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Abstract

Using data equivalent to an integrated luminosity of 3fb~! collected
by the LHCb experiment during Run I (2011-2012), studies of beauty
mesons decaying to a final state containing open charm are performed,
concluding with a number of new results.

Direct CP-violation is explored in B* — Dh* decays through several
measurements of CP violating observables, where the charmed me-
son D is reconstructed in both 2-track and 4-track final states. A
measurement of the B* production asymmetry at LHCb is reported
using B* — Dr*decays, and a complementary measurement of the
CP asymmetry in B¥ — J/9K* decays made. A search for the rare
B> — DWWz~ and B — D® K~ decays concludes this work.
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Preface

This thesis describes three analyses performed using B* — Dh* decays in the LHCb

Run I data, where D refers to the neutral charmed meson produced in the B decay and

h € {m, K} refers to the companion pion or kaon produced along with the D. The thesis

is organised as follows:

Chapter An overview of B physics at the LHC is given, outlining the production
of heavy mesons in proton-proton collisions and their study at LHCb. A discussion
of C’P-violation within the Standard Model is also provided.

Chapter The LHCb detector is described, with specific focus on the use of each

sub-detector for physics analysis.

Chapter : The ADS/GLW technique using B* — Dh* decays is introduced.

The selection strategy and background suppression are discussed.

Chapter Building on Chapter [3] the invariant mass fit used to measure CP
observables in B* — Dh¥* decays is detailed. Results for each of the CP observables

are presented.

Chapter : The B* production asymmetry at LHCb is measured using B* — D *
decays, adopting the selection strategy from Chapter [3[ and the fit technique from

Chapter [ This result is immediately used in a measurement of the CP asymmetry
in B¥ — J/¢YK* decays.

Chapter @: A search for B, — D®h~ decays is performed, using the B~ — D7~
decay as a normalisation channel. This analysis recycles much of what has been

developed in earlier Chapters, providing an interesting extension to the work.

Chapter A conclusion is drawn.

In addition to the work presented within this thesis, an analysis carried out during my first
year was published in PRD. Within this work, a first observation of the B® — D*~ KT ~n ™
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decay was made, along with an improved measurement of the B® — D*~n 7 ~7" branch-

ing fraction. The publication is reproduced in a dedicated appendix for reference.

All of the work contained within this thesis is my own, with the exception of the
detection asymmetries described in Section |5.3 which were measured by Rainer Borchardt
and Mika Vesterinen, and the background PDFs detailed in Section [3.4.1, which were
conceived by Paolo Gandini. All of the analyses presented are currently within internal

review, with the aim of producing publications in Spring 2015.
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“You can know the name of a bird in all the languages of the world,
but when you’re finished, you’ll know absolutely nothing whatever about the bird. ..
So let’s look at the bird and see what it’s doing — that’s what counts.”

— Richard P. Feynman






Chapter 1.

Hadronic B physics at the Large
Hadron Collider

In this Chapter, an introduction to the field of heavy flavour physics at hadron colliders
is given. In Section [1.1} the LHC accelerator is introduced. The production of various B
meson species at LHCb is detailed in Section [1.2] with specific focus on the production
asymmetry of B mesons (measured in Chapter [5]) and the creation of B, mesons (studied
in Chapter @ The concept of CP-violation in B* decays is outlined in Section
paving the way for the measurement of CP violating observables in Chapter [4

1.1. The Large Hadron Collider

Residing under the Franco-Swiss border near the city of Geneva, the Large Hadron
Collider (LHC) at CERN represents the state of the art in particle accelerator technology.
With the ability to collide beams of protons at a maximum centre of mass energy of
Vs = 14 TeV and a design luminosity of 10** cm™2s™!, the LHC is the most powerful
particle collider ever built [1]. The 27 km circumference synchrotron is situated in the
same tunnel used to house the LEP e*e™ collider, which was decommissioned in 2000

after over a decade of successful operation.

The LHC, as illustrated in Figure 1.1} consists of eight octants and two separate rings,
one for each proton beam. Unlike its predecessor LEP, which consisted of only one ring,
the LHC employs a two-ring design due to the identical charge of the colliding proton
beams. The like charges and opposite directions of motion of the beams demand the use

of oppositely oriented magnetic fields within each ring. High field strengths of up to 8 T
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TI2 TI8

Figure 1.1.: Layout of the LHC accelerator 6], with each of the eight octants and four
interaction points shown. LHCDb is located in Octant 8.

are provided by several superconducting dipole magnets, which are cooled to 1.9 keV
using superfluid helium and positioned at several points around the ring circumference.
A cross-section of an LHC dipole is shown in Figure [1.2| where the oppositely oriented

magnetic fields in each ring are clearly visible.

Protons are injected from the Super Proton Synchrotron (SPS) at an energy of 450
GeV, and accelerated to their collision energy of 3.5 (4) TeV, corresponding to a total
centre of mass energy of /s = 7 (8) TeV in 2011 (2012). The proton beams are kept
separate in the machine, and cross only at four interaction points (IP). At each of these
points, one of the main LHC experiments is situated: ATLAS [2] at IP1, ALICE [3]
at IP2, CMS [4] at IP5 and LHCb [5] at IP8. The general purpose ATLAS and CMS

25! whereas

detectors are designed to run at the peak machine luminosity of 103 cm™
LHCD is designed to run at a reduced instantaneous luminosity of 1032 ecm=2s~1. This
luminosity is delivered in high intensity bunches containing 10'! protons, where the
bunches are separated by 50 ns intervals. The design bunch spacing of the LHC is 25 ns,

corresponding to a maximum bunch crossing frequency of 40 MHz.
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Figure 1.2.: Cross-section magnetic field map of an LHC dipole, indicating the oppositely
oriented fields for each ring [6]. The colour scale represents the magnitude of the
magnetic flux at each point, where red (blue) regions indicate ares of high (low)
magnetic flux.

1.2. Heavy flavour production at LHCb

LHCb is focused on the study of heavy flavour hadrons, with the goal of performing
precision measurements of CP-violation and rare decay phenomena. As a hadron collider
experiment, LHCb is uniquely placed to take advantage of the high production cross-
section of bb pairs in LHC proton-proton collisions [7], allowing it to collect the worlds
largest sample of ~ 102 exclusively reconstructed charm and beauty decays during Run
I. LHCD also benefits from a larger boost than the ete™ B factories |8,9], and is capable

of studying all species of b hadrons.

1.2.1. Production asymmetries

The production rates of each type of b and b hadron in pp collisions are not expected to
be identical. This phenomenon, collectively referred to as the production asymmetry,
arises from the fact that coalescence between a perturbatively produced b or b quark and
a u or d valence quark from the beam remnant can occur, resulting in a slight excess
in the production of Bt and B® mesons (bu and bd, respectively) relative to B~ and

BY mesons. As the production asymmetry is driven by non-perturbative effects, precise

predictions are not available. However, the B meson production asymmetry, defined as:

_o(pp— B+ X) —o(pp— B’ + X)

A _
b o(pp—B°+ X) +o(pp— B+ X)

(1.1)

d
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has been studied [10], where o denotes the production cross-section. It is predicted to
be small at low rapidity and transverse momentum, with an increase to several percent
at high transverse momentum and rapidity. In the latter case, the b and b quarks
reside closer to the beam remnant, which is composed predominantly of up-type quarks,
resulting in an excess of B® mesons. This trend is illustrated in Figure (b), where

the production asymmetry is seen to initially rise at high rapidity.

At very high values of rapidity (beyond the LHCb acceptance), the colour connection
to di-quark combinations in the undissociated proton drags the b (rather than the b)
to even higher rapidity, via non-hadronised buu and bud combinations. This results in
an excess of b quarks over b quarks at highest rapidity, and a resulting excess of B°
mesons. The sign of Ap, is caused to change, explaining the feature at highest rapidity

in Figure This behaviour is expected to apply equally to B* mesons.

0.1 ——— 0.1 —— ;
005 @ . 0.05
0 0
§ 005t <5GeV — § oo >5GeV — \
g 01 b L0 Gey g 01 F  pL10GeV VT
Z o1s| Z a5t V) A
02+ 02 b A
025 025 | ‘\\ |
03 T 03 R S
o 1 2 3 4 5 6 71 o 1 2 3 4 5 6 71
y y

Figure 1.3.: Predictions for the B? production asymmetry as a function of rapidity (y), at
both low (a) and high (b) transverse momentum [10]. The asymmetry is defined
in Equation , where the anti-quark containing B® meson cross section is
subtracted from the quark containing B cross section. Note that this is opposite
to the definition of Ap, used in this thesis, as shown in Equation

The production asymmetry of B* mesons is defined as:

_olpp—=B" +X)—o(pp—B" +X)
‘" olpp— B+ X)+opp— Bt +X)

Ap (1.2)
where it is important to note that the asymmetry is defined in the opposite sense to
Ap, in Equation [I.I} The production asymmetry effect can contribute considerable
uncertainty in searches for small CP-violation effects, for example in the measurement
of the semileptonic asymmetry a@, where a background from B* decays can fake
anomalous CP-violation in B® mixing due to the production asymmetry [11]. Measuring

Ap, with improved precision is thus well motivated, and forms the focus of Chapter [o]
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Previous measurements of Ag, at LHCb have employed the B* — J/¢ K * final state,
where external input on the CP asymmetry in this decay is required. Previously, using
AZYR = (0.340.6)% [12], LHCb have measured A, = (—0.6+0.6)% [13], where the
limiting factor is the precision with which Aé/;f % is known. LHCb has also performed
measurements of the B® meson production asymmetry [14] and the analogous production

asymmetries in D* and D* mesons [15], measuring values in the 1% region or less.

1.2.2. B, production

In addition to the study of B* and B° mesons, a unique advantage of LHCD is its ability
to produce and study the heavier B hadrons, namely BY, B and A). The study of B?
mesons is of particular interest in the domain of time-dependent CP-violation, where
LHCb has performed precise measurements of the CP violating phase ¢, during Run
I [16], something the previous generation of experiments could not achieve due to either

a lack of energy, statistics or mass resolution.

The study of B, mesons has also developed into an active area of research, driven by
the high event yields obtained in Run I data [17-19]. Mesons of this type are difficult
to produce by virtue of the fact that they contain a companion charm quark, such that
production cross-sections are suppressed by a factor f./f, with respect to B* production,
where f. and f, are the fragmentation fractions for ¢ and u quarks, respectively. The
higher than expected B, yields in Run I imply a larger value of the fragmentation fraction
fo than was previously expected, opening up the possibility of measuring various B,
decays modes in the Run I data. A search for fully hadronic B, — D®h~ decays is
presented in Chapter [6]

1.3. CP-violation in B decays

A central area of research focus at LHCD is the measurement of CP-violation in B decays,
both through the study of direct CP-violation and the interference between mixing and
decay processes. The study of CP-violation is of great importance, as it remains the
only observed means by which matter and antimatter can exhibit differences in their
behaviour. In addition, characterising the degree of CP-violation in the Standard Model
provides a strong benchmark against which any matter-antimatter asymmetry effects

arising from New Physics can be judged.
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The measurement of direct CP-violation in B* — Dh* decays have particularly
strong relevance to tests of Standard Model CP-violation, and forms the focus of Chapter [4l
What follows is a discussion of the phenomenon of CP-violation as it appears within the
Standard Model, including an introduction to CP-violation in mixing processes, decay

processes and in the interference between mixing and decay processes.

1.3.1. C,P and T symmetries

The concept of symmetry lies at the heart of many scientific disciplines, and elementary
particle physics is no exception. Symmetries are deeply connected to conservation laws
in a relationship embodied by Noether’s theorem: any symmetry of a physical system
that is differentiable has a corresponding conservation law [20]. For instance, the laws
of physics are symmetric with respect to translations in time - they work in the same
way today as they did yesterday. Noether’s theorem relates this time invariance to the

conservation of energy.

Systems exhibiting translational invariance conserve momentum, and any system
symmetrical under rotations about a point will conserve angular momentum. Similarly,
the invariance of electrodynamics under gauge transformations results in the conservation
of electric charge. Such gauge symmetries are central to the current understanding of

fundamental physics, and form the foundations of the Standard Model of particle physics.

Given the evident invariance of physical law under continuous symmetries, one might
expect the same behaviour from discrete symmetries. Of specific relevance to this thesis
are the discrete symmetries of charge conjugation (C), parity (P) and time-reversal (T),

with their respective operators C, P and T defined as:

e C: Converts a particle into its antiparticle, leaving all other properties unchanged.
For particles associated with a field ¢, C transforms this into the related field ¢
with opposite U(1) charges: electric charge, baryon number, lepton number and

flavour quantum numbers.

e P: Inversion of the spatial coordinates such that (¢, %) — (¢, —7)

—

e 7 Inversion of the time coordinate such that (¢, %) — (—t, %)

Experiments have demonstrated however that these symmetries can individually be
broken. For instance, the weak interaction violates C and P separately, a fact first

revealed by Wu in her famous experiment with Co% nuclei [21].
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The weak decay of the charged pion 7" — pu*v, provides the clearest evidence for
this breaking of discrete symmetries. The anti-muon is never produced right-handed, in
a display of maximal parity violation. The same process also demonstrates C violation;
the charge-conjugated decay 7~ — p~ 7, would involve the production of a left-handed
muon, whereas the muon is always produced right-handed [22]. If the C and P operations
are combined, however, the left-handed anti-muon transforms to a right-handed muon,
matching experimental observations and restoring a sense of order. For this reason, in
addition to strong theoretical arguments suggesting that the combined transformation
CPT must be an exact symmetry of nature |23], CP invariance was assumed to hold

true.

This belief persisted until 1964, when a small but highly significant violation of
the combined symmetry of CP was observed in the neutral kaon system [24], earning
its discoverers Kronin and Fitch the Nobel Prize in 1980. This effect, now known as
C’P-violation, has since been studied extensively in the B sector, with observations made
throughout the 2000’s by the B-factories [8,|9] and Tevatron [25,26] experiments.

The phenomenon of CP-violation manifests itself in three distinct ways:

1. CP-violation in neutral meson mixing, or indirect CP-violation. This occurs when

the two neutral mass eigenstates are not simultaneously C’P-eigenstates.

2. C’P-violation in decay, or direct C’P-violation. This occurs in both charged and
neutral meson decays, when the amplitude for a decay and its C’P conjugate process

are not equal in magnitude.

3. C'P-violation in the interference between decays with and without mixing. This
occurs when a common final state is accessible to both a neutral meson and its

corresponding anti-meson.

In Chapter [4, an exhaustive study of direct CP-violation in B* — Dh* decays is

presented.

1.3.2. CP-violation in the Standard Model

A mechanism for CP-violation naturally arises in three-generation quark mixing, first
introduced by Kobayashi and Maskawa in 1973 [27] as a generalisation of the mixing
mechanism originally derived by Cabibbo in 1963 [28]. Quark mixing is governed by a

single three-dimensional matrix, within which one complex phase resides. This phase
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is the source of all CP-violating effects in the SM, and can only be introduced in the
presence of three fermion generations. As such, the prediction of a third quark generation

preceded its eventual discovery in 1977, when the beauty quark was first observed [29]E|

Quark mixing, the Higgs and the CKM matrix

In the Standard Model, the masses and mixing of the quarks have a common origin.
They arise from Yukawa interactions with the Higgs [12], which are described by the

following Lagrangian for three quark generations in the weak-eigenstate basis:
Ly = =Y QL ¢ diyy — Vi QL € ¢" ufy; + hec. (1.3)

where ¢ is the Higgs field, i, j are quark generation labels, Q! are the left-handed SU(2),
quark doublets, € is the 2 x 2 antisymmetric Levi-Civita tensor, and df and u} are the
right-handed down- and up-type quark singlets, respectively. In this basis, Y*¢ are 3 x 3
complex matrices which determine the coupling strength of each quark type to the Higgs.
Mass terms for the quarks can appear in Equation when the Higgs field acquires a
vacuum expectation value, < ¢ >= (0,v/v/2). Such mass terms are described by the

Lagrangian:

L =—MEdl, df; — Miul, uf,; +h.c (1.4)

where the 3 x 3 mass matrices M*%?, which govern the mixing of quarks due to their

non-diagonal nature, are given by:

u d
M = ”\2 M? = “\2 (1.5)

These matrices can be diagonalised by moving from the weak-eigenstate basis to the

mass eigenstate basis via the unitary transformations:

Uy M" Uyl = diag(m, me, my) (1.6)
U M UL = diag(mg, ms, my) (1.7)

where m represent the quark mass eigenstates, and U represent the unitary transformation

matrices. When rotations are performed on the left-handed quarks in a corresponding

! Even the charm quark didn’t make an appearance until 1974 [30], highlighting just how prescient
this prediction was.
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manner:
/Li = UgijdLj u,Lz = UgijuLj (1.8)
the weak currents, normally written as:
J'LL 4+ = L(DLfy“eL + ﬂL’}/‘udL) J‘u _ = i(éL”)/‘ul/L + CZL”)/‘“UL) (19)
V2 V2
contain quark interaction terms that transform as follows:
’l_LL’}/MdL—)’l_LL’}/M(UgTUg)dL JLv“uL%JLv“(UgTUE)uL (110)

The fact that, in general, U¢ # U¥, has an important effect in charged current interactions

and leads to the definition of the CKM quark mixing matrix:

Vud Vus Vub
Vorn =UPUE = | Vg Vie Vi |- (1.11)
Vie Vis Vi

This matrix is non-diagonal, and responsible for all of the mixing between different
generations of up- and down-type quarks in charged current interactions. Importantly,
neutral current interactions are left unaltered due to the unitary nature of U¢ and
U}, since d;d; — d;U,U ;di = d,;d;. No tree level flavour changing neutral currents are
permitted within the SM; such processes, for example b— s transitions, occur only at

loop level and are thus suppressed.

Vorw is a 3 x 3 complex unitary matrix, and can be parameterised by 32 = 9 real
numbers. After arbitrary phases of the quark fields are reabsorbed, three rotation angles
and a single complex phase remain, the latter of which is responsible for all C’P-violation
effects in the SM. Although the SM describes the nature of Vi, it does not predict
the value of each matrix element; these must be determined experimentally. The precise
experimental determination of each element of Vg provides strong constraints on
the validity of the SM, which explicitly requires the matrix to be unitary. Without
precise knowledge of SM CP-violation effects, any potential CP-violation arising from

New Physics cannot be correctly interpreted.
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Parameterising the CKM matrix

Several options exist for parameterising Vogas. In the Chau-Keung parameterisation [31],
the three rotation angles are defined as 615, 03, 023 and the complex phase as d;3, giving:

—is
C12€13 $12€13 S13e” 012

Vorm = | —s12023 — €12523€"  C1aCog — S12523513€""°  sa3C13 (1.12)

1013

i
§12C23 — C12823€ —C12C23 — 512523513€"°1% (23513

where ¢;; = cos(6;;) and s;; = sin(f;;) for the generation labels 7, j = (1,2), (1,3) or (2,3).
The angle 615 is also known as the Cabibbo angle, 0.

A hierarchical pattern in the CKM elements exists (513 < S23 < s12 < 1), where each
of the diagonal elements are close to one and the off-diagonal elements move closer to
zero the further away from they diagonal they reside. Expressing the order of magnitude
of each CKM matrix element in terms of sines of the Cabibbo angle, A = sin(6;5) ~ 0.23,

one obtains:

TP NPt
A1 M. (1.13)
PP |

The Wolfenstein parameterisation [32] exploits this pattern by expanding each CKM

element in increasing powers of A\. Up to O(A\?), the CKM matrix can then be written as:

1— 1N A AN3(p — in)
Veru = - 1— 1N AN2 . (1.14)
AN (1 —p—in) —AN 1

where A, p and 7 are all real parameters of order unity. This representation is unitary to
all orders in A, and has the advantageous feature that the total amount of CP-violation
in the SM is closely related to the phase-independent quantity (p — in). It is interesting
to note that larger C’P-violation is expected in the B system rather than the kaon system,
due to the presence of the CKM element V,; in certain B decays. The complex phase
responsible for CP-violation is found only in V., and Vg at O(\3). This feature also

explains why large CP-violation in the interference between mixing and decay has been
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observed in the B? system [33] but not in the B? system [16] - in the latter instance, the
mixing diagrams involve Vj,, whereas in B° mixing the element V4 features. To have

any complex contribution to Vi, one must go to O(\°) in the Wolfenstein expansion.

Unitarity Triangles

The unitarity of the CKM matrix, (VeraVigar)i; = (Vg Vera )i = 0;; leads to a set
of nine independent equations, three of which are equal to unity and the remaining six
are equal to zero. Each of the vanishing combinations listed below can be represented

geometrically as a triangle in the complex plane:

VaaVus + VegVes + VigVis = 0 (1.15)
VsV + ViV + ViV, = 0 (1.16)
VaaVia + ViVis + Vi Vi = 0 (1.17)
wiVud + Vo Vus + Vg Vi = 0 (1.18)

waVid + VeVis + VoV = 0 (1.19)
(1.20)

C

VisVua + Vo Vea + VigVia = 0

In the absence of any CP-violation, each of these triangles degenerates to a line along
the real axis. The area of each triangle is thus a direct measure of the amount of CP-
violation in the SM. All six triangles have the same area |.J|/2, where J is the Jarlskog

invariant |34]:
J=Im(VigVuVaVig) (@ #5,k#1) (1.21)

for i,j,k,1 € {1,2,3}.

Beyond their visual appeal, unitarity triangles also have the useful property of being
parameterisation-independent: no matter how you choose to parametrise the CKM
matrix, the angles and lengths of each side remain the same for every triangle. The only
thing that changes is the orientation of the triangles within the complex plane. As such,

unitarity triangles are a central component of C’P-violation parametrisation within the
SM.
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The angles a, B and ~

Each of the triangles listed in Section [1.3.2] are flat and close to degenerate, with the
exception of the one defined in Equation [1.20] This triangle is known as the Unitarity
Triangle (UT), and is commonly used to represent the CP-violating content of the CKM
matrix. Rotating the UT, such that V;V,, is real and of unit magnitude, yields a triangle
with vertices at (0,0) and (1,0) in the (p,n7) plane, as illustrated in Figure The third

coordinate lies at:

p=p(L=X/2)  g=n(l-)/2) (1.22)

The three angles of the UT are defined as:

ViaVi, ]

VeV, ViaVai
Ve [ = arg [— d Cb] v = arg l— d “b] (1.23)
ud YV ub

a = arg |—
[ ‘/td tz ‘/Cd c?)

Precisely determining the sides and angles of the CKM matrix provides a critical test of
the CKM mechanisms validity. By performing several independent measurements of CKM
matrix elements, comparisons can be made in the (p,77) plane in order to over-constrain
the UT triangle; in this way, potential deviations from unitarity caused by New Physics

can effectively be probed.

n
A
(%)
2
o ViiVia
Vi Vea
Vi, Vad
Vi Vea
Y B
0 (D) 1

Figure 1.4.: The Unitarity Triangle in the complex plane, with sides normalised to V;V,,.
The horizontal axis represents the real axis, while the vertical axis represents the
imaginary axis. The angles of the UT are «, 8 and ~, as defined in Equation
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Parameter Value + 1o (CKMfitter) Value + 1o (UTHfit)

A 0.813 10035 0.821 £ 0.012

A 0.22551 100008 0.22534 + 0.00065
p 0.149 F0008 0.136 £ 0.024

n 0.342 0013 0.361 + 0.014
J(107?%) 2.97 *038 3.11 + 0.09

Table 1.1.: CKMfitter and UTfit best fit values for the Wolfenstein parameters and Jarlskog
invariant [35,[36]. The uncertainties quoted represent the total uncertainty on
each parameter after global combination fits are performed.

Parameter Value + 1o (CKMfitter) Value £ 1o (UTHfit)

a! (85.4 139)° (88.6 £3.3)°
3 (21.50 T5:79)° (22.03 4 0.86)°
v (70.0 T77)° (68.3£7.5)°

Table 1.2.: CKMfitter and UTHfit best fit values for the CKM angles «, 5 and v using only
direct measurements [35,36].

Current UT constrains

The unitarity of Vg is tested with each measurement of its parameters. The CKMfit-
ter [35] and UTfit [36] groups perform global fits to the UT, including measurements
of both tree and loop level processes in order to constrain the UT parameters. The
current best fit values for the Wolfenstein parameters and Jarlskog invariant are listed in
Table [I.1} and in Table [I.2] the best fit values for each of the UT angles found using only
direct measurements are shown. The current CKMfitter constraints in the (p,7) plane
are shown in Figure [1.5] with the equivalent constraints determined by UTfit shown in

Figure (1.6

All direct measurements are currently in good agreement with the CKM mechanism.
The angles o and 3 are precisely determined, but + still has a large uncertainty. Measuring
~ with improved precision is a central physics objective of LHCb, and indeed motivates
the C'P asymmetry work presented in this thesis. It is the only UT angle that has no top
quark coupling in its definition (see Equation , with the important consequence that
it can be measured using tree level B decays. The parameter «y is thus the only angle

that can be measured in both tree and loop level processes.
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Figure 1.5.: CKMfitter constraints in the (p,7) plane . The various coloured regions
indicate areas of allowed parameter space for the angles and sides of the UT,
where each colour corresponds to a different class of CP-violation measurement.
A global fit is performed using all of these measurements as input, in order to
determine central values and uncertainties for «, 8 and ~.

Figure 1.6.: UTfit constraints in the (p,7) plane .
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As New Physics effects are expected to appear only at loop level, the precise de-
termination of v in tree level decays provides a Standard Model benchmark against
which any New Physics contributions can be compared. In Chapter [3] the formalism
for measuring v at tree level using B* — DK * decays will be developed, forming the
theoretical foundation for the CP asymmetry measurements presented in Chapter [4l
These measurements will provide important constraints in future measurements of ~
using LHCb data.






Chapter 2.

The LHCb experiment

LHCD is a single-arm spectrometer with a forward angular coverage from approximately
15 mrad to 300 (250) mrad in the horizontal bending (vertical non-bending) plane [5].
This corresponds to a pseudorapidity coverage of 1.9 < n < 4.9, where n = —Intan(6/2)
and @ is the angle between the particle momentum and the beam pipe. The detector
occupies a space of 20 m along the longitudinal direction (z-axis), 12 m in the horizontal
direction (z-axis) and 10 m in the vertical direction (y-axis), as shown in Figure [2.2] This
choice of detector geometry is driven by the fact that at high energies, the production
of b- and b-hadrons is highly correlated due to the lab frame boost, such that they are
predominantly produced in the same forward or backward cone. This effect is illustrated
in Figure where the angular acceptance of LHCD is highlighted in red. At LHC
energies, the proton parton density function is dominated by the gluon component, such
that bb pair production at LHCb proceeds predominantly through gluon-gluon fusion

processes.

LHCb is composed of several sub-detectors, which can be grouped into the following

categories:

e Tracking system: VErtex LOcator (VELO, Section [2.2)), dipole magnet (Sec-
tion [2.3)), Tracker Turicensis (TT, Section [2.4), Inner Tracker (IT, Section [2.4.1)),
Outer Tracker (OT, Section [2.4.2))

e Ring Imaging CHerenkov detectors: RICH1, RICH2 (Section [2.5))

e Calorimeters: Scintillating Pad Detector (SPD, Section [2.6.1]), Pre-Shower de-
tector (PS, Section [2.6.1]), Electromagnetic CALorimeter (ECAL, Section [2.6.2)),
Hadronic CALorimeter (HCAL, Section [2.6.3)

17
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LHCb MC
Vs=7TeV

8, [rad] ™2
2

6, [rad]

Figure 2.1.: Angular correlation of the b quarks produced in proton-proton collisions at the
LHC . The angles ©; and ©; are formed with respect to the beam axis.
The region highlighted in red corresponds to the LHCb acceptance. Events are
simulated with the PYTHIA event generator [38].

M4 M5
M3
SPDI/EPCS HCAL -
T3 RICH2 . =|
+ e}
N Y Y IO I [ >
10m 15m 20m z

Figure 2.2.: Cross-section view of LHCb, cut in the non-bending y—z plane || RICH1
and RICH2 refer to the two Ring Imaging CHerenkov detectors within LHCDb.
TT, T1, T2 and T3 refer to the tracking stations. SPD and PS refer to the
Scintillating Pad Detector and Pre Shower detector, respectively. ECAL and
HCAL refer to the electromagnetic an hadronic calorimeters, while M1—M5 refer
to the various muon stations.
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e Muon stations: M1 — M5 (Section

e Trigger: Level 0 hardware trigger (L0, Section [2.8.1]), High Level software Trigger
1 (HLT1, Section [2.8.2)), High Level software Trigger 2 (HLT2, Section [2.8.3)

Each sub-detector will be detailed briefly in the following sections. Full details are
available in the LHCDb performance paper [39], from which all of the detector parameters

quoted within this Chapter are taken.

In order for precision physics measurements to be made in the high-background LHC
environment, stringent performance requirements are imposed on LHCb. Central to

these are the following:

e Vertex and impact parameter resolution: Secondary vertices from b- and
¢- hadron decays must be well resolved from primary proton-proton interaction
vertices, which requires excellent vertex resolution. In addition, displaced secondary
tracks must be well resolved from prompt background tracks originating from the
primary vertex. In LHCb, vertexing is performed by the VErtex LOcator (VELO)
sub-detector, which surrounds the pp collision region at the closest possible distance,

allowing the vertices from b- and c-hadron decays to be detected.

e Time resolution: Proper time resolution is critical for many analyses, for example
in b- and ¢- hadron lifetime measurements and time dependent CP-violation studies.
In the latter, the fast oscillations of the B? system require a time resolution much

smaller than the oscillation period in order to be resolved.

e Momentum and mass resolution: In physics analyses involving purely hadronic
final states, the combinatorial background rate is considerable. To distinguish heavy
flavour hadrons from random combinations of background tracks, good momentum

and mass resolution are required.

e Particle identification: Distinguishing between various particle types is crucial
in correctly identifying signal events. Of specific importance is the discrimina-
tion between different hadronic species, particularly pions and kaons. Hadron
identification is performed by the RICH sub-detectors, which provide high kaon
identification efficiencies with low corresponding pion misidentification rates. This
feature of LHCb is exploited throughout this thesis to distinguish B* — DK *and
B* — Dr*decays, which differ only in the species of the particle produced along
with the D meson in the B decay (referred to throughout as the bachelor particle).
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Figure 2.3.: Average number of visible interactions per bunch crossing (top) and instantaneous
luminosity (bottom) at the LHCb interaction point in the period 2010-2012 [39).
The dotted lines show the design values for both parameters, indicating that
LHCDb operated well beyond design specifications in both 2011 and 2012.

e Trigger: A visible inelastic collision takes place at a rate of 10 MHz in LHCDb,
much too high for every event to be stored on disk. It is thus important to select
only the subset of data that exhibits interesting features, in order to reduce the
bandwidth to a manageable rate. The LHCD trigger performs this task in three
stages (one hardware and two software), reducing the rate to around 3 kHz. The
trigger system must be both efficient and versatile, selecting as many B final states

as possible while adapting in real time to changing LHC running conditions.

2.1. Conditions during Run I

At the end of 2009, LHCb recorded its first pp collisions at the LHC injection energy
of /s = 0.9 TeV. Throughout 2010, operating conditions changed quickly due to the
ramp-up of the LHC luminosity. An important quantity to consider along with the
luminosity is the pile-up gy, defined as the average number of visible interactions per
beam crossing. The variation in LHCb operating conditions during Run I can be seen in
Figure 2.3, where luminosities began at ~ 10?® cm™2s~! with almost no pile-up, reaching
—24-1

luminosities of 10%? cm with fiyis =~ 2.5.

The LHC beam energy was 3.5 TeV during 2010 and 2011, where the number of

circulating bunches was increased gradually to a maximum of around 1300 in 2011. During
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Figure 2.4.: Integrated luminosity in LHCb during the three years of LHC Run I [39]. The
figure shows the curves for the delivered (dark coloured lines) and recorded (light
coloured lines) integrated luminosities.

this time, LHCb took a majority of data at a luminosity of 3.5 x 10?? cm™2s™!, almost
twice the design luminosity. In 2011, a luminosity levelling procedure was introduced to
maintain a constant luminosity within ~ 5% over the course of a fill, by adjusting the
transverse beam overlap. This minimised luminosity decay, allowing the same trigger

configuration during a fill and reducing systematic uncertainties in detector occupancy.

In 2012, the beam energy was increased to 4 TeV, and LHCb took data at a luminosity
of 4 x 10%? em~2s~!. The LHC delivered stable beams for around 30% of the operational
year, and a novel approach was adopted at LHCb to make use of the processing power
which would otherwise be idle during the remaining 70%. Around 20% of LO accepted
events were stored to temporary disk during stable beams, allowing them to be processed
at a later stage between fills by the HLT software triggers. This allowed LHCb to increase

the total data sample available for physics analysis at no additional cost.

The integrated luminosity recorded by LHCb was 38 pb~! in 2010, 1.11 fb~! in 2011
and 2.08 fb~! in 2012, where the evolution in integrated luminosity for each year is shown
in Figure 2.4, The average operational efficiency, defined as the ratio of recorded to

delivered luminosity, was 93% during Run I, reaching 95% on average in 2012.

The LHCb magnet deflects positive and negative particles in opposite directions in

the x — z plane, which can lead to charge detection asymmetries arising from differences
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in performance of the left and right sides of the detector. To minimise this effect, the
LHCb dipole magnetic field was changed regularly (around twice per month) during
running, such that any left-right asymmetry cancels in the combined dataset. This is
an important consideration for the CP charge asymmetry analysis presented within this

thesis, which has been performed on polarity averaged datasets only.

2.2. VErtex LOcator (VELO)

The VELO [40] performs precise measurements of track coordinates close to the interaction
region. This enables the accurate reconstruction of primary and secondary vertices, where
the latter is of particular importance in b- and c-hadron decays. In order to measure
lifetimes and impact parameters with respective resolutions of ~40 fs and ~ 20 pm,
the VELO reconstructs vertices with a resolution of ~ 10 pm. To achieve this level of

precision, the VELO is located as close as possible to the interaction region.

The VELO is illustrated in Figure[2.5] It consists of 21 silicon modules located around
the interaction region, positioned perpendicular to the beam direction. Independent
measurements of the cylindrical coordinates r and ¢ are made by each module using
dedicated R- and ¢-sensors, with the z coordinate given by the fixed position of the
module. The silicon in the R-sensor is implanted within concentric semi-circles, whereas in
the ¢-sensor the silicon is arranged in radial strips running outward from the inner to outer
module radius. The use of this cylindrical geometry enables much faster reconstruction

of tracks and vertices in the trigger relative to a cartesian geometry.

Each VELO station is formed from two semi-circular modules, with a sensitive region
starting 8.2 mm radially outward from the beam axis when the detector is in the closed
position (bottom left of Figure . The aperture increases during the LHC injection
phase to the open position (bottom right of Figure 2.5), and is only brought to the fully
closed position once stable beams are declared. Both halves of the VELO are mounted
on a dedicated automated positioning system, located inside a vacuum vessel. The 21
modules are positioned between z = —18 ¢m and z = 88 cm, with the nominal beam
interaction point defined at z = 0 cm with an uncertainty of around 5 cm. The VELO

thus provides comprehensive coverage of the interaction region.
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Figure 2.5.: VELO sensor layout in the x — z plane (top) |[41]. VELO module geometry in
the closed and open configurations (bottom).

2.3. Dipole magnet

LHCD is by design a spectrometer, and as such performs precision momentum mea-
surements with a resolution of dp/p ~ 0.5% over a wide momentum range up to 200
GeV /c. To achieve this, a 1600 tonne non-superconducting dipole magnet providing an
integrated field of 3.6 Tm is employed, as shown in Figure 2.6, The magnet deflects
charged particles only in the horizontal plane, and is situated downstream of the VELO
and the first RICH detector, RICH1.

An important design feature of the magnet is the minimisation of the residual
magnetic field within both the VELO and RICH1, in the former case to validate the
fitting of straight tracks for input to the HLT and in the latter case to minimise the
magnetic deflection of photoelectron paths produced within the RICH1 Hybrid Photon
Detectors (HPDs). Corrections are applied to account for any residual distortion of
photoelectrons using a dedicated Magnetic Distortion Correction System (MDCS) in
RICH1, which provides an important improvement to the Cherenkov photon position

resolution, ultimately improving the particle identification ability of the RICH (see

Section .
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Figure 2.6.: A picture (2002) of the 1600 tonne LHCb dipole magnet, with two coils mounted
within an iron yoke. Three humans provide scale.

2.4. Tracking stations

In addition to the VELO, the LHCD tracking system consists of five tracking stations.
Two of these constitute the Tracker Turicensis (TT) and are placed before the magnet;
the additional three trackers (T1, T2 and T3) make up the Inner Tracker (IT) and Outer

Tracker (OT). The tracking stations together cover the entire geometrical acceptance of
LHCbh.

Tracker Turicensis (TT)

The Tracker Turicensis (TT) is a silicon microstrip detector consisting of four detection
layers. The first and fourth layers have vertically oriented readout strips (z-layers),
whereas the second and third layers have readout strips oriented at stereo angles of +5°
and —5°, respectively (u- and v-layers). This geometry allows the transverse component

of the particle trajectory to be resolved. The first and last layers of the TT are illustrated
in Figure

Each silicon strip has a pitch of ~200 um, providing a spatial resolution of 50
pm. The TT enables long-lived K? particles, which decay outside the VELO, to be
reconstructed. It also enables the reconstruction of low momentum tracks that are swept
out of the detector acceptance by the magnet before reaching T1 — T3 (see Section .

I Turicensis is Latin for Zurich, the institution who built this sub-detector.
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Figure 2.7.: Layout of the first (left) and last (right) TT layers, with the beam pipe visible
in the middle . The two areas left and right of the beam pipe are covered
by nine eleven-sensor long ladders each. Five-sensor long ladders fill the areas
directly above and below the beam pipe. Vertically, each ladder is subdivided
into several readout sectors, as indicated by different shadings.
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Figure 2.8.: Layout of the z-layer (left) and wu-layer (right) of the IT, with the cross-shaped
configuration . The beam pipe is visible in the middle.

2.4.1. Inner Tracker (IT)

The Inner Tracker (IT) composes the central region of the T1 — T3 tracking stations,
where particle fluxes are largest. In each of the three tracking layers, the I'T consists of
four detector planes. Each plane (or box) employs the same silicon microstrip technology
as used in the TT, and despite its limited effective area coverage of 1.3% of the total
detector acceptance, the IT accepts around 20% of all charged tracks produced close to
the interaction point. The cross-shaped geometry of the IT is illustrated in Figure [2.8
this geometry is motivated by the orientation of the LHCb bending plane. The bending
plane of LHCD is horizontal in this image, and intersects the page at 90 degrees.

2.4.2. Outer Tracker (OT)

The Outer Tracker (OT) , illustrated in Figure covers the large region outside
the acceptance of the inner tracker, in each of the tracking stations T1 — T3. Each OT
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595 |

Figure 2.9.: Layout of an OT station |\ In the centre, the four boxes of the IT are
highlighted.

module is composed of four layers of vertically oriented drift tubes, arranged in the same
xr—u—v—x geometry as the T'T. Within each layer, 64 drift tubes provide measurements
with a drift time of less than 50 ns. This drift time ensures that the tracking algorithms
meet the required performance, and is achieved through the use of a 4.9 mm drift tube
diameter and a mixture of Argon (70%) and COz (30%) drift gas.

2.5. Ring Imaging CHerenkov detectors (RICH)

Of central importance in precision flavour physics is the concept of particle identification.
In LHCD, identification of various charged particle species (p, e, u, K, ) is achieved using
Ring Imaging CHerenkov (RICH) detectors [45]. The RICH system is divided into two
parts: RICHI, located between the VELO and the TT, and RICH2, located between T3
and the calorimeters (see Figure. This combined system provides excellent separation
of kaons and pions across a wide momentum range of 2 — 100 GeV /¢, which is of vital

importance for the analyses presented within this thesis and many others.

Cherenkov radiation is emitted by a charged particle when it passes through a medium
at a speed greater than the speed of light in that medium. The velocity of charged
particles traversing the RICH detectors is found by measuring the emission angle of
Cherenkov photons with respect to the particle trajectory. This angle, O¢ck, depends on

the particle velocity 8 = v/c as follows:

cos(Ock) = % (2.1)
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Figure 2.10.: The LHCb RICH detectors [46]. On the left, a vertical cross-section of RICH1
is shown, and on the right, a horizontal cross-section of RICH2 is illustrated.

where n is the refractive index of the RICH radiator medium. A measurement of [,
coupled with the knowledge of the particles momentum from the tracking, allows the
mass of the particle and thus its identity to be determined. The Cherenkov effect occurs
only above a certain momentum threshold, which depends upon n and the particle type.
In addition, for a given n, most of the particle identification (PID) sensitivity is lost at
high momentum due to saturation in the Cherenkov angle at velocities approaching c:

cos(0pn%’) ~ for p—1 (2.2)

3\>—‘

To ensure coverage across a majority of the momentum spectra for tracks produced in
collisions, three different radiators, each with different optical properties, are used in the
RICH.

In RICH1 (illustrated on the left of Figure [2.10]), where particle discrimination at low
momentum (1 — 60 GeV/c) is the objective, acrogel (n = 1.03)F and C4F1o (n = 1.0014)

2 The aerogel has been removed since Run I, and will not be used going into Run II; it was determined
that it brought minimal performance benefits, at the cost of Cherenkov photon yield.
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Figure 2.11.: A typical event in the detection planes of RICH1 (left) and RICH2 (right) [39).
Solid lines indicate the reconstructed rings for tracks which extend from the
VELO to the final tracking station T3, corresponding to the photon hits marked
in red. The rings for all other tracks are drawn with dotted lines, with there
corresponding photon hits marked in blue.

are used. RICHI covers the full angular acceptance of LHCb. In RICH2 (shown on
the right of Figure [2.10]), high momentum (15 — 100 GeV/c¢) particle discrimination is
achieved using C4F1g gas with n = 1.0005. RICH2 covers a limited angular acceptance of

4 15 mrad to + 200 mrad in the horizontal plane, and + 100 mrad in the vertical plane.

In both RICH detectors, Cherenkov light is deflected outside of the geometrical
detector acceptance by a system of spherical and flat mirrors. The mirrors focus the
Cherenkov light onto arrays of Hybrid Photon Detectors (HPDs); there are 196 (288)
HPDs in RICH1 (RICH2). Within each HPD, phototubes detect the Cherenkov light
through the production of photoelectrons, which are subsequently focused onto a silicon
chip via an electrostatic field. The incident photon positions on the HPD window
are measured from the final photoelectron positions, and this information is used to
reconstruct the Cherenkov cones originating from each charged track. The cones are
observed as rings of hits on the HPD planes, as illustrated in Figure 2.11]

2.6. Calorimeters

In LHCD, the calorimeters are used in the Level 0 trigger (see Section [2.8.1)) to select
events containing particles with a high transverse energy, one strong signature of a B

meson decay. The transverse energy is defined as the energy component transverse to
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Figure 2.12.: Lateral segmentation of an ECAL (left) and HCAL (right) quarter [47]. Each
square shown represents 16 (4) pads in the ECAL (HCAL). The SPD and PS
detectors have the same segmentation as the ECAL.

the beam axis, and is calculated from the magnitude and position of an energy deposit
in the calorimeter with respect to the z axis. Aside from their use in the trigger, the
calorimeters also allow the identification of electrons and the reconstruction of photons

and neutral pions (70— 7).

The calorimeter layout follows a traditional arrangement, with the electromagnetic
calorimeter (ECAL) placed in front of the hadronic calorimeter (HCAL). Two additional
detectors are also employed, namely the Scintillating Pad Detector (SPD) and Pre-Shower
detector (PS). The calorimeters are positioned between the first (M1) and second (M2)
muon stations, each employing the same technology of segmented scintillators coupled

with wavelength shifting fibres and photo-multiplier tubes.

2.6.1. SPD and PS

The SPD and PS provide useful information on the initial electromagnetic shower
development, helping to improve the particle identification of the ECAL. Charged
particles are first identified by the SPD before they shower, through the ionisation they
produce. The SPD is thus used to distinguish electrons from photons. Between the SPD
and PS, a 12 mm thick lead wall initiates an electromagnetic shower. The role of the PS

is to detect this shower, helping to discriminate between electrons and hadrons.

Both detection planes of the SPD and PS consist of 15 mm thick scintillator pads,
with a total thickness in z of 180 mm. The SPD and PS are laterally segmented into
three sections with different granularity, as shown in Figure 2.12] This segmentation is
shared by the ECAL. The smallest pad size is reserved for those pads nearest the beam
pipe, where the particle flux is highest.
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2.6.2. ECAL

The remaining shower from electrons and photons is detected in the “shashlik” style
modules of the ECAL, which consists of alternating 4 mm thick scintillating tiles and
2 mm thick lead sheets. One full ECAL module contains 66 such layers, oriented
perpendicular to the z axis. The density per module of the wavelength shifting fibres is
highest in the inner and middle sections at 144, whereas the outer sections have a fibre
density per module of 64. The energy is measured with a resolution given by:

o(E) _ 85— 9.5% ©0.8% ® 0.003/E (2.3)

E VE

with £ measured in GeV and @ means addition in quadrature of the first stochastic

term, the second constant term and the third noise term [48]. The module responses in
the ECAL are found to be uniform within 8%, and measured parameters are consistent

with design expectations [47].

2.6.3. HCAL

Although hadrons can develop into showers within the ECAL, they are primarily absorbed
within the HCAL. The HCAL is constructed from 4 mm thick scintillator tiles, alternated
with 16 mm iron plates and oriented perpendicular to the z axis. With total dimensions
of 8.4 m in height, 6.8 m in width and 1.65 m in length, the detector thickness is
only 5.6 radiation lengths due to space constraints in the experimental cavern. As a
result, hadronic showers are not fully absorbed in the HCAL, leading to a modest energy
resolution given by:
o(E) (69+5)%

5= g ° (94+2)% (2.4)

where F is expressed in GeV. The resolution is in agreement with design expectations [47].

2.7. Muon stations

Since muons are the only particles that penetrate the full calorimeter system (with the
obvious exception of neutrinos), a dedicated system is required in order to detect them.

For this purpose, the muon system [49] is located at the end of the detector to provide
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.

Figure 2.13.: Layout of the muon chambers (black chequered areas) and iron absorbers (solid
grey areas) . M1 is placed before the calorimeter system to improve the pr
measurement for use in the Level 0 muon trigger.

efficient muon identification and triggering. It is composed of five stations with 130

chambers in total, where each station is rectangular.

The first station, M1, is located before the calorimeters in order to decrease the total
error on the momentum measurement due to scattering of particles in the calorimeter
material. The remaining four stations (M2 — Mb5) are located downstream of the HCAL,
alternated with 80 cm thick iron plates put in place to prevent punch-through of hadrons
from the HCAL and select only penetrating muons. Only muons with a momentum in
excess of 6 GeV /¢ can pass through to the final station, M5. An additional iron shield
protects M5 against particles emerging from the opposite LHC beam. The muon system

is illustrated in Figure [2.13]

The total angular acceptance of the muon system is 20 — 306 mrad in the bending
plane, and 16 — 258 mrad in the non-bending plane. Multi-Wire Proportional Chambers
(MWPCs) are used in all muon stations, with the exception of M1 where triple-GEM
(Gas Electron Multiplier) detectors have been employed by virtue of their higher radiation

hardness.
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2.8. The LHCDb trigger

LHCb employs a three-stage trigger [51], in order to reduce the detector output rate to
the bandwidth limit for storage of 3 — 4 kHz. The trigger must select a wide variety of B
decays efficiently in a high background environment. In Run I, LHCb operated in a higher
pile-up and higher luminosity environment than it was designed for (see Figure . As
such, the trigger working conditions had to be adjusted to account for a higher online
processing time. The total trigger output in 2011 was about 3 kHz, exceeding the design
specification by 50%. In 2012, the trigger output rate was increased further to 4.5 kHz.

The trigger system is divided into two levels: the Level 0 (LO) trigger and the High
Level Trigger (HLT). The L0 is a hardware trigger that operates in sync with the LHC
clock, while the HLT is fully implemented in software and processes the L0 output on
the Event Filter Farm (EFF), a system of over 20,000 parallel-processing CPU cores.
The HLT is further sub-divided into two stages: the first stage, HLT1, performs a partial
event reconstruction to reduce the rate by a factor of roughly 20. These events are then
passed to HLT2, where a full online event reconstruction is performed in order to select

events for storage.

2.8.1. LO hardware trigger

The LO trigger reduces the event rate to around 1 MHz, the maximum rate at which
LHCb can be read out. The trigger is implemented in the front-end electronics of the
detector, and provides a decision with a latency of 4 us, corresponding to the buffer time

of the read-out chips. The trigger runs synchronously with the LHC clock.

The hardware trigger utilises both the calorimeter and muon systems independently,
searching for the highest Fr hadron, electron and photon clusters in the calorimeters
and the highest pr muon or muon pairs in the muon stations. In general, high transverse
energy and momentum particles are clean experimental signatures of heavy B hadron
decays, since such decays produce daughters of higher pr relative to the large background
of soft QCD processes. The calorimeter and muon decisions are read in parallel, and
a final decision provided by the LO Decision Unit (LO DU) from the logical or of their

outputs.

The LO calorimeter trigger forms 2 x 2 calorimeter cell clusters, selecting those with

the highest Er deposits. Depending on the corresponding energy deposits in the SPD/PS
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and HCAL, the clusters are tagged as an electron (LOElectron), photon (LOPhoton) or
hadron (LOHadron). The number of SPD hits is also used to reject events with very high
multiplicity (where the number of tracks exceeds 1000), which would take too long to
process in the HLT.

The LO muon trigger searches for high pr muon tracks (LOMuon or LODiMuon), using
a procedure whereby hits in the muon stations compatible with a straight line pointing
towards the interaction point are found. For this decision, the highest pr muon segments

are used.

2.8.2. HLT1 software trigger

HLT1 reconstructs particles in the VELO, giving a first measure of the position of any
primary vertices (PVs) in the event. The aim of this first software trigger stage is to
reduce the rate to around 50 kHz, allowing the subsequent HLT2 stage to perform a
complete reconstruction of every selected event. This trigger stage has a total decision
time of around 15 ms, where a number of trigger decision lines run in parallel on the
EFF.

A single track trigger H1t1Track searches for a displaced track of high momentum in
the event. Such tracks are characteristic of long-lived b- and c-hadron decays, where a
secondary vertex well displaced from the primary vertex is present. Tracks reconstructed
within the VELO, which are of sufficient quality and have a large impact parameter (IP)
with respect to the PV, are used as input for the trigger decision. No L0 decision is

imposed at this point.

A muon trigger also runs in HLT1, for events that have been triggered by either
the LOMuon or LODiMuon lines. Depending on the momentum of the particles and the
invariant mass of any composite dimuon objects, a single muon or dimuon HLT1 line is
run. For this trigger, tracks in the VELO are extrapolated and matched with the muon
segments used in the LO decision. Electron and photon triggers are also executed in

HLT1, which make use of information from the electromagnetic calorimeter.

2.8.3. HLT2 software trigger

The second software trigger stage, HLT2, performs a complete candidate reconstruction,

using selection criteria that mirror those used in offline analysis selections as much as



34 The LHCb experiment

possible. HLT2 trigger lines access the full event information, searching for secondary
vertices and composite particles, while applying some Global Event Cuts (GECs) to

remove events with very high track multiplicities that would take too long to process.

The HLT2 muon trigger is similar to the one executed in HLT1, with more refined
track selection criteria applied. Generic B — X decays are searched for with the n-
body topological trigger lines, which make use of general features of b-hadron decays to
perform a candidate selection. In particular, the Topo2Body, Topo3Body and Topo4Body
triggers search for B — DX candidates, where the D meson decays to 2,3 or 4 tracks,
respectively. The lines execute a fast multivariate selection using the Boosted Decision
Tree (BDT) [52,/53| classifier, providing high levels of background rejection and signal
efficiency. The logical or of these trigger lines is employed along with the HLT1Track
trigger in this thesis. Events passing HLT?2 are stored permanently, ready to be used in

offline analysis.

2.8.4. Trigger Configuration Keys (TCKs)

Data-taking conditions varied over the course of Run I, resulting in changes to the trigger
configuration over time. To document precisely what trigger configurations were used at
any given time, Trigger Configuration Keys (TCKs) were employed. These keys record
the specific sequence of algorithms and trigger lines that run in the L0, HLT1 and HLT2
at any time, including the parameters of their configuration and any thresholds. A single
32-bit number encodes each TCK, where the first 16 bits are reserved for the L0 and the
second 16 for the HLT.

2.9. Track reconstruction

The concept of track reconstruction underpins much of the previous discussion relating
to each of the sub-detectors and the trigger. The LHCD track reconstruction [54] uses
information from the VELO, T'T, IT and OT to fit charged particle trajectories. Tracks
in LHCDb can be divided into several categories, depending upon the specific properties of
their trajectories; each class of track is illustrated in Figure [2.14] and they are summarised

here:
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e Long tracks pass through the full tracking system from the VELO to the T3
tracking station. These tracks have the best momentum resolution of all tracks in

LHCD, and are the only ones considered in the reconstruction of B candidates in
this thesis.

e Upstream tracks pass through the VELO and T'T, but are swept out of the
detector by the dipole magnet due to their lower momentum. On their way to the
TT, upstream tracks pass through RICH1 and may leave a Cherenkov cone. As
such, these tracks are useful for calibrating the RICH detector, but typically have

poor momentum resolution.

e Downstream tracks traverse only the T'T and T stations. Tracks of this type
typically originate from the decay of long-lived mesons such as the K2, which decay
outside the VELO acceptance.

e VELO tracks leave the detector acceptance after the VELO, and are used mainly

for PV reconstruction.

e T tracks leave hits only in the T stations, and prove useful for understanding the
contribution from downstream secondary particles in the RICH2 global pattern

recognition.

Seed tracks in the VELO and T'T are used for the full track reconstruction, as these
sub-detectors experience the lowest magnetic fields and thus have hit patterns that are
most consistent with straight lines. After seed tracks are found, hits from the different
sub-detectors are matched and their trajectories refitted with a Kalman filter fit, where
multiple scattering and dFE/dz energy loss are accounted for. During this process, poor

quality tracks (those with large x2,, values) and duplicate tracks are removed.

The overall performance of the track reconstruction is quantified using two factors,
namely the reconstruction efficiency and the ghost rate. The reconstruction efficiency is
defined as the fraction of reconstructible tracks that are subsequently reconstructed. To
be deemed reconstructible, a track must have a sufficient number of hits and fall within
the acceptance of each sub-detector. The average long track reconstruction efficiency in
Run I was 96% in the momentum range 5 < p < 200 GeV/c and in the pseudorapidity
range 2 < n < 5, which covers the phase space of LHCb.

A track is classified as a ghost if it is not associated to any charged particle in the
event. Ghost tracks are formed from uncorrelated real and noise hits, and are typically

of low momentum. The ghost rate is defined as the average fraction of ghost tracks in
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Figure 2.14.: The various types of charged track in LHCb [41]. Tracks are classified according
to the detectors used in their reconstruction. The different track types are:
Long, Upstream, Downstream, VELO and T. The main B-field component, B,,
is plotted as a function of z position for reference on the same scale.

an event. Tools have been developed to minimise the effect of ghosts in offline analyses,
employing a multivariate method to distinguish ghost tracks and normal tracks using
various kinematic and track properties. As such, ghosts do not contribute a background

to any of the analyses presented within this thesis.

2.10. Particle identification (PID)

Charged tracks in LHCb are identified using a combination of information from the
RICH detectors, the calorimeters and the muon stations. For each track, a log-likelihood
difference between a given particle hypothesis = (z € K, p, i, €) and the pion hypothesis
is constructed, where the pion hypothesis is chosen as an arbitrary reference. The global
PID likelihood function is defined as:

ALLy/r = InL(z) — InL(m) (2.5)

where L(z) is the likelihood of a given track being a particle, z. This global likelihood is
defined for each particle type, and is formed by multiplying the different likelihoods from
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each sub-detector:

L(K) = LMK x L0 (non-e) x LMYON (non-y) (2.6)
L(r) = LM (1) x L9 (non-¢) x LMYON(non-p) (2.7)
L(p) = L () x LSO (nom-e) x LMVON () (2.8)
L(e) = L*CH(e) x L0 () x LMYON (non-p1) (2.9)

Absolute likelihoods L are, however, not a good measure - the likelihood scale changes
between each event, due to differences in kinematics and underlying event multiplicity. As
a result, ALL values with respect to a reference likelihood are constructed. The ALL, /.

between any x and 2 particle hypotheses can be derived from ALL, /. as follows:

ALLyjp = ALLyjw — ALLy /p = InL(x) — InL(z') (2.10)

2.10.1. Hadron identification

Hadrons are identified primarily using the RICH detectors. The circular rings observed
on the detector planes, as shown in Figure 2.11] are compared with the expected pattern
under a given particle hypothesis, h. A likelihood LR°H(h) is then constructed from this
comparison. The RICH PID performance is validated using a high statistics calibration
sample of D** — [K T ] Dﬂ'i decays, where particle types can be unambiguously
determined from the charges of each daughter (see Section .

The RICH detectors provide excellent K /7 separation over a wide momentum range,
as illustrated in Figure where the RICH kaon identification efficiency (red) and
pion misidentification rate (black) as a function of track momentum are shown [55].
Two different ALL/, requirements have been imposed on the sample, resulting in the
open and filled marker distributions. In the filled (open) case, a tighter (looser) kaon
identification requirement has been applied. Looser cuts result in higher kaon efficiencies,

but also higher pion misidentification rates.

At high values of track momentum the Cherenkov cones saturate, resulting in poorer
PID discrimination. At low momentum, the particles do not radiate sufficiently as
they pass through the radiator gases, resulting in low photon yield and poor ring
reconstruction. This decrease in performance is illustrated by the drop in kaon efficiency
at low momentum, and the corresponding bump in pion misidentification rate in the same

region. The PID performance of the RICH is also known to depend on particle rapidity,
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Figure 2.15.: RICH kaon identification efficiency (red) and pion misidentification rate (black)
as a function of track momentum [55].

as well as the track multiplicity of an event [55]. The K /m separation ability of the RICH
is exploited throughout this thesis in order to differentiate between B* — DK *and
B* — Dr*decays.

2.10.2. Muon identification

Muon identification using the muon stations can be performed only for muons above a
threshold momentum of 3 GeV /¢, the minimum required to reach M2. Tracks are flagged
as muons if they are associated with a minimum number of hits in the muon stations,
where the required number of hits in each station depends upon the track momentum.
Hits are deemed to be consistent with a track if they are found within a Field Of Interest
(FOI), where the size of the FOI depends upon the track momentum and the region
of the detector traversed. Likelihoods are computed for both the muon and non-muon
cases, and can be combined with the RICH muon hypothesis to provide a global ALL,,

variable.
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2.10.3. Identification of electrons and neutrals

The calorimeter can be used to construct likelihoods LEAM for electrons and photons,
by assessing the difference in Er cluster shapes for each particle. Neutral pion decays to
two photons can also be reconstructed, by merging pairs of photon clusters to produce
an invariant mass. Candidate 7 hadrons are then selected based on the invariant
mass of the combination. Although electrons and neutrals are not considered in the
analyses presented in this thesis, successful measurements of CP-violating observables
have recently been made at LHCb using B* — DK * decays where the D decays to a

final state involving a 7° [56].






Chapter 3.

ADS/GLW analysis of BT — DK *
and BT — D * decays

In this Chapter, the Atwood-Dunietz-Soni/Gronau-London-Wyler (ADS/GLW) analysis
of BX — [hh]|,h* and B* — [hhhh], h* decays is introduced, where the D meson
is reconstructed in the final states K =7 ¥, n* KT, K*TKT, n%r¥, K*frFn¥n T,
a*KTr*rFand 7*7F7x*7F. The theoretical formalism for the measurement is
developed in Section[3.1], and a discussion of previous measurements outlined in Section 3.2}
The selection strategy is described in Section [3.3] All backgrounds considered in the
analysis are described in Section The invariant mass fit used to measure event yields

and asymmetries is the subject of Chapter [4]

3.1. Determining v at tree level with B* — DK *

decays

In essence, v as defined in Equation is the relative phase of the CKM elements
Vuv/ V. It can be measured by exploiting the interference between b— c(us) and
b— u(cs) transitions in B*¥ — DK * decays, a method first proposed by Gronau, London
and Wyler [57,58]. As shown in Figure , B* — DK *decays can proceed through
two different amplitudes, namely B~ — D°K~ and B~ — DK~ (charge conjugation
is implied throughout). These amplitudes interfere when both the D° and D° flavour

eigenstates decay to the same final state, f.

41
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Figure 3.1.: Feynman diagrams for the decays B~ — DK~ and B~ — D°K~. There is a
relative phase dp — v and a magnitude ratio rp between the two interfering
amplitudes. The diagram on the left is referred to as colour favoured, whereas
the right diagram is referred to as colour suppressed.

Since Vi, ~ e, the four amplitudes involved in the decay can be written as:

A(B~ = D°K™)
A(B~—D°K")
A(BT - D°K*)
(B )

A(BT — DK™t oc rgel®st7)

ocre‘SB )

where each of the amplitudes have been normalised to the corresponding favoured

(b— c(us)) amplitudes. Three real parameters enter into the amplitude expressions:

e The modulus of the colour suppressed/favoured amplitudes, rp = |Agyp/Afav|. The
suppressed amplitude describes the B~ — DK~ decay, while the favoured amplitude
describes the B~ — DK~ decay.

e The CP-invariant strong phase deference, 0. In quantum field theory, all amplitudes
have associated arbitrary phases. The parameter dp describes the difference in

arbitrary strong phase between the two interfering diagrams.

e The CP-violating weak phase difference, 7.
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The amplitudes for the complete decay chain including the D decayﬂ can be written as:

AB™ = [f]p, K7) o Af +rpei® =D A, (3.5)
ABT— || K)o rpel® ™ Ap + Ay (3.6)

where A; and Af represent the amplitudes for D° and D° decays to the final state
f, respectively. The interference between the two amplitudes gives rise to detectable
CP-violation, but the small value of rg arising from the colour suppression in Figure |3.1
limits the size of any interference effects. The current world average values for rg and dp
in B* — DK *decays are [12,35]:

rp|B— DK] = ri = 0.0972+)-5003 (3.7)
§p|B— DK| = 0% = (121.1153)° (3.8)

It is worth noting that B* — Dr* decays can also be used to gain v sensitivity. The lim-
itation here is that 7% is an order of magnitude smaller than its B* — DK * counterpart
(r§ =~ 0.01) [35], limiting the size of any interference effects that can potentially be
observed. The real power of this method, however, lies in the large number of available
D final states; in this thesis, use is made of both D — h™h™ and D — h™h~hth™ decays,
taking full advantage of the statistical muscle of LHCb in providing high statistics
B* — Dh¥*samples.

3.1.1. The GLW method

The GLW method [57,58] considers final states of the D which are an exact CP eigenstate,
f = fop. In this case, Ay = flf, such that Equations and reduce to:

A(B™ = [fep]pK ™) o< 1 + rpel®s=7) (3.9)
A(BY = [fep]pK™T) oc rpe’®e+1) 41 (3.10)

leading to the following partial width expressions:

DB~ = [feplpK ™) o |[A(B™ — [fcp]DK*)f x1+r%+42rgcos(dp —v)  (3.11)
D(B* = [forlpK ™) o |A(BY — | fCP]DKﬂf o 14715+ 2rgcos(dp +7)  (3.12)

L D refers now to either DY or DO,
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where the size of 7% relative to the leading unity term limits the degree of measurable
interference. The GLW modes considered in this thesis are: D —- K*K~, D—ntn~
and D —ntr ntw~. The use of the latter multi-body D decay introduces a further
term k™™™ = 2F, — 1, where F, is the effective CP* fraction of the multi-body final
state. This term accounts for the internal resonant structure in the multi-body D decay,
which can reduce the overall level of sensitivity to 7. It appears in the partial width

expressions:

2
DB~ = [wrrn]pK ™) o |A(B™ = [rram]pK )| oc 14 7% + 261 cos(dp — 7)
(3.13)
2
(BT — [rrrr]pKT) ‘A(B+ — [7r7r7r7r]DK+)’ o 14175+ 2™ rg cos(6p + )
(3.14)

This factor is currently being measured by the CLEOc collaboration [59], and will be

used as external input in the measurement of ~.

3.1.2. The ADS method

Rather than using D decays to a CP eigenstate, the ADS method proposes the use of
non-CP eigenstates such as D— K*7F and D — K*aTx*7T [60,/61]. In this case,
two amplitudes for the D decay exist, as illustrated in Figure [3.2] The D decay can
proceed via a diagram containing two diagonal elements of Vi, the so-called Cabibbo
favoured (CF) case D’ — K*7~, or via a diagram containing two off-diagonal Vegcas

elements, known as the doubly Cabibbo suppressed (DCS) case D° — K7™,

In a similar fashion to the B* — DK *amplitudes defined in Section the two D

decay amplitudes can be expressed as:

AD® - Ktr7) oc 1 (3.15)
A(D® — K717) oc rpe™ P (3.16)

where two additional parameters enter, namely the strong phase difference between the
two D decays, dp, and the modulus of the suppressed/favoured amplitude ratio for the
decays, rp. Both parameters depend upon the specific D final state, and in the case of
multi-body D decays can vary across the decay phase space. The ADS modes considered
in this thesisare D - K* 7% and D - K*nTrtng T,
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Overall, two decay paths are possible:
e A colour favoured B decay followed by a doubly Cabibbo suppressed D decay.
e A colour suppressed B decay followed by a Cabibbo favoured D decay.

where both paths are illustrated in Figure [3.3] The overall amplitudes for both decay
paths are comparable in size, owing to the similar magnitude of rg and rp. This
leads to larger interference effects than in the GLW case, resulting in potentially larger
experimental asymmetries. The presence of such large asymmetries makes the ADS

method a highly sensitive probe of ~.

The ADS amplitudes are similar in structure to those presented in Equations
and for the GLW case, with the addition of rp and dp:

K7T(7T7T ’L K7r(7r7r)

AB~ = [Ktn (zt77)]pK ™) < rp D 1 rpei@®E=) (3.17)
ABY = Kt (n ) pK+) o rEm0meisp™ ™ 4 eiton+) (3.18)
A Kt oK) o 1 70 (a1
ABY = [Ktr (nt 7 )|pK ) oc 1+ rpri™ @ eion+)gion ™" (3.20)
where 87 §5™ and rE7 §ETT refer to the amplitude ratio and strong phase difference

for D+ K*rF and D — K*nFn*71T decays, respectively. It is important to note
that the signature of suppressed mode decays is that the kaons produced in the B and

D decays are of opposite charge.

The partial widths for the suppressed decay can be written as:

2
DB~ = [Kta ("7 )|pK ) oc (rp™ ™) + g + 2657 57 cos (6 + 6p — 7)
(3.21)

2
[(B" = [K 7t (r 7")]pK") x (rﬁ“”’) +75 + QKK”(””)TI;T(M)TB cos(dp + 0p + )
(3.22)

and similarly for the favoured decay:

(B~ = [K nf(n n")]pK ™) o<1+ ( Kﬂ(m)f %+ 2/§Kﬂ<’f”)r§“(”’r3 cos(dg — Op — )
(3.23)
(BT = [Ktr (ntn)|]pK") o< 1+ ( Kﬂ(m))Q r2, 4 2K KT L cos(0p — 6p + )
(3.24)
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Parameter Value *+ 1o

rEn (6.16 + 0.15)%
op" (202.4 137)°
pKmmn (5.69 + 0.28)%
§Kmmn (114 + 25)°
g K 0.33 + 0.25

Table 3.1.: External inputs from charm physics used in the ADS analysis of B* — Dh* with
D— K*n¥(r*aT) [1235).

where £57("™™) is the coherence factor. A small value of KX™(™™ indicates a lack of
coherence between the intermediate states involved in the D decay, a situation expected
when there are many resonances contributing; a value close to one occurs when the
resonances are largely in phase, such that one state dominates. By definition, k™ = 1

Krrn

for the two-body D — K*7F decay. Independent measurements of r&7 ¢K7 pKmrm
OB ™ and kX7 are employed in this thesis, using the values listed in Table .

Vud a Vus u
Tt K-
u S
W+ W=
¢ S C d
D° Ves K- D° ed wt
u u u u

Figure 3.2.: Feynman diagrams for the decays D° — K7t and D°— K~7nt. There is a
relive phase 5’5” and magnitude ratio rg“ between the corresponding amplitudes
of each diagram. The diagram on the left is referred to as Cabibbo favoured
(CF), with an amplitude proportional to two diagonal CKM matrix elements.
The diagram on the right is referred to as doubly Cabibbo suppressed (DCS),
since its amplitude is proportional to two off-diagonal CKM elements.
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—i0p

Figure 3.3.: Schematic diagram of the interfering ADS amplitudes for suppressed
B* — DK *decays. The hallmark of suppressed decays is the opposite charge
of the kaons produced in the B and D decays, as indicated in red. A colour
favoured B~ — DK~ decay (charge conjugation implied) is followed by a doubly
Cabibbo suppressed D decay in one instance; in the second instance, a colour
suppressed B decay is followed by a Cabibbo favoured D decay. The interference
between these decay paths is large, owing to the similar magnitude of rp and
rp, and gives experimental sensitivity to .
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3.1.3. From partial widths to physical observables

The partial width expressions introduced in Sections |3.1.1{ and |3.1.2| can be manipulated

to construct measurable observables that relate to the parameters of interest rg, dg and
~. In this thesis, ratios of partial widths are measured at all times in order to largely
cancel systematic uncertainties. With this approach, the analysis reduces to a simple

counting experiment.

The ratio of favoured B* — DK *decays relative to favoured B* — D7 * decays is
measured for the D - K*7 T and D — K7 T 7% 71T modes:

RETm) _ I'(B™ = [K nt(n nt)]pK")+ (BT = [KTn (nt7n7)|pK™)
K/m DB~ = [K—nt(n—nt)|pr™) + (Bt — [K+n—(nt7n~)|pnt)

(3.25)

where the superscript denotes the favoured D decay, and the subscript reflects the
fact that this is a ratio of B* - DK* /B* — Dr* decays. For the GLW modes

D— KTK~,ntn, 7t~ ntx~, the following double ratios are measured:

RK/ﬂ'

REK = (3.26)
or RK/T(
T K/ﬂ'
= 7 3.27
CP Rg;rﬂ. ( )
e _ LKm

where the subscript C'P denotes that the GLW modes are C'P eigenstates in the 2-body
case and C'P eigenstate-like in the 4-body case. Charge asymmetries are also measured

in each of the above cases, and are defined as:

O R o
e o e .
A H R 5 R o
e e e e M
R G T e 0
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where AX™ and AK™™ are both assumed to be zero, since favoured B — D7 decays
proceed via a single dominant tree amplitude such that no significant interference effects
are present. This assumption allows the production asymmetry of B* mesons at LHCb

to be measured using favoured B* — D7 * decays:

_ N(B™ = [K 7t (r—nt)|pr) —
Y N(B- = [K-rt(r—nt)|pr—) +

(BT = [K o (ntn)|pr™)
(B* = [Ktn—(ntn~)|pnt)

N

A 3.35

B N ( )
as will be discussed in detail in Chapter

For the suppressed B* — DK *and B* — Dn* modes, the following observables are

measured:

Kntrr)y  L(B™ = [KTa~(atn7)|pn™ ) + [(BT — [K~a"(n~a")|pr™)

Ravsin) = T(B= 5 [Kon (rn)|pm-) + T = Ko (ntm lpnt) 00

RKW(M)  I(B™ = [Ktn (nt77)]pK ") + T(BT = [K~a*t(r~7t)]pK™") (3.37)
ADS(E) ™ D(B= = [K—n+(m—7+)|pK~) + T(B* —= [K+rn—(r+7) | p K+) ‘
Knrmy  L(B™ = [KTn~ (7t77)|pr™) = T(B* — [K~nt (r 7" )]pn™)

ARS® = F(B= [Kon (o) 1 TE S [Korr (el O59)

) _ (B~ = [KTn (ntn)|]pK™) —T(BT—= [K 7t (n n")|pK™) (3.39)
ADS(K) ™ D(B- — [K+n—(nt7-)]pK~) + (Bt = [K 7+ (n—7+)|p K ) '

In total 22 observables are measured, with Ap, being measured in two independent
samples, B~ — [K " 7nt]pnr~ and B~ = [K ntn nt]pr~. With the exception of Ap,,

each of the remaining 21 observables can be related to the rg, 05 and v parameters using

the expressions from Sections |3.1.1| and [3.1.2¢

2
1+ (rg 5”(”)) + QKK”(”“)rgTKﬂ(WW) cos ((55 — (55“7”)) oS 7y

Kmn(mm
RK/7$ ) Kr(nm) 2 Kr(rm) Kr(rm) (340)
1+ (TBTD ) + 2k KT P T cos (ég —0p ) cos Y
2
REL = RF. = RET™ =1+ (’I"K) + 218 cos 65 cosy (3.41)
(rr Kn(rm) . Kn(mm .

() _ 2K (mm) Ky ™™ sin (5§ —0p ( )> sin 7y (3.42)
K .
1+ (7‘5 gﬂm)) + 2K Km(mm) p Ky ID”(”) Ccos <5§ — 61,5”(7”)) cos Y

2 oK
AgK — A}rgr — A7TK7I'7TTI' — TB sin B Sln")/ (343)
1+ (r5)? + 21K cos 65 cosy
AKK — ATT — ATTTT _ 2T% sin 5% Sin’y (3 44)

14 (%) + 27, cos 07, cos
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(rB) ( Kn(nm )2 4 2 Km(mm)p K g”(” oS (5K + 5Kﬂ(m ) oS Y
P

Rapsr) = (3.45)
1+ (7‘5 r’.f”(’”‘)) + 2K T g (5§ - 65”(”)) cosy
2mKﬂ<”“)rKr§“(“”) sin (5K + 5K7r(m)) sin 7y
Aaps(r) = 5 o o o (3.46)
(r&)" + (T’DW o ) + 2K () p Ky T cog <5K +op " ) cos 7y
(rg)Q + (rg“(”)) + QHKW(WW)TE’I‘DF(TW cos (5“ + 5K7r o ) cosy
Raps(r) = (3.47)
1 ( - K7r(7r7r))2 Kr(nm) K7r(7r7r) Kr(mm)
+ (7%rp + 28T Ty cos (5 —0p )COS’V
y B 2K >rgr§”(”) sin (5“ + 5K7T M)) sin 7y 58
ADS(m) = \2 Km(mm) K o Kmr(rr) Kn(nm ( ) )
(rg)” + (rD ) + 2r K (T T cos (53 +0p ) cos 7y
where
(B~ — DK™)
R = 3.49
['(B~— D%) ( )
A(B~— D°K™)
K
= 3.50
"B T AB- S DOK)| (3.50)
A(B~ — D7)
g 3.01
"B = A(B- = D) (3:51)
cemy |A(D? = K-t (n— 7t
pirtom) _ | AC T (r ")) (3.52)
A(DY— K—nt(m—7t))
68 = arg(B~ — D'K™) —arg(B~ — DK ™) (3.53)
6% = arg(B~ — D7) —arg(B~ — D7) (3.54)
SET™) — arg(D° — K7t (r~ 7)) — arg(D° — K~ nt (x~ 7)) (3.55)

By measuring each of the physics observables listed here, it will be possible to construct a
3-dimensional space of allowed values for the parameters rg, dg and -, ultimately helping
to improve the precision of 7 as measured in tree level B decays. All possible charge
asymmetries and relative decay rates are measured for each of the modes considered,

such that this list of observables is exhaustive.

3.2. Previous measurements

The C'P observables described above, with the exception of RFZ™, AT and A7™™, have
previously been measured by LHCD in 1 fb~! data [62,63]. The work in this thesis builds
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upon the previous measurements, taking advantage of the higher statistics available and

developing the description of various background components in the invariant mass fit.

No measurement of Ag, was performed in the previous analyses - rather, the CP
asymmetries AX™ and AE™™ bhoth assumed to be zero in this thesis, were measured.
The CP observables RﬂK (*™) and RZf{(M) were also measured previously, which relate to

the Raps(n) and Aapsn) observables:

Rﬂ' (mm) + R7TK )

K (mm

RAD:(S(h)) = 5 (3.56)
K RW{((T(W) RT(K(TWT)

ATElT _ b it (3.57)

ADS(h) — Rﬂ'K(ﬂ'ﬂ‘ + Rﬂ‘K )

The previous measurements are reproduced below for reference, both for the 2-body and

4-body analyses.

Previous 1 fb~! B* — [hh]ph* results

RET, = 0.0774 +0.0012 (stat.) +0.0018 (syst.)
RET, = 0.0773 +0.0030 (stat.) +0.0018 (syst.)
B = 0.0803 +0.0056 (stat.) +0.0017 (syst.)
Ap, = not measured
AL = —0.0001 +0.0036 (stat.) +0.0095 (syst.)
AT = 0.0044 +0.0144 (stat.) +0.0174 (syst.)
AKK =  —0.0199 +0.0091 (stat.) +0.0116 (syst.)
ARK = 0.1480 +0.0369 (stat.) 40.0097 (syst.)
AT = —0.0009 +0.0165 (stat.) +0.0099 (syst.)
AT = 0.1351 +0.0661 (stat.) +0.0095 (syst.)
RET™ = 0.0073 +0.0023 (stat.) +0.0004 (syst.)
RET = 0.0232 +0.0034 (stat.) +0.0007 (syst.)
RE™ = 0.00469 +0.00038 (stat.) +0.00008 (syst.)
REr = 0.00352 +0.00033 (stat.) +0.00007 (syst.)
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decays

from which the following results can be derived:

RADS
RADS
AADS

AADS

= 0.00410

= 0.0152
= 0.143
= —0.52

+0.00025(stat.)
+0.0020(stat.)
+0.062(stat.)
+0.15(stat.)

+0.00005(syst.)
+0.0004(syst.)
+0.011(syst.)
+0.02(syst.)

Previous 1 fb~! B* — [hhhh]ph* results

RETT =
Ap, =

AK7T7T7T
T
AK7r7r7r
K
Knm
R
s
TK 7w
RT
Rﬂ'Kﬂ'ﬂ'

RTI'KTHT

which gave:

R3p&t)

T K
RADS (K)

AT

TKnm
AADS (K)

0.0771
not measured
— 0.006
—0.029

0.004170:00080 (stat.)

0.0032175-50048

0.007275 00as

0.017510 005

= 0.0037(stat.)
= 0.0124(stat.)
= 0.13(stat.)

(stat.)
(stat.)

= —042

(stat.)

£0.0017 (stat.)  +0.0026 (syst.)
+0.005 (stat.)

+0.020 (stat.)

+0.00011 (syst.)
+£0.00011 (syst.)
+0.0008 (syst.)
+0.0010 (syst.)

+0.010 (syst.)
+0.018 (syst.)

+0.0004(syst.)

+0.0027(syst.)

+0.10(syst.)
+ (stat.)0.22(syst.)

where the uncertainties quoted are the combination of the statistical and systematic

contributions.
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g BE — [K*7r¥]  h*

Figure 3.4.: Topology of a favoured B* — [K 7 F],h* decay. Other B — [hh]ph decays
exhibit the same topology, with B — [hhhh] h decays differing by the addition
of two charged tracks to the D decay vertex.

3.3. Candidate selection

The analysis reconstructs the decays B* — Dh* with D — h*th=(h*th™), where h repre-
sents either a pion or a kaon (excluding the cases D — 4K, 3K 7, K K7, which are not
considered). No distinction is made between the intermediate flavour eigenstates D° and
DY since only the final state B — [hh(hh)],, h is accessible. All decays proceed via two
interfering amplitudes, as detailed in Sections [3.1.1] and [3.1.2], although this interference

is generally negligible in the most abundant modes. In Figure [3.4] the general decay

topology is illustrated.

In total, 28 different invariant mass combinations are considered: 16 in the B* — [hh], h*

case, and 12 in the B* — [hhhh], h® case. Of these, six involve CP eigenstate D decays,
namely D — KK~ and D — 7nt7n~ (777 ~), with the remaining contributions correspond-
ing to the favoured D — K+n~ (nt7n~) and suppressed D — 7" K~ (7 "7~) decay modes.
These D candidates are then combined with another charged track in the event to form
B candidates; these tracks will be referred to as bachelors for the remainder of this thesis,

while daughter tracks from the D decay are denoted as daughter tracks.

The following notation will be adopted throughout this Chapter:
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e B— [Kn(nm)|,mand B— [Kn(nm)|, K refer to the favoured
B* — [K*rF (n*77F)|, h*t decays, where h € {m, K}.

o B— [nK(nm)|pmand B— [nK(nm)|, K refer to the suppressed
B* — [n*KF(n*77F)], h* decays.

e B— [KK]|,mand B— [KK], K refer to the B* — [K*K¥],h* decays.

e B— [rn(r7)],m and B — [rw(n7)], K refer to the B — [n*n¥ (nt7xF)|, h*

decays.

The key characteristic of suppressed decays is that the bachelor track from the B decay
and the kaon track from the D decay are of opposite charge. This is in contrast to
favoured decays, where the tracks have the same charge. The favoured mode is used
to model the suppressed mode line shape in the analysis, benefiting from the large
statistics of favoured decays at LHCb. The favoured mode also acts as a model for the
CP eigenstate modes, but differences in invariant mass resolution due to the presence of

fewer or greater numbers of kaons are allowed (see Section |4.1.1]).

3.3.1. LHCD stripping and trigger

The B candidates considered in this analysis must first pass a set of offline pre-selection
cuts prior to the application of any optimised analysis selection. This pre-selection
is known as the stripping, and is applied in order to reduce the disk space and CPU
time required for offline analysis. The candidates used in this thesis are taken from the
Beauty2Charm stripping module, using the specific stripping lines StrippingB2DOPiD2HH,
StrippingB2DOKD2HH, StrippingB2DOPiD2HHHH and StrippingB2DOKD2HHHH.

The Beauty2Charm module provides access to a wide variety of B— DX candidates,
covering over 800 final states. It begins with candidates accepted by the single track
HLT1 trigger H1t1Track [64,/65], and applies loose cuts on displaced B and D candidates
in order to reject background events. The vertex quality of B and D candidates, x2,,, is
required to be below 10, while the proper lifetime of B candidates is required to exceed
0.2 ps in order to select candidates that are well displaced from the PV. The invariant
mass of D candidates is required to fall within 4100 MeV/c? of the PDG D° mass,
while B candidates must have an invariant mass in excess of 4750 MeV /c2and below 7000
MeV /2.
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A Global Event Cut (GEC) on the number of tracks in the event is applied prior
to the formation of any combinations, in order to remove high multiplicity events that
would take too long to process. The number of tracks in an event is required to be less
than 500. All tracks used in the combination must be well reconstructed, with a track
quality x2 below 4, ensuring that fake tracks are not considered. A loose multivariate
selection based on a Boosted Decision Tree classifier (BDT) [52,53] is applied to all B
candidates in the stripping, using as input the momentum of the B candidate and its
flight distance significance, as well as the sum total of all x?,, values in the decay chain
(in this case X2 (B) + x%.(D)). The flight distance significance is defined as:

Vg — PV

o

where Vg is the B decay vertex position, PV is the primary vertex position and ¢ =
,/U‘Q/B + opy represents the overall flight distance uncertainty. The candidates selected

by the stripping are stored on disk, ready for optimised offline selections to be performed.

The first cuts applied to stripping selected B — [hh], h and B — [hhhh],, h candidates
in this analysis are a set of trigger requirements. All events are required to have been

triggered at L0 by either:

e the signal candidate, using the LOHadronDecision TOS trigger (TOS stands for
Triggered On Signal), or

e a non-signal candidate in the event, using the LOGlobal TIS trigger (TIS stands for
Triggered Independent of Signal).

TIS events are those where some activity in the event not corresponding to the signal
B* caused the event to be triggered. In contrast, TOS events are those where one of
the daughters of the signal B* candidate triggered the event. All candidates pass the
Hlt1Track single track trigger by default, as these are the only candidates considered
within the stripping pre-selection. Only those candidates accepted by the logical or of
the 2-body (H1t2Topo2Body), 3-body (H1t2Topo3Body) and 4-body (H1t2Topo4Body)
HLT?2 topological triggers are accepted in this analysis. At the HLT stage, only those
events that are Triggered On Signal (TOS) are considered.
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3.3.2. Analysis selection

Trigger and stripping selected candidates are subject to additional offline selection cuts
prior to the analysis, in order to greatly reduce the combinatoric background level. This
selection proceeds in two stages: the application of a pair of multivariate classifiers, and

the application of rectangular cuts.

Multivariate selection using Boosted Decision Trees (BDTs)

The use of multivariate analysis techniques is well established within the flavour physics
community. In this analysis, a pair of Boosted Decision Trees (BDT1 and BDTQ)EI
are utilised to provide two output classifiers that can be used to reject combinatoric
background events. This technique builds upon the methods previously employed in the
1 fb~'ADS/GLW analysis of B — Dh*decays [62,/63], where samples of signal and
background events are used along with a set of separating variables to determine an
overall signal probability for each B candidate in data. Separate BDTs are trained for
the D — hh and D — hhhh modes in the analysis, due to their different signal topologies.
There are thus four BDTs in total: BDT1(2h), BDT2(2h), BDT1(4h) and BDT2(4h).

The first ingredient needed for the BDT training is a sample of combinatoric back-
ground events, where combinatoric refers to the combination of true signal tracks with
tracks from the rest of the event that did not originate from the signal B. In this analysis,
samples of combinatoric background events are taken from the subset of stripping and
trigger selected data that falls well above the true B* mass at 5279 MeV /c?. This is
illustrated in Figure 3.5, where the range of candidates used as background events in
the training of BDT1(2h) and BDT2(2h) are shown; the same ranges are used to select
background candidates for the D — 4h BDTs, BDT1(4h) and BDT2(4h).

BDT1 is trained on those events that have a B candidate invariant mass above
5900 MeV/c? and a D candidate invariant mass falling further than 30 MeV/c? away
from the nominal D mass, indicated by the red boxes in Figure These high B
mass combinatoric candidates result from the combination of a fake D candidate with a
bachelor track. Similarly, BDT2 is trained on those events with a B invariant mass in
excess of 5900 MeV /c?. Here, however, the D candidate invariant mass must fall within

+25 MeV/c? of the nominal D mass. These combinatoric candidates result from the

2 Both BDTs use the gradient boost method (BDTG) [52,53|, which is available within the TMVA
framework [66].
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Figure 3.5.: Ranges used to select combinatoric background candidates in data, for use in
the BDT training. The red regions correspond to those used by BDT1, whereas
BDT2 used the region shown in green. The pink region indicates the candidates
considered in the final mass fit (prior to any post-stripping offline selection cuts).

combination of a real D meson candidate with a random track from the rest of the event,
and fall within the green box in Figure [3.5 The two BDTs focus on different categories
of background, namely those containing a real D candidate (BDT2) and those containing
no genuine D candidate (BDT1).

The second ingredient required for the BDT training is a sample of pure B* — Dh*
signal candidates. In this analysis, signal candidates for use in the 2h (4h) BDTs are
taken from generated Monte Carlo sampled| of favoured B — [K£a T (r£7¥)],n*
decays, where only those candidates passing the trigger and stripping selections outlined
in Section [3.3.1] are used. The use of Monte Carlo signal events is well motivated from
studies that demonstrate that, for the list of separating variables used in the BDT

training, data and simulation are in excellent agreement .

Just such a list of variables is the final component required for the BDT training. A
variable is deemed to have good separation power between signal and background when
the distribution of that variable is very different in signal and background: the more
different the underlying distributions are, the easier it is to tell signal from background.
An example of this is shown in Figure[3.6] where the transverse momentum of the bachelor
particle in B* — [K*7¥], 7% is plotted in signal (blue) and background (red). The
separating variables used by both BDT1 and BDT?2 are listed in Table ordered by

3 More details of the simulated samples used are given in Section
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Figure 3.6.: Bachelor transverse momentum in the signal MC (blue) and data background
(red) samples used to train BDT1(2h). Both distributions have been scaled
to unit integral. The BDT training exploits the difference between signal and
background variable distributions to produce a single classifier variable, which
can subsequently be used to reject large amounts of combinatoric background in
data. The bachelor transverse momentum is found to be the most discriminating
variable between signal and background.

their relative importance in BDT1(2h). The same importance hierarchy is shown in
BDT2(2h), BDT1(4h) and BDT2(4h).

The performance of each BDT is summarised in Figures [3.7] and for the 2h and
4h BDTs, respectively. The distribution of the output classifiers are shown for signal
candidates (blue) and background candidates (red), where signal is shown to peak close to
1 and background close to —1. A high degree of separation power is exhibited by all four
BDTs, highlighting their ability to reject large amounts of combinatoric background while
retaining signal events with a high efficiency. This ability is further demonstrated by
the signal efficiency vs. background rejection curves, also plotted in Figures |3.7] and
In the ideal case, a BDT will keep 100% of signal while rejecting 100% of background,
corresponding to the apex in the top right of plots (a) and (b). All BDTs in this analysis

closely approach the apex, indicating a high degree of performance in each case.

After the BDTs have been trained, their output classifiers are used to assign re-
sponse values to the stripping and trigger selected candidates. Signal-like candidates are
characterised by response values that fall closer to 1, whereas the candidates appearing

most background-like are assigned values closer to —1. A high purity sample of signal
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Figure 3.7.: BDT1(2h) and BDT2(2h) output classifier distributions and their correspond-
ing signal efficiency vs. background rejection. In (a), the signal efficiency vs.
background rejection curve for BDT1(2h) is shown, with the output classifier
response for signal (blue) and background (red) shown in (c). The corresponding
plots for BDT2(2h) are shown in (b) and (d), respectively.
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Figure 3.8.: BDT1(4h) and BDT2(4h) output classifier distributions and their corresponding
signal efficiency vs. background rejection curves.

candidateq'ﬂ is selected by cutting on the response value, retaining only those candidates

with the most positive values.

4 The remaining candidate sample also contains physics backgrounds which are not differentiated from
signal by the BDT; by design, the BDTs act to suppress only the combinatoric background level.
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Figure 3.9.: Value of the fit error on the blinded fit parameter R[A(SS(W) as a function of
BDT2(2h) cut. The minimum visible at 0.5 guided the choice of BDT cut applied
to the D — hh modes; a similar approach was adopted to determine the optimal
BDT2(4h) cuts for the D — hhhh modes.

The same BDTs are used for all 2h/4h modes in the analysis. For instance, B — [K7|ph,
B — [KK]|ph, B— [rm|ph and B — [ K]ph decays are all selected using the same BDT
that was trained using B — [K7|p7 signal and background decays. This choice is moti-
vated by the similarity of the separation variable distributions across each of the D final

states. The specific response value cuts applied for each mode, however, can be different.

Loose cuts at BDT1 > —0.9 are applied for all modes in the analysis, to remove a
majority of combinatoric background prior to the training of BDT2. The BDT2 cut
values for each mode are optimised by studying the measured fit error of the sensitive
CP observables in the full fit (see Section as a function of applied BDT2 cut. An
example of this is shown in Figure for the case of B — [hh]ph. Here, the fit error on
the blinded value of ngs(ﬂ) (see Equation for definition) is plotted as a function
of applied BDT2 cut in the fit. The minimum at 0.5 motivates the cut applied in the
analysis. The BDT2 cuts applied for each mode in the analysis are listed in Table[3.3} the
efficiency of the BDT cuts, as well as the rectangular cuts described below, are evaluated

in Section [3.3.4] using simulated events.

Further rectangular cuts and multiple candidate selection

In addition to the multivariate selection designed to reduce the combinatoric background

rate, a series of rectangular cuts are also applied. They can be summarised as follows:
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Mode BDT?2 cut value

B—[Kxlph  >05
B [KKlph  >05
B — [nm|ph > 0.5
B — [tK]|ph > 0.5
B — [Krrr|ph >0
B — [rrrw)ph > —0.9
B — [rKrnm|lph >0

Table 3.3.: BDT2 cut values applied for each mode in the analysis. A loose cut of BDT1
> —0.9 is applied to all modes in the analysis, to reject the majority of combinatoric
background prior to training the second stage BDTs. The same cuts are applied
to B¥ - DK *and B* — Dr* decays in all instances. Maximum sensitivity in
the B — [rmmm|h modes is found at a looser cut value.

e The invariant mass of B candidates is required to fall in the range 5079 — 5899
MeV /c?, which includes all fully reconstructed B* — Dh*signal candidates. The
invariant mass of D candidates is required to fall within =425 MeV /c? of the nominal
D mass. These cuts correspond to the pink region highlighted in Figure .

e The bachelor momentum is required to exceed 5 GeV /e, and must be below 100
GeV/c. The transverse momentum of the bachelor must be larger than 0.5 GeV/c,
and must not exceed 10 GeV/c. These cuts ensure that all bachelor tracks fall within
the kinematic range where the RICH detectors provide accurate K/m separation

information [45].

e The flight distance significance of the D candidates in the z direction must exceed
a value of 2. This variable is defined as:

VDec _ 1/Orig
D D (3.58)

Ofp = —
VB + (o57)

where Vg "¢ and Jgrig (VDe¢ and oB) are the z positions and uncertainties of the D
origin (decay) vertex. This requirement selects D candidates which have flown some
distance from the B decay vertex, reducing the contribution from B — hhh(hh)
decays where no charmed meson is involved (see Section [3.4.2).



ADS/GLW analysis of B* —+ DK* and B* — Dn* decays 63

In addition to these cuts, a further requirement is placed on the favoured B — [Kn(7n7)|ph
and suppressed B — [ K (7wm)|ph modes. It is possible to misidentify the D daughter
kaon as a pion in the favoured mode, while simultaneously misidentifying a daughter
pion of opposite charge as a kaon. Since the only difference between the favoured and
suppressed mode final states is the sign of the kaon charge relative to the bachelor charge,
this has the result of making the favoured decay appear like a suppressed decay. There
is thus a large contribution from doubly misidentified favoured decays in the suppressed
sample, due to the much higher rate of favoured decays relative to their suppressed

counterparts.

To counter this, the D invariant mass is recalculated after the pion mass hypothesis
is assigned to the D daughter kaon, while the kaon mass hypothesis is simultaneously
assigned to one of the pions of opposite charge to the kaon. In cases where a favoured
decay has been doubly misidentified to end up in the suppressed sample, this new D
invariant mass, m(D)*"*? will peak around the nominal D mass. It is required that
m(D)s¥* falls further than 15 MeV/c? away from the normal D invariant mass of a
candidate, which greatly reduces the contribution from favoured decays in the suppressed
modes. This requirement is detailed fully in Section [3.4.3]

It is possible for more than one signal candidate to be present in a single event. Only
one candidate is chosen per event for this analysis, where the B candidate with the best
vertex quality x2..(B) is retained. In the B — [hh]ph modes, around 0.1% of events
contain multiple candidates, whereas the rate is around 1% for the B — [hhhh|ph modes.
The rate is higher in the 4-body case due to the higher track multiplicity of the final

state, where a greater number of combinations is possible.

3.3.3. Particle identification requirements

In this analysis, the ability to distinguish between kaons and pions is crucial in order
to separate BT — DK Tand BT — Dr*decays. To achieve this, particle identifica-
tion (PID) requirements such as those outlined in Section are placed on bachelor
tracks. The difference in log likelihood between the kaon and pion mass hypothesis,
ALLg/x, is required to exceed 12 for the bachelor in B* — DK *decays, whereas in
B* — Dr*the bachelor ALLg; value must be below 12. This requirement ensures
a high purity sample of B¥ — DK *decays, with minimal pollution from misidenti-
fied B* — Dr*decays. Any B*¥ — DK *(B* — Dn*) candidates failing this particle
identification requirement end up in the B* — Dn*(B* — DK *) sample. This en-
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sures that all candidates are accounted for, but that no candidate appears in both the

B* - DK *and B* — Dn*samples simultaneously.

In Section a simultaneous fit strategy is employed to determine signal yields,
where the B* — DK *and B* — Dr*samples are fit together. This allows the total
number of B¥ — DK *and B* — D *signal candidates to be determined, by summing
the number of correctly identified and misidentified decays. This approach requires that
the efficiency of the ALLg . cut applied to bachelors is known, such that the proportion
of the total signal yield coming from correctly identified decays is fully determined. The
efficiency of the ALLg/,, > 12 requirement applied to bachelors in B* — DK *will be
referred to as efj,, whereas the efficiency of the ALL/, < 12 requirement applied to

bachelors in B* — D *will be referred to as €.

In this analysis, the efficiencies of the bachelor PID requirements are determined
using a fully data-driven procedure, exploiting high statistics decay modes that can be
reconstructed cleanly using only kinematic cuts. The aim of the method is to calibrate the
performance of the RICH detectors in identifying kaons and pions, using a high statistics
calibration sample of D** — [K~ 7| porr™ decays (charge conjugation implied). In this
decay, both the kaon and pion D° daughter tracks are self-tagged by the relative charge
of the pion from the D** decay. This means that the track types of all decay daughters
can be unambiguously determined without the use of any RICH PID information]] thus
providing a high purity sample of kaon and pion tracks. The calibration samples come
from the full 3fb=! LHCb dataset collected in 2011 and 2012 i.e. the same data that is

used in the analysis.

It is known that the PID performance of the RICH depends on several factors,
including the momentum p and pseudorapidity n of tracks, as well as the total number
of tracks nty in the event [55]. To account for this, the D** calibration samples are
re-weighted such that their p, 7 and n, spectra match those of B — [hh(hh)|pm signal
decays. Each sample is then binned into 18 x 4 x 4 bins in p, n and ny, in order to take

into account the different RICH response across these variables.

For each bin, the PID performance is determined from the calibration sample by
determining the number of calibration tracks that pass the ALLg /. requirement in that
bin. The total, effective efficiencies of each ALLg /. cut applied to the various modes in

the analysis are then given by the weighted average of the D** efficiencies in each bin.

® The doubly Cabibbo suppressed decay D*T — [K 7~ |por™ is vetoed in the D* sample selection.
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The results of this procedure are shown in Tables [3.4-3.8 where the kaon efficiencies
eXp and corresponding pion efficiencies €}, are listed for each mode in the analysis.
Efficiencies are determined for BT and B~ candidates separately, as well as for each
magnet polarity. This accounts for any left-right variation in the detector response that
could potentially alter the RICH PID performance. As magnet polarity is summed over
in the analysis however, only the weighted average efficiencies over magnet polarity are
considered. The values of e, quoted will be employed as fixed terms in the invariant
mass fit (as described in section with a corresponding systematic uncertainty that is
determined in Section 4.2} The pion PID requirements are very loose and almost 100%
efficient. As such, a single value of €}, shared by all modes floats freely in the fit to
data.

PID requirements are also applied to D daughters in the analysis, where kaons
are required to have ALLg/, above 2 and pions must have ALLg/, below —2. This
reduces any potential contributions from misidentified D decays across the various modes
considered, and helps to reduce the background from favoured decays in the suppressed
modes (see Section [3.4.2). The efficiencies of the D daughter requirements are not
evaluated using the calibration method detailed here, as all measurements in the analysis
are constructed as ratios where the D final state is common to the numerator and

denominator.

Bachelor PID requirement 2011, B*(%) 2011, B~ (%) 2012, B*(%) 2012, B~ (%)

Ko, ALL/x > 12 69.20 + 0.25 69.09 £ 0.25 68.24 + 0.16 68.02 £ 0.17

€ppy ALLg )/ < 12 99.48 + 0.01 99.49 £ 0.01 99.58 £ 0.01 99.56 £+ 0.01

Table 3.4.: PID efficiencies for the bachelor in B — [K7|ph and B — [rK|ph decays, for both
Bt and B~ candidates in 2011 and 2012 data. The uncertainties quoted are
systematic and arise predominantly from the use of finite samples of signal tracks
in the calibration procedure, as detailed in Section

Bachelor PID requirement 2011, B*(%) 2011, B~ (%) 2012, B*(%) 2012, B~ (%)

by ALLg/r > 12 69.04 £ 0.66 69.59 £ 0.67 67.87 £ 0.45 67.70 £ 0.45

€ppy ALLg ) < 12 99.49 + 0.02 99.48 £ 0.02 99.58 £+ 0.01 99.56 £+ 0.01

Table 3.5.: PID efficiencies for the bachelor in B — [KK]ph decays, for both BT and B~
candidates in 2011 and 2012 data.
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Bachelor PID requirement 2011, B*(%) 2011, B~ (%) 2012, BY(%) 2012, B~ (%)

Sy ALLyc/p > 12 69.31 + 1.24 69.68 &= 1.26 67.45 + 0.86 67.85 + 0.83

€ppy ALL/r < 12 99.48 £ 0.03 99.47 £ 0.03 99.57 £ 0.01 99.57 £ 0.01

Table 3.6.: PID efficiencies for the bachelor in B — [r7]ph decays, for both BT and B~
candidates in 2011 and 2012 data.

Bachelor PID requirement 2011, B*(%) 2011, B~ (%) 2012, B*(%) 2012, B~ (%)

ebins ALLy/r > 12 64.99 £ 0.25 64.64 £ 0.25 64.26 = 0.16 64.01 £ 0.17

€Bipy ALL/n < 12 99.57 & 0.01 99.57 + 0.01 99.63+ 0.01 99.63 + 0.01

Table 3.7.: PID efficiencies for the bachelor in B — [Knnw|ph and B — [r K7w|ph decays,
for both BT and B~ candidates in 2011 and 2012 data.

Bachelor PID requirement 2011, B*(%) 2011, B~ (%) 2012, B*(%) 2012, B~ (%)

Kp, ALLg/x > 12 66.28 + 1.24 65.19 £ 1.26 6540 + 0.86 64.66 £ 0.83

€ppy ALLg )/ < 12 99.54 £ 0.03 99.52 £ 0.03 99.60 £ 0.01 99.59 £ 0.01

Table 3.8.: PID efficiencies for the bachelor in B — [rrwnw]ph decays, for both BT and B~
candidates in 2011 and 2012 data.

3.3.4. Monte Carlo samples and selection efficiencies

Large samples of Monte Carlo (MC) simulated events are generated for all of the signal
decays and several background modes. Approximately 1.5 million simulated events for
each B — [hh|ph and B — [hhhh|ph decay mode are used to study signal line shapes
(see Section and selection efficiencies. Simulated events are produced within the
LHCb computing framework (68|, with pp collisions simulated using a tuned version of
PyTHIA [38,69]. The average number of pp interactions per bunch crossing, v, is required
to be 2.5, in order to reasonably reproduce the running conditions in 2011 and 2012, as
summarised in Figure Collisions are generated at a centre of mass energy of \/s =7
TeV for 2011 simulation, and /s = 8 TeV for 2012 simulation. EVTGEN [70] is then used
to model the particle decay chains, and GEANT4 [71] is used to describe the interaction

of simulated particles with the detector. All generated signal tracks are required to lie in
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Decay mode €gen(0) €sel(%0) Etot (%)

B — [K7|pm 171 &£ 0.2 3.39 + 0.02 0.58 + 0.01

B—>[K7T]DK 175 £ 02 3.36 £ 0.02  0.59 + 0.01
— [Knnr|pr 158 &£ 0.2 1.06 £+ 0.01 0.167 £+ 0.003
— [Krrr]pK 162 £ 02 1.05 £ 0.0l 0.170 £ 0.003

Table 3.9.: Total selection efficiencies, €, for the favoured 2-body and 4-body modes.
The efficiency of the LHCb detector acceptance cut applied in the MC gen-
eration phase, €gen, and the full efficiency of the reconstruction, trigger,

stripping and offline selection, €4, are also given. The final efficiencies

K
€tot = €acc X €sel are employed in the fit within correction ratios Re ()

etot (B = [Km(nm)| pm) /€tor (B — [Kn(nm)| pK).

the LHCb detector acceptance, which boosts the number of signal decays available for

analysis after generation.

The total efficiency, €, for selecting a particular decay is given by the product of the
detector acceptance efficiency, €,.., with the efficiency of the combined reconstruction,
trigger, stripping and offline selection, eg. The efficiencies for favoured B — [Kn|ph
and B — [Knnm|ph decays are listed in Table These favoured efficiencies are
used to describe the efficiencies of all other D modes in the analysis, as only ratios of
efficiencies enter into calculations where the D final state is common to the numerator

and denominator.

The efficiency can in principle be different for B* — DK *and B* — D7 *decays,
due to differences in kaon and pion reconstruction and selection. The ratios relating
B* -+ DK*and B* — Dr*yields in this analysis, namely RKTr ™) , REE and RE5™,

must be corrected to account for this difference. Corrections of the form:

Kn(rem) _ Ctot(B — [Km(77)|pm)
R = B [Rn(rn)| ) (3.59)

are applied in the fit to data as fixed terms where appropriate, to account for the difference
in B¥ - DK *and B* — Dr*selection efficiencies. Taking the values in Table
the corrections are found to be RE™ = 0.983 £0.024 and RX™™ = 0.982+0.026 for
the 2-body and 4-body modes, respectively. Both corrections are consistent with unity,

with systematic uncertainties arising from the use of finite MC samples in determining
efficiencies (see Section {4.1.5)).
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3.4. Background studies

Various sources of background contribute to the fit described in Section [4.1} This Section
describes each background contribution in turn, making use of simulation to determine
invariant mass shapes, and data where appropriate to estimate expected background
rates. Shape parameters and yields taken from these studies are fixed in the fit to data,

with associated systematic uncertainties that are evaluated in Section [4.1.5]

3.4.1. Partially reconstructed background

B decays where a single daughter particle is missed in the invariant mass sum form a
background at low reconstructed invariant mass (below the nominal B* mass of 5279
MeV /c?). Contributions from six such partially reconstructed decays are considered in

this analysis, namely:
o B~ — (D" — Dr)h~

e B~ — (D" — D [y])h~

BY — (D** — D[ *])h~

o B~ — D[]

o BY— DB~ [n+]

o B)— [K - nt(n n*)|pK*[r]

where the particle in square brackets denotes the particle missed in the invariant mass
sum. The final background in this list is relevant only to the suppressed B — [7 K (77)|p K
decay, where the charges of the D daughter kaon and the bachelor kaon are opposite. An
approach has been developed whereby the invariant mass distributions of these decays
can be obtained by exploiting the particular decay kinematics of partially reconstructed
B — DhX decays, where X € {7, 7% ~}.

One may define a helicity angle 6 of the missing particle X, where 0 is defined with
respect to the boosted momentum direction of the bachelor h in the rest frame of Y, Y
being the parent of the missing particle. This angle 6 corresponds on a one-to-one basis
with the momentum carried away by the missing particle, as illustrated in Figure |3.10]

In this example, the missing particle X is a neutral pion. Larger quantities of missing
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Figure 3.10.: Relationship between the missing particle helicity angle 6, the miss-
ing momentum, and the reconstructed invariant mass for the decay
B~ — (D*® — DY[z°])h~, where a neutral pion is missed in the invariant mass
sum. The characteristic parabolic shape (bottom left plot) is used to define the
invariant mass distribution of this background in the signal extraction fit. The
kinematic endpoints in the PDF definition, defined as a and b, relate to the
trough and peak y-axis positions of this parabola, respectively.

momentum directly relate to lower reconstructed invariant masses, with the result that

the helicity angle distribution fully defines the invariant mass distribution.

The helicity distribution is described by a characteristic parabola, with endpoints
that are fully determined by the masses of the particles in the decay chain. This parabola
forms the basis of an analytical Probability Density Function (PDF) that is used to
describe such decays in the invariant mass fit (Section . In cases where the missing
particle is a photon rather than a pion (B~ — (D** — D°[y])h™), the parabola is inverted,

with a single peak occurring at § = 7 rather than two peaks at 6 = 0, 27.

In the PDF definition, the parabolic shape is convolved with a resolution function
to model the finite mass resolution of the detector, resulting in either a double-peaked
structure (missing pion) or a sloped hill structure (missing photon). In the photon case,
the parabola is turned on its head relative to the pion case. These two PDFs are defined
within the RooHORNSdini and RooHILLdini classes, respectively, where the resolution
function employed is a double Gaussian. The double Gaussian is chosen in order to

accurately represent mass resolution effects in LHCb, where a single Gaussian is not
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sufficient. The functions are of the form:

o ab\1-€ bE—a) ew?
RooHORNSdini(z) = /a (x - ) (b —.7 + el KR dz (3.60)
b 1— . _—
RooHILLdini(z) = / —(z —a)(z —b) (b 5:10 + b[f a) e dx (3.61)
a —a —a

Each of the PDF parameters are briefly discussed below.

Partially reconstructed background parameterisation

The RooHORNSdini and RooHILLdini PDF classes used in this analysis to describe

partially reconstructed backgrounds are parameterised using the following list of variables:

x [MeV/c?] - fit variable, in this case the reconstructed invariant mass m(Dh).

a [MeV/c?] - lower kinematic endpoint. Fully determined by the specific particle

masses in the decay chain.

b [MeV /c?] - upper kinematic endpoint, also fully determined by the specific particle

masses in the decay chain.

¢ - relative height of the two peaks, allowing for invariant mass dependent selection
effects that remove more of one peak than the other. When £ = 1, both peaks are

of equal height. When £ > (<)1, the lower (upper) peak is largest.

o [MeV/c?] - width of the core resolution Gaussian. The core Gaussian is the

Gaussian of narrowest width in the overall double Gaussian convolution.
fo - fraction of yield contained in the core Gaussian.

R, - ratio of wide Gaussian and core Gaussian widths in the double Gaussian

resolution function.

s [MeV /c?] - rigid shift of the entire shape along x, allowing for differences between

the analytical endpoints and the reconstructed endpoints.

The kinematic endpoints, a and b, are calculated analytically using the nominal masses for

each particle in the chain, taken from [12]. In cases where the missing particle originates

from a wide resonance however, such as in the B~ — D7~ [7°] decay where a p~ — 7~

0

resonance dominates, the analytical solution is not precise. In these cases, values for

a and b are taken from fits to simulation as described below. The relative height of
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the peaks, &, is fixed to a value of 1 in the fit to data for all partially reconstructed
background modes, as only the uppermost peaks are considered within the 5079 — 5899
MeV/c? fit range.

The double Gaussian parameters o, R, and f, are determined from fits to sim-
ulated events, but the value of o is allowed to float freely in the fit to data for the
B~ — (D* — D°x%)h~ decay in order to improve the low mass fit residuals. The rigid
shift s can in principal be different in decays involving kaon or pion bachelors, and in
decays involving different D final states. In the fit to data, the value of s is allowed to
be different in each B — [hh|ph and B — [hhhh]ph mode, but all partially reconstructed

decays for a given mode share the same value of s.

Determining background shape parameters from Monte Carlo fits

In order to determine values for each of the shape parameters listed above, dedicated MC
samples for each of the six partially reconstructed decay modes have been generated. The
analysis selection cuts detailed in Section are applied to each sample, and invariant
mass fits performed to each mode using the specialised RooHORNSdini and RooHILLdini
PDFs. In the case of the two strongly double-peaked modes, (a) B~ — (D** — D[z"])h~
and (¢) B~ — (D** — D°[x*])h~, the sum of two RooHORNSdini PDFs is employed in
order to model radiative tail effects. The radiative tail contribution (red) is small (4%)
and is required to be the same for both of these moded’} In the fit to data, the radiative
tail parameters are fixed to the values found in simulation. The modes illustrated in
(d)—(f) also exhibit a double peaked structure, but their second peak is at an invariant
mass much lower than the range considered due to the larger phase space available to

the missing particle.

Fits to each of the partially reconstructed modes using the RooHORNSdini and
RooHILLdini PDFs are shown in Figure[3.11] The custom PDFs inspired by the parabolic
shape of the helicity distribution are shown to model the invariant mass distributions
excellently. Systematic uncertainties will be assigned in Section to account for the
use of fixed shape parameters from these fits in the final fit to data. The fits shown
here are performed over a wide invariant mass range of 4900 — 5300 MeV /c? in order
to constrain the shapes as well as possible. Only the portion of the PDFs above 5079

MeV/c? are considered in the fit to data, however.

6 Radiative effects are modelled using PHOTOS [72].
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In all of the fits detailed here, MC samples have been weighted with the PID efficiencies
determined in Section [3.3.3] to account for the PID cuts applied to the bachelor. PID cuts
are never applied directly to the MC samples, as the ALLg . distributions in simulation
are not representative of those found in data. By performing this weighting procedure,
changes in the invariant mass distribution as a result of the application of bachelor PID

requirements are correctly accounted for.

Application in the data fit

With the exception of the B — (D** — D°[xT])h~ decay, the yield of each partially recon-
structed mode floats freely in the data fit. The contribution from BY — (D** — D°[xT])h~
is fixed relative to the fully reconstructed B* — Dn ¥ signal yield using branching frac-
tion relations [12]. This fixing is required because the B° — (D** — D°[x*])r~ and
B~ — (D* — D°[#°))h~ decays have such similar invariant mass distributionsﬂ that they
cannot be accurately discriminated. The values of R/, for each low mass mode float

freely, but are required to be the same across each of the D modes.

A visual representation of the contribution from each partially reconstructed mode in
the fit to the favoured B — [K7|ph data is shown in Figure[3.12] where the individual con-
tributions have been highlighted in a different colour. In the top plot, B* — DK * decays
are shown, with fully reconstructed signal decays drawn with a solid red line. In the
bottom plot, B¥ — Dr* decays are shown, with fully reconstructed signal decays drawn
with a solid green line. The contribution from misidentified B* — D7 *decays in
the B* — DK *sample is also visible as the solid green line to the right of the main
B* — DK *peak. The PDFs describing these fully reconstructed decays are discussed

in Section 4.1.11

In dark blue, the contribution from B~ — (D*® — D°[7°])h~ decays is shown, whereas
the contribution from the very similar B® — (D** — D[z *])h~ decays is shown in
magenta. The wide contribution from B~ — (D*® — D°[y])h~ decays is shown in cyan;
this is the only mode to be fit with a RooHILLdini PDF, since it involves a massless
vector photon that is missed in the invariant mass sum. In light (dark) orange, the
contribution from B~ — D°h~[r°] (B® — D°h~[r"]) decays is shown. Together, each of

these partially reconstructed modes describe the region at low invariant mass well.

" The difference between the charged and neutral pion masses is only 5 MeV /c?.
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Partially reconstructed and misidentified backgrounds

An additional component is also present in Figure arising from partially reconstructed
B — Dn X decay modes where the bachelor pion has been misidentified as a kaon. This
contribution is shown by the small and wide solid grey region at low values of invariant
mass, which sits underneath each of the B— DK X modes in the top plot. Decays of
this type cannot be described analytically using the RooHORNSdini and RooHILLdini
PDFs, due to mass shift and smearing introduced by the incorrect mass hypothesis for
the bachelor.

Such decays are modelled using a semi-empirical approach, where kernel estimation 73]
is performed in fits to simulated events to determine a shape. The shape parameters used
in the fit to data to model this background are taken from the fits shown in Figure [3.13]
where partially reconstructed B~ — (D** — D°[7%])7r~ and B~ — (D*® — D°[y])7~ de-
cays are plotted with the bachelor pion assigned the kaon mass hypothesis. An upward
shift in invariant mass is evident relative to the distributions shown in Figure [3.11], due
to the artificially high mass of the pion. The rate of this contribution is greatly reduced
in the data fit due to the PID cut applied to the bachelor kaon in B¥ — DK *.
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Figure 3.11.: Invariant mass fits to each of the partially reconstructed background con-
tributions in MC: (a) B~ — (D*® — D°[z%))n~, (b) B~ — (D** = D°[y])n~,
(c) B — (D*t — D°[x*])7—, (d) B~ — D°h~[r%], (e) B — D°h~[x "] and (f)
BY - [K~ 7t (n~7)]pK*[7~]. The same shapes are applicable in the case
where the bachelor is a kaon rather than a pion. Shape parameters from these
fits are used in the fit to data as fixed terms with associated systematic uncer-
tainties. Only those portions of the PDFs beyond 5079 MeV /c? are relevant to
the final data fit. In (a) and (c), an additional small component shown in red
is included to describe the radiative tail on the lower edge of the distribution.
This component has the same functional form as the main green PDF, but
has a freely floating uniform shift parameter s, enabling it to sit at lower mass
values.
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Figure 3.12.: Invariant mass fit to B — [K7|ph events in data, where each of the low mass
contributions has been highlighted in a different colour. The contribution from
B* — (D — D°7%h=* decays is shown in dark blue, while the contribution
from BY — (D*~ — D7~ )h* decays is shown in pink. The contribution from
B* — (D — D%)h* decays is plotted in cyan, while the contribution from
B* 5 DYh* 70 decays is shown in orange. The small grey region to the
left of the B* — DK * peak (top plot) is from partially reconstructed and
misidentified B — D7 X decays. The rate of this contribution is substantially
reduced in the data fit due to the PID cut applied to the bachelor kaon in
B* 5 DK*.
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Figure 3.13.:

Invariant mass fits to partially reconstructed and misidentified
B~ — (D** = DO[x%) 7~ (left) and B~ — (D**— DP[y])r~ (right) de-
cays, where the bachelor pion has been assigned the kaon mass. Shape
parameters from these MC fits are used in the fit to data as fixed terms with
associated systematic uncertainties.
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3.4.2. Charmless B — 3h and B — 5h backgrounds

In addition to the partially reconstructed backgrounds detailed in Section [3.4.1] there are
potential peaking backgrounds from fully reconstructed B — hhh(hh) decays, where no
D meson is involved. These so-called charmless decays are estimated using a data-driven
approach, where the m(Dh) invariant mass distribution is studied in the D sideband
regions, well away from any true signal contributions. The charmless contributions that
are expected to be present in the B — [hh|ph data, purely from branching fraction argu-
ments [12], are listed in Table [3.10} a similar hierarchy is anticipated in the B — [hhhh]ph

data, where the only difference is the production of two additional pions.

Charmless mode B

B — K rntn~ 5.1x107°
B K KtK~- 34x107°
BT —wrrnta™ 1.5x107°
B -—w K Ktn= 50x107°

Table 3.10.: List of expected charmless contributions in B — [hh]ph, ordered by branching
fraction magnitude |12]; a similar hierarchy is expected for the B — [hhhh]ph
case. A search for charmless contributions is performed within the D sidebands
in data, in order to estimate their contribution in the signal extraction fit.

Any charmless B decays present in the D sidebands should peak at the nominal
B mass in m(Dh), since they involve no charmed meson. This allows the rate of any
charmless contributions to be measured directly in the sidebands using invariant mass
fits to m(Dh). By choosing a sideband of 50 MeV /c? width (equivalent to the D mass
window used in the main selection, as illustrated in Figure , the charmless yields
measured in the sideband can be directly related to the expected charmless contributions
in the fit to data. For this study, the following lower and upper sideband regions are
defined:

e Lower sideband: The D candidate invariant mass must be between 45 and 95

MeV/c? below the nominal D? mass.

e Upper sideband: The D candidate invariant mass must be between 45 and 95

MeV /c? above the nominal D° mass.

A fit to the D candidate invariant mass in B — [K7]ph data is shown in Figure [3.14]

where the D peak has been fit using a double Gaussian function. From this fit, performed
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Figure 3.14.: D candidate invariant mass fit in B — [K7|ph data, where a simultaneous fit
to BT — DK * (top plot) and B — Dn* (bottom plot) data is performed.
The upper (lower) D sideband used in the evaluation of charmless yields is
chosen to be well away from the true D signal contribution present, at 45 — 90
MeV/c? above (below) the nominal D° mass.

over a 450 MeV/c? window, it is evident that the 45 — 90 MeV /c? charmless sidebands

fall well away from the region containing true D candidates.

Mass fits to determine charmless yields

In this study, the sidebands of D -7~ KT (7 7"), DK "K' and D—n 7" (7 7")
are investigated for any charmless contributions. Only the sidebands corresponding to
a charmless final state listed in Table are considered in B — [hh|ph (as well as
the equivalent decays with two additional pions for B — [hhhh]ph), as any potential
contributions from other lower branching fraction charmless decays are negligible. The
favoured D — K~ 7t (n~7") sidebands are not used in the study, as the charmless rates

are negligible relative to the very large favoured signal yields.

As a first step, invariant mass fits to m(Dh) are performed for each sideband region
in the absence of any D flight distance z significance cut. As described in Section [3.3.2]
this cut is applied in the analysis specifically to suppress charmless decays, by selecting

those B candidates that contain a flying D meson. As charmless decays involve no flying
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Decay mode Sideband Charmless mode (NB™ — NBY)/(NB™ + NB")(%)
B™— [ntnT |, K~ upper B —w K rntn™ -3.6 £ 2.6
B™— [KTK~ } lower B~ K K'K~ -0.8 £ 3.5

— [rtn]pm upper B —wnantn™ 4.9 + 4.2

— [ KT K lower B w1 KTK~ -17.8 + 13.6

= [ K ] upper B —rm KTK~ -4.3 + 115

— [r7K ] lower Mis-ID B~ — K w7~ 3.1 + 6.3

= [rt7 ]D K~ upper B =K ntrata™ 8.0 £ 1.5

— [ntrata T e upper B —nrntn atno™ 4.0 + 1.6

Table 3.11.: Charmless asymmetries as measured in data sidebands, with no D flight distance
z significance cut applied (charge conjugation implied). These asymmetries are
later fixed, along with all shape parameters, when determining charmless yields
in the presence of a D flight distance z significance cut. The asymmetries listed
are also employed in the fit to data as fixed terms.

intermediate, this cut should effectively reduce the rate of any charmless decays present
in the data.

This first fit in the absence of any cut is performed in order to establish baseline
charmless yields and charge asymmetries; the latter are measured by performing the
invariant mass fits simultaneously on separate samples of BT and B~ candidates. The
asymmetries measured in these baseline fits are then fixed in subsequent sideband fits.
They are also employed as fixed terms in the fit to data in Section [4.1] to describe the
asymmetry of any charmless contributions. The asymmetries measured for each observed

charmless mode are summarised in Table [3.111

After the baseline fit is performed, the charmless suppression cut (subsequently
referred to as ofp) is applied at successively tighter cut values of ofp > 0, ofp > 2
and ofp > 4, and the fit performed again at each cut value. This allows the charmless
yields to be monitored as a function of the cut applied, and provides an estimate for the
charmless yield at the analysis cut of of > 2. The charmless yields measured at this
cut value are employed as fixed terms in the fit to data in Section [4.1} along with the
asymmetries described above. The use of fixed charmless yields and asymmetries in the
fit is assigned a systematic uncertainty in Section



80 ADS/GLW analysis of B¥* —+ DK* and B* — Dn* decays

The non-zerd? charmless yields measured in the considered sidebands are summarised
in Table[3.12] All of the expected charmless modes listed in Table[3.10are observed in the
B — [hh]ph sidebands. In addition, charmless contributions from B* =X g FrEgFr
and B* — K*nFr* 1T 1% are observed in the B — [rmnw|ph sidebands, aligning with
the two largest charmless yields seen in B — [hh]ph. All charmless contributions are

effectively suppressed by the application of the ofp > 2 requirement.

Decay mode Sideband Charmless mode N (no ofp) N (ogp > 0) N (ofp > 2) N (ofp > 4)
B~ = [ﬂhr} K- upper B~ 5K ntn— 1746 + 49 639 + 27 83 + 11 17 + 7
D
B~ — [K+K_] K~ lower B K KTK~ 1144 + 41 567 + 29 49 + 14 0+ 10
D
B~ — |:7r+71'7} T upper B™ »rx ntx™ 1159 + 60 572 + 32 66 + 18 -4 + 14
D
B~ — |:7I'_K+:| K~ lower BT »r  KtK~ 224 + 50 91 + 21 19 + 12 4 + 8
D
B~ = [w*KJr] K~ upper B~ s KtK- 197 + 31 71 + 16 5 + 9 347
D
B~ — [w*KJr] K~ lower Mis-ID B~ — K~ ntzx™ 695 + 62 255 + 32 55 + 19 0+ 14
D
B~ — |:7r+71'77r+71'7:| T lower B  wa nta atn— 607 £+ 57 377 £ 45 119 + 32 11 + 8
D
B~ — [whﬁwﬂr*] T upper B on rnta nta— 665 + 56 367 + 43 96 + 30 9+ 8
D
B~ — [whr*ﬂhr*] K~ lower B > K nta ntzx— 1557 + 47 731 + 32 110 + 15 10 £ 9
D
B~ — [wﬂfw*w*] K~ lower BT K rntr ntn— 1288 + 44 596 4 30 120 + 15 11 + 9

Table 3.12.: Charmless yields as measured in data sidebands under a range of D flight distance
z significance cuts. All charmless rates are suppressed by the cut, and the yields
measured with the analysis cut of ofp > 2 (column in bold) are employed in the
fit as fixed PDF yields. In cases where charmless yields are measured in both
the lower and upper sidebands, a weighted average yield is computed. In the row
labelled “mis-ID”, the measured yield of misidentified B~ — K~ 77~ decays
that enter the suppressed B~ — [7~ K|, K~ fit is listed. This yield is further
adjusted by a factor 0.2/2.2 to account for the relative misidentification rates
with and without a PID cut applied to the D daughter kaon (see Section .

An example of the charmless estimation procedure is illustrated in Figure [3.15] where
the upper sideband fit for the B — [n7] p K mode are shown. The charmless contribution
here is the largest observed across the B — [hh]ph modes (in line with the expectation
from Table , and is seen to reduce with the application of successively tighter o,
cuts. In all sideband fits, charmless decays are modelled with a Crystal Ball PDF [74].
The combinatoric background is modelled using an exponential function, while partially

reconstructed decays at low values of invariant mass are modelled using a single Gaussian

8 Some sidebands were examined for charmless contributions and found to contain none, such as
those of the suppressed modes B — [7K|m, B— [rKnr|r and B— [rKnnw]pK. In Chapter [4] the
charmless background yield is fixed to zero for each of these modes with an associated systematic
uncertainty.
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Figure 3.15.: Invariant mass fit to m(DK) in the upper D sideband of B* — [z ¥ 7 F], K+
data. In the leftmost column, B~ events are shown, with BT events shown on
the right. The nominal B* mass is indicated by a red vertical line. In (a),
no D flight distance z significance cut has been applied - a clear contribution
from charmless decays is evident. This contribution is suppressed with the
application of successively tighter D flight distance z significance requirements,
where a cut has been applied at (b) > 0, (¢) > 2 (analysis cut) and (d) > 4.

function. The shape parameters for all components are floated freely in the baseline fits

used to determine charmless asymmetries, and are subsequently fixed in all further fits.



82 ADS/GLW analysis of B¥* —+ DK* and B* — Dn* decays

12F .

10F .

Events/ (2.5 MeV/c?)

==3
[—e—%
y—o
y—=2
—

e —&——
—

5150 5200 5250 5300 5350 5400
m([rog _K) [MeV/c?]

Figure 3.16.: Invariant mass fit to simulated B~ — K 7 "7n~ decays that have passed the
full selection, with the exception of the D flight distance z significance cut.
The distribution has been fit with a single Gaussian of width (29 & 2) MeV /c?,
which is used in the fit to data as a fixed term for each of the charmless PDFs in
the B — [hh|ph fit; an identical procedure is carried out for the B — [hhhh]ph
case, using simulated B~ — K~ nt7 777~ decays.

Charmless line shape

All charmless contributions in the fit to data (Section are described by single Gaus-
sians. The Gaussian mean is required to be the same as that of the main B+ — Dh*signal
PDF, whereas the width is taken from a fit to simulated charmless B~ — K~ w7~ (nt7n ™)
decays, as shown in Figure . In this fit, simulated B~ — K~ 77~ events are required
to pass the full selection with the exception of the D flight distance z significance cut;

with this cut applied, not enough MC events remain to determine a shape.

The fitted width is (294+2) MeV/c? for B~ — K 7"~ and (25+2) MeV/c* for
B~ — K ntn 7ntw~, both of which are scaled by the observed width difference between
data and simulation for B — [Km(7m)]pm decays. The B~ — K~ ntn~ (777~ ) mode was
chosen to determine the charmless PDF shape, as it contributes most in the fit to data
(see Table . The fixing of charmless widths is considered as a source of systematic
uncertainty in Section [4.1.5]

3.4.3. Favoured decays entering the suppressed mode samples

Another potential source of peaking background exists for the suppressed B — [7 K (77)|ph
modes, arising from the misidentification of D daughters in favoured B — [Kn(7nm)|ph

decays. In cases where the D daughter kaon from a favoured decay is misidentified as
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a pion, while a pion from the D of opposite charge is simultaneously misidentified as a
kaon, the favoured decay is placed in the suppressed sample. This occurs because of
the difference in signature of favoured and suppressed decays, namely the charge of the
D daughter kaon relative to the bachelor being either the same (favoured) or opposite

(suppressed).

Because of the much higher rate of favoured decays relative to their suppressed
counterparts, this double misidentification (subsequently referred to as crossfeed) poses
a potentially serious background to the suppressed mode samples. Three selection
requirements, initially detailed in Section [3.3.2] are applied to reduce the crossfeed

contribution:
e PID cuts are applied to D daughters.

e A mass window of +25 MeV/c? around the nominal D° mass is applied to D

candidates.

e A veto window is applied around the D mass calculated when daughter mass
hypotheses are swapped. This mass must fall further than 15 MeV /c? away from
the PDG DY mass in order for the candidate to be retained.

Each of these requirements are now detailed, and an overall estimate of the surviving
crossfeed contribution determined for both B — [hh|ph and B — [hhhh|ph.

D daughter PID cuts

In B— [Kr]ph and B — [1K|ph, D daughter kaons are required to have ALLg/, > x,
while D daughter pions are required to have ALLg/. < y. This requirement minimises
the rate of doubly misidentified favoured decays in the suppressed sample for sufficiently
tight = and y cuts. To determine the efficiency of this requirement (and the corresponding
misidentification rate), fits to the D invariant mass in B — [K7|ph data are performed.
Fits are first performed in the absence of any PID cuts to determine baseline yields,
N. The same fit is then performed across a range of x and y values, and yields
N(K > z,m < y) measured in each case. The efficiency of a certain (K > z,7 < y) PID
requirement is given by N(K > z,m < y)/N. The efficiencies across a range of cuts are
shown in Table |3.13], where the efficiency of the analysis cuts, x = 2 and y = —2, are
highlighted in bold.
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% y < 200 y <0 y < -2 y <-4 y < -6

x > -200 100 86.75 + 0.05 80.19 + 0.06 74.46 £ 0.06 69.22 + 0.06
x>0 94.37 £ 0.03 82.05 + 0.05 75.99 £+ 0.06 70.61 £+ 0.06 65.68 & 0.07
x> 2 88.86 +0.04 77.52£0.06 72.02 + 0.06 67.01 +0.07 62.41 +0.07
x> 4 84.29 +0.05 73.65 +0.06 68.55 + 0.06 63.821+0.07 59.48 £ 0.07
x> 6 80.09 £+ 0.06 70.07 £ 0.06 65.29 + 0.07 60.84 +0.07 56.71 +0.07

Table 3.13.: The efficiencies of various D daughter PID cuts as measured using a fit to
the D invariant mass in B — [K7|ph data, where the uncertainties quoted are
statistical. The y < cuts are applied to pions and the x > cuts are applied to
kaons. The value highlighted in bold corresponds to the efficiency of the PID
cuts applied in the analysis.

% x < 200 z <0 T < -2 < -4 z < -6

y > -200 100 5.59 +0.03 2.20 +0.02 0.94 +0.01 0.45+0.01
y >0 13.15+£0.05 0.86 +0.01 0.33£0.01 0.14+£0.01 0.07 £0.00
y > 2 7.7440.04 0.46 £ 0.01 0.20 + 0.01 0.08 +0.00 0.04 +0.00
y >4 4.62+0.03 0.25+0.01 0.11 + 0.00 0.05 + 0.00 0.03 + 0.00
y>6 2.82+0.02 0.16 £ 0.01 0.07 £0.00 0.03 £ 0.00 0.02 £ 0.00

Table 3.14.: The misidentification (mis-ID) rates for various D daughter PID cuts, as measured
using a fit to the D invariant mass in B — [K7|ph data, where the uncertainties
quoted are statistical. The x < cuts are applied to kaons and the y > cuts are
applied to pions. The value highlighted in bold corresponds to the mis-ID rate
of the PID cuts applied in the analysis.

To determine the corresponding misidentification rates, the same procedure is per-
formed where the opposite PID requirements are applied to the D daughters; kaons
are required to have ALLg/, < x while pions must have ALLg/. > y. Fits are per-
formed under a range of values of x and y, and yields N(K < z,m > y) determined.
The misidentification rate for a given (K < z,7 > y) PID requirement is given by
N(K < x,m >y)/N. The misidentification (mis-ID) rates for a range of cuts are listed
in Table where the mis-ID rate of the analysis cuts are again highlighted in bold.
The combined mis-ID rate is 0.20%, indicating that doubly misidentified favoured decays
in the suppressed sample are reduced to 0.2% of their nominal rate as a result of the

PID requirements.

In B— [Knnm|ph and B — [rK7nn|ph, D daughter kaons are required to have
ALLg/r > x, while the two D daughter pions of opposite charge to this kaon are
required to have ALLg/» < y. An identical procedure to that used for B — [hh]ph is
employed to determine the efficiencies and mis-ID rates of these cuts, where all values
are summarised in Tables and [3.16, The analysis cuts of z = 2 and y = —2 are once
more highlighted in bold, where the mis-ID rate is found to be 0.06%.
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% y < 200 y<O0 y < -2 y <-4 y < -6

> -200 100 69.01 +0.08 60.29 4+ 0.08 51.88 +0.08 44.22 + 0.08
>0 94.65 + 0.04 65.30 + 0.08 57.04 + 0.08 49.08 + 0.08 41.82 4+ 0.08
> 2 91.32+0.05 62.96 + 0.08 55.06 + 0.08 47.41 + 0.08 40.41 + 0.08
> 4 87.78 £ 0.06 60.57 +0.08 53.00 £+ 0.08 45.63 + 0.08 38.85 +0.08
> 6 84.25 +0.06 58.11 +0.08 50.78 + 0.08 43.75 + 0.08 37.26 +0.08

Table 3.15.: The efficiencies of various D daughter PID cuts as measured using a fit to the D
invariant mass in B — [Knnw|ph data. The y < cuts are applied to pions and
the = > cuts are applied to kaons. The value highlighted in bold corresponds to
the efficiency of the PID cuts applied in the analysis.

% ‘ x < 200 x <0 T < -2 r < -4 z < -6

> -200 0 3.64 +0.03 1.88 £0.02 0.87 +0.02 0.39+0.01
>0 5.49 +0.04 0.21 £+ 0.01 0.10 £+ 0.01 0.04 +0.00 0.02 £ 0.00
> 2 3.21+0.03 0.12+0.01 0.06 + 0.00 0.02 4+ 0.00 0.01 £ 0.00
> 4 2.134+0.02 0.08 £+ 0.00 0.04 +0.00 0.02 +0.00 0.01 £ 0.00
> 6 1.55+0.02 0.06 £ 0.00 0.03 £ 0.00 0.02 +0.00 0.01 £ 0.00

Table 3.16.: The misidentification (mis-ID) rates for various D daughter PID cuts, as measured
using a fit to the D invariant mass in B — [K7wnw]ph data. The z < cuts are
applied to kaons and the y > cuts are applied to pions. The value highlighted in
bold corresponds to the mis-ID rate of the PID cuts applied in the analysis.

D candidate invariant mass window

In order to calculate the efficiency of the +25 MeV/c? selection window around the
nominal D° mass applied to all D candidates, fits are performed to the D invariant mass
distributions in B — [K|p7 data (top plot in Figure and B — [Knnn|pm data
(top plot in Figure . The D peaks are described by a modified Gaussian function
like the one described by Equation [4.1], and the combinatoric background is described by
a first order polynomial. The fitted width is (6.98 +0.04) MeV/c? in the 2-body case,
and (6.84 £ 0.02) MeV/c? in the 4-body case. The efficiency of the 425 MeV/c* window
selection is determined by integrating the signal PDF yield within this region. It is found
to be (97.98 £0.02)% for the 2-body case, and (94.56 +0.04)% for 4-body case.

The D signal components from these fits are then isolated using the sWeighting
technique |75]. This method uses the fit PDFs to assign signal weights to each event,
depending on the relative values of the signal and background PDFs at a given value of
m(D). The invariant mass of the sWeighted events are then plotted in the case where the
D daughter kaon has been assigned the pion mass while one of the negative D daughter
pions is simultaneously assigned the kaon mass (bottom plot in Figure and bottom
two plots in Figure [3.18). This distribution, m(D)*™P, represents what the D invariant
mass of favoured B — [Kn(nm)|pm events looks like when they are doubly misidentified,

ending up in the suppressed B — [7 K (77)|pm sample.
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(a) Invariant mass fit to m(D) for B — [Kr|p7 events in data. This fit is used
to extract signal weights using the sPlot [75] method. The D invariant mass
distribution where the mass hypotheses of the D daughter kaon and pion have
been swapped, m(D)""?P  is shown in (b); the signal weights extracted from (a)
have been used in plotting the distribution. The dotted red lines represent the
veto window used to remove favoured B — [K7|ph events from the suppressed
B — [nK]|ph fit. Misidentified favoured decays removed from the suppressed
sample are shown by the brown filled region in (b); correctly reconstructed
favoured events also removed by the veto reside below and above the red dotted
lines in (a).
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Figure 3.18.:

m(D) [MeV/c?

(a) Invariant mass fit to m(D) for B— [Knnn|pm events in data. The D

invariant mass distribution where the mass hypotheses of the D daughter kaon

and opposite charge pion of highest momentum have been swapped, m(D)

swap
)

is shown in (b); the equivalent distribution for the lowest momentum opposite

charge pion is shown in (c). See caption of Figure for full details.
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Applying the £ 25 MeV/c? D mass selection window to m(D)*"*P rather than m(D)
results in a lower selection efficiency, due to the spread in invariant mass caused by
both particle misidentifications. In the case of favoured B — [K7|p7 decays that are
doubly misidentified as suppressed B — [rK|p7, the mass window is only (14.34 + 0.06)%
efficient, compared to the much higher efficiency for correctly identified favoured decays.
This indicates that the crossfeed from favoured decays in the suppressed sample is further
reduced by the 425 MeV/c* D mass window.

The same picture emerges for favoured B — [Knnn|pm decays doubly misidentified
as suppressed B — [rKnn|pm. Here, there are two possible m(D)*"*P distributions,
corresponding to the two pions of opposite charge to the kaon that can be misidentified.
The +25 MeV/c? window is (4.47+0.03)% and (11.2240.05)% efficient on the two

possible m(D)¥*P distributions.

Crossfeed veto

The final cut applied to reduce the contribution from misidentified favoured decays in
the suppressed samples is an explicit mass window veto. Doubly misidentified favoured
decays present in the suppressed samples should peak near the nominal D° mass in
their m(D)*"* distribution, since in the construction of m(D)*** both of the particle

misidentifications will be undone.

In order to reject crossfeed events, the difference between the m(D)s"?P value for
a candidate and the nominal D° mass is required to exceed 15 MeV/c?. This veto is
(91.33+0.05)% efficient on correctly reconstructed favoured B — [K7|pm decays, but
only (9.64 +0.05)% efficient on doubly misidentified favoured decays i.e. those that would

enter the suppressed sample.

In B — [Knnm|pm, the veto is (93.29 £0.04)% efficient on correctly reconstructed
decays. The efficiency on doubly misidentified decays is only (14.36 + 0.36)%, while the
efficiency on the distribution where the other pion was misidentified is (95.30 £2.10)%.
Doubly misidentified favoured events removed by the veto are indicated by the brown
shaded regions in Figures [3.17] and [3.18} the correctly reconstructed events removed by
the same veto correspond to those falling above and below the dotted red lines in the

top plots.
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Overall crossfeed rejection

To determine the overall crossfeed contamination in the suppressed modes, the combined
efficiency of the D daughter PID cuts, D mass window and crossfeed veto window must
be evaluated. In the 2-body case, the efficiency of the combined selection on correctly
reconstructed favoured events, (B — [Kxm,|ph), is compared to the efficiency for doubly

misidentified favoured events, ¢(B — [K,mk|ph). The ratio:

K E(B — [Kﬂﬂ'K]Dh)
fer = E(B-) [KKWW]D}L)

(3.62)

provides an estimate of the crossfeed rate in the suppressed modes.

The values of ¢(B — [Kgm,|ph) and €(B — [K;mk|ph) are computed in Table
where the estimated crossfeed contribution is found to be r&& = (4.29 +0.22) x 1075.
This number represents the proportion of favoured B — [K7|ph events expected to enter
the suppressed modes B — [rK|ph, and is employed in the fit to data in Section as
a fixed term. The rate of suppressed decays relative to favoured decays is embodied
by the observable Rggs(w), which has previously been measured to have a value of
(4.1+0.3) x 1073 [62]; the surviving crossfeed rate expected is thus only ~ 1% of the
total expected suppressed signal yield.

In the 4-body case, there are two double misidentification efficiencies, (B — [K 77| ph)
and €(B — [K,m,m7k]ph), corresponding to the cases where each of the pions of op-
posite charge to the kaon are misidentified. The values for ¢(B — [Kxm,m 7| ph),
€(B— [Kymgm-mr|ph) and €(B — [K m.m,7k]ph) are calculated in Table . In this
case, an estimate for the expected crossfeed rate is given by the ratio:

€(B— [Kymgmemz|ph) + €(B — [ KTk ph)

nKnr
= 3.63
"Cr e(B— [Kgmemamyr|ph) (363)

and is found to be rZE™ = (2.74+0.1) x 107, which is around 0.7% of the previously
measured vale of RISET = (3.694+0.36) x 1072 [63).

Crossfeed line shape

The crossfeed PDF shape is derived from B — [K7(7n7)|p7 simulated events, where the
mass hypotheses of the kaon and opposite charge pion D daughters have been swappedﬂ

9 In the case of B— [Knmr]pm, the mass swap with the highest momentum pion of opposite charge to
the kaon is arbitrarily chosen.
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Selection cut e(B— [Kgmz|ph) (%) €(B— [Kzmx]ph) (%)
D mass window : =425 MeV/c? 97.98 + 0.02 14.34 + 0.06
Crossfeed veto window : 415 MeV /c? 91.33 £ 0.05 9.64 + 0.05
PID : ALLg(K) > 2, ALLj () < —2 72.02 £+ 0.06 0.20 + 0.01
Total 64.4 £+ 0.07 (2.76 + 0.14) x 1073

Table 3.17.: Efficiencies of the D mass window, crossfeed veto window and D daughter PID
cuts for B— [Kn|ph data events. Values are quoted for events reconstructed
both with the D daughters given the correct ([Kxmr|p) and swapped ([K 7x]p)
mass hypotheses. The three selection cuts are orthogonal, and as such the total
efficiency is given by the product of the individual efficiencies. The proportion of
crossfeed events from the favoured B — [K 7| ph mode expected in the suppressed
B — [rK]ph mode is r&E = (4.29 £0.22) x 10~°. This number is employed as a
fixed term in the fit to data.

Selection cut e(B— [Kgmrmamr|ph) (%) e(B— [Krngmamr|ph) (%) e(B— [Krmrpmrmg|ph) (%)
D mass window : + 25 MeV/c? 94.56 £ 0.04 4.47 + 0.03 11.22 £+ 0.05

First pion crossfeed veto : + 15 MeV/c? 97.32 £ 0.03 14.36 £+ 0.06 95.30 £ 2.10
Second pion crossfeed veto : 4 15 MeV/c? 93.29 £ 0.04 95.30 £ 2.10 14.36 + 0.06

PID : ALLy ) (KT)>2 ALLyg, (xF) < —2 55.06 + 0.16 0.06 + 0.01 0.06 + 0.01

Total 47.27 + 0.08 (3.7 £ 0.1) x10~% (9.2 £ 0.2) x10~ %

Table 3.18.: Efficiencies of the D mass window, crossfeed veto window and D daughter PID
cuts for B — [Knnm|ph data events. Values are quoted for events reconstructed
both with the D daughters given the correct ([Kgxmm 7x|p) and swapped
([Kamigmamr]|p and [Kxm-7-Tk|p) mass hypotheses. The proportion of crossfeed
events from the favoured B — [Knnmm]ph mode expected in the suppressed
B — [rKn7]ph mode is rFE™ = (2.740.1) x 107°. This number is employed
as a fixed term in the fit to data.
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Figure 3.19.: Invariant mass fit to simulated B — [Kn|pm events, where the D daughter
kaon and pion mass hypotheses have been swapped. Events plotted have
passed the full selection, including the crossfeed requirements listed in the
previous discussion. The fitted width is 17 MeV/c?, which is wider than
the corresponding width for correctly reconstructed events due to the double
misidentification of the D daughters. A similar width of 23 MeV/c? is found in
the case B — [Knnm|pw. Both widths are scaled to account for the difference
in mass resolution between data and simulation, and are fixed in the fit to data.

The crossfeed events surviving the selection cuts detailed above are seen to have a peak
similar to data (details of the main signal PDF are given in Section , but with a
larger width. This larger width in m(Dh) arises due to the spread of invariant mass
introduced in the D system from to the double misidentification. Only a narrow region
of this wider m(D) distribution is eventually selected, resulting in a wider B invariant

mass distribution.

A fit to simulated crossfeed B — [K,7x]pm events is shown in Figure , where the
crossfeed component has been fit with a Crystal Ball function. A Gaussian function is
used in the final fit to data, as the additional yield in the Crystal Ball tail is negligible
due to the very small crossfeed rates measured. The crossfeed widths as measured in
simulation are 17 MeV /c? for B — [K,7k|pm and 23 MeV/c? for B — [K Mg TnTr| p,
both of which are scaled in the fit to data to account for differences in the invariant mass

resolution between data and simulation.

3.4.4. Ay — Ach background in B — [KK]|ph

An additional source of background in the B — [K K|ph modes comes from A, — A h
decays where A, — pKm. When the pion from the A, decay is missed in the invariant
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Figure 3.20.: Invariant mass fit to simulated Ay — [pK7|y m decays reconstructed as
B — [KK]pn. The distribution is fit with a modified Gaussian PDF, the
parameters of which are listed in Table and fixed in the fit to data.

mass sum, and the proton is misidentified as a kaon, such events can enter the invariant
mass range considered in the fit to data (5079 — 5899 MeV /c?). This contribution is
described using a modified Gaussian PDF like the one described by Equation with
shape parameters taken from a fit to simulated A, — [pK7|x h decays reconstructed as
B* — Dh* | as shown in Figure [3.20}

The rate of this contribution in the B* — Dr*fit sample, N (A, — A.7), floats freely.
In the B — DK *sample however, the yield N(A, — A.K) is fixed to the value:

B(Ab — ACK)

N(Ab—)ACK) = —B(Ab—>A7T)

X N(Ay = Acm) = Ry, X N(Apy — Acr) (3.64)
where Ry, = 0.073£0.002, as measured by LHCb [76]. The shape parameters from
simulation are listed in Table [3.19] and are fixed in the fit along with Ra,. A systematic

uncertainty for this choice is assigned in Section [4.1.5]

3.4.5. Combinatoric background

Even after the application of the full selection, including both BDTs, some level of
combinatoric background remains in the data. The remaining combinatoric contributions
are described in the fit to data by first order polynomial PDFs, with gradient parameters
that float freely in the B* — DK *and B* — Dn*samples. The combinatoric yields
for B = DK *and B* — Dr*also float freely, and can take different values for each

D final state considered.
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Parameter Value

" 5252.2 4+ 14.7 MeV/c?
oL 168.5 £ 16.8 MeV/c?
OR 106.5 + 14.0 MeV /c?
o, -0.03 + 0.06

aR -0.05 + 0.06

Table 3.19.: Shape parameters from a fit to simulated Ay — A.m decays using a modified
Gaussian PDF, which are employed in the fit to data as fixed terms with
an associated systematic uncertainty. The parameter p denotes the mean,
while o7, ar and or,ar denote the left and right widths and tail parameters,

respectively.
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Figure 3.21.: Invariant mass fit to combinatoric events in upper sideband region of favoured
B — [Kw|pm. A first order polynomial function describes the data well in this

region, justifying the use of this PDF in the fit to data to describe combinatoric
background.

The choice of a first order polynomial to describe the combinatoric background
is motivated by a fit to the upper m(Dh) sideband in the highest statistics favoured
B — [K7|pm mode, as shown in Figure The BDT?2 cut has been removed to increase
the number of remaining combinatoric events. A linear PDF describes the data well in
this region, which is well separated from the signal region and contains no contributions

from physics backgrounds.
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3.4.6. Backgrounds from particle misidentification

It is possible to misidentify B* — Dr*decays as BT — DK *, in cases where the
bachelor pion is misidentified as a kaon. By the same token, it is possible to misidentify
B* — DK *decays as BT — D7 *, where the bachelor kaon is incorrectly assigned the
pion mass hypothesis. The rate at which this misidentification process occurs for a

bachelor h € {m, K} is given by (1 — €lt;y), where €&, is the PID efficiency as defined in
Section [3.3.3

Due to the tight (ALLg/r > 12) requirement placed on bachelor kaons in the analysis,
the number of B* — Dr* decays that are incorrectly reconstructed as B* — DK *is
very small, with a misidentification rate of less than 0.5%. Nevertheless, misidentified
B* — Dr*decays are still accounted for in the B* — DK *sample, with a yield that is
fixed to be (1 — €fp) of the total B — Dr*yield in the fit. Since the pion is artificially
given too much mass under the kaon hypothesis, the B* — Dn * events appearing in the
B* — DK *sample are shifted up from the nominal B* mass, as well as being spread

out in invariant mass.

The shape of misidentified B* — D7 * decays is taken from simulation, where favoured
B — [K7|pm MC events are reconstructed as B — [Kn|pK and weighted to account for
the PID requirement applied to the bachelor. The resulting distribution is fit with a
double Crystal Ball function as shown in Figure (left plot), in order to model the tails
in the distribution; the tail parameters are subsequently fixed in the fit to data. A tail
extending to high invariant mass is evident, arising from the bachelor misidentification.
The same shape is used to describe misidentified B* — Dm *events in all other D modes,

including the 4-body final states.

B* — DK *events that end up in the B¥ — D7 *sample due to misidentification of
the bachelor kaon are also included in the fit. They account for (1 — k) of the total
B* — DK *yield in the fit, and are again modelled with a double Crystal Ball function in
order to describe the tails in the distribution arising from particle misidentification. The
shape is taken from a fit to simulated B — [K7|p K events reconstructed as B — [K7|p,
as illustrated in Figure (right plot). All shape parameters for this contribution,
listed in Table [3.20], are fixed in the fit to data. This fixing is necessary, as the shape
resides close to the much larger B* — Dr*peak. The same shape is used to describe
misidentified B* — DK *events for all D modes, including the 4-body final states.
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Parameter Value

B* 5 Dntas B* - DK®*

ar, 1.6240.15

nr 1.53+0.37

aR —0.3840.03
nR 7.2040.71
B* 5> DK*as B* > Dn®*

ar, 0.7040.03

nr, 3.80+0.15

agR —2.7340.10
ng 1.88+0.31

or (22.840.9) MeV/c?
OR (17.0+£0.3) MeV/c?
w (5234.940.5) MeV/c?

Table 3.20.: Shape parameters from fits to B — [Kn|p7 and B — [K7|pK simulated events
that have been reconstructed under the wrong bachelor mass hypothesis. All
of the parameters listed are employed in the fit to data as fixed terms, with
associated systematic uncertainties. The parameters oy, ny and ag,ng refer to
the left and right tail parameters of the double Crystal Ball function, whereas o,
and op refer to the left and right widths. The parameter p refers to the mean of
the double Crystal Ball.
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Figure 3.22.: Invariant mass fit to simulated (a) B — [K7]p7m events reconstructed as

B— [Kn]pK and (b) B— [Kn]pK events reconstructed as B — [K7|pm.
Shape parameters from these fits are employed in the fit to data as fixed
terms with associated systematic uncertainties. Tails extending to higher
and lower masses are evident in (a) and (b) respectively, due to the bachelor
misidentification.
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3.4.7. Summary of background components

A summary of the PDFs used to describe each of the background contributions in the
invariant mass fit is provided in Table

Background PDF

Partially reconstructed RooHORNSdini and RooHILLdini fit to MC
Charmless Gaussian fit to MC, width scaled for data/MC differences
Crossfeed Gaussian fit to MC, width scaled for data/MC differences
Ay — Ach Modified Gaussian fit to MC

Combinatoric First order polynomial, freely floating gradient parameter
Fully reconstructed with particle misidentification Modified Gaussian, fixed tail parameters from MC
Partially reconstructed with particle misidentification Kernel estimation from MC

Table 3.21.: The PDFs employed to describe each background component in the invariant
mass fit.



Chapter 4.

Invariant mass fit to measure CP

observables

In this Chapter, the invariant mass fit used to measure the ADS/GLW CP observables is
presented. The strategy used to determine signal yields is discussed in Section where
a description of the Probability Density Functions (PDFs) employed to model signal and
background components is given. The systematic uncertainties affecting each of the CP

observables are quantified, and final numerical results presented, in Section [4.2]

4.1. Fit to data

In this Section, the fit strategy used to measure the CP observables is outlined. The PDF
used to describe signal events is detailed in Section [4.1.1] with validation of the shape
provided by fits to simulated events; all background PDFs used in the fit are discussed in
Section [3.4f The concept of a simultaneous fit is introduced, and its application in the
fitting of BT — Dr*and B* — DK *events discussed, in Section [4.1.2] Separate, but
almost identical, fits are performed to the B — [hh]ph and B — [hhhh|ph modes, due to
differences in their underlying momentum spectra. Toy Monte Carlo studies, used to
validate the fit method, are discussed in Section [4.1.4] To conclude, descriptions of the

various systematic uncertainties affecting the measurement of each CP observable are

given in Section 4.1.5]

97
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4.1.1. Signal PDF

Correctly reconstructed B+ — Dh¥* signal candidates are expected to peak at the nominal
B* mass. All signal peaks in the fit to data are modelled with the sum of a modified
Gaussian PDF and a wide Gaussian PDF. The functional form of the signal PDF is:

F(z) o Aexp ( —(z = ) ) +(1— Aexp (‘“”‘_“)2> (4.1)

202 4+ (x — p)?apr 202

where x is the B candidate invariant mass, y is the mean of the function and o is the
width. The non-Gaussian tails of the distribution are described by a combination of
the ap(xr < p) and ag(r > p) factors and a wide Gaussian of mean p and width oy,
where o, is required to exceed 50 MeV/c? and floats freely to values ~ 80 MeV/c?. The
fraction of the total yield contained within the main peak is denoted by A, which floats
freely to values ~99%. In general the tail parameters can also be floated freely, but
they are fixed to the values found in simulation (see below) to increase fit stability. A
systematic uncertainty for this choice is assigned in Section The values of A, 0y, o,
and ap are shared across BT¥ — DK * and BT — Dr* and across all D final states in
the 2-body and 4-body fits, respectivelyﬂ

The mean p can be different in the BT and B~ subsamples of the ﬁtEL as well as for
each D final state, but is required to be the same in B*¥ — DK * and B* — Dz * in all
cases. The width o is required to be the same for BT and B~ events, but can be different
for each D mode due to differences in the invariant mass resolution caused by having
greater or fewer kaons in the final state. The signal width in B* — DK * is related to
the corresponding width in B — Dr® by a freely floating ratio o(DK)/o(Dr); this
ratio is shared across all D final states in the 2-body and 4-body fits, respectively.

Shape validation in simulation

The choice of signal PDF is motivated from fits performed to simulated B — [K7|ph
events, as shown in Figure [£.1] In this fit, the small contribution from the wide Gaussian
PDF is ignored, as the effect that it models in the data is not reproduced by the lower
statistics MC samples. B — [K7|pK events are displayed in the top plot (red), and in

I The 2-body and 4-body D modes are fit separately due to differences in their underlying momentum
distributions, which results in a difference in invariant mass resolution.
2 The specific mechanics of the fit, including the splits made into various sub-samples, is detailed in

full in Section @
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Figure 4.1.: Invariant mass fit to simulated B — [K7]p7 (bottom, green) and B — [K7|p K
(top, red) events passing the full selection. The distributions are fit simultane-
ously using a modified Gaussian function (first term in Equation , with tail
parameters used in the fit to data. All D final states are well described by this
function.

the bottom plot B — [K7|p7 events are shown (green); the two distributions have been
fit simultaneously, sharing parameters as detailed above. The residual histograms in blue
indicate that the modified Gaussian PDF reproduces the tails of the distribution well;
the same behaviour is exhibited by all other 2-body and 4-body D final states considered.

The tail parameters from this fit are employed in the fit to B — [hh]ph data as fixed
terms, as are the corresponding parameters from fits to simulated B — [hhhh]ph events.
The values of all tail parameters are listed in Table 4.1} All other shape parameters float
freely in the B — [hh]ph and B — [hhhh|ph fits.
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Parameter Value

B — [hh]ph

ar 0.104 +0.002
QR 0.072 £0.002
B — [hhhh]ph

Qarg, 0.107 £0.003
QR 0.072 £0.003

Table 4.1.: Signal tail parameters from fits to simulated B — [Kn|ph and B — [Knnw|ph
events. These parameters are employed as fixed terms in the fit to data.

4.1.2. Simultaneous fit strategy

The observables of interest, as defined in Section are measured with extended binned
maximum likelihood fits to the invariant mass distributions of selected B candidates.
Two fits are performed in an identical manner: one for the D — hh modes in the analysis,
and one for the D — hhhh modes. Both of these fits operate in an identical fashion with

respect to the observables being measured.

Sensitivity to CP asymmetries is achieved by separating the candidates by charge
into BT and B~ samples. For all of the D modes studied, the B* — DK *and
B* — Dr*decays can be separated with high purity by a ALL K/ > 12 requirement on
the bachelor track, as discussed in Section [3.3.3] Events that pass this cut are deemed
kaon-like, and are reconstructed as B* — DK *. These events are placed in the PASS
subsample. Events that fail the PID cut are deemed pion-like and are reconstructed in
the B* — Dr*final state; they are placed in the FAIL subsample.

As the PID requirement has an associated misidentification rate, some B* — DK *
(B — Dm*) events still end up in the FAIL (PASS) sample, but no candidate is explicitly
rejected; they are placed in either the PASS or FAIL samples, depending on which side
of the ALLg/, cut they fall. The B — [hh]ph and B — [hhhh]ph fits both consist of

four subsamples:
(B*, B7) x (PASS,FAIL)

for each of the D modes considered, where all of the subsamples are fitted simultaneously
with a common set of parameters. The four subsamples are illustrated in Figure [4.2

where a toy sample of favoured B — [K7|ph events generated from the total data fit PDF
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Figure 4.2.: The four subsamples of the fit : (BT, B~) x (PASS, FAIL). Each D mode in
the analysis is split into the four subsamples shown, and the subsamples for all D
modes are then fit simultaneously. This procedure is carried out in separate fits
to the B — [hh|ph and B — [hhhh]ph modes. In the top row (red), the PASS
slice is shown. This corresponds to events passing the bachelor PID requirement,
where events are reconstructed as BT — DK *. In the bottom row (green), the
FAIL slice is plotted. Events in this sample fail the bachelor PID cut, and are
reconstructed as BT — Dn*. Events are either placed in the PASS or FAIL
samples, but not both. B~ candidates are shown on the left, and B* candidates
on the right. The grey shaded region at low reconstructed invariant mass is from
partially reconstructed B decays.

is plotted. B* — DK *decays are shown in red, while B* — D7 *decays are shown in
green. The PASS slice is shown in the top row, corresponding to events reconstructed
as BT — DK *, while the FAIL slice corresponding to B* — D7 *events is shown in
the bottom row. B~ candidates are shown on the left, while Bt candidates are shown

on the right.

A binned fit is preferred as it offers a significant speed improvement over the unbinned
version, while degrading the measured fit errors in only their third significant figure. Bins
of 5 MeV /c? width are chosen to cover an invariant mass range of 5079 — 5899 MeV /c?,
164 bins in total.
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Components

The signal and background component PDFs have been described in detail in Section
and 4.1.1] The total PDF model is built from several components in each D subsample,

each of which represent a different source of events in data.

1. Correctly reconstructed B — [hh(hh)]|ph events: Described by the PDF
defined in Equation and illustrated in Figure [4.1], these events constitute a
fraction iy, of the total B — [hh(hh)]ph’ yield, where k' denotes the bachelor in
this instance (b’ € {m, K}).

2. Misidentified B — [hh(hh)]ph events: Described by double Crystal Ball func-
tions as illustrated in Figure [3.22] these events correspond to signal decays where

the bachelor pion (kaon) A’ has been misidentified as a kaon (pion). They account
for a fraction (1 — efp) of the total B — [hh(hh)|ph’ yield.

3. Combinatoric background: Arising from combinations of signal tracks and
random tracks, the rate of these events is greatly reduced by the two-stage BDT
selection. The surviving contributions are described by linear functions, as illustrated

in Figure |3.21}

4. Partially reconstructed background: Decays of the type B — Dh.X, where the
particle X € {m*, 7% ~} is missed in the invariant mass sum, form a background at
low invariant mass. Events of this type are described by the analytical RooHORNSdini
and RooHILLdini PDFs as shown in Figure [(3.11] where five contributions are
common to all D modes. The Bt and B~ yields vary independently, but a common
charge asymmetry representing the net effect of any C'P, production and detection
asymmetry effects is shared across all partially reconstructed modes and D final

states.

5. B? — D°Km: In the suppressed B — [wK (77)]pK modes, an additional partially
reconstructed background from BY — DYK[rn] decays also contributes; this com-
ponent is also described using a RooHORNSdini PDF. The CP asymmetry of this
background is assumed from physics to be zero, since it is a neutral B meson and

thus exhibits no direct CP-violation.

6. Ap — Ach: In the specific case of B — [KK]ph, the background from partially
reconstructed A, — [pK7|s h decays (where the pion from the A, decay is missed,

and the proton is misidentified as a kaon) is described using a modified Gaussian
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PDF, as illustrated in Figure[3.20, The CP asymmetry of this background is also

assumed to be zero.

Yields

BT and B~ yields for each component are floated independently, with the exception of the
combinatoric background yields and the yields of the partially reconstructed B? — DYKr
and A, — A.h backgrounds. The number of B* — Dh* signal events for a given D mode

is defined as:

nror(B* = D) = npass(B* = D) + npa,(B* — D) (4.2)
nror(BT — DK*) = npass(BT — DK *) + npar, (BT — DK ¥) (4.3)
(4.4)

Equivalently, the yields in the PASS and FAIL samples can be defined in terms of the
total yield:

(1 —€epyp) X nTOT(BjE —>D7ri)

npAss(B + — D7 +
+

(
ebp X nror(BF — DK ) (
(

(1 —ebp) x nror(B* — DK ™)

)
nFAIL(Bi — D7 )
npAss(Bi — Z)[(i )
)

nFAIL(Bi — l)f(i

The n(B™) and n(B~) signal yields are then combined to construct the CP observables,
as defined in Section [3.1.3] The total B — [hh(hh)|p7 yield, n(B*)+n(B~), is a floating

parameter of the fit for each D mode, while the following ratios are measured directly:

nTOT(Bi — [KW(’/TW)]DK:E)

Ry = 4.9
i nror(B* — [Kn(rm)|pr®) (4.9)
B* - [KK|pK*?*) 1

REK _ nror( 10

P = ror(B* — [KK|pr*) « RET, (4.10)
B* — [rr(nm)|pK*) 1

Rﬂ'ﬂ'(ﬂﬂ') _ nTOT( i1l

“r nror(B* — [rr(nm)|pm®) x REn(mn) (4.11)

K/m

(4.12)
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Charge asymmetries

The raw charge asymmetries measured in each of the B — [hh(hh)|ph signal modes are

defined experimentally as:

(4.13)

where n(B7) and n(B~) are the measured signal yields in each sample of B charge. All
asymmetries are normalised to be within the range [—1, 41|, with positive symmetries
indicating an excess of B~ mesons. There are two classes of contributing asymmetry in
the fit: the asymmetry from CP violation, Acp, and other charge asymmetries introduced
due to experimental factors. There are several contributing asymmetries in the latter

case:

e Production asymmetry Ap : This is the production asymmetry of B mesons
in pp collisions at /s = 7(8) TeV in 2011 (2012). It is easier to produce Bt mesons
than B~ mesons in pp collisions (u quarks needed for a B~ must be taken from
the proton sea), and thus a small negative asymmetry is expected. Ap, is a free
parameter of the fit, and is shared across all signal modes. It can be measured by
assuming zero Acp for the highest statistics favoured B — [Km(7m)]pm modes in
the analysis, and is measured independently in the B — [hh]|ph and B — [hhhh|ph
fits as A" and A% A dedicated measurement of Ap, is performed in Chapter .

e Kaon and pion detection asymmetries, A%* and A%°* : Due to the different
quark content of K+ and K~ mesons, their interaction probabilities with the
detector material are slightly different, resulting in a small detection asymmetry.
The equivalent asymmetry for pions is much smaller, and is assumed to be zero with
an associated systematic uncertainty, A% = (0.0 £0.3)%. A dedicated measurement
of A%t — Adet has been performed at LHCh, where A%t — Adet = (—1.140.3)% [77],
giving access to A%' when combined with the knowledge of Ad'. Both values
are employed as fixed terms in the fit to data, and are considered as a source of

systematic uncertainty in Section [4.1.5

e Left/Right detector asymmetry Ay g: The left/right asymmetry is defined as
the difference in the data collection efficiency between the left and right sections of
LHCb. Due to the use of approximately equal samples of opposite magnet polarity
data, this effect cancels in the analysis. Any residual effect is accounted for by the

systematic uncertainties on A%' and Adet,
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The production asymmetry contribution is common to all B — [hh(hh)]ph modes, but
the degree to which A% and A% influence the specific asymmetry measurements depends

upon the number of kaons and pions in the reconstructed final state.

The asymmetries measured in the analysis are then defined as:

AR = A (B — [Kr(nm)| pr) — AT gdet (4.14)
AT = Ay (B— [Krn(m) | pK) — A" — 245" 4 Al (4.15)
ARK = A(B— [KK]pm) — A} — A (4.16)
AKK = Apw(B— [KK|pK) — A} — A% (4.17)
AT — Ao (B — [ (nr) prr) — Al ) gdet (4.18)
AT = Ao (B — [rm(nr) | pK) — A — Adet (4.19)
ARpSm) = Avw(B = [7K ()| prr) — Ap™ — 2% 4 Aget (4.20)
ARDSR) = Avaw(B = [1K (7m)| p K ) — A" — Adet (4.21)
(4.22)

where AX™(™™ is assumed to be zero to enable the measurement of A%ﬁ(hh), and the
detection asymmetries A%' and A% are fixed to the measured LHCb value and zero,
respectively. The presence of a track h* in the final state, in the absence of an oppositely

charged track h T, contributes a factor 4 A% to the asymmetry definitions above.

4.1.3. Summary of fit components

A visual summary of the various fit components is presented in Figure [4.3] where an
invariant mass fit to BT — [77]ph® candidates in 3 fb~! data is shown on a logarithmic
scaleﬁ B* — Dr* decays reconstructed under the pion bachelor mass hypothesis are
shown by a green solid line in the FAIL sample (bottom plots). The contribution from
misidentified B* — D ® decays in the PASS sample (top plots) are also shown in
green, where the PDF is displaced to higher invariant mass values due to the bachelor

misidentification.

B* — DK?* decays reconstructed under the kaon bachelor mass hypothesis are shown
by a red solid line in the PASS sample. The corresponding contribution from misiden-
tified B* — DK * decays in the FAIL sample is also shown in red. The contribution

3 By construction, the same Ap, is shared by all modes in the fit to data.
4 This mode is chosen for ease of visualisation, as it contains the largest charmless contribution.
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Figure 4.3.: Invariant mass fit to B* — [rn]ph® candidates in 3 fb~! data, for the purpose of
illustration. The distributions are plotted on a logarithmic scale to aid visibility.
In the bottom row of plots (FAIL slice), BT — [rm]pm® are shown by the green
solid line; B~ candidates appear in the leftmost plot, with BT candidates on
the right. In the top row of plots (PASS slice), B* — [rn]pK * are shown by
the red solid line. The corresponding misidentification components for each of
these modes are shown by solid lines of the same colour. The dotted grey region
at low invariant mass shows the contribution from partially reconstructed B
decays, while the dotted red region in the PASS slice shows the contribution
from partially reconstructed and misidentified B — D7 X decays. The solid grey
region indicates the combinatoric background contribution, while he dashed pink
lines represent the contributions from charmless B decays. The total fit PDF is
shown by the solid blue line.

from charmless B* — K*71*7* decays in the PASS sample are shown by the pink
dashed line. Misidentified B*¥ — K *7* 7 * decays entering the FAIL sample are also
plotted in pink, where the PDF is displaced to lower invariant mass values due to the
misidentification of a kaon as a pion. The contribution from charmless B* — r*r*7*

decays in the FAIL sample is also shown in pink.

The combinatoric background contribution is shown by the solid filled grey region
in both the PASS and FAIL samples. Partially reconstructed background events are
shown by the filled light grey regions at low invariant mass in both the PASS and FAIL
samples. The contribution from partially reconstructed B — Dn X decays, where the

pion is misidentified as a kaon, are shown by the filled red region in the PASS sample.
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4.1.4. Validation with toy Monte Carlo fits

The performance and stability of the fit procedure is evaluated using toy experiments.
As a first step, the B— [hh|ph and B — [hhhh]ph fits to data (results presented in
Section are performed, providing a final set of values for each floating fit parameter.
The fit PDF is then used to generate toy Monte Carlo datasets, initialising all PDF
parameters to the final values found in the fit to data. A fit to this generated toy dataset
is then performed using the data fit PDF, where all parameters are this time initialised
to their starting positions in the fit to data. With this procedure, it is possible to check
the robustness of the fit, its rate of convergence and its ability to accurately measure the

CP observable parameter values and their uncertainties without bias.

Pull distributions P(x) for each observable of the fit x can be constructed by running
many such iterations of generation and fitting. The pull for a given parameter is defined

Pr)=""" (4.23)

where zfit is the parameter value as measured in the toy fit, 28" is the generated parameter
value in the toy dataset (this is always equal to the parameter value as measured in the
fit to data), and ofi is the parameter uncertainty in the toy fit. If the fit is unbiased in
its estimation of x, this distribution should exhibit a Gaussian structure with a mean of
zero and a width of unity, for sufficiently large numbers of generated toys. An increase
(decrease) from unity in the width suggests an underestimation (overestimation) of the
parameter uncertainty, while a shift in the mean away from zero suggests a bias in the
central value. Gaussian behaviour is exhibited by all of the fit observables measured in

this thesis, indicating that the fit procedure is free from any inherent bias.

The pull distributions for all of the physics observables in the analysis are presented
in Figures [4.4] and [4.5| for the B — [hh|ph and B — [hhhh]ph fits, respectively. Gaussian
behaviour is exhibited in all cases, with no significant deviations from the unit Gaussian

observed. This indicates that the fit procedure is free from any inherent bias.
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observables in the B — [hh|ph fit, from toy

Monte Carlo fits. All pulls exhibit Gaussian behaviour with means close to zero
and widths close to unity, indicating no underlying bias in the fit procedure.
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Figure 4.5.: Pull distributions for

each of the observables in the B — [hhhh|ph fit, from toy
Monte Carlo fits. All pulls exhibit Gaussian behaviour with means close to zero
and widths close to unity, indicating no underlying bias in the fit procedure.
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4.1.5. Systematic uncertainties

As the analysis is constructed to measure ratios between final states with highly sim-
ilar topologies, many systematic uncertainties cancel completely. Residual systematic
uncertainties from several sources remain however, each of which can be traced to an
assumption made within the fit by the use of a fixed parameter. In this Section, each
source of systematic uncertainty is discussed in turn, and the total systematic uncertainty

for each observable evaluated.

Using the fit to determine systematics

The fits to data are implemented with various fixed parameterﬂ each of which carries an
associated systematic uncertainty. What is of interest is how these fixed parameter uncer-
tainties relate to the systematic uncertainty on each physics observable. To determine the
systematic uncertainty arising from the use of fixed terms, the fit to data is repeated N
times. For each run 7 of the fit, a specific fixed parameter p of the fit is randomly varied
from its nominal fixed value. The variation ¢, introduced in p is in accordance with a
Gaussian distribution of width o,, where o, is the prescribed uncertainty on the fixed
term p. In instances where there are several correlated fixed terms employed in the mass

fit, all of the terms are varied at the same time, taking into account their correlations.

By performing the fit N timesﬂ7 each time with a slightly different value of p, distribu-
tions in the physics observables O can be built up. The RMS of these distributions then
provide a measure of the systematic uncertainties relating to using a fixed value of p in the
fit. This procedure is carried out for various fixed parameters, and the sum in quadrature
of the individual RMS values taken to represent the total systematic uncertainty on the
observables. In this way, the uncertainties o, on the fixed parameters p are propagated
through the fit, providing a direct measure of the corresponding systematic uncertainties
on the observables O. A general assumption of this method is that the different sources

of systematic uncertainty considered are uncorrelated.

5 Fixed parameters are those that are given no freedom to float in the fit, such as various PDF shape
parameters and background yields taken from the data-driven studies in Chapter

Only the subset of fits with fully accurate error matrices (covQual = 3), proper convergence (MIGRAD
= 0 status) and small estimated distances to the minimum (EDM < 0.1) are retained. These correspond
to the fits that would be deemed acceptable to an analyst, and typically comprise over 90% of the N
systematic fits.

6
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Kaon PID efficiency e

In the simultaneous invariant mass fit to B*¥ — DK *and B* — Dn * events, the relative
rate of B* — DK *events in the PASS and FAIL samples is fixed using the value of e,
determined in Section[3.3.3] The systematic uncertainty on this efficiency varies from 0.3%
in the favoured B — [K7(77)|ph modes, to 1.5% in the lower statistics B — [ (77)|ph
modes. This uncertainty is driven by the size of the reference sample of signal tracks
used in the calibration procedure, explaining why it increases for the lower statistics
modes. A small contribution from the weighting procedure is also accounted for in the
quoted uncertainty, but it comprises less that 10% of the total uncertainty. The ek,
values for each D mode are varied independently within their prescribed uncertainties in

order to determine the systematic uncertainty from this source.

Shape parameters for misidentified B* — Dm *events entering the PASS

sample

The contribution from misidentified B* — Dr *events in the PASS sample is modelled
using a double Crystal Ball PDF. The tail parameters of this shape are fixed to the
values found in a fit to simulated events, and varied within their MC fit uncertainties
to determine the systematic uncertainty. The fixed values used in the fit, and their

corresponding uncertainties, are listed in Table [3.20

The rate of this contribution in the PASS sample is small, and is allowed to float
freely in the fit; the yield found agrees fully with the expected contribution of (1 —

Shape parameters for misidentified B* — DK T events entering the FAIL

sample

Misidentified B* — DK * events entering the FAIL sample are also modelled using a
double Crystal Ball PDF, with each shape parameter taken from a fit to simulated events.
The systematic arising from the fully fixed shape is determined by varying the fixed
shape parameters within their MC fit errors. The fixed shape parameters and their
corresponding uncertainties are listed in Table [3.20
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The rate of this contribution is fixed to be (1 — &) of the total B* — DK *yield,
where the systematic uncertainty from this choice is determined by varying e& as

described above.

Charmless yields and asymmetries

As detailed in Section [3.4.2] all charmless contributions in the fit are estimated using a
data-driven approach, where the upper and lower D sidebands are studied. The yields
and asymmetries measured in the sidebands are employed as fixed terms in the fit to data,
and varied within their sideband fit uncertainties as a source of systematic uncertainty.
The charmless asymmetries and their corresponding uncertainties are listed in Table [3.11],
while the yields are listed in Table

Charmless shape

The line shape describing charmless decays in the fit to data is taken from fits to simulated
B— K- ntn (ntn~) events. A Gaussian PDF is used, with a mean equal to the main
signal peak mean and a width taken from simulation. The width is scaled according to
the difference in mass resolution between data and simulation, and varied within its MC

fit uncertainty to determine the systematic uncertainty from this source.

Crossfeed from favoured B — [Kw(7m)]|ph decays in the suppressed
B — [r K (7m)|ph samples

The contamination of the suppressed modes resulting from double misidentification of
favoured decays is determined using a data-driven approach, as detailed in Section [3.4.3
The crossfeed rate is estimated to be small at around 1% of ngg(r;r)) , and is fixed in the
fit to data. The crossfeed rates used in the B — [hh|ph and B — [hhhh|ph fits, and their

associated systematic uncertainties, can be found in Tables and [3.17]

All crossfeed contributions are described using Gaussian PDFs in the fit to data,
with widths taken from fits to simulated B — [Km(7wm)|p7m events that have been doubly
misidentified as suppressed B — [r K (nm)|pm. This width is varied within its MC fit

uncertainty to determine the systematic uncertainty due to this choice.
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Instrumentation asymmetries A$* and Adet

The kaon and pion detection asymmetries are fixed to the values A%* = (0.0 £ 0.3)% and
Adet — Adet — (—1.140.3)%, respectively. Both values are varied within their associated

uncertainties to determine the systematic uncertainty.

Efficiency corrections

The selection efficiencies for B* — DK *and B* — D7 * decays are slightly different,
owing to the different bachelor type. The efficiencies for selecting both types of decay
are evaluated using samples of simulated favoured B — [Kw(7m)|ph events as detailed
in Section , and the efficiency ratios RX™(™ employed in the fits to correct the

measured yield ratios where appropriate.

The values of RE™™™) are varied within their associated uncertainties to determine
the systematic uncertainty from this source, where the uncertainties on RX™™™ arise
from the use of finite samples of simulated events in determining efficiencies. The system-

atic uncertainty on Rﬁ;’}f”) is dominated by this contribution, whereas the systematic

()

uncertainties on Rip" " and RSE from this source are minimal due to their construction

as double ratios.

Ay — Ac.h background in B — [KK]|ph

The contribution from partially reconstructed A, — [pK | h decays in the B — [K K]|ph
modes is described using a modified Gaussian PDF, with shape parameter values taken
from a fit to simulated events. The fixed values used, and their corresponding systematic
uncertainties, are listed in Table All shape parameters are varied within their MC

fit uncertainties to determine the systematic uncertainty.

B? — D°Kw background shape

An important background to the suppressed B — [7 K (77)|p K modes comes from par-
tially reconstructed B? — DY K] decays, which are modelled in the fit to data using a
RooHORNSdini PDF, as detailed in Section [3.4.1. The key parameters of the shape are its
width o and the upper kinematic endpoint b, the latter of which is determined from fits

to simulated events. The width of this component is fixed to the width measured in data
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for fully reconstructed B — [7 K (7m)]pK decays, as the MC fit width underestimates the

true width in data.

The upper endpoint b is varied by 41 MeV/c? on its MC fit value of 5224 MeV /c?,
while the width o is also varied by +1 MeV/c?. The width variation introduced is
conservative (relative to the width uncertainty measured in B — [ K (7n7)|pK data
of 0.03 (0.04) MeV/c?), due to the proximity of this background to the suppressed
B — [7K (7m)]pK signal peaks. This mode sits closer to the signal region than the other
partially reconstructed backgrounds, because of the higher mass of B? mesons relative to

the B mesons.

Other partially reconstructed background shapes

All remaining partially reconstructed backgrounds are modelled using the RooHORNSdini
and RooHILLdini PDFs, with shape parameter values taken from fits to simulated events
as detailed in Section [3.4.1] In order to determine the systematic uncertainty from the
fixing of low mass background parameters, the widths of each partially reconstructed
background component are varied within their MC fit uncertainties. This excludes the
mode B* — (D*® — D°[7%])h* | which has a freely floating width in the fit to data in

order to improve the residuals.

The kinematic endpoints, a and b, of the low mass contributions are calculable
analytically from the particle masses in the decay chain (which are well known), and
as such no systematic uncertainty arises from this source. For wider modes such as
B* —» D'r* [7‘(’0]|Z|, where analytical widths are not precise, the endpoints are fixed to
the values found in fits to simulated events and varied within their MC fit uncertainties

to determine the systematic uncertainty.

All partially reconstructed modes (including the B? — D°K7 contribution in the
suppressed B — [7 K (77)|p K modes) share a freely floating uniform shift in invariant
mass, such that no systematic uncertainty is incurred. Only the upper regions of each
partially reconstructed distribution enter the 5079 — 5899 MeV /c? fit region, such that
the lower peaks of any double-peaking structures are ignored. The relative peak height
parameters for each shape are fixed to unity (equal peak height) with no systematic

uncertainty, since only one of the peaks features in the invariant mass fit range considered.

7 Such modes are wider due to the larger phase space available to the missing particle, which is produced
via an intermediate p resonance.
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The contributions from partially reconstructed B® — D**7~ decays have fixed yields
in the fit, where branching fractions are used to fix the yields relative to the fully
reconstructed B — D *signal yield for each D mode. Branching fraction uncertainties
from [12] are used to determine the systematic uncertainty due to this assumption, by

varying the B® — D**7~ yields in the fit accordingly.

Additional uncertainty in the low mass description arises from the use of semi-empirical
shapes to model partially reconstructed and misidentified B — D7 X decays entering
the PASS sample. A 10% variation in each parameter of the semi-empirical shapes is
introduced in order to determine the systemic uncertainty from this source. The choice
of tight bachelor PID cut in the PASS sample (ALLg/, > 12) helps to minimise the

systematic contribution from this source.

CP-violation in partially reconstructed background

All partially reconstructed modes share a freely floating charge asymmetry in the fit
to data. This assumption ignores the potential for some of the partially reconstructed
modes to exhibit greater degrees of CP-violation, in particular the B* — D**h* modes.
To determine a systematic uncertainty for this choice, the fit to data is performed many
times, each time introducing random degrees of CP-violation for each of the low mass
contributions independently. The degree of CP-violation introduced depends upon the
specific D final state, aligning with the amount of CP-violation previously observed in
the 1fb~! analysis of B* — Dh¥* decays.

Total systematic uncertainties

In Tables and [£.3] each contribution to the total systematic uncertainty for all
observables in the B — [hh]ph and B — [hhhh]ph fits are listed. To help visualise which
of the systematics are most important and which variables are systematically limited, all
systematics have been quoted as a percentage of the measured statistical uncertainty for
each observable; when the systematic uncertainty and statistical uncertainty are equal

for instance, the systematic uncertainty is quoted as 100%.

It is clear that only two observables are systematically limited, namely R[Igﬂm)

and Ap,. In the former case, the efficiency correction RX™(™™ contributes most to the

systematic uncertainty. The uncertainty on this correction arises from the use of finite
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samples of simulated events, but is sufficiently large to cover other ignored systematic

effects such as the reliability of the LO trigger emulation in the simulation.

In the case of Ap,, the systematic uncertainty is vastly dominated by the kaon and
pion detection asymmetries, A%* and Ad°t. This is expected, since each raw asymmetry
in the fit is corrected with Ap,, and the detection asymmetries enter at several points in
the definition of each CP asymmetry (Equations [£.14} [4.21)). The value of Ap, measured
in this Chapter represents an effective value; a dedicated measurement is presented in
Chapter
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Table 4.3.: Systematic uncertainties for each observable in the B — [hhhh]|ph fit. Each uncertainty is quoted as a percentage of the
statistical uncertainty for a given observable. In the final row the, total systematic uncertainties for each observable are
listed. These are given by the sum in quadrature of each contributing source of systematic uncertainty.

%) RETT™  REp™ Ry RASHL.  As,  AKTT ank ke At apm
Kaon PID cut 37.1 1.4 0.3 3.5 0.2 0.3 0.8 2.6 0.5 0.2
B* - Drn*as B¥ — DK *shape 39.4 4.6 13.4 9.3 0.4 1.1 13.9 2.0 1.7 0.3
Charmless yields and asymmetries 1.1 19.7 22.3 15.4 0.1 0.0 13.7 1.5 21.7 6.8
Crossfeed 0.1 0.2 0.6 13.4 0.0 0.0 0.3 0.4 0.0 0.0
Instrumentation asymmetries 1.5 0.3 0.3 0.1 156.3 25.8 2.9 14.1 1.8 37.9
B* DK *as B — Drn*shape 34.7 1.2 1.9 6.6 0.5 1.3 2.8 3.0 0.5 1.2
Charmless shape 0.3 6.1 0.2 0.1 0.0 0.0 0.1 0.2 0.8 0.0
Efficiency correction 190.9 5.0 0.6 11.9 0.1 0.3 1.7 0.7 0.2 0.2
BY? — DYK 1 shape 21.3 1.5 13.6 17.7 8.8 1.1 2.2 3.8 9.0 11.6
Low mass background 33.2 2.7 14.1 11.2 0.2 0.4 6.7 0.6 1.6 0.1
Signal peak tails 39.5 16.0 3.0 1.3 0.5 0.5 3.1 0.4 3.0 2.8
CPV in low mass background 20.0 10.8 6.7 5.6 3.7 1.7 6.1 2.3 5.9 2.1
Total 210.0 29.3 33.5 34.2 156.6 25.9 22.3 15.5 24.6 40.4
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4.2. Results

4.2.1. B — [hh]ph results

Invariant mass fits to m(Dh) for each of the D — hh modes are shown in Figures
4.9, The plots follow the layout detailed in Figure , with the PASS sample (events
reconstructed as BT — DK *) shown in the top row and the FAIL sample (events
reconstructed as B — D ®) shown in the bottom row. B~ candidates are plotted on the
left and BT on the right in all cases. Events reconstructed as B* — DK * (B* — Dr¥)
are indicated with solid red (green) lines, while partially reconstructed background events
are plotted as a grey filled region at low invariant mass. Specific physics backgrounds in

each mode are shown by dashed pink lines, and are individually described in the captions.

The final results for each of the B — [hh]ph CP observables, including systematic

uncertainties, are:

Decay mode Yield
B* = [K*nF],n* 378,120 + 652
B* - [K*rF], K* 29,409 + 233
B* - [K*K¥F],7* 50,151 + 265
B* - [K*KT], K= 3818 + 92
B* - [rEf7F] 7 14,682 + 125

[

[

[

TErF) KE 1162 + 48
TEKF] n* 1361 + 44
B o [#*KF|,K* 551 + 34

Table 4.4.: Signal yields measured in the B— [hh|ph fit.  Values are quoted for
B* 5 DK¥* and BT — Dr* in each of the four D final states considered. The

uncertainties quoted are statistical only.
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RET, 0.0778 +0.0006 (stat.) +0.0016 (syst.)
REK 0.979 +0.022 (stat.) +0.021 (syst.)

o 1.018 +0.040 (stat.) +0.023 (syst.)
Ag, —0.0033 +0.0017 (stat.) +0.0042 (syst.)
AKT —0.0169 +0.0072 (stat.) +0.0033 (syst.)
AKK —0.0160 +0.0050 (stat.) +0.0028 (syst.)
AKK 0.0855 +0.0201 (stat.) +0.0130 (syst.)
AT 0.00291  40.00860 (stat.) +0.00311 (syst.)
AY 0.123 +0.037 (stat.) +0.004 (syst.)
RiDsx) 0.0187 +0.0011 (stat.) +0.0006 (syst.)
A% sx) —0.4044 +0.0563 (stat.) +0.0153 (syst.)
R s 0.00360  40.00012 (stat.) 40.00004 (syst.)
A% s 0.0971 +0.0314 (stat.) +0.0090 (syst.)

where each of these values are floating parameters of the fit. The corresponding yields
for each signal mode are listed in Table [£.4] which are derived from the observables
using the formalism outlined in Section [4.1.2] These results represent the most precise
measurements of CP violating observables in B — [hh]ph decays to date, and agree
with the published 1fb~! results. A combination measurement of A using both the
B — [hh|ph and B — [hhhh]ph modes is presented in Chapter [5|
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Figure 4.6.:

Invariant mass fit to favoured B*¥ — [K*7T],h* events in 3 fb~! of data.
B* — Dr* events are shown in the bottom row of plots, and B* — DK * events
in the top row. B~ events are displayed on the left, and B™ events on the right.
The red (green) solid lines indicate B* — DK * (B* — D7 %) signal events,
and the shaded grey region at low invariant mass shows the contribution from
partially reconstructed decays. The combinatoric background contribution is
also plotted, but is not visible on the linear scale. The total PDF is plotted as a
solid blue line.
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Figure 4.7.: Invariant mass fit to BT — [K*KT|,h* events in 3 fb~! of data.
B#* — Dn*events are shown in the bottom row of plots, and B* — DK * events
in the top row. B~ events are displayed on the left, and BT events on the right.
The red (green) solid lines indicate BT — DK * (B* — Dz %) signal events,
and the shaded grey region at low invariant mass shows the contribution from
partially reconstructed decays. The combinatoric background contribution is
also plotted, but is not visible on the linear scale. The dashed pink line shows
the contribution from partially reconstructed A, — A.h decays, which affects

only the D — KK modes in the analysis. The total PDF is plotted as a solid
blue line.
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Figure 4.8.: Invariant mass fit to B¥ — [rTaF],h* events in 3 fb~! of data.
B* — Dr*events are shown in the bottom row of plots, and B* — DK * events
in the top row. B~ events are displayed on the left, and BT events on the right.
The red (green) solid lines indicate B* — DK * (B* — Dz %) signal events,
and the shaded grey region at low invariant mass shows the contribution from
partially reconstructed decays. The combinatoric background contribution is also
plotted, but is not visible on the linear scale. The dashed pink line in the top
row of plots shows the largest charmless contribution in the B — [hh|ph data,
from B* — K* 7T 7% decays. Charmless modes are also present elsewhere in
the data fit as described in Section [3.4.2] but are not visible on the linear scale.
The total PDF is plotted as a solid blue line.
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Figure 4.9.: Invariant mass fit to suppressed BT — [r £ K T|,h* events in 3 fb~! of data.
B* — Dr* events are shown in the bottom row of plots, and B* — DK * events
in the top row. B~ events are displayed on the left, and B™ events on the right.
The red (green) solid lines indicate B* — DK * (B* — Dn %) signal events, and
the shaded grey region at low invariant mass shows the contribution from partially
reconstructed decays. The contribution from combinatoric events is shown as a
filled grey region across the entire fit range; this component is present in each
fit, but is most visible in the low statistics suppressed modes. The contribution
from partially reconstructed BY — DYK 7 decays in the PASS sample is shown
by a dotted pink line below the main signal peak. This background sits closer to
the signal region than the other partially reconstructed backgrounds, due to the
larger mass of the BY meson. The total PDF is plotted as a solid blue line.
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4.2.2. B — [hhhh]ph results

The invariant mass fits to m(Dh) for each D — hhhh mode are shown in Figures
[1.12} all plots adopt the same convention as the B — [hh]ph fits previously shown. Signal
yields for each of the B — [hhhh|ph modes are listed in Table [1.5] The final results for
the B — [hhhh|ph CP observables are:

REGT™ = 0.0793 +0.0010 (stat.) +0.0020 (syst.)
Ap, = —0.0054 +0.0027 (stat.) +0.0039 (syst.)
AfEmmn — 0.0010 +0.0119 (stat.) 40.0030 (syst.)
e = 0.975 +0.037 (stat.) 4+0.010 (syst.)
ArmmT =  —0.00552  £0.00791 (stat.) +0.0032 (syst.)
ARrmT = 0.1004 +0.0336 (stat.) +0.0079 (syst.)
RS = 0.00377 +0.00018 (stat.) +0.00005 (syst.)
Ry = 0.01399 +0.00149 (stat.) +0.00041 (syst.)
ALy — 0.0205 +0.0481 (stat.) +0.0068 (syst.)
AL ) = —0.316 +0.102 (stat.) +0.015 (syst.)

which represent the most accurate determination of CP violating observables in such
decays to date. The value of Ap, is measured independently in the B — [hh]ph and
B — [hhhh]ph fits; a dedicated measurement of Ap, as a function of B* kinematics is
presented in Chapter [5] alongside a complementary measurement of the CP asymmetry
in B* — J/¢K* decays. Although the B* — [hh(hh)]ph® modes studied in this thesis
cannot alone resolve the trigonometric ambiguities in ~, they are highly powerful when
combined with other LHCb measurements. The results presented in this thesis will be
used in combination with other LHCb measurements to perform a dedicated measurement
of the CKM phase v in 2015.

4.2.3. Correlation matrices

The statistical and systematic correlation matrices for the observables in the 2h and 4h
fits are provided in Tables [4.6] -
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Decay mode

Yield

B:I:

[KErFatnTpr®

= |
= [m
= [m
d
— |

]
— [KEnFatrT]
tKFrirT]
tKFrErTpK

rtrFrtaFpr

rrrFrEaF]pK*

DK

D7T

+

142,910 + 389
11,334 + 143
539 + 26
159 + 17
19, 356 & 146
1497 + 60

Table 4.5.: Measured yields in the B — [hhhh]ph fit. Values are quoted for B* — DK *and

B* 5 Dr*

quoted are statistical only.

in each of the three D final states considered. The uncertainties
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Figure 4.10.: Invariant mass fit to favoured B* — [KTaFT7rEaF],h* events in 3

fb~1 of data.
and BT — DK *events in the top row. B~
left, and BT events on the right.

B* — Dn*events are shown in the bottom row of plots,

events are displayed on the
The red (green) solid lines indicate

B* - DK*(B* — Dr¥) signal events, and the shaded grey region at low
invariant mass shows the contribution from partially reconstructed decays. The
combinatoric background contribution is also plotted, but is not visible on the
linear scale. The total PDF is plotted as a solid blue line.
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Figure 4.11.: Invariant mass fit to suppressed B¥ — [#*KTn*7T|,h* events in 3
fb~! of data. BT — DnTevents are shown in the bottom row of plots,
and BT — DK *events in the top row. B~ events are displayed on the
left, and BT events on the right. The red (green) solid lines indicate
B* - DK*(B* — Dr¥) signal events, and the shaded grey region at low
invariant mass shows the contribution from partially reconstructed decays. The
contribution from partially reconstructed B? — DYKr decays in the PASS
sample is shown by a dotted pink line below the main signal peak. This back-
ground sits closer to the signal region than the other partially reconstructed
backgrounds, due to the larger mass of the BY meson. The total PDF is plotted
as a solid blue line.
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Invariant mass fit to B¥ — [rfaFTrEaT],h® events in 3 fb~! of
data. BT — Dr*events are shown in the bottom row of plots, and
B* - DK *events in the top row. B~ events are displayed on the
left, and BT events on the right. The red (green) solid lines indicate
B* - DK*(B* — Dr¥) signal events, and the shaded grey region at low
invariant mass shows the contribution from partially reconstructed decays. The
combinatoric background contribution is also plotted, but is not visible on the
linear scale. The dashed line in the top row of plots shows the largest charmless
contribution in the B — [hhhh]ph data, from B* — K*7Fr* 7T 1% decays.
Charmless modes are also present elsewhere in the data fit as described in

Section but are not visible on the linear scale. The total PDF is plotted
as a solid blue line.
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Table 4.7.:

Statistical correlation matrix from MINUIT for the ten physics observables in the 4-body fit.

RIGZT Ap,  ARTT REmt g At BT BT ARk ARken
mwwﬂ:ﬂ 1.0 0.0012 0.0012 -0.308 -0.0004 -0.0023 -0.099 0.0116 0.0028 0.0005
Ag, 0.0012 1.0 -0.2836 0.0004 -0.3413 -0.084 0.0005 0.0004 -0.0256 -0.0593
>Mﬂ3 0.0012 -0.2836 1.0 -0.0009 0.0968 0.0239 -0.0005 -0.0001 0.0064 0.0166
P -0.308 0.0004 -0.0009 1.0 -0.0041  -0.0182 0.0409 -0.0041 0.002 -0.0001
AT -0.0004 -0.3413 0.0968 -0.0041 1.0 -0.0197 -0.0001 -0.0001 0.0088 0.0202
AT -0.0023 -0.084 0.0239 -0.0182  -0.0197 1.0 -0.0011 0.0 0.0018 0.005
NMMMMNV -0.099 0.0005 -0.0005 0.0409 -0.0001  -0.0011 1.0 -0.0464 0.0821 0.0135
mwwmﬂi 0.0116 0.0004 -0.0001  -0.0041 -0.0001 0.0 -0.0464 1.0 -0.004 -0.0218
\»MWM@NV 0.0028 -0.0256 0.0064 0.002 0.0088 0.0018 0.0821 -0.004 1.0 -0.0618
\»Mmmwgmav 0.0005 -0.0593 0.0166 -0.0001 0.0202 0.005 0.0135 -0.0218 -0.0618 1.0
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Table 4.9.: Systematic correlation matrix for the ten physics observables in the 4-body fit.

K K K K K K
R REET RYSTL RYSTL A, AKTT AR AR ARRT AT
vaﬂ; 1.00 0.11 -0.04 0.13 -0.01 0.00 -0.13 0.17 -0.14 0.08
REET™ 0.11 1.00 0.04 -0.06 0.01 0.02 -0.04 -0.04 0.07 -0.07
K
mmbmﬂwv -0.04 0.04 1.00 0.14 -0.00 0.02 0.87 0.10 0.03 0.01
NMMMQM 0.13 -0.06 0.14 1.00 -0.04 -0.02 0.05 0.46 -0.35 0.24
)
Ag, -0.01 0.01 -0.00 -0.04 1.00 -0.36 -0.05 -0.42 -0.03 -0.64
bMﬂS 0.00 0.02 0.02 -0.02 -0.36 1.00 0.02 0.05 0.09 0.32
K
.bemﬂ_.w.v -0.13 -0.04 0.87 0.05 -0.05 0.02 1.00 -0.09 -0.04 0.02
&Mwwﬂ 0.17 -0.04 0.10 0.46 -0.42 0.05 -0.09 1.00 -0.34 0.43
™
bmﬂmﬂﬂ -0.14 0.07 0.03 -0.35 -0.03 0.09 -0.04 -0.34 1.00 0.31
xﬁmﬂﬂﬂ 0.08 -0.07 0.01 0.24 -0.64 0.32 0.02 0.43 0.31 1.00




Chapter 5.

Measurement of the phase-space
dependent B &= production
asymmetry, and the CP asymmetry
in BT — J/'t,bK:l: decays

In this Chapter, a measurement of the B* production asymmetry Ap, is performed
using the B* — [K* 7 ¥ (r* 7 ¥ )|pr ™ final state. The measurement is motivated by the
importance of Ap, as a contributing uncertainty in CP-violation analyses, as detailed in
Section [1.2.1] In Section [5.2] the invariant mass fit strategy first detailed in Section

D

Fow 1 seven bins of

is employed in order to measure a series of raw asymmetries A
B* kinematics. These raw asymmetries are corrected for instrumentation asymmetry
effects (described in Section in order to measure Ap, as a function of B* transverse
momentum and pseudorapidity in Section [5.4] The measurement is performed both on
the full Run I dataset and on the /s =7 TeV and /s = 8 TeV component datasets, in
order to investigate any dependence on the centre of mass collision energy. Using the
knowledge of raw asymmetries in B* — Dr® decays, a complementary measurement of

the CP asymmetry in B* — J/1K* decays is performed in Section .
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5.1. Advantages of using B* — Dn* decays to

measure Ap,

In this thesis, the first measurement of Ap, using the B*¥ — D7 * final state is performed.
Being both colour and Cabibbo favoured, this decay represents a high statistics sample
that is free from any significant CP asymmetry. This feature enables Ap, to be measured
with improved precision relative to previous attempts using B* — J/¢ K+ decays. In
addition, knowledge of the raw asymmetry in B* — D * can be used to measure Aé/;f’ K
with improved precision (see Section .

5.2. Measuring the raw asymmetry in B* — Dn*

decays

In Chapter 3 a simultaneous fit strategy was adopted in order to measure several CP ob-
servables. As part of this approach, the favoured decay modes B* — [K* 7T (7* 7T )|ph*
were included to provide high statistics samples with which PDF shapes could be ac-
curately determined. The raw charge asymmetry measured in B* — D ¥ is defined
as:

Afaw = Ap, + ACE + Ay + Al + Ao (5.1)

Raw

The various asymmetries involved are:

. Ag;; : CP asymmetry in favoured B* — D * decays. Using current knowledge on
the fundamental parameters r%, dp and v, the assumption can be made that zero
CP-violation occurs in B* — [K* 7 ¥ (r* 7T )]ph* decays, such that AZ% = 0.
This assumption is made throughout the analysis, with an associated systematic

uncertainty.

o AXT™ and A7, : detection asymmetries associated with measuring a K * 7 ¥ pair

and a pion, respectively (see Section {4.1.2]).

e Ay, : asymmetry introduced by the LO trigger. Dedicated approaches to measuring
the various instrumentation asymmetries AXT AT and Apy have been developed
at LHCb, the salient features of which are detailed in Section [5.3]
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Using this information, the production asymmetry can be constructed from the raw

charge asymmetry measured in fits to B* — Dr* data.

In order to measure the raw charge asymmetry, a simultaneous invariant mass fit to
B* - Dn* and B* — DK®* decays is performed[] The B* — DK * data does not
contribute to the raw asymmetry measurement, but is included in order to accurately
define the amount of background from particle misidentification in the B* — Dr*

sample.

The data sample and fit procedure used is identical to that detailed in Section 4.1

with the following important distinctions:

e Only the favoured modes B* — [K* 7T (r*77)]pr® and B* - [K*nF (37 F)|pK*
are considered. The additional modes presented in Chapter (3| have much lower

statistics, and do not contribute significantly to the precision on Ag,.

e Only those candidates passing the L0 TIS trigger are used. In Chapter [3, B*
candidates passing the L0 hadron TOS trigger were also used, but are removed from
the Ap, analysis to enable the precise determination of the trigger asymmetry Apg.
The potential asymmetries introduced by the L0 hadron TOS trigger are not yet
fully understood.

e In Chapter [3] the detection asymmetries were employed as fixed values in the fit
with associated systematic uncertainties. These values adjusted the raw asymmetry
being measured within the fit, such that the fit returned an effective Ap, value. In
the present case, no fixed asymmetry correction terms are employed in the fit, such
that the fit result returned is a pure measure of AT . In Section [5.4) these raw

asymmetries will be corrected in order to measure Ap,.

e The D° flight distance requirement, defined in Equation , is relaxed relative to
the cut applied in Chapter [3] This cut is designed to suppress the contributions
from charmless B* decays, which are important in the lower statistics modes but
negligible in the case of favoured B* — Dh* decays. The cut applied is relaxed
from > 2 to > 0, thus boosting the fit statistics by around 20%.

e Fiducial cuts are applied to the sample, to remove regions of large positive and neg-

ative charge asymmetry near the LHCb angular acceptance edge (see Section [5.2.1)).

1 As was the case in Chapter [3| the 2-body and 4-body decays are measured using separate invariant
mass fits.
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e The fit is performed independently in seven bins of B* kinematics (See Sec-

tion .

5.2.1. Fiducial cuts

At large angles in the x — 2z plane within LHCb, charged tracks of a given charge are
more likely to remain within the horizontal acceptance than those of opposite charge.
This effect arises due to the bending of low momentum tracks through angles comparable
to the angular acceptance of LHCb. This results in regions of large positive and negative
asymmetry near the acceptance edge of LHCb, where the assumption that such effects

cancel when summing over magnet polarity is no longer valid.

To investigate this effect, the distribution of bachelor pion momentum in the x — 2
plane has been studied in B* — [K 7 F]pr® decays, splitting by both bachelor charge
and magnet polarity. The distributions are shown in Figure |5.1} where the corresponding
charge asymmetries are shown in Figure [5.2l The regions of large positive (negative)
asymmetry near the acceptance edge are visible as the red (blue) regions to the left of

the red lines.
The choice is made to remove these regions from the analysis. A fiducial cut of the

form:

Ipz] < a(p. — po)

is applied to all candidates, where a@ = 0.294 and py = 2 GeV/c. The vetoed region
corresponds to those events falling to the left of the red lines drawn in Figures[5.1] and [5.2}

98.3% of offline selected candidates survive the veto.
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Figure 5.1.: Bachelor momentum distribution in the x — z plane, for BT magnet up (top left),
B™ magnet down (bottom left), B~ magnet up (top right) and B~ magnet down
(bottom right). The fiducial cut applied to remove regions of large positive and
negative asymmetry is indicated by the red line, where vetoed candidates fall to
the left of the line. The colour scale denotes the number of events in each bin.
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Figure 5.2.: Raw charge asymmetry in the x — 2z plane of bachelor momentum, for magnet
up (left) and magnet down (right) data. The z-axis scale denotes the value of
the charge asymmetry in a given bin. Regions of large positive and negative
asymmetry are indicated by the red and blue areas to the left of the red lines,
and are removed by application of a fiducial cut. The cut is highly efficient,
removing only 1.7% of candidates.
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5.2.2. Measuring Ag;rw in bins of B* kinematics

In order to investigate the dependence of A, on B* kinematics, measurements of the
raw charge asymmetry are made in seven independent bins of B* kinematics. The bins
are defined in two dimensions , across rectangular regions of B* candidate transverse
momentum (pr) and pseudorapidity (), as illustrated in Figure only B* candidates
falling within a 450 MeV/c? window around the nominal B* mass are shown. Separate
invariant mass fits are performed for each bin, allowing the floating shape parameters
to find values appropriate for each region of B* kinematics. The fits are identical in
structure to those presented in Chapter [3 and exhibit high quality residuals and fully

accurate covariance matrices in each bin.

The B* — D7 * signal yields measured in each bin are recorded in Table for both
the 2-body and 4-body fits; in Table 5.2} the corresponding raw asymmetries measured in
each bin are listed. For illustration, the invariant mass fits to B — [K* 7T |ph* and
B* = [K*rTrtr®]ph® candidates residing in the (1 < pr < 6 GeV/c, 3.3 <n < 4.2)

bin are shown in Figures[5.4]and [5.5] respectively. These fits are representative of those for

D
Raw

are calculated using the 2-body and 4-body results and their statistical uncertainties;

each of the kinematic bins considered. Within each bin, weighted average values of A

el b b b by

0 2 4 6 8 10 12 14 16 18 20

B* p, [Gevid]

Figure 5.3.: Kinematic bins employed in the measurement of Ap_, where selected B* — D+
candidates falling within a + 50 MeV /c? window around the nominal B* mass
are plotted. The same binning scheme will later be employed for the measurement
of Aé/;fK in B = J/¢YK* decays.
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Figure 5.4.: Invariant mass distributions of selected B* —[K * 7w T|ph¥* candidates, where
the B* candidates residing in the (1 < pr < 6 GeV/¢, 3.3 < n < 4.2) kinematic
bin are displayed for illustration. B~ candidates are shown in the leftmost
plots, with BT candidates displayed on the right. In the top row of plots, the
bachelor track passes the PID cut, and the B* candidates are reconstructed by
assigning this track the kaon mass. The remaining candidates are placed in the
sample displayed in the bottom plots, and are reconstructed with a pion bachelor
mass hypothesis. The red and green curves represent the fitted B* — DK *
and B* — Dr® components, respectively. The shaded contribution indicates
partially reconstructed decays, and the total PDF includes the combinatorial
background component.

B* (pr|GeV/cl,n) N(B* = [K*rF|pr*) NB* -[K*rTrtrTlpr®)

1-6,22-3.3 24,992 £ 162 5020 £ 76

1-6,3.3—-4.2 59,394 £+ 259 19,134 £ 151
1-6,42-5.0 13,202 + 126 24,015 £ 197
6—11,2.2-3.3 65,916 + 294 24,206 £+ 268
6—-11,3.3-4.2 35,149 £ 211 28,740 £ 166
11 -18,2.2 -3.3 30,371 £ 172 25,274 £+ 166
11 -18,3.3 —4.2 3200 £ 60 6385 £ 79

Table 5.1.: Signal yields measured in B*¥ = [K*7F|pr® and B* = [K*nF ¥ 7T |pr*,
within each bin of B* kinematics. The uncertainties quoted are statistical only.
The corresponding raw asymmetries measured in each bin are listed in Table

these averages will later be employed to measure Ag, within each bin (Section , and
to measure the CP asymmetry in B+ — J/9K * decays (Section .
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Figure 5.5.: Invariant mass distributions of selected B* — [K *n Tn* 7T |ph* candidates,
where B¥ candidates from the (1 < pr < 6 GeV/c, 3.3 < 1 < 4.2) kinematic bin
are shown. See the caption of Figure [5.4] for a full description.

(pr|GeV/c],m) A[Igﬂw (%] A%ZLM]W (%] Weighted average [%]
1-6,2.2-3.3 -1.10 £+ 0.64 -2.84 + 1.43 -1.39 + 0.58
1-6,3.3—-4.2 -1.65 £ 0.42 -1.54 £ 0.74 -1.62 + 0.36
1-6,42-5.0 -1.41 £ 0.88 -0.32 £ 1.57 -1.15 £ 0.77
6—11,22—-33 -1.42 +£ 0.39 -1.48 £ 0.58 -1.44 £+ 0.32
6—-11,33—-42 -1.14 £ 054 -1.34 £ 0.60 -1.23 £ 0.40
11 -18,2.2—-33 -1.52 £ 0.55 -1.33 &+ 0.64 -1.44 + 0.42
11-18,3.3-42 -2.63 £ 1.80 0.71 £ 1.27 -0.40 £ 1.04
Table 5.2.: Raw asymmetries measured in BT »[K*nF]pn* and

B* 5 [K*rFrtrF]pr*, with their weighted average computed in
each kinematic bin. The uncertainties quoted are statistical only. The weighted
averages will be used in Section to measure the B* production asymmetry,

and later in Section as input to a measurement of Aé/];p K
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5.3. Measuring the detection asymmetries Afg;, et

and Aroirrs

To measure the production asymmetry, various instrumentation asymmetries must be
unfolded from the raw asymmetries measured in Section [5.2] The procedures developed

to measure each contributing detection asymmetry are now discussed.

5.3.1. Determining Afl{e;' using prompt charm decays

The dominant source of detection asymmetry arises from nuclear interactions with the
detector material, which affect the single charged kaon in the final state. This detection
asymmetry, denoted as AXT throughout, is determined using decays of promptly produced

D* mesons, where AXT is equivalent to:

KT _ e(K—7t) —e(Ktn™)
det T ((K—mt+) 4 e(K+m)

(5.2)

It is possible to determine this asymmetry by subtracting the raw asymmetries measured
in two separate D* decay channels, namely D~ — K7~ 7~ and D~ — K%7~:
Km Knrm Kom K?
Adet - ARaw ~ “*Raw + Adet (53)
where the detection asymmetry of K? mesons, a calculable quantityﬂ, is accounted for.

The raw asymmetries are measured in both D* decay channels using fits to the D+

invariant mass, where a split by D charge is implemented.

Prior to fitting, a re-weighting procedure is performed to ensure that the kinematic
distributions of the D* daughters (in py and 1) match those of the B* daughters from the
ABT “measurement (Section . The re-weighting is applied to both the D~ — KTn~ 7~
and D~ — K%7~ samples, and ensures that the measured raw asymmetries are consistent
with the kinematics of B* — Dr* decays. The ALXT values are measured in each of the
seven bins of B* kinematics, and will be employed in Section in to measure Ap,.
The values of AXT measured in each bin are listed in Table , and show no strong

dependence on B* kinematics.

2 The time evolution of the LHCb material map can be used to calculate Af(ji [78].
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5.3.2. Tag-and-probe J/1 method to measure A7,

If one assumes that the nuclear interaction asymmetry for pions is negligible, the detection
asymmetry associated with the bachelor pion in B* — D7 * reduces to the asymmetry
introduced by the tracking system. The tracking asymmetry in LHCb is measured using
a tag-and-probe method with J/v¥ — utu~ decays, where one of the muons acts as the
tag particle and the other as a probe. The kinematics of the tag muon are re-weighted
to match the kinematics of the bachelor pion in B* — Dn* | and the asymmetry A7,
determined in each bin of B* kinematics. The asymmetries measured are smaller than
the corresponding AXT values in each bin, and are listed in Table

5.3.3. Trigger asymmetry Ajg

All B* candidates considered in the measurement of Ap, are required to pass the L0
TIS (Triggered Independent of Signal, see Section [3.3.1)) trigger. The asymmetry of
this trigger requirement is assessed using the semileptonic B* — [K* 7T |pu* v X decay.

The efficiency of the TIS requirement is determined by evaluating the ratio:

N (Global TIS)

— v (5.4)

where N (Global TIS) represents the number of events that were triggered at L0 by some
other activity in the event, and A represents the total number of L0 triggered events.
This efficiency is evaluated for BY and B~ candidates separately, and the asymmetry

measured using:

eris(B™) — emis(BT)
eris(B~) + eris(BT)

Arorrs = (5.5)
As the TIS trigger requirement is independent of the signal B* by definition, the value
of Arorrs applies equally well to the B* — Dr* mode and indeed to all B* kinematic
bins. The TIS trigger asymmetry is measured to be Aporrs = (0.0340.11)%, and is thus

consistent with zero. This value will be used in the measurement of Ag, in Section [5.4]
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5.4. From AP™ to Ap,

Raw

In order to translate the measured raw asymmetries from Table into production
asymmetries, Equation is used along with the detection asymmetries described in
Section [5.3] The production asymmetry values obtained for each bin of B* kinematics
are listed in Table [5.3] along with their corresponding raw asymmetries and detection
asymmetries. The first uncertainty quoted on each Ap, value is statistical, arising from
the statistics of the B — [K* 7T (n*7¥)]pr® samples in a given bin (see Table [5.1]).

The second uncertainty is systematic, and contains contributions from:

e The assumption that there is no CP-violation in favoured B — D7 decays (0.16%

in each bin)

e The uncertainties on the detection asymmetries AXT and A7, (varies from 0.06%
to 0.25% across bins) and the TIS trigger asymmetry (0.11% in each bin)

e Uncertainties arising due to the use of fixed PDF parameters in the B* — Dh*
invariant mass fits (0.02% in each bin, as evaluated in Section [4.1.5))

5.4.1. Zero CP-violation in B¥ — Dn* decays

The uncertainty arising from assuming zero CP-violation in favoured B* — Dn* decays
has been evaluated using current knowledge on the fundamental parameters r5 = 0.025
and v = 70°, including the most recent measurements from LHCb. Assuming perfect
knowledge of these parameters, no knowledge of the strong phase 0%, and using the
following definition of the CP asymmetryf’}

a(rm) o  Kr(rmw) . T Kn(mm .
_ 2K )TBTD( ) sin (53—(5,3( )> sin 7y (5.:6)

A7Il_(7r(7r7r) .
1+ (rgrf,f”(””)) + 2k Kn(rm)pm KT g (6@ - 55”(”)) cos 7y

(5.7)

a range of possible AX™(™™) values are calculated across the full range of possible 675
values, as illustrated in Figure 5.6 The standard deviation of these values, 0.16%, is

taken as the systemic uncertainty:.

3 This definition follows the formalism adopted in Chapter where the C'P observables in the ADS/GLW
analysis were defined.
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(prlGeV/c],n) ART, ABP ART det Arorrs A,
1-6,2.2—-3.3 -1.39 £ 0.58 0.00 £ 0.16 -1.33 £ 0.16 -0.14 £+ 0.08 0.03 + 0.11 0.05 + 0.58 + 0.26

1-6,3.3—-4.2 -1.62 £ 0.36 0.00 £ 0.16 -1.27 £ 0.06 -0.10 £ 0.06 0.03 £ 0.11 -0.28 £ 0.36 £ 0.21
1-6,42-5.0 -1.15 £ 0.77 0.00 £ 0.16 -0.92 £ 0.15 -0.04 £ 0.07 0.03 £ 0.11 -0.22 £ 0.77 £+ 0.26
6—-11,22-33 -144 £ 032 0.00 £ 0.16 -1.35 £ 0.10 -0.27 £ 0.14 0.03 £ 0.11 0.15 £ 0.32 £ 0.26
6-11,33-42 -123 £ 040 0.00 £ 0.16 -1.17 £ 0.11 -0.16 £ 0.14 0.03 £ 0.11 0.07 £ 0.40 £ 0.26
11-18,22-3.3 -1.44 + 0.42 0.00 £ 0.16 -1.19 + 0.15 -0.47 £+ 0.24 0.03 £ 0.11 0.19 £+ 0.42 £ 0.34
11-18,3.3-42 -040 £ 1.04 0.00 £ 0.16 -1.69 £ 0.16 -0.16 £ 0.28 0.03 £ 0.11 1.42 £+ 1.04 £ 0.38

Table 5.3.: B* production asymmetry Ag, (%), measured in seven bins of B* kinematics. All values are quoted in percent. The raw
asymmetries Apgq, measured in B¥ — [K*7F (r* 77 )]pr* are corrected by the detection asymmetries AXT and A7
as well as the TIS trigger asymmetry Argrrg. The first uncertainty quoted on each >W+ is statistical, arising from the
statistics of the B* — [K* 7T (T 7T )]pnr* sample in a given bin. The second uncertainty is systematic, arising from the
assumption of zero CP-violation in B — Dm decays and the use of fixed detection asymmetries.
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Figure 5.6.: Variation in Ag}; with strong phase 0%, assuming r% = 2.5%. The standard
deviation of the values shown, as indicated by the blue lines, is taken as a
systematic uncertainty on the assumption of zero CP-violation in B* — Dr*
decays.

5.4.2. Phase space integrated result

Graphical representations of the Ap, values measured in each bin are presented in
Section [5.7, The phase space integrated value of Ap,, determined from a single fit for
ABr across all bins of B* kinematicg7] is:

Ap, = (+0.02+0.17 +£0.23)%

which is consistent with zero asymmetry given the current level of statistical precision.

Data Apms ABP AXT Afet Arorrs AB,
2011 -1.35 + 0.31  0.00 + 0.16 -1.31 + 0.22 -0.24 + 0.19 0.03 = 0.11 0.17 + 0.31 + 0.35

2012 -1.37 £ 0.20 0.00 £ 0.16 -0.96 £+ 0.12 -0.22 £ 0.13 0.03 £ 0.11 -0.22 £+ 0.20 £ 0.26

Table 5.4.: Phase space integrated B¥ production asymmetries measured in 2011 and 2012
data. All values are quoted in percent.
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5.5. Dependence of Ap, on the centre of mass

collision energy

The production asymmetry may exhibit some dependence on the centre of mass collision
energy, which was different during 2011 (y/s = 7 TeV) and 2012 (/s = 8 TeV) data
taking. To investigate any dependence, the production asymmetry measurement has been
performed separately on 2011 and 2012 data, with results listed in Tables [5.5[ and
for each bin of B* kinematics. The phase space integrated production asymmetries
measured in 2011 and 2012 data are:

ALYV = (+0.17£0.31£0.35)% (5.8)
ATV = (-0.22+£0.20£0.26)% (5.9)

where both results are consistent with zero asymmetry. The asymmetries contributing to
these phase space integrated measurements are listed in Table |5.4) where the contributing
systematic uncertainties from the use of fixed AZE, AXT, A7, and Apgrrs values are
indicated. It is not possible to conclude whether the production asymmetry exhibits any
dependence on the centre of mass collision energy given the current level of statistical

precision.

4 The phase space integrated detection asymmetries are also used in constructing Ag, in this instance.
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(pr(GeV/e],n) AR ACE Ader det Arojrrs A,
1-6,22-3.3 -1.7 £ 0.69 0.00 £ 0.16 -1.6 £ 0.049 -0.2 + 0.11 0.03 £ 0.11 0.18 £ 0.69 + 0.12
1-6,33—4.2  -1.6 + 043 0.00 + 0.16 -1.3 + 0.14 -0.086 + 0.067 0.03 + 0.11  -0.22 + 0.43 + 0.16
1-6,42-5.0 -1.5 £ 092 0.00 £ 0.16 -045 £ 0.05 -0.035 £ 0.092 0.03 £ 0.11 -0.97 £ 0.92 + 0.11
6-11,22-33 -1.1 + 036 0.00 £ 0.16 -0.85 + 0.2  -0.25 + 0.17  0.03 + 0.11 -0.0064 + 0.36 + 0.26
6—-11,3.3—-42 -1.5 £ 047 0.00 = 0.16 -0.85 £ 0.16 -0.2 £ 0.17 0.03 £ 0.11 -043 + 0.47 £+ 0.23
11-18,22—33 -1.4 + 0.51 0.00 + 0.16 -0.85 + 0.29  -0.4 + 0.28  0.03 + 0.11  -0.14 + 0.51 + 0.4
11-18,33—4.2 -24 + 14 000 + 0.16 -1.2 + 018  -0.13 + 0.31  0.03 + 0.11  -1.1 + 1.4 + 0.36

Table 5.6.: B* production asymmetry Ap,,

measured in seven bins of BT kinematics in 2012 data. The first uncertainties quoted are
statistical only, while the second uncertainties quoted on each Ap, are systematic.
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5.6. Using Aggw to measure the CP asymmetry in
B* — J/¢ K7 decays

The B — J/K* decay is expected to exhibit very small direct CP-violation, since the
tree and penguin contributions for b — scc decays have the same weak phase within the
SM. Estimates of the effect of penguin loops show that there could be a small amount of
direct CP-violation in B* — J/¢K* decays, up to O(0.3%) [79]. A measurement of a
relatively large charge asymmetry would indicate the existence of physics beyond the

SM, thus motivating a precise measurement of AJ/ il

The world average CP asymmetry AJ/ yK

= (0.3+£0.6)% [12] is consistent with
zero. Using the same convention as Equation , the raw asymmetry measured in
B* — J/yK* can be expressed as:

AR — Ap + AUSE 4 AKT 4 AT+ Aporis (5.10)

Raw

If one assumes that the production asymmetry, pion detection asymmetry and L0 TIS
asymmetry are identical in B* — J/¢K* and B* — Dr* decays (with some associated
systematic uncertainty), a AAcp can be constructed from the raw asymmetries measured
in both modes:

AAop = AJ/wK ACP — AJE ADT

Raw Raw

+ §AKT (5.11)

where JAKT represents the difference in K*7F detection asymmetry between the
B* — J/¢YK* and B* — D7 * modes. These are determined by repeating the procedure
outlined in Section using B — J/¢K* decays. The values of §ALT found in each
bin of B* kinematics are listed in Table (.7

As the assumption that A2% = 0 was made in the measurement of APT in Sec-

tion this expression reduces to a direct measurement of the CP asymmetry AJ/ VECA

measurement of AJ/ Y% in the B* — [nTp~]pK* final state, using the AB™ and JALT

Raw

values measured across seven bins of B* kinematics, is now presented.
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(prlGeVi/d,n)  AGf(B* = Dn*) (%] AGi(B* = J/YK*) (%]  0ALT [%]

1-6,22-3.3 -1.41 £ 0.05 -1.15 £ 0.20 0.26 £ 0.21
1-6,3.3—-42 -1.27 £ 0.12 -1.10 £ 0.07 0.17 £ 0.14
1-6,42-5.0 -0.78 £ 0.05 -0.21 £ 0.13 0.57 £ 0.14
6—-11,2.2-3.3 -1.29 £ 0.16 -0.90 £ 0.16 0.39 £ 0.23
6—11,3.3-4.2 -1.04 £ 0.12 -0.71 £ 0.12 0.33 £ 0.17
11 -18,2.2 -3.3 -1.13 £ 0.23 -1.05 £ 0.14 0.08 £+ 0.27
11 -18,3.3 -4.2 -1.20 £ 0.15 -1.02 £ 0.19 0.18 + 0.24

Table 5.7.: Values of Afl?{ in each bin of B* kinematics, as measured by re-weighting to
the bachelor kinematics in B — J/¢¥ K and the D daughter kaon kinematics in

B — Dn. The differences (51452{ between both modes are used as input in the

J/IWK
measurement of AC/;f )

5.6.1. B* — [u*p~];/4K* candidate selection

Stripping and trigger

The B* — J/¢K* candidates pass both stripping and trigger selections prior to offline
analysis, in a similar manner to that described in Section for B¥ — D * decays. All
candidates are selected from the BetaSBu2JpsiKNoPIDDetachedLine stripping stream,

and are required to have passed the following set of triggers:

e L0 Global TIS only (Bu_L0Global TIS, to align with the TIS only measurement of
ABPT “in Section

e HItl Track TOS or Hltl Track Muon TOS or Hlt1 DiMuon TOS
(Bu_H1t1TrackAl1LODecision TOS || Bu_Hlt1TrackMuonDecision TOS ||
Bu H1t1DiMuon(LowMass,HighMass,Deteched)Decision TOS )

e HIt2 DiMuon TOS (Bu_H1t2DiMuon(Deteched,DetachedHeavy,DetachedJPsi,
JPsi,JPsiHighPT)Decision TOS)

The HLT triggers differ from those required in the B* — Dr* case, by virtue of having
a J/1¢ in the final state. The presence of two muons in the final state enables clean

triggering of the event.
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Multivariate BDT selection

A single stage BDT is used to select B — [u"u~] /4K = decays. Training of the BDT
is performed using a sample of B* — [t 7] g *+ simulated events, while background
events are taken from the upper sideband in data with m(B*) > 5500 MeV /c?. This
region is well isolated from the signal region, and consists of combinatoric events where

fake bachelor tracks are combined with .J/v¢ candidates.

The training is performed using the gradient boost method (the same method as was
used in the ADS/GLW selection detailed in Section [3.3.2]), and employs a number of

discriminating variables including:

e Cosine of the angle between the B momentum and the vector from the primary to
the secondary vertex (DIRA), B decay vertex x?, cylindrical coordinate distance
from the B decay vertex to the primary vertex, and minimum impact parameter of

the B candidate with respect to the primary vertex.
e J/v decay vertex Y.

e Muon track x? per degree of freedom, momentum, transverse momentum and impact

parameter y? with respect to J /1 decay vertex.

e Bachelor kaon track y? per degree of freedom and impact parameter with respect

to the B decay vertex.

As was the case for the B — Dm BDTs described in Section [3.3.2] the primary function
of this BDT is to reduce the level of combinatoric background, providing a high purity
sample of BT — J/¢)K* decays with which to measure Aé/ ;-’f’ K The BDT exhibits a high
level of background rejection and high signal efficiency, as demonstrated by the output
classifier distribution in Figure ; signal events (blue) appear peaked towards 1, while
background events (red) peak towards —1. A cut at > 0.5 in the BDT response was chosen,
as it reduced the level of background to an acceptable level for the B* — [t 7] g +
invariant mass fit (see Section , while retaining 74% of all signal decays.

Additional cuts

In addition to the BDT selection, a small number of further cuts are applied. The
invariant mass of .J/v¢ candidates are required to fall within the range (3057 - 3127)
MeV /c?, while all bachelor kaons are required to have DLLg, > —5. The fiducial cuts
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Figure 5.7.: BDT output classifier distribution for B* — .J/¢K *. The BDT exhibits a high
degree of separation, with a signal efficiency of 74% at the response cut of > 0.5
chosen for the analysis.

detailed in Section are also applied to all B= — [ 7] 5/, K * candidates, to remove
the regions of high positive and negative charge asymmetry. This cut retains 98.4%
of signal decays passing all previous selection requirements. As was the case for the

B* — Dr¥* selection, only one B* signal candidate is retained per event.

5.6.2. Simultaneous invariant mass fit to m(J/¢¥ K) in seven

bins of B* kinematics

To correctly measure A(J;/Ilp K, one must correct for the combined asymmetries in B+
production, charged particle detection and LO triggering. This is achieved by subtracting
the raw asymmetry measured in B* — Dn® decays from the raw asymmetry measured
in B* — J/¢K* decays, with a correction § AXT included to account for the difference in
K*7* detection asymmetry in B¥ — Dr® and B* — J/¢ K * decays. The assumption
that no CP-violation occurs in B* — Dr* is also made, where all assumptions are

assigned systematic uncertainties in Section [5.6.3

The strategy adopted to measure Aé/;f ¥ is a binned maximum-likelihood fit to
the invariant mass of selected B* — J/9K* candidates, where the fit is performed
simultaneously across fourteen bins - seven bins of B* kinematics for each B candidate
charge. The kinematic bins are chosen to be identical to those used in Section for
the measurement of AR™ —allowing each raw asymmetry from Table to be used as

direct input to the fit.
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Within a given bin of B* kinematics, the raw charge symmetry measured in
B* — J/yK* (A T/VK ) is corrected by the corresponding raw asymmetry in B+ — D *

Raw

(AB™ ) and the difference in K*7* detection asymmetry between B* — Dr* and

Raw

B* — J/wK* (§AKT). The statistical uncertainties on each ART
gated through the B* — J/¢ K * fit by means of Gaussian constraints, which are applied

o and 5Adet are propa-

to each of the individual values of AR™ ~and (5Adet The constraint Gaussians are centred

at the measured values of each AR™ and JAKT with widths equal to the measured

Raw

uncertainties listed in Tables [5.2] and [5.7] respectively.

A single floating parameter describes Aé/;f X in the fit, and is shared across all
seven bins. The statistical uncertainty on this parameter is determined by the total
number of B — J/1K?* candidates across all seven bins, as well as the statistical
and §ALT. The statistics in B* — J/¢K* and B* — Dr*

are similar, with both modes contributing around a 0.2% uncertainty to the total

uncertainty on each AR™
statistical uncertainty. The total number of B* — J/¢)K* candidates measured in
the fit is N(B* — J/wK*) = 217,780 4 650, while the total number of B* — Dr*
candidates (from Table is N(B* — Dr*) = 364, 998 + 688.

Signal and background PDFs

The PDF used to describe signal decays is identical to that used in the B — D7 mass
fit (see Equation , with the exception of the small Gaussian component which is
not required in the case of B* — J/9K *. The peak mean floats freely and is shared
across all bins of B* kinematics, but can be different is the B* and B~ samples. The
peak widths float freely in each of the fourteen bins, as do the tail parameters. The
fractional yields in the seven kinematic bins float freely, comprising the total signal yield
N(B* — J/WK=*). A single charge asymmetry representing Aé/;f K'is shared across all

seven kinematic bins, where the raw asymmetries A R/;fu in each bin are corrected by the

corresponding AR™ ~values from Table [5.2 E as well as the § ALT values from Table [5

Raw

The contributions from combinatoric background events are described by first order
polynomial PDFs, which share a common freely floating gradient in B* and B~. The
gradient is allowed to be different in each bin of B* kinematics, allowing for potential
variation in the background distribution with B* candidate kinematics. The combinatoric

yields in each of the fourteen bins also float freely.
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Figure 5.8.: Invariant mass fit to simulated B* — J/¢r* decays reconstructed under the
kaon bachelor mass hypothesis. Shape parameters from this fit are employed as
fixed terms in the Aé/;f K fit, with an associated systematic uncertainty.

The final fit component describes misidentified B* — J/y7* decays, and is modelled
using the sum of two modified Gaussian PDFs in an identical manner to the contribution
from misidentified B* — Dr* decays in the B¥ — DK * fit (see Section . The
yield of this component floats freely in each bin of B* kinematics, but the charge
asymmetry is required to be the same in all bins and floats freely. The parameters of this
shape are fully fixed from a fit performed to B+ — J/¢7* simulated events reconstructed
under the kaon bachelor mass hypothesis. The fit is shown in Figure [5.8, with the shape
parameters and their corresponding fit uncertainties listed in Table [5.8 The use of
a fully fixed shape contributes a small systematic uncertainty which is evaluated in
Section [5.6.3] With the exception of this PDF, all other shape parameters float freely in
the fit. The reported uncertainty on Aé/;f) X thus contains a small component from the

PDF uncertainties.
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Parameter Value

ar, 1.45+0.08

QR —0.614+0.04

nr, 1.28 £0.10

ng 2.14+0.12

14 5232.0 £ 0.2 MeV /c?
or, 14.9+0.5 MeV/c?
OR 12.4+0.3 MeV/c?
f 0.2940.03

Table 5.8.: Shape parameter values from a fit to simulated B* — J/1r* decays recon-
structed under the kaon bachelor mass hypothesis. The parameters oy g and
nr,r describe the tails, while the parameters o7, r and ;v describe the widths and
mean, respectively. The parameter f describes the fractional contribution to the
total PDF from the modified Gaussian of width oy. All of these parameters are
employed as fixed terms in the fit to BT — J JVK + data, with an associated

systematic uncertainty (see Section [5.6.3)).

5.6.3. Fit results and systematic uncertainties

The invariant mass distributions in each bin of B* kinematics are very similar. To

illustrate their general structure, the invariant mass fit for the kinematic bin (1 < py <
6GeV/c,2.2 < n < 3.3) is plotted in Figure[5.9] The low level of combinatoric background

is evident, and the small contribution from misidentified B — J/7* events visible

to the right of the main signal peak. The signal yields measured in each bin of B

kinematics are summarised in Table [5.9]

B* (pr|GeV/c,n) N(B* = J/pK*)

1-6,2.2—33 15,875
1-6,3.3—4.2 55,410
1-6,4.2—5.0 32,804
6—11,2.2—3.3 39,732
6—11,3.3—4.2 37,578
11-18,2.2 3.3 24,278
11— 18,3.3 — 4.2 12,103

+

HoH B H K H

144
313
372
247
247
190
224

Table 5.9.: Signal yields measured in B* — J/¢K * within each bin of B* kinematics.
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Figure 5.9.: Invariant mass fit to BT — J/¢YK* decays in the (1 < pr < 6 GeV/c,2.2 <
n < 3.3) bin of B* kinematics. Signal decays are shown by the red line, while
combinatoric background events are drawn in cyan. The contribution from
misidentified B* — J/¢1r* decays is shown by the green line. B~ candidates
are plotted on the left, and BT candidates on the right. The fit residuals are
excellent, and this behaviour is reproduced in each of the seven bins of B+
kinematics.
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The CP asymmetry in B — J/1K* decays is measured to be:
AYYE = (40.10 +0.30)%

where the uncertainty reported is statistical, and accounts for the statistics in the
B* — J/YK* and B*¥ — Dr* fits, as well as the uncertainties on each §AX™ correction.
The statistical precision of this result improves upon the current world average |12] by a
factor of two. There are two sources of systematic uncertainty that must be considered,

both of which are discussed below.

Zero CP-violation in B* — D7 * decays

In making the assumption of zero CP-violation in B* — Dr* decays, a measurement of
Aé/;p ¥ is performed rather than a measurement of AAgp. A systematic uncertainty of

0.16% on Aé/ff K is assigned in an identical fashion to the measurement of Ap, .

Use of fixed shape parameters in the BT — Dn* and B* — J/¢yK* fits

To determine the systematic uncertainty from this source, the fits to data are performed
many times. Each time a fit is performed, the fixed PDF shape parameters are randomly
varied within their assigned systematic uncertainties, and the values of AT ~and Aé/;f K

measured. The RMS spread in the fit results under this variation is taken as a measure

of the systematic uncertainty.

In the case of the BT — Dr* fit, the overall systematic uncertainty from this source
is 0.02%. In the case of the B* — J/¢K* fit, where only the small B* — J/¢n*
contribution is described by a fixed shape, the systematic uncertainty is 0.001%. The
total systematic uncertainty is thus 0.02%, and is equal in each bin of B* kinematics

due to the sharing of PDFs across each bin.

The final result including systematic uncertainties is:

ALK = (4010 +£0.30 £ 0.16)%
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where the first uncertainty is statistical and the second is systematic. This result is
consistent with, and improves upon, the current world average value of Aé/;f K, and is

testament to the high statistics data samples collected by LHCb during Run 1.

5.7. Asymmetries measured in each bin of B+

kinematics

In Figure a graphical summary of the various asymmetries featured in this Chapter
(ABr - AKT AT Aporrs, Ap,, AR5 and AZY") is presented. The raw asymmetry
measured in each bin of B* kinematics is visible on the far left (shown in black), and
is corrected by AEKT AT . and Aproirrs (all plotted in blue) in order to measure Ap,
(plotted in red). The solid error bar represents the statistical uncertainty on Ap,, and the
dotted error bar represents the total uncertainty including systematics. The systematic
uncertainty on Apg, is composed of contributions from the use of fixed detection and
trigger asymmetries, the assumption of zero CP-violation in favoured B* — D7 * decays,

and the use of fixed PDF shape parameters in the B* — Dr* fit.

D7

P and the detection asymmetry differences § ALT correct the

JJWK
CcP

The raw asymmetries A
raw asymmetries measured in B* — J/1K %, enabling a value of A to be measured
across all bins of B* kinematics. The measurement of Aé/;f K'is shown by rightmost red
point, and is the same in each bin of B* kinematics by construction. This measurement
is subject to the assumption of zero CP-violation in B — Dn decays (plotted in blue
with its associated systematic uncertainty), and the use of fixed shape parameters in
the B* — Dr* and B* — J/¢)K* invariant mass fits. The statistical uncertainty on
Aé/g’ K'is shown by the solid error bar, and the total uncertainty including systematics is

shown by the dotted line.
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Figure 5.10.: Asymmetries measured in each bin of B* kinematics. The value of Aé}ff( is
common to all bins by construction. The uncertainties shown by the solid error
bars are statistical only, while the dotted error bars show the total uncertainty
including systematics.

5.8. Conclusion

In this Chapter, the production asymmetry of B* mesons at LHCb was measured
using the B* — Dn* final state, where raw asymmetries were corrected for detection

asymmetry effects in seven bins of B* kinematics. The phase space averaged production
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asymmetry was measured to be:
Ap, = (+0.02+£0.17+0.23)% (5.12)

which is consistent with zero given the current level of statistics. No strong dependence
of Ap, on B* kinematics is evident. The production asymmetries measured at /s = 7
TeV and /s = 8 TeV are:

ALY = (4+0.17 £0.31 £0.35)% (5.13)
ATV = (=0.22+£0.20£0.26)% (5.14)

both of which are consistent with zero asymmetry. These measurements represent the

first use of the B* — D7 * final state in measuring the production asymmetry.

Using the raw asymmetries measured in B* — D7 *, the CP asymmetry in B* — J /i K *
decays was measured under the assumption that zero CP-violation occurs in favoured

B* — Dr* decays. The CP asymmetry was measured to be:
AZYE — (40.104+0.30 +0.16)% (5.15)

which is consistent with zero as expected, but with a statistical precision that improves

upon the current world average by a factor of two.



Chapter 6.

Search for B, — D*)h decays

In this Chapter, an exploratory search for B_ — D®h~ decays is performed, where
h € {m, K} and charge conjugation is implied. The analysis makes use of the upper
sideband regions of the suppressed ADS modes B* — [K Fr* (7 Tn¥)|ph® to search
for fully reconstructed and partially reconstructed B, decays, and employs the favoured
B* - [K*xT (nF7%)]pr® mode as a normalisation channel. The theoretical motiva-
tion for this study is outlined in Section [6.1] while the event selection and signal extraction
fits are detailed in Sections and respectively. An analysis using the CLs method

is performed in Section to assess the potential significance of any observed signals.

6.1. Motivation

In the Standard Model, B. mesons are the only bound states consisting of two heavy
quarks of different flavour, namely the b and ¢ quarks. Their formation requires the
production of both a bb and a c¢ pair, which is suppressed by a significant factor relative

to the lighter B mesons.

This analysis searches for B — D%~ and B, — D°K~ decays in the 3.0 fb~! Run
I dataset, where the D° is reconstructed in the two Cabibbo-favoured final states
from Chapter [3| that yield highest statistics: D° — K7~ and D° — K+~ ntr~. This
search is extended to include the partially reconstructed B, — (D* — D°{x° ~})7~ and
B — (D* — D%{n° 4})K~ decays, where the neutral particle from the D** decay

(indicated in braces) is missed in the invariant mass sum.

161
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These decays are of interest because they proceed via suppressed b — u, penguin or

annihilation transitions (see Figure[6.1]), none of which have been observed in a B, decay.
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Figure 6.1.: Tree (top left), time-like penguin (top right), space-like penguin (bottom left)
and annihilation (bottom right) diagrams for the decays studied within this
Chapter. Only the rare b — u tree process is favoured for the B, — D%~ final
state. By their topology, the other three processes favour B, — DOK~ decays.

An estimate of the expected B, — D7 yield may be taken from the recent LHCb
measurement of the B, lifetime [18|, where 2886 B, — J/¢7~ decays and 586,000
B~ — J/Y K~ decays were measured in 3 fb~!. The normalisation mode for the search
presented in this Chapter is B~ — D%7~, in which around 300,000 events are reconstructed
(see Section . The B~ — J/v¥ K~ mode has also been studied in Chapter , obtaining
a high purity signal sample of 780,000 eventsH From these four yields, an approximate
value for the ratio of efficiencies can be determined:

Ny  N(B™—=J/WK™)  B(B~— D)

o N(B o D) BB ek 0= (6.1)

The leading Feynman diagrams for B, — J/17~ and the signal mode B, — D7~ are

identical. Assuming QCD factors are similar in both cases, the dominant difference is the

I This yield is larger than the one quoted in Chapter [5| as it contains events that pass either the TIS
or TOS triggers at LO. For the Aé/ﬁ K measurement, only TIS events were selected.



Search for B, — D™ h decays 163

Cabibbo vertex factor, |Vi|/|Vis| = 0.00355/0.04117. As will be detailed in Section [6.2]
the analysis selection is approximately three times less efficient for B, decays relative
to B, decays, a factor that one can conservatively assume is unity in the .J/y-based

analysis. Overall, this gives:

X

2 _
0.00355) . b

— A0 _—\ _ _
N(B: = D% ) ~ N(B- — JJibm™) x (0.04117

1
z~ levent. (6.2)
NJjwK 3

However, this expectation may be enhanced by penguin amplitudes if they are dominant.
This is the case in charmless B, decays, which share an identical set of diagrams to
those in Figure [6.1| with only the spectator quark changed. If such amplitudes dominate,
they will be seen predominantly in the B, — DK~ mode, which is Cabibbo-favoured

(compared to B; — D7) for all diagrams in Figure , aside from the tree amplitude.

It is also noted that, unlike B, decays, the annihilation contribution is expected to
be significant in B, decays. This process will also favour the DK~ final state rather
than D°7~. As such, a search for these final states in the current 3fb~! dataset is
well motivated. The branching fraction estimates in the literature vary considerably; a

selection are recorded in Table [6.1] for reference.

Final state, X B(B.— X) reference relative to decay (1)

(1) J/pm 1.3x 1073 80 1

(2) J /D7 1.7x 1073 80 ~1

(3) J/YD; 2.4 %1073 81] ~1

(4) DO~ 2.3x 1077 [81] ~2x 107
(5) DK~ 1.3x 1077 81] ~1x107*
(6) DOn~ 2.3 %1076 [82] ~2x 1073
(7) DK~ 4.8x107° 82] ~4x1072

Table 6.1.: Branching fraction estimates from the literature. It is noted that (4) and (6), as
well as (5) and (7), are quite inconsistent, and that neither align with the naive
Cabibbo factor scaling, (|Vip|/|Ves|)? = 7 x 1073, described in the text.

The observables of interest in this search are:

rDh — ; x B(B} — DMpT) (6.3)
where h € {m, K}, f./f. represents the ratio of fragmentation fractions for ¢ and u

quarks, and B(B — D®h*) represents the branching fraction for the B, decay. Using
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the branching fraction estimate for decay (1) in Table and the measurement of the

production ratio |17],

Je , B(B.=J/¢m")

_ -3
BB IR (6.83+0.18 & 0.09) x 10 (6.4)

one can deduce that }% ~ ﬁ. Using decay (7) in Table , this suggests that

rpi A~ 2.5 x 1077, which falls around the limit of sensitivity in this analysis.

The final states of both fully reconstructed B. — Dh decays are identical to the sup-
pressed ADS B* — [+ KT (r* 7T )]ph* modes, which have been studied in detail in
Chapter [3] As a reminder, the signature of suppressed ADS decays is that the kaon from
the D decay is of opposite charge to the bachelor particle from the B decay. In contrast,
the favoured counterpart B+ — [K 7 ¥ (77 7)|ph® decays have a kaon and a bachelor
with the same charge. To perform a search for B¥ — D®x* and B — D®K®* decays,
suppressed ADS B* — [T KT (r*77)|pr® and B* —» [7* KT (7*7F)]pK* candi-
dates are studied in the invariant mass region [5799 — 6899] MeV /c?, using the favoured
B* - [K*7F (r*7F)|pn® decays as a normalisation mode in order to measure:

pen  N(BE — DWh*)

+ 0_+
B, :N(Bi—>D07ri) xB(B* = D~ ) xn (6.5)

where V(B — DWh¥) represents the number of BF — D®h* decays observed,
N(B* — D*) represents the number of favoured B* — D%r® normalisation decays
observed in the same sample, B(B* — D%r*) represents the normalisation mode
branching fraction and 7 represents the relative efficiency of reconstructing and selecting
B. and B, mesons decaying to the same final state. The relative efficiency term 7 is

evaluated in Section [6.2 while the signal and normalisation yields are evaluated in

Section [6.3]
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6.2. Event selection

The selection strategy used to select both B, — D™} signal decays and B, — D7 normali-
sation decays closely resembles the ADS/GLW selection strategy described in Section m,
adopting a two-stage BDT selection with additional rectangular cuts to reduce the com-
binatorial background rate. The B, search is performed on B* — [K Tr* (nF7%)|ph*
candidates falling within an invariant mass window [5799 — 6899] MeV /c?, while the
normalisation mode is selected with the same invariant mass window used in Chapter [3]
namely [5079 — 5899] MeV /2.

6.2.1. BDT training and cut optimisation

As was the case in Section [3.3.2] two BDTs are trained for both the D — 2h and D — 4h
modes. The variables employed in the B, selection BDTs are identical to those used
in the ADS/GLW selection (Table , but the training is performed using samples of
simulated B, — Dh signal decays instead of B, — Dh signal decays in order to increase
the B, signal efficiency. The background samples are taken from the favoured mode
sidebands, as illustrated in Figure 3.5} it is important to note that the suppressed mode
sidebands are not used in the BDT training, since they contain the B, signal region being
studied.

Loose cuts at > —0.9 are applied to the output classifier responses of BDT1(2h) and
BDT1(4h) prior to the training of BDT2(2h) and BDT2(4h), in an identical manner to
the ADS/GLW selection. The B, BDTs exhibit a high degree of separation, as evidenced
by their output classifier distributions in Figure [6.2] To determine the optimal BDT2
cuts to apply, a 2-dimensional optimisation procedure is carried out across a range of
BDT2(2h) and BDT2(4h) values.

For this exercise, an imagined signal yield of B — Dr* events, corresponding to
a measurement of rgf = 1077, is considered. For a range of cuts on the 2-body and
4-body second stage BDTs, the B. signal extraction fit (later described in Section is
performed with the signal yields blinded. A value of the background level B is calculated
for each pair of BDT cuts using the integrated background yield within 4+ 30 of the
B, — D signal PDF mean, where o is the width of the B, signal component.ﬂ

2 Both the mean and width of the B, signal shape are fully fixed at all points in this analysis, as is
described in Section @
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Figure 6.2.: BDT1 and BDT2 output classifier distributions for the B. search. In (a),
the first stage BDT response for the D® — 7+ K ¥ case is shown, with the
second stage response shown in (b). The corresponding distributions for the
D? —» 7+ KF 1% n¥ case are shown in (c) and (d), respectively.

The imagined signal yield S for the same pair of BDT cuts is then calculated using
the corresponding normalisation yield N(B* — D7 *) as input to Equation , along
with 5™ = 1077, B(B* — Dn*) = 4.81 x 107? and n = 1E| The signal significance
is then determined using a Punzi figure of merit S/(v/B + a/2), which is calculated for
each pair of BDT cuts considered using a = 3 [33].

The values of S/(v/B +a/2) for each pair of BDT cuts are shown in Figure where
the colour of a given bin represents the signal significance as indicated by the z-axis scale.
The bin with optimal significance corresponds to cuts of > 0.95 on the 2-body BDT and
> 0.99 on the 4-body BDT; these cuts are applied to both the signal and normalisation
channels as part of the offline selection procedure, along with the > —0.9 cuts applied to
the 2-body and 4-body first stage BDTs.

An important input to each rgc(*)h measurement is the normalisation yield of favoured
B* — Dr* decays. The invariant mass fit used to determine the normalisation yield
is identical to that used in both Chapters 3] and 3, and the yield values measured at

the chosen BDT cuts (BDT2(2h) > 0.95 and BDT2(4h) > 0.99, as detailed above) are

% The use of 7 = 1 aligns with the 75X ~ 1077 estimate made in Section where the same
reconstruction and selection efficiency for B. and B, decays is assumed.
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Figure 6.3.: Imagined B, — D signal significance for a range of cuts on the second stage 2-
body and 4-body BDTs. The bin with the highest signal significance corresponds

to cuts of > 0.95 on the 2-body BDT and > 0.99 on the 4-body BDT. The
efficiency of this pair of cuts on both B, and B,, decays is evaluated in Section[6.2.4}

listed in Table The yields are measured separately for B*¥ — [K*7F|pr® and

B* - [K*rFrfnF]pr® decays, and their sum employed in the determination of each
D™ p
r .

c

Decay mode Yield

B* - [K*nF|pr® 213,650 £ 450
B* -5 [K*rFatrF|pr®t 95,812+ 316
Total 309, 462 + 550

Table 6.2.: B*¥ - [K*7¥F (77 F)]pr® normalisation yield, as measured at the BDT cut
values chosen for the analysis. The invariant mass fit used to measure the
normalisation yield is identical to the one employed in Chapters [3| and

6.2.2. Rectangular cuts

In addition to the two-stage BDT selection, a series of rectangular cuts are applied to both
the signal and normalisation modes to further reduce the combinatoric background rate.
The cuts applied are identical to those applied to the favoured and suppressed modes in
the ADS/GLW analysis, with the exception of the D° flight distance requirement defined
by Equation [3.58 The cut applied is loosened from > 2 to > 0, since the charmless
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contributions in the normalisation mode are negligible and no significant charmless

contributions are expected in the B, search window.

6.2.3. Particle identification requirements

In the B, search, the D° daughter PID requirements applied are identical to those applied
in both Chapters [3]and 5l The bachelor PID requirements applied to the normalisation
mode also mirror those applied previously, where B, — Dh decays containing a kaon
are isolated using a DLLg, > 12 requirement. Candidates failing this requirement are
placed in the sample composed predominantly of B — Dn decays. Both samples are
fit simultaneously in order to determine the total B — Dm normalisation yield. The
efficiencies of the PID requirements on the bachelor are determined using a data-driven

approach, as detailed in Section [3.3.3]

The bachelor PID requirement in the B, signal search is chosen such that the efficiencies
for kaons and pions are highly similar. This ensures that the analysis is sensitive to
observing both the B, — D®) 1 and B, — D™ K signal modes. Decays involving a bachelor
kaon are selected by requiring DLLy, > 2, while decays involving a pion bachelor are
selected by requiring DLLg, < 2. Both samples are fit simultaneously, such that no
events are explicitly rejected by the bachelor PID requirement. The efficiencies of the
bachelor PID requirements are listed in Table [6.3 and are evaluated using the procedure
detailed in Section [3.3.3] with B — Dn* decays employed as a reference signal sample.

Bachelor PID requirement 2011, B™(%) 2011, B~ (%) 2012, BT(%) 2012, B~ (%)

ey ALLg)r > 2 93.42 93.48 93.71 93.68

€Fimy ALLg/r < 2 91.95 91.93 91.59 91.51

Table 6.3.: PID efficiencies for the bachelor in B — Dh decays, for both BT and B~ candidates
in 2011 and 2012 data. These efficiencies are taken to represent B. — Dh decays,
with an associated systematic uncertainty that is assigned in Section @

The assumption is made that the B, bachelor particle identification efficiencies are well
described by the B, efficiencies. It is well known that the PID efficiency in LHCb varies
as a function of track momentum, pseudorapidity and number of tracks in the underlying
event. As such, it is possible for the B. and B, PID efficiencies to differ, as a result of

the additional phase space available to the bachelor in B, decays. Inspecting the bachelor
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momentum distributions in simulated B. — D7 and B, — Dn decays (Figure [6.4)) does
not reveal a large difference, however. A systematic uncertainty for the use of B, PID

efficiencies to describe B, decays is nevertheless assigned in Section [6.4]
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Figure 6.4.: Comparison of bachelor momentum distributions in fully selected B, — D (red)
and By, — D (blue) simulated events. Both distributions have been normalised
to unit integral. The assumption of identical bachelor PID efficiencies in B, and
B,, decays is supported by the agreement shown between the distributions.

6.2.4. Relative efficiency for B. and B, decays

To evaluate the relative efficiency for selecting B. and B, decays, samples of simulated
Bf [t KT (rn*77)|pr* and B - [K*7F (n*7F)|pn* decays are used. These
modes are also taken to represent cases where the bachelor is a kaon. This assump-
tion has been tested by calculating the relative efficiency using simulated samples of
B - [r* KT (n*7n7)|pK* decays, where the values found are fully consistent with

those determined using the B.— Dm samples.
The relative efficiency ratio is defined as:

_ e BE 2 Dh*)  cunp(BE 2 Dh*®)  ca(BF = Dh*) ey B = Dh*)
" accBE = DhE) " uip(BE —+ Dh®) " (BE = DhF) " euig(BE — Dh*)

where €,.. denotes the LHCb acceptance efficiency, €.ip represents the stripping efficiency
for fully reconstructed events falling within the acceptance, € represents the offline
selection efficiency for stripped candidates and e, represents the efficiency for offline
selected events to pass the trigger requirements. The values for each efficiency component
are listed in Table [6.4], and correspond to an overall correction of n = 3.23 4= 0.07 for
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the 2-body case and n = 3.10 £ 0.10 for the 4-body case. The larger selection efficiency
for B, decays largely arises due to the smaller lifetime of B, mesons, where fewer B,

decays are retained by a lifetime cut of > 0.2 ps applied to all candidates during the
stripping phase (see Section [3.3.1]).

The uncertainties quoted are at the 2 — 3% level, and arise from the use of finite
simulated samples; they are considered as a source of systematic uncertainty in Section |6.4
Additional uncertainty may arise from mis-modelling of the L0 trigger in simulation,
resulting in an incorrect estimate of the trigger efficiency. Such effects largely cancel in
construction of the ratio n, but the average difference between the B, and B, trigger
efficiencies across the 2-body and 4-body modes is nevertheless taken as a source of
systematic uncertainty. From Table[6.4] the difference in trigger efficiency is 3.2% for the
2-body case, while the corresponding difference is 1.4% in the 4-body case. The average

difference, 2.3%, is assigned as a systematic uncertainty.

Mode €acc €strip €sel €trig €tot X 10—3
BCi — [ﬂ'i K¥]D7Ti 0.134 + 0.002 0.0288 + 0.0001 0.310 + 0.002 0.925 £ 0.002 1.11 + 0.02
B* = [ﬂ’i K:F]Dﬂ'i 0.171 + 0.002 0.0765 £ 0.0002 0.286 4+ 0.001 0.957 + 0.001 3.58 £+ 0.04

BFf 5t KFrtnF|pr®T 0124 + 0.002 0.0111 + 0.0001 0.218 + 0.004 0.948 + 0.004 0.285 + 0.007
BEf 5T KFrEaF|pr® 0158 £ 0.002 0.0255 &+ 0.0002 0.228 + 0.003 0.962 4+ 0.002 0.883 =+ 0.016

Table 6.4.: Acceptance and selection efficiencies for BF — Dh* and B} — Dh* de-
cays, taken from samples of simulated BF —[rT KT (r*7xT)pr* and
BFf = [K*7T (r*7F)]pr® decays. The efficiencies listed correspond to overall
corrections of n = 3.23 £0.07 for the 2-body case, and n = 3.10+0.10 for the
4-body case.

6.2.5. Mis-modelling of B, spectra in simulation

It is possible that the simulation does not correctly reproduce the B, kinematic spectra,
leading to an incorrect estimate of the efficiency corrections n as calculated above. To
test the robustness of the efficiency estimates, three highly discriminating variables in the
and the

log of the cylindrical coordinate separation of the B, from the primary vertex, log(Ap).

BDT training have been studied: bachelor pr, the pr asymmetry variable A

pT>

For this study, simulated B. — [rK|p7 decays have been used.

The distributions of each parameter P are altered such that they sit £0.1up away
from the nominal distributions, where pp represents the mean of the nominal parameter

distribution. These shifts are illustrated in Figure [6.5] where the nominal parameter
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distributions are displayed in blue. The distributions that have been shifted by +0.1up

and —0.1up are displayed in red and magenta, respectively.

The full selection is applied to the events after shifting the distributions, and the
efficiency corrections n re-evaluated. This procedure is performed independently for each
of the three parameters considered. The values of 7 determined in each instance are
listed in Table 6.5l The spread in 7 is determined for each parameter as the difference
between the 7 values calculated using the red and magenta distributions; the average
spread across the three variables is found to be 0.24. Half of this average, 0.12, is taken
as a source of systematic uncertainty due to possible mis-modelling of the B, spectra in

simulation, corresponding to a 3.7% uncertainty on the correction term 7.
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Figure 6.5.: Distribution of highly ranked BDT variables in B, — Dx simulation. The blue
histograms represent the nominal distributions, whereas the red and magenta
histograms represent the shifted distributions which have been moved away from
the nominal distributions by 4 0.1up, respectively (up is the mean of the nominal
distribution for a given parameter P). The red and magenta distributions are
used to determine alternative efficiency corrections 7, in order to determine the
systematic uncertainty arising from mis-modelling of the B, spectra in simulation.

Variable n(—=0.1up)  n(+0.1up)  Difference
Bachelor pr 3.49 4+ 0.07 3.11 4+ 0.06 0.37
A, 3.35 £ 0.07 3.19 £ 0.07 0.16
log(Ap) 3.36 £ 0.07 3.19 £ 0.06 0.18
Average/2 0.12

Table 6.5.: Shift in efficiency corrections due to variation in highly ranked BDT variable
distributions in B, simulation. The efficiencies have been calculated using the red
(+0.1up) and magenta (—0.1up) distributions illustrated in Figure Half of
the average spread in 7 values, 0.12, is taken as a source of systematic uncertainty
on the 7 corrections, corresponding to an uncertainty of 3.7%.
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6.2.6. B, lifetime correction

The B, lifetime employed in EVITGEN was Tgen, = 0.454 ps, whereas the current HFAG
world average value is Tqpag = 0.507 +0.009 ps [84]. As a lifetime cut of > 0.2 ps is
applied to all B candidates in the stripping, this difference has the potential to bias the

efficiency estimates from the simulation, reporting a lower B, efficiency than expected.

A lifetime correction has been determined by evaluating exponential integrals above
0.2 ps for both 74, and Turac, as shown in Figure . The lifetime distribution cor-
responding to the generated simulated events is shown in red, while the distribution
corresponding to the HFAG world average is shown in blue. The stripping cut is shown
by the vertical dotted line at 0.2 ps.

The ratio of PDF integrals in the region above 0.2 ps is determined to be Iypac/Igen =
1.049, indicating that a larger proportion of events in the HFAG distribution pass the
stripping requirement, as expected. This ratio is applied as a correction to the values
of n determined in Section |6.2.4] where the HFAG uncertainty is taken as a source of
systematic uncertainty. The validity of this correction is justified by the flatness of the

total efficiency as a function of B, decay time, as illustrated by Figure [6.7]

0.12

0.1 .
0.08} .
0.06 .
0.04 f .

0.02f .

0O 05 1 15 2 25 3 35 4 45 5
B, lifetime [ps]

Figure 6.6.: Lifetime PDFs corresponding to the B, lifetime used in MC generation (red curve,
0.454 ps), and the current HFAG world average B, lifetime (blue curve, 0.507 ps).
The ratio of PDF integrals above the stripping cut of 0.2 ps, Iyrag/Igen = 1.049,
is used to correct the measured efficiency ratios n from Section
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Figure 6.7.: Relative efficiency of the selection, reconstruction and acceptance as a function
of B, lifetime for simulated B. — D7 decays. The stripping cut applied at 0.2
ps is evident, and the full selection is shown to be unbiased with respect to the
lifetime of B, candidates due to the flatness of the observed distribution.

6.2.7. Summary of Monte Carlo correction systematics

The analysis relies upon simulation to determine the efficiency corrections 7. In calculating

these corrections, several sources of systematic uncertainty are considered:
e Finite simulated samples (2 — 3%)
e Mis-modelling of the L0 trigger (2.3%)
e B, lifetime correction (1.8%)
e Mis-modelling of B, spectra (3.7%)

The total uncertainty from the use of simulation to determine efficiencies is thus 5.6%,

which will be considered in Section as a source of systematic uncertainty.

6.3. Invariant mass fits

Two invariant mass fits feature in this analysis, both of which are described below.
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6.3.1. BT — D=n* normalisation fit

The first fit measures the normalisation yield of B* — Dr* events, and employs an
identical strategy to that detailed in Chapters [3|and 5] aside from the following differences:

e No split by B candidate charge is performed, as the measurement of the charge

asymmetry is not applicable to the B, search.

e The fit is performed only on favoured B* — Dh* decays, but adopts the familiar
simultaneous fit to B* — Dr* and B* — DK * candidates.

e B* candidates are required to pass the B, selection requirements detailed in
Section [6.2] with the exception of the invariant mass range which is maintained at
[5079 — 5899] MeV /2.

The total normalisation yield measured is N(B* — [K 7 F (n*7F)]pr®) = 309, 462 £ 550,
as listed in Table 6.2l This yield is used as input into Equation [6.5] in order to construct

: ()
the various r5 " observables.

6.3.2. Bci — D®h* signal extraction fit

In order to measure N'(B* — D™z *)and N(BF — D®K*), a simultaneous invariant
mass fit to the B* — Dn® and B* — DK * samples is performed in the region [5799 —

6899] MeV /c2. This mass range is chosen for the following reasons:

e The contributions from fully reconstructed B. — Dh and partially reconstructed

B, — D*%h signal decays are fully contained within this mass range.

e The fit has enough scope to accurately determine the level of combinatoric back-

ground.

e Extending the fit to lower invariant mass values requires the addition of PDFs
for B.— DhX decays, where X contains two or more missing particles. These
backgrounds are poorly understood and their inclusion could potentially bias the

combinatoric background level estimation.
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Fully reconstructed signal PDF

The fit uses a fixed Gaussian PDF to describe the fully reconstructed B, signal components.
The mean of the signal Gaussian is fixed to the PDG B, mass [12], and is required to be
the same in the D and DK slices. The width of the B, — D signal shape is taken from
a Gaussian fit to the suppressed ADS B* — [r* K ¥]pr® peak, as shown in Figure
The measured width from this fit is scaled according to the relative ¢ values of the B, — D
and B, — D decays, q%_/qp, = (6276 — 1864 — 140)/(5279 — 1864 — 140) = 1.30. The
fitted width of the suppressed B* — Dr* peak is op, = 16.04 0.6 MeV /c?, such that
the B, signal peak width is fixed to be o, = 20.8£0.8 MeV/c?.

The DK width of_is related to o by a fixed ratio o(DK)/o(Dr) = 0.951 £0.007,
taken from the normalisation mode fit. The ratio of ¢ values for B— DK decays is
qp. /af = 1.34, which is slightly larger due to the larger mass of the kaon bachelor. This

is also taken into account in the fit.

Partially reconstructed decays

The same parameterisation as the normalisation fit is used to describe partially recon-
structed decays where a particle is missed in the invariant mass sum (see Section ,
including the signal components B.— D*h. An additional component at lowest in-
variant mass is also included to describe partially reconstructed B. decays where two
particles are missed in the invariant mass sum, with shape parameters taken from fits
to B* — D07 %70 simulated events (see Figure [6.8). The fit is performed using the
RooHORNSdini and RooHILLdini PDFs described in Section [3.4.1] All partially recon-
structed shape parameters are determined using B* simulated events, with widths scaled
appropriately to account for the ¢? difference between B, and B, decays. A systematic

uncertainty for the use of fixed shape parameters is assigned in Section [6.4]

Particle misidentification

The contributions from misidentified B, — Dn(K) decays in the B. — DK (7) slice are
modelled using the same PDFs employed in the normalisation mode fit, with widths

and means scaled as appropriate for the higher invariant mass region begin considered.

4 This fit differs from the ADS/GLW fit presented in Chapter [3, where the signal PDF is dictated by
the high statistics favoured B+ — D7 * mode.
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Figure 6.8.: Invariant mass fit to simulated B* — D*07 % 70 events, which are used to describe
BF — D*7* 79 events in the B, signal extraction fit. The shape parameters
are scaled according for the higher invariant mass region considered in the B,
mass fit.

These mis-ID shapes are fully fixed in the fit. The relative proportions of Dm and DK
events in each fit slice (passing and failing the PID cut) are fixed using PID efficiencies
for the DLLy, > (<)2 cut applied to the bachelor, as listed in Table[6.3] The efficiencies
are determined using reference samples of B* — D * signal events in data. The
DLLg, > (<)2 cut was chosen to ensure that the pion and kaon PID efficiencies are
as similar as possible, such that neither the B, — D™z nor B. — D® K modes suffer
from a loss in potential signal significance. The assumption that the B, bachelor PID

efficiencies are identical to the B, efficiencies is assigned a systematic uncertainty in

Section [6.4]

Combinatoric background

An exponential function is used to describe the combinatoric background, with a freely
floating exponential parameter A that is allowed to be different in the D7 and DK slices.
An exponential PDF, as opposed to the linear PDF used in the normalisation fit, is

employed for the following reasons:

e The use of a linear shape in the high statistics normalisation fit gives the fit greater
control over the increase in the combinatoric level when moving from higher to lower

invariant masses.

e The parameterisation of the combinatoric background PDF is critical in the B,

search, as it influences the intervals determined in the CLs analysis (Section [6.4]).
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Figure 6.9.: Invariant mass fit to suppressed B* — [r T K% ]|, 7% decays using a Gaussian
PDF for the signal component. The mean and width of this Gaussian determine
the shape parameters of the Gaussian PDF used to describe fully reconstructed
B.— Dh decays.

An exponential is the most physically well motivated choice of PDF for describing

the combinatoric background in the B, signal extraction fit.

The combinatoric yields in the D7 and DK slices both float freely, as do the the
fully reconstructed B.— Dh and partially reconstructed B.— D*h signal yields. The
signal yields are allowed to find large negative and positive values. The total partially
reconstructed B, — D*m and B.— D*K signal yields both consist of two components,
namely from the D*® — D%7% and D** — D%y sub-decays that produce the missing
particle. The 7° yield relative to the « yield is fixed using PDG branching fractions, and

varied as a source of systematic uncertainty.

The yields of the additional partially reconstructed contributions from B.— Dh{n°}
and B, — D*h{r"} decays also float freely, with the requirement that their yields do not
fall below —0.1. This restriction is imposed in order to achieve an acceptable level of fit

stability with a small estimated distance to the minimum in MINUIT.

The fit to data is shown in Figure [6.10, and in Table the yields and shape
parameters of the fit are listed. To determine the significance of any B, — D®)} signals,

an analysis using the CLs method is performed.
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Simultaneous invariant mass fit to BF — D®x* (bottom plot) and
BF - DK (top plot) candidates in data, in both the D® -7+ KF and
DY s r*KTn*1¥F final states. The B.— DK signal component is plot-
ted in red, with B, — D7 decays indicated in green. Partially reconstructed
B.— DhX decays are shown by the grey filled regions at low invariant mass.
The contribution from combinatoric background events is plotted in cyan, while
the total fit PDF is plotted in dark blue.

6.4. Upper limit setting using the CLs method

To determine the significance of any measured signals, the CLs method implemented

within the RooStats framework [85] is employed. In this method, hypothesis tests are
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Parameter Value

u 6276 MeV /c? (fixed)
0%, 20.8 MeV /c? (fixed)
o(DK)/o(Dm) 0.951 (fixed)

€81n 93.6% (fixed)

Sp 91.6% (fixed)

AP —0.0003 £ 0.0006 (floating)
A\PE —0.0018 +0.0035 (floating)
N(BE — Dr#) —2 + 3 (floating)
N(BE — DK*) 20 + 6 (floating)
N(BF — D*n¥) 2 + 10 (floating)
N(BE — D*K*) 1 + 12 (floating)

NZ . 132 £ 24 (floating)

NE 102 4+ 27 (floating)
NPt 0+ 23 (floating)
NDE 9+ 17 (floating)
NDmin} 18+ 11 (floating)
NP E{n} 2430 (floating)

Table 6.6.: Parameters of the B, invariant mass fit, as shown in Figure The significance
of the observed signals are evaluated in Section @

performed by scanning over a range of Tgc(*)h Value, evaluating the p-value at each

point.

To compute upper limits on each TEE*M, the S+ B hypothesis (signal plus background)
is compared to the B hypothesis (background only) at each point, where in the latter
instance the signal yield is fixed to zero. Upper limits are then interpreted as the point
at which the p-value falls below 5%, corresponding to 95% confidence level. In measuring
upper limits for a given rlgj*)h observable, all of the other floating variables in the fit are

considered as nuisance parameters, including the other three signal yields.

The p-value distributions for each ré’c(*)h are shown in Figure , where the 1o and
20 contours are indicated by the green and yellow shaded regions, respectively. Upper

limits are interpreted as the points at which the observed CLs p-values (black points)

. =) . . . . .
% In scanning over 75 " values, one is equivalently scanning over measured signal yields through the

relationship embodied by Equation @
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Figure 6.11.: CLs plots for each of the rgc(*)h observables. The 1o and 20 contours are
indicated by the green and yellow shaded regions, respectively. Upper limits
are interpreted as the points at which the observed CLs p-values (black points)

fall below 5%, as indicated by the red horizontal lines in each plot. A dedicated

procedure to determine two-sided uncertainties for rgf is performed, given the

significance of the peak observed.

fall below 5%, as indicated by the red horizontal lines in each plot. In the case of ré’f,
rg. ™ and rg ¥, the p-value distributions are seen to fall below 5% within the coloured
bands, indicating that their significances are all below the threshold for evidence. The

upper limits calculated using the CLs method for each of these observables are:

rpr <4.0x 107" at 95% C.L.
rp. " < 1.1x107% at 95% C.L.
rp X < 1.1x107% at 95% C.L.

where the upper limits quoted correspond to 95% confidence level. In the case of ’I“ch ,
it is clear that the observed signal is of much higher significance, as indicated by the
peak in p-value well beyond the 1o and 20 contours. As such, a formal procedure to

determine two-sided uncertainties for this observable is carried out.
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6.4.1. Systematic uncertainties on rch

To determine two-sided uncertainties for r5*

, the systematic uncertainties affecting the
measurement must be taken into account. These uncertainties are much smaller than
the statistical uncertainty, and as such do not influence the upper limits set for the other
observables. There are two categories of systematic uncertainty considered, both of which

are now discussed.

Fixed parameters in the fit to data

There are various fixed terms used in the signal extraction fit shown in Figure [6.10
cach of which contribute some uncertainty to the measurement of rg*. To assess the
systemic uncertainty from the use of fixed terms in the fit to data, each of the fixed terms
are varied randomly within their prescribed uncertainties. Each time some variation is
introduced, the fit to data is repeated, building up a distribution of measured rch values

under the systematic variation of fixed parameters.

The fixed parameters are each varied according to Gaussians, within the following

prescribed uncertainties:
e Signal peak mean y - varied by +1 MeV/c2.
e Signal peak width o - varied by 4+0.8 MeV/c?.
e Mis-ID means - varied by +1 MeV /c?.
e Mis-ID widths - varied by 4+ 0.8 MeV /c?.
e Upper endpoints of partially reconstructed shapes - varied by 41 MeV/c%.

e PID efficiencies €}y, and e - varied by 4+ 1% on their nominal values (see Ta-

ble .

e Relative rate of 7° and « contributions in B.— D**h modes - varied by PDG
uncertainty of 2.9% [12].

The distribution of measured r3* values under the variations described is shown in
Figure . The RMS of this distribution, 1.1 X 1078, is taken to represent the total
systematic uncertainty arising from the use of fixed parameters in the fit to data. This
systematic uncertainty is at the O(1%) level, and is taken into account in Section m,

where a likelihood scan is performed to assess the B, — DK signal significance.
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Figure 6.12.: Variation in the measured value of rch under systematic variations of fixed
parameters in the fit to data. The RMS of this distribution, 1.1 x 1078, is taken
as the total systematic uncertainty from the use of fixed parameters, and is
considered in Section [6.4.2] when determining the significance of the observed
B.— DK signal.

Other sources of uncertainty that do not affect the significance

In constructing rp*, various terms with associated uncertainties (quoted in brackets

below) multiply the measured signal yield:
e Efficiency correction term 7, as determined in Section (5.6%)

e Favoured B* — D7 ® branching fraction, B(B* — Dr*) = (4.81+£0.15) x 1073
(3.1%)

e Normalisation yield N'(B* — D7 *), as determined in Section (0.2%)

The total uncertainty is 6.4%, and will be quoted as part of the total systematic uncertainty
on Tch . The use of these fixed terms does not affect the significance of the result in any
way, since they are purely multiplicative factors which transform the measured B, — DK

yield into a value of r5¥.

6.4.2. Likelihood scan to assess rch significance

The change in likelihood with respect to the data fit shown in Figure has been

evaluated by repeating the fit to data for a number of fixed rch values. The change
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Figure 6.13.: Likelihood scan for r5™, indicating a signal significance of S = 5.1c when
systematic uncertainties are considered.

in likelihood with respect to the nominal fit result is shown in Figure [6.13] where the
change in log likelihood A(log(L)) at each fixed value of r5* is shown by the red points
(left plot). This likelihood scan does not account for the systematic uncertainty due to
the used of fixed terms in the signal extraction fit, which was determined to be 1.1 x 1078
(around 1% of the result central value) in Section [6.4.1]

To account for this systematic uncertainty, the likelihood difference is translated into
a Gaussian likelihood distribution, as illustrated by the red curve in Figure m (right
plot). This distribution is convolved with a Gaussian of width 1.1 x 107 (corresponding
to the systematic uncertainty), resulting in the dashed blue curve (right plot). Since the
systematic uncertainty is small, the convolution does not visibly alter the distribution.
Finally, the convolved distribution is translated back to a A(log(L)) distribution, appear-
ing on the left of Figure [6.13] as a blue curve, which intersects the y-axis at a slightly
lower value than the default A(log(L)) distribution. The reduction in y-axis intercept

embodies the reduction in significance as a result of including the systematic uncertainty.

The significance of the observed B, — DK~ signal is determined using S = /2y,
where y = 13.0 is the y intercept discussed above. The significance is measured to be

S = 5.10; an observation of the B, — DK~ decay is thus made.
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6.4.3. Final result
The final result, including systematic uncertainties, is:
rpi = (9.64£2.7£0.6) x 1077

where the first uncertainty quoted is statistical (as measured by the fit in Figure [6.10))
and the second is systematic, including each of the systematic uncertainty contributions

discussed above. A first observation of the B, — DK~ decay is made with a significance
of 5.10.

6.5. Conclusions

In this Chapter, an exploratory search for B — D™ A~ decays was performed in the
invariant mass region [5799 — 6899] MeV /c?. Upper limits have been placed on the
branching fractions of the B, — D7~ B, — D**r~ and B, — D**K~ decays, while a
first observation of the B — D°K~ decay has been made with a significance of 5.1¢.

The final results are:

rB% = (9.6+£2.7£0.6) x 1077
rpr < 4.0x 1077 at 95% C.L.
rE ™ < 1.1x107% at 95% C.L.
rB K < 1.1x 1075 at 95% C.L.

The observation of the B, — D°K~ decay is of particular note, as the value of rB%
appears high relative to both theoretical predictions and a naive expectation based
on the observed B — J/vyn~ yield at LHCb [18]. A comparison with B — D7 is
also interesting; the absence of this mode strongly indicates that the amplitude driving
the DK signal is not a tree process, as illustrated in Figure[6.1] This result therefore

constitutes the first observation of a non-tree amplitude in the decay of a B. meson.



Chapter 7.

Conclusions

In this thesis, three analysis have been performed using B* — Dh* decays from the
Run I LHCb data. In Chapter 4, CP observables were measured in several D meson final
states, building upon the previous 1fb~! LHCb measurements with improved analysis

techniques and greater statistical precision. The observables measured are:

3fb~! B* — [hh]ph* results

RET, = 0.0778 +0.0006 (stat.) +0.0016 (syst.)
REL 0.979 +0.022 (stat.) +0.021 (syst.)
i 1.018 +0.040 (stat.) +0.023 (syst.)
Ag, —0.0033 +0.0017 (stat.) +0.0042 (syst.)
AR —0.0169 +0.0072 (stat.) +0.0033 (syst.)
AKK —0.0160 +0.0050 (stat.) +0.0028 (syst.)
ARK 0.0855 +0.0201 (stat.) +0.0130 (syst.)
AT 0.00291  40.00860 (stat.) +0.00311 (syst.)
AY 0.123 +0.037 (stat.) +0.004 (syst.)
Ry k) 0.0187 +0.0011 (stat.) +0.0006 (syst.)
AL s — 0.4044 +0.0563 (stat.) +0.0153 (syst.)
RyDs(m 0.00360  +0.00012 (stat.) +0.00004 (syst.)
A% s 0.0971 +0.0314 (stat.) +0.0090 (syst.)
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3fb~! B=*

— [hhhh]ph* results

R 0.0793 +0.0010 (stat.) +0.0020 (syst.)
Ag, —0.0054 +0.0027 (stat.) +0.0039 (syst.)
Al 0.0010 +0.0119 (stat.) +0.0030 (syst.)
op 0.975 +0.037 (stat.) +0.010 (syst.)
AT — 0.00552 +0.00791 (stat.) +0.0032 (syst.)
AT 0.1004 +0.0336 (stat.) +0.0079 (syst.)
Ry 55 0.00377 +0.00018 (stat.) +0.00005 (syst.)
Ry 55K 0.01399 +0.00149 (stat.) +0.00041 (syst.)
AL 0.0205 +0.0481 (stat.) +0.0068 (syst.)
ALy —0.316 +0.102 (stat.) +0.015 (syst.)

The results quoted are consistent Withﬂ, and improve upon, those measured in the
previous 1 fb~! publication. The improvement in precision achieved will help to reduce
the uncertainty on the CKM phase v. Good examples of the improvement shown are
the statistical uncertainty on ngs( k)» Which has reduced from 0.2% to 0.1%, and the
statistical uncertainty on the corresponding asymmetry AZ%S( K)s which has improved
considerably from 15% to 5.6%. These improvements are attributable to the higher
statistics available, as well as advances in selection strategy, background description and

fit procedure since the 1fb~! publication.

In Chapter [5] the first dedicated measurement of the B* production asymmetry in
proton-proton collisions at LHCb was performed using B* — Dr* decays, where both
the D - K*7T and D — KT 7 Tr* 7T final states were considered. The phase space
integrated values of Ap, measured at /s =7 TeV and /s = 8 TeV are:

ALYV = (+0.17£0.31£0.35)%
A%;fe" = (—0.22+0.2040.26)%

! The only exception to this is the AE .- observable, which exhibits tension at the 20 level between the
value presented within and the 1 fb~! publication. This discrepancy has been extensively crosschecked
and found to remain, and is likely to be the result of a downward statistical fluctuation in the 2012
data.
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where both results are consistent with zero asymmetry given the current level of statistical
precision. No strong dependence on B* kinematics was found. Using the raw charge
asymmetries measured in B* — D7 ¥ decays, a measurement of the CP asymmetry in
B* — J/YK* decays was also made:

AYYE = (40.10+£0.30 £ 0.21)%

which represents the most precise determination of this quantity to date.

In Chapter |§|, an exploratory search for the B, — D®x~ and B, — D™ K~ decays
was performed. The search was conducted in the invariant mass region [5799 — 6899]
MeV /c?, employing the favoured B~ — D7~ mode as a normalisation channel. The

following quantities are measured:

rBK = (9.64+2.740.6) x 1077
rb™ < 4.0x 107" at 95% C.L.
rh ™ < 1.1x107% at 95% C.L.
rp K < 1.1x107% at 95% C.L.

where a first observation of the B, — DK~ decay is made with a significance of 5.1¢.

The use of BT — Dh* decays at LHCb has proved fruitful during Run I, as evidenced
by the range of physics topics covered within this thesis. Continued study of these decays
is thus well motivated during Run II and beyond.






Appendix A.

Study of BY - D* ntx—#«T and
BY - D* " Ktx~rnt decays

During the course of my DPhil I completed an analysis of B® — D* ntn~ 7t and
BY — D*~ K*n~ 7" decays, which was subsequently published. The analysis measured
with improved precision the branching fraction B(B° — D* 777 "), and included a
first observation of the B® — D*~ K *n~ 7" decay. The publication is reproduced here for

reference.

189



PHYSICAL REVIEW D 87, 092001 (2013)
Study of B — D*" 7wt @~ #* and B — D*~ Kt @~ " decays
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Using proton-proton collision data collected by the LHCb experiment at \/s = 7 TeV, corresponding to
an integrated luminosity of 1.0 fb~!, the ratio of branching fractions of the B — D*~ 7" 7~ 7" decay

relative to the B — D*~ 7" decay is measured to be %W = 2.64 * 0.04(stat) * 0.13(syst).

The Cabibbo-suppressed decay B® — D*~K* 7~ o™ is observed for the first time, and the measured ratio

of branching fractions is % = (6.47 + 0.37(stat) + 0.35(syst)) X 1072, A search for orbital
excitations of charm mesons contributing to the B° — D*~ 7™ 77~ 7™ final state is also performed, and the

first observation of the B® — D,(2420)°7" 7~ decay is reported with the ratio of branching fractions

B(B*—(D,(2420)°—D* 7 )m w*) _
BB —D " wt 7 w")

(2.04 + 0.42(stat) + 0.22(syst)) X 1072, where the numerator represents a

product of the branching fractions B(B® — D,(2420)°7~ 7 ") and B(D,(2420)° — D*~ 7).

DOI: 10.1103/PhysRevD.87.092001

I. INTRODUCTION

Open charm decays of b hadrons offer a means by which
both the electroweak and QCD sectors of the Standard
Model (SM) may be tested. Beyond measurements of CP
violation and the phases derived from the Cabibbo-
Kobayashi-Maskawa matrix, rare B — DX decays may
be used to search for new physics in decays mediated via
annihilation or exchange processes. High-multiplicity
B — DX decays are receiving increasing attention at
LHCb [1-3], in part owing to the large samples that can
be obtained as a result of the copious bb production at the
LHC [4].

Improving knowledge of the B® — D™~ 7t 7= 7" de-
cay is of interest because of its potential use as a normal-
ization mode for the semileptonic decay B® — D™~ 7 p_
with 7t — 7" 7~ 7% p_[5]. Charge conjugation is implied
throughout. The latter B decay has recently shown an excess
over the SM branching fraction expectation [6], which
could indicate the presence of physics beyond the SM.

In this work three measurements of ratios of branching
fractions are described. The first measurement is of the
Cabibbo-favored (CF) ratio

BB’ — D wtm wh)
B(B* — D*~7™)

r3p, = 5
from which a value for B(B® — D* "7 o~ 7") is ob-
tained. The current world average value is B(B’ —
D* wta wt) = (7.0 + 0.8) X 1073 [7]. The subscript
3h denotes the three hadrons (or “‘bachelors’) in the signal
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B° decay, which are produced along with the charmed
meson. The second measurement is of the ratio of branch-
ing fractions of the Cabibbo-suppressed (CS) decay B® —
D*” K" 7~ 7" relative to its CF counterpart

Koo —

BB — D" Kt 7w
& BB — D wtm w)

where the subscript denotes Cabibbo suppression of the
signal decay. The third measurement is of the ratio of
branching fractions of the CS decay B — D*~ K" relative
to its CF counterpart

« _ B(B"— D" K*)
ST BB S DAt

The superscripts in r&g and rfI™ are used to differentiate
the single- and triple-bachelor measurements, respec-
tively. The rates of the CS processes are expected to be
smaller than their CF counterparts by a factor of roughly
tan2(0c) ~ 1/20, where 6 is the Cabibbo angle [7].

II. DETECTOR, SIGNAL SELECTION
AND SIMULATION

The LHCb detector [8] is a single-arm forward spec-
trometer covering the pseudorapidity range 2 < mn <35,
designed for the study of particles containing b or ¢ quarks.
The detector includes a high-precision tracking system
consisting of a silicon-strip vertex detector surrounding
the pp interaction region, a large-area silicon-strip detector
located upstream of a dipole magnet with a bending power
of about 4 Tm, and three stations of silicon-strip detectors
and straw drift tubes placed downstream. The combined
tracking system has a momentum resolution Ap/p that
varies from 0.4% at 5 GeV/c to 0.6% at 100 GeV/c, and
an impact parameter (IP) resolution of 20 um for tracks
with high transverse momentum (pr). Charged hadrons are
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identified using two ring-imaging Cherenkov (RICH) de-
tectors, which provide a kaon identification efficiency of
~95% for a pion fake rate of a few percent, integrated over
the momentum range from 3-100 GeV/c [9]. Photon,
electron and hadron candidates are identified by a calo-
rimeter system consisting of scintillating-pad and pre-
shower detectors, an electromagnetic calorimeter and a
hadronic calorimeter. Muons are identified by a system
composed of alternating layers of iron and multiwire pro-
portional chambers.

LHCDb uses a two-level trigger system. The first level of
the trigger consists of a hardware stage that searches for
either a large transverse energy cluster (Er > 3.6 GeV) in
the calorimeters, or a single high-pt muon or dimuon pair
in the muon stations. This is followed by a software stage
that applies a full event reconstruction. The software trig-
ger requires a two-, three- or four-track secondary vertex
with a high sum of the pr of the tracks and a significant
displacement from the primary pp interaction vertices. At
least one track should have pp > 1.7 GeV/c and IP x?
with respect to the primary interaction greater than 16. The
IP x? is defined as the difference between the y?’s of
the primary vertex (PV) reconstructed with and without
the considered track. A multivariate algorithm is used
for the identification of secondary vertices consistent
with the decay of a b hadron [10]. The results presented
in this paper use the full 2011 data set corresponding to
an integrated luminosity of 1.0 fb~! of pp collisions at
Js =7 TeV.

Candidate B® decays are formed by combining a D*~ —
(D° — K* 7~ )7~ candidate with either a single-bachelor
or triple-bachelor combination. All final state tracks are
required to have p in excess of 500 MeV/c, except for the
slow pion produced in the D*~ decay, which must have pr
in excess of 100 MeV/c. All tracks must be well separated
from any reconstructed PV in the event. They must be
identified as either a pion or a kaon using information
from the RICH detectors. Particle identification likelihoods
for several hypotheses (e.g., w*, K*, p) are formed, and
the difference in the logarithms of these likelihoods, ALL,
is used to differentiate between particle types. Candidate
D° mesons are required to have good vertex fit quality, be
well displaced from the nearest PV and have an invariant
mass m(KT7~) within 50 MeV/c?> of the D° mass.
Candidate D*~ decays are selected by requiring 140 <
m(Kta~ 7)) — m(KT7™) < 150 MeV/c?.

Candidate triple bachelors are formed from a 77+ 7~ 7+
or K™ 7~ r* combination, where all invariant mass values
up to 3 GeV/c? are accepted. The vertex of the combina-
tion must be well separated from the nearest PV.
Backgrounds from BY — D*~ 7" (7~ rt) decays for the
CS modes B — D*”K* (7~ ") are reduced by applying
more stringent particle identification (PID) requirements to
the bachelor kaon. To suppress backgrounds from B? —
D* D} decays where D — K*# 7" in the triple-
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bachelor decay B® — D*" K7~ «", it is required that
m(K* 7~ ") be more than 15 MeV/c? away from the
D] mass. Reconstructed B° candidates are required to be
well separated from the nearest PV, with decay time larger
than 0.2 ps and good quality vertex fit. Candidates passing
all selection requirements are refit with both D° mass and
vertex constraints to improve the BY mass resolution [11].

The selection efficiencies and trigger pass fractions
defined below are evaluated using Monte Carlo simulation.
In the simulation, p p collisions are generated using PYTHIA
6.4 [12] with a specific LHCb configuration [13]. Decays of
hadronic particles are described by EVTGEN [14], in which
final state radiation is generated using PHOTOS [15]. The
interaction of the generated particles with the detector and
its response are implemented using the GEANT4 toolkit [16]
as described in Ref. [17].

The simulated events are passed through an emulation of
the hardware trigger and then through the full software
trigger as run on data. The total kinematic efficiency, €y,
is determined from the simulation as the fraction of events
that pass all reconstruction and selection requirements and
the trigger. The fraction of selected events that pass the
particular trigger selection relative to the total number of
selected events is taken to be the trigger pass fraction, fi;,.
This fraction does not represent the true trigger efficiency,
since it is evaluated with respect to a sample of events that
have all passed the trigger.

III. FITS TO DATA

The reconstructed invariant mass distributions for B —
D* h*m 7" and B — D*"h* decays are shown in
Fig. 1. Simultaneous binned maximum-likelihood fits to
the CF and CS decays are performed, where the probability
density functions (PDFs) are composed of a signal compo-
nent and several background components. The CF signal
shapes are required to share parameters with their CS
counterparts. The total CF (CS) signal yield N g
(N ) is given by the sum of the yield contained in the
signal shape and the yield contained in the particle
misidentification background from the CS (CF) sample.
The values of N ¢ and the ratio N g/ N ¢f vary freely
in the fit.

The PDF of the signal decays is described by the sum of
a Crystal Ball [18] and a Gaussian function, when all final
state particles are assigned the correct mass hypothesis.
This shape was chosen because it describes radiative loss
and the non-Gaussian mass resolution. In the simultaneous
fit to the CF and CS decays, the Crystal Ball widths vary
freely and independently for both modes. A single freely
varying peak position parameter is shared by all signal
components in the fit to both modes. The Gaussian width
is required to be equal to or greater than the Crystal
Ball width, and this width is shared by the CF and CS
signal shapes.

092001-2
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Invariant mass distributions of selected (a) B — D*"K* 7~ 7", (b) B° - D*"K*,(c) B - D* 7w~ o+

and (d) B — D*~ 7" candidates. Green (red) solid lines represent the CF (CS) signal shapes and their respective particle
misidentification backgrounds. Orange dashed lines at low invariant mass represent backgrounds from partially reconstructed decays.
Cyan dotted lines represent combinatorial backgrounds. The pink dash-dotted line below the signal peak in the fit to B —
D*" K7~ 7" candidates represents the background from misidentified B — D*~ D/ and B® — D*~ K" K*0 decays.

All decay modes have background contributions from
partially reconstructed decays of the type B — D*X, where
X represents the final state bachelor(s) for the given decay
plus an additional photon or pion that is not reconstructed.
These backgrounds are parameterized by the sum of two
single-sided Gaussian functions with a common mean and
independent widths, all of which vary freely. A combina-
torial background is present in all cases and is fit by an
exponential function. The yields of the partially recon-
structed and combinatorial backgrounds vary freely in all
parts of the fit to data.

Misidentification of pions and kaons causes cross feed
between the CF and CS signal decays. The simulation
indicates that backgrounds of this type can be described
by a PDF comprising two Crystal Ball functions that share
a common mean but have independent widths. The abso-
lute rate of a background from particle misidentification is
fixed to be (100 — epyp) % of the corresponding signal yield
in the simultaneous fit, where epjp represents the efficiency
for all final-state hadrons in the signal decay to be correctly
identified. For the single-bachelor decays, epp is deter-
mined by reweighting the ALL(K — 7r) distributions ob-
tained from calibration events to match the properties of
the signal bachelor. The reweighting is performed in bins
of momentum, pseudorapidity and number of tracks in the
event. Calibration tracks are taken from D** — D7z

decays with D° — K~ 7" [9]. For the triple-bachelor
decays, a similar approach is used, but the kinematic
correlations between each bachelor are also considered.
A per-candidate particle identification efficiency is
determined from the product of each bachelor PID effi-
ciency, and epyp is given by the weighted average of the
per-candidate efficiencies.

Further backgrounds are present in the B®—
D*"K*#m~ 7" sample from the decays B’ — D* D}
where D — K"K~ 7" and the K~ meson is misidentified
asa 7, and B — D* Kt K" where K** — K~ 7" and
the K~ is misidentified as a 77~. The backgrounds are
modeled together using a Crystal Ball shape that peaks
at a lower mass than the signal, with a peak position and

TABLE 1. Selected candidate yields from fits to data that are
used in the branching fraction calculations. The yield for a decay
is given by the sum of the signal shape yield in the CF (CS) fit
and the corresponding misidentification background yield in the
CS (CF) fit. Uncertainties quoted are statistical only.

Decay Yield

B D* mta ot 7228 + 93
B’ — D* 7t 15693 = 136
B'— D" Ktm ="t 519 + 30
B’ — D" K™ 1241 = 53
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TABLE II. Kinematic efficiencies, trigger pass fractions and their products, taken from
simulation. Quoted uncertainties come from the use of finite size samples to determine
efficiencies and are accounted for as a source of systematic uncertainty.

Decay €xin (%) Juig (%) €t (%)

B = D" wtg ot 0.037 =+ 0.001 69.3 0.5 0.0259 = 0.0005
B'— D"t 0.197 + 0.002 75.4+0.3 0.148 = 0.002
B — D" K'm m" 0.044 =+ 0.001 67.4 0.9 0.0298 * 0.0007
B"— D* K" 0.201 =+ 0.003 754+ 0.5 0.151 = 0.002

width that vary freely in the fit. The Crystal Ball tail
parameters are fixed to the values found in simulation.
This background could be reduced by applying tighter
particle identification requirements to the 77~ bachelor,
but this has not been applied in order to maintain sym-
metry between the CF and CS particle identification
requirements. To eliminate the background from B® —
D*~ DY decays where D — K" 7~ 7, the veto previ-
ously described is applied. The background from

|

B — D*" D} decays with D} — 7*7~ 7% does not
contribute due to the tight particle identification require-
ment applied to the bachelor kaon in the B’ —
D" K*w~ 7" decay.

The fits are superimposed on the data in Fig. 1, and
the measured yields N for each decay are listed in
Table I. The CF and CS ratios of branching fractions are
obtained using

NB - D" wtm n")/€,(B*— D" wtm m™")

r3n = fan X
rK7T7T — Koo
CS CS

NB’— D" 7t)/eu(B*— D* o)
NB— D" " Ktm 7")/en(B®— D" K*7~7")

s

NB - D" wtm 7)) eu(B®— D 7t~ 7t)’
N(B°— D" "K")/€u(B— D* K")

K _ /K
res = fes X

The values of €, are listed in Table II, and the f factors
correct for systematic effects.

IV. SYSTEMATIC UNCERTAINTIES

When measuring ratios of branching fractions, many
sources of systematic uncertainty cancel. The systematic
uncertainties for the r3;,, r&Z™ and rfg measurements will
be discussed in turn. The primary sources of systematic
uncertainty that remain in the r3;, measurement are due to
the different topologies of the signal and normalization
decays. Compared to the B° — D*” 7% normalization
mode, the triple-pion decay mode has two additional pions
which must be reconstructed and selected. The tracking
efficiency has been studied using a tag-and-probe method
with J/¢ — u* ™ decays [19], which leads to a correc-
tion in r3;, of 1.017 = 0.035. In the B - D* 7w 7 7™
decay, the three bachelor pions are required to have a
common vertex. The IP resolution and vertex y?/ndf dis-
tributions are observed to be ~15% broader in data relative
to the simulation [1], resulting in a correction on r3, of
0.982 * 0.016.

Possible background from decays of the type B —
D*~ DY, where D] — w77, has been considered,
and a correction of 0.990 = 0.005 is applied to r3,. The
use of simulated events to determine trigger pass fractions
has a residual systematic uncertainty arising from differ-

NB’— D 7%)/€eu(B"— D* 7))’

[

ences between data and simulation with respect to the
emulation of the hardware trigger and trigger software.
A correction of 1.009 = 0.012 is applied to r3, to account
for this difference. The candidate selection is limited to the
mass region m(7w 7~ w")<3GeV/c?. The m(wt 7~ 7™")
distributions in data and simulation are in good agreement,
such that the selection efficiency properly accounts for this
choice. The fraction of events falling beyond 3 GeV/c? in
simulation is 3.7%. Assuming 50% uncertainty on this
value, a relative systematic uncertainty of 1.9% is assigned.

The methods used to determine epyp have an uncertainty
from which the systematic contribution is determined to be
0.8%. A systematic uncertainty of 0.6% arises from the
specific choice of PDF shapes in the fit. Both of the CF
simulated samples have a comparable number of events
after selection requirements are imposed, from which a
2.1% systematic uncertainty due to finite simulated
samples is incurred.

The CF and CS B® — D*~h™ 7~ 7" modes have iden-
tical selection requirements, apart from the particle iden-
tification requirements placed on the 4% and the D veto
applied in the CS case. A systematic uncertainty of 3.4% is
incurred as a result of the particle identification require-
ment placed on the bachelor kaon in the B’—
D*"K*#~ 7" mode. This tight requirement is necessary
in order to reduce the background from misidentified
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B — D*" 7"~ art decays. To evaluate the loss of signal
events due to the D veto in the CS selection, the fit to data
is performed both with and without the veto applied. The
measured CS signal yield decreases by 1% upon applica-
tion of the veto, which is taken as an inefficiency with 50%
uncertainty, and a correction of 1.010 = 0.005 is applied
to r&7m.

The ratio of trigger pass fractions taken from simulation
is ftrig(BO_)D*_7T+ T 7T+)/ftrig(BO_’D*_K+ T 7T+) =
1.03 £0.02, where the quoted uncertainty is derived from
the size of the simulated samples. For such similar decay
modes, this ratio should be close to unity. The ratio itself is
already applied as part of the branching fraction calcula-
tion, but half of the difference in the ratio from unity
(1.5%) is taken as an additional source of systematic
uncertainty.

In a similar fashion to the CF measurement, the
CS measurement has a systematic uncertainty of 1%
from the specific choice of PDF shapes and 3.0% uncer-
tainty from the use of finite simulated samples to determine
efficiencies. The fraction of CS decays with m(K* 7~ 7™")
in the range 2.7-3.0 GeV/c? in data is 5.5%. The fraction
of events falling beyond the analysis cut at 3 GeV/c? is
estimated to be half of this value (2.8%) with 50% uncer-
tainty. The value of r&Z™ is therefore corrected by a factor
1.028 * 0.023, where the quoted uncertainty contains a
1.9% contribution from the corresponding systematic un-
certainty in the CF decay. The choice of resonance model
used to describe the B — D*"h* 7~ 7t decays in the
simulation was found not to alter the measured efficiencies.

The B® — D*~h™ modes have identical selection re-
quirements apart from the particle identification require-
ments placed on the 2™ bachelor. A systematic uncertainty
of 2.0% is incurred as a result of the particle identification
requirements applied to the bachelors. Further systematic
uncertainties of 0.7%, 1.7% and 2.0% arise from the spe-
cific choice of PDF shapes, the use of finite simulated
samples and the trigger emulation [20], respectively.

TABLE III.  Contributions to the relative systematic uncer-
tainty for all measurements. The total uncertainty is obtained
by adding the contributions from the individual sources in
quadrature.

Value (%)

Source 3n r&am r&
Track reconstruction 34

Selection requirements 1.6

BY — D*~D{ background 0.5 e e
Trigger 1.2 1.5 2.0
m(h* 7~ 7)) >3 GeV/c? 1.9 2.2 e
Particle identification 0.8 34 2.0
Choice of PDFs 0.6 1.0 0.7
Simulated sample size 2.1 3.0 1.7
D — K*7 7@ veto 0.5
Total 5.0 5.4 34
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Each contribution to the systematic uncertainty is listed
in Table III. The total systematic uncertainty is given by the
sum in quadrature of all contributions. The overall system-
atic uncertainty for the CF measurement is 5.0%, with a
factor f3;, = 0.998 that is applied as part of the calculation
for r3;,. The CS triple- and single-bachelor measurements
have overall systematic uncertainties of 5.4% and 3.4%,

K

respectively. A factor f&Z™ = 1.038 is applied to r&77,
whereas f& = 1.

V. RESULTS
The results for the ratios of branching fractions are
ra, = 2.64 + 0.04(stat) = 0.13(syst),
rE7m = (6.47 = 0.37(stat) = 0.35(syst)) X 1072,
rEy = (7.76 = 0.34(stat) = 0.26(syst)) X 1072,

where the first uncertainty is statistical and the second
is absolute systematic. Using the world average value
for B(B"— D* 7") = (276 =0.13) X 1073 [7], the
branching fractions are obtained:

B(B'—D* " wt 7w

=(7.27 + 0.11(stat) = 0.36(syst) = 0.34(norm)) X 1073,
B(B'— D*~K™)

= (2.14 = 0.09(stat) = 0.08(syst) = 0.10(norm)) X 10~4,

where the final uncertainty is due to the normalization
mode. Both results are consistent with and improve
upon the precision of the current world average
values, B(B®—=D* 7 7~ 77)=(7.0+0.8) X 10™3 and
B(B°—D*"K*)=(2.14+0.16) X 10* [7]. Combining
the CF result and the current world average, where both
values are weighted according to their total uncertainty,
gives B(B°—>D* 7t~ ") =(7.19+0.43) X 1073. The
measurement of 7™ represents a first observation of the
decay B — D*~K* 7~ 7" . The value of this ratio is simi-
lar to the related measurement of B(B® — DK+ 7~ a")/
BB’ — D wtm w) = (5.9 = 1.1(stat) = 0.5(syst)) X
1072 [2]. Using the updated world average value for
B(B° — D* @t m w"), the branching fraction is ob-
tained:

BB —=D* K 7~ m")
= (4.65 = 0.26(stat) * 0.25(syst) = 0.28(norm)) X 104,

VI. SEARCH FOR EXCITED CHARM
RESONANCES

Using the same data set, a search for orbital excitations
of charm resonances (D**) contributing to the B’ —
D* w7 7t final state is performed. The selection is
identical to that presented above, except the lower pr cut
on bachelors is reduced to 300 MeV/c. Events that have
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been triggered via tracks not associated with the B® —
D* w*m ot candidate are also included. The signal
purity is only slightly reduced as a result of the looser
selection.

The corrected mass M(D* " 7")=m(D* 7t) —
m(D*~) + m(D* " )ppg MeV/c? is computed for each
D*~ 7™ combination, in which the contribution to the
mass resolution from the D*~ mass measurement is re-
moved. To statistically subtract the background, each event
is weighted using SWEIGHTS [21] obtained from the B —
D*~ 7" 7~ 7" invariant mass fit. Figure 2 shows the re-
sulting distribution of M(D*~7r*) for B — D* 7t 7~ 7™
signal decays.

A peaking structure associated to the D,(2420)° reso-
nance is observed, where ~90% of the candidates in the
peaking structure originate from the combination with the
softer 77 meson. Other resonances, consistent with
D;(2460)°, D(2550)°, D(2600) and D(2750), are included
in the fit but are not found to be significant. All resonances
in the fit are described by Breit-Wigner functions. The
D,(2420)° Breit-Wigner function is convolved with a
Gaussian resolution function of 3 MeV/c?> width. The
means and natural widths of all peaking structures vary
around their established values [22] with Gaussian
constraints.

The background from B — D*~ 7t~ r* decays that
do not pass through an excited charm resonance is de-
scribed by a function comprising the two-body phase space
equation multiplied by an exponential acceptance function,
e~ *M(D"7") The shape parameter « and all yields vary
freely. The branching fraction ratio is calculated by com-
paring the fitted D,(2420)° — D*~ 7" yield with the total

400
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Candidates / (20 MeV/c?)
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m(D*" ") - m(D*) + m(D*_)PDG [MeV/c?]

FIG.2 (color online). Corrected mass M(D* 7t)=
m(D*~ ") — m(D*~) + m(D*")ppg MeV/c? distribution
from background-subtracted B’ — D*~ 77~ ar* candidates.
The red solid line represents the contribution from D,(2420)°;
the red dashed lines represent contributions from the higher
excited charm states D3(2460)°, D(2550)°, D(2600) and
D(2750), which are expected to be present [22] but are not
significant in this dataset. The blue dashed line represents B°
decays that have not passed through an excited charm resonance.
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number of accepted D*~ 7" 7~ 7" events in the sample. A
correction is taken from simulation to account for the
acceptance, reconstruction and selection efficiency for
events in the region close to m(D,(2420)°) relative to the
efficiency averaged across the full phase space. The ratio of
efficiencies is f = 0.91 = 0.04. A systematic uncertainty
of 10% is assigned to the choice of background PDF, which
is determined by remeasuring the D;(2420)° yield after
shifting the fit range by +50 MeV/c2.

The measured yield is N (B° — D,(2420)° 7" 7~) =
203 = 42, and the total number of B° signal events after
the looser selection is N (B — D" w m #") =
10939 = 105. Using these values, the ratio of branching
fractions is obtained:

B(B® — (D,(2420)° - D* 7N )a~ 7 ™")
BB — D" wra 7T
= (2.04 + 0.42(stat) = 0.22(syst)) X 1072,

where the numerator represents a product of the branching
fractions B(B® — D,(2420)°7~ 7") and B(D,(2420)° —
D*~ 7). The Wilk’s theorem statistical significance of the
D,(2420)° peak is 5.90, which becomes 5.3c when the
systematic uncertainty is included. The significance is
unchanged if a mass window is used to select signal decays
instead of SWEIGHTS. This constitutes the first observation
of the color-suppressed B — D;(2420)° 7" 7~ decay.

VII. SUMMARY

In conclusion, B — D* " h* 7~ 7" decays have been
studied using B’ — D*”h" decays for normalization
and verification. The branching fractions of B’ —
D* wtm a* and B — D*" K" decays are measured,
and the CS B’ — D* " K*#~ 7" and color-suppressed
BY — D,(2420)°7" 7~ decays are observed. The final
results are

ra, = 2.64 = 0.04(stat) = 0.13(syst),
rE7™ = (6.47 = 0.37(stat) = 0.35(syst)) X 1072,
rEs = (7.76 = 0.34(stat) = 0.26(syst)) X 1072,
B(B® — (D,(2420)° - D* 7 )7~ o)
BB’ — D wtawh)
= (2.04 = 0.42(stat) = 0.22(syst)) X 1072,

The results for r3;, and r& represent an improvement in
precision, and the measurements of the decays B’ —
D* K*m 7" and B’ — (D,;(2420)° - D* 7" )m o*
both constitute first observations.
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