£0.06 —0.02+0.03 1.01£0.02
=10% D™D  —0.07+0.10 —0.07+0.03 0.96+0.02 —0.02+0.12 —0.06+0.03 0.97+0.02
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Table E.5: Bias on central value, and mean and standard deviation of pull distributions, from fits to pseudoexperiments generated under multiple A™"

hypotheses. For B~ — D* D° candidates in Run 1 data.

Generated  Fitted Kmn,Kn Kmn,K3mn K3m,Kn
AT AT w— Agn /% Hpull Opull p— Ay /% Upull Opull pn—Agn/% Upull Opull
0% D*~ DO 0.18£0.17 0.03+0.03 0.98+0.02 0.05+0.23 0.00 £ 0.03 1.01+0.02 —-0.05+£0.22 —0.01+0.03 0.99+0.02
DD  —0.10£0.18 —0.02+0.03 0.93+0.02 0.56+0.30 0.04+0.03 0.87+0.02 —0.08+0.30 —0.01+0.03 0.84+0.02
D* DO D* DO 0.15+0.17 0.03+0.03 0.98 £0.02 0.20+0.23 0.03 £0.03 1.04+0.02 —0.17+0.21 —0.02+0.03 1.00 £0.02
=2% D*~D*0 0.10+0.18 0.02+0.03 0.93+0.02 0.10+£0.30 0.02+£0.03 0.87+£0.02 0.15+0.30 0.01+£0.03 0.84+0.02
D*~ DO D*~ DO —0.21+0.17 —-0.03£0.03 0.98+0.02 —0.11+0.23 —0.01=+0.03 1.03+0.02 —0.04+0.21 0.00£0.03 0.98+0.02
=10% DD 0484018 —0.08+0.03 0.92+0.02 —0.16+0.29 —0.03+0.03 0.87+0.02 —048+0.32 —0.02+0.03 0.87+0.02
D*~D*0 D* DO 0.05+0.17 0.01£0.03 0.98+0.02 0.36 £0.22 0.05+0.03 0.99 £0.02 0.05£0.22 0.01 £0.03 1.01 £0.02
=2% D*D*  —0.02+0.17 —0.01+0.03 0.90+0.02 —0.16+0.28 —0.04£0.03 0.84+0.02 —0.69+0.31 —0.07+0.03 0.86%0.02
D*~D*0 D*~ DO —0.11+0.18 —0.02+0.03 1.01+0.02 —0.21+0.23 —0.03+0.03 1.01+0.02 —-0.35+0.23 —0.05+0.03 1.02 +0.02
=10% DD  —0.20+£0.18 —0.09+0.03 0.91+0.02 0.73+0.31 —0.09+£0.03 0.90+0.02 —-0.24+0.32 —0.19+0.03 0.91+0.02

Table E.6: Bias on central value, and mean and standard deviation of pull distributions, from fits to pseudoexperiments generated under multiple A™%"

hypotheses. For B~ — D*~D° candidates in Run 2 data.

Generated  Fitted Kmn,Knt Kmn,K3mn K3mn,Kn
AT AT [ Af;vr‘ll/ % Mpull O pull u—= A;‘?X/ % Hpull O pull = A;v;/ % HUpull O pull
0% D*~ DO —0.06+0.08 —0.02+0.03 0.97+0.02 0.00 £0.10 0.00+£0.03 0.97+0.02 —0.01+0.11 —0.00+£0.03 1.02+0.02
DD  —0.124£0.10 —0.03+£0.03 0.89+0.02 —0.03+0.11 —0.02+0.03 0.85%+0.02 0.05+0.10 0.01+0.03 0.87+0.02
D* DO D* DO 0.03 £0.09 0.01+0.03 1.00+0.02 —0.19+0.11 —0.05+0.03 1.02+0.02 0.09 £0.10 0.01+£0.03 1.01+0.02
=2% D**D**  —0.04+£0.10 —0.01£0.03 0.87+0.02 —0.07+0.12 —0.03£0.03 0.92+0.02 0.22+0.10 0.05+0.03 0.87+0.02
D*~ DO D*~ DO —0.01 +£0.08 0.00£0.03 0.97+0.02 0.03 £0.11 0.01£0.03 1.01+0.02 0.06 £0.10 0.01+£0.03 0.97+0.02
=10% D*~D*0 0.05+0.10 0.01£0.03 0.91+0.02 0.10£0.11 0.02+0.03 0.92+0.02 0.02+0.10 0.01+0.03 0.87+0.02
D*~D*0 D* DO —0.08+0.09 —0.02#+0.03 1.01+0.02 —-0.20%+0.10 —0.06+0.03 0.98+0.02 —0.10%+0.11 —0.03+0.03 1.02+0.02
=2% D*~Dp*0 0.06 £ 0.09 0.01£0.03 0.86+0.02 0.08+0.11 —0.00£0.03 0.89 £0.02 0.33+£0.10 0.06 £0.03 0.88+0.02
D*~D*0 D*~ DO —0.06+0.09 —0.03+0.03 1.02+0.02 0.03£0.10 0.01£0.03 0.98+0.02 0.01+£0.11 0.02+0.03 1.01+0.02
=10% D*~D*0 0.08+£0.10 —0.04+0.03 0.89+0.02 0.57 +£0.12 0.06 £0.03 0.91+0.02 0.13+0.11 —0.04+0.03 0.90+0.02
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The LHCb detector in cross stitch
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Figure E1: Depiction of the Upgrade I LHCb detector in cross stitch. Author’s own work, based on
schematic diagram in Ref. [99].
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