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Abstract

Two measurements of CP observables in B — DK*® decays are pre-
sented, where D represents a superposition of D° and D states. The
measurements use samples of proton-proton collision data collected with

the LHCD detector at centre-of-mass energies of 7, 8, and 13 TeV.

The first measurement uses 5 fb~! of data with the D meson reconstructed
in the two-body final states K™n~, 7t K~, KTK~, and #t7~, and, for
the first time, in the four-body final states K*n~nt7n~, 7t K777~ and

ta-rtr~. First observations of the decays B° — D(ntK~)K*® and

T
BY— D(ntm~ntr™)K* are obtained, and a set of observables comprising
yield ratios and asymmetries is studied. The second measurement studies
D-meson decays to the three-body final states Ko7 "n~ and K!KTK™ in

a binned Dalitz plot analysis using 9fb™~! of data.

The CP observables from both measurements are interpreted together
to determine the CP-violating weak phase v = (7775)°. This is the
world’s most precise determination using only B°-meson decays and is
in agreement with the prediction of the Standard Model. The world’s
best measurements of the hadronic parameters rgo = 0.258 10035 and

dpo = (200 £ 8)° are also presented.
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Chapter 1

Introduction

The Standard Model is our best current attempt to describe the fundamental particles
that make up the universe. In this model, there are twelve elementary “matter”
particles, each of which has an “antimatter” partner with the same mass but opposite
charge. An antimatter particle would annihilate with its matter counterpart in a burst
of radiation if they were to meet.

While the Standard Model has stood up to rigorous testing and can make predic-
tions with remarkable accuracy, it has a few shortcomings. It doesn’t include gravity,
nor does it explain the large amount of “dark matter” in the universe, which cannot
be described by the twelve known particles. Another mystery is the lack of antimatter
in the universe. Equal amounts of matter and antimatter should have been produced
after the Big Bang and then completely annihilated, leaving the universe filled with
electromagnetic radiation and little else — this clearly contradicts the world we see
every day!

Physical processes that violate a certain type of symmetry, called CP symmetry,
can cause an imbalance in the amounts of matter and antimatter in the universe.
CP-symmetry violation means that the laws of physics in a system change if we
reverse the electric charges of the particles involved and invert their positions in space.
This phenomenon has been seen in the interactions of some types of heavy particles.
However, the asymmetry we have observed so far is not large enough to account for

the matter-antimatter imbalance in the universe, which remains an unsolved problem.
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Because of these mysteries and others, particle physicists are certain that the
Standard Model is incomplete — some “New Physics” beyond this model must exist,
perhaps in the form of new, unobserved particles. The fact that we haven’t seen these
particles yet means that they are probably very heavy, so they are not produced
in low-energy interactions, and unstable, so they quickly decay into more-familiar
particles.

We can search for new particles in two ways. Firstly, we can try to produce them
and directly observe their decays. This is challenging, as they can only be produced
in a collision with an energy larger than mc?, where m is the mass of the new particle
and c is the speed of light; for charged particles, which must be produced in pairs,
an energy greater than 2mc? is required. We are therefore limited by the energies of
the collider experiments that we have built. Extensive searches have been performed
using the world’s highest-energy collider, the Large Hadron Collider (LHC), which
collides pairs of protons at an energy of 13 TeV. Nothing new has been found since the
Higgs boson in 2012, which was the final Standard Model particle to be discovered.

There is, however, a second approach: precision measurement. Even if new parti-
cles are too heavy for us to produce, their effects can be seen at lower energies. Some
particle interactions only occur when the initial and final states exchange a “virtual”
particle in a loop, which exists fleetingly during the interaction and can have a mass
much larger than the energies of the interacting particles. In this way, heavy parti-
cles can be involved in the lower-energy processes that we are capable of producing
with current technology. The existence of these New Physics interactions could cause
physical quantities, such as particle decay rates, to have different values than the
Standard Model predicts. If we were to precisely measure these quantities and find
a deviation from the prediction, we would have clear evidence for New Physics and
some clues about its nature.

One interesting quantity that we can measure is an angle called v, which is related
to the amount of CP violation in the interactions of heavy composite particles called

“B mesons”. To find the Standard Model’s prediction, we measure 7y using processes
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that do not involve loops and thus obey the Standard Model to a high degree of
certainty, even if New Physics exists. We call this value vsy, and our current best
measurement is ygy = (72.1723)° [1]. We can also calculate v indirectly from pro-
cesses that do involve virtual particles and could be sensitive to New Physics; our
best estimate of this value is yxp = (65.66 T529)° [1].

A discrepancy of the form gy # ynp would disprove the Standard Model. Al-
though there is a difference between our current measurements, it is around the same
size as the uncertainty on the value of ygy. A major goal in particle physics is to
reduce this uncertainty by measuring ysy with more data than ever before using a
range of different particle decays. The most precise measurements come from decays
of charged BT mesons. We can further improve the precision by studying the less-
common decay of a neutral B meson to a neutral charm meson (D) and an excited
neutral strange meson (K*°). The D meson can decay to several different combi-
nations of lighter particles, and the method for measuring v depends on this final
state.

This thesis presents two analyses of BY — DK*® decays using two distinct sets of
D-meson final states. Chapter |2 defines the physical quantities measured and their
relationships with 7. The measurements use proton-proton collision data collected
with the Large Hadron Collider Beauty (LHCb) detector, which is situated at one
of the collision points of the LHC and is specifically designed for detecting B-meson
decays. Chapter |3| outlines the structure of the LHCb detector and describes the
features that make it ideal for the measurements in this thesis.

Chapters [4] and [5] describe a study of B — DK*® decays with the D meson de-
caying to combinations of two and four particles: K*n ¥, KTK~, ntn~, K¥rFrtr,
and 77~ 7 tr~. This work has been published in Ref. [2]. A complementary anal-
ysis with the D meson decaying to combinations of three particles, K{7*7~ and
KYK* K~ is presented in Chaps. @ and . The two analyses are most powerful when
combined; Chap. |8| presents determinations of v using the analyses individually and

in combination. The combined results give vy = (77 15)°. This is the world’s most
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precise determination of v using only the decays of neutral B mesons and will make

a valuable contribution to the world average.



Chapter 2

CP violation and v measurements

2.1 The Standard Model

The goal of particle physics is to describe the fundamental particles that make up the
universe and the interactions between them. Our current best description is called the
Standard Model (SM), according to which all matter is made up of the twelve point-
like fermions listed in Table 2.1} Particles in the SM interact by exchanging spin-1
particles called “gauge bosons”, which are listed in Table 2.2] All of the interactions
in the universe can be categorised into four fundamental forces: electromagnetism,
the strong nuclear force, the weak nuclear force, and gravity.

The fundamental matter particles are categorised into “leptons” and “quarks”.
Quarks interact via all four fundamental forces, whereas leptons do not experience
Table 2.1: The three generations of fundamental fermions in the Standard Model. For each

particle, the charge @ is given in units of e = 1.6 x 107!? C and the mass is given in units
of GeV/c?.

Leptons Quarks

Particle Q  Mass ‘ Particle Q Mass
1 Electron e~ —1 0.0005 | Down d —1/3 0.003

Neutrino v, 0 <107 | Up w +2/3 0.005
9 Muon pw- —1 0.106 | Strange s —1/3 0.1

Neutrino v, 0 <107 | Charm ¢ +2/3 1.3
3 Tau 7~ -1 178 |Bottom b —1/3 4.5

Neutrino v, 0 <1079 | Top t +2/3 174
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Table 2.2: The force-carrying gauge bosons in the Standard Model. For each particle, the
mass is given in units of GeV/c? and the strength relative to the strong force is shown for
two particles 1071 m apart, which is approximately the radius of a proton.

Particle Force Mass Strength
Gluon g Strong 0 1
Photon  ~ Electromagnetism 0 1073
W boson W*  Weak 80.4 1078

Z boson Z° Weak 91.2 1078

the strong force. These categories are further split into six “flavours”. The lepton
flavours include the familiar electron (e~), which has an electromagnetic charge of
—e = —1.6 x 107 C. Two heavier generations of charged leptons exist, which are
identical to the electron except for their larger masses: the muon (p~) and the tau
particle (77). For each charged lepton, there is a corresponding neutrally charged,
almost-massless particle called a “neutrino”. The quarks are also distributed across
three generations with increasing mass. FEach generation contains two flavours of
quark: one “up-type” quark with a charge of +§e, and one “down-type” quark with
a charge of —%e.

For each particle listed in Table there exists an “antiparticle” with the same
mass but opposite additive quantum numbers, including charge. The antiparticle of
a charged lepton is denoted by a change of sign, such as the positron (e*), which is
the antiparticle of the electron. The antiparticle of a neutrino or quark is denoted by
a bar above the particle symbol, such as v, and b.

The electromagnetic force involves the transfer of a photon, which can interact
with any electromagnetically charged particle. The strong force is mediated by gluons,
which can only interact with quarks and other gluons. The strong-force equivalent
to electromagnetic charge is a property called “colour”, which can take one of three
values. Only quarks and gluons have nonzero colour, hence leptons do not interact
strongly.

The nature of the strong force means that quarks are never observed as free

particles and are instead confined to combinations called “hadrons”. These can be
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fermions — usually three-quark combinations called “baryons”, such the proton (uud)
and neutron (udd). Hadrons can also be bosons — usually quark-antiquark combina-
tions called “mesons”, such as the B® meson (bu). Five-quark fermions called “pen-
taquarks” and four-quark bosons called “tetraquarks” have also been observed [3},4].

The weak nuclear force is responsible for phenomena such as the beta decays of
radioactive nuclei. This force is mediated by three massive bosons — the charged
W# bosons and neutral Z° boson — and couples to all twelve fundamental fermions.
The charged weak force couples together pairs of fermions that differ by one unit
of electrical charge, such as (e™,v,) and (u, d), and is the only known force that can
change the flavour of a fermion. Although weaker than the strong and electromagnetic
forces, the weak force plays an important role in the decays of hadrons containing
quarks of different flavours, such as B® mesons, which can only decay to a lighter
final state via a flavour transition.

The fourth fundamental force, gravity, is not accounted for by the SM. Gravity
is incredibly weak on the length scales considered in particles physics. Nevertheless,
it has a significant effect on very massive objects such as stars and planets and is
responsible for the large-scale structure of the universe.

The final piece of the SM is the Higgs boson, a massive spin-0 particle that was
discovered in 2012 by the ATLAS and CMS experiments at the LHC [5,6]. This
boson exists as a consequence of the Higgs mechanism, which gives the fundamental
fermions and weak gauge bosons mass.

While measurements made in particle physics have so far been consistent with the
SM, there are several reasons to believe that it is not the complete picture, such as its
lack of a description for gravity. The SM also fails to account for cosmological obser-
vations including dark matter, dark energy, and the matter-antimatter imbalance in
the universe. A major goal of particle physics is to further test the SM and search for
evidence of New Physics, either by directly observing new particles or by measuring

their effects on physical quantities.



8 CP violation and v measurements

2.2 The CKM matrix

The weak force couples together pairs of weak quark eigenstates: (d',v), (¢,¢),
and (V',t'). This coupling allows quarks to transition between flavours within the
same generation. However, the weak eigenstates ¢’ are not identical to the mass
eigenstates ¢ that make up the physically observable hadrons. The misalignment can
be absorbed entirely into the down-type quarks without loss of generality, such that
(u', ) = (u,c,t). The two sets of down-type eigenstates are then related by the
Cabibbo-Kobayashi-Maskawa matrix |7,[8], Vok:

d d Vida Vs Vi d
sSl=Vexm | s| = Vea Ves Vi 5. (2.1)
b b Viae Vis Vi b

A down-type mass eigenstate is therefore a superposition of all three down-type weak
eigenstates, and can transition to any of the three up-type eigenstates. This means
that quarks can transition from one generation to another. The probability of a
transition from quark 7 to quark j is proportional to |V;;|?.

The magnitudes of the elements of the CKM matrix have been measured [1] to be

Vaal Vs |Vas| 0.974 0.225 0.004
Vel |Ves| Vel | = [0.225 0.974 0.042 |, (2.2)
Vial  [Vis| [Vl 0.009 0.041 0.999

where the uncertainties, not shown, are O(107?) or smaller. The diagonal elements
are close to unity while the off-diagonal elements are small, indicating that quarks
are most likely to transition within the same generation.

The CKM matrix describes the transitions of quarks, while the corresponding
transitions of antiquarks are described by its complex conjugate, VéKM. As these
matrices may contain complex elements, VCT;KM is not necessarily identical to Vok.
This provides a mechanism for the decay rates of particles and antiparticles to be
different, a phenomenon known as “CP violation”.

Although the CKM matrix is a 3 x 3 complex matrix, it can be described by

just four real parameters, one of which must relate to a complex phase responsible
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Viud VJb

ViaViy
Vea V3|

[Vea V3|

(0,0) (1,0)

Figure 2.1: The Unitarity Triangle.

for CP violation. One choice of parameters is the Wolfenstein Parametrisation [9),
which highlights the hierarchical structure of the elements. Each element is expanded
in terms of the small parameter A = |V,5| &~ 0.22 and three additional independent

parameters, A, p, and 7:

11— ’\2—2 A AN (p—in)
Vorm = -\ -2 AN + O, (2.3)
AN(1 —p—in) —AN? 1

Charged weak interactions are the only source of flavour-changing in the SM. This
implies that the CKM matrix must be unitary, i.e. VCKMVCTKM = I. Multiplying the
matrix defined in Eq. by its complex conjugate, we see that the unitarity condition

implies nine relationships between the matrix elements, including
VudVip + VeaVa, + ViaViy = 0, (2.4)

which can be rearranged to

VuquIb +1+ ‘/td‘/;é _
|Vcdvcb| |Vchcb|

(2.5)

Each term is a complex number corresponding to a vector in the plane of (p, 77), where
p=p(1—=X?/2) and 7 = n(1—A?/2). As the terms on the left-hand side sum to zero,
they define a closed triangle in the Argand plane known as the “Unitarity Triangle”,

a schematic of which is shown in Fig. [2.1]
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The internal angles of the triangle are labelled «, 8 and v (also referred to as ¢o,

¢1 and ¢3), and are defined by

Ve ’z)
— — ar —_ ¢ 5 26
ViaVi,
=y = - 2.
o= ¢ arg( Vv ) (2.7)
VaudVi)
Y= ¢3 = arg (—ﬁ> : (2.8)
cdV ch

The angles 3 and v are related to the CKM elements Vg and V,; to O(\°) via

Via = |V§ed|€_iﬁ7 (2.9)

Vip = |Vinle™, (2.10)
while o can be obtained through the relation
a+ B+~ =180°. (2.11)

Measuring the angles and side-lengths of the Unitarity Triangle and checking them

for consistency is an important test of the unitarity of Vokn, and therefore of the SM.

2.3 CP violation

After the universe came into existence during the Big Bang, matter and antimatter
should have been produced in equal quantities. However, it is apparent today that our
observable universe consists mostly of matter. If any large regions of antimatter were
to exist, they would emit a huge number of photons at the boundary with our matter-
dominated region. As this has not been observed by astrophysicists, we conclude that
the universe is dominated by matter. For a matter-antimatter asymmetry to arise
from an initially symmetric state, Andrei Sakharov proposed that three conditions

must be met [10]:
(i) Baryon number violation;

(ii) Violation of charge (C') symmetry and charge-parity (CP) symmetry;
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(iii) Departure from thermal equilibrium.

Charge symmetry is defined by its operator C’, which transforms particles into their
antiparticles. The parity operator P reverses the directions of the spatial axes. The
combined CP symmetry is violated if a system changes under the application of both
operators. The electromagnetic and strong forces both conserve C' and P symmetry,
so the weak interaction is the only area of the SM in which CP violation can occur.
The SM allows for baryon number violation, satisfying condition (i). Condition
(iii) was satisfied as the early universe expanded and cooled. The only observed CP
violation in the SM is in the quark sector via the complex phase of the CKM matrix,
which enters the transition amplitudes of some processes. The physically observable
quantity in these processes is the partial decay width, I'. This is proportional to the
square of the amplitude, and therefore only depends on the CP-violating phase if
multiple interfering amplitudes are added together before squaring. There are three

different ways in which CP violation can occur:

1. Direct CP violation, where the partial decay width is different for some process

and its complex conjugate, i.e. (X —Y) # (X — Y);
2. CP violation in the mixing of neutral mesons, such as B°-BY;

3. CP violation in the interference between decays to a final state f with and

without mixing, such as B — f and B® — B® — f.

The first observation of CP violation was in the decays of neutral kaons, initially
through mixing [11] and later directly [12]. In the B-meson sector, CP violation
was first seen through interference in the decays of BY mesons [13,[14]. Direct CP
violation has since been observed in decays of B mesons [15,(16], BT mesons [17-19)
and B? mesons [20]. The first observation of direct CP violation in the decays of
charm mesons has recently been reported [21].

The size of the CP asymmetry seen in the quark sector is several orders of magni-

tude smaller than the asymmetry needed to produce the observed matter-antimatter
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imbalance in the universe. The imbalance may eventually be explained by CP viola-
tion in the neutrino sector, where hints of a neutrino-antineutrino asymmetry have
been observed [22], or in the interactions of undiscovered particles. Nevertheless, pre-
cise measurements of CP violation in the quark sector are an important test of the

SM.

2.4 Using CP violation to probe the Standard Model

We can constrain the side-lengths, internal angles, and apex position of the Unitarity
Triangle defined in Eq. by studying various CP-violating processes. Figure
shows the current status of these measurements, with the favoured regions for dif-
ferent parameters indicated by coloured bands. By performing many complementary
measurements, we can overconstrain the triangle and check for inconsistencies that

would prove that the SM is incomplete. The measurements include:

e (P violation in the mixing of neutral kaons, which constrains a parameter ey

related to the apex position;

e The oscillation frequencies Amy and Am, of B~B® and B%-BY meson mixing,

respectively, which constrain the length of the longest side;

e The amplitude of the time-dependent CP asymmetry in B® — Jj) K? decays

due to interference, which constrains sin(25);

e Branching fractions of B-meson decays to final states that do not contain a

charm quark, which constrain |V|;

Direct CP violation in Bt — DK™ and similar decays, which constrains ~.

These processes can be divided into two categories: those involving tree-level decay
amplitudes, and those involving suppressed amplitudes called “loops”. In a tree-level
decay, such as BT — DK™, the initial particle decays directly to the final state with

no intermediate loops containing virtual particles. These processes are robust against
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Figure 2.2: Global constraints on the Unitarity Triangle, reproduced from Ref. .

New Physics, as any amplitudes involving new particles would be negligible compared
with the SM amplitude. Figure [2.3| shows the constraints on the Unitarity Triangle
from tree-level measurements alone. The only angle that can be directly measured
from tree-level decays is -, which is therefore an important “standard candle” of the

SM. The direct measurement is currently determined to be
ysm = (72.1437)°

from an average of measurements , the most precise ones coming from the LHCb
experiment. The large uncertainty is due to the limited statistics of tree-level decays
that have been measured so far.

Processes involving loops, such as neutral-meson mixing, involve virtual particles
that can have masses larger than the energies of the interacting particles. Amplitudes
involving undiscovered heavy particles could therefore contribute significantly to the
overall amplitude of the process. Figure [2.4] shows the constraints on the Unitarity
Triangle from loop-level measurements only. These constraints are used to determine
an indirect measurement of v, which is sensitive to New Physics. The current average
value [1] is

np = (65.66 fg:gg)o,

which can be compared with the direct measurement to check for consistency with
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Figure 2.4: Constraints on the Unitarity Triangle using loop-level measurements only, re-
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the SM prediction. The direct and indirect determinations are currently compatible,
but the test is limited by the large uncertainty on the direct measurement. It is clear
that this precision must be improved to enable a more sensitive comparison to be
made.

The world-average direct measurement of v is dominated by the LHCb experiment,
which finds y = (74.0 72%)° from studies of various B-meson decays ,. Figure
shows the confidence regions of the LHCb v measurements with different species of B
meson. The combined result is dominated by measurements involving BT mesons, in

particular the decay BT — DK ™. The equivalent neutral- B-meson decay B — DK*®
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Figure 2.5: 1—CL plots of v measured with B-meson decays split by initial B-meson flavour:
BY mesons (orange), B® mesons (yellow), B* mesons (blue), and the full combination
(green), reproduced from Ref. [24].

currently has lower statistical precision, but is in fact more sensitive to v than BT —
DK™ as it contains a larger amount of interference through which v can be measured.
Measurements of the decays of BY mesons provide an important cross-check of the
BT-meson results and contribute to the overall precision. This thesis presents two

such measurements.

2.5 Measuring v with B — DK*® decays

Direct CP violation can be observed in decays involving a b — u transition, as their
amplitudes contain a factor of Vi, = [Viple™™. Sensitivity to 7 is only obtained if
the amplitudes of two different transitions between the initial state and final state
interfere. A suitable decay is B’ — D(f)K*°, where D represents either a D° meson or
a D" meson decaying to a common final state f. Figure shows Feynman diagrams
of the two decays, which both occur at tree level with no intermediate loops.

The K*° meson decays promptly to the final state K 7~ via the strong interaction.
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(a) B'— DOK*O (b) B®— DOK*

Figure 2.6: Feynman diagrams of the decays (a) B’ — DYK*? and (b) B"— DYK*0.

The CP-conjugate decay of a B® meson produces a K* meson, which decays to the
final state K~ 7+. The charge configuration of the kaon products therefore tags the
flavour of the B meson at the time of decay as B® or BY.

The amplitude of the B® — DYK*® decay contains the CKM matrix elements
V.,V whereas the amplitude of the B®— D°K*° decay contains a factor of V,, V.
The weak-phase difference between these amplitudes is therefore arg(—V. V.5 /Vius Vi),
which according to Eq. is equal to v to O(A\3) ~ 1072,

In addition to the weak-phase difference, the amplitudes differ by a magnitude
ratio rgo and a strong-phase difference dgo. The ratio rgo depends primarily on
the ratio |V.sVip|/|VusVis| and is approximately 0.3. As both the D meson and K*°
meson contain a quark from the B® meson, the colours of the final-state quarks are
determined by the initial quarks, so both amplitudes are “colour-suppressed” by the
same amount. As a result, rpo is not diluted with respect to the ratio of CKM
elements by any colour-related effects. In contrast, the amplitude of a BT — DK™
decay is “colour-favoured”, as the K meson contains two new quarks, which can have
any colour; it is therefore three times larger than the amplitude of a BT — DK™
decay, which is colour-suppressed. This results in a larger overall decay rate for
BT — DK™ decays than for B® — DK*" decays, but a smaller value of rg+ ~ 0.1,
which diminishes the interference in B™ — DK™ decays.

To derive the dependence of the BY — DK*? decay rate on v, we first consider

the general case B — DX, where X represents any resonant or nonresonant K T~
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a) B'— D(f)K*° b) B — D(f)l?*o
Figure 2.7: Interfering amplitudes in (a) B° — D(f)X decays and (b) B®— D(f)X decays.

The relative magnitudes and phases of the intermediate amplitudes are indicated.

pair. The interfering amplitudes depend on the momentum coordinate p in DK t7~

phase space, and can be written as

A(B°— D°X:p) = A.(p)e®®), (2.12)

A(B°— D°X;p) = A,(p)e'OxP)H7), (2.13)

where A.,) and 6., are the magnitude and strong phase, respectively, for decays
involving a b — ¢(u) quark transition. The amplitudes of the corresponding decays

of B® mesons are obtained under the transformation v — —v, which gives

A(B®— DX p) = A.(p)e®®), (2.14)

A(§0—> D'X; p) = Au(p)ei(éu(p)*”’), (2.15)

where X represents any resonant or nonresonant K~ 7" pair.

The overall decay can proceed via a B® — DX decay followed by a D° — f decay,
or a B’— DX decay followed by a D°— f decay. Figure.[2.7shows diagrams of the
two amplitudes for a B’ — D(f)X decay and its CP-conjugate decay, B®— D(f)X,
where f is the CP conjugate of the final state f.

The amplitudes of the decays of D° and D° mesons are related by a magnitude

ratio, rp, and a strong-phase difference, dp, and can be written as

AD’— f) =AD"= f) 1, (2.16)

A(D’— f) = A(D°— f) oc rpe~°P, (2.17)
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where small CP-violation effects in the D-meson system [21] are ignored.
The amplitudes of the intermediate B-meson and D-meson decays are multiplied
together to give the amplitudes contributing to the overall decay. The contributing

amplitudes are then added together to give the overall amplitudes:

A(B°— D(f)X;p) o Ac(p)e®®® 4 A, (p)e' @ty pe=tp, (2.18)
A(B°— D(f)X;p) o< Au(p)e®®+) 4 A (p)e?Pype=i00, (2.19)
A(B’ = D(/)X;p) o< A(p)e®®) + Ay (p)e! P~ Prpeion, (2:20)
A(B°— D(f)X;p) ox Au(p)e®®=7) 4 A, (p)eP®ype=9p, (2.21)

The final state DX includes the K*(892)° resonance we are interested in, as well as
other resonant and nonresonant contributions to the DK "7~ final state. Although in
practice we only consider decays near the mass of the K*° meson, interference between
the K*Y resonance and other contributions in this region dilutes the interference
between the B-meson decay amplitudes, and hence dilutes sensitivity to . This
dilution is quantified by a coherence factor x, where 0 < k < 1; a value of Kk = 1
would indicate a pure-K*(892)° sample. The effective amplitude ratio 7o and strong-
phase difference dgo depend on the region of DK ™7n~ phase space sampled, and are
defined by

2, = J dp Aup)®
J dp Ac(p)?

A(p) A i(du(p)—dc(p))

\/f dp Ac(p)g\/f dp A,(p)?

where the integrals are performed over the chosen region. It is desirable to choose a

(2.22)

€i5Bo

region that gives a large value of k in order to maximise sensitivity to ~.
The probability of a decay occurring depends on its partial width, I'. Squaring the
amplitudes in Egs. 2.1842.21] and integrating over the chosen DK ™7~ phase space,
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we obtain

(B — D(f)K*™) o< 1+ 1r%01% + 2K7porp cos(dpo — 6p + ), (2.24)
(B — D(f)K*™) o< 14 175075 + 2krgorp cos(dgo — dp — ), (2.25)
[(B°— D(f)K*™) o< 13, + 150 + 261507 cos(dpo + dp + ), (2.26)
[(B°— D(f)K*™) o< 13, + 150 + 261507 cos(dpo + dp — 7). (2.27)

The partial widths of pairs of C'P-conjugate decays are different due to the different
signs of v in the interference term. The size of this term depends on the value of 7o,
hence B®— DK*® decays (rpo ~ 0.3) have a higher sensitivity to v than BT — DK™
decays (rp+ ~ 0.1). While our aim is to measure 7, the parameters rgo and dgo are
not well known and are typically also determined from measurements of the partial
widths.

The size of the interference term also depends on parameters related to the D-
meson decay, rp and dp, which depend on the final state f and can be input from
external measurements. To achieve a high precision on +, it is best to study mul-
tiple D-meson final states and combine the results. This thesis studies final states
involving charged kaons and pions, which the LHCb experiment excels at detecting
and identifying. An analysis strategy using two- and four-body D-meson decays is
outlined in Sect. and a strategy with three-body D-meson decays is discussed in
Sect. 2.7
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2.6 Measurements with two- and four-body D-meson
decays: the GLW and ADS methods

2.6.1 The GLW method

The simplest method for measuring v, proposed by Gronau, London, and Wyler
(GLW) [25,26], uses CP-even D-meson final states, K* K~ and 77—, both of which
are singly Cabibbo suppressed. In this case, rp = 1 and dp = 0. This simplifies

Eqgs. to just two equations:

[(B°— DepK*®) o< 1+ 130 + 2K7p0 cos(dpo + 7), (2.28)

F(EO—> DCpK*O) x 1+ 7"230 + Q’W"BO COS((SBO - ’7)7 (229)

where D¢p represents a D meson decaying to any CP-even final state. We can access

information about 7, rgo, and dgo by measuring the asymmetry

['(B® = DepK*%) — T'(B° — DepK*0)

Acp = —= — :
T I(B* = DepK0) + I(B® — DepK™)

(2.30)

which can be measured for each final state, yielding ALK and AZ%. These quantities
are expected to be equal when CP violation in the D-meson decay is ignored. The

asymmetry is related to the underlying parameters by

2K7 o sin d go sin 7y

Acp (2.31)

1 + 724 + 2K cos dpgo cos 7y

Further information is contained in the charge-averaged rate of decays involving

a D meson decaying to a CP eigenstate, defined as

F(EO — DCPK*O) + P(BO — DCPK*O)

Rep =2 — — — (2.32)
(B — DVK*0) + I'(B? — DYK*0)
This is related to v and the auxiliary parameters through
Rep = 1+ 150 4 26750 €0s dgo cos . (2.33)

The numerator of Eq. can be accessed experimentally through decays to CP-
even eigenstates, such as B" — D(h*h™)K*0. The Cabibbo-favoured decay B® —



2.6. The GLW and ADS methods 21

/ DOK*O-\ DOK*O* r
[K*n~]pK*° B° [t K] p K™
Z;$‘ DOK*O%(SD rBei(‘$‘ DOK*O/\
(a) Favoured (b) Suppressed

Figure 2.8: Interfering amplitudes in (a) favoured ADS decays and (b) suppressed ADS
decays. The relative amplitudes of the intermediate decays are indicated. Thick green
arrows show favoured amplitudes, and thin red arrows show suppressed amplitudes.

D(K~n)K*® proceeds primarily via a D° meson with very little interference, and
can therefore be used to access the denominator. The rates of these decays must be
normalised by the known branching fractions of the D-meson decays. We can then

construct an experimentally measurable quantity,

w _ L(B° = D(h*h")K*) + T(B° = D(h*h™)K*) y B(D° — K—77)
@7 I(B* = D(K-7t)K*) + T(B° — D(K+r—)K*0) ~ B(D® — h*h~)’
(2.34)

which is equal to Rep when the small amount of interference in B®— D(K 7 t)K*°

decays is ignored. The GLW strategy yields four observables: ASK ATr REK and
%
2.6.2 The ADS method

An alternative method using D — K*7F decays was proposed by Atwood, Dunietz,
and Soni (ADS) [27,128]. There are two categories of such decays, one favoured and
one suppressed. A schematic of the interfering amplitudes in each category is shown
in Fig. [2.8]

In the favoured case, the decay proceeds predominantly via a favoured B° —
DPK*Y decay followed by a favoured D° — K+ 7~ decay. This process therefore has
a relatively large partial width. However, as the interfering amplitude is highly sup-
pressed, the interference term is extremely small and this mode has little sensitivity

to 7; nonetheless, it serves as a useful normalisation mode, such as in Eq. [2.34] The
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favoured mode is characterised by the kaons from the decays of the D and K*" mesons
having the same charge.

In the suppressed mode, the amplitude of a favoured B® — DK * decay followed
by a doubly Cabibbo-suppressed D° — 7+ K~ decay interferes with the amplitude
of a suppressed B® — DYK*® decay followed by a favoured D° — 77K~ decay.
These amplitudes have similar magnitudes, so the interference effects are enhanced,
providing even more sensitivity to v than in the GLW case. The kaons from the
decays of the D and K*° mesons have opposite charges in this process.

The partial-rate asymmetry of the suppressed ADS mode is given by
I'(B° = D(z~K*)K**) —I'(B° — D(zt* K~)K*?)

ATE = = — , 2.35
APS T D(BY — D(n~ K+)K*0) + ['(BY — D(n+K~)K*0) (2.35)

and the charge-averaged ratio with respect to the favoured mode is given by
-k _ DB D(rKY)K*) +T(B° - D(ntK~)K*?) (2.36)

ADS T (B0 — D(K-m+)K*0) + (B — D(K+r—)K*0)’
These observables have the following dependencies on v and the auxiliary parameters:

AT 2Krorp sin(dpo + dp) sin~y
ADS 20 + 1% + 267 porp cos(dpo + 0p) cos

(2.37)

oK _ %o + 1% 4 2krporp cos(dpo + dp) cosy (2.38)
ADS T 412012 + 261 gorp cos(Opo + 6p) cosy’ |

where rp = (5.87 £ 0.02) x 1072 is the ratio between the magnitudes of the suppressed

and favoured D-meson amplitudes, and §p = (192.1755)° is the strong-phase dif-

ference between the amplitudes [29][] The ADS asymmetry is expected to be larger

than the GLW asymmetry given in Eq. [2.31], but has a lower statistical sensitivity.
The quantities measured experimentally are the ratios

[(B° — D(n+K~)K*0)
['(BY — D(K+7n—)K*0)

RTE = (2.39)

and
oK P(EO — D(W_KJF)IE*O)

(2.40)

T I'(B° = D(K-7t)K*0)’

LAll expressions and charm strong-phase values are given in the convention CP|D°) = |D°). This
implies a 180° offset with respect to the values quoted in Ref. [29], which are defined with a different
sign convention.
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which exhibit better statistical behaviour than A}Sq and R3X in these low-yielding

decays. The relationships
ARbs = (RT* = RTF)/(R™F + RTY) (2.41)

and

Rips =~ (RT" +RIN)/2 (2.42)

allow the ADS observables to be recovered, where the approximate equalities are
exact in the absence of CP asymmetry in the favoured mode. The favoured mode
asymmetry

['(B° — D(K-n")K*) —T(B° — D(K*ax)K*)
['(B° = D(K—7+)K*0) +T'(B° — D(K+7~)K*0)

AADS (2.43)

is measured, and is expected to be much smaller than the asymmetry in the suppressed

mode.

2.6.3 Extension to four-body D-meson decays

The decay D— 7~ 77~ contains a mixture of CP-even and CP-odd states. Pro-
vided we know the C'P-even content of the decay, the GLW method can be applied to
this mode [30,31]. The CP-even fraction, '™, is measured to be 0.769 & 0.023 from
decays of quantum-correlated D mesons [32]. We measure the observables A%, and
RE,, which are analogous to the two-body observables AM, and R, respectively.
These observables can be interpreted through equivalent expressions to Egs. [2.31]
and [2.33 in which the interference terms acquire a factor of (2F™ — 1), i.e. the CP
violation is diluted by the non-CP-even contributions.

The ADS method can be extended to D — K*nTn+t7~ decays. The two-body
ADS decays D — K*rT are characterised by a single ratio, rp, and strong-phase
difference, dp; in the four-body case, these parameters vary over the phase space of
the D-meson decay products. As proposed in Ref. [33], we can describe the four-body

decays using three hadronic parameters obtained by integrating over the K*n¥ntn~
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phase space coordinate p:

(TK37r)2 _ fdp|Asup(P)|2
b fdp|Afav(p)|2’

(K3 iR J dp Asup (P) Atav (P)
D - 3
\/f dp |Asup(p)|2\/f dp |Afav(p)|2

(2.44)

(2.45)

where Ag,, and Ap, are the amplitudes of suppressed D°— K7~ 77~ decays and
favoured D° — K-ntwTn~ decays, respectively. The parameters r53™ and 6537
are the average magnitude ratio and strong-phase difference, respectively, between
these amplitudes. The coherence factor x83™ quantifies the dilution of interference
effects due to this averaging. These parameters have been measured in studies of
charm mixing and quantum-correlated D-meson decays: 753" = (5.49 £0.06) x 1072,
OR3™ = (128 728)° and k%™ = 0.43 7017 [34[35).

While a more sensitive method, involving dividing the phase space into regions
of high coherence and measuring the CP observables separately in each region, has
been proposed [36], here we use the simpler method of averaging over the entire phase
space. We measure the observables RTX™ R™E™™ and AKFT™ which are analogous
to the two-body ADS observables. They are interpreted in terms of ~, rgo, and dpgo
using equivalent expressions to Egs. and in which rp and dp are replaced

with 7537 and 6537, respectively, and interference terms are multiplied by x53.

2.6.4 Summary of GLW and ADS observables

Measurements of the ratios and asymmetries of the partial decay widths of B® —
DK*® decays with the D meson decaying to two- and four-body combinations of
charged kaons and pions are used to determine twelve CP observables. In the GLW
modes K™K, 7w~ and 77 77, we measure ASY, ATL, REL RTL, A, and
R&. In the ADS modes K*7F and K*r¥7 7w, we measure RTY, R™, RTK™™
R ARES and ARBET.

The final state DK*? is also accessible to BY mesons, which are therefore present

in samples of B® — DK™ decays. While in principle the twelve CP observables can
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be measured in the decays of BY mesons, the amplitude ratio rpo in these decays is
around 0.01, so the interference terms are significantly suppressed. The B%-meson

observables are therefore not used to determine v with the current data sample size.
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2.7 Measurements with three-body D-meson de-
cays: the GGSZ method

The ADS/GLW observables defined in Sect. have trigonometric dependencies on
v and dpo, so their measurements provide multiple solutions in (v, dp0) parameter
space. A complementary measurement that determines a single value of v can be
made using D-meson decays to self-conjugate three-body final states, K77~ and
K)KTK~.

The magnitude ratio and strong-phase difference between the amplitudes of the
decays of D° and D° mesons to these final states vary significantly across the phase
space of the decay products. The amount of CP violation therefore also varies across
the phase space. A method for measuring v proposed by Giri, Grossman, Soffer, and
Zupan (GGSZ) [37] exploits this variation by comparing the phase-space distributions

of the decays of B® and B° mesons, rather than measuring the overall asymmetry.

2.7.1 Dalitz plots for three-body D-meson decays

In the rest frame of a D meson decaying to the final state KChth™ (h = K, ),
there are twelve degrees of freedom corresponding to the four-momenta of each final-
state particle. Conservation of energy and three-momentum imposes four constraints.
The fixed masses of the K2 and h* mesons impose a further three constraints. The
initial and final-state particles have zero spin, so the angular distribution of the decay
products is uniform; we can study the amplitude of decays integrated over the three
Euler angles to impose three more constraints. This leaves only two degrees of freedom
in the final state, so the amplitude of the decay can be fully specified as a function
of only two kinematic variables.

The phase space of D°— K{hTh~ decays can be visualised using a two-dimensional
“Dalitz plot” [38]. The axes of a Dalitz plot are the squared invariant masses of any
two of the three D-meson decay products, defined by m?(AB) = (p4 + pp)?, where

pa and pp are the four-momenta of particles A and B, respectively. In the case of
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Figure 2.9: Dalitz plots of (a) D — K277~ decays and (b) D— K{K* K~ decays in LHCb
data, reproduced from Ref. [39]. The blue line corresponds to the kinematic boundary
imposed by the mass of the D meson.

D°— KPh*h~ decays, we have three options: m?(Kh™), m?(K?h™), and m?(h™h™).
For symmetry reasons we choose m?(K2h") and m?(K{h™), which we refer to with
the shorthand m?% = m?(KJh") and m? = m?(Kh™).

Figure shows the distributions of samples of D° — K2r"7n~ and D° —
K{KTK~ decays in the (m?,m?2) plane. Because the total invariant mass of the
final-state particles equals the mass of the D° meson, there is a kinematic boundary
on the plot. The internal structure of the plot arises from nonresonant contributions,
intermediate resonances, and interference between resonant and/or nonresonant con-
tributions. These structures have been studied in detail in dedicated amplitude anal-
yses [40,141]. Some notable features are a vertical band at m* ~ 0.8 GeV/c? in the
D° — Kzt~ plot, resulting from the intermediate resonance K*(892)~ — K27,
and a diagonal band in the D — K2 K™K~ plot from the resonance ¢(1020) — K+ K.

The total amplitude at each point, AD(mg,mi), is the sum of all contributing

amplitudes. The amplitudes Ap and Ap of the decays of D° and D° mesons, respec-
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tively, can be written as
Ap(m?,m?%) = a(m?, mi)ew(mz’mi), (2.46)
Ap(m?,m%) = a(m?, mi)eié(mg’mi), (2.47)

2

2

and are related by the transformation m? < m?. The (m*,m?) dependence of a, a,

§, and ¢ is implied for the remainder of this discussion.

2.7.2 The GGSZ method for B® -+ DK*? decays

The amplitude of the decay B® — D(K2hth~)K*" is obtained by combining the D-
meson amplitudes in Egs. and with the B%-meson amplitudes in Eqs. [2.12

and to give
A(B® = D(K°h*h ) K*0) = Au(p)e”Pae’ + A, (p)e'®u®) = ge?. (2.48)

The partial width, I', is calculated by squaring the amplitude and integrating over

the phase space of the B%-meson decay products, giving
['(B° = D(K2hTh™)K*®) o< @ + roa® + 2kad@rpo cos| (6o — ) + (6 — 6)], (2.49)

where the parameters rgo, dgo, and k are defined in Eqs. 2.22| and [2.23] Further

defining the strong-phase difference between the D%-meson and D°-meson amplitudes

as 0p = 0 — 0, this expression can be rewritten as

[(B° — D(KXhTh™)K*) o @® + rhea®
(2.50)
+ 2kaarpgo[cos(dgo — ) cos(dp) — sin(dgo — y) sin(dp)].

The partial width of the CP-conjugate B°meson decay is found by repeating the
process with the B%meson amplitudes in Egs. and [2.15] giving
[(B° — D(K2hTh™)K*) < a® + rhea”
(2.51)
+ 2Kkaargo[cos(dpo + ) cos(dp) + sin(dpo + ) sin(dp)].
In the absence of interference (rgo = 0) and/or CP violation (v = 0), the Dalitz plot

distributions of the decays of B® and B° mesons are identical under the transformation
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m?% <+ mZ; however, if rgo and ~y are nonzero, they are different. The parameters ~,

rpo, and dpo can be determined from a measurement of the B~ B? asymmetry as a
function of (m?2,m?2), provided we know a and dp.

In a “model-dependent” analysis, a and dp are taken from an amplitude model.
A systematic uncertainty must be assigned to account for potential biases due to the
uncertainty of the model, the size of which is difficult to estimate reliably. This issue
is avoided in a “model-independent” analysis, where the amplitude and strong-phase
difference are taken from measurement. The uncertainties on these measurements
are well known and can be reliably propagated to the results. This thesis presents
a model-independent analysis using strong-phase information measured by the BE-
SIIT and CLEO experiments, discussed in Sect. 2.7.3] and an amplitude distribution
measured with Bt — D7t decays, discussed in Sect. [6.1]

In practice, the amplitude and strong-phase parameters are measured in discrete
bins of the Dalitz plot. To make use of these measurements, we must bin our B°-

meson-decay data in the same way and measure the yield in each bin. The interference

term is symmetric under the transformation m? < mi, so the bin regions are defined

to be symmetric about the line m? = m?2. Bins in the region m? > m?2 are labelled
i = {1,2,...k}, and the symmetrical bins in the region m? < m? are labelled
i={-1,-2,... — k}, giving 2k bins in total.

The binning schemes used are based on an amplitude model developed by the
BaBar collaboration [41] and are chosen to maximise sensitivity to 7. Note that
the use of an amplitude model to define the binning does not introduce any model-
dependent bias in the final measurement; if the structure of the D-meson decay is
different in nature than in the model, there will merely be a difference in statistical
sensitivity compared with expectation. For D — K{7nt7r~ decays, a scheme with 8
bins called the “optimal binning” scheme is used. For D — K!KTK~ decays, which
are less abundant, the “2-bin” scheme is used. Both schemes are shown in Fig. [2.10]

For each bin 7, we define the parameter 7T} as the integral of the squared D°-meson
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Figure 2.10: Binning schemes for (a) D — K{7tn~ decays using the “optimal binning”

scheme and (b) D— K{K*+ K~ decays using the “2-bin” scheme. The dotted line separates

positive and negative bin numbers, where positive bins are in the region m? > mi

amplitude in that bin,
T, = /dedmi a*(m*,m%). (2.52)

The amplitudes of the decays of D° and D mesons are related by the transformation

m2 < mi, so the integrated D°-meson amplitude in the corresponding negative bin,

T_;, is equal to the integrated D°-meson amplitude in bin i:

T ,= /‘dede+ a*(m?,m%) = /dede+ a*(m2,m2). (2.53)
We also define two strong-phase parameters,
C = \/W /dm dm? a(m?,m2)a(m?>,m3 ) cos Sp(m?, m2), (2.54)
s; = dm? dm? a(m?,m?)a(m?*, m?)sindp(m?*,m?) (2.55)
\/W_l + — —+ — —+ — +/
which obey the relationships ¢; = c¢_; and s; = —s_;.

The parameters of interest can be written as Cartesian parameters,

T+ = rpgocos(dgo =), (2.56)

Y+ =Tpo sin(§Bo + ’7) (257)
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Using these parameters, we can rewrite the partial widths of the decays of B® and
B° mesons in each bin as
i (B° — D(KJhTh™)K*)
(2.58)
o Ty + (22 4 y2) T + 260/ T T-i (T4 Ci — Yy i),
(B — D(KYhTh™)K*?)
o< Ti + (2% + Y2 ) Tys + 267/ T T—i(x_cay + y—543).

For a binning scheme with 2%k bins, there are 4k equations. In a model-independent

(2.59)

analysis, the parameters T.;, ¢;, and s; are taken from measurement. The only
unknown parameters are then x4 and y., which can be measured from the yields of

B%meson and B%meson decays in each bin and used to determine 7, rgo, and dgo

through the straightforward relationships in Egs. and [2.57]

2.7.3 Strong-phase inputs

The values of ¢; and s; are taken from a combination of measurements made by
the CLEO [42] and BESIII [43] collaborations. These measurements use samples of
data from electron-positron collisions at a centre-of-mass energy of 3.773 GeV; this
produces the ¥ (3770) resonance, which decays to quantum-entangled pairs of D° and
D° mesons.

The decays of the D mesons in these pairs are not independent; for example, if
one decays to a CP-even eigenstate, the other must decay to a CP-odd eigenstate.
This property is exploited by studying “double-tagged” events, where one D-meson
final state is tagged as D — KJhTh™ and the other is tagged as either a CP-even,
CP-odd, or flavour-specific final state. The D° and D content of the latter decay
is known, so we also know the D° and D° content of the entangled D — K°h*th~
decay. The yields of each type of double-tagged event in each Dalitz bin are used to

determine ¢; and s;.



32 CP violation and v measurements

2.8 Previous measurements of B’ — DK*? decays

Measurements of B’ — DK* decays have previously been made using LHCb data
collected from 2011-2012. An ADS/GLW analysis using two-body D-meson final
states measured the amplitude ratio to be 750 = 0.240 75535 and placed constraints
on the (7, dpo) parameter space [44]. The suppressed ADS decay B®— D(n+tK~)K*°
was observed to a significance of 2.70, which did not meet the 50 threshold for a first
observation.

An amplitude analysis of the full phase space of B — DK™~ decays has been
performed at LHCD using the two-body GLW modes [45]. The suppressed ADS mode
was not studied due to challenging background levels. The model determined in this
analysis predicts the value of the K*° coherence factor to be x = 0.958 7009 for a
particular region of DK "7~ phase space; this region is used for the measurements in
this thesis.

The BaBar and Belle collaborations have studied B® — DK*? decays with the D
meson reconstructed in the ADS modes [46,47]. The signal yields in these analyses
are very low, so upper limits on Rapg are presented. The BaBar analysis also studies
the final states D — K*7 7% and K*nTwT7~; this is the only prior measurement of
B° — DK** decays with a four-body D-meson final state.

The GGSZ modes have been studied by Belle using the model-independent method [4§]
and by LHCDb with both the model-dependent [49] and model-independent [21] meth-
ods. The model-independent LHCb analysis measures the following parameters:
v = (71420)°, rgo = 0.56 + 0.17, and dpo = (204 T21)°.

The overall LHCD v combination [23}24] uses measurements from the ADS analysis
of B®— D(K*7rF)K*? [50], the amplitude analysis of B — D(h*h™)K*7~ [45], and
the model-independent GGSZ analysis of B — D(K2hTh~)K*® |51], in addition to
inputs from other B-meson decays. The BY-meson decay parameters are found to be
rgo = 0.221 7001 and dgo = (187 723)°. The best-fit value of v is (74.0 T3:9)°; this is

dominated by measurements of BY — DK+ decays, which alone give v = (69.8 73-7)°.
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The analyses presented in Chaps. toof this thesis are updates to the ADS/GLW
and GGSZ analyses published in Refs. [44] and [51], respectively. These updates ben-
efit from larger data sets, improved selection methods, and a better understanding of
the B%-meson invariant-mass distribution. The ADS/GLW analysis also incorporates
four-body D-meson decays for the first time at LHCb, which improves the constraint
on 7. The results of these analyses are combined in Chap. [§f to give a measurement

of v using only B°— DK*° decays.






Chapter 3

The LHCDb experiment

The B® meson has a mass of 5.28 GeV/c?, and can therefore only be produced in a high-
energy interaction. This can be achieved using collider experiments, which collide
accelerated beams of charged particles at large centre-of-mass energies to produce
heavier particles. While B° mesons decay too rapidly to seen directly, their decay
products can be observed by a particle detector and used to reconstruct the B%-meson
decay.

The Large Hadron Collider (LHC) at CERN is a circular proton-proton (pp) col-
lider with a circumference of 27 km. Figure3.1/shows the CERN accelerator complex.
The protons begin as hydrogen atoms, which are ionised and boosted to an energy
of 25GeV by the Proton Synchrotron (PS). The Super Proton Synchrotron (SPS)
increases this energy more than tenfold to 450 GeV. The protons are then injected
as two separate beams into the LHC, where they circulate in opposite directions. A
series of superconducting dipole magnets bends the beams into a circular shape, while
further magnets focus and stabilise the beams. Accelerating cavities boost the beams
to their final energies of 6.5 TeV. The LHC can hold up to 2808 bunches of O(10'!)
protons.

Once stable, the proton beams are brought together to collide with a combined
energy of 13TeV. This occurs at four points around the ring, where the four main
LHC detector experiments are situated: the Large Hadron Collider Beauty (LHCb)
experiment and the ATLAS, CMS, and ALICE experiments. The beams can circulate

35



36 The LHCDb experiment

CMS

LHC

North Area

LHCb

ok'S

ATLAS AWAKE

oo ~—

AD
]
P

TI2

HiRadMat

TT2 1999 (182 m

BOQOSTER
@ ISOLDE
East Area.

n-Tol N =
P / -
2001 ] LINAC 2 oL
neutrons °
~ LINAC 3 i

2005 (78 m)

lons

Figure 3.1: Schematic of the CERN accelerator complex, reproduced from Ref. . Protons
used in pp collisions at the LHC follow the sequence LINAC 2 — BOOSTER — PS — SPS
— LHC.

for several hours while continuously colliding, in a period known as a “fill”, until the
number of protons becomes too low to be useful.

The LHC has completed two major periods of data taking. During Run 1 (2010
2012), the LHC ran at a reduced energy of 7-8 TeV. The energy was increased to
13 TeV in Run 2 (2015-2018). This thesis only considers data from 2011 onwards, as
the luminosities in 2010 were very low. The spacing between the proton bunches was
50ns in Run 1 and was reduced to 25ns in Run 2.

The rate % of a scattering process, such as the production of a pair of bb quarks,
depends on its interaction cross-section ¢ and the instantaneous luminosity of the

collision L;,q via
dN
dt = Einsto-‘ (31)

The amount of data collected over some period of time is quantified by the integrated



The LHCDb experiment 37

Table 3.1: Collision energy and integrated luminosity for each year of data taking in Run 1
and Run 2 at the LHCb experiment.

Run 1 Run 2
2011 2012 2015 2016 2017 2018
Collision energy (TeV) 7 8 13 13 13 13

Integrated luminosity (fb™*) 1.0 2.0 03 1.6 1.7 21

luminosity,
L: - /ﬁinst dt, (32)

which is measured in units of fb™!. Table gives the collision energies and integrated
luminosities collected each year by the LHCb experiment.

At the ATLAS and CMS experiments, the proton beams are collided head-on to
obtain the maximum possible instantaneous luminosity, which decreases throughout
the fill as the number of protons in each bunch is depleted. The LHCb experiment
is optimised to operate at a lower instantaneous luminosity, achieved by deliberately
offsetting the beams. Figure|3.2| compares the instantaneous luminosities throughout
a fill for the three experiments. Most of the LHCb data were collected at an instan-

2571, The average number of collisions per bunch

taneous luminosity of 4 x 1032 cm™
crossing, u, ranges from 1.1 to 1.7 at LHCb depending on the year of data taking,
whereas ATLAS operates at © = 27. The lower value of p at LHCDb improves the ac-
curacy of detecting B mesons by decreasing the likelihood of a track being associated
with the incorrect pp collision vertex. It also improves the performance of the LHCb

subdetectors by decreasing their average occupancy, and reduces radiative damage to

its vertex locator, which is situated very close to the beam pipe.
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Figure 3.2: Development of the instantaneous luminosity throughout a fill at the ATLAS,
CMS and LHCb experiments, reproduced from Ref. . At LHCb, the luminosity is kept
stable to within 5% of the desired value, 4 x 10?2 cm~2s7!, for around 15 hours.

LHCb MC

V\s=14TeV

0, [rad] ™2
T 0, [rad]

Figure 3.3: The angular distribution of bb quark pairs produced in simulated pp collisions

at 14 TeV, reproduced from Ref. . The region covered by the LHCb detector is shown
in red.
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Figure 3.4: The LHCb detector, reproduced from Ref. .

3.1 The LHCDb detector

The LHCb detector is designed to detect the decays of beauty and charm
hadrons. The dominant mechanism for bb production at a collision energy of 13 TeV
is gluon fusion, which is most likely when the interacting gluons have asymmetric
momenta in the pp centre-of-mass frame. This causes the produced bb pair to be
boosted along the beam direction, with both quarks very likely to be in the same
forward or backward cone, as shown in Fig. [3.3 The LHCb detector is therefore
arranged in the forward direction, in contrast to the cylindrical designs of the ATLAS,
CMS, and ALICE detectors.

A schematic of the LHCb detector is shown in Fig. The detector is described
with respect to a right-handed coordinate system where the z-axis points along the
beam line and the x and y axes point in the horizontal and vertical directions, re-
spectively. The proton bunches collide inside the vertex locator at z = 0, and the

detector extends to z = 20 m.
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Along the length of the detector, particles traverse several subdetectors:

1. The VErtex LOcator (VELO) locates the primary collision vertex and the

decay vertex of the beauty or charm hadron;

2. Ring Imaging Cherenkov detectors (RICH1 and RICH2) provide infor-

mation for identifying the species of charged particles;
3. The Tracker Turicensis (TT) locates particle tracks upstream of the magnet;

4. The dipole magnet bends the tracks of charged particles so that their curva-

ture can be used to measure their momentum and charge;

5. The tracking stations (T1-T3) measure the positions of tracks downstream

of the magnet;

6. The calorimetry systems (SPD/PS, ECAL and HCAL) provide particle

identification information and measure deposits of energy;

7. The muon detectors (M1-M5) identify muons and measure their transverse

momenta.

The detector covers an angular range of 10 < § < 300 mrad in the bending plane
of the magnet and 10 < # < 250 mrad in the non-bending plane. This range captures
25% of the bb pairs produced in the pp collisions. Because the b hadrons within this
range have high momenta, they typically travel around 10 mm from the primary ver-
tex (PV) at which they are produced before decaying. They are characterised by this
displacement and the large transverse momenta (pr) of their decay products. These
properties are detected using high-quality measurements of the vertex positions and
track momenta by the VELO and tracking system. The RICH detectors and calorime-
ters contribute to the precise identification of the species of charged particles, which
is crucial in flavour-physics analyses. To cope with the high pp collision rate, LHCb

uses a fast and efficient trigger system to decide which events to store, including a
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Figure 3.5: Diagrams of (top) the arrangement of the layers of the VELO detector, and
(bottom) the structure of a radial (R) sensor and an angular (®) sensor, reproduced from
Ref. [57].

hardware trigger that relies on information from the calorimeters and muon detectors
and a software trigger using full detector information. The remainder of this chapter

discusses each of these features in more detail.

3.2 The VELO

Processes involving b hadrons are characterised by a significant separation between
the PV and the b-hadron decay vertex. Precise reconstruction of these vertices is
essential for distinguishing b-hadron decays from the many other tracks coming from
the pp collision. This is achieved by the VELO, which is a set of 42 semicircular silicon
microstrip detectors surrounding the pp interaction region. When charged particles
collide with silicon atoms, they liberate electrons and produce a detectable electrical
current. The layers of the VELO alternate between between radial (R) detectors
and angular (®) detectors. A diagram of the VELO layout and sensors is shown in
Fig. 3.5

To increase precision, the sensors are positioned just 7mm from the beam pipe

during data taking. At this proximity, the VELO would suffer huge amounts of ra-
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diative damage before the beams are focussed. To avoid this damage, the VELO
automatically retracts to a safe distance of 35 mm during beam injection and stabili-
sation and moves back towards the beam for data taking.

The recorded hits in the VELO are combined with information from the trackers

to reconstruct the positions of charged tracks and vertices, as described in Sect. [3.4]

3.3 Tracking stations and magnet

In a particle physics analysis, we typically infer the presence of a particle decay by
searching for a peak in the invariant-mass distribution of the final-state particles. A
good invariant-mass resolution is needed to distinguish signal peaks from underlying
backgrounds. The invariant mass is calculated from the momenta of the final-state
tracks, and thus a good momentum resolution is required; this is achieved by the
tracking system in combination with the VELO.

The arrangement of the tracking stations is illustrated in Fig. [3.6] The Tracker
Turicensis (TT) is positioned upstream of the magnet, and three additional stations
T1-T3, collectively referred to as the “T stations”, are positioned downstream.

Silicon microstrip trackers are used in the T'T and the region of the T stations
closest to the beam pipe, called the Inner Tracker (IT), where the density of tracks
is highest. The TT is 130 cm high and 150 cm wide, covering the full detector ac-
ceptance, while the IT is cross-shaped and is 40 cm high and 120 cm wide. The TT
and each of the three I'T stations are composed of four layers in a r—u—v—x structure,
with the x layers positioned vertically and layers v and v positioned at angles of £5°
from the vertical. The silicon technology used is expensive, but provides a very fine
spatial resolution of around 50 pm [53].

The region of the T stations further from the beam pipe is called the Outer Tracker
(OT) and is made up of 5 mm-diameter straw-tubes filled with a gas mixture of argon,
COg, and O,. Each station is composed of four layers arranged in the same r—u—v—x

structure as the silicon trackers. When a charged particle passes through the straw-
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Figure 3.6: Arrangement of the tracking stations, reproduced from Ref. . The Tracker
Turicensis and Inner Tracker, which use silicon microstrip technology, are shown in purple.
The Outer Tracker, which is made up of straw-tube modules, is shown in cyan.

tubes, it ionises the gas molecules inside, producing electrons that are detected by
an anode wire at the centre. The position of the track within the tube is calculated
from the drift-time taken for the electrons to reach the wire, providing a much finer
precision than simply using the position of the tube. Straw-tube technology is cheaper
than silicon strips and is therefore well-suited to covering the large area further from
the beam. The OT achieves a drift-time below 50 ns and a spatial resolution of around
200 um [53].

A warm (non-superconduting) dipole magnet is positioned between the TT and
the T stations, and provides an integrated magnetic field of around 4 Tm. Its purpose
is to deflect charged particles in the x—z plane, producing a measurable curvature from
which a charged particle’s momentum can be calculated. As positively and negatively
charged particles are deflected in opposite directions, a charge detection asymmetry
could arise from a difference in performance of the left- and right-hand sides of the
detector. The direction of the magnetic field is regularly switched during data-taking

to cancel out this asymmetry.
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3.4 Charged-track reconstruction

The trajectories of charged particles are reconstructed from hits in the VELO, TT,

and T stations. Tracks are categorised according to their route through the detector:

e Long tracks traverse the entire tracking system. They have the most pre-

cise momentum estimate and are therefore the most useful tracks for physics

analyses.

Upstream tracks pass through the VELO and TT. They are deflected out
of the detector acceptance before reaching the T stations due to their low mo-

menta.

Downstream tracks only traverse the TT and T stations, and typically origi-
nate from long-lived particles such as K mesons that decay outside the VELO.
While they have a slightly worse momentum resolution than long tracks, they
are still useful in analyses involving long-lived intermediate particles. Around

two-thirds of detected K mesons are reconstructed from downstream tracks.

VELO tracks only produce hits in the VELO. They are typically large-angle

or backwards tracks and are useful for reconstructing the PV.

T tracks only produce hits in the T stations, and are likely to come from sec-
ondary interactions with the detector material. Their momentum is unknown,

so they are of little use for physics analyses.

Figure [3.7| shows a sketch of the different track types.

Once tracks have been identified, their trajectories are fitted using a Kalman

filter [59], which accounts for multiple scattering and corrects for energy loss due to

ionisation of the detector material. The quality of the track is quantified by the y?

per degree-of-freedom of this fit. A neural network is used to remove fake tracks,

which mostly originate from incorrect associations between VELO tracks and tracks

in the T stations.
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Figure 3.7: Sketch of the different types of tracks traversing the VELO, T'T, and T stations,
reproduced from Ref. [5§].

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 greater
than 96% for tracks in the momentum range 5 < p < 200 GeV/c [58]. The momen-
tum resolution of reconstructed tracks is extremely good; the relative uncertainty
dp/p varies from 0.5% at low momentum to 1.0% at high momentum, as shown in
Fig. 3.8(a).

The resolution of the PV depends on the number of tracks used in its recon-
struction, with more tracks providing a better resolution. Figure [3.8(b) shows the
resolution in the x and y directions as a function of track multiplicity. For a PV re-
constructed with 25 tracks, the resolution is 13 um in the transverse plane and 71 pm
along the beam axis [57].

The impact parameter (IP) of a track is its distance from the PV at the point
of closest approach. As b hadrons tend to have a displaced decay vertex, the IP of
their products is typically larger than that of particles originating from the PV. The
IP resolution is inversely proportional to the pr of the track, as shown in Fig. [3.8(c),
and is less than 35 um for tracks with a pr greater than 1GeV/e. For each track,
an additional parameter, %, is calculated. This is defined as the difference in x? of

the PV fit with and without the inclusion of the track. This quantity behaves like
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(IP/o1p)?, and therefore tends to be large for b-hadron decay products. Requirements
on the IP and % variables are frequently used in analyses to remove contamination
from prompt backgrounds.

Once the three-momentum p of a particle has been measured, its energy can be

calculated for a given mass hypothesis m using

E = /|p|>c® + m2ct. (3.3)

The invariant mass of an n-body combination of tracks can be calculated from

sz‘

The precise momentum measurements at LHCb therefore provide an excellent invariant-

. (3.4)

2

n
MioeC' = Epgy — [Prot]*c* = (Z il + ”’%204)
%

mass resolution. The relative mass resolution o,,/m has been measured for various
dimuon resonances, as shown in Fig. [3.§(d), and is around 0.5% for masses up to the

mass of the 7" resonance.

3.5 The RICH detectors

The accurate identification of charged particles is extremely important in flavour
physics, for instance to tag the flavour of B mesons or distinguish between favoured
and suppressed decays. Excellent identification of charged hadrons (7, K and p) is
achieved at LHCDb by the two RICH detectors.

When a charged particle passes through a dielectric medium faster than the speed
of light in that medium, a phenomenon known as Cherenkov radiation occurs, which
is an optical analogue of a sonic boom. This results in the emission of a cone of
electromagnetic radiation with an angle given by cos = %, where n is the refractive
index of the medium and ( is the ratio of the particle’s velocity to the speed of light
in a vacuum. The relationship between 6 and the particle’s momentum therefore

depends on its mass. Figure [3.9] shows the Cherenkov angle versus momentum for

particles of different masses in C4F;o, which has a refractive index n = 1.0014. The
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Figure 3.8: Studies of the tracking performance at LHCb. (a) Relative momentum resolution
versus momentum for long tracks in J/ip decays [53]. (b) Primary-vertex resolution in the x
and y directions as a function of track multiplicity. The grey histogram shows the resolution
for all events that pass the High Level Trigger [53]. (c¢) Resolution of the z component of
the impact parameter as a function of 1/pr in 2012 data and simulation [57]. (d) Relative
mass resolution versus mass, measured for various dimuon resonances [53].
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Figure 3.9: Reconstructed Cherenkov angle as a function of track momentum for differ-
ent charged hadron species in the C4F1g radiator of the RICH detector, reproduced from

Ref. .

Cherenkov angle is measured from detected photons in the RICH photosensors and
compared with the momentum of the track matching those hits to provide information
on the track’s probable species.

The RICH1 detector is located upstream of the magnet and is designed to provide
particle identification in the low-momentum range 2 < p < 40 GeV/c. It covers the
full angular acceptance of the detector and is positioned as close to the interaction
point as possible to limit its volume. During Run 1, the RICH1 detector contained
two radiators, C4Fyo and silica aerogel (n = 1.03). The inclusion of the aerogel was
not as effective as expected, so it was removed in Run 2 to improve the efficiency by
allowing a larger volume of C4Fg to be used.

The RICH2 detector lies downstream of the magnet and encompasses the high-
momentum range 15 < p < 100 GeV/c using CFy4 (n = 1.0005) as a radiator. Although
it covers a limited angular range of 15-200 mrad, a large proportion of the high-
momentum tracks for which the RICH2 has high separation power enter this region.
Both RICH detectors use mirrors to focus the Cherenkov photons into rings, which
are detected by arrays of hybrid photon detectors (HPDs). The resolution of the
reconstructed Cherenkov angle is 1.618 mrad in RICH1 and 0.68 mrad in RICH2 .



3.6. Calorimeter 49

> » T T T T ] > C T T T T ]
g 14 -] g 14 -]
2 LoF LRl v O OALLK-m>0 ] 2 i e rev O O ALLK-1>0
5O ® W ALLK-m>5 ] T F ® W ALLK-m>5
lz_:;_%xﬁ::i e E 1:—(>_:F>_*4—e-=.=:9:xjh*ﬁ—o—-o-_<>_ S E
0.8 K - K T St 0.8 K - K -~ . o
0.6 - 3 0.6F - -
0.4F -~ 0.4F . 4
o m-K —o-T ] - m-K =0
0.2 = e 0.2F P
o T o ] C o= ]
b= SSssvans : 3x10° o= =E = e el et 3x10°
0 20 40 60 80 100 0 20 40 60 80 100
Momentum (MeV/c) Momentum (MeV/c)
(a) 2012 data (b) 2016 data

Figure 3.10: Kaon identification efficiency (red) and pion misidentification rate (black)
in data from (a) 2012 and (b) 2016 as a function of track momentum. Two different
requirements on ALL(K —7) = log L — log L, are applied, resulting in the open and filled
marker distributions. Reproduced from Ref. [61].

A fit is performed to find the likelihood L of each mass hypothesis for tracks that
have passed through the RICH detectors. The difference in log-likelihood for each

species X is defined as

DLLy = log Ly — log L. (3.5)

This variable compares the likelihood of species X with that of a pion, which is the
most abundant species, and is frequently used in analyses to remove backgrounds
with misidentified particles. Figure [3.10] shows the kaon identification efficiency and
pion misidentification rate versus momentum for two different DLL g requirements in
Run 1 and Run 2. An improvement can be seen at low momentum in Run 2 due to

the removal of the aerogel.

3.6 Calorimeter

The calorimetry system serves several purposes. It provides identification for elec-
trons, photons, and 7 mesons, and measures their positions and energies, which are
used in the reconstruction of decays with neutral final-state particles. It also provides

information to the hardware trigger, which selects candidates with large transverse

energies (Er) as discussed in Sect. [3.§
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The calorimeter consists of a scintillating pad detector (SPD), a preshower (PS),
an electromagnetic calorimeter (ECAL), and a hadronic calorimeter (HCAL). The
SPD and PS are both made from arrays of scintillating pads and are separated by
a 15 mm-thick lead converter. This setup provides separation between electrons and
photons, as both species produce a signal in the PS but only charged particles produce
a signal in the SPD. The energy deposition profile in the PS helps to distinguish
electrons from charged pions.

The ECAL is made up of alternating layers of lead and scintillator tiles. Parti-
cles interact with the lead to produce electromagnetic showers, which are converted
to UV light by the scintillator layers. The UV light is detected by photomultiplier
tubes (PMTs) and used to determine the deposited energy. The length of the ECAL
corresponds to 25 radiation lengths, enough for almost all of the energy in the elec-
tromagnetic showers to be deposited.

The HCAL consists of alternating layers of iron and scintillator, and operates
similarly to the ECAL. It only covers 5.6 nuclear interaction lengths due to space
constraints; this is sufficient for its intended purpose, which is to sample the energies
of hadronic tracks for use in the hardware trigger rather than to measure their total

energies.

3.7 Muon detectors

Many interesting B-meson decays have muons in their final states, which have long
lifetimes in the lab frame and traverse the entire detector. The muon stations identify
these muons and provide a fast measurement of their pr for use in the hardware
trigger. The first station, M1, is placed upstream of the calorimeter and is important
for the pr measurement. The stations M2-Mb5 are positioned downstream of the
calorimeter and are interleaved with iron absorber plates to ensure that penetrating
muons are the only particles to traverse all five stations. Multi-wire proportional

chambers (MWPCs) are used everywhere in the muon stations, except in the inner
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region of M1 where the particle flux is highest, which is equipped with gas electron
multiplier (GEM) detectors.

Information from the RICH detectors, calorimeter, and muon stations is combined
to calculate the likelihood and DLL of each charged-particle hypothesis: e, u, K, 7
and p.

3.8 Trigger and stripping

Bunches of protons at the LHC collide at a rate of around 40 MHz, while the rate of
interesting B-meson decays is only a few Hz. It is impossible to record and process
all events due to limited storage capacity, detector readout speed, and computing re-
sources, so a trigger system is employed to cherry-pick interesting events to save. The
design of the trigger has been refined throughout the operation of LHCb. Figure|3.11

shows overviews of the trigger system in 2012 and 2015.

3.8.1 Hardware trigger

The first level of the trigger is the hardware trigger (L0). This reduces the event rate to
around 1 MHz, the maximum frequency at which the entire detector can be read out.
The LO trigger uses information from the calorimeter and muon systems to construct
hadron, photon, electron and muon candidates, which are accepted or rejected based

on their transverse energy or momentum. Transverse energy is calculated in 2 x 2
clusters of ECAL or HCAL cells, and is defined as
4
By =) E;sin6;, (3.6)
i=1
where F; is the energy deposited in cell ¢, and 6; is the angle between the z axis and
a line connecting the cell-centre average to the average pp collision point.
Hadron candidates (LOHadron) are constructed from the HCAL cluster with the
largest Er, which is added to the Et from the matching cluster in the ECAL. Photon
candidates (LOPhoton) use the highest Ex ECAL cluster with one or two matching

PS hits and no matching hits in the SPD. Electron candidates (LOElectron) use the
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Figure 3.11: Overview of the trigger system in (a) 2012 and (b) 2015, reproduced from

Ref. .

same requirements as photon candidates but must have a corresponding hit in the
SPD. Events where at least one candidate has a sufficiently large Er are kept.

Muon candidates (LOMuon) are required to have hits in all five muon stations.
Events are if saved either the pr of the highest-pt muon track or the product of the
pr of the tracks with the highest and second-highest pt exceeds a threshold.

In samples of reconstructed decays, the trigger decision is classified as TOS (Trigger
On Signal) if particles in the signal decay fired the trigger, or TIS (Trigger Independent
of Signal) if any other particles in the pp-collision event fired the trigger. The TIS
condition is typically activated by the decay products of the other b hadron produced
in the collision. In analyses of decays with hadronic final states, it is useful to require
TOS candidates to have activated the LOHadron trigger, while allowing TIS candidates

to have activated any trigger.
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3.8.2 Software trigger

The hardware trigger is followed by the High Level Trigger (HLT), which is imple-
mented in software and uses full detector information. The HLT is divided into two
sub-levels, HLT1 and HLT2. HLT1 uses a partial reconstruction of the tracks and
vertices in the VELO. Candidates that do not involve muons are kept if they contain
at least one track consistent with originating from a displaced beauty or charm decay
vertex, i.e. with a high pr and x%. Candidates that fired the LOMuon trigger are kept
if they contain a displaced muon track or a dimuon combination.

The output of HLT'1 is a few tens of kHz. This is low enough for HLT2 to run a full
event reconstruction and perform a more detailed search for various decays of interest.
This produces the final output of a few kHz, which is written to permanent storage for
further offline processing. Around 40% of the HLT2 output comes from “topological”
trigger decisions, which select candidates containing a secondary vertex consistent
with being a b-hadron decay to at least two charged final-state tracks. Combinations
of two, three and four tracks with a sufficiently small distance-of-closest-approach
(DOCA) are considered. These candidates are accepted or rejected based on the
results of a multivariate classifier [63] whose inputs include the pr, x%p and DOCA of
the tracks.

Improvements to computing infrastructure and reconstruction algorithms between
Run 1 and Run 2 allowed the output rates of HLT1 and HLT2 to be doubled, and
more time to be spent processing each event in HLT2. The HLT2 event reconstruction
was improved from a simplified version of the offline reconstruction to a full offline-
quality reconstruction using real-time detector alignment and calibration and full
PID information. These trigger improvements significantly increased the efficiency of
recording useful events. In combination with the increased collision energy in Run 2,
which led to a corresponding increase in bb production cross-section, this means that
the Run 2 data samples contain around 2.5 times as many B-meson decays per fb™*

as the Run 1 samples.
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3.8.3 Stripping

During offline processing, reconstructed candidates are categorised into families of
similar decays in a process known as “stripping”. Some sensible loose selection re-
quirements are applied to remove background events, reducing the processing time
and storage requirements for subsequent analyses. The full data set is periodically
“restripped” to add new decay categories and improve existing stripping selections.
The stripped samples form the starting point for LHCb physics analyses, which typ-

ically apply more sophisticated selection requirements to the samples.

3.9 Simulation

Samples of simulated signal and background events play an important role in particle

physics analyses. In this thesis, simulated samples are primarily used in three ways:

1. Training multivariate classifiers to select signal decays;

2. Finding probability density functions to describe the invariant-mass spectra of

signal and background decays;

3. Calculating selection efficiencies and correction factors.

The PyTHIA [64] package with a specific LHCb configuration [65] is used to gen-
erate pp collisions that produce bb pairs. One b quark is randomly selected to decay
to a user-specified final state, while the other decays according to a list of all possible
b-hadron decays scaled by their branching fractions. These decays are simulated by
EVTGEN [66] with final-state radiation generated using PHOTOS [67]. The final-state
tracks of the user-specified decay are generated within the acceptance of the LHCh
detector. The GEANT4 toolkit [68] is used to model the interactions of the decay prod-
ucts with the detector, as described in Ref. [69]. The simulated detector response is
processed to match the format of the real detector response, which is then treated in
the same way as real data, the only difference being that some useful generator-level

information, including the true identity and momentum of each particle, is stored.
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In the simulated B® — DK*? decays used in this thesis, the B® meson is forced to
decay to the final state DK 7~ via the K*(892)° resonance. Samples are produced
for each magnet polarity and D-meson final state, and for at least one year in each
period of data taking. In the D-meson final states with three or four particles, the

D-meson decay products are generated uniformly across phase space.






Chapter 4

Selection and parametrisation of
BY — DK*V decays with two- and
four-body D-meson final states

The following two chapters describe an analysis of B® — DK*" decays with the D
meson reconstructed in the two-body final states K7, 77 K~, KTK~, and mt7n~,
and the four-body final states K*n~nt7~, 77 K nt7~, and 77~ 7"7~. The aim of
the analysis is to measure the CP observables listed in Sect. [2.6.4] which can be used
to constrain the value of the CKM angle . This work is published in Ref. [50].

The measurement uses 5fb™! of pp collision data collected by the LHCb experi-
ment from 2011-2012 and 2015-2016 for all D-meson decays except D — w#tn-wta~,
for which only the 2fb™" of data collected from 2015-2016 are used. This is because
there was no stripped sample for decays of this type in the 2011-2012 data at the
time of the analysis.

The analysis strategy is as follows:

1. Select B®— DK*? candidates and split them into categories according to mode
(D-meson final state), flavour (B° or B°, tagged according to the charge of the
kaon from the decay of the K** meson) and data-taking period (Run 1,
comprising 2011 and 2012 data, and Run 2, comprising 2015 and 2016 data).

2. Develop a model to describe the invariant-mass distributions of the selected

candidates.

57
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3. Perform a simultaneous fit to the invariant-mass distribution in each category,
including corrections for any experimental effects such that the CP observables

are measured directly from the fit.
4. Evaluate the systematic uncertainties.

Section outlines the candidate selection strategy. Section describes the
invariant-mass model, and Sect. presents the results of the invariant-mass fit.
The measurement of the CP observables is detailed in Chap. [j

Throughout this discussion, the labels K7 (77) refer to modes involving the decay
D — K*n7(7t7~) where the kaons from the decays of the D and K*° mesons have
the same charge; these are the favoured ADS modes, which have larger yields than
all other modes. Conversely, the labels 7K (77) refer to the suppressed ADS modes,
where the kaons from the decays of the D and K*° mesons have opposite charges.
The GLW modes D— KTK~, 777, and 777~ nt 7~ are labelled KK, 7w, and 4,

respectively.

4.1 Candidate selection
4.1.1 Reconstruction and trigger requirements

Candidate B® — DK*® decays are formed offline and stored in a centrally processed
data set during stripping. Some loose requirements are applied to the stripping sam-
ples to reduce the size of the data set before storage, including thresholds on the
momentum, transverse momentum, and track-fit quality of all final-state particles.
The reconstruction begins with the final-state tracks and proceeds up the decay
chain. A sketch of a B — DK*? decay is shown in Fig.[4.1l The candidate K*° meson
is reconstructed from a K7~ pair, and the candidate D meson is reconstructed in
the two- and four-body final states of interest. The K** and D mesons must both
have a high pr, a good-quality vertex fit, a significant separation from the PV, and a

distance-of-closest-approach of no more than 0.5 mm between their decay products.
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Figure 4.1: Topology of a B® — D(h*h~™)K*m~ decay. The primary vertex (PV) and
decay vertices of the B? and D mesons are well separated. Red lines indicate final-state
tracks, which can be extended backwards to calculate the impact parameter (IP), as shown
for the K™ meson. Black dashed lines show the trajectories of intermediate particles. These
may not point in exactly the same direction as the momentum of the particle, shown by a
green line for the B meson. The cosine of the angle between the momentum and trajectory
vectors is called the direction angle (DIRA).

The candidate B® meson is reconstructed from the K*°-meson and D-meson can-
didates and must have a pr greater than 5 GeV/c, a lifetime greater than 0.2 ps, and
a good-quality vertex fit. Only candidates with invariant masses in the range 4750—
6000 MeV/c? are retained.

The DecayTreeFitter framework [70] is used to improve the resolution of the B°-
meson invariant-mass distribution using knowledge of the kinematics of the decay.
The decay chain is refit with the mass of the D meson fixed to its known value,
and the momentum vector of the B® meson constrained to be parallel to a vector
connecting the PV to its decay vertex; this provides a new invariant-mass variable
for each reconstructed particle. The B%-meson invariant-mass distributions discussed
in this analysis are the refit version, unless otherwise stated.

Selected candidates are required to have activated a particular set of trigger con-
ditions. At the hardware level (LO0), candidates must satisfy either LO_Hadron TOS,
meaning that a signal particle deposited a significant amount energy in the hadron
calorimeter, or LO_Global _TIS, meaning that a non-signal particle satisfied any hard-

ware trigger requirement. At the software level, candidates must satisfy a HLT1
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condition where at least one particle in the signal decay has a high pr and x%. In
HLT2, candidates must have activated a “topological” trigger, where a multivariate
algorithm has identified a secondary vertex in the signal decay that is consistent with
being a two-, three- or four-body b-hadron decay vertex.

After the stripping stage and trigger requirements, a significant amount of back-
ground made up of random tracks resembling BY — DK*? decays remains; this is
known as “combinatorial background”. The sample is also contaminated with various
“physics backgrounds” from specific b-hadron decays. A set of selection requirements
is applied to remove background events while retaining as much signal as possible.

The purity of the reconstructed D-meson and K*’-meson candidates is greatly
improved by removing candidates with invariant masses far from the known masses
of these mesons. Candidate D mesons are selected within +25 MeV/c? of the known
D-meson mass; this encompasses almost the entire D-meson mass peak, which has
a width of approximately 8 MeV/c? due to the finite detector resolution. A larger
selection window of +50 MeV/c? is used for the K*-meson candidates, as the K*(892)°
resonance has a width of 47.3MeV/c? [71]. Figure shows these cuts overlaid on
the invariant-mass spectra of the reconstructed D and K*° mesons at the output of
the stripping and after the trigger requirements. The invariant-mass requirements on
the D and K*° mesons select 97% and 69% of true signal candidates, respectively.

The K*7~ final state used to reconstruct the K*° meson can appear in many
other resonant and nonresonant combinations; this can be seen from the invariant-
mass spectrum in Fig. 4.2|(b), which covers a large range and contains multiple peaks.
Many non-K**-meson decays remain in the data sample even after the invariant-mass
cut. The purity is improved by exploiting the fact that the K* meson has spin 1 and
is produced in a scalar — vector—scalar decay. Conservation of angular momentum
requires that the K*° meson be produced with a helicity of zero, giving its products
a distinctive momentum distribution in its rest frame. In decays containing a true
K*° resonance, the cosine of the helicity angle 0*, defined as the angle between the

momentum of the K meson in the rest frame of the K*° meson and the momentum of
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Figure 4.2: Invariant-mass distributions of (a) the reconstructed D meson and (b) the
reconstructed K*° meson in candidates from the output of the stripping that have passed

the trigger requirements. Regions rejected by the invariant-mass cuts are highlighted in
red.

the K*° meson in the rest frame of the B° meson, has a parabolic distribution centred
at zero. Figure compares the cos(#*) distributions of signal and background
samples. Only candidates with |cos(6*)| > 0.4 are selected, which removes 60% of the
background with a fake K*° meson while retaining 93% of signal candidates.

The choice of invariant-mass and helicity-angle requirements for the K*° meson is
motivated by the need to use the coherence factor x determined in Ref. [45], which

is calculated for the specific region of kinematic phase space used here.

4.1.2 Multivariate analysis with a boosted decision tree

Signal candidates and combinatorial background can be separated using variables
that have different distributions in signal and background decays. When these distri-
butions have a large degree of overlap, a multivariate selection exploiting correlations
between the variables is more powerful than a simple cut-based selection. One way
to create such a selection is training a boosted decision tree (BDT).

A decision tree takes a set of variables from “training samples” of known signal
and background events and constructs an algorithm to label events as signal-like or
background-like. Figure 4.4 shows a typical decision tree structure. The algorithm

splits the training data into subsets based on the value of one of the variables in a
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Figure 4.3: The cosine of the helicity angle of the K*® meson in a sample of simulated
signal events and a background-rich sample of data taken from the upper sideband of the
B%-meson invariant-mass (m(BY) > 5800 MeV/c?). The region rejected by the requirement
|cos(6*)| > 0.4 is highlighted in red.

yes

Figure 4.4: An example of the structure of a decision tree. At each blue node, the sample
is split based on the value of a variable. At the red and green leaves, events are tagged as
signal-like and assigned a value of +1, or as background-like and assigned a value of —1.

way that optimises separation between signal and background. This decision forms
the “branches” of the tree, and is repeated for more variables for each subset up
to a specified depth, forming a flowchart-like structure. The nodes at the end of
the flowchart, called “leaves”, are tagged as signal leaves (with a value of +1) or
background leaves (with a value of —1).

While a single decision tree is unlikely to be reliable, classification algorithms
that construct a weighted average over many trees perform significantly better. One

method for training multiple trees is “gradient boosting”, where misclassified events
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in each tree are given a greater weight (“boosted”) before the next tree is trained. The
resultant algorithm assigns a BDT response value between —1 and +1 to an event,
where —1 represents a purely background-like event and +1 represents a purely signal-
like event. The user can discard events with a response below some chosen threshold,

keeping only signal-like events.
BDT setup

Five gradient boosted decision trees are trained: one for the two-body ADS modes,
one for the four-body ADS modes, and one for each of the GLW modes. Simulated
B%— DK™ decays are used as signal training samples, and data from the upper side-
band of the B%-meson invariant mass (m(B°) > 5800 MeV/c?) are used as background
samples; this region is chosen to be outside the range used in the invariant-mass fit
so that the data used to train the BDTs are independent of the data to be analysed.
Both samples are required to have passed the requirements discussed in Sect.
so that they resemble the signal and background decays that would end up in the
selected data set. The samples are randomly split in half, with one half used to train
the BDTs and the other used to test their performance.

Table lists the variables used in the BDT's, and Fig. compares the distribu-
tions of the signal and background samples in the K7 mode. The chosen variables are
based on those used for a BDT in Ref. [44] with a few updates, notably the inclusion
of the pr-asymmetry variable. This is defined as (pr? — pr°™®) /(pr? + pr"®), where

prp? is the pr of the candidate B° meson, and ppo®

is the scalar sum of the pr of all
other tracks in a cone around the candidate. The pr asymmetry is a measure of the
isolation of the BY meson and is a powerful discriminating variable.

The other BDT variables are:

e The direction angle (DIRA) of the B® meson, defined as the angle between its

momentum vector and a vector connecting the PV to its decay vertex;

e The x# of various tracks, defined as the difference in x? of the PV fit with and
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Figure 4.5: Distributions of the boosted decision tree variables in the signal (blue) and
background (red) training samples for the K7 mode.
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Table 4.1: Variables used in the boosted decision trees. All variables are used for two-body
D-meson decays, whereas only variables in black are used for four-body D-meson decays.

Variable Description

acos (Bd_DIRA_OWNPV) Direction angle of B® meson

Bd_IPCHI2_OWNPV X’ of BY meson

Bd_LOKI_VFASPF_VCHI2VDOF Vertex-fit x? / degrees-of-freedom of BY meson
Bd_ptasy_1.50 pr asymmetry of B® meson
log10(DO_IPCHI2_OWNPV) X%P of D meson

log10(DO_h1_IPCHI2 OWNPV) X% of a D-meson product

log10(DO_h2_IPCHI2 OWNPV) X% of other D-meson product
logl0(KstarK IPCHI2 OWNPV)  x% of kaon from K*° meson
logl0(KstarPi IPCHI2 OWNPV) x% of pion from K*° meson

log10(DO_h1_PT) pr of a D-meson product
log10(D0_h2_PT) pr of other D-meson product
log10(KstarK_PT) pr of kaon from K*Y meson
log10(KstarPi PT) pr of pion from K*° meson

without that track;
e The transverse momenta of the final-state particles.

Some variables are transformed by taking their logarithm in order to improve the
signal-background separation. The BDTs for the two-body modes use the pr and
X3p of the D-meson decay products, whereas these variables are not included in the
BDTs for the four-body modes; this avoids significant distortions to the phase-space
distribution of the final-state particles.

Figure [4.6|shows the distributions of the BDT response in the training and testing
samples in the Km mode. A difference between the responses of the samples would
indicate that the BDT is too closely tuned to small fluctuations in the training sam-
ples; no such evidence of overtraining is seen. The signal and background responses

are well separated, which indicates that the BDT has a high separation power.
Choice of BDT selection

To find the optimal BDT response at which to make a cut, the invariant-mass fit
described in Sect. is applied to data candidates at a range of different BDT

cuts. For each cut, the signal yields in the favoured modes are measured in a region
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Figure 4.6: BDT response in signal and background samples for the favoured D — Kr
mode, shown on a logarithmic scale. The responses are consistent between the training and
testing samples, indicating the absence of overtraining.

+50MeV/c? around the known mass of the BY meson, while the signal yields in all
other modes are blinded to avoid any bias to the results. The expected values of
the ratios Rep, Rans™ and R, are calculated from their definitions in Egs. [2.33
and using the LHCb averages for rgo, dgo, and ~ and are used to extrapolate
the signal yield S in each mode from the favoured-mode yields.

The combinatorial background yield B in the B°-meson mass region in each mode
is measured from the fit. An estimate of the signal significance, S/+/S + B, is plotted
against the BDT cut; plots for the K K mode are shown in Fig. 4.7, A cut that opti-
mises the significance in both Run 1 and Run 2 is chosen for each mode. The optimal
requirements for the 7/ and m K7m modes are used for the K7 and K77wm modes,
respectively; this ensures that the selection efficiency cancels out when determining
ratios between the suppressed and favoured ADS-mode yields. Table gives the

chosen cuts and their efficiencies.



4.1. Candidate selection 67

ESA_—' ' T —T —1g @ [T ——————————————
+ E H + o H ]
»n 52F s000%, 3 Q 7 ...0009.. 3

E " : ¢ [ ] H .¢
D st oee*? L Ty, 3 5 [ °° = ‘. ]
= E 6.5 E
48 ¢ E - . .

4.6:— 3 a
%3 . T ¢
42F 3 : ]
4E E > E
3.85_ : + __ 5F : ¢
3.6 1 1 1 = L 1 | 1 1]
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
BDT cut BDT cut
(a) Run 1 (b) Run 2

Figure 4.7: Predicted signal significance versus BDT requirement in the K K mode for the
two running periods. The red dashed lines indicate the optimal cut.

Table 4.2: Requirements on the BDT response used in the candidate selection for each
D-meson mode. The signal and background efficiencies are also shown.

Signal (%) Background (%)

D mode BDT cut Run1 Run?2 Run 1l Run 2

TK 0.0 90 91 12 10
KK 0.0 89 91 12 11
g 0.4 84 87 5 4
TmKnr 0.0 90 95 8 7

A 0.7 n/a 86 n/a 2
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4.1.3 Particle identification requirements

The selection requirements discussed so far are almost identical for each of the D-
meson final states. It is therefore essential to apply a particle identification (PID)
selection that distinguishes between final-state kaons and pions in order to remove
cross-feed between different D modes, particularly contamination from the favoured
modes in the lower-yielding modes.

The PID selection uses the DLLg variables from the RICH detectors, defined in
Eq. 3.5l Kaons from the decay of the D meson are required to satisfy DLLy > 1,
and pions from two-body D-meson decays are required to satisfy DLLx < —1. These
non-overlapping requirements ensure that that no candidate can appear in more than
one D-meson-decay category. In the four-body ADS modes, the two pions with the
opposite sign to the kaon must satisfy DLLg < —1; this reduces cross-feed from the
favoured mode into the suppressed mode. The background D — K*KTK*+7~ has a
very low branching fraction, so no PID cut on the same-sign pion is needed. In the
41 mode, a requirement of DLLx < —1 is applied only to the two pions with the
opposite sign to the kaon from the K*'-meson decay in order to remove cross-feed
from the favoured ADS mode.

It is also important to correctly identify the decay products of the K* meson,
as the charge of the kaon tags the flavour of the B meson. The kaon is required to
satisfy DLLg > 5, and the pion is required to satisfy DLLg < —1. The stringent

requirement on the kaon reduces background from misidentified B® — Dn ™7~ decays.

4.1.4 Peaking physics backgrounds

Several backgrounds arise from decays that have the same or similar topology to the
signal decay. In some cases, particles in the decay chain are missed or incorrectly
identified during reconstruction. These backgrounds appear as peaking structures in
the B%-meson invariant-mass distribution and can therefore affect the measurement

of the signal yield; it is important to either reduce them to negligible levels or model
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them in the invariant-mass fit. Table lists the backgrounds considered in this
analysis and gives the strategy employed to deal with each. This section discusses

each background in more detail.

Table 4.3: Peaking physics backgrounds considered in this analysis. Each background is
either modelled in the invariant-mass fit, removed with a veto, used to assign a systematic
uncertainty, or ignored if sufficiently small.

Background decay Description Strategy
Eg — DK™ Same final state as signal Fit
B? — D*K*0 Partially reconstructed Fit
BY — D*K* Partially reconstructed Fit
BT — DK*n~n"™ Partially reconstructed Fit
BY = Drtrt Misidentified pion Fit
B® — hth'~K*®  Charmless background Veto & systematic
BY — D(Km)K*®  Favoured-to-suppressed cross-feed Veto
BT — DK™ Combined with random pion Veto
B(OS) — D(_S)h+ Same final state as signal Veto
AY — Dph Misidentified proton Ignore
AY — AT (pKm)h  Misidentified proton Ignore

Decays of B? mesons

The final state DK*" is accessible to B? mesons. As these mesons contain a strange
quark, the B? meson decays to DK** and the BY meson decays to DK*°, so decays
from BY mesons contaminate the sample of B® mesons, and vice versa. These decays
are of little interest, as they are not expected to exhibit significant CP violation with
the current data sample size. However, they have large yields in all but the favoured
modes and must be accounted for in the invariant-mass fit. They appear as a peak
at the mass of the BY meson, which is 87.26 MeV/c? larger than the mass of the B°

meson [71].
Partially reconstructed backgrounds

A large background comes from B — D*K** and B?— D*K** decays, where the D*

meson decays via D* — D~ or D* — Dz°. The reconstruction efficiency for neutral
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particles with the LHCb detector is low, so it is not practical to search for these
decay products; the D*K* final state is hence incorrectly reconstructed as DK*.
This background is irreducible due to its similarity to the signal decay. It has a
distinctive invariant-mass structure below the mass of the B° meson, as shown in
Fig. 4.8 and is modelled in the fit as discussed in Sect. [£.2.4]

A background from partially reconstructed B* — DK *n~ 7" decays with a missed

7 meson also contaminates the low-mass region. The modelling of this background

is discussed in Sect. [4.2.5]
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Figure 4.8: Invariant-mass distributions of partially reconstructed simulated B? —
D*(Dv)K*9 decays (red) and B? — D*(Dn%)K** decays (blue), which contaminate the

low-mass region in data. The green dashed line indicates the known mass of the B° meson.

Misidentified B — Dntn~ background

The decay B® — Dntn~ can be reconstructed as B® — DK™’ if one of the pions is
misidentified as a kaon. Although this background is reduced by the PID require-
ment on the kaon, a small contamination remains in the selected sample. Figure [4.9
shows the distributions of simulated BY — Dn ™7~ events before and after the PID
cut. This background peaks above the mass of the B® meson due to the extra mass

incorrectly assigned to the misidentified pion, and is modelled in the invariant-mass

fit as discussed in Sect. [4.2.6
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Figure 4.9: Invariant-mass distributions of misidentified simulated B® — Dntn~ events
before (blue) and after (red) a PID requirement of DLLg > 5 is applied to the misidentified
pion. The green dashed line indicates the known mass of the B® meson.

Charmless background

A potential background comes from B — hTh'~ K*¥ and B® — hth/~nta~ K*° decays
that do not proceed via an intermediate DD meson, known as “charmless” decays.
Charmless decays form a particularly dangerous background as they peak at the mass
of the B® meson, overlapping with true signal events. This background is reduced
by placing a requirement on the flight-distance significance (FDS) of the D meson,
defined as
FDS = 2B (4.1)
02, +oZ
where zp and zp are the decay positions along the beam axis of the B meson and
D meson, respectively, and o,, and o,,, are their uncertainties. In a charmless decay,
all particles from the B%-meson decay originate from the same point in space, so
requiring candidates to have a large FDS decreases the charmless yield.
The distribution of charmless decays is uniform in D-meson invariant mass and
peaking in B°meson invariant mass. The charmless contribution can therefore be

quantified by examining candidates in the D-meson invariant-mass sidebands (>

50 MeV/c? from the known D-meson mass). As these sidebands can be populated
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Figure 4.10: Fits to the B%-meson invariant-mass distribution in the D-meson mass sideband
in the 47 mode, with the flight-distance significance of the D meson required to be (a)
greater than 0 and (b) greater than 3.

by physics backgrounds other than charmless decays, we only consider the upper or
lower sideband for certain modes; for example, misidentified K7 events contaminate
the upper sideband of the K K mode and the lower sideband of the 7w mode. The
sideband yields in the fully selected samples are very low, so this study is performed
using data samples without any BDT requirements and therefore provides upper
bounds on the charmless yields in the final samples.

Evidence for contamination from charmless B? decays is also seen in the 7K and
mK7m modes prior to the FDS cut, but is reduced to a negligible level with FDS > 3.

A requirement of FDS > 3 is used in the final selection, which retains around 70%
of true signal candidates while reducing the charmless yield to a negligible level. As
the uncertainties on the yields in Table 4.4] are relatively large, a potential residual

contamination is investigated as a source of systematic uncertainty in Sect.
Favoured-to-suppressed cross-feed

Favoured D — Kr(7m) decays can contaminate the samples of less abundant decays,
particularly the suppressed ADS modes D — 7K (7), which have branching fractions
approximately 17 times smaller than those of the favoured modes. This cross-feed
occurs when a kaon and pion from the D-meson decay are both misidentified, and is

therefore referred to as the “double-mis-ID” background.
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Table 4.4: Estimated charmless yields in data for flight-distance significance cuts of 0 and
3. Negative yields are allowed in the fits to increase stability.

D d FDS >0 FDS > 3
mode Run 1 Run 2 Run 1 Run 2
Kn 6L+ 9 0+ 5 —-7+3 -1+ 3
K 14412 244+10 —-245 -1+ 4

KK 101£16 145+£15 2+8 1+ 5
v 122+15 259419 3E5 5E 5
Krnm 6t12 —-17+14 12+9 —-1=£10

TKnm 517 613 69 2+12
47 n/a 348 £ 35 n/a —14£18
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Figure 4.11: Invariant-mass distribution of the D meson in simulated B® — D(K7)K*°
decays, with (a) correctly identified decay products and (b) the kaon and pion mass hy-
potheses swapped. The red shaded area shows the region removed by a veto on candidates
within +15MeV/c? of the known D-meson mass.

The D-meson invariant-mass requirement discussed in Sect. and PID selec-
tion discussed in Sect. significantly reduce this background, but an additional
veto must be applied in order to reduce it to a negligible level. In the 7/ mode, the
double-mis-ID invariant mass of the D meson is calculated by swapping the kaon and
pion mass hypotheses. Candidates for which this variable is within +15MeV/c? of
the known mass of the D meson are removed from the sample. Figure shows the
vetoed region overlaid on the correctly reconstructed and double-mis-ID D-meson
invariant-mass distributions of simulated events. The veto retains 93% of genuine

signal and removes 89% of double-mis-ID background.
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In four-body ADS decays, D — K*rFxTnx~, there are two pions that could be
misidentified as a kaon. The two corresponding double-mis-ID D-meson invariant
masses are calculated, and the +15MeV/c? veto is applied to both. The vetoes are
also applied to the favoured modes so that the favoured and suppressed modes have
the same selection efficiencies.

The remaining double-mis-ID contamination in the selected samples depends on
the efficiencies of the D-meson invariant-mass requirement, PID selection, and double-
mis-ID veto. The efficiencies are calculated from simulated samples in the case where
the D-meson products are correctly identified and the case where the kaon and pion
are swapped. The ratio between the total efficiencies of the two cases gives the
expected ratio between the double-mis-ID yield and the favoured-mode signal yield,
which is found to be approximately 10~%. The favoured-mode yields are found to
be O(1000) events in the invariant-mass fits to selected candidates, so the double-
mis-ID yield in the suppressed ADS samples is O(0.1) events and is considered to be
negligible.

A cross-feed from doubly misidentified K*°-meson products can also contaminate
the suppressed modes. The tight PID requirement on the kaon from the K*° meson
suppresses this background to O(0.5) events, which is small enough that no additional

veto is required.
Background from BT — DK™ with a random pion

A background can arise from B* — DK™ decays combined with a random pion from
elsewhere in the event, which appear as a peak at the mass of the Bt meson in
the DK™ invariant-mass spectrum. This background is reduced to a negligible level
with the requirement |m(DK™') — mppg(BT)| > 25MeV/c?, where mppg(B™) is the

known mass of the BT meson.
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Figure 4.12: Invariant-mass distribution of K7~ 7~ mesons in selected data candidates in
the 7w mode. The known masses of the DT and D mesons are marked in green. A peak
from B®— D~ (K*7 7~ )7t decays can be seen at the D*-meson mass.

Background from B?S) — D(j;)h:': decays

Decays of B?s) — D~ ht (h=K,n), D; K" and D 7", where the D(j;) meson decays
to a three-body combination of kaons and pions, can have the same final state as
the signal decay. The dominant charm-meson decays making up this background are
Dt — K-ntnt and Df — KTK~7nt. We search for this background by studying
three-body combinations of the four final-state tracks in selected candidates. The
invariant-mass requirement on the D meson ensures that the masses of three-body
combinations including both D-meson products are larger than the masses of the D(j;)
mesons; therefore, only combinations containing both K*°-meson decay products are
of interest.

Figure shows a peak from D~ — K7~ 7~ decays in the 77 mode. Evidence
of this decay is also seen in the K7 mode, while evidence of Dy — K+ K7~ decays is
seen in the A K mode. These backgrounds are removed by vetoing candidates whose
three-body invariant masses lie within £15MeV/c? of the relevant charm-meson mass.

In the four-body modes, we search for backgrounds with five-body D(is) decays.
These decays have lower branching fractions than the three-body decays, and are
found to be completely removed by the invariant-mass constraint on the four D-

meson decay products.
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Backgrounds involving a A} baryon

A potential background from AY — Dph (h = K,m) decays, where the proton is
misidentified as a kaon or pion, is investigated using simulated events. The selection
efficiency of this background is found to be a factor of (8.441.1)x 10~ smaller than the
signal efficiency, so this background is ignored. A background from A) — AF(pK7)h
decays was studied in a previous analysis of B® — DK*? decays [44], where it was
found to be completely removed by the D-meson FDS cut and PID requirements.
The cuts in this analysis are either the same as or tighter than those in Ref. [44], so

this background is assumed to be eliminated.

4.1.5 Summary of selection requirements

The selection requirements used in this analysis are summarised in Table [4.5]
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Table 4.5: Summary of the requirements used to select B® — DK*? decays with two- and
four-body D-meson final states. Known particle masses mppg are taken from Ref. [71].

Variable

Selection requirement

Mass and helicity angle

‘TTL(D) — mng(DO)\ < 25 MGV/C2
|m(K*0) — mpD(;(K*O)| < 50 MGV/C2
|cos(6%)] > 04
BDT classifier
BDT response for Kn/mK > 0.0
BDT response for KK > 0.0
BDT response for 7m > 0.4
BDT response for Knnm/m K > 0.0
BDT response for 47 > 0.7

Particle identification

DLLg of K*'-meson products
DLLg of D-meson products (D — hh')
DLLg of D-meson products (D— K- nrn~n™)
DLLg of D-meson products (D— ntnntn™)

> 5 for kaon, < —1 for pion
> 1 for kaons, < —1 for pions
> 1 for K, < —1 for both 7"
< —1 for both 7"

Cuts to suppress physics backgrounds

D-meson flight-distance significance
|m(Dswapped) — mPDG(DO)l
Im(DK™") = mppa(BY))
|m(K*7~ 7)) — mppg(D1)|
[m(KTK™7™) — mppa (DY)

>3
> 15MeV/c? for ADS modes
> 25 MeV/c?
> 15MeV/c? for Km and KK
> 15 MeV/¢? for nrr
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4.2 Invariant-mass parametrisation

A model is developed to describe the invariant-mass distributions of the selected

candidates. The model contains the following components:

1. Signal B*— DK** and B?— DK* decays;

2. Combinatorial background;

3. Partially reconstructed B® — D*K*® and BY — D*K** decays;
4. Partially reconstructed BT — DK 7~ 7" decays;

5. Misidentified B — Dr ™7~ decays.

This section describes how each component is modelled and how the yields of some

components are constrained in order to simplify the fit to data.

4.2.1 Extended maximum-likelihood fit

A set of experimental measurements x contains n independent observations {z1, zs, ..., 2, };
for example, in this analysis we have a measurement of the invariant mass for each of
the n selected candidates. A probability density function (PDF) f(x;6) models the
distribution of x and depends on a set of parameters 6 related to the shape of the
function. The set of parameters that best models x can be found by maximising the

likelihood L(6), where

n

L) =[] f(=:;0), (4.2)

=1

which is the probability of observing the data set x given the shape parameters 6.
In a counting experiment, the total number of observations varies randomly as

well as the observed values themselves. The maximum-likelihood technique can be

extended to account for this by including the total number of events described by the

PDF, N, as a free parameter. The likelihood in Eq. is multiplied by a Poisson
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function to give the extended likelihood,
e NV u
L(O,N) = —=N"] ] f(::0), (4.3)
i=1

which is the probability of observing a sample = containing n events. The best
estimate for 0 and N is found by maximising L(6, N). In practice, the negative
log likelihood, —2log L(6, N), is minimised using numerical methods. The statistical
uncertainty of each parameter is the change in that parameter required to increase

—2log L by one.

4.2.2 Signal shape

In a perfect measurement, the invariant-mass distribution of true signal decays would
be a delta function at the known mass of the B meson. In reality, the finite detector
resolution smears the peak, and radiative effects cause tails. As the detector resolution
varies with the momenta and positions of the final-state tracks, a single Gaussian
function is not sufficient to describe the distribution. Signal decays are modelled
using a Cruijff function, which is a centred Gaussian distribution with different left
and right resolutions and non-Gaussian tails. It is defined as

eXp( (m — p)? ) "<

20’L + aL(m — u)Q

(m —p)?
>
2Ror, + ar(m — p)? =

(4.4)

fCruijff (m) =
exp (

where m is the invariant-mass variable, p is the mean, oy, is the width of the left-
hand side of the shape, R is the ratio between the right and left widths, and o g
are tail parameters. The values of the shape parameters are determined from a fit
to the invariant-mass distribution of simulated signal decays in the K7 mode. The
projection of the fit is shown in Fig. [4.13] The residuals of the fit are calculated from
the differences between the simulated signal yield and the projected fit PDF divided
by the Poisson error on the yield. The fitted parameters are given in Table. [4.6] This

shape is used in the fit to data, with R and ar, g fixed, and ;o and o free to vary.
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Figure 4.13: Fit to the invariant-mass distribution of selected simulated B® — D(K7)K*°
decays using a Cruijff function. The residuals are shown below.

Table 4.6: Parameters obtained from fitting a Cruijff function to the invariant-mass distri-
bution of selected simulated B®— D(Km)K*" decays.

Parameter Value

i (MV/c?)  5280.07 + 0.08
o1 (MeV/c?) 11.07 £ 0.06

R 0.993 &= 0.009
o, 0.1252 = 0.0010
OR 0.1131 £ 0.0011

The simulated signal distributions are compared for the different D-meson final
states and data-taking periods. No significant variation is seen between Run 1 and
Run 2, so shapes obtained from Run 2 simulation are used to describe the full data
set throughout this analysis. No difference is observed between the different two-body
modes, but the four-body distributions are found to be approximately 5% wider than
the two-body distributions. The shape from the K7 mode is used for all seven modes
in the fit to data, with o, multiplied by a free parameter R, in the four-body modes.

A similar model is used for B® — DK*" decays, which have larger yields than



4.2. Invariant-mass parametrisation 81

B® — DK™ decays in all but the favoured modes. A Cruijff function is obtained
from a fit to simulated BY — DK*° events. The mean and width of this shape are
independent free parameters in the fit to data.

The yields of B~ DK* and B?— DK*® decays in the fit are free to vary in each
mode and flavour category. The yields in different categories are related via various

asymmetries and ratios, several of which are the CP observables of interest.

4.2.3 Combinatorial-background shape

The combinatorial background is modelled using an exponential PDF of the form
feomp(m) = €, where the slope c is negative and is a free parameter. The slope is
expected to be the same in the favoured and suppressed ADS modes, so the K (7)
modes share their slope parameters with the 7K (77) modes. The combinatorial
background yield is a free parameter in each mode category and is constrained to be
the same in the B® and B° categories, as this background is not expected to exhibit

any CP violation.

4.2.4 Partially reconstructed B?S) — D*K*% background shape

A substantial background from B°— D* K*° decays with a missed photon or neutral
pion appears in the low-mass region. Because this is a scalar — vector—vector decay,
conservation of angular momentum implies that there are only three nonzero helicity

amplitudes:

o Ay D* and K*° mesons both produced with helicity —1;
o Agio: D* and K*° mesons both produced with helicity 0;

o Ay D* and K*° mesons both produced with helicity +1.

The amplitudes Agg; and Ajgg produce identical invariant-mass distributions, so are
combined into a single category labelled 101. The invariant-mass distributions of

D*— D~ and D* — D7° decays are different, so four PDFs are needed to describe this
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background. Their shapes are found by fitting to samples of simulated BY — D*K*°
decays using three analytic functions named the “Horns”, “Hill”, and “LittleHorns”

functions, which were developed in previous analyses [39}/72].
Horns function

Consider first the decay B°— D*(Dn%)K*® with the D* meson produced in helicity
state 0. The partially reconstructed mass of the B® meson is lower than the true
B%meson mass due to the missing mass and momentum of the neutral pion. The
B%meson invariant mass has a one-to-one correspondence with the momentum of

the 7° meson, with a larger 7°

-meson momentum resulting in a smaller reconstructed
B%-meson mass, and vice versa.

The helicity of the D* meson and conservation of angular momentum means that
in the rest frame of the D* meson, the spin-0 7° meson tends to be emitted in
either the same direction or opposite direction to the B meson, where it will carry
either the maximum or minimum possible fraction of the momentum of the D* meson,

respectively. The resultant invariant-mass distribution is a parabola proms(z), defined

as

a+b\’
T — , a>x>b,
pHornS(‘T> = < 2 ) (4'5)

0, otherwise,

where a and b are the kinematic endpoints, which are determined by the masses of
the particles in the decay.

To account for the finite resolution of the detector, the parabola is convolved
with the sum of two Gaussian functions, called a “double Gaussian” function. For

Gaussian functions G(z|u, o) with mean p and width o, the double Gaussian function

DG(z) is defined as
DG(z) = foG(z|n, o) + (1 = fo)G(z|p, Ro0), (4.6)

where ¢ is the width of the first Gaussian function, R, is the relative width of the

second Gaussian function, and fs is the fraction of events contained by the first
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Gaussian function. Convolving DG(z) with pum(x) creates a double-peaked shape,
hence the name “Horns”.

Candidates with high transverse momenta are more likely to be selected, which
distorts the shape such that the right-hand peak is taller than the left. This is
accounted for by convolving the PDF with a linear polynomial with slope 1 — &,
where £ is the height of the left-hand peak relative to the right. The overall Horns

function is given by

fHoms(m) = /b dz (:1: - —2i_ b> DG(z|m, o, fa, R,) (ll) : g:c + b¢ — a) . (4.7)

a b—a

where m is the invariant-mass variable to be fitted and z is the integration variable

in the convolution.
Hill function

Consider instead BY — D*(D7%) K*° decays with the D* meson produced in helicity
state +1. In the rest frame of the D* meson, the 7° meson is predominantly produced
at £90° to the direction of the B® meson. The fraction of the D*-meson momentum
carried by the 7° meson is therefore midway between its minimum and maximum
values, so instead of a double peak we observe a single, broader peak centred halfway
between a and b. This is described by the Hill parabola,
—(x—a)(x—0), a>x>0b,
puin(z) = (4.8)
0, otherwise.

This parabola is convolved with a double Gaussian function and a linear polynomial

to account for detector and selection effects, respectively, giving the overall Hill PDF":

b 1-¢ b —a
inll(m) = do | — (x—a)(x—b)DG(a:]m,a,fG,Rg) b—a$+ b—a : (49)
The Hill function is also used in the case of B® — D*(D~)K*® decays with the
D* meson produced in helicity state 0. The photon is a spin-1 boson and is therefore

predominantly emitted at £ 90° to the direction of the B® meson in the rest frame of

the D* meson when the D* meson is longitudinally polarised.
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LittleHorns function

The final decay category is B’ — D*(D~)K*® with the D* meson produced in helicity
state £1, which requires a third function, LittleHorns. In this case, the underlying

kinematic distribution is the sum of a parabola and a uniform distribution:

b\’ —b\?
(x—“+)+(a ) a>z>0,
pLittleHorns(x) = 2 2 (410)

0, otherwise.

The overall LittleHorns function is therefore

b b 2 _ 2
fLittleHorns(m):/ dx[(x—a;— ) +((Z2 )

x(1_§$+b€_a). (4.12)

DG(z|m, o, fo, Ry)  (4.11)

b—a b—a
Fits to simulated B° — DK*° decays

Samples of simulated B® — D*K*° decays are produced with each of the possible
D*-meson decays and helicity configurations. The samples are reconstructed as the

signal decay and fitted with the following shapes:

D* decay  Helicity state Shape

D* — Dr" 010 Hill

D* — D" 101 Horns
D* — Dy 010 LittleHorns
D* — D~y 101 Hill

Fig. shows projections of the fits, and Table lists the fitted parameters.
An analogous background from B? — D*K*° decays appears in the data at a
higher invariant mass. Equivalent PDFs for this background are obtained by fitting

the Horns, Hill and LittleHorns functions to simulated B — D*K*? decays.
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Figure 4.14: Fits to the invariant-mass distributions of simulated B® — D*K*0 decays in the
four different D*-meson final-state and helicity configurations: (a) D* — D7® with helicity
0, fit with a Horns function; (b) D* — D7" with helicity +1, fit with a Hill function; (c)
D*— D~ with helicity 0, fit with a Hill function; (d) D*— D~y with helicity +1, fit with a

LittleHorns function.

Table 4.7: Parameters obtained from fitting the Horns, Hill and LittleHorns functions to

partially reconstructed simulated B® — D*K*? decays.

D* — Dn?® D* — D~
010 101 010 101
a (MeV/C2) 5020.73 £0.13 5026.9 £ 0.7 4920.2 £ 0.8 4920.9+04
b (MeV/cz) 5117.06 £0.12 5115.4 4+ 0.6 5225.8 £ 0.6 5224.9 £ 0.3
o (MeV/cQ) 12.54 +0.08 156 £04 1224+ 0.7 13.76 & 0.28
R, 5.71£0.15 7.7+04 6.0+ 0.6 4.70 £ 0.26
fa 0.9528 4 0.0025 0.9807 4 0.0012 0.973 £0.006 0.892 4+ 0.010

¢ 0.881 4+ 0.011

1.33 £0.03

0.698 +£0.027  0.684 £0.011
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Overall PDF

The overall PDF used to describe B® — D*K*® decays is the sum of the four PDFs

obtained from simulation, with all shape parameters fixed. This can be written as

Jow = @010 [9010 f+,010 + (1 — Go10) f0.010] (4.13)

+ (1 - 06010) [9101f7,101 + (1 - 9101)fw0,101] ) (4'14)

where fx g represents the PDF for D* — DX decays with helicity state H, gy is
the relative fraction of D* — D~ decays in helicity state H, and «qio is the relative
fraction of events in helicity state 010.

The factors gg19 and gq9; are calculated from the relative branching fractions and
selection efficiencies of D* — D~ and D* — Dr° decays. These values are given in

Table [4.§] and are combined to give

go1o = 0.341 + 0.015,
g1 = 0.330 £ 0.014.

The relative contribution of each helicity state is unknown, and is therefore a
free parameter in the fit. A single parameter agg is shared between the ADS modes
in both B-meson-flavour categories. The different helicity components can exhibit
different levels of CP violation, so separate fractions a§" ™ and aiig" ~ are used in
the GLW modes for the decays of B® and B° mesons, respectively. The B? — D* K*0
background can have a different helicity composition to B® — D*K*? decays but
Table 4.8: Branching fractions, detector acceptance efficiencies, and selection efficiencies

of partially reconstructed B® — D*K*0 decays with different D*-meson final states and
helicity configurations. Efficiencies are calculated from simulation.

D*— D~ D*° — D=°
010 101 010 101
Branching fraction (%) 35.3+0.9 |71] 64.7+ 0.9 |71]

Acceptance efficiency (%) 17.56+0.04 17.414+0.05 15.65+0.03  15.49 +0.05
Selection efficiency (%) 1.152+0.013 0.565+0.006 1.364+0.014 0.704 £+ 0.008
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exhibits negligible CP violation, so a single helicity fraction Sy is used for the B? —

D*K*® background in all fit categories.
Yield constraints

There are several overlapping backgrounds in the low-mass region. The invariant-
mass fit becomes unstable if the yields of all of these backgrounds are free parameters,
particularly in the low-statistics D-meson modes. The stability is improved by sharing
parameters between modes where appropriate.

The ratio R}y between the yield of the B® — D* K*Y background and the signal
yield is shared between the favoured K7 (7wm) modes for both data-taking periods.
The CP asymmetry and yield ratio with respect to the favoured modes is shared
between the GLW modes.

In the 7 K (77) modes, where the yields of B%-meson decays are highest, the ratio
R 10w between the yield of the Eg — D*K*Y background and the fully reconstructed
BY — DK yield is shared between both modes and data-taking periods. As the
interference in this background is negligible, its yield in the GLW modes can be fully

fixed from the 7K (77) yields using

hh(hh) _ g rmK(em) | B(D° — h*h™(n"77)) e(B® = D(h*h™(ntn™))K*)

o =M™ X G50y w R (o)) < dBY = D R () K)
(4.15)
where N. hﬁ)EN is the yield in the GLW mode hh(r7), N K™ s the yield in the

7K (mm) mode, B is a known branching fraction, and e is the efficiency of the selection

and PID requirements. The CP asymmetry is fixed to zero.

4.2.5 Partially reconstructed BT — DK ™n~nt background
shape

The background from Bt — DK*Tn 7" decays with a missed pion is made up of
various resonant and nonresonant contributions. The selection efficiency for this
background is low, so a large fully simulated sample would be very time-consuming

to produce. Instead, a simplified simulation is run using the RapidSim [73] package,
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Figure 4.15: Invariant-mass distributions of samples of partially reconstructed BT —
DK*Tr~ 7" decays with different intermediate resonances.

which generates the decay kinematics and applies simple resolution effects but does
not simulate the full LHCb detector. One million events of each contributing decay
are generated and reconstructed as the signal decay. The samples are combined into a
cocktail, with each contribution weighted according to its relative branching fraction.
Figure shows the invariant-mass distributions of the weighted samples.

To model this background, an arbitrary PDF consisting of the sum of two Gaus-
sian functions with different means and a Hill function is fitted to the invariant-mass
distribution of the cocktail. Figure [4.16|shows the fit projection. The fitted parame-
ters are listed in Table [4.9 and are fixed in the fit to data.

The BT — DK*t7~ 7" background is large enough in the favoured D-meson modes
that its yield can be a free parameter without causing fit instability. The ratio of this
yield with respect to the signal yield, Rpgr, is shared between the Km(77) modes
for both data-taking periods. In all other modes, this background has a low yield and
can exhibit a nonzero B~ B? asymmetry due to CP violation. The CP asymmetries
and yield ratios with respect to the favoured mode are fixed to values measured in a

dedicated analysis of BT — DK n~ 7" decays [74].
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Figure 4.16: Fit to partially reconstructed simulated B® — DK*r~ 7t decays. The fit
PDF is the sum of a Hill function (blue) and two Gaussian functions (red and green). The
residuals are shown below.

Table 4.9: Parameters obtained from a fit to partially reconstructed simulated BT —
DK*n~r" decays using the sum of a Hill function and two Gaussian functions.

Shape Parameter Value

a (MeV/c?) 5050 (fixed)
b (MeV/c?)  5139.69 (fixed)
o (MeV/c?)  10.6 +2.0

Hill

R, 25+£0.6
fo 0.85 + 0.16
13 1 (fixed)
p (MeV/c?) 4998 + 6
Gaussian 1 o (MeV/c?) 16 +8
f 0.12+0.10

p (MeV/c?) 5038 + 8
Gaussian 2 o (MeV/c?) 26 +£5
f 0.50 £0.11
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4.2.6 Misidentified B — Dntn~ background shape

The background from misidentified B° — Dnt7~ decays appears as a peak above the
mass of the BY meson. The dominant contribution to these decays is B® — Dp°. A
PDF is obtained by fitting to a sample of simulated B° — Dp° decays using the sum

of two Crystal Ball functions. A single Crystal Ball function is defined as

e~ ((m=p)/a)/2. mEs g
CB(m) =% , . . . 7 (4.16)
) _
(_ >e|a /2 (_ ~la| - (_")) . otherwise,
| | o

where p is the mean, o is the width, and o and n are tail parameters. In the double
Crystal Ball fit, the two functions share a single mean but have separate widths and

tail parameters, so the double Crystal Ball function can be written as
DCB(m) = fLCB(m|u, op, ar,ny) + (1 — fL)CB(m|u, RyoL, ar, nR), (4.17)

where fi, is the fraction of events contained within the left-hand Crystal Ball function,
and R, is the ratio between the right- and left-hand widths.

The invariant-mass distribution of misidentified decays depends on the PID re-
quirement applied to the misidentified particle. The PID efficiency of each simulated
B® — Dp® event is calculated according to the measured performance of the PID
requirement in calibration data (discussed further in Sect. , and the invariant-
mass distribution is weighted by these efficiencies. The projection of a fit to the
weighted distribution is shown in Fig. and the fitted parameters are given in
Table [£.10] These parameters are fixed in the fit to data.

Yield constraints

The ratio of the B — Dntrn~ yield with respect to the signal yield is a free parameter
Rprr, which is shared between the K7 and K7mm modes. The absence of a true K™
meson means that the candidates cannot be accurately tagged as originating from a
B or B® meson, and are instead distributed randomly between the flavour categories.

The CP asymmetry in this background is therefore fixed to zero. The charge of the
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Figure 4.17: Fit to misidentified simulated B® — Dp® decays using the sum of two Crystal
Ball functions. The residuals are shown below.

K™ meson is also used to separate the favoured and suppressed ADS modes, so the
background is assumed to be equally split between these modes, i.e. the 7K (7m)
yields are fixed to the K(7m) yields. The yields in the GLW modes are fixed with
respect to the ADS yields in a similar manner to the yields of the B — D*K*0
background, given in Eq.

The relative background yield is expected to be slightly different in the two data-
taking periods due to improvements in particle identification in Run 2, so the param-
eter Rp.. cannot be shared between the two periods. The yield of this background
in the Run 1 data is too small for Rp,.(Run 1) to be determined independently, but

it can be fixed with respect to the Rp.,(Run 2) using

epip (Dp®, Run 2) " eprp(DK*°, Run 1)
epp(Dp®, Run 1)~ epp(DK*0, Run 2)’

Rpr=(Run 2) = Rp.r(Run 1) x (4.18)

where eprp (DX, Run N) is the PID efficiency of simulated B — DX decays in Run N.
The measured efficiencies are given in Table 4.11} The ratio between Rp.,(Run 2)
and Rp..(Run 1) is found to be 0.928 4+ 0.014, which indicates that the background-
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Table 4.10: Parameters obtained from a fit to misidentified simulated B® — Dp° decays
with the sum of two Crystal Ball functions.

Parameter Value

1 (MeV/c?) 53215 +2.9
o1, (MeV/c?) 18 +£4

R, 0.76 £0.24
1 0.340.3
ar 224 0.6
QR —-0.5+0.3
nr 1 (fixed)
ng 9+5

Table 4.11: PID efficiencies in % of simulated misidentified BY — Dp° decays and signal
B? — DK*° decays, and the ratio between them, given for each data-taking period.

€p1D<Dp0> EPID(DK*O> Ratio

Runl 22+05 666 +04 (3.3+0.8)x 1072
Run2 24409 77494018 (3.04+1.2)x 1072

to-signal ratio is lower in Run 2, as expected.

4.2.7 Shared fit parameters

To account for small inaccuracies in the simulation, the means of all background
shapes in the fit to data are added to a floating global shift, A. This is not necessary
for the signal shapes, which have floating means.

In studies of simulated signal decays, the four-body invariant-mass distributions
were found to be wider than the two-body distributions. In the fit to data, the
four- and two-body signal widths are related via a free parameter, R,; however, it is
found that the fit is only stable if the widths of the background PDF's are completely
fixed. The widths of the four-body background shapes are therefore calculated by
multiplying the two-body widths by a fixed ratio of 1.054 +0.007, which is calculated

from fits to simulated events in the K7 and K7m7m modes.
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4.3 Results of the invariant-mass fit

The selected data candidates are split into the seven D-meson final states, two B-
meson flavours, and two data-taking periods. As data from Run 1 are not used in the
41 mode, there are a total of 26 categories. The invariant-mass distributions of the
candidates in each category are fitted simultaneously in the range 5000 < m(BY) <
5800 MeV/c?. Several shape and yield parameters are set to be common, allowing
parameters that are constrained by the high-yielding modes to be shared with the
less abundant ones.

Figures [4.18 show the invariant mass distributions and fitted PDF's for each
D-meson decay and B-meson flavour, summed over data-taking period. Table [4.12
gives the signal yields of each decay. The central values and statistical uncertainties
of the free parameters in the fit, including the CP observables, are given in Table |4.3]

In the GLW fits, shown in Fig. , distinct signal peaks from B — DK* and
BY — DK** decays appear at the masses of the B® and BY mesons, respectively.
The low-mass region is populated by the partially reconstructed B® — D*K** and
BY— D*K* backgrounds, which contribute in roughly the same proportion as their
fully reconstructed counterparts. A small contribution from Bt — DK 7~ 7t decays
lies in the low-mass region, and a very small peak from misidentified B® — Drtrn~
decays appears between the B%-meson and BY-meson peaks.

The two-body ADS fits are shown in Fig. [£.19 In the favoured mode, signal
B°— DK*® decays and partially reconstructed B® — D*K*° decays have large yields,
while the corresponding decays of B? mesons have negligible yields. The invariant-
mass distributions of the suppressed ADS modes are shown on a logarithmic scale
to emphasise the small signal peak. The BY — DK*? and B? — D*K** decays have
large yields in the suppressed mode.

The distributions of the four-body modes, shown in Figs. and [4.21] are very
similar to the two-body distributions. Although the four-body D-meson decays have

larger branching fractions than the two-body decays, the measured four-body yields
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Figure 4.18: Invariant-mass distributions (data points with error bars) and results of the
fit (lines and coloured areas) for the two-body GLW decays (a) BY — D(KTK~)K*?, (b)

B® = D(KTK~)K*, (¢c) B = D(x+

7 )K*0 and (d) BY — D(r "7~ )K*0.

are smaller because the efficiency of reconstructing a decay decreases as the number of

final-state tracks increases. The significant signal peaks in the 47 mode are notable,

as this is the first time B®— D(7Tn~ 77~ ) K** decays have been studied.

Table 4.12: Summary of signal yields. The uncertainties are statistical.

Decay channel B yield B° yield
BY = D(K*K )K" 67410 77+11
BY — D(x ™ )K*O 27+ 6 40+ 7
BO—>D(7T+7T atr)K* 324+ 7 35+ 8
B® - D(K+ VK0 78629 754+ 29
B® — D(rt K )K* 76+16 47+15
B® — D(K*r~mtn )K" 557425 548+25
B - D(r K ntn )K* 41414 40+14
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Table 4.13: Values obtained for the free parameters in a fit to the invariant-mass distribu-
tions of selected data candidates.

Parameter Description Value

CP observables

Aglg{ CP asymmetry in K K mode —0.05+0.10
87]; CP asymmetry in 7w mode —0.18 £0.14
Rgg Normalised ratio between KK and K yields 0.92+0.10
g}r) Normalised ratio between 77 and K7 yields 1.32+£0.19
A4C71r: CP asymmetry in 47 mode —0.03 £0.15
Réﬂp Normalised ratio between 47 and Knnw yields 1.01 +£0.16
RZ_K Ratio between 7K and K7 yields in B° decays 0.095 + 0.021
RZK Ratio between 7K and Kt yields in BY decays 0.064 £+ 0.021
RiKTm Ratio between mnK 7w and Knrr yields in BY decays 0.072 £0.025
,Rj_rKﬂ-ﬂ- Ratio between K7 and Knnm yields in B® decays 0.074 £+ 0.026
AKW CP asymmetry in K7 mode 0.047 £ 0.027
ADS
.Afggﬁ CP asymmetry in K7wm mode 0.04 £ 0.03

Signal B — DK*? decays

L Mean of Cruijff in MeV/c? 5278.16 £ 0.30

o Width of left side of Cruijff in MeV/c? 11.31 £ 0.28

R, Ratio between four- and two-body signal widths 1.060 + 0.024
NEmL Yield of K7 in Run 1 643 + 25
NEm2 Yield of K in Run 2 937 4 28
NEmmm,1 Yield of K7 in Run 1 424 + 20
NEmmm2 Yield of K7 in Run 2 713 £ 26

BY— DK*® decays

s Mean of Cruijff in MeV/c? 5365.69 &+ 0.19

O Width of left side of Cruijff in MeV/c? 12.01 £ 0.19
NTEL Yield of 7K in Run 1 1530 + 30
NFE2 Yield of 7K in Run 2 2200 =+ 40
NrEmmL Yield of 7K in Run 1 862 + 26
N K2 Yield of wK in Run 2 1650 =+ 40
NEEL Yield of KK in Run 1 186 + 15
NEE2 Yield of KK in Run 2 215+ 15

Continued on next page
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Table 4.13 — Continued from previous page

Parameter Description Value
./\/Zm’l Yield of 77 in Run 1 39+ 7
./\/Z”T72 Yield of m in Run 2 90 + 10
N2 Yield of 47 in Run 2 151 £ 13

A;rK CP asymmetry in 7K mode 0.006 £ 0.017
AgKﬂ_ﬂ_ CP asymmetry in 7 K7m mode —0.007 £ 0.021
AfK CP asymmetry in KK mode 0.06 £ 0.05
A;m CP asymmetry in 77 mode —0.11 £ 0.09
A;hr CP asymmetry in 47 mode 0.12 £ 0.08
Rgf Ratio between K7 and wK yields in Eg decays 0.007 £ 0.004
Rf_ﬁ Ratio between K7 and 7K yields in B? decays 0.003 £ 0.004
Rfirmr Ratio between Kmrrm and m K7 yields in B? decays 0.011 4+ 0.006
Rff”r Ratio between K7 and nKnr yields in B decays 0.007 £ 0.005

Combinatorial background

CKﬂ- Slope of exponential in K7 and wK modes —0.0049 + 0.0002
CKK Slope of exponential in K K mode —0.0057 £ 0.0004
™ Slope of exponential in 77w mode —0.0038 + 0.0006
K Slope of exponential in Knrrm and 7K 77 modes —0.0049 + 0.0002
C47T Slope of exponential in 47 mode —0.0051 £ 0.0006
C{:;ﬁ Yield in K7 mode in Run 1 1050 £+ 70
Nclgg’g Yield in K7 mode in Run 2 500 £+ 60
NTEL Yield in 7K mode in Run 1 1120 + 80
NTE:2 Yield in 7K mode in Run 2 1070 + 90
N, C{fﬁf Yield in KK mode in Run 1 250 £ 30
Nggﬂl Yield in KK mode in Run 2 330 &+ 30
NI Yield in 7 mode in Run 1 81+ 14
Ng:;i Yield in 77 mode in Run 2 50 £ 16
Kot Yield in Karr mode in Run 1 600 £ 50
ch(f::gﬂ,? Yield in K7wwm mode in Run 2 680 4+ 60
NTEmm Yield in Kmr mode in Run 1 690 + 60
NTEm2 Yield in 7Knr mode in Run 2 1050 £ 90
N2 Yield in 47 mode in Run 2 220 + 40

Continued on next page
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Table 4.13 — Continued from previous page
Parameter Description Value
Partially reconstructed B — D*K*? background
Qp10 Fraction of 010 helicity state in ADS modes 0.709 £+ 0.029
C(&%WJF Fraction of 010 helicity state in B decays in GLW modes 0.62+0.17
Oé(()}lIan Fraction of 010 helicity state in B° decays in GLW modes 0.57 £0.17
Rlow Ratio of B®— D*K*? to B — DK*? in favoured modes 1.50 + 0.08
AIGO&VW CP asymmetry in GLW modes 0.03 £ 0.09
RE‘I;VW Normalised ratio between GLW and K yields 1.06 £0.16
Rﬁ)}vg + Ratio between 7K and K yields in BY decays 0.09 £ 0.06
R?Olvg _ Ratio between 7K and K7 yields in B° decays 0.06 £ 0.06
Rﬂ){iﬂf Ratio between K 7w and Krrr yields in B® decays 0.04 £+ 0.06
Rﬂ—)}ng Ratio between 7K7m and K7nnm yields in B® decays 0.11 £ 0.07
A{g‘zvr CP asymmetry in K7 mode 0.00 £ 0.03
Allggvrﬂw CP asymmetry in K7 mode 0.01 £0.03
Partially reconstructed B?— D*K* background
5010 Fraction of 010 helicity state 0.775 + 0.021
Rs,low Ratio of BY— D*K*® to B?— DK*0 in suppressed modes 1.089 £ 0.023
Agﬁw CP asymmetry in 7K mode 0.012 +0.021
Ag{gz:r CP asymmetry in mKmm mode 0.026 £ 0.026
Other
RDKTMI’ Ratio of BT — DK+tn~ 7t to B®— DK*? in favoured modes 0.19 £ 0.06
Rprr Ratio of B® = Drtn~ to BO— DK*0 in favoured modes in Run 1 0.038 £+ 0.009
A Global shift in MeV/c? —1.2+0.5







Chapter 5

Measurement of CP observables in
BY — DK*V decays with two- and
four-body D-meson final states

This chapter presents the measurement of CP observables related to the CKM angle ~
in B — DK*® decays with two- and four-body D-meson final states. The observables
are measured in the extended maxmimum-likelihood fit to selected data candidates
presented in Sect. [£.3] The two-body data samples contain approximately 1543, 123,
144 and 67 signal candidates in the K7, 7 K, KK and w7 modes, respectively. The
four-body samples contain approximately 1105, 81 and 61 signal candidates in the
Krnm, mKnm and 47 modes, respectively.

The fit is set up such that the CP observables are free parameters and are deter-
mined directly, rather than being derived from the raw yields in a later step. This
removes the need for a complex combination involving many different correlated vari-
ables, but means that any corrections to the raw yields must be included in the fit.
These corrections are described in Sect. b1l Section [5.2] discusses studies to validate
the fit, and Sect. discusses the evaluation of systematic uncertainties. The re-
sults with their statistical and systematic uncertainties are summarised in Sect. [5.4]
and the statistical significances of the signals in previously unobserved modes are

discussed in Sect. (.0
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5.1 Determination of the CP observables

In the invariant-mass fit presented in Sect. [4.3] the CP observables are free parameters
related to the raw yields. The raw yields are affected by various experimental biases
in addition to the CP-violation effects of interest, which we must correct for when
constructing relationships between the yields and the CP observables.

Several correction factors are calculated using simulated samples. The simulated
data should therefore approximate the real data as closely as possible in order for
these corrections to be estimated accurately. Figures [5.1j(a) and (b) compare the
distributions of the pr and pseudorapidity, 77,E] respectively, of the BY meson in real
and simulated data. Discrepancies between the two samples can be seen, which are
removed using the gradient boosted reweighting technique [75]. A weight is calculated
for each simulated event such that the weighted distributions and their correlations
in simulation match the data. Figures[5.1j(c) and (d) show the weighted distributions;

the correction factors determined in this section incorporate these weights.

5.1.1 Asymmetry corrections

The CP asymmetries are measured by comparing the yields of the decays of B® and
B° mesons. The relative yield depends not only on CP violation, but also on the

following effects:

1. The relative production rate of B® and B° mesons within the kinematic accep-

tance of the measurement;
2. The relative detection efficiency of B%-meson and B°-meson decay products;

3. The relative efficiency of the PID requirements for B’-meson and B’-meson

decay products.

Each effect must be corrected for in the asymmetry calculation.

!The pseudorapidity of a particle is defined as = — In(tan g), where 6 is the angle between the
particle’s momentum vector and the beam axis.
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Figure 5.1: Comparisons of the B%meson transverse momentum (pr) and pseudorapidity
(n) distributions in background-subtracted data (red points) and simulated events (black
histogram), before and after the simulated events are weighted to match the data: (a) pp
before weighting; (b) n before weighting; (c) pr after weighting; (d) n after weighting.
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Production asymmetry

The BB production asymmetry at LHCb has been measured in bins of momentum
and pseudorapidity using 8 TeV collision data [76]. A weighted-average production
asymmetry of Apeq = (—8 +5) x 1073 is found for this analysis; the negative asym-
metry means that B® mesons are produced slightly more frequently than B° mesons
within the kinematic acceptance of this measurement. No measurement has yet been
performed with 13 TeV collisions, so the 8 TeV results are used for the full data set.
When the associated systematic uncertainty is computed in Sect. the uncertainty
on the measurement is doubled for Run 2 in order to account for any small energy

dependence.
Detection asymmetry

A detection asymmetry arises due to differences between the interaction cross-sections
of matter and antimatter particles as they traverse the detector. It is predominantly
caused by the shorter interaction length of K~ mesons compared with K+ mesons.
The most precise measurements of detection asymmetry at LHCb are of the de-
tection asymmetry between pairs of K~nt and K7~ mesons, Ag,. A value of
Ak, for the kinematic phase space used in this analysis is computed following the
method used in Ref. [77]. Calibration samples of D¥ — K—7"7* and DT — K°r+
decays are weighted to match the kinematics of kaons and pions in the signal data set,
and used to measure the raw charge asymmetries A (K-777%) and A, (K°7t),

respectively. The detection asymmetry of KT7* pairs is then calculated from
Agr = A (K 7T7T) — Apae (K07 + Ao, (5.1)

where Ao is the measured detection asymmetry in the decay K° — w7~ [77]. This
gives Ag, = (—1.0 & 0.5)%; the negative value suggests that K~ 7 pairs interact
with the detector material more frequently than K7~ pairs. A correction of Ag, is

applied to the observables for each K*7T pair in the final state.
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Implementation of asymmetry corrections

For each asymmetry correction A, we can calculate the fractional increase a of the

yield of B%-meson decays with respect to B°-meson decays due to this correction from

1—A

114 (5:2)

Production and detection asymmetry factors a,poq and aqe; are calculated in this way,

while a PID correction factor apip is computed from the ratios of the PID efficiencies
for B%-meson and B’-meson decays discussed in Sect. We can then calculate

the total correction factor ac.., for each D-meson decay mode:

Qcorr = Oprod X Qdet X APID- (53)
The CP asymmetries Agp are calculated from the raw yields using

Qcorr
Acp =
acorrN (

N(B?) - N(BY) (5.4)
RO

)+ N(B°)
where N(B°) and N(B°) are the raw yields of B%meson and B’-meson decays, re-
spectively. We also calculate the total corrected flavour-summed yield, N, for each

mode via

N = aeonN(B) + N(BY), (5.5)

which is used when calculating the GLW ratios R¢p, as discussed in Sect. [5.1.2]
The ADS ratios R4 are corrected for a detection asymmetry between the sup-

pressed and favoured modes, which have oppositely charged final-state particles. The

ratio R* is multiplied by a factor of };i}f", and the ratio R~ is multiplied by a factor
1+Agr
of ﬁ .

5.1.2 Ratio corrections

The ratios Rep between the yields of the GLW modes and the favoured ADS modes

are calculated using the asymmetry-corrected yields defined in Eq. .5 The yield
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ratios are normalised using branching fractions and efficiencies:

whery NPT B(DO — Krat(rtr7))  €(B? — D(K*n (ntn))K*0)
R — X X
or NEr@m = B(DO — h+h=(r+7~)) ~ €(B® = D(h*h=(nt7=))K*0)’
(5.6)

where the branching fractions B are given in Table [5.1] and € is the overall efficiency
of the selection including the detector acceptance, selection requirements, and PID

cuts.

Table 5.1: Branching fractions for the D-meson decays considered in this analysis, taken
from Ref. [71].

D-meson decay Branching fraction (%)
DY— K7t 3.89 +0.04
DY— KTK~ 0.397 £ 0.007

D — rhr— 0.141 + 0.003
DY— K-ntr—mt 811 +0.15
DO — o= rta- 0.745 + 0.020

Selection efficiency

The selection efficiency is the probability that a true signal decay produced at LHCb
is detected and passes all of the selection requirements. It is the product of the
geometric acceptance efficiency of the LHCb detector and the probability that an
accepted candidate passes the reconstruction and selection requirements. Both are
calculated with simulated signal events. This calculation does not account for the
PID requirements, as the PID variables are poorly modelled in simulation and are
dealt with separately using a data-driven method.

The geometric acceptance efficiency, €,.., is the fraction of decay products enter-
ing the LHCDb detector acceptance. It is calculated at the generation stage of the
simulation. The selection efficiency, €, is the ratio between the number of selected
simulated events and the number of events generated within the detector acceptance.
These efficiencies and their product, €, are given in Table for each D-meson
mode and data-taking period, with uncertainties assigned to account for the finite

sizes of the simulated samples.
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Table 5.2: Geometric acceptance efficiencies, selection efficiencies, and their product, mea-
sured with simulated events for each D-meson mode and data-taking period.

Data-taking period D mode €ace(%0) €sel(%0) €tot (70)

K 16.79 £0.02 1.147+0.011 0.1926 £ 0.0019
KK 17.54+0.04 1.049+0.015 0.1841 + 0.0026
T 16.32£0.06 1.114+0.015 0.1818 £ 0.0026
Krrm 15.62+£0.02 0.330 £0.003 0.0515 =+ 0.0005

K 17.51 £0.04 1.290+0.010 0.2259 £ 0.0018

KK 18.24 £0.04 1.137+0.010 0.2073 £ 0.0018

Run 2 e 16.92£0.04 1.2714+0.010 0.2151 £ 0.0017
Krrm  16.56 £0.03 0.494 £0.004 0.0818 £ 0.0007

mrrw 1590 £0.03  0.515£0.004 0.0819 £ 0.0007

Run 1

PID efficiency

The efficiencies of the PID requirements vary between the D-meson modes, and must
therefore be included in the normalisation of the yield ratios. The difference in the
efficiencies for B°-meson and B°-meson decays is also accounted for when calculat-
ing the CP asymmetries, although it is found to be very small. The PID efficiencies
are calculated using a calibration sample of D** — D(K¥7%)r® decays, which are
selected without the use of any PID variables and background-subtracted. The ef-
ficiencies of various PID requirements are calculated with these events. The PID
efficiency depends on the momentum and pseudorapidity of the final-state tracks, so
the calibration sample is binned in these variables, and a weighted average using the
kinematics of simulated B® — DK*° decays is used to calculate the efficiencies in this
analysis.

Table gives the PID efficiencies for each D-meson mode, data-taking pe-
riod, and B-meson flavour. The uncertainties account for the potential bias due
to the choice of binning scheme and the uncertainty associated with the background-
subtraction procedure used on the calibration sample. The efficiencies are larger in
Run 2 due to the increased collision energy, improved trigger scheme, and intrinsic

improvements to the RICH detector through the removal of the aerogel radiator [61].
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Table 5.3: PID efficiencies in % for each D-meson-decay, data-taking-period, and B-meson-
flavour category, calculated using calibration samples weighted to match the momentum
and pseudorapidity distributions of simulated events.

Run 1 Run 2
B BY BY B

K 66.3+04 66.8+£04 775+02 77.3£0.2
KK 73.0£04 71.9+£05 799402 79.9£0.2
T 60.7+0.3 60.6=£01 75.0+0.1 751+0.1
Knrm 56.9£06 56.4+0.5 73.8+05 73.8£0.3
4 n/a n/a 75.9+0.2 76.1+0.3

D mode

5.2 Validation of the invariant-mass fit

To validate the fitting procedure, 3000 pseudoexperiments are generated according
to the model in Sect. with all free parameters fixed to the values found in the fit
to data and fitted using the same model. Around 95% of the fits converge and have
good-quality covariance matrices.
The validity of the fit is tested by examining the distribution of the pull P, for
each parameter x, defined as
p, = 1t~ Teen (5.7)
o8
where Z4e, is the value used to generate the pseudoexperiment, and zg, and o, are
the central value and statistical uncertainty, respectively, obtained from the fit. In
an unbiased fit, the pull distribution should obey a Gaussian function centred at
zero with unit width. Figure [5.2] shows the distributions of xg;, 0., and P, for the
CP asymmetries in the GLW modes. The pull distributions are fit with Gaussian
functions, which in all cases are found to have means consistent with zero and widths

consistent with unity.

5.3 Systematic uncertainties

The measured observables are either asymmetries or ratios of yields between similar

final states, and are thus robust against systematic biases. Nonetheless, small uncer-
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Figure 5.2: Distributions of (left) central value, (centre) statistical uncertainty and (right)
pull of the CP observables (top) ALL and (bottom) AZF from fits to 3000 pseudoexperi-
ments. The red dotted lines indicate the central values and statistical uncertainties found
in the fit to real data.

tainties arise due to the input of correction factors, assumptions in the fit, and the
possibility of charmless backgrounds.

Each systematic uncertainty is evaluated using a data-driven method, unless oth-
erwise stated. For each fixed parameter, the data are fit many times with the value of
the parameter randomly shifted around its central value. The shifts are generated ac-
cording to a Gaussian function centred at zero, with a width equal to the uncertainty
of the parameter. If several fixed parameters are correlated, shifts are generated si-
multaneously using their covariance matrix. The distribution of each observable in
1000 fits to data with smeared parameters is fitted with a Gaussian function, whose

width is taken to be the systematic uncertainty.

Correction factors

As discussed in Sect. [5.1], the calculation of the CP observables involves correcting the
raw yield ratios and asymmetries using the relative branching fractions, selection ef-

ficiencies, PID efficiencies, production asymmetries, and detection asymmetries. The
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uncertainty of each correction factor is propagated to the observables. The branching
fractions produce to the largest systematic uncertainties on the GLW ratios, while the
production and detection asymmetries produce the largest uncertainties on the asym-
metry observables; however, these uncertainties are at least an order of magnitude

smaller than the statistical uncertainties.

Fit-related systematics

Systematic uncertainties are assigned for the fixed shape parameters in the invariant-
mass model. The central values and uncertainties of these parameters are derived
from fits to simulated samples, as discussed in Sect. The fixed tail parameters
of the signal shape are treated as a single source of systematic uncertainty. The un-
certainties due to all fixed parameters related to the background shapes are treated
simultaneously, apart from those for the partially reconstructed B? — D*K** back-
ground, which is an important source of contamination that overlaps with the signal
region and is therefore treated separately.

Various asymmetries and ratios between yields in different fit categories are fixed.
The relative proportion of partially reconstructed D* — D7® and D* — D~ decays is
fixed from branching fractions and efficiencies, as discussed in Sect. A correction
to the relative yield of misidentified B® — Dnt7~ decays between Run 1 and Run 2
is calculated in Sect. [£.2.6] The relative yields and CP asymmetries of the partially
reconstructed BT — DKTn~ 7" background are fixed to the values measured in
Ref. [74], with the uncertainties doubled to account for the fact that there are possible
differences in the phase-space acceptance between the two analyses.

The selection requirements for the ADS modes are chosen such that the ratios R4
require minimal corrections. Their total systematic uncertainties are thus smaller
than those of the other observables, and are dominated by the uncertainties due to

the fixed shape and yield parameters in the fit.
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Charmless background

The study of charmless decays reported in Sect. finds evidence of a charmless
background in some D-meson modes before the final selection is applied. While this
background appears to be reduced to a negligible level by a requirement on the flight-
distance significance (FDS) of the D meson, the uncertainties of the background
yields are relatively large due to the limited sizes of the sideband samples used in the
study. The possibility of residual charmless events is therefore considered as a source
of systematic uncertainty.

Random numbers of charmless decays are generated in each affected D-meson
mode, according a Gaussian function with a mean equal to the expected number
of charmless candidates after the FDS cut and a width equal to the corresponding
uncertainty. The generated values are rounded to whole numbers and distributed
randomly between the B° and B° categories, where they are added to the signal
yields. Events are added to the B? and B° signal peaks in the same way in the
7K and mK7m modes, where evidence of charmless B? decays was observed prior to
the FDS cut. 1000 pseudoexperiments are generated in this way and fitted with the
default invariant-mass model, which does not include a charmless component. The
difference in the mean value of each observable in pseudoexperiments generated with

and without the charmless contamination is taken to be the systematic uncertainty.

Summary of systematic uncertainties

Table gives the systematic uncertainties for each observable. Systematic un-
certainties that are more than two orders of magnitude smaller than the statistical
uncertainty are considered to be negligible and ignored. The non-negligible uncer-
tainties are added in quadrature to give the total systematic uncertainty, which in all

cases is considerably smaller than the statistical uncertainty.
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Table 5.4: Systematic uncertainties for the observables. Uncertainties are shown if they are larger than 1% of the statistical uncertainty.
The total systematic uncertainty is calculated by summing all sources in quadrature. Statistical uncertainties are given for reference.

Source Alp” Ap Rép REp A% RE - RYY O RTEOREETTORTATTOARSs  ARBET
Selection efficiency - - 0.008 0.011 - 0.012 - - - - - -
PID efficiency 0.002 - 0.004 0.004 0.002 0.007 - - - - 0.002 0.003
Branching fractions - - 0.017 0.025 - 0.031 - - - - - -
Production asymmetry 0.006 0.006 - - 0.010 - - - - - 0.006 0.006
Detection asymmetry 0.004 0.004 0.004 0.007 0.007 0.007 <0.001 <0.001 <0.001 <0.001 0.008 0.008
Signal shape parameters - - - - - - < 0.001 <0.001 <0.001 <0.001 - -
BY — D*K*° shape parameters - - 0.001 - - - < 0.001 <0.001 <0.001 <0.001 - -
Other background shape parameters - - - 0.003 - 0.003 < 0.001 0.001 0.001 0.002 - -
D* — D% /7% inputs - - 0.002 - - 0.002 0.002 0.002 0.002 0.002 - -
B — D7 PID correction - - - - 0.006 - < 0.001 < 0.001 - - - < 0.001
B — DKnm inputs - - 0.001 0.002 - 0.002 - - - - - -
Charmless background 0.003 0.002 - 0.003 0.004 0.011 <0.001 <0.001 - < 0.001 0.002 0.001
Total systematic 0.01 001 002 003 0.01 0.04 0.002 0.003 0.002 0.003 0.010 0.010
Statistical 0.10 0.14 0.10 0.19 0.15 0.16 0.021 0.021 0.026 0.025 0.027 0.032
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5.4 Summary of measured observables

The measured CP observables are

KK = —0.05 +0.10 =4 0.01,
o= —0.18 +0.14 =+ 0.01,
REE = 092 +£0.10 +0.02,
o= 132 +£0.19 =+ 0.03,
& =—-0.03 +£0.15 4 0.01,

R& = 1.01 +£0.16 =+ 0.04,

R = 0.064 + 0.021 + 0.002,

R™ = 0.095 £+ 0.021 + 0.003,
RTE™™ = 0.074 £+ 0.026 £ 0.002,
RTE™ = 0.072 £ 0.025 £ 0.003,

ARE = 0.047 £ 0.027 £ 0.010,

ARrTT = 0.037 £ 0.032 £ 0.010,
where the first uncertainty is statistical and the second is systematic. Table gives
the combined statistical and systematic correlation coefficients. The values of RTF
and RTE™ are used to calculate the suppressed-mode ADS observables, which are

found to be

AR = 019 +0.19 =+ 0.01,
Rl = 0.080 &+ 0.015 + 0.002,
ARKTT — —0.01 £ 0.24 + 0.01,
RAET™ = 0.073 £ 0.018 4 0.002.

All of the measured CP asymmetries are compatible with zero to within two
standard deviations. The values of the two-body GLW asymmetries and ratios, A,
and R, are found to be consistent between the two modes to within 0.8 and 1.8
standard deviations, respectively. The results for D — 7t7 w7~ decays are in
agreement with these values after correcting for the known CP-even content of this

final state. The interpretation of the results in terms of + is discussed in Chap. [§]
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Table 5.5: Combined statistical and systematic correlation matrix for the CP observables.

| S AZp REF REp Al RGp REF RIN RIFTT RINTT AREs ARGE"

AEE 1.00 0.00 0.03 —-0.01 0.00 0.00 0.00 -0.01 -0.01 -0.01 —0.01 -0.01
&P 0.00 1.00 0.01 0.06 0.00 0.00 0.00 0.00 0.00 0.00 —0.01 —-0.01
Rgﬁ( 0.03 0.01 1.00 0.04 0.00 0.03 0.02 0.02 0.00 0.00 —0.04 —0.03
R |—0.01 0.06 0.04 1.00 0.00 0.04 0.01 0.03 0.02 0.02 003 0.03
ALy 0.00 0.00 0.00 0.00 1.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00
R 0.00 0.00 0.03 0.04 0.01 1.00 0.01 0.02 002 0.03 0.02 0.01
RS;K 0.00 0.00 0.02 0.01 0.00 0.01 1.00 0.05 0.01 0.01 0.08 0.00
R™5 |-0.01 0.00 0.02 0.03 0.00 0.02 0.05 1.00 0.02 0.02 —0.08  0.03
RTE7™_0.01 0.00 0.00 0.02 0.00 0.02 0.01 0.02 1.00 0.06 0.02 0.11
RTE7™|_0.01 0.00 0.00 0.02 0.00 0.03 0.01 0.02 0.06 1.00 0.03 —-0.06
AKBS |—0.01 —0.01 —0.04 0.03 0.00 0.02 0.08 —0.08 0.02 0.03 1.00 0.08
ARpT™1—-0.01 —0.01 —0.03 0.03 0.00 0.01 0.00 0.03 0.11 —0.06 0.08 1.00

5.5 Statistical significance of previously unobserved
decays

The 7K, mK7m and 47 modes had not been observed in BY — DK*® decays prior
to this analysis. The significances of the signal yields in these modes are calculated

using Wilks’ theorem [78], which defines the significance as

Significance = /2 log(Lmax) — 2log( L), (5.8)

where L™#* is the maximised likelihood in a fit that includes the decay of interest,
and Lj™* is the maximised likelihood in the same fit with the yield of the decay of
interest fixed to zero. This calculation only accounts for the statistical uncertainty
of the yield; to account for the systematic uncertainty, the likelihood profile of the
yield is convolved with a Gaussian function with a standard deviation equal to the
systematic uncertainty, and the significance is calculated from the convolved profile.

This procedure yields a significance of 8.4¢ for B® — D(nt7~nTn")K*° decays,
5.80 for B — D(n"K~)K*® decays, and 4.40 for B® — D(at K~ 77~ )K** decays,
constituting the first observations of the first two modes and strong evidence for the

presence of the suppressed four-body ADS mode.



Chapter 6

Selection and parametrisation of
BY — DK*V decays with
three-body D-meson final states

A measurement complementary to the ADS/GLW analysis is performed using the
three-body self-conjugate D-meson decays D — K{ntr~ and D — K?K*TK~. This
measurement uses 9fb~! of pp collision data collected by the LHCb experiment from
2011-2012 and 2015-2018. The GGSZ observables 2+ = rpgo cos(dgo £ ) and yo =
rposin(dpo £ ) are measured, which depend on the relative decay rates of B® and

BY mesons in bins of the D-meson Dalitz plot.

6.1 Analysis strategy

The yields of the decays of B and B° mesons in bin i of the Dalitz plot are related to
the integrated squared amplitudes of D-meson decays in that bin, T.;, via Eqs. [2.58
and [2.591 In practice, the Dalitz plot distributions are distorted by variations in
selection efficiency across the phase space. Writing the efficiency profile as n(m?, mi),

we replace Ty; with new quantities
[, dm?dm3 a*(m?, m%)n(m?>,m?)

Fii = )
> J;dmZdm a*(m2,m?)

(6.1)

where the sum ; is over all bins. The parameter F; is the fraction of selected events
involving a D® meson in bin 4, accounting for all amplitude and efficiency effects. The

amplitudes for D° and D° mesons are related under the transformation m? < m?,
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and we can reasonably assume that the efficiency profile n(m?,m?2) is symmetric

under this transformatio so the fraction of selected events involving a D meson in
bin 7 is F'_;. In the absence of interference and CP violation, the fraction of selected
B%meson decays in bin ¢ would be Fj, and the fraction of selected B°-meson decays
in bin ¢ would be F_,.

In the case of non-negligible interference and CP violation, the yields of the decays

of B® and B mesons in each bin are given by

Nj:l'(BO) =n [F:Fi -+ (553_ + yi)Fﬂ + 2/€\/ F+iF_i<ZB+C:|:Z' + y+sii)} , (62)
Ny(B%) =m [F:I:i + (22 + y2) P 4 260/ F i Fy(v—cay + y—sii)} ) (6.3)

where n and 7 are normalisation constants for the decays of B® and B° mesons,
respectively. The strong-phase parameters ¢; and s; have been measured by the
CLEO and BESIII experiments [42,[43], as discussed in Sect. [2.7.3]

In principle, the F; values could be measured in a fit today; however, this is
not feasible due to the limited statistics of B® — DK*? decays. In previous model-
independent GGSZ analyses, such as the study presented in Ref. [51], the F; val-
ues were measured using flavour-tagged decays in a semileptonic control channel,
B® — D*~(D°x~)putv,. No interference occurs in these decays, so the Dalitz plot
distribution depends only on the D-meson amplitude and efficiency profile, and the
fraction of B%-meson decays in bin i is equal to F_;. However, it was necessary to cor-
rect the semileptonic F; values for efficiency differences between B® — D*~ptvy, and
B? — DK*? decays. The calculation of this correction required very large simulated
samples of both decays, which were expensive and time-consuming to produce. The
uncertainty associated with this correction procedure was the dominant systematic
uncertainty on the results in Ref. [51].

In the most recent GGSZ analysis of Bt — Dh*t decays [79], an alternative

'In principle, the efficiency profile maybe not be exactly symmetric; for example, due to the
different interaction lengths of K~ and K+ mesons. Differences between n(m? ,m?2) and n(m2 m?2)
have been studied in the analysis of Bt — DK™ decays [79], and are found to be negligible even in
large data samples.



6.1. Analysis strategy 117

method is used for the first time. A simultaneous fit is performed to Bt — DK™
decays, which are sensitive to v with rg+ ~ 0.1, and BT — Dn" decays, which are
less sensitive with rg+ ~ 0.005. The BT — Dzn" decay has a large yield of around
200 000 events, which is sufficient to determine the F; values from the fit in addition
to the CP-violation parameters for both decays.

This technique assumes that the efficiency profiles of Bt — DK+ and BT — Dzt
decays are identical, allowing the same F; values to be used for both. This is verified
using samples of simulated events for each decay that pass the selection requirements.
The Dalitz plot distributions of the samples are found to be extremely similar, which
suggests that the efficiency profile has little dependence on the initial B-meson decay.
We might therefore assume that B®— DK*Y decays have the same efficiency profile,
provided that very similar selection requirements are used. If this is the case, we
can use the F; values measured with B* — Dh™ decays in our B® — DK*" analysis
without applying any efficiency corrections. This removes the need for large simulated
samples and reduces the systematic uncertainty on our measurement.

Figures [6.1] and [6.2] show the Dalitz plot distributions of simulated B® — DK*°
and B* — Dn* decays selected with the requirements discussed in Sect. [6.2] and
the ratio between them. The decays are generated uniformly across the Dalitz plot
without the inclusion of any intermediate resonances, so any variation in the Dalitz
plot distribution after the selection requirements corresponds to the efficiency profile,
n(m2,m?%). For each distribution, the p-value from a x? comparison test is shown.
All of the p-values are reasonably large, and no clear trends are seen in the ratio plots.

The compatibility of the samples is further tested in the one-dimensional distri-
butions of m?*(K2h™), m*(K?h~), and m?*(h™h™), shown in Figs and [6.4 The
Kolmogorov-Smirnov test is used to estimate the p-values, which indicate reasonable
agreement. Based on these studies, the use of F; values measured in BT — Dh™
decays in our analysis of B® — DK*? decays is deemed to be valid. Small discrep-
ancies in the distributions of m?(hTh™) are accounted for as a source of systematic

uncertainty.
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Figure 6.1: Efficiency profiles of selected simulated (left) B® — DK*? and (centre) BT —

Dzt decays with D — K{7t7~, and (right) the ratio of the two distributions. The K{
meson is reconstructed from (top) long tracks and (bottom) downstream tracks.

BY—=Dn™* Ratio (p = 0.84)

1.3
17.5 A
15.0 4 1.2
12,54 1.1
10.0q
1.0
7.5
0.9
5.0
2.54 I 0.8
004, ; . . 0.7
1.0 1.2 14 16 1.8 1.0 1.2 14 1.6 1.8 0 5 10 15
m? [Gev?/cl] m? [Gev?/cl] m? [Gev?/cl]
B DK™ B*—=Dr* Ratio (p = 0.04) L3
I 17.5 4 '
| 15.0 4 12
12,51 [ 1.1
|
10.0 4 |
1.0
7.5 I
o) Mogelief o
2.5 1 ™ I 0.8
004, ‘ ‘ ; 0.7
1.0 1.2 1.4 1.6 1.8 1.0 12 14 1.6 1.8 0 5 10 15
m? [Gev?/c] m? [Gev?/c!] m? [Gev?/c!]

Figure 6.2: Efficiency profiles of selected simulated (left) B® — DK*? and (centre) BT —
D7t decays with D — KK+ K~ and (right) the ratio of the two distributions. The K9
meson is reconstructed from (top) long tracks and (bottom) downstream tracks.
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Figure 6.3: Comparisons of the distributions of the invariant
tions of D-meson products in simulated B® — DK*? (blue)
with D — K27T7~. The K meson is reconstructed from (top) long tracks and (bottom)

masses of two-body combina-

and BT — Drt (red) decays

downstream tracks. The ratios between the distributions are fitted with straight lines.
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Figure 6.4: Comparisons of the distributions of the invariant masses of two-body combina-
tions of D-meson products in simulated B® — DK*? (blue) and B* — Drt (red) decays
with D— K{K+*K~. The K? meson is reconstructed from (top) long tracks and (bottom)
downstream tracks. The ratios between the distributions are fitted with straight lines.
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The analysis method is as follows:

1. Select B® — D(K2h*h™)K*" candidates using kinematic requirements similar

to those used in the BT — Dh™ analysis;

2. Perform a global invariant-mass fit to selected candidates in all Dalitz bins at
once, using a PDF based on the model developed in Chap. 4| for the ADS/GLW

modes;

3. Split the candidates by B-meson flavour and D-meson Dalitz plot bin, and fit

the invariant-mass distribution in each category to determine x4 and y.;
4. Correct x4 and y. for any bias in the fit and evaluate systematic uncertainties.

Candidate selection is summarised in Sect. [6.2] and the global invariant-mass fit is
discussed in Sect.[6.3] Chapter [7] presents the binned invariant-mass fit and measured

observables.

6.2 Candidate selection

Candidate decays are formed in a reconstruction and stripping procedure similar to
that of the ADS/GLW candidates, and are required to satisfy the trigger requirements
discussed in Sect. [£.1.]] The K¢ meson is reconstructed in the decay KJ— ntr~,
and is categorised as “long-long” (LL) if two long pion tracks are used, or “down-
down” (DD) if two downstream pion tracks are used; the types of tracks are defined
in Sect. [3.4l The track-type categories are treated separately, as LL candidates have
a better momentum resolution than DD candidates.

The DecayTreeFitter framework is used to refit the decay chain with the masses
of the D and K{ mesons fixed to their known values (labelled the DOconst and
KSOconst constraints, respectively) and the momentum vector of the B® meson con-
strained to be parallel to a vector connecting the PV to its decay vertex (labelled

the PVconst constraint). The refit improves the resolution of the B-meson invariant
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mass and Dalitz plot coordinates, and the DOconst constraint ensures that candidates
fall within the kinematically allowed phase space of D — K°hTh~ decays. Separate
refits are performed with only the DOconst and PVconst constraints to improve the
resolution of the K{-meson-mass variable, and with only the KSOconst and PVconst

constraints to improve the resolution of the D-meson-mass variable.

6.2.1 Rectangular cuts

Candidate K** mesons are selected within £50 MeV/c? of the nominal K*°-meson
mass, with a helicity angle requirement of | cos(6*)| > 0.4; this matches the kinematic
selection used to determine the coherence factor in Ref. [45]. The kaon from the decay
of the K*¥ meson must satisfy DLLg > 5, and the pion must satisfy DLLy < 3.

All further rectangular cuts are based on the selection of BT — Dh*' decays in
Ref. [79]. Any cuts applied to the At meson (known as the “bachelor” particle) are
here applied to the kaon from the decay of the K*® meson. The rectangular cuts are

summarised in Table. 6.1, and include:

Cuts on the refit invariant masses of the D and K? mesons;

Loose cuts on the kaons in the D — K?KTK~ mode to suppress cross-feed from

misidentified D — K27t 7~ decays;

A cut on the flight-distance significance of the D meson to suppress charmless

background;

e A cut on the flight-distance x? of the K? meson, which is a measure of the
compatibility of its production and decay vertices, to suppress backgrounds

from D— 47 and D — 7 KK decays.

6.2.2 Boosted decision tree

To suppress combinatorial background, weights from a gradient boosted decision tree

developed by Mikkel Bjgrn for the BT — Dh™ analysis [79] are applied to the B® —
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Table 6.1: Summary of the rectangular cuts used to select B® — D(KJhth™)K*0 decays.
The parameters mppg represent known particle masses taken from Ref. [71]. All cuts except
those used for the selection of the K** meson are taken from Ref. [79)].

Variable Selection requirement

K*%-meson selection cuts

|m(K*°) — mppg(K*0)| < 50 MeV/c?

|cos(0*)| > 0.4

Ki.o DLLg >5

T DLLg <3

Base cuts

im(D) — mppg (DY) < 25MeV/c?
Im(K9) — mppa(K?)| < 15 MeV/¢?

DecayTreeFit converged true
K., momentum < 100 GeV/c
K3 momentum < 100 GeV/c

K% DLLg > -5

Background suppressing cuts

D-meson flight-distance significance > 0.5
K?%-meson flight-distance x? > 49 (LL only)

DK*® candidates. The variables used in the BDT are listed in Table.[6.2} any variables
related to the bachelor particle are applied to the kaon from the decay of the K*°
meson. The BDT is trained on the Bt — D(K27" 7 )r" channel, with a separate
BDT trained in the LL and DD track categories, and is applied to both the D —
K2rtr~ and D— KKK~ modes. The signal training sample consists of simulated
events, and the background sample consists of candidates from the upper B*-meson
invariant-mass sideband (m(BT) > 5800 MeV/c?) in data.

The BDT response is calculated for each B® — DK*? candidate, and candidates
with a response below a chosen threshold are rejected. To choose this threshold, the
statistical uncertainty of v is estimated for a range of BDT requirements using the

following method:
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Figure 6.5: Predicted statistical uncertainty of v at various BDT cuts, calculated from the
mean uncertainty of 1800 pseudoexperiments.

1. Perform a global invariant-mass fit to selected candidates with a range of BDT

requirements using the model outlined in Sect. [6.3]

2. Generate pseudoexperiments using the outputs of these fits (the setup of pseu-
doexperiments is described further in Sect. [7.1.2)) and perform binned fits to

measure x4 and y..

3. Use the z+ and y4 values and statistical uncertainties from each pseudoexper-
iment to obtain « and its uncertainty, o(y) (the process for determining =y is
described in Chap. . For each BDT requirement, calculate the mean value of

o(v) from all pseudoexperiments.

The mean value of o(v) for each BDT requirement is shown in Fig. [6.5] A threshold

of 0.8 is chosen, which minimises the predicted uncertainty.
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Table 6.2: Variables used in a boosted decision tree trained to select BT — Dh™ decays.
When applied to B — DK*Y decays, the B® meson is used in place of the B* meson, and
the kaon from the K*’-meson decay is used in place of the bachelor particle.

Variable

Description

log10(1-Ks_DIRA_BPV)

log (Bu_RHO BPV)

log(Bach_PT)
log10(1-DO_DIRA _BPV)
1og10(1-Bu_DIRA_BPV)

log (DO_RHO_BPV)

Bu_PTASY_ 1.5

log(DO_PT)
log(Bu_constDOKSPV_CHI2NDOF)
log(Bu_FDCHI2_OWNPV)

log(max Ksh1h2 TPCHI2 _QWNPV)
log(min Ksh1h2 TPCHI2_QOWNPV)
log (DO_IPCHI2_OWNPV)
log(Bu_P)

log (Bu_IPCHI2_OWNPV)
Bu_MAXDOCA
log(Bach_IPCHI2_0OWNPV)
log(Bu_PT)

log(max_h1h2 TPCHI2_OWNPV)
log(min_h1h2 TPCHI2_OWNPV)
log(Ks_VTXCHI2DOF)
DO_MAXDOCA
log(DO_VTXCHI2DOF)

log(DO_P)

log(Bach_P)

log (Bu_VTXCHI2DOF)

Direction angle of K meson

Radial distance from B-meson vertex to beam line
pr of bachelor particle

Direction angle of D meson

Direction angle of B meson

Radial distance from D-meson vertex to beam line
pr asymmetry of B meson

pt of D meson

X2/ degrees-of-freedom of DecayTreeFitter refit
Flight-distance x? of B meson

Largest X%P of K9-meson products

Smallest x% of K{-meson products

XIQP of D meson

p of B meson

X12p of B meson

Distance-of-closest-approach of B-meson products
X12p of bachelor particle

pr of B meson

Largest X%P of D-meson products

Smallest X12p of D-meson products

Vertex-fit 2/ degrees-of-freedom of K meson
Distance-of-closest-approach of D-meson products
Vertex-fit x?/ degrees-of-freedom of D meson

p of D meson

p of bachelor particle

Vertex-fit x?/ degrees-of-freedom of B meson
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6.2.3 Dalitz plots of selected candidates

Dalitz plots of selected candidates within 30 MeV/c? of the nominal B%-meson mass
are shown in Fig. . The candidates are separated into B° and B° mesons using

the charge of the kaon from the decay of the K*° meson.

2 . 3 2 3
mZ(Kgn-) [GevZ/cd| mZ(Kgn-) [GevZ/cd

a) B'— D(Kr*7 ) K* (a) B— D(K%r*7)K*°

©  —
TTTT

m2(K°K™*) [GevZ/cd]

e vy e+ vy
1 12 14 16 18 1 12 14 16 18

me(KK) [Gev?/c] mP(KK) [Gev?/c]
(¢c) B®—= D(KYKTK~)K*° (d) B®— D(KYKTK~)K*0

Figure 6.6: Dalitz plots of selected candidates in the signal region: (a) B —
D(K{nta7)K*0 decays, (b) B® — D(K9nt77)K*? decays, (c) B - D(KJKTK~)K*0
decays, and (d) B’ — D(KJK™K~)K*Y decays. The kinematic boundary is shown in blue.
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6.3 Global invariant-mass fit

Before the CP observables are determined from a simultaneous invariant-mass fit in
each Dalitz bin and B-meson-flavour category, a global fit is performed so that some
fit parameters can be fixed in the later fits on the subsamples. The data in the global
fit are split by D-meson decay (K?7T7n~ and K!KTK™) and K{-meson-track type
(LL and DD). Many fit parameters are shared between the categories. The PDFs
used in the fit are based on those developed for the ADS/GLW analysis in Chap.
The invariant-mass range used in the fit is 5200-5800 MeV/c?. The limited range
with respect to the ADS/GLW analysis, which uses the range 5000-5800 MeV/c?,
significantly reduces the yield of the partially reconstructed B° — D* K*? background;
this is desirable because the CP-violation parameters of this background, and hence
its distribution across the Dalitz plot, are unknown. The partially reconstructed
BT — DK*™rn~w" background is reduced to a negligible level and can be ignored.

The invariant-mass model contains the following components:

1. Signal B~ DK** and B?— DK* decays;

2. Combinatorial background;

3. Partially reconstructed B® — D*K** and BY — D*K** decays;

4. Misidentified B® — Drtn~ decays;

5. Background from B*— DK™ decays combined with a random pion.

The final component is not included in the ADS/GLW model, as Bt — DK™ decays
are removed from the ADS/GLW samples with a veto. Previous analyses of the GGSZ
modes found that such a veto sculpts the distribution of the combinatorial background

in an undesirable way, so it is better to fit this background than to remove it.
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Tablei 6.3: Relative fractions of each component of the partially reconstructed B? — D* K*0
and BY — D*K*Y backgrounds in the invariant-mass range 5200-5800 MeV/c?.

Parameter ~ B’— DK™ B%— DK™

Q010 0.903 £0.013  0.729 £ 0.024
9o10 0.865 £ 0.008  0.523 £ 0.009
9101 0.9837 £0.0021 0.843 £ 0.005

6.3.1 Invariant-mass fit setup

The PDF's described in Sect. are used for all components of the fit model except the
BT — DK™ background. The mean of the B — DK*? peak is a free parameter, with
respect to which the BY-meson signal mean is fixed using the known B?-B° meson
mass difference of 87.26 MeV/c? [71]. The widths of the signal peaks are shared for
B? and BY mesons, but are allowed to be different for different K?-meson-track types

to account for the better precision of LL tracks.

Partially reconstructed background shape

Partially reconstructed B® — D*K** and B? — D*K*° decays are modelled with
the superposition of Horns, Hill and LittleHorns PDFs given in Eq. [4.13] In the
ADS/GIW invariant-mass fit, the relative fractions of D* — D%y decays in each
helicity state, goio and g191, are fixed, while the helicity fraction, apig, is a free pa-
rameter. As the four contributing decays have different invariant-mass shapes, their
relative yields in the GGSZ fit are affected by the limited invariant-mass range. The
values of go10, g101, and agyp in this range are calculated from the ADS/GLW values
using the ratios of the integrals of each shape in the two mass ranges. The calculated

values, given in Table [6.3] are fixed in the GGSZ invariant-mass fit.
Modelling of BT — DK™ decays

The background from BT — DK™ decays combined with a random pion from else-
where in the event is modelled with a Crystal Ball function used in the study in

Ref. [51]. The projection of a fit to simulated events is shown in Fig. [6.7]
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Figure 6.7: A fit to simulated Bt — DK™ decays reconstructed as B® — DK*? decays
using a Crystal Ball function, reproduced from Ref. [39].

Fixed background yields

As the GGSZ data samples contain significantly fewer candidates than the ADS/GLW
samples, it is beneficial to fix the relative yields of the peaking physics backgrounds
using the results of the ADS/GLW fit in Sect. 1.3} These values are adjusted to
account for the limited invariant-mass range. The relative yield of the BT — DK™
background is taken from Ref. [39].

The yields of the B® — D*K**, B — D*K*°, B® — Dr*r~ and B* — DK™
backgrounds are fixed with respect to the yield of BY — DK*? decays via the ratios

Riow, Rsjow, Rprr and Rpp, respectively, where

Riw = 0.014 + 0.001,
Ryiow = 0.219 =+ 0.005,
Rpnr = 0.016 £ 0.004,
Rpx = 0.043 + 0.010.

6.3.2 Results of global invariant-mass fit

The invariant-mass distributions and fitted PDFs are shown in Figs. [6.§ and [6.9] The
results for the free parameters are given in Table[6.4] The distributions are similar to
those of the GLW modes in Sect. [4.3] containing clear peaks from both B%-meson and
B?-meson decays. The low combinatorial-background levels indicate that the BDT

from the B* — Dh* analysis performs very well for B — DK*° decays.
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Figure 6.8: Invariant-mass distributions (data points with error bars) and fit results (solid
blue line) for B® - DK*® and B® - DK*? decays with D — K77~ in (a) the LL
category and (b) the DD category. Different components of the fit are shown with coloured
lines according to the legend. The residuals are shown below.
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Figure 6.9: Invariant-mass distributions (data points with error bars) and fit results (solid
blue line) for B® -+ DK*? and B® - DK*? decays with D — K!KTK~, in (a) the LL
category and (b) the DD category. Different components of the fit are shown with coloured
lines according to the legend. The residuals are shown below.
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Table 6.4: Values obtained for the free parameters in a fit to the invariant-mass distributions
of selected data candidates summed over B-meson flavour and D-meson Dalitz bin.

Parameter Description Value

Signal B®— DK* decays

OLL Left-hand width of Cruijff in LL category in MeV/c? 12.2+0.9
ODD Left-hand width of Cruijff in DD category in MeV/c? 12.8 £0.5
N(Kgﬂ+7r_, LL) Yield of D— K7t 7~ in LL category 130 £ 17
N(Knt7~, DD) Yield of D— K977~ in DD category 293 + 26
N(KSK+K_, LL) Yield of D— KJK* K~ in LL category 12+5
N(K?KTK~, DD) Yield of D— K{K*+K~ in DD category 36 +8
BY— DK*® decays
Ms Mean of Cruijff in MeV/c? 5365.6 £ 0.5
NS(K8W+7T_, LL) Yield of D— K77~ in LL category 290 + 21
NS(KSW+7T_, DD) Yield of D— K7t 7~ in DD category 730 £ 33
NJ(K!KTK~, LL) Yield of D— KYK*+ K~ in LL category 407
N,(K!KtTK~, DD) Yield of D— K9K+K~ in DD category 103 £ 12
Combinatorial background
Ncomb(Kgﬂ'Jrﬂ'i, LL) Yield of D— K7t~ in LL category 224 £+ 32
Ncomb(KSﬂ__‘_ﬂ__; DD) Yield of D— K7t~ in DD category 494 + 47
Ncomb(KgK—i—K_, LL) Yield of D— K{K* K~ in LL category 38 £10

Ncomb(KgK+K_, DD) Yield of D— KJK* K~ in DD category 52+ 15







Chapter 7

Measurement of CP observables in
BY — DK*V decays with
three-body D-meson final states

This chapter presents a simultaneous fit to selected B® — D(K2hTh™)K*Y decays in
bins of the D-meson Dalitz plane, from which the CP observables x4 and gy are de-
termined. The D— K7tn~ and D — K277~ data samples contain approximately
423 and 48 signal candidates, respectively, with around two-thirds of the K?-meson
candidates reconstructed from two downstream pion tracks (DD) and one-third re-
constructed from long pion tracks (LL). The observables are corrected for small biases

in the fit, and systematic uncertainties are assigned.

7.1 Binned Dalitz plot invariant-mass fit

7.1.1 Configuration of the binned fit

The PDF's used for each signal and background component in the binned fit are the
same as those used in the global invariant-mass fit discussed in Sect. [6.3] with all
means and widths fixed to the values found in the global fit. We assume that there is
no significant variation in shapes between Dalitz bins with the current small sample

size.
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Signal and background yields

The total signal yield is a free parameter in each of the eight D-meson-decay, K?-
meson-track-type, and B-meson-flavour categories. The signal yield in each bin of
the Dalitz plot is calculated using Eqgs. and [6.3] where the CP observables z1 and
y+ are free parameters shared between all bins.

The total yield of B® — DK*? decays is also a free parameter in each mode,
track, and flavour category. The interference in these decays is negligible, as the
decay BY — DYK*" requires very suppressed quark flavour transitions. We therefore
assume that B? mesons decay only to D° mesons, and B? mesons decay only to D°
mesons. As the B%-meson category contains the decays of B? mesons, and vice versa,
the B%-meson yield in bin ¢ of the BY%meson category is calculated by multiplying
the total yield by F}, while the yield in bin 4 of the B%meson category is calculated
using F'_;.

The total yields of the backgrounds from B° — D*K*° B? — D*K*° B° —
Drtr~, and B — DK™ decays are determined by multiplying the total BY — DK*°
yields by the fractions Riow, Rsjow, Rmisip, and Rpg, respectively. The values of these
fractions are given in Sect. [6.3.1]

The yields of partially reconstructed B — D* K*Y decays in each bin are calculated
in the same way as the yields of fully reconstructed BY — DK*® decays, as they
are also expected to contain negligible interference. The amount of interference in
partially reconstructed B® — D*K** decays is unknown, but can be ignored as the
yield of this background is very small; the yields of this background in bin i of the
B® and BY categories are therefore calculated by multiplying the total yields by F_;
and Fj, respectively. This assumption leads to a small systematic uncertainty.

In misidentified B® — Dztn~ decays, the D meson is assumed to be an equal
mixture of D and D° states. The yields in bins i and —i are therefore both calculated
from the total yield multiplied by (F; + F_;)/2. The interference parameters for

BT — DK™ decays are well measured, so the binned yields of this background are
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calculated using Eqs. and with values for x, y+ calculated using values of ~,
rg+, and dg+ from the most recent LHCb combination [24].

The Dalitz plot distribution of the combinatorial background is unknown and may
not be uniform, so its yield in each bin is a free parameter in the fit. In some bins, the
combinatorial background is negligible; these bins are identified in an auxiliary fit,
and their yields are fixed to zero in the final fit, which allows the covariance matrix

of the fit results to be calculated correctly.
External inputs

The yields of the decays of B and B® mesons in each bin depend on the strong-phase
parameters ¢; and s;, the D-meson-decay fractions Fj, and the K*° coherence factor
k. These parameters are fixed from external inputs in order to increase the precision
of the measured CP observables.

The strong-phase parameters are taken from measurements by the CLEO and
BESIII experiments [42,/43], given in Table (7.1} The F; values are measured separately
for each K{-meson-track type in an analysis of Bt — DA™ decays [79] and are given
in Tables[7.2] and [7.3] The coherence factor is determined in an amplitude analysis of
B — DK*r~ decays to be k = 0.958 1000 for the K*’-meson selection criteria used

in this measurement [45].
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Table 7.1: Values of the strong-phase inputs. The values for D — K{7 7~ decays are taken
from a combination of measurements by the BESIII and CLEO experiments [43], and the
values for D— KKK~ decays are taken from the CLEO measurement [42].

D — K{n*7~ (optimal binning) D — K!KTK~ (2 bins)

1 C; S; 1 C; S;

1 —-0.04+0.05 0.83 £0.10 1 0.82+£0.11 —-0.45+0.26
2 0.84£0.07 0.29 +0.15 2 —0.75+0.09 -0.23+0.23
3 0.15£0.07 0.79 = 0.15 -

4 —0.9140.02 0.08 &= 0.06 -

5 —029£0.04 —-1.02£0.06 -

6 027+0.08 —0.984+0.18 -

7 092£0.02 -0.18£0.07 -

8 0.77£0.03 0.28£0.12 -

Table 7.2:
decays [79].

Values of F; in the LL tracks category, taken from a study of BT — Dh™

D — K{ntr~ (optimal binning) D — KIKTK~ (2 bins)

i

F;

F;

1 0.0204 £ 0.0005 1 0.2650 £ 0.0045
2 0.0040 = 0.0003 2 0.2946 £ 0.0046
3 0.0035 £ 0.0002 -1  0.2399 £ 0.0043
4 0.0567 £ 0.0009 -2 0.2005 £ 0.0040
) 0.0279 £ 0.0006 -
6 0.0042 £ 0.0003 -
7 0.0543 £ 0.0009 -
8 0.0679 £ 0.0009 -

-1 0.0939 £ 0.0011 -

-8 0.0251 £ 0.0006 -

-7 0.1280 = 0.0013 -

—6 0.0615 = 0.0009 -

) 0.0480 £ 0.0008 -

—4 0.0974 £ 0.0011 -

-3 0.1597 4+ 0.0014 -

-2 0.1474 £ 0.0013 -
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Table 7.3: Values of F; in the DD tracks category, taken from a study of BT — Dh™

decays [79].

D — K2r "7~ (optimal binning)

D — KJKTK~ (2 bins)

?

F;

?

F;

0.0211 £ 0.0004
0.0048 £ 0.0002
0.0041 +£ 0.0002
0.0600 £ 0.0006
0.0249 £ 0.0004
0.0036 =+ 0.0002
0.0574 £ 0.0006
0.0704 £ 0.0006
0.0955 £ 0.0007
0.0234 £ 0.0004
0.1272 £ 0.0008
0.0626 =+ 0.0006
0.0422 £ 0.0005
0.1017 £ 0.0008
0.1520 £ 0.0009
0.1493 £ 0.0009

1
2
-1
-2

0.2880 = 0.0031
0.2706 £ 0.0030
0.2366 £ 0.0029
0.2048 £ 0.0027

7.1.2 Fit results and bias correction

The invariant-mass distributions and fit projections in each bin of the Dalitz plot are

shown in Figs. 7.4l The central values and statistical uncertainties of the CP

observables determined from the fit are

z. = 0.045 + 0.076,
z_ = —0.248 + 0.083,
y, = —0.156 & 0.106,
y_ = 0.184 & 0.098.

A fit to the physics parameters of interest using the method described in Chap.

returns the central values v = 68°, rgo = 0.25, and dpo = 213°.

As the yields in each bin are very low, small biases are seen in fits to pseudoex-

periments. The pseudoexperiments are generated using the binned-fit model with the

following fixed parameters:

e Global yields and shape parameters are fixed to the values found in the global

invariant-mass fit;
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e Signal yields in each bin are calculated using Eqs. and with o4 and y4
fixed. The values of x4 and yy are calculated from the values of v, rgo, and dpo

corresponding to the raw measured observables listed above;

e The combinatorial background is assumed to be distributed uniformly across

the Dalitz planeﬂ

e All other binned background yields are calculated from the total yields as de-
scribed in Sect. [L.111

Each pseudoexperiment is fitted using the default binned-fit model to obtain values of
x4 and yy. The pull of each observable is calculated as defined in Eq.[5.7 Figure
shows the distributions of the central values, statistical uncertainties, and pulls for
each observable in 10000 pseudoexperiments. The means of the pull distributions
differ from zero, which means that there are small differences between the measured
values in data and the mean values from the pseudoexperiments. The observables are

corrected for this bias according to

Lcorr = Tmeas — Mpull X Omeas (71)

where .o, is the corrected observable, fi,un is the mean of the pull distribution, and
Tmeas aNd Opeas are the central value and statistical uncertainty, respectively, of the
observable measured in the fit to real data. The biases ftpun X Omeas are found to
be —0.0015, 0.0017, 0.0048, and —0.0033 for =z, x_, y., and y_, respectively; these
values are small compared with the statistical uncertainties.

The widths of the pull distributions are found to be 1.008 + 0.009, 1.011 +£ 0.009,
1.075 4+ 0.010, and 1.066 + 0.010 for z,, x_, y,, and y_, respectively. The widths
are greater than one, which means that the standard deviations of the central values

in pseudoexperiments are larger than the measured statistical uncertainties. This is

B 'In practice this may not be the case, as the combinatorial background can contain true D° or
DY mesons; however, studies with different combinatorial background configurations show that it
has little effect on the measurements of the fitter bias.



7.1. Binned Dalitz plot invariant-mass fit 139

corrected for by multiplying each raw statistical uncertainty by the corresponding
pull width.

After these corrections are applied, the central values and statistical uncertainties
of the CP observables are

7. = 0.046 £ 0.077,
z_ = —0.249 £ 0.084,
yy = —0.160 £ 0.114,
y_ = 0.188 & 0.105.
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Figure 7.1: Fit projections for B — D(K2n "7~ )K* decays in each bin of the D-meson
Dalitz plane, with the K meson reconstructed from long tracks.



7.1. Binned Dalitz plot invariant-mass fit 141

S B’bin-1 4 & 4 B°bin+1 { 2 I BObin-1 4
R E ] £ E & 8 = E
z z z T oaE E
& 7 IS 7 & &
fii fii fii = E
bd L * ;
LTI 3 LTI IR T
5500 0 20 ES) 5500 00 20 E) 5500 500 E E) 5500 500
m(DK ") (MeV/c) m(DK ") (MeV/c) m(DK ") (MeV/c) m(DK ") (MeV/c)
T F o 1 ¢ °F E) %
¢ B’bin-2 { % o B’bin+2 | 2 B’ bin +2 E B%bin-2
g g g g E
INETRENERRRRERE
20 EQ 5500 20 E £ 5500
m(DK ") (Mev/c) m(DK ") (Mev/c) m(DK ") (Mev/c)
0 g 3 o 1 & s 3
10E " 3 =0, . .
g :r B%bin+3 § I o Bbin+3 | 3 B%bin-3
] ] LE 3 ] ]
£ £ ER £
i a ¥ E i i
- - 5;;a(ﬂDK"’) (Mevlcg)m - - 5;;a(ﬂDK"’) (Mevlcg)m - - 5;;a(ﬂDK"’) (Mevlcg)m - - 5;;a(ﬂDK"’) (Mevlcg)m
g 4 T 40‘ g T g F T 40‘ 3 g T T 3
3 B° bin -4 3 B® bin +4 T B bin+4 1 2 B°bin -4
2 o 2 2 2
gt b p=g = 3
o - & & & 3
I
) E
2 b Wl ‘ dobdy
20 ES) 5500 00 5500 0 20 E) 5500 00 5500 0
m(DK %) (MeV/c) m(DK %) (MeV/c) m(DK %) (MeV/c) m(DK %) (MeV/c)
g ~ g s f : ] ¢ f 3
uf . uf . 1f 0. 3 1f . 3
E 3 B bin-5 £ B°bin+5 £ 3 Bbin+s | Bbin-5 3
3 i 8 1 8 4 1 8 4 E
§F 1 it 1 % j ik ]
[ 3 [ J{ E a F 3 a F 3
;_ g -H-Hmlm-]'xf ] LI \ -l-nulul'l'lw"'wf i
20 ES) 5500 20 E) 5500 20 S0 5500 20 E) 5500
m(DK ") (Mev/c) m(DK ") (Mev/c) m(DK ") (Mev/c) m(DK ") (Mev/c)
g ; g g ] ¢ 3
g B'bin-6 { £ ¢ Bobin+6 { 2 Bbin+6 § 2 Bobin-6 3
] ] 8 3 8 E
w ] P} 4 ’ [} 4 i} E
H i ¥ ‘\‘ J‘ i : :
CLLLTT T | LT [EERERRRRRRRERRRRE: (AERERRRRRRRERRREE:
550 50 20 E) £ 0 50 50 ) 50
m(DK™%) (Mev/c) m(DK™%) (Mev/c) m(DK™%) (Mev/c) m(DK™%) (Mev/c)
N 3 g T T 3 Iy T 40‘ Iy T T
. 3 1f . 3 E . . 3
E bin-7 J E W B°bin+7 3 E B bin+7 E B bin -7
g E i 8 g E
F E F E F E F E
1] 3 1] 3 5] 3 8 3
@ @ @ @
b g ’ ] ]
xv-]-luf i3 foou x-\-umlni Lt ,.I.i Lol 1 3
20 E) 5500 00 20 ET) 5500 00 5500 00 5500 00
m(DK"%) (Mev/c) m(DK"%) (Mev/c) m(DK"%) (Mev/c) m(DK"%) (Mev/c)
: o E . E T 3
g B'bing § & B°bin+8 § 2 B’bin +8 E B’bin-8
] 3 ] 3 8 F 8 F E
i 3 i 3 [ . i
b d bbb E AUARANIE SO 1) N A v haatail
20 E) 20 E)

5600 5600 5600 5600
m(DK ™) (MeV/c) m(DK ™) (MeV/c) m(DK ™) (MeV/c) m(DK ™) (MeV/c)

Figure 7.2: Fit projections for B — D(K2n "7~ )K* decays in each bin of the D-meson
Dalitz plane, with the K meson reconstructed from downstream tracks.
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Figure 7.3: Fit projections for B® — D(K{K+K~)K*? decays in each bin of the D-meson
Dalitz plane, with the K{ meson reconstructed from long tracks.
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Figure 7.4: Fit projections for B® — D(K{K*K~)K*? decays in each bin of the D-meson
Dalitz plane, with the K meson reconstructed from downstream tracks.
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Figure 7.5: Distributions of (left) central values, (centre) statistical uncertainties, and
(right) pulls of the CP observables in 10000 pseudoexperiments. The central values from
the fit to data are indicated by black lines. Each pull distribution is fitted with a Gaussian
function of mean u and width o.
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7.2 Systematic uncertainties

The CP observables are assigned systematic uncertainties to account for various as-
sumptions and uncertainties in the fit. Each uncertainty is evaluated either through
the data-driven method discussed in Sect. [5.3] or by comparing the observables in

ensembles of pseudoexperiments generated with different assumptions.

Strong-phase inputs

A systematic uncertainty is assigned to account for the uncertainties on the measure-
ments of the strong-phase parameters ¢; and s;, given in Table [7.I] The data are
fitted 1000 times with the central values of these parameters smeared. The standard
deviations of the observables in these fits are taken to be the systematic uncertainties.

The strong-phase-related uncertainties are found to be 0.005, 0.006, 0.031, and
0.017 for zy, x_, y4, and y_, respectively. This is the dominant source of systematic
uncertainty for y, and y_; for zy and x_, it is of a similar size to the total systematic

uncertainty from all other sources.

Input of F; values from BT — D7 measurement

The uncertainties on the F; values in Tables|7.2|and [7.3|are very small, so their effects
are negligible when propagated to the observables. However, a systematic uncertainty
is assigned to account for small differences in the efficiency profiles of BT — Dzt and
BY— DK*® decays.

In the one-dimensional efficiency comparisons in Fig. [6.3] small discrepancies are
seen in the distributions of m2_ = m?(7™, 7). The ratios between the two distribu-
tions are fitted with straight lines, which would have gradients of zero and intercepts
of one if the samples were in perfect agreement. Some of the fitted straight-line pa-
rameters are found to deviate from this by more than one standard deviation. These

parameters are used to estimate the relationship between the BT — Dz efficiency
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profile np+ and the B®— DK*? efficiency profile npg-o as a function of m?2_:

Npi+o = f(m2 )npe = (a+bm?> npx, (7.2)

where a and b are the intercept and gradient, respectively. The function f(m2 ) is
used to calculate a weighting factor R; for each bin. This involves a sum over the
pixels, p, in the 500 x 500 pixel map used to define the binning scheme. The weighting

factors are calculated from

r _ 2o A P10 (p) f(mer ()
l >, A2(p)npr(p)

where the sum is performed over each pixel inside bin i; the efficiency np.(p) is the

(7.3)

fraction of simulated BT — Dnt events in pixel p; the amplitude squared A?(p) is
taken from a model developed by BaBar and Belle [40]; and m2_(p) is calculated from
the values of m2 and m? at the centre of each pixel.

An alternative set of F; values is calculated by multiplying each value in Tables
and [7.3| by R; and normalizing the new values F} such that >, F/ = 1. Figure
compares the original and adjusted F; values. An ensemble of 10000 pseudoexperi-
ments is generated using the adjusted values and fitted with the default model. The
mean value of each observable in this ensemble is compared with the mean value
in pseudoexperiments with the default setup, and the difference is taken to be the
systematic uncertainty.

This study finds uncertainties of 0.008, 0.007, 0.002 and 0.001 for z, x_, y, and
y_, respectively. This is the largest source of systematic uncertainty for z, and z_,
but is still an order of magnitude smaller than the statistical uncertainty. For y,
and y_, these uncertainties are very small compared with the statistical and strong-
phase-related uncertainties. The uncertainties are smaller than those associated with
the use of F; values measured with the semileptonic control channel in Ref. [51],
which indicates that using F; values measured with B* — DA% decays is a favourable

strategy.
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Figure 7.6: Original F; values (red) compared with values adjusted to account for small
differences between the efficiency profiles of simulated Bt — Dn T and B® — DK*? decays
(blue), for (a) LL tracks and (b) DD tracks.

Fit-related systematics

The invariant-mass fit contains several fixed parameters related to the background
components. The relative contributions of each component of the partially recon-
structed backgrounds are fixed via the parameters «, gp19, and gio1, and the total
yield of each background relative to the BY — DK*? yield is also fixed. The uncer-
tainties of each of these parameters are propagated to the observables using many fits
to data.

The measured observables are affected by the choice of signal shape, which is
taken from a fit to simulated BY — D(K™7~)K*® decays. Pseudoexperiments are
generated with signal events distributed according to an alternative shape taken from
simulated B — D(K27 "7~ )K*® decays and fitted with the default model. The sys-
tematic uncertainties due to the choice of signal shape are taken from the differences
in the observables in these pseudoexperiments compared with the default pseudoex-
periments.

A further uncertainty arises from the decision to neglect interference in partially
reconstructed B® — D*K*0 decays. The effect of this assumption is measured by
comparing pseudoexperiments generated with three different C'P-violation models for

this background:
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1. No CP violation: the yield in bin ¢ is the total yield multiplied by F_;.

2. Same amount of CP violation as the signal decay: the yield in bin i is calculated

using Eqgs. and [6.3]
3. Maximal CP violation: the yield in bin ¢ is the total yield multiplied by F;.

Each pseudoexperiment is fitted with the default model. For each observable, the
largest difference between the means of the three ensembles of pseudoexperiments is

taken to be the systematic uncertainty.

Value of coherence factor

To assign a systematic uncertainty for the fixed value of x = 0.958 7000 pseudo-

experiments are generated using x = 0.912, which is the central value minus one
standard deviation. The pseudoexperiments are fitted using the default value of k,
and the means of the observables are compared with the default pseudoexperiments

to obtain the systematic uncertainties.

Charmless background

The background from charmless events is significantly reduced by removing candi-
dates with a D-meson flight-distance significance of less than 0.5. Residual charm-
less events are searched for in fits to the B%meson invariant-mass distribution of
candidates in the D-meson invariant-mass sidebands (> 50 MeV/c? from the known
D-meson mass). The KYKTK™ and K77~ modes can be misidentified and cross-
feed into one another, so we study only the lower and upper sidebands for K?KT K~
and K?7tn~ decays, respectively. No evidence of charmless decays is seen in the
K?K*TK~ mode, whereas in the K777~ mode an excess of 20 + 9 events is ob-
served at the known B’-meson mass, as shown in Fig. . The effect of this potential
charmless contamination is considered as a source of systematic uncertainty.

Some of the “charmless” events may actually be true signal events that have leaked

into the sideband region. The rate of sideband leakage with respect to the selection
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Figure 7.7: A fit to the B meson invariant-mass distribution for candidates in the upper
D-meson invariant-mass sideband in the D — K27F7~ mode. The fit model includes a
peak for B%-meson decays (red), a peak for B%-meson decays (green), and an exponential
combinatorial background component (blue).

efficiency of the D-meson invariant-mass requirement is estimated using simulated
data to be ~ 1.3%. From the signal yields in Table we expect O(6) signal events
to leak into the sideband, which leaves O(14) potential charmless events.

The distribution of charmless events across the Dalitz plane is estimated from
the distribution of sideband events with m(B°) > 5200 MeV. Pseudoexperiments are
generated with additional charmless events added to the signal yields according to
this distribution and fitted with the default model. This produces a small shift in the
central values of the observables compared with default pseudoexperiments, which is

assigned as a systematic uncertainty.

Bin migration

Measurements of the Dalitz coordinates (m?,m3 ) are affected by the finite momen-
tum resolution of the detector, which can cause candidates near the bin boundaries
to be assigned to the wrong bin. To first order, the use of F; values measured in data
accounts for this migration. However, as the amount of CP violation in BT — Dn*

and BY — DK* decays is different, the level of bin migration can be slightly different
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Figure 7.8: (a) Distributions of Am? = m2.,. — m2 .., Where m2 . is the true Dalitz
coordinate and m?

2 as is the measured coordinate, for m?(K27 ") and m?(K27~) in simu-
lated B — DK*Y decays. (b) Correlation between the distributions of Am?(K2h*) and
Am?2(K{h™).

in the two samples.

The resolutions of the Dalitz coordinates are estimated by comparing the measured
coordinates with the true coordinates in simulated events. The distributions of the
coordinate differences in simulated B — DK*° decays are shown in Fig. [7.8, The
resolutions of m? and m? are found to be approximately 0.007 MeV/¢? in both Bt —
Dr* and B° — DK*® decays. The correlation between the m? and m?3 resolutions
is —0.5 due to the mass constraint on the K meson.

The effects of bin migration are evaluated for both B* — Dzn* and B® — DK*®
decays by generating 10 million events across the Dalitz plane for each decay. The
Dalitz plot distributions of the decays of D° mesons are taken from an amplitude
model . The distributions of the decays of B* and B” mesons depend on the values
of v, rg, and dp, which are taken from the LHCb combination for Bt — Dn*
decays and from the measurements of 7, 7o, and dpo in this analysis for B® — DK*°
decays. The generated (mQ_,mi) coordinates of each event are smeared using the
resolution and correlation found in simulation. Each event is assigned a true bin
based on its true coordinates and an alternative bin based on its smeared coordinates.

Figure [7.9) shows the ratio of the number of smeared events to the numbers of
true events in each bin in B¥ — Dzt and BY — DK*? decays. Small differences

between the two decays can cause their F; values to be different. The ratios between
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Figure 7.9: Ratio between the number of events with smeared Dalitz coordinates and num-
ber of events with true coordinates in each bin of the Dalitz plot, for BT — Dz™ decays
(red) and B° — DK*? decays (blue). The ratios are shown for (a) LL tracks and (b) DD
tracks.

the B - DK*® and B* — D=t ratios are used to calculate an alternative set of
F; values. Pseudoexperiments are generated using the alternative values and fitted
with the default model. This leads to a small shift in the mean value of each ob-

servable compared with default pseudoexperiments, which is assigned as a systematic

uncertainty.

Fitter bias correction

Each observable is corrected for small biases in the fit using Eq.[7.1} Due to the finite
number of pseudoexperiments used to estimate the mean of the pull distribution, fpun,
there is an associated uncertainty, o,. A systematic uncertainty of o, X oyeas ~ 0.001

is propagated to each observable.

Summary of systematic uncertainties

The systematic uncertainties are summarised in Table. The uncertainties from
external measurements of the strong-phase parameters are presented separately. The
systematic uncertainties from all other sources are added in quadrature to give the
total experimental systematic uncertainties, which in all cases are found to be an

order of magnitude smaller than the statistical uncertainties.
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Table 7.4: Systematic uncertainties for the observables. Statistical uncertainties are given
for reference.

Source o(vs) ole) oly) oly)
Statistical 0.076  0.083 0.106 0.098
Strong phase measurements 0.005 0.006 0.031 0.017
F; inputs 0.008 0.007 0.002 0.001
Mass fit: « 0.001 0.001 0.001 0.003
Mass fit: go10, 101 0.000  0.000 0.000 0.001
Mass fit: R jow 0.000 0.001 0.001 0.002
Mass fit: Riow 0.000  0.000 0.000 0.000
Mass fit: Rprx 0.000  0.000 0.001 0.000
Mass fit: Rpk 0.002 0.002 0.002 0.001
Mass fit: signal shape 0.000 0.002 0.003 0.001
Mass fit: B® — D*K* CP violation 0.001  0.001 0.004 0.003
Value of k 0.001  0.000 0.003 0.001
Charmless background 0.002 0.002 0.005 0.006
Bin migration 0.001  0.000 0.004 0.000
Fitter bias 0.001 0.001 0.001 0.001
Total experimental 0.009 0.008 0.009 0.008

7.3 Summary of results

The CP violation observables are determined to be
xy = 0.046 £ 0.077 £ 0.005 4+ 0.009,

r_ = —0.249 £ 0.084 £ 0.006 £ 0.008,
y+ = —0.160 £ 0.114 £ 0.031 £ 0.009,
y— = 0.188 £ 0.105 £ 0.017 £ 0.008,

where the first uncertainty is statistical, the second is the systematic uncertainty
from the strong-phase inputs, and the third is the systematic uncertainty from all
other sources. The combined statistical and systematic correlation matrix is given in
Table [7.5] Interpretation of the observables in terms of 7 is discussed in Chap. [§
Figure shows the central values and 1o and 20 likelihood contours of (x4, y. )
and (z_,y_) on a two-dimensional plot. In the absence of CP violation (7 = 0), both
points would be at the same position. The points are separated by more than two
standard deviations, which hints at the presence of CP violation in these decays. The

opening angle between the lines joining the two points to the origin is equal to 2+.



152 CP observables in three-body D final states

041 BO7 N

0.2 1 /

-
~
S

00 L I v
. AY P

~
~

A . .
> ~enee

-~

—0.2 1

P m————

-
~

‘\ f’ 0
—0.4 R /S B

—0.6 -+ : .
-06 —-04 02 0.0 0.2 0.4

T+
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Table 7.5: Combined statistical and systematic correlation matrix for the observables.

‘ Lt Z— Y+ Y-
Ty 1.00 —0.00 0.14 —0.00
z— | —0.00 1.00 —-0.01 0.16
Yt 0.14 —-0.01 1.00 —0.02
y— | —0.00 0.16 —0.02 1.00




Chapter 8

Determination of the CKM angle ~

In this chapter, the ADS/GLW and GGSZ CP observables are used to determine
constraints on the CKM angle v and the hadronic parameters rgo and dgo using a
method described in Sect. Constraints from the ADS/GLW results alone are
presented in Sect. 8.2 and constraints from the GGSZ results alone are presented in
Sect. [8.3] The results are combined in Sect. [8.4] and future prospects for studies of
using the decays of B° mesons at LHCb are discussed in Sect. [8.5]

8.1 Method for determining ~

Each analysis measures a set of CP observables x,, and a covariance matrix Vj,
which includes the statistical and systematic uncertainties and their correlations. The
observables are related to the underlying parameters v, rgo, and dgo through some
defining equations. Using these equations, we can take any point in (7, 70, dgo) space
and predict the set of observables at that point, @(~, 7o, dpo). We then calculate the

x? at that point using
Xz(% rpo,0po) = (x(7,rpo, p0) — wm)T V(f1 (x(7,7B0,0p0) — Tpm). (8.1)

Points in (7,70, 0p0) space are scanned to find the global minimum, x2. . This point
represents the best estimate of the underlying parameters.
The confidence in the global minimum is quantified by examining the difference

between the x? value at each point in the scan and the global minimum value,

153
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AX*(v,7p0,050) = X2(7,7TBo,0p0) — X2, If we assume that the parameters are
normally distributed, we can draw contours at Ax? = 2.30, 6.18, and 11.8 corre-
sponding to confidence levels of 68.3%, 95.5%, and 99.7%, respectively. The quoted
uncertainties on v, rpo, and dgo in this chapter are the 68.3% confidence levels.
There is an irremovable degeneracy of 180° in the value of 7. By convention, we
consider only solutions in the range 0 < v < 180°, which corresponds to the Standard

Model expectation.

8.2 Measurement using two- and four-body D-meson
final states

The first measurement in this thesis uses 5fb~" of data collected from 2011-2012 and
2015-2016 to measure the twelve ADS/GLW observables. The defining equations re-
lating the two-body observables to the underlying parameters are Eqgs. [2.31],[2.33] [2.37],
and [2.37], which are modified as described in Sect. to describe the four-body ob-

servables. The measured observables are given in Chap. [f

In addition to the parameters of interest, the observables depend on the following
parameters: K, rp, 0p, FI", ri3™ 653" and x5%". These auxiliary parameters are
constrained to the values in Table and are used when calculating (v, rpgo, dp0)
at cach point in the x? scan. The calculated observables are also corrected for charm
mixing using the parameters xp and yp [29], and for CP violation in the D-meson
system using the parameter AAcp [21], whose values are also given in Table ; the
effects of these corrections are very small.

Two-dimensional projections of the scan results with contours drawn at the 68.3%,
95.5%, and 99.7% confidence levels are shown in Fig. [8.1] As expected, there is a
degeneracy in the (7,dp0) plane due to the trigonometric form of the relationships
between the observables and dgo £+ «. There are four favoured solutions in the region

0 <~ < 180°, two of which are compatible with the existing LHCb determination of
v [24].
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Table 8.1: Values of the external inputs used as constraints in the fit to determine the
parameters of interest.

Parameter Value

s 0.958 +0% 15
D (5.87£0.02) x 1072 [29
i (192175, 9
Fim 0.769 + 0.023 32
rKan (5.49 £0.06) x 1072 [35
g5 (128 13%)° 35
3T 0.43 011 35
Tp (0.39 7015)% 29
Yo (0.651 7500 % 29
AAcp  (—154429) x 107* |21

Contours contain the 68.3%, 95.5% and 99.7% C.L. Contours contain the 68.3%, 95.5% and 99.7% C.L.
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Figure 8.1: Contour plots showing 2D scans of (left) dgo versus 7 and (right) dpo versus
rpo using the ADS/GLW modes.
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Contours contain the 68.3%, 95.5% and 99.7% C.L. Contours contain the 68.3%, 95.5% and 99.7% C.L.
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Figure 8.2: Contour plots showing 2D scans of (left) dgo versus v and (right) dpo versus
rpgo using two-body D-meson decays alone.

A single solution for rpo is found to be
rgo = 0.265 10022

This measurement is consistent with, and more accurate than, the previous mea-
surement by LHCDb in Ref. . In accordance with expectation, this value of rpo
is almost a factor of three larger than the corresponding parameter in Bt — DK™
decays, rp+ = 0.099 £ 0.005 .

This is the first study of B® — DK*? decays at LHCb using four-body D-meson
final states. The benefits of including the four-body modes are clear when we consider
the two-body results alone, shown in Fig.[8.2] The four solutions in (7, dpo) space are
equally probable, in contrast to the scans in Fig. where the solution at v ~ 80° is
favoured. The four-body modes both improve the constraints and provide distinction

between the degenerate minima.
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8.3 Measurement using three-body D-meson final
states

The full LHCb Run 1 and Run 2 data set, corresponding to 9fb™! of data collected
from 2011-2012 and 2015-2018, is used to measure the GGSZ observables defined in
Egs. and using a model-independent Dalitz plot analysis. The measured
observables are given in Chap.[7l Figure shows the results of the x? scan for these
observables.

While the GGSZ analysis has lower yields than the ADS/GLW analysis, and
therefore produces weaker constraints, the use of Cartesian parameters allows us to
measure a single value for each underlying parameterf_-] The parameters at the global
minimum x? are

v = (68 £14)°,

rgo = 0.26 £0.07,

dpo = (212 £14)°.
The value of of rgo is consistent with the more-precise value from the ADS/GLW
measurement, while the values of v and dzo are consistent with the favoured solution

in the ADS/GLW scan shown in Fig. [8.1]

8.4 Combined measurement

The most powerful constraints are found by combining the two sets of results. Fig-
ure shows two-dimensional projections of (v, 7go0,dp0) space from a scan using
both sets of observables. The inclusion of the GGSZ observables completely resolves
the degeneracy in the ADS/GLW measurement. The underlying parameters are de-
termined to be

vo= (75

rpo = 0.258 0033,

Spo = (200 +8)°.

!The second solution in (rgo,dpo) space corresponds to the degenerate solution in the region
180° < « < 360°, which is ignored.
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Figure 8.3: Contour plots showing 2D scans of (left) dgo versus v and (right) dgo versus
rpo using the GGSZ modes.
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Figure 8.4: Contour plots showing 2D scans of (left) dgo versus v and (right) dpo versus
rpo using a combination of the ADS/GLW and GGSZ modes.
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These are the world-best measurements of rgo and dgo, and the most precise mea-
surement of v using only B’-meson decays. The value of v is consistent with the
LHCD average from decays of B* mesons, v = (69.8 T21)° [24]. It is also consistent
with the indirect measurement v = (65.66 13:29)°, and is therefore compatible with

the Standard Model prediction.

8.5 Future prospects

The results presented in this thesis use the full 9fb™" of LHCb data for the GGSZ
measurement, but only 5fb™! of data for the ADS/GLW measurement, which was
performed before the end of Run 2. Data for the ADS/GLW modes collected from
2017-2018 are now available, and while a dedicated study with accurate correction fac-
tors and systematic uncertainties has not yet been completed, a preliminary invariant-
mass fit to the full 9fb~! of data using the fit model from Chap. 4/ has been performed.
The fit finds 3370 4 60 signal candidates in the favoured D — K7 mode, which is
twice as large as the yield in the 2011-2016 data.

To estimate the improvement from using the full data set, a parameter scan is
performed using the statistical uncertainties found in the preliminary 9fb~" fit while
keeping the central values and systematic uncertainties from the 5fb~! analysis. The
scan includes both the ADS/GLW and GGSZ results. The two-dimensional confidence
plots are shown in Fig.[8.5l The x? minimisation yields the following parameters and
uncertainties:

v o= (719£6),

rpo = 0.261 TYO12,

dpo = (197 £6)°,
therefore the additional data that has already been collected has the potential to
reduce the uncertainty on v by 2-3°.

Following a period of upgrades to the detector, the LHCb experiment will resume

data taking in 2021. It is anticipated that around 15fb™! of pp collision data will be

collected in Run 3 at a centre-of-mass energy of 14 TeV [80]. The increased collision
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Figure 8.5: Contour plots showing 2D scans of (left) dgo versus 7 and (right) dgo versus
rpo using a combination of the ADS/GLW and GGSZ modes with the full Run 1 and Run
2 data set. The statistical uncertainties for the ADS/GLW modes are estimated using a
preliminary fit to the full data set, although a dedicated analysis has not yet been performed.

energy and upgrades to the detector performance and trigger, in particular the switch
to a fully software trigger [81], mean that we can expect at least twice as many signal
events per fb~! in Run 3 compared with Run 2. Therefore, by the end of Run 3
the number of collected B® — DK* decays will be around six times as large as the
current sample.

The projected uncertainties on the underlying parameters at the end of Run 3 are
estimated by performing a x? scan with the uncertainties of the observables reduced
by a factor of 1/4/6 and assuming that the central values are unchanged. The scan
results are shown in Fig. 8.6 The central values and uncertainties for the underlying

parameters are

v = (79.4 £2.6)°,
rgo = 0.260 £ 0.006,
Spo = (197 T3:3)°.
The projected uncertainty on ~ is around half the size of the current LHCb uncer-

tainty using all decay channels [24]. The other channels contributing to the global

LHCb average will themselves improve in sensitivity following the growing size of the
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Figure 8.6: Contour plots showing 2D scans of (left) dgo versus 7 and (right) dgo versus
rpo using a combination of the ADS/GLW and GGSZ modes, with the uncertainties on the
measured observables reduced to reflect the projected increase in data by the end of Run 3.

data set, and will also be enhanced by improvements to analysis methods, such as
performing a binned fit to the D — K*7¥7 "7~ modes [36] rather than an inclusive
analysis.

Other powerful ways to exploit the B — DK+~ system that do not restrict the
phase space to the K*(892)° region will become increasingly important. Amplitude
analyses of the DK*x~ Dalitz plot can be used to obtain more information on =
than is available in the quasi-two-body analysis presented here, in particular from
the interference between the B — DK*(892)% and B — Dj(2460)" K™ amplitudes.
A study of the full phase space with two-body D-meson decays has been performed
with Run 1 data [45], and a “double Dalitz” analysis of D — K71 decays exploiting
both the DK "7~ Dalitz space and the K{7*7~ Dalitz space has been proposed [82].

Measurements of the decays of BY mesons will provide an important contribution
to the overall precision at end of Run 3, at which point the overall uncertainty on
v from LHCb measurements is expected to be 1.5° [80]. This is a big step towards
our ultimate goal of sub-degree precision, which LHCb aims to achieve by 2030 with

an integrated luminosity of 50fb™" [80]. The Belle II experiment will also contribute
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significantly to the global average, with a projected 50ab™' of data collected by
2026 providing a precision of 1.5° on « [80]. Belle II will be particularly powerful for
decays involving K mesons, such as the GGSZ modes, as it has a high reconstruction
efficiency for these modes. However, results from LHCb are expected to continue to
dominate the v world average, with a precision of 0.35° predicted by the end of its
lifetime [80]. This will allow us to probe for the effects of New Physics by testing the

Standard Model to unprecedented levels.



Chapter 9

Conclusions

Two measurements of CP violation in B® — DK*® decays have been made using
proton-proton collision data collected by the LHCb experiment. In the first, the
D meson is reconstructed in the two-body final states Ktn~, 7t K~, KTK~, and
7t7~, and, for the first time, the four-body final states K*n ntn~, at K ntn—,
and 7t7~ 7T 7~. The analysis uses data corresponding to integrated luminosities of
1,2, and 2fb™! collected at centre-of-mass energies of 7, 8, and 13 TeV, respectively.
The data are used to measure the ADS/GLW CP observables, which are constructed
from yield ratios and asymmetries. The results are
ABK = —0.05 £ 0.10 + 0.01,
o= —0.18 +0.14 =+ 0.01,
REK = 092 +0.10 + 0.02,
= 132 £0.19 =+ 0.03,
AL, = —0.03 £ 0.15 £ 0.01,

R& = 1.01 +£0.16 =+ 0.04,
RTE = 0.064 £+ 0.021 £ 0.002,

R™ = 0.095 + 0.021 + 0.003,
RTE™ = 0.074 + 0.026 £ 0.002,
RTET™ = (0.072 + 0.025 + 0.003,

AL = 0.047 + 0.027 + 0.010,
ARrrm = 0.037 £ 0.032 4 0.010,

where the first uncertainty is statistical and the second is systematic. First observa-

tions are obtained for the decays B — D(7"K~)K*® and B — D(ntn ntr™)K*°
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with significances of 5.80 and 8.40, respectively. Strong evidence for the decay
BY— D(r K- nt7~)K*® is also found with a significance of 4.40.

A second study is presented with the D meson reconstructed in the self-conjugate
three-body final states K7+7~ and KK+ K™, using an additional 4 fb™" of 13 TeV
collision data with respect to the first analysis. Measurements of the GGSZ CP-
violation parameters x4 = rpgo cos(dgo £) and y4 = rpo sin(dgo =) are made, where
v is the complex phase of the CKM matrix, and rgo and dgo are the magnitude ratio
and strong-phase difference, respectively, between the amplitudes of B® — DYK*0

and B°— DYK*0 decays. This measurement finds

x4 = 0.046 = 0.077 = 0.005 £ 0.009,

r_ = —0.249 £ 0.084 £ 0.006 £ 0.008,
y+ = —0.160 £ 0.114 £ 0.031 £ 0.009,
y— = 0.188 £ 0.105 £ 0.017 £ 0.008,

where the first uncertainty is statistical, the second is the systematic uncertainty
related to the knowledge of the D-meson strong-phase parameters, and the third is
the systematic uncertainty from all other sources.

The two sets of measurements comprise the world’s most precise determinations
of the ADS/GLW and GGSZ CP-violation parameters in B® — DK*? decays. The
results are combined in a x? minimisation to find

o= (ML)
rpo = 0.258 703,

dgo = (200 £8)°.
constituting the world-best measurements of rgo and dgo, and the most precise de-
termination of v using only B°-meson decays. The uncertainty on v is expected to
decrease by 2-3° once the additional 4fb~' of collected LHCb data are included in
the ADS/GLW analysis.
This direct measurement of v is compatible with the world-average indirect mea-
surement, in accordance with the Standard Model prediction. It is also consistent

with the LHCb average determined using decays of BT mesons. These measurements
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constitute a valuable cross-check of the BT-meson results, and will have a signifi-
cant weight in the overall LHCb determination of v from all sources when such a
combination is next performed.

The results presented in this thesis are some of the many CP-violation measure-
ments that will eventually improve the precision of the direct measurement of ~ to less
than a degree. This is an important test of the Standard Model, as an inconsistency
between the direct and indirect measurements of v would provide conclusive evidence

for physics beyond the Standard Model.
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