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Abstract

We present a sensitivity study for the search for the semi-leptonic, flavour-changing-neutral-current
decay B~— Apvv . B~ — Apvv is expected to be highly suppressed in the Standard Model and
thus provides a sensitive probe to test for new physics. A branching fraction for B~— Apvv has
never been experimentally measured.

The analysis is conducted using data from the BABAR particle detector, based at the SLAC National
Accelerator Laboratory, California, USA. The BABAR dataset comprises approximately 471 million
BB pairs produced from e~e™ — T (4S) collisions and subsequently Y (4S) — BB.

Using hadronic tag reconstruction we separate the two B mesons in each event by fully reconstruct-
ing one B meson from known hadronic decay modes, we then conduct a search for B~— Apvv in
the decay of the other B meson. Using Monte-Carlo simulations of B~— Aprv we develop a signal
selection designed to isolate B~ — Aprv while suppressing potential background processes.

Data is blinded at later stages of the analysis and we provide a range of possible branching fraction
upper limits as a function of the number of data events which might survive the signal selection.
Assuming we observe no excess of data events over those predicted by Monte-Carlo, we predict
branching fraction upper limits for B~— Apvv at the 90% confidence level of 2.64 x 10~ using
the Barlow method and 3.10 x 1075 using the Feldman-Cousins method.
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Abrégé

La these propose une étude de sensibilité de la désintégration semi-leptonique a courant neutre et
saveur changeante suivante : B~ — Aprv . Le modeéle standard prévoit un rapport d’embranchement
trés faible pour ce canal. Toute déviation par rapport a la prédiction standard pourrait attester de
la présence de nouveaux phénomeénes physiques. Un rapport d’embranchement pour B~— Apvv
n’a jamais été mesuré expérimentalement.

L’analyse a été effectuée en utilisant les données produites par le détecteur de particules BABAR, basé
au laboratoire californien du SLAC aux Etats-Unis. L’ensemble des données de BABAR comprend
environ 471 million des paires BB produites & partir de collisions e"et — Y(4S), la particule
T (4S) se désintégrant consécutivement selon le canal YT (45) — BB.

Les deux mésons B sont séparés par tagging hadronique. L’un des mésons est reconstruit entiere-
ment & partir des modes de désintégration hadronique connus. Nous cherchons ensuite la présence
de B~— Apvv dans la désintégration de 'autre méson B. Des simulations Monte-Carlo nous ont
permis de déterminer une sélection du signal optimisée pour ne garder que les événements issus de
B™— Apvr et rejeter le bruit.

Pour l'analyse, la valeur des observables est masquée pour éviter tout biais. Nous fournissons
une gamme de limites supérieures possibles pour le rapport d’embranchement en fonction du nom-
bre d’événements qui satisfont aux critéres de sélection du signal. En supposant qu’aucun exces
d’événements par rapport a ceux prédits par le Monte-Carlo ne soit observé, il est alors possible de
donner des limites supérieures pour le rapport d’embranchement de B~— Aprvv a une valeur de
2.64 x 107° pour un niveau de confiance de 90% en utilisant la méthode Barlow et 3.10 x 1075 en
utilisant la méthode Feldman-Cousins.
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Chapter 1

Introduction

Particle physics is the study of the most fundamental particles and forces in nature. Particle physics
seeks to understand, at the most basic level, the composition of the universe and laws that govern

the interactions therein.

Modern-day particle physics is described by the Standard Model, a theoretical model which explains
and predicts the behaviour of particles constituting matter and antimatter. Despite predictive
success and passing many extremely demanding experimental tests, the Standard Model is deficient.
It does not explain dark matter or dark energy, which together constitute approximately 95% of our
universe, it does not incorporate gravity, and it does not fully account for the matter-antimatter
asymmetry which allows our matter-dominated universe to exist; it thus fails to answer the most
fundamental question: why do we exist? Particle physicists therefore probe particle interactions
for departures from the Standard Model, seeking to shed light on areas that the Standard Model

does not currently explain.

In this thesis we examine the decay B~ — Aprv . While this decay is expected to occur under the
Standard Model, any discrepancy in branching fraction from the Standard Model prediction could
be an indicator of new physics. We choose B~™— Apvv for study as it is predicted by the Standard
Model to be highly suppressed, therefore any difference from the branching fraction predicted by

the Standard Model will be very conspicuous.

Chapter 2 of this thesis provides an overview of particle physics theory in general as well as that



specific to B~— Apvv and similar decays. Chapter 3 describes the BABAR experiment where the
data for this analysis was gathered. Chapter 4 explains the tools we use to conduct our analysis.
Chapter 5 describes the signal selection we implement in our search for B~— Apvw . Chapter 6
includes our results, as well as descriptions of systematic uncertainties. Chapter 7 provides final

results and the conclusion.



Chapter 2

Theory

Our current understanding of particle physics is known as the Standard Model (SM). It describes
the fundamental particles that make up the matter of our universe, the force carriers that mediate
their interactions and the origin of particles’ mass. It has proved its validity by passing numerous,
very precise tests and through its predictive powers. It is one of the most tested and validated

theories in history.

Despite these successes, the SM fails to explain several important observed phenomena. In par-
ticular, it does not describe dark matter or dark energy (which constitute approximately 95% of
the universe [18]), it does not explain the matter-antimatter asymmetry which permits our matter-
dominated universe to exist, it does not incorporate gravity and it does not explain neutrino
oscillations or masses. The SM is thus incomplete and particle physicists continue to test its limits

and to explore for new physics beyond the SM.

2.1 The Standard Model

The Standard Model is a gauge theory based on the local gauge symmetry SU(3) x SU(2) x
U(1) [8]. Quantum mechanics tells us that fields can also be interpreted as particles; the particle

interpretation of the gauge fields is the gauge bosons, which act as force carriers.



The electroweak force is represented by the symmetry group SU(2) x U(1) [8]. At high energies the
electroweak symmetry is unbroken but at low energies the Higgs mechanism [19] causes spontaneous
symmetry breaking, separating the SU(2) group (weak force) from the U(1) group (electromagnetic

force). The strong force is represented by the symmetry group SU(3) [8].

The Langrangian that satisfies the symmetries of the SM depends on 19 parameters which define
particles and their interactions by specifying particle masses, mixing angles, coupling constants

etc [13].

The other fundamental force we observe in nature is gravity. This is normally too weak to have a

significant effect at the scale of particle physics experiments and is not included in the SM.

2.1.1 Particles of the Standard Model

The fundamental particles of the standard model are fermions (quarks and leptons), gauge bosons

and the Higgs boson. There are also composite particles (hadrons) which are composed of quarks.

Fermions

Fermions are spin-1/2 particles which interact via exchange of spin-1 gauge bosons [18]. There are
a total of 12 flavours of fermions which are divided into two groups - 6 leptons and 6 quarks (plus

an equal number of antiparticle counterparts which carry opposite quantum numbers).

The leptons are the electron (e™), the muon (x~) and the tau (77), all with an electric charge of
—1, and their corresponding neutrinos the electron neutrino (v.), the muon neutrino (v,) and the
tau neutrino (v;), all with zero electric charge. The quarks are the up (u), down (d), charm (c),
strange (s), top (¢) and bottom (b). Quarks carry non-integer electric charge, as shown in Table

2.1.

The fermions are arranged into three generations (see Table 2.1), with fermions in one generation
having the same properties as those in another generation with the exception of mass. Later gener-

ations have higher masses (although the mass hierarchy for neutrinos has not yet been confirmed),



Table 2.1: Fermions of the Standard Model [8]. All fermions also have antiparticle counterparts, e.g. the
antiparticle counterpart to the e~ is the e*, which has the same mass but electric charge +1.

Leptons Quarks
Generation | Flavour  Symbol Electric Mass Flavour Symbol Electric Mass
charge  (GeV/c?) charge  (GeV/c?)

1 electron e” -1 0.000511 up U +2/3 0.0025
e neutrino Ve 0 ~0 down d -1/3 0.0050

5 muon wo -1 0.1057 charm c +2/3 1.29

4 neutrino Vy 0 ~0 strange s -1/3 0.10

3 tau T~ -1 0.1777 top t +2/3 172.9

T neutrino vy 0 ~0 bottom b -1/3 4.19

thus the first (least massive) generation of charged leptons is stable.

Charged leptons interact via the weak and electromagnetic forces while neutral leptons (neutri-
nos) interact solely via the weak force. Quarks interact via the electromagnetic, weak and strong

forces [18].

Quarks not only carry electric charge but also three colour charges, which are usually referred to
as red, green and blue. Like electric charge, colour charge is a conserved quantum number and
can be carried by gauge bosons. The phenomenon of “colour confinement” describes the fact that
only colour-neutral particles are permitted, hence quarks only exist either in colour-neutral pairs
(colour-anticolour) or white triplets (red, green and blue). Leptons, on the other hand, may exist

in isolation [18].

Hadrons

Hadrons are composite particles comprising quarks. There are two types of hadrons; mesons,
comprising two quarks (a ¢g pair); and baryons, comprising a colour-neutral quark triplet [18].
Due to the number of possible ways of combining quarks there is a large variety of hadrons.
Those relevant to this analysis are listed in Table 2.2. Like fermions, all hadrons have antiparticle

counterparts.



Table 2.2: Hadrons relevant to this analysis [8]. Like fermions, all hadrons have antiparticle counterparts,
e.g. the antiparticle counterpart to the w is the m—, which has the same mass but quark content ud
and electric charge —1. Note that the neutral A baryon is sometimes written with the symbol A°; A (no
superscript) is understood to mean A°.

Name Symbol Quark content Electric charge Mass (GeV/c?)
Upsilon(4S)  Y(495) bb 0 10.579
B meson Bt ub +1 5.279
Lambda A uds 0 1.116
Proton P uud +1 0.938
Pion Tt ud +1 0.140

Gauge bosons

Gauge bosons mediate interactions between particles. Gauge bosons are quanta of their relevant
gauge fields and the number of gauge bosons is equal to the number of generators of the gauge field.
Thus, there is one gauge boson for the U(1) group (the photon, ), three for the SU(2) group (W=,
79 and eight for the SU(3) group (gluons) [26]. The photon and gluons are electrically neutral and
massless, although gluons carry colour charge. The W# carry an electric charge of +1 and have

mass 80.385 GeV/c?, the ZY carries an electric charge of 0 and has mass 91.1876 GeV/c? [8].

The photon mediates electromagnetic interactions with an unlimited range. Gluons mediate strong
interactions which have a range of approximately 10~® m [25]. Because gluons carry colour charge
they mediate interactions only between differently-coloured quarks, although gluons are also capable

of interacting with other gluons.

The W and Z° mediate the weak force, which has a range of approximately 10~'® m [25]. The
weak force acts between fermions and, when mediated by the W*, can act between quarks of

different flavours (see Section 2.1.2).

The Higgs boson

The gauge symmetries used to construct the SM predict that particles should be massless. This
is clearly not what we observe and we thus require a spontaneous symmetry breaking of the elec-
troweak gauge symmetry SU(2) x U(1). This is achieved via the Higgs mechanism which generates

masses for the W+ and Z° gauge bosons while leaving the photons massless.



The Higgs mechanism requires the existence of the scalar Higgs field which has a non-zero vacuum
expectation value of 246 GeV [8]. Fermions undergo Yukawa couplings to the Higgs field which

causes them to acquire mass proportional to the vacuum expectation value of the Higgs field.

The Higgs field in turn predicts the existence of another fundamental particle, the Higgs boson.
The Higgs boson was discovered at CERN in July 2012 [11] and has a mass of approximately
125 GeV/c? [4, 10].

2.1.2 The weak force and flavour-changing-neutral-currents

W= gauge bosons are capable of mediating weak force interactions between quarks of different

flavours in a process known as quark mixing.

For example, Fig. 2.1.1 shows a Feynman diagram for a d quark turning into a u quark via a weak

decay.

d u

Figure 2.1.1: A flavour-changing-charged-current process involving a d quark becoming a u quark via a weak
interaction. This process occurs in beta decay. Note that quarks do not exist in isolation, the d and u quarks
must be part of hadrons (a neutron and a proton respectively in the case of beta decay) which are not shown
here for the sake of simplicity. Figure adapted from [17].

The process shown in Fig. 2.1.1 is known as a flavour-changing-charged-current process because
the quark changes flavour (from d to w) and changes electric charge (from —1/3 to +2/3). As we

can see, this is a tree-level process - there are no quantum loops.

The strength of couplings between differently flavoured quarks (and thus the probability of the as-
sociated flavour change occurring) is described by the Cabibbo-Kobayashi-Maskawa (CKM) matrix

(see Equation 2.1).



Vud Vus Vub
Vokm = | Vea Vs Vi (2.1)
Vie Vis Vi

The coupling constants along the leading diagonal of the CKM matrix are near unity while those
further from the diagonal are smaller (see Equation 2.2) [8], thus a flavour-changing process involv-

ing, e.g., a u — b transition is less likely to occur than one involving a v — d transition.

0.97427+0.00015 0.22534+0.00065  0.00351+5-09012
Vorm = | 0.2252040.00065 0.9734440.00016  0.0412+9-0011 (2.2)

0.00867 50031 0-0404%5 5605 0-999146 556004

A direct transition between differently-flavoured quarks is only possible between quarks of different
charges, as shown in the CKM matrix (Eq. 2.1). Thus a process where the quark changes flavour
but does not change electric charge must involve more than one transition (i.e. more than one

CKM matrix element) and thus requires quantum loops.

For example, Fig. 2.1.2 shows Feynman diagrams for a b quark turning into an s quark via two

different routes.

Figure 2.1.2: A flavour-changing-neutral-current (FCNC) process involving a b quark becoming an s quark
via a “penguin” diagram (left) and a “box” diagram (right). Neutrinos are mecessary to carry away the
mass-energy lost in this process. Note that quarks do not exist in isolation, the b and s quarks must be part
of hadrons which are not shown here for the sake of simplicity. Figure adapted from [17].

The process show in Fig. 2.1.2 shows a change in flavour (from b to s) but no change in electric

charge (both the b and the s carry electric charge —1/3), this is therefore known as a flavour-



changing-neutral-current (FCNC) process.

We can see that an FCNC decay, where we transition between quarks of different flavours but the
same electric charge, must involve higher order loop processes such as those shown in Fig. 2.1.2.
Such processes require more than one flavour change, e.g. a b — s transition might occur via b — u
and then u — s, and also involve several weak force couplings. FCNC processes are thus heavily

suppressed (or “rare”) and have small branching fractions.

Due to their small branching fractions FCNC decays make excellent probes of the SM and can be
used to test for new physics. For example, if there are new physics particles in the loops of FCNC
processes (see Section 2.2) they will increase the branching fraction above the value predicted by

the SM.

2.2 Physics beyond the Standard Model

Despite the SM’s successes in explaining and predicting physical phenomena there are still many
unanswered questions. Not least among these is the nature of dark matter, which constitutes a

larger fraction of our universe than SM matter.

A potential, although not the only, solution to this problem lies in supersymmetry (SUSY). Super-
symmetry models propose that every SM particle has a supersymmetric partner, with SM fermions
partnered with superymmetric bosons and SM bosons partnered with superymmetic fermions.
SUSY is motivated by an attempt to explain the hierarchy problem, i.e. explain why the weak
force is so much stronger than gravity. However, SUSY models also provide a potential avenue
to a Grand Unified Theory (unification of the electroweak and strong forces at high energy) and

provide potential Dark Matter candidate particles.

The existence of dark matter is implied by, among other things, measurements of the orbits and
rotations of galaxies, neither of which match their Newtonian predictions given the amount of
luminous matter galaxies are known to contain [8]. Additional non-luminous (“dark”) matter is

therefore required which interacts gravitationally (but not electromagnetically) and which is massive



(to allow it to collect within or near galaxies). Given a lack of evidence for dark matter particles
binding to atomic nuclei, they are also believed not to interact via the strong force. It is possible
that dark matter particles also do not interact via the weak force, although in this case they would
be difficult (or perhaps impossible) to detect. Given our ability to probe the weak sector with our
current technology, searches for, and theoretical models of, dark matter particles often work on
the hypothesis that they do interact weakly. Consequently, a popular candidate for dark matter

particles are the Weakly Interacting Massive Particles (WIMPs).

Further support for WIMPs as viable dark matter candidates stems from the “WIMP miracle”.
The early universe was in thermal equilibrium, that is, particle-antiparticle pairs were created and
annihilated at equal rates thanks to the high energy density of a universe much smaller than to-
day’s. As the universe expanded the energy density decreased, breaking thermal equilibrium. Some
particle-antiparticle pairs survived into the present day thanks to extremely low self-annihilation
cross sections. The WIMP miracle is the observation that the self-annihilation cross section re-
quired to provide the amount of dark matter we believe exists today is consistent with a particle

that interacts solely via the weak force [16].

There are no particles in the SM which meet the required characteristics of a WIMP. However,
SUSY models do provide such candidate particles. The fact that we have not detected any WIMPS
yet (or, for that matter, any supersymmetric partner particle) suggests that such particles, if they
exist, must be very massive - beyond the reach of our current experiments. However, we are able
to search for them indirectly by detecting their contributions as virtual particles in the loops of
Feynman diagrams, which will cause measured branching fractions different from those predicted

by the SM.
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2.3 B~ — Apvv - details and motivation

Introduction

Flavour-changing-neutral-current (FCNC) decays such as B~— Apvv ! offer a sensitive probe of
the Standard Model (SM) and an avenue to search for new physics. FCNC decays are suppressed
in the SM since they cannot occur at the tree level but can only proceed via one-loop processes.
They are therefore very sensitive to new physics occurring at the one-loop level as any deviation
from the predicted decay mechanisms (i.e. new physics) will be evident in a branching fraction

which has a large deviation from the branching fraction predicted by the SM [17].

This analysis uses data gathered at the BABAR particle detector which was based at the SLAC
National Accelerator Laboratory. Electrons and positrons provided by the PEP-II accelerator
collided at a centre-of-mass energy tuned to the mass of the YT(4S) resonance which subsequently
decayed to BB pairs [5]. During the lifetime of the experiment, from 1999 to 2008, BABAR collected

approximately 471 million BB pairs [22].

Physics Motivaton

The decay B~ — Apvv is a one-loop, FCNC, semi-leptonic process that proceeds via the penguin-

and box-diagrams shown in Fig 2.3.1.
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Figure 2.3.1: Feynman diagrams for the decay B~ — Apvv . Figure adapted from [17].

The b — s transition involves off-diagonal Cabibbo-Kobayashi-Maskawa (CKM) matrix elements

1Unless explicitly stated otherwise, whenever a decay is given in this paper the charge-conjugate is also implied.
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which are much less than one and several weak-force couplings, these processes are therefore heavily
suppressed in the SM. Thanks to their common b — svv process, B~ — Apvv is the baryonic
equivalent of B— K®)uw (see Section 2.3 - Similar studies), which was the subject of a recent
BABAR analysis [22]. The predicted branching fraction for B~— Apvw is (7.941.9) x 1077 [17]. An
experimentally measured branching fraction different from this would imply new physics occurring

at the one-loop level.

The A, which has a lifetime of 2.63 x 10719 s, subsequently decays via A — pr~ with a branching
fraction of (63.9 & 0.5)% and via A — nm® with a branching fraction of (35.8 £ 0.5)%, all other

decays modes have branching fractions of 1073 or less [8].

Decays involving neutrinos, such as B~— Apvv , are particularly challenging to analyse because
neutrinos cannot be detected, the only evidence of their presence being the missing energy and
momentum in an event which they carry away. The A — pm~ mode is especially amenable to study
due to the fact that the final state includes three charged tracks (p from the B~ and pr~ from the
A) and two neutrinos (from the B~). Charged tracks are easily detected, thus aiding experimental
reconstruction of the decay [17]. We can also use use these charged tracks to reconstruct the A,
providing us with an extra means with which to suppress background. Any missing energy in the
event can be ascribed to the neutrinos. This analysis therefore only studies this A — pm~ decay

mode.

The B~— Apvv decay also offers further opportunities for searches for new physics as well as tests
of the SM. It is possible to use angular distribution asymmetries to search for beyond-SM right-
handed vector and (pseudo-)scalar currents and it is also possible to construct T-odd observables
which can be used to test for T-violation [17]. However, such searches would require much more

data than is available in the BABAR dataset.

Analysis goal

The aim of this study is to act as a sensitivity study for measurement of the upper limit of the

branching fraction of B~— Aprvv . Further work on this analysis, which will take place after
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completion of this thesis, will involve unblinding the data and publication as a BABAR analysis.
Although we do not expect to obtain a limit on the order of the theoretically predicted branching
fraction, a limit on the branching fraction nevertheless helps place constraints on models of new

physics and can serve as a basis for future studies.

Similar studies

B~— Apvv has never before been experimentally measured. However, it is closely related to the
decays B— K® vz and B— K® ¢4~ . Both of these decays also involve the FCNC b — s process

and both have been the subject of analyses using BABAR data [21, 22].

Using the same analysis technique as in this analysis (hadronic Biag reconstruction, see Section 4.1)
the BABAR analysis of B— K®vw obtained an upper limit on the branching fraction of B — Kvv
of 3.2 x 1075, with a combined limit (incorporating other analysis techniques) of 1.7 x 107> [22].

This contrasts with an SM-predicted branching fraction of (4.5 4 0.7) x 1076 [3].

The gap between the experimental upper limit and the SM prediction in such decays is cited [17] as
a motivating factor for investigating B~— Apvv as it is possible that in this gap lies new physics,

although the experimental limit could of course come down as the result of future analyses.

Analyses of B— K®uw and B— K®¢t¢~ also complement each other as they are sensitive to
different Wilson coefficients?. B— K®v& and B~— Apro have in common the process b — svw;
their decay amplitudes are thus dependent on |CY g [22], the Wilson coefficients for left- and right-
handed weak currents which join two quarks to two neutrinos. B— K () ¢t¢= | however, proceeds
via b — sfT¢~ and is thus sensitive to C’;ff, C'geff and C’fgf [21], the Wilson coefficients for the

relevant electromagnetic and weak processes via which b — s/™/~ can occur.

Although neither of the analyses B— Ko or B— K® ¢+t~ observed new physics they did

2The Wilson coefficients describe short-distance physics in low-energy weak interactions when the amplitude, A,
for such interactions is expressed using the operator product expansion [9, 29]:

A= Z Ci(p, Mw ){(Qi()) (2.3)

where C; are the Wilson coefficients, @Q; are the local operators (which describe long-distance physics), u is the chosen
renormalisation scale, My is the mass of the W boson and where we are summing over operator dimensionality [9].
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place constraints on models of new physics. Similarly, if new physics is not present in B~ — Apvv
and the SM theoretical predictions are correct then we do not expect to see any signal as our
sensitivity will not be sufficient given the predicted branching fraction; however, results from this
analysis can be used to constrain new physics models. B™— Apvv also offers several advantages
over B~ K®ur and B— K® ¢t | namely two protons in the final state, allowing us to use
more PID tools, and an intermediate particle which we can reconstruct (the A), providing an extra
avenue for background suppression. These features may also lead to a different final background

composition than that found in the analyses of B— K®vw and B— K™t .

14



Chapter 3

The BABAR experiment

The BABAR particle detector operated at the SLAC National Accelerator Laboratory, California
from 1999 to 2008, collecting data from eTe™ collisions provided by the PEP-II collider. During
BABAR’s lifetime it collected approximately 471 million BB pairs. Originally built to study CP
violation in B meson decays, the high integrated luminosity provided by PEP-II allowed BABAR’s
mission to expand to include precision measurements of the decays of bottom and charm mesons

and 7 leptons, searches for rare decays and limit-setting for beyond-SM physics.

3.1 The PEP-II asymmetric B-Factory

The decays detected by BABAR originated from ete™ collisions. The ete™ were provided by the
3 km long SLAC linear accelerator (linac) at the SLAC National Accelerator Laboratory, California.
The linac accelerated the e~ ’s to an energy of 9.0 GeV and the e™’s to 3.1 GeV. They were then
injected into separate storage rings of the PEP-II collider before collision at the interaction point
(IP) inside the BABAR detector. ete™ colliders are well-suited to analysing decays which have
missing energy (e.g in the form of neutrinos) because the initial collision energy is known. This is
in contrast to hadron colliders where collisions take place between hadron constituents which carry

an unknown proportion of hadron momentum.
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PEP-II had a design luminsoty of 3 x 1033 cm?s~! and the center-of-mass (CM) energy was tuned
to 10.58 GeV, the mass of the T(4S5) resonance. The T (4S5) decays into a BB pair more than 96%
of the time [8]; approximately half of these are BYB~ and the other half B°B°. PEP-II, along with

similar facilities, is thus known as a “B factory™.

The large mass of the BB pair meant that they were created almost at rest in the CM frame.
However, the asymmetric collision energy used meant that the BB pair were moving with respect
to the lab frame. This motion lead to a greater separation of the B meson decay vertices than if
the collision has been symmetric, thus aiding calculation of B meson decay time which is important

for measuring time-dependent CP violating processes [5].

PEP-II
Rings ™

Positrons

Low Energy Ring
BABAR Detector

High Energy Ring

Figure 3.1.1: Diagram of the SLAC linac and PEP-II collider. Figure from [28].

3.2 The BABAR detector

The design of the BABAR detector was optimised to meet its original physics goals of measuring
decays of B mesons into CP eigenstates. Such decays have very small branching fractions (~1074),
and BABAR was required to fully reconstruct such decays. This drove the required characteristics of
the detector, namely: large and uniform acceptance, good reconstruction efficiency, good momen-
tum resolution, excellent energy and angular resolution, very good vertex resolution, and particle

identification (PID) capability over a wide kinematic range [5].
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The BABAR detector surrounds the PEP-II IP. As shown in Figure 3.2.1 the detector is hexagonal,
approximately 3.5 m tall and 7 m long. Due to the asymmetric energy used at PEP-II BABAR

was offset from the IP by 0.37 m in the direction of the lower energy beam to ensure maximum

coverage.
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Figure 3.2.1: The BABAR detector. Figure from [5].

The amount of material used in the inner parts of the detector, where tracking and calorimetry
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takes place, was minimised in order to reduce multiple Coulomb scattering by charged particles
(which affects tracking precision) and photon absorption (which affects energy measurements of

charged and neutral particles).

The BABAR detector is arranged in layers. The innermost parts of the detector are the silicon
vertex tracker (SVT) which performs precision tracking of charged particles, the drift cham-
ber (DCH) which measures charged-particle position and momentum, the detector of internally-
reflected Cherenkov radiation (DIRC) which performs PID on charged hadrons, and the electro-
magnetic calorimeter (EMC) which measures particle energy. These are surrounded by a 1.5 T
superconducting solenoid which is in turn surrounded by its instrumented flux return (IFR) which

detects muons and neutral hadrons.

3.2.1 Silicon vertex tracker

The main purpose of the SVT (along with the DCH) is the accurate reconstruction of charged
particle trajectories in order to reconstruct decay vertices. This is achieved by measuring particles’
momenta, positions and angles. To provide useful data for CP asymmetry measurements the SVT
must achieve resolution of ~80 um in the z-direction and ~100 ym in the x-y plane. Due to the
presence of a strong magnetic field, B meson decay products with low transverse momentum (pr)
curl around inside the SVT, never contacting the DCH or other parts of the detector. The SVT
must therefore be capable by itself of providing tracking of particles with pr of less than 120
MeV/ec.

The SVT comprises five layers of double-sided silicon strip detectors. Charged particles traversing
the SVT ionise the silicon, creating electron-hole pairs which move within an applied electric field
and thus produce a current. This current is measured by ~150,000 readout channels at the ends of
the SVT and this information is used to calculate trajectory, and thus momentum, of the particle.
To achieve the aforementioned resolution requirements, the resolution of the three inner layers is

10-15 pm while the resolution of the two outer layers is ~40 pym.

The SVT must provide particle trajectory information close to the beam pipe and also tracking
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information to connect with tracks detected in the DCH. The three inner layers of the SVT are
therefore mounted close to the beam pipe while the two outer layers are at a larger radius, close
to the DCH. In order to provide 2D positional information the strips on opposite sides of each

double-sided strip are orthogonal to each other.

As shown in Figure 3.2.2 the three inner layers are flat while the two outer layers are arch-shaped to
provide maximum coverage whilst minimising the amount of silicon required. Layers also partially
overlap (see Figure 3.2.2b) to maximise coverage. The total coverage of the SVT is 90% of solid

angle in the CM frame and the material is ~4% of a radiation length.
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Figure 3.2.2: The silicon vertex tracker (SVT) of the BABAR detector. Figure from [5].

3.2.2 Drift chamber

Complementary to the SVT, the DCH measures charged particle momentum and angle to enable
reconstruction of decay vertices. For tracks which decay outside the SVT, information from the
DCH is the only way to reconstruct such vertices. The DCH must also provide PID capability
using ionisation energy losses of charged particles (dE/dzx), complementing the PID capability of
the DIRC in the barrel region.

As shown in Figure 3.2.3a the DCH is approximately 3 m long, extends up to approximately 80 ¢cm
from the beam pipe and is offset from the IP by 37 cm. It comprises 40 layers of hexagonal cells
(for a total of 7,104 cells), each delimited by field wires, with a sense wire at their centre and
filled with a gas mixture (see Figure 3.2.3b). The DCH thus provides up to 40 measurements for a

charged particle with sufficient momentum to pass all the way through. Longitudinal information
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is obtained by placing wires in 24 out of the 40 layers at a slight angle to the z-axis.
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Figure 3.2.3: The drift chamber (DCH) of the BABAR detector. Figure from [5].

As charged particles pass through the DCH they ionise the gas inside the cells, liberating electrons
and ions. Due to an applied electric field from the field wires, the liberated electrons accelerate
towards the sense wire at the centre of each cell, creating an avalanche of secondary electrons
and ions as they do so. When this avalanche reaches the sense wire it creates an electrical signal
proportional to the energy lost by the original charged particle in the ionisation process. This energy
loss measurement, which has a resolution of ~7.5% for high-momentum charged particles passing
through all 40 layers, allows us to identify the particle. The DCH provides good K /7 separation up

to lab-momenta of 0.5 GeV/c and proton identification up to lab-momenta of 1.2 GeV/c. [6]

Due to the generally low momentum of particles resulting from B meson and D-meson decays
(usually less than ~1 GeV/c) multiple scattering is a significant challenge to tracking resolution.
The DCH is therefore filled with a low-mass medium of an 80:20 mixture of helium and isobutane
while the field wires are made of aluminium. The walls of the DCH are also kept thin, helping
to match tracks to those detected in the SVT and reducing the effect on the performance of

surrounding detectors (DIRC and EMC). The readout electronics are therefore mounted on the
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backward end-plate of the DCH. These measures result in the DCH constituting only 1.08% of a

radiation length.

3.2.3 Detector of internally-reflected Cherenkov radiation

The primary job of the DIRC is to provide 7/K separation for tracks with momentum greater
than 700 MeV/c up to 4.2 GeV/c¢ (a momentum range in which the DCH does not provide good
separation) and also to provide PID for muons with momentum below 750 MeV/c (where the IFR

is not effective).

The DIRC is constructed of bars of synthetic fused silica, 4.9 m long, 17 mm thick and 35 mm
wide. Bars are grouped into hermetically sealed bar boxes, each box containing twelve bars. There
are twelve bar boxes arranged in a dodecagon around the beam pipe for a total of 144 bars. The

DIRC has a total thickness of 8 em, and is 17% of a radiation length.

Particles travelling through the DIRC’s silica bars at faster than the local speed of light emit
Cherenkov radiation. This radiation is emitted at a Cherenkov angle (6.) which is dependent on
the speed of the particle. By measuring 6. (and thus the particle’s speed), and with knowledge of
the particle’s momentum from the inner tracking system we can calculate the particle’s mass and

thus determine its identity.

Fused synthetic silica was chosen for the bars due to its high index of refraction (n = 1.473) (and
therefore small Cherenkov angle), resistance to ionising radiation, long attenuation length and low
chromatic dispersion in the wavelengths of interest. The DIRC was kept as thin as possible to

reduce cost and to reduce negative effects to the energy resolution of the EMC.

In order to reduce the thickness of material in the active region of the detector, the detection
equipment for the DIRC is placed outside the active region in a standoff box. Cherenkov radiation
emitted inside the DIRC’s bars is transmitted to the standoff box via total internal reflection inside
the bars, which preserves the angle of emission. The forward end of each bar is mirrored so that
Cherenkov radiation emitted in the forward direction will reflect and be collected by the standoff

box at the back.
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Figure 8.2.4: The detector of internally reflected Cherenkow radiation (DIRC) of the BABAR detector. Figure
from [5].

The standoff box is filled with purified water (chosen due to its low cost and similar refractive
index to silica) and its back face is covered with photomultiplier tubes (PMTs), approximately
1.2 m from the end of the bars. There are 12 sectors of PMTs each with 896 PMTs. The PMTs
detect the Cherenkov radiation and from the shape of the cone of light are able to measure 6. with

a single-photon resolution of ~10 mrad.

3.2.4 Electromagnetic calorimeter

The purpose of the EMC is to measure energy and position of electromagnetic (EM) showers from
charged and neutral particles and photons over the energy range 20 MeV to 9 GeV. The EMC
is thus the innermost detector capable of detecting neutral particles. The EMC is particularly
important for separating electrons from charged hadrons, where the primary discriminating feature

is the ratio of EM shower energy to momentum.

As shown in Figure 3.2.5, the EMC consists of an array of thallium-doped caesium-iodide (CsI(T1))
crystals arranged in a barrel section and a forward endcap section. The crystals are finely segmented
to provide accurate position measurements - there are 5,760 crystals in the barrel region arranged in

48 rings and 820 crystals in the endcap arranged in eight rings, together providing 90% solid angle
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coverage in the CM frame. The crystals are trapezoidal and are longer in the forward direction
to ensure containment of showers from high-energy particles. They are approximately 30 cm long,

which is approximately 16 radiation lengths.

2359
' 1555 2295 || External
‘ ‘ Support
S .
1375 | | /\
1127 1801 ~
950 . | 26.8

1979 ‘

Figure 3.2.5: Crystal layout in the electromagnetic calorimeter (EMC) of the BABAR detector. Figure from
[5].

When photons travel through the crystal they undergo pair production, while electrons travelling
through the crystal experience Bremsstrahlung resulting in production of photons which themselves
undergo pair production. These processes cause an EM cascade (or “shower”) which is absorbed
by the crystal. The crystal scintillates proportionally to the energy it absorbs. Collection of this
scintillation light (which is contained in the crystal thanks to total internal reflection) provides a

measure of the energy of the original particle.

CsI(T1) was chosen due to its high light yield (50,000 v/ MeV) which provides good energy resolution
and small Moliére radius which provides good angular resolution. Its short radiation length also
ensures good shower containment in a small size. Crystals are read out individually by photodiodes
attached to the rear of the crystals. The energy resolution of the EMC ranges from ~5% at low
energies to ~2% at high energies while angular resolution ranges from ~12 mrad at low energies to

~3 mrad at high energies.

3.2.5 Instrumented flux return

The IFR detects muons and neutral hadrons which escape the EMC (mostly K? and neutrons). It

also serves as the flux return for the solenoid.
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As shown in Figure 3.2.6a, the IFR is constructed from segmented steel sections arranged in a
hexagon around the rest of the detector plus two end caps. The steel is divided into 19 layers (18
for the end caps), the nine inner plates are 2 cm thick, the outer plates 10 cm thick. In the ~3.5 cm
gap between plates there are resistive plate chambers (RPCs) or limited streamer tubes (LSTs,

introduced at a later date to replace aged RPCs) which detect particles.
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Figure 3.2.6: The instrumented flux return (IFR) and resistive plate chamber (RPC) of the BABAR detector.
Figure from [5].

RPCs were chosen due to their low cost, ease of manufacturing in different shapes, fast response
time and large signal. As shown in Figure 3.2.6b, the RPCs consist of two 2 mm thick bakelite
plates separated by a 2 mm gap filled with a mixture of gases (mostly argon). The external surfaces
of the bakelite plates are covered in graphite which is connected to a ~8 kV potential to provide an
electric field. Exterior to the graphite plates are aluminium readout strips. Strips on opposite sides
of an RPC are perpendicular in order to provide position information. As particles pass through the
gas they cause ionisation of the gas, and liberated electrons accelerate due to the applied potential

causing an avalanche which is detected by the aluminium readout strips.

Muons penetrate further than neutral hadrons so multiple hits penetrating into the IFR which can
be matched to tracks detected in the SVT and DCH are indicative of a muon, while clusters not
associated with charged tracks suggest a neutral hadron. The IFR has a muon detection efficiency
of close to 90% for the momentum range 1.5-3 GeV/e, KV detection efficiency ranges from 20% to

40% depending on momentum.
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3.2.6 Data collected at BABAR

During BABAR’s lifetime from 1999-2008 PEP-II delivered a total integrated luminosity of 550 fb—1,
of which 524 fb~! were recorded by the BABAR detector. From 1999-2007 BABAR ran at the Y (45)
resonance before spending its last few months of operation, in 2008, running at the Y(3S) and
T (2S) resonance, as well as at energies above the Y(4S5) resonance. Approximately 471 x 10° BB

pairs were recorded while running at the Y(4S) resonance [6].
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Figure 3.2.7: Integrated luminosity at BABAR during the lifetime of the experiment. Figure from [6].
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Chapter 4

Analysis tools and data

4.1 Hadronic By,s reconstruction

This analysis uses a technique known as hadronic Bi,e reconstruction in order both to significantly

reduce background and to provide useful kinematic information in remaining events.

The Y(45) decays mostly into BB pairs. B mesons have a lifetime of only ~1.6 x 10712 s and
thus decay very quickly via many thousands of hadronic and (semi-)leptonic decay modes. Many
of these decay modes have been measured and we can therefore use them reconstruct a B meson

from its decay products.

In hadronic tag reconstruction we exclusively and fully reconstruct one of the B mesons from known
hadronic decay modes. This B meson is called the Bi,e. Since the reconstruction of the By, is
a full reconstruction, anything else in the event (charged tracks, clusters, missing energy) can be
attributed to the other B meson, known as the Bgj,. We conduct our analysis work on the decay

of the Bsig-

Hadronic By, reconstruction is possible thanks to the fact that in an eTe™ collider we know the
CM energy and there is no pileup background, as there would be in a hadron collider. Furthermore,
the BB pair is so massive that it is not possible for additional particles to be produced in the same

event.
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Figure 4.1.1: Cartoon of a signal event with hadronic tag reconstruction.

Since the kinematics (four-momentum) of the Biae are fully known, this also determines the kine-
matics of the Bgig (thus providing us with the Bgig's rest frame) which allows us to place kinematic

constraints on the Bg,'s daughter particles.

Hadronic By,g reconstruction eliminates a considerable proportion of background (particularly con-
tinuum background) compared to an inclusive analysis. It is also especially useful for analysing
signal decays which involve missing energy (neutrinos) since it allows us to quantify the energy

carried away by the neutrinos.

The disadvantage to using hadronic tag reconstruction is that only a small fraction of events can

be reconstructed in this way, and we therefore suffer from low efficiency.

4.2 Bg,e reconstruction modes

B mesons mostly decay into final states including charmed-mesons. Therefore, to reconstruct By,g

candidates, we search for events of the form B — D®*X and B — D*)X where [23]
X = mnt 4+ noK* + n3K2 + nym?
and
e n1+n3<5h

e ng,ng <2
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e N1 +ng+ng+ng <5

The D candidate (known as a “seed”) in B — D®*X and B — D®OX is reconstructed from the

decays [23]:
e D*0 s DOR0 DO,
. Z)*Jr — DO7T+,
e D 5 K—nt, K~ ntnl, K—ntatn—, K27T+7T_, K27T+7T_7T0, KtK—,ntn a0 ntn—, Kgﬂ'o,
e DY = Ko, KOt 7, Kontrtr—, K—ntrt, K- atats?, Kt K—7nt, Kt K770,
o Df — ¢nt, KIKT,
e Dt — Df~.

Once a D-seed has been reconstructed it is combined with the remaining kaons and pions (repre-

sented by X)) to form a Bi,, candidate.

The reconstructed Bi,g is required to have a mass consistent with the known B meson mass and
have a centre-of-mass (CM) energy close to half the CM energy of the colliding beams (Ejpeam)-

Specifically, the By, candidate must satisfy
5.20 < mgg < 5.30 GeV/c?
and
—02<AFE <0.2GeV

where mpgg is the energy-substituted mass of the By, defined as

N \/(Ebwm /22— p}, (4.1)

and where AFE is defined as

AE = Epeam/2 — Eg,,

28



It is possible that after these constraints have been imposed that we are left with more than one
Biag candidate in an event. In this case we choose the By, candidate which has the highest B-mode
purity (where B-mode purity is the fraction of correctly reconstructed By, candidates with mpg >
5.27 GeV for a specified decay mode as determined from MC simulation). If there is still more than

one By, candidate in an event, the By,, candidate with the lowest value of |AE | is chosen.

Reconstructed events are selected by and stored in the BABAR skims BSemikxcl and BSemiEx-

clAdd.

4.3 BABAR dataset

This analysis only uses data taken at the Y (4S5) resonance (for details on BABAR data taking see
Section 3.2.6) with a total integrated luminosity of ~ 424 fb~!. The data are split into six runs
corresponding to different detector conditions at the corresponding time periods during BABAR’s
lifetime. Details of the integrated luminosities and B-counts (number of BB pairs) for each run
are given in Table 4.1.

Table 4.1: Integrated luminosity' and B-count (number of BB pairs) values for the BABAR dataset. Uncer-
tainties on the B-count values are statistical only.

Run Data set Integrated luminosity (pb~') B-count (x10°)
1 Lumi-BSemiExcl-Run1-OnPeak-R24c 20373 22.557 + 0.005
2 Lumi-BSemiExcl-Run2-OnPeak-R24c 61322 68.439 + 0.008
3 Lumi-BSemiExcl-Run3-OnPeak-R24c 32279 35.751 £+ 0.006
4 Lumi-BSemiExcl-Run4-OnPeak-R24c 99606 111.430 £ 0.003
5 Lumi-BSemiExcl-Run5-OnPeak-R24c 132372 147.620 £+ 0.012
6 Lumi-BSemiExcl-Run6-OnPeak-R24c 78308 85.173 £ 0.009

n particle physics, luminosity is number of events (eTe™ collisions in the case of BABAR) per area per time, it
thus has dimensions of m~2s~!. For convenience we often use barn in place of metres for specifying area, where
1 b = 1072 m?2, luminosity can thus be expressed in units of b~'s™!. Integrated luminosity is the integral of
luminosity with respect to time, i.e. the total number of events per area over a given time period, and can thus be

expressed in units of b~!. Barn takes standard SI prefixes, e.g. picobarn (pb).
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4.4 Background Monte Carlo simulations

Background Monte Carlo (MC) simulations are used to estimate expected results from the BABAR
dataset and to estimate background contributions from different sources. Background MC is divided

into five different types: B*B~, B'B°, qq (¢ = u, d, s), cc and 7777,

Monte-Carlo techniques use random numbers to simulate particle decays and particle detector re-
sponses. In BABAR, BB events are simulated using EvtGen [20] and ¢g, c¢ and 777~ are simulated
using JETSET [27]. Particle four-vectors from these generators are then passed through a simu-
lation of the BABAR detector based on the Geant4 toolkit [1, 2]. This produces simulated detector
responses which are then reconstructed using the same code as is used to reconstruct events in real

data.

We consider c¢ events separately from other ¢ events because c¢¢ events are capable of producing
correctly-reconstructed D-meson seed candidates. For £T/~ events we only consider the 77~
case due to the fact that 7’s can decay hadronically and can thus produce misreconstructed Biag

+

candidates. However, the contribution from 7777 events is generally so small that it is often not

visible in histograms.

Each of these five types is further split into six runs, corresponding to different detector conditions
at the corresponding time periods during BABAR’s lifetime. Each background type for each run is
weighted to match data integrated luminosity. The number of generated events, weighting etc. for
each type and each run is shown in Table 4.2. Later references to background yield refer to the

number of background MC events after weighting to match data integrated luminosity.

4.5 Signal Monte Carlo simulation

A signal Monte Carlo sample is used for this analysis (mode number 11483) which simulates the

decays B~ — Apvv and subsequently A — pm—, both with a decay fraction of 100%.

A total of 3,358,000 events were generated although 250,000 were lost due to corrupted files leaving
3,108,000 signal events.
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Table 4.2: Background Monte Carlo information. For details of skim requirements see Section 4.2. Uncer-

tainties on the skim efficiency values are statistical only.

Run # Generated Skimmed Skim efficiency  Cross-section Normalization
events (x10°) events (%) (nb) weight
BB~ Monte Carlo, mode 1235
1 113.877 42851548 37.63 £ 0.007 0.5536 0.099
2 340.106 127153897 37.39 £+ 0.004 0.5580 0.101
3 176.806 67104199 37.95 £+ 0.005 0.5538 0.101
4 556.454 210706801 37.87 £ 0.003 0.5594 0.100
5 724.256 270883359 37.40 £+ 0.003 0.5576 0.102
6 431.176 163900008 38.01 £ 0.003 0.5438 0.099
BB’ Monte Carlo, mode 1237
1 113.501 39955536 35.20 £ 0.007 0.5536 0.099
2 349.964 122262783 34.94 + 0.004 0.5580 0.098
3 180.262 64089470 35.55 £ 0.005 0.5538 0.099
4 553.458 195903930 35.40 + 0.003 0.5594 0.101
5 761.07 265477026 34.88 4+ 0.002 0.5576 0.097
6 429.68 152373995 35.46 + 0.003 0.5438 0.099
ce Monte Carlo, mode 1005
1 266.961 69604868 26.07 + 0.004 1.3 0.100
2 797.386 208169539 26.11 £ 0.002 1.3 0.101
3 439.931 116096984 26.39 + 0.003 1.3 0.097
4 1297.32 346202217 26.69 £ 0.002 1.3 0.101
5 1677.53 445755971 26.57 + 0.001 1.3 0.104
6 1017.42 278228302 27.35 £+ 0.002 1.3 0.101
uds Monte Carlo, mode 998
1 166.591 29124036 17.48 £+ 0.003 2.09 0.2584
2 482.575 84856167 17.58 4+ 0.002 2.09 0.2688
3 276.381 49077341 17.76 £+ 0.003 2.09 0.247
4 755.839 136791199 18.1 £ 0.002 2.09 0.2788
5 1071.84 194428338 18.14 + 0.001 2.09 0.2611
6 647.762 121893210 18.82 £+ 0.002 2.09 0.255
777~ Monte Carlo, mode 3429
1 74.665 59325 0.07945 + 0.0003 0.94 0.2593
2 215.775 182738 0.08469 + 0.0003 0.94 0.2704
3 117.694 100824 0.08567 + 0.0003 0.94 0.2609
4 360.242 335622 0.09317 + 0.0002 0.94 0.263
5 474.008 469996 0.09915 + 0.0001 0.94 0.2655
6 363.346 384601 0.1058 4+ 0.0002 0.94 0.2044

The signal MC simulations were generated using a phase space model. However, there are theoret-

ical predictions for the distributions of four kinematic variables for the decay B~— Apvv :

e The invariant mass of the Ap pair.
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e The invariant mass of the v pair.

e The angle between the baryon (i.e. the A in a B~ decay or the p in a BT decay) trajectory in

the rest frame of the baryon-antibaryon system and the trajectory of the baryon-antibaryon

system in the B meson rest frame.

o The angle between the neutrino (as opposed to the antineutrino) trajectory in the rest frame

of the neutrino-antineutrino system and the trajectory of the neutrino-antineutrino system

in the B meson rest frame.

The definitions of the angular variables are shown graphically in Figure 4.5.1 and the predicted

distributions for all four variables in Figure 4.5.2.

¢

Figure 4.5.1: Definitions of angles used in Figure 4.5.2 where: B is the baryon, B’ is the antibaryon and B

is the B meson. Figure from [17].
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Figure 4.5.2: Predicted distributions of invariant masses and angles for B~ — Apvv .
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By reweighting our signal MC it is possible to match these variables’ distributions in signal MC
to the theoretically-predicted distributions. It was not possible to satisfactorily match all four
variables’ distributions to their theoretical predictions simultaneously. However, by reweighting
each variable independently (i.e. reweighing the signal MC to match the theory distribution of one
variable without regard to the distributions of the remaining three variables) we could measure
the effect of reweighting to each of the four variables by passing the signal MC through a nominal

signal selection process (see Section 5.2) and calculating the final signal efficiency.

It was observed that the signal efficiency only showed a significant change after reweighting the
signal MC to match the theoretically-predicted distribution of the Ap invariant mass (see Figure
4.5.3). We believe this is due to the fact that the reweighing to the Ap invariant mass distribution
alters the momenta distribution of the two protons in a signal event (one proton from the A, the
other from the Bgg), as shown in Figure 4.5.4. BABAR’s PID selectors are more efficient at lower
momenta [6], thus leading to a change (increase) in signal efficiency after running reweighted events

through a nominal signal selection.
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(a) Before signal reweighting. (b) After signal reweighting.

Figure 4.5.3: map before and after signal MC reweighting, determined from MC Truth information.

We thus chose to reweight our signal MC only to this variable. Simultaneous reweighting to the
Ap invariant mass and one other variable (for each of the three remaining variables in turn) caused
only a small change in signal efficiency compared to reweighting to Ap invariant mass alone. This

discrepancy is accounted for as a systematic error (see Section 6.1.1).

In order to perform signal MC phase space reweightings we accessed and used MC truth information.
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Figure 4.5.4: Sum of proton momenta before and after signal MC reweighting, determined from MC Truth
information.

During this process it was discovered that approximately 1% of events did not contain the decay
B™— Apvv at the truth level. This is believed to be due to the event simulator simulating events
with long-lived particles which interact with detector media before having the opportunity to decay
via B™— Apvv . Since such events cannot be reweighted they are excluded from the analysis at the

truth level and their exclusion is accounted for as a systematic uncertainty (see Section 6.1.1).

4.6 Local skimming

In addition to the BABAR skims mentioned in Section 4.2 we perform an additional local skim at
McGill to allow us to work on a dataset more appropriate to our storage and processing capabilities.

This will hereafter be referred to as the “local skim”. This skim requires:
e mgs > 0,
¢ Biag must have non-zero charge,
o total charge of B, daughters must be equal-and-opposite to charge of By,g,
e missing energy > 0,

 exactly three charged tracks on the Bgig-side.
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Note that the local skim removes only events which are either misreconstructed or clearly do not
conform to our signal decay and thus these cuts have almost zero effect on signal efficiency. Any

signal MC that is removed by these cuts is obviously misreconstructed.

4.7 Blinding

In order to avoid experimenter bias this analysis is performed “blinded” - that is, the signal selection
is tested and optimised using Monte Carlo simulations as opposed to real data. For histograms
generated at earlier stages of the selection presented in this document data are visible; however, the
number of events at these earlier stages means that there is no chance of observing a signal in data
and thus no chance of introducing bias. At later stages, where a signal in data might potentially

be visible, data are blinded and are not shown in histograms.

Note that we do validate our background MC against data but at a stage of the analysis that is

sufficiently early such that there is no chance of observing signal (see Section 5.4).
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Chapter 5

Analysis method

A note on plots

The majority of plots in the rest of this document will be of the format shown in Figure 5.1.1; that
is, black points with error bars represent the dataset outlined in Section 4.3; solid colours represent
MC background normalised to data, as explained in Section 4.4; the red line represents signal MC
(with number of events shown by the red axis on the right of the figure) with an assumed branching
fraction of 1 x 10™% and reweighted to match theoretical phase space predictions, as explained in
Section 4.5. Note that the assumed branching fraction for signal MC is chosen for convenience and

aesthetics of the plots - it does not represent a physics assumption.

5.1 Biag cuts

We make several cuts on the By, side of the decay to reduce background and separate signal from

background. Specifically, we require:
o there is exactly one By,g,
o the By, has charge &1,

o the mgpg of the By, is consistent with the known mass of the B meson.
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The requirement that the event has one Bi,s is necessitated by the fact that there are a small
number of events which pass skimming despite having zero Byag’s. We require a charged (£1) Biag
because we are looking for a decay from a charged B meson (B~ — Apvv ), we can therefore exclude

any event with a neutral Bag.

5.1.1 By,z mgs cut

To calculate the mass of the Bi,, we use mgg, as defined in (4.1), which comprises the CM
3-momentum of the By,, and the CM energy of the beam (Epeqm). We use Epeqp, instead of

the energy of the B,y in order to avoid resolution uncertainties in the measurement of Ep,,, .

Assuming a correct reconstruction, mgg should peak at the nominal B meson mass of 5.279 GeV/c?.
Figure 5.1.1 shows the mpg distribution for both signal MC (red line) and background MC (solid
colours), as well as data (black points with error bars).
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Figure 5.1.1: Byag mrs after hadronic tag reconstruction and after local-skim cuts.
The distributions of the different types of background events can be understood by dividing them
into three categories:

o Peaking BB background: Events where Y(4S) — BB and in which a Biag is correctly re-
constructed. These events peak in the mgg signal region; however, the B, does not decay

according to the signal decay that we are searching for (B~— Apvv ).
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 Non-peaking BB background: Events where Y(4S) — BB and in which a By, is mis-
reconstructed. Since the Biag is mis-reconstructed there is no peak at the B meson mass;
these events therefore do not peak in the mgg signal region, although they will be present in

the mgg signal region.

o Continuum background: Events where ete™ 4 Y(495) but instead ete™ — ¢q (¢ = u,d,s,c)
or ete” — 7777, The decay products from these events can be mis-reconstructed into a
Biag. These events do not peak in the mgg signal region, although they will be present in the

mgs signal region.

Both non-peaking BB background and continuum background are types of combinatorial back-

ground.

From Figure 5.1.1 we can see that signal events and BTB~ events peak around the nominal B
meson mass. The resolution of this peak is mostly due to variation in FEjpeqnm. Other background
MC events do not peak in the region around the B meson mass and are dominated by continuum

events.

For this analysis we choose a nominal B meson mass range of 5.27 GeV/c? < mpg < 5.29 GeV/c?;
this is known as the “signal region”. Figure 5.1.1 also shows that there is a discrepancy between
data and MC background, with the MC background overestimating the number of events. This
discrepancy reduces as we make cuts on other variables. Any remaining discrepancy is dealt with
at a later stage using an mpgg sideband substitution (see Section 5.3) which takes advantage of

events in the range 5.20 GeV/c? < mgs < 5.26 GeV/c? (the “sideband region”).

At this early stage of the analysis, after local skim cuts only, we have a total background MC yield
of 1.819 x 107 events and a signal efficiency of 0.554%. The data/MC ratio is 0.867. After the Biag
mpgg cut the background yield is 2.600 x 10° events, signal efficiency is 0.312% and the data/MC

ratio is 0.863.
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5.1.2 B-mode purity

B-mode purity is defined as the fraction of By,e’s that are correctly reconstructed for a given decay
mode. Note that this differs from the conventional definition of “purity” used in particle physics,
which is ordinarily a sample characteristic; in our case B-mode purity is a characteristic of a decay

mode. To calculate it we examine BB~ and B’B° MC and require [23]:
e mps > 5.273 GeV/c?,
e between one and three signal-side charged tracks,
o Biag charge is opposite that of total charge of Bgjg-side tracks,
e Biag charge is neutral for a B°BY event or charged for a BTB~ event,
e less than 13 clusters that are not used in Bi,g reconstruction,
e FE,.ss greater than zero.

The fraction of correctly reconstructed Bi,e’s within a specific By, decay mode that pass these
requirements is the B-mode purity. Every event can thus be assigned a B-mode purity value based

on the By, decay mode of that event.

Figure 5.1.2a shows the B-mode purity of our data and signal- and background-MC after local skim
cuts. At this early stage of the selection B-mode purity provides little discrimination between signal
and background, and the usefulness of a cut on B-mode purity is not evident. We thus examined
B-mode purity after implementing a partial nominal signal selection (see Figure 5.1.2b). B-mode
purity now provides greater discrimination between signal and background. After examining the
bin-by-bin ratio of signal to MC (see Appendix A.1) we implemented a cut keeping only events

with B-mode purity > 0.4.

Examining a plot of mgg after the B-mode purity cut (see Figure 5.1.3) and comparing with Figure
5.1.1 we can see that there has been a reduction in the number of MC background, MC signal and
data events. The proportion of events in the mgg peak comprising BTB~ events has increased. In

the mpg signal region the background yield is now 1.780 x 10 events, signal efficiency is 0.277%
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and the data/MC ratio is 0.859.
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Figure 5.1.2: B-mode purity at different stages of the analysis. Note that B-mode purity is a characteristic
of each Byag decay mode; thus each event is assigned a B-mode purity value based on the By., decay mode
of that event.
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Figure 5.1.3: Biag mgs after local-skim and B-mode purity cuts.

5.2 Signal selection

The Biag-side cuts listed above considerably reduce the amount of background; however, large
numbers of events still pass these cuts. We therefore introduce more cuts on the Bgg-side to

further reduce background.
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5.2.1 Continuum suppression

In a Y(4S) — BB decay the BB pair are produced almost at rest due to their large mass; they
are also spinless. Due to these factors their decay products tend not to have a preferred direction.

Such events thus tend to have spherical shapes, as shown in Figure 5.2.1.

y
A

e ——

Figure 5.2.1: Cartoons of (left) a BB decay and (right) and continuum decay.

On the other hand, in continuum events (e"e™ — ¢q, 7777) the ¢g/7"7~ pair are relatively
light and therefore are created with high momentum, causing them to travel back-to-back at high-
momentum in the CM frame. Decay and hadronisation products from continuum events thus have

jet-like (collimated) shapes with directions preferentially aligned close to the beam.

We can take advantage of this difference in topology to discriminate between the two types of

events. To do this we use a multivariate likelihood comprising six variables:

o R2AIl - the ratio of the 27¢ to 0" Fox-Wolfram moments using all charged and neutral
particles in the event. A measure of the collimation of an event (i.e. how jet-like it is), R2All
ranges from 0 to 1 with O representing a “spherical” event and 1 representing a “jet-like”
event [15]. Thus, BB events tend to have lower R2All values while continuum events tend to

have higher R2All values, as shown in Figure 5.2.2a.

e Thrust magnitude - A thrust azis is the axis which maximises the longitudinal momenta of
a given set of particles. The thrust magnitude is the total magnitude of the momenta of the
given set of particles along the thrust azis. Due to their more spherical shape, BB events

tend to have lower thrust magnitudes than continuum events, as shown in Figure 5.2.2b.

o |cos O¢prust| - The magnitude of the cosine of the angle between the thrust axes of the By, and

the Byae. Since there is no preferred direction for B meson decay products the thrust axes are
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uncorrelated and have a relatively flat distribution; for continuum events the decay products
for the signal-side and tag-side travel in opposite directions, the thrust axes therefore tend to

be back-to-back and cos 0,4 is thus peaked at 1, as shown in Figure 5.2.2c.

o Thrust,- The magnitude of the z-component of the thrust (i.e. the component parallel to the
beam). Due to the aforementioned differences in event shape, continuum events tend to have

higher Thrust, than BB events, as shown in Figure 5.2.2d.

e cosfOp- The cosine of the angle between the By, CM three-momentum and the z-axis (beam
line). For BB events this tends to peak at zero due to the larger angular acceptance in the

centre of the detector while it is mostly flat for continuum events, as shown in Figure 5.2.2e.

e cosf - The cosine of the angle between all missing CM three-momentum in an event

Pmiss
and the z-axis. Missing momentum can be due to undetectable particles (e.g. neutrinos) or
particles which are not detected because they travel outside the acceptance of the detector.

There is no detector acceptance at small angles, hence cos 6 peaks at +1, as shown in

Figure 5.2.2f. However, continuum events peak more strongly at +1 as they tend to be at
smaller angles to the beam. For signal events p;,;ss should be due to neutrinos (assuming a

good Biag reconstruction) so their cos 6 is flatter.

Pmiss

These variables are used to calculate a multivariate likelihood known as continuum likelihood us-

ing:

[[; Ppp(xi)
IL Prg(x:) + I1; Peont (i)

continuum likelihood =

(5.1)

where Ppp(x;) and Peon¢(x;) are probability density functions describing the BB and contin-
uum events respectively for the variable x; [23] and which are calculated only for events with
mpgg > 5.27 GeV/c? to ensure that we are working mostly with events with good B meson recon-
struction (and thus where the shape variables are physically meaningful). Note that this formula
assumes no correlation between the input variables. While this is not completely true, the variables

are mostly uncorrelated and continuum likelihood provides very effective separation of continuum

42



Number of events

Number of events

Number of events

-

0.2 0.4
R2All

after local-skim and Biag mEs cuts.

25

1.5

0.5

0.4 0.6
COS(BThrust)

(¢) Cosine
mes cuts.

of thrust angle after local-skim and Biag

30000 3.5

25000

20000

15000

10000

C0s(BBtag)

(e) Cosine of angle between Biag and z-azis (beam)
after local-skim and Biag mgs cuts.

[2}
€ 100f =8
g 3
&} - -
5 L -7
& 80— 3
[S - —16
p=} — -]
z B =
60— = 5
- { 4
o —s
- { 2
20— 3
i —]1
1 1 3
07 0.8 0.9 1.9
Thrust magnitude (GeV/c)
(b) Thrust magnitude after local-skim and Biag mus
cuts.
j2} = -
£ 40000 3
2 = =
S E —3.5
5 35000 =
8 E —3
£ 30000 3
=] - -
b= = 25
25000f— 3
= —2
20000 3
15000 — = 15
10000 — =
5000— —o.5
= . . I 3
0 0.4 0.6 0.8 1 0

0.2
Thrust; (GeV/c)

(d) z-component of thrust after local-skim and Biag
mes cuts.

20000

10000 0.5

2 = |
& 70000 .
> - —]
(0] - -
S o000 ]
9] - ]
Q - —2.5
£ E .
2 50000 ]
40000 ]
= 15
30000 — .

COS(Bpmiss)

(f) Cosine of angle between missing momentum and
z-azis (beam) after local-skim and Biag mes cuts.

Figure 5.2.2: The variables used to calculate continuum likelihood.
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and non-continuum events.

As shown in Figure 5.2.3, continuum likelihood for continuum events peaks at 0 while for BB events
it peaks at 1. By requiring a continuum likelihood value of > 0.65 we can eliminate the majority
of our continuum background. While this cut does decrease our signal efficiency, signal events
with low continuum likelihood are likely to be misreconstructed anyway, as they do not display
the expected topology of a signal event. The value of the cut was chosen by performing a nominal
signal selection with different values of the continuum likelihood cut in place and optimising using

estimated branching fraction upper limit as a figure of merit (see Appendix A.2 for details).
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Figure 5.2.3: Continuum likelihood after local-skim and Bi.g mgs cuts.

Figure 5.2.4 shows mgg after the continuum likelihood cut. As expected, the majority of our
continuum background has been eliminated, leaving the mpg peak dominated by B*B~ events. In
the mpg signal region the background yield is reduced by an order of magnitude to 5.127 x 10°

events, signal efficiency is 0.185% and the data/MC ratio is 0.850.

5.2.2 Extra energy

Extra energy (FEezirq) is the sum of the energy of clusters deposited in the EMC that are not
associated with charged tracks (in which case they are assumed to originate from neutral particles)

and not used in By, reconstruction. When calculating E.¢-q for MC we adjust cluster energies by
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Figure 5.2.4: Biag mus after local-skim, B-mode purity and continuum likelihood cuts.

—5 MeV with a minimum permitted cluster energy of 0 MeV, based on validation studies which
show that this results in improved data/MC agreement (see Appendix B for details). The final
state of B~™— Aprv does not include any neutral particles and therefore Fe.t-, should be zero.
However extra energy is expected to be present in signal events, and is observed in signal MC due

to:

o Showers in the calorimeter from charged hadrons. When a hadron creates a shower this can
lead to multiple energy deposits, some potentially far from the hadron’s trajectory. If the
reconstruction does not correctly match a cluster up to a charged track, it will be considered as

a cluster from a neutral particle. These clusters may be high (> 100 MeV) or low (< 100 MeV)

energy.

« Mis-assignment of neutral Bi,s daughters to the Bgjs. These clusters tend to be low energy

and are typically 70 daughter photons.
e Beam background noise. These clusters tend to be low energy.

For background MC extra energy will be observed from all of the above sources as well as real

neutral particles, which tend to produce high energy (> 100 MeV) clusters.
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To calculate E..t-, we consider all clusters in an event that are not used in the reconstruction of the
Biag, that are not associated with charged tracks and that have a lab-frame energy of greater than
50 MeV and we sum their energies in the CM frame. The 50 MeV threshold provides discrimination
between signal and background as signal MC clusters tend to be low energy whilst background MC

clusters tend to be high energy, for the reasons described above.

As can be seen in Figure 5.2.5, Fgy4rq in signal MC peaks at zero, as it should, but there is a
large tail of events with non-zero Fe;trq. For background events Fegi., peaks at ~ 1.6 GeV. For

commentary on the large disagreement between MC and data see Appendix B.

We can see that Fe.trq provides excellent signal-background separation, we therefore only keep
events with Feprq < 0.4 GeV. The value of the cut was chosen by performing a nominal signal
selection with different values of the Fg. 4 cut in place and optimising using estimated branching

fraction upper limit as a figure of merit (see Appendix A.3 for details).
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