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Abstract

The effective QCD colour potential can be derived by studying quarkonia through spec-
troscopy to determine their masses. In the charmonium spectrum, which is well understood
and precisely measured below the DD production threshold, not all predicted states above that
threshold have been observed yet and others cannot be assigned to conventional charmonium
states. To fathom the nature of the latter so-called exotic or charmonium-like states motivates
this thesis. A first observation and measurement of the branching fraction of the four-body
B meson decay B¥ — y,m 7~ KT is presented. In addition, the 777~ invariant mass
spectrum is studied in order to search for contributions of any intermediate charmonium(-like)
resonance. This study is based on a 772 x 10® BB pairs data sample produced at a center-
of-mass energy of /s = 10.58 GeV /c? corresponding to the T (45) resonance and collected
by the Belle detector at the KEKB asymmetric-energy ete™ collider located at KEK, Japan.
The signal yield is extracted by an unbinned maximum likelihood fit to the difference-to-beam
energy AE distribution and the B decay branching fraction is obtained to be

B(B* = yam m K*) = (3.89 £ 0.19 (stat) 4 0.20 (syst) ) x 107,

Using the 777~ mass spectrum, an upper limit including both statistical and systematic
uncertainties is given for a new decay mode of the exotic X (3872) charmonium-like state,

B(B* — X(3872) K*) x B(X(3872) = xa(1P)7777) < 1.4 x 1075 @ 90% C.L.,

as well as a preliminary upper limit for the still undiscovered conventional charmonium y.; (2P)
following a mass assumption of 3920 MeV /c?,

B(B* — xa1(2P)K*) x B(xe1(2P) — xa(1P)nt7n7) < 1.1 x 107° @ 90% C.L..

These results favour the hypothesis of X (3872) being an admixture of a D° D** molecule state
and a conventional charmonium.






Kurz-Zusammenfassung

Das effektive QCD-Farbpotential kann aus der Untersuchung von Quarkonia durch Spek-
troskopie zur Bestimmung ihrer Massen abgeleitet werden. Im unterhalb der D D-Produktions-
Schwelle gut verstandenen und prizise vermessenen Charmoniumspektrum wurden noch nicht
alle vorhergesagten Zustidnde oberhalb der Schwelle beobachtet, und andere konnen keinen
konventionellen Charmoniumzustinden zugeordnet werden. Das Ergriinden der Natur der
letz-teren sogenannten exotischen oder Charmonium-dhnlichen Zusténden stellt die Motiva-
tion dieser Arbeit dar. Es wird die erste Beobachtung und Messung des Verzweigungsverhiltnis-
ses des Vierkorper- B-Meson-Zerfalls B¥ — Yy mTn~ K* prisentiert. Zusitzlich wird das
invariante Massenspektrum von .77~ untersucht, um nach Beitrigen von Charmonium-
(-dhnlichen) Zwischenresonanzen zu suchen. Diese Arbeit basiert auf einem Datensatz von
772 x 105 BB-Paaren, die bei einer Schwerpunktsenergie von /s = 10,58 GeV/c?, der
T (45)-Resonanz entsprechend, vom Belle-Detektor am energetisch-asymmetrischen e*e™-
Beschleuniger KEKB am KEK, Japan, gesammelt wurden. Die Signalausbeute wird aus einem
ungebinnten Maximum-Likelihood-Fit der Differenz-zu-Strahl-Energie A F-Verteilung gewon-
nen und daraus das B-Zerfalls-Verzweigungsverhiltnis zu

B(BT — xartm KT) = (3,89 40,19 (stat) & 0, 20 (syst) ) x 10~*

bestimmt. Im invarianten Massenspektrum von .77~ wird eine obere Grenze einschlieBlich
statistischer und systematischer Unsicherheiten fiir eine neue Zerfallsmode des exotischen,
Charmonium-idhnlichen Zustands X (3872) mit

B(B* — X(3872) K¥) x B(X(3872) = xa(1P)7777) < 1,4 x 107 @ 90% C.L.,

als auch eine vorldufige obere Grenze des weiterhin unbeobachteten, konventionellen Char-
moniums .1 (2P), bei einer vorhergesagten Masse von 3920 MeV /c?, mit

B(B* — xc1(2P)K*) x B(Xe1(2P) = xa(1P)ntn7) < 1,1 x 107° @ 90% C.L.

gegeben. Diese Ergebnisse begiinstigen die Hypothese, dass X (3872) einen Mischzustand aus
einem D°D*°-Molekiil und einem konventionellen Charmonium darstellt.
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1. Preface

The grand questions of mankind, what are the innermost structures of matter, space and time,
and which laws are the basis for the fundamental forces in the universe, have not yet been
answered completely. But it seems like we are getting closer: The well established theory
of particle physics, the Standard Model, has been proven right over and over again, not least
with the prediction and discovery of the Higgs boson in 2012. However, because of its na-
ture as a renormalisable quantum field theory, many parameters of the Standard Model need
experimental results as input to be determined and cannot be deduced from first principle cal-
culations: When a quantity is found to become finite by the procedure of renormalisation, an
experimental result is required to settle that quantity’s absolute value.

Many weak decay transition rates and C'P violation phenomena have been measured to de-
termine the four weak effective couplings in the quark sector as formulated in the Cabibbo-
Kobayashi-Maskawa (CKM) matrix. This matrix includes one irreducible complex phase that
leads to violation of C'P invariance. A comprehensive method to test if the measured effective
couplings match with the CKM framework is provided by the so-called unitarity triangle.

On the other hand, there is only one gauge coupling in the strong interaction, the running
coupling constant a(g?). Its absolute value has been determined to a precision of a few per-
cent through various measurements at 7 lepton hadronic decays, deep inelastic scattering and
hadron production at ete™ colliders. The strong interaction’s characteristics such as asymp-
totic freedom and the non-Abelian nature of quantum chromodynamics (QCD), the gauge
group describing the strong interaction, are proven and the standard explanation of confine-
ment of quarks in hadrons is widely established. However, even in 2014, 40 years after the
ground-breaking discovery of the .J/1) meson in November 1974 led to the golden age of char-
monium spectroscopy, some aspects of QCD are still posing a riddle. In the non-perturbative
regime of «;, two basic questions are not yet solved satisfactorily about the issue of exotic
hadrons: While there is no explicit prohibition rule to form hadrons having unusual con-
stituent configurations like tetraquarks, meson-meson molecules etc, there have been very few
implications or evidence. On the other hand, some of the states in the charmonium spectrum
are predicted, but have not been identified yet; others remain unconfirmed. The suppression
mechanism is unknown. Also, the constituent quarks are not always a good approximation to
be regarded as building blocks to form hadrons. Thus, a more appropriate picture is required
to be deducted, especially for excited states.



With these exotic hadrons the question arises if there is an exceptional yet unknown mech-
anism related to excited states, and if so to what consequences such a concept might lead
us in our understanding of the universe. Thus, the rigorous survey of the charmonium and
bottomonium spectra is still pursued with much enthusiasm.

It should be noted that a particular excited state may largely affect the evolution of our uni-
verse: Carbon forms at the interior of burning stars in what is called the triple-alpha process.
Here, the 2C as we know it is not produced directly, but rather in an excited state 7 MeV
above the ground state, called the Hoyle state.

The existence of such a state as an argument for stable carbon was predicted by Hoyle in 1954
[34.,/43]]. This excited state is playing an essential role in the currently observed abundance of
12(7 in the universe. And even though there is no obvious link between exotic hadrons and the
time evolution of the universe after the big bang, it offers a great motivation to further explore
excited hadron states and look for something unexpected that might broaden our understanding
of the world around us.

As vast a field particle physics may be,

One of the greatest intellectual challenges of modern physics is
to understand confinement not just as a phenomenon but
to comprehend it quantitatively from the theory of the strong force.

So it was written in the Physics Performance Report of the PANDA experiment where I did
my graduate studies. And it is a great way to summarise the goal that motivates the enormous
efforts that have been made in my current field of research - quarkonium spectroscopy. In this
thesis, I will describe and explain the Ph.D. research work which led to the worldwide first
observation of the B* — y 77~ K¥ final state along with the search for any intermediate
charmonium(-like) state in this particular decay mode. There are two hypotheses pursued for
a resonance decaying to x 77w .

Now, the general structure of this work is as follows: The purpose of Chapter[2]is to provide a
brief introduction to the Standard Model of particle physics. In particular, an overview of the
fundamental particles and the interactions between these particles is given. Emphasise is put
on the flavour changing weak interaction as it is the source to create charmonium in B meson
decays. Another important point is the investigation of hadronisation and thus the quark-quark
potential. The latter is picked up in Chapter [3 which provides a motivation to further explore
the charmomium spectrum and look for so-called exotic charmonium(-like) states.

Here, the main goal of this work is defined, namely the study of a new aspect of the established
but still not well understood X (3872) and the search for the yet to be discovered x.1(2P).
In Chapter [ the Belle experiment is introduced as the experimental apparatus to do so. The
KEKB accelerator as well as the Belle detector with its sub-detectors are briefly characterized.
Event selection criteria to reconstruct 5 meson candidates and a look at their properties are
described in Chapter [5| Using a best candidate selection and narrowing down the sample of
reconstructed B candidates to the signal region of interest, Monte Carlo simulation studies are
pursued to estimate potential background and reconstruction effiencies as well as constructing



fitting routines for observable extraction. These methods and the calculation of systematic
uncertainties are presented in Chapter [l Results from this thesis research work and their
discussion can be found in Chapter [7, Chapter [§] concludes this work with a summary and
outlook.

Much of particle physics is concerned with the high-energy interactions of relativistic par-
ticles. S.I. based units are used to present e.g. luminosity, its unit is inverse barn where
1 barn = 10728 m?. A system of units commonly used in particle physics is the so-called
natural units. To simplify the expression of quantities we conveniently choose: ¢ = h = 1,
where c is the speed of light in vacuum and % the unit of action in quantum mechanics. There-
fore, masses are presented in GeV rather than GeV /c? and momenta in GeV as well instead of
GeV /c. The Einstein energy-momentum relation E? = p?c? + m?c? becomes E? = p? + m?.






2. Introduction to Particle Physics

Particle physics is about exploring, understanding and giving a description of the visible matter
in our Universe. It is at the heart of our understanding of the laws of nature. Bringing together a
variety of theories and experimental observations throughout the latter half of the 20th century
concluded in the so-called Standard Model of Particle Physics which provides a unified picture
of the fundamental building blocks and the interactions between them.

2.1. Elementary Particles of the Standard Model

While it seems that almost all commonly encountered phenomena can be described in terms
of the electron, electron neutrino, proton and neutron, it was observed that at higher energy
scales, further structure becomes apparent. Eventually, in the Standard Model we find 12 spin-
half particles (fermions) which can be divided into leptons and quarks as shown in Tab(2.I).
The first generation consists of the lightest particles, the electron e~, the electron neutrino
Ve, the up u and down quark d. As far as we know, those are elementary point-like particles
and not composite structures with a sub-structure. These light fermions represent the basic
components of the low-energy Universe. Each of these particles has two identical siblings that
only differ in their higher masses. The second generation includes the muon y, muon neutrino
vy, strange s and charm quark c. The third generation consists of the tau-lepton 7, tau neutrino
v,, top t and bottom quark b. [40] The fact that one fermion doublet forms one generation
originates in the SU(2) gauge symmetry of the electroweak interaction.

Leptons Quarks

Particle Q(e) Mass (GeV) Particle Q(e) Mass (GeV)

Ist generation  electron e™ -1 0.0005 downd —'/3 0.003
neutrino v, 0 <107° up u +%/3 0.005
2nd generation muon ji~ -1 0.106 strange s —1/3 0.1
neutrino v, 0 <107° charmc¢  +%/3 1.3
3rd generation tau 7~ -1 1.78 bottom b —/3 4.5
neutrino v, 0 <107 topt +2/5 174

Table 2.1.: Particles of the Standard Model [81]].



2.2. Interactions of the Standard Model

The fermions interact with each other through four fundamental forces: gravity, electromag-
netism, the strong and the weak force. The first is not yet included in the Standard Model
description due to its negligible strength compared to the other three forces at the currently
achievable energy scale. This leads to the many free parameters that can only be deter-
mined through experiments and the large difference between electroweak and grand unifi-
cation scales. The SM could be considered an effective theory only valid at energies far below
the Planck scale. An overview of the forces can be found in Tab(2.2)).

Force Boson Spin  Mass (GeV)
Strong 8 Gluons g 1 0
Electromagnetic Photon ~y 1 0
Weak W Bosons W+ 1 80.4

Z Boson Z° 1 91.2

Table 2.2.: Interactions of the Standard Model.

Each force is described by a Quantum Field Theory (QFT) corresponding to the exchange of
gauge bosons, spin-1 force-carrying particles. In these QFTs, particles are described as fields
that are solutions of the Euler-Lagrange equations. The Euler-Lagrange equation contains
terms for the free particle fields as well as the interactions (vertex factors): £ = Lgee +
Linteraction- Lhe forces’ nature therefore is determined by the properties of the gauge bosons
and the way in which they couple to the spin-half fermions. The dynamics of each of the 12
fundamental fermions are described by spinors ). Their interaction with the field is given by
the Dirac equation of relativistic quantum mechanics, which is equivalent to the Lagrangian

Lpirac = () (170 — m)i(x).

The so-called gamma matrices v* are given by the following, where o denotes the Pauli

matrices: 4
0 __ 1 0 i 0 o'
T\ —1)7 T =o' o)

The Lagrange density has to be renormalisable and invariant under local gauge transforma-
tions. Its solutions satisfy the proper relativistic dispersion relation.

A particle couples to a force-carrying boson only if it carries the charge of the interaction. The
coupling strength of the gauge bosons to the fermions is described by an associated coupling
constant g for each type of interaction. Often « is used, representing a more convenient
associated dimensionless constant with o oc g2. A factor of the coupling constant for each
interaction vertex is included in the quantum-mechanical transition matrix element M for an
interaction process. The Feynman rules can be deduced from the Lagrange equations and
allow to calculate the transition probabilities between two quantum mechanical states using
Fermis Golden Rule. They are proportional to the matrix element squared |M|? .



2.2.1. Electroweak Unification and The Flavour Changing Weak
Interaction

The unification of the electromagnetic and the weak force was formulated by Glashow, Wein-
berg and Salam (GWS) [85]]. The electroweak theory is represented by the gauge group
SU(2)r, x U(1)y, where L refers to left-handedness as the charged weak interaction only
couples to fermions of left-handed chirality, and Y is the hypercharge. Y is related to the
isospin / and the electric charge () by the Gell-Mann-Nishijima equation: ) = I3 + Y/2.

The group has four generators that lead to four massless fields that do not directly correspond
to observable particles: W}, W4, W' generated by the weak isospin and BS generated by
the hypercharge. These massless bosons mix to form the physical particles resulting in the
following relation for the neutral currents:

Z°% [ cosby sinby\ [ B°

v ) \—sinfy cosby ) \W§
with 6y, being the weak mixing angle (Weinberg angle). This angle can be expressed using g
and ¢’, the coupling constants of the SU(2) and U(1) gauge groups, respectively,

cos By = J = My
92 _|_g/2 MZ

The W* bosons of the charged-current interactions are similarly treated by mixing the W 5
fields: )

W* = —(W{ FiW}).

\/5( 1 2 )

All 12 fermions of the Standard Model are participating in the weak interaction. The charged
W= bosons consequently couple together fermions differing by one unit of electric charge.
This charged-current weak interaction is the only known force to introduce a change of quark
and lepton flavour, and is therefore particularly important when considering particle decays.
The weak neutral-current interaction is mediated by the electrically neutral Z° boson. It has
been shown that here flavour changing neutral-currents are forbidden in the lowest order.

In the above sketched electroweak theory, the original fields are massless; massive gauge
bosons would lead to violation of local gauge invariance. This is in contradiction to measure-
ments of the actually observed gauge bosons with exception of the photon and gluon. The W+
and Z° bosons are in fact very massive objects: My ~ 80 GeV and M, ~ 91 GeV.

The Higgs Mechanism

In the Standard Model, the explicit addition of vector boson and fermion masses to the La-
grangian leads to a breakdown of the local SU(2), x U(1)y gauge invariance. The Higgs
mechanism solves this issue assuming that the symmetry is broken spontaneously.



A scalar field that couples to the fermions and gauge bosons is added. Interaction with the
symmetry breaking vacuum allows the W and Z bosons as well as all the matter fields to
acquire masses. The theory was formulated by Brout & Englert and Guralnik, Hagen & Kibble
and Higgs [33,39,/42,41]] and introduces the Higgs field as a doublet of complex scalar fields

with four real components:
¢ = b (¢+) _ L (¢1 +i¢2)
V2 \ %o V2 \ @3+ ids)

The Higgs field Lagrangian’s corresponding potential is represented as

V(¢) = 12(¢'¢) + M¢'9)

where )\ needs to be > 0 in order for a stable minimum to exist. Choosing p? < 0, the
potential shows a non-zero vacuum expectation value v with v = —pu?/) and resembles the
famous "mexican hat" shape, with many possible ground states. This leads to the so-called
spontaneous symmetry breaking of the electroweak theory.

Expanding the field ¢ in the new minimum leads to an excitation of the Higgs field in form of
a new massive scalar, the Higgs boson, with a mass of my = /2u. It is the interaction of the
initially massless particles with this non-zero Higgs field that gives them their masses: The
new Lagrangian contains terms that assign mass to the W+ and Z° bosons, while the Yukawa
coupling A, to the Higgs field generates the fermion masses

1 1 1
My = 5@\/92 + g’2 and My = EU and Mf = ﬁ)\fv-

The fermion flavour difference as well as the heavy quark masses are thought to be due to
Yukawa coupling with the Higgs boson. The light quarks’ effective masses are mainly coming
from dynamical effects caused by being surrounded by sea quarks, i.e. due to chiral symmetry
breaking.

After non-significant "observations" of a Higgs boson with a mass around 115 GeV at LEP,
and measurements from Tevatron neither confirming nor discarding these hints [3,68], a new
particle consistent with the Standard Model Higgs boson was finally reported with a signifi-
cance of 7o in July 2012 by the ATLAS and CMS experiments at CERN’s LHC [71,[78,/69].
The Higgs boson decays predominantly into a bb or a WW* — (v(v pair, searches have also
been performed in the 77~ channel.

A very clean signal, offering the best mass resolution, is provided by the decays H — ZZ* —
4¢ and H — ~, even though they have relatively small branching ratios. The Higgs mass is
measured in these channels by both ATLAS and CMS resulting in a combined mass: my =
125.36 GeV based on data collected at 7 and 8 TeV with an integrated luminosity of 25 fb~?
[72].

Further studies show the Higgs boson not being a spin-1 particle due to its decay to two
photons [50,86] but rather, having positive parity, favouring spin-0 [70].



C'P Violation and the CKM Matrix

To explain the observed matter-antimatter asymmetry in the Universe, Sakharov [61] orig-
inally formulated three conditions of which one was the possibility of C'P violation in the
weak interactions of quarks and leptons. And indeed, contrary to its conservation in QED and
QCD, parity and charge-conjugation are maximally violated in the weak interaction. It was
found that the weak interaction acts only on left-handed particles and right-handed antiparti-
cles in the weak charged current which is formulated as a I — A interaction, where V' and A
are vector and axial vector couplings, respectively. C'P violation, the combination of charge
conjugation and parity is not kept under some exceptional conditions, which was confirmed
experimentally in the decay of neutral K mesons in 1964 [29]. It has to date been observed in
the quark sector only.

The coupling strength of the weak interaction for quarks can be determined from the study
of nuclear $-decays and was found to differ at certain quark weak interaction vertices. The
effective coupling for a particular quark-quark transition can be expressed as the product of the
universal weak coupling and a factor for mixing between the mass and the weak eigenstates.
The weak interactions of quarks are described in terms of the unitary Cabibbo-Kobayashi-
Maskawa (CKM) matrix [25,48]. The weak eigenstates are related to the mass eigenstates
by

dl Vud Vus Vub d
S ! = V;d ‘/cs chb S
v Viae Vis Vi b

The absolute value of the matrix elements of this unitary matrix were determined experimen-
tally:

Vial  [Vis| |Vi| 0.974 0.225 0.004
Vial Vsl Vol | = [ 0.225 0.973 0.041
Vil [Vis| [V 0.009 0.040 0.999

The diagonal entries have been found to be close to one while the off-diagonal elements are
rather small which implies that the rotation angles between the quark mass and weak eigen-
states are relatively small. Consequently, the weak interactions between quarks of differ-
ent generations are suppressed the most for the couplings between first and third generation
quarks, ub and td.

Among several possible conventions of the CKM matrix, we often use the Wolfenstein param-
eterisation, where the matrix is conveniently expressed as an expansion in the small parameter
A = sin 6. = 0.225 written in terms of four real parameters:

Vud Vus Vub I )‘2/2 A A)‘g(p _ “7)
Vea Ves Vi | = ) 1—)%/2 AN? +O\Y).
‘/td ‘/ts ‘/tb A)\S(l —p— 277) —14/\2 1



In order to let C'P violation occur in the quark sector, the matrix needs to contain an irreducible
complex phase corresponding to 77 # 0. Such a complex phase can be accommodated in the
quark mixing matrix if there are six quark flavours, equivalent to three generations. Now,
the large numbers of B and B mesons produced at the Belle and BaBar experiments allowed
precise measurements of the branching ratios for semi-leptonic decays as well as various C'P
asymmetries and from that determination of the elements of the CKM matrix and the angles
of the unitarity triangle.

2.2.2. The Strong Interaction and Hadronisation

The gauge group of the strong interaction is the non-abelian SU(3)¢ group with the eight
generators being the force mediating massless gluons. The dynamics of quarks and gluons are
described by the gauge invariant Quantum Chromodynamic (QCD) Lagrangian. QCD’s equiv-
alent of electric charge is known as colour, an additional quantum number of the quarks, that
takes three conserved values red, green and blue. It has been introduced to avoid a violation
of the Pauli principle which was encountered with the observation of the A™" resonance con-
sisting of three up-quarks with parallel spin. If the quarks can be distinguished by colour, the
Pauli-principle remains valid. Only particles that have non-zero colour charge, namely quarks
and gluons, couple to gluons, which is the reason for leptons not to feel the strong force. As
gluons connect quark states of different colour they must carry colour charge themselves in
order for colour conservation. Quarks have never been observed directly as free, fraction-
ally charged particles despite an abundance of experimental evidence of their existence. The
non-observation is explained by the hypothesis of colour confinement: quarks are always ob-
served to be confined to bound, colourless states. This behaviour is thought to originate from
gluon-gluon self-interaction, since the generators of the SU(3)¢ group do not commute.

A qualitative understanding of colour confinement, for which there is currently no analytic
proof, can be given by looking at two quarks becoming separated. The interaction between
the quarks can be described in terms of an exchange of attractively self-interacting virtual
gluons. The effect of these interactions is to form a flux tube of interacting gluons of ap-
proximately constant energy density and squeeze the colour field between the quarks into this
tube. At some point it becomes energetically favourable to create a new quark-antiquark pair,
instead of allowing the tube to extend further. Colour confinement therefore places strong
restrictions on the structure of possible hadronic states; the allowed combinations of quarks
and antiquarks are those where a colourless state can be formed: mesons as a pair of quark
and antiquark (q@), baryons made of three quarks (¢gq) and antibaryons formed from three
antiquarks (Gqq). Hadronic states thus correspond to and can be labelled by different combi-
nations of quark flavours and different angular momenta states J©', where .J is the total angular
momentum, P the parity eigenvalue. In processes such as ete™ — ¢, as a consequence of
colour confinement, quarks do not propagate freely. This process is known as fragmentation
and hadronisation: high-energetic quarks and gluons produce jets of colourless particles, the
hadrons, with all quark flavours that are energetically accessible, see Fig(2.1).
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Figure 2.1.: Illustration of hadronisation: A flux tube forms and breaks up into colourless final state
particles [81].

At low-energy scales, QCD processes such as the hadronisation process are currently not cal-
culable from first-principles using traditional perturbation theory as the coupling constant of
QCD becomes large, ag ~ O(1), and therefore the perturbation expansion does not converge
rapidly. Here, lattice QCD studies are being carried out as a promising alternative.

On the other hand, the value of arg depends on the energy scale of the interaction. Conse-
quently at the typical scale for modern high-energy collider experiments, ag becomes suffi-
ciently small to make the usage of perturbation theory feasible due to the property of QCD
being known as asymptotic freedom. Admittedly, unlike QED, higher-order corrections still
cannot be neglected. But in this regime the quarks can be treated as quasi-free particles, rather
than being strongly bound within hadrons.

It should accordingly be mentioned that hadronic states are often treated as bound states of
simplified light valence quarks with constituent masses but are, as discussed above, far more
complex, most of the mass of hadrons originating from the energy of the strongly interacting
sea of virtual quarks and gluons within the bound state. While current masses of light quarks
are just a few MeV, the constituent masses can be thought of as the effective masses of the
quarks as they move within and interact with the QCD potential. Whilst this is valid for
light quarks, in case of heavy quarks the masses given by the Higgs mechanism and Yukawa
coupling would be dominant.

The non-relativistic QCD potential as a function of the distance r between a heavy quark and
a heavy antiquark given as

40[5
Vig(r) = —g == +#r

can be used to predict a spectrum of g¢ bound states. The linear term becomes dominant at
larger radii. It is believed to be responsible and setting the length scale for confinement for
heavy quark states.
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Figure 2.2.: Illustration of the form of the non-relativistic QCD potential for a bound heavy qq state,
assuming g = 0.2 and k = 1 GeV /fm. [81]
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3. Motivation

On the trail of the QCD colour potential, flavorless meson systems of a heavy quark and its
own antiquark, so-called quarkonia provide a fruitful environment for spectroscopy of their
bound states. Quarkonia, as strongly interacting systems, have been studied in an analogous
manner to hydrogen atoms or positronium; from the measured spectrum and transition proba-
bilities between the states one can derive the effective potential.

When describing charmonium formation from cc pairs that are produced in B decays or in
e*e™ annihilation, effective field theories are used. They are found to work quite well because
of the large masses of the heavier charmonium (c¢) and bottomonium (bb) systems. Those
systems can be treated by approximation as non-relativistic because of their velocities being
relatively low with 5 = v/c ~ 0.3 and § ~ 0.1, respectively. Large masses are functioning as
a natural cut off permitting the use of perturbation theory, most often non-relativistic QCD.

3.1. The Charmonium Spectrum

Charmonium bound states possessing quantum numbers J”¢ = 17~ are observed as reso-
nances in ete~ annihilation at centre-of-mass energies between 3 and 4.5 GeV. This series of
resonances can be found in a scan by varying the beam energy. They show as enhancements in
the total hadronic cross section and charmonia having other quantum numbers are identified
in consecutive decay modes. The resultant assignments to the various charmonium states are
shown in Fig(3.1I). The lowest state with these quantum numbers is the 1.5 1, for historical rea-
sons called J/, with a mass of 3097 MeV [13}/12]. Using methods of spectroscopy, particles
can be named with their spectroscopic notation or their mass, sometimes excitation series are
used: e.g. ¢’ being the 1)(2S) state. At centre-of-mass energies of ~ 10 GeV, another group
of resonances can be seen, the bound states of the bottomonium system. The bb spectrum is
very similar to that of c¢ which leads to the important conclusion that the QCD potential is
universally applicable for different heavy quark flavours.

In general, heavy quarkonia show the following four kinds of decays:

1. Radiative decays, e.g. xc1 — J/1:
The charmonium states have a limited life time and decay mainly through the strong
interaction. Excited states can convert via de-excitation by emitting photons. Through
electromagnetic transitions, a change in orbital angular momentum or spin, energetically
lower states can be reached. An example would be the decay of the first radially excited
charmonium state ¢)(25) to the 1P triplet system of . states.
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2. Annihilation of the ¢q pair, e.g. J/¢ — (T(.
3. Feed down by pion pair emission, e.g. ¢’ — J/¢ymTm.

4. Addition of light ¢q pairs, e.g. 1)(3770) — D°D°:
The light qq pairs are taken from vacuum production via formation of light mesons. This
decay mechanism can only take place above a certain energy threshold as the light qq
pair has to be made from the excitation energy of the quarkonium.

Okubo, Zweig and lizuka formulated the so-called OZI rule to describe the suppression mech-
anism in the case if the Q-value is not sufficient to create a ¢q pair from an open-charm meson
pair. Then, the OZI suppressed amplitude of decaying to a lower charmonium state by emit-
ting a pion pair is the allowed strong decay. In the case where an open-charm meson pair
cannot be produced, no quark current exists continuing from initial to final state. Such an am-
plitude cannot be large, and therefore the second decay mechanism is suppressed compared
to the third. Thus the charmonia which are below the so-called open-charm or DD thresh-
old at 3740 MeV that decay only via weak, electromagnetic and strong but OZI-suppressed
processes have narrow decay widths, e.g. I' = 0.088 MeV in case of J /1.

On the other hand, above that threshold, strong decays to a D meson pair predominantly
take place as it is in general the simplest strong decay. Due to these available new decay
possibilities, states decay faster which results in wide decay widths. 1/(3770) is the first state
above threshold and has a 93% probability to decay to DD, as expected [58]. Looking at the
more strongly bound bottomonium the decay to b quarks and mesons does not take place till
the third excitation, Y(45) at 10.58 GeV, which is the first one to decay to BB among the
JPC = 17~ bottomonium states.
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3.1.1. The As Yet Unseen y.;(2P) - A Conventional Charmonium

The x.1(1P) is the lightest axial vector meson containing a c¢ pair with a mass of 3510 MeV.
Its radial excitation with spectroscopic notation 23 P, the x.1(2P) (or x’,), is predicted but
still undiscovered. Its quantum numbers are .J©¢ = 17+ and it is part of a spin triplet.

The mass prediction for the . (2P) lies above the open-charm threshold and is expected
around 3920 MeV [84]. In this energy region Belle has reported the observation of two reso-
nant structures denoted by Y'(3940) and Z(3930) [2827]. The temporarily dubbed Z(3930)
was observed as an enhancement in the DD mass spectrum from ete~™ — ete™ DD events
where vy — DD takes place and is now interpreted as the y.o(2P) [83]. Since 2014, the
Y'(3940) has been identified as the same state as X (3915) and is recognized as the y.o(2P)
[58]. Looking at the total decay widths of these two states, "¢t (xc0(2P)) = (20 + 5) MeV
and [yt (x2(2P)) = (24 £ 6) MeV, it comes at a natural choice to assume a width of ap-
proximately 20 MeV for y.;(2P). In the beginning of this study the comparison with the
well known ¢/ — J/¢mt7~ as one of the major decay modes led to the speculation that
Xc1(2P) has a significant branching fraction to a . (1P)n "7~ final state. Based on the as-
sumption that B(x.1(2P) — xan 7™ ) = B(¥(2S) — Jyn ™), ignoring quantum number
differences, x.1(2P) was thought to be a narrow resonance.

It is noteworthy that decays predicted as major decay modes, .1 (2P) — J/¢yand x. (2P) —
1(25)7, have not been observed nor has a peak been seen in the D° D*? spectrum at 3920 MeV.
This leaves the x.1(2P) — xa7 7~ as the almost only remaining decay mode to search for
Xe1(2P). The decay x.1(2P) — DD is forbidden by parity conservation, while the ., (2P)
could decay into D D*, if energetically allowed. The absence of radiative decays and no decay
to a charmed meson pair give a hint that the y.;(2P) might be another special case and devi-
ate from the conventional charmonium spectrum. This will become important when looking
at possible interpretations of the X (3872) state later in this chapter.

This thesis, studying the B* — . m "7~ K7 final state, is motivated by a search for the yet
unseen intermediate state of x.; (2P) in the invariant mass distribution of y.(1P)w 7.

3.2. Exotic Charmonium(-like) States

So far, all of the predicted c¢ states below the DD threshold at 3740 MeV have been observed
and measured with high precision. They were found to have properties that are well described
by the charmonium model. In addition, all the J©¢ = 17~ states with a mass > 2mp were
identified. But there are still predicted but unconfirmed states above the open-charm threshold.

Charmonium is the best understood hadronic system and is much cleaner with regard to the
dense spectrum of light states where mixing of neutral mesons plays an important role because
of the SU(3) flavour symmetry. So-called exotic states containing c¢ are expected to be iden-
tified easier than the ones predicted in the light spectrum of hadrons comprised of light quarks
(u, d, s)
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Strong evidence for meson-like states that do not fit into the simple ¢g scheme has been
steadily accumulating during the past decade. Especially above the open-charm threshold,
several charmonium-like states with unusual characteristics have been reported [59].

These so-called XY Z states are charmonium-like and bottomonium-like hadrons that do not
fit into any of the remaining predicted but still undiscovered states in the c¢ and bb spectra
as shown in Fig(3.2). X, Y and Z are temporary names usually followed by their mass,
indicating that there are still open questions about these particles’ properties and their place in
the spectra.
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To identify exotic states, further studies of the quarkonium model that specifies the allowed
states of a qq system are necessary; if a quarkonium-like hadron decays into a final state with
properties that do not match the expected ones of any of the unfilled levels in the associated
quarkonium spectrum, it is consequently called exotic. Some indications for an exotic hadron
candidate are a large branching fraction to anything but D D, an unusually narrow decay width
or a decay mode that cannot be explained as a charmonium state. Since the ¢ and b quarks are
heavy, their production from the vacuum in the fragmentation process is heavily suppressed.
Thus, heavy quarks that are seen among the decay products of a hadron must have existed
among its original constituents.

QCD-motivated models predict the existence of hadrons of more complex structure than con-
ventional mesons or baryons. Even though, up-to-date experimental searches have passed
without conclusive evidence for specifically QCD-motivated exotic hadrons, all confirmed
hadrons seem to be either mesons or baryons. Information on the many discovered exotic
charmonium-like states is rather limited. There are four main interpretations to explain the
observed exotic states such as hybrids and multiquark states or molecular configurations.
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Multiquarks: Tetra- and Pentaquarks

There are two types of multiquark states for which there is no explicit suppression rule
in QCD. Originally, the idea of a tetraquark was introduced to explain the properties
of light scalar mesons like some of the f, and ag states as they seemed to lie outside
the existing quark model classifications [46]. A fetraquark is an exotic meson, a tightly
bound four-quark state, that is suggested as a diquark-diantiquark structure in which
the quarks interact dominantly by a gluon exchange. Strong decay modes are expected
to proceed via rearrangement processes, followed by disassociation. The cc¢ states that
might be classified as tetraquarks could be easily distinguished from conventional char-
monium states as they could have non-zero charge or contain strangeness, for example
the Z(4430)~ with a quark content of (ccdu) [244(80].

A pentaquark on the other hand consists of three quarks and one quark-antiquark pair
bound together, thus being classified as an exotic baryon. Unfortunately, all pentaquark
candidates so-far have been found by high-statistics experiments to be statistical effects
rather than true resonances. Despite these null results, as of 2009 LEPS results continue
to show the existence of a narrow state with a mass of (1524 +4) MeV, with a statistical
significance of 5.1 o [56] which is considered a pentaquark candidate.

So in principle, combinations such as tetraquark (qgqq) or pentaquark states (gqqqq) could
exist, either as bound states in their own right or as hadronic molecules such as (¢q)-(qqq) or

(@D-(q9).

Di-Meson Molecular States

In analogy to the formation of deuterons from a proton and a neutron, it is also believed
that mesons can as well interact to form molecules. Such a mesonic molecule would be a
set of two (or more) mesons bound together by the strong force. The interaction within
the molecule is thought to be due to the asymptotic and therefore distance-dependent
nature of the quark potential: the confined one-gluon exchange interaction among the
quarks should dominate at short distances, an interaction via pion exchange at large. A
consequence of their loose binding is that they tend to decay as if being free mesons.
However, molecular states should result in distinctive decay patterns which would dis-
tinguish them from tetraquarks. The difference could possibly be determined from their
deviating degrees of freedom and size. Right now, Z,(10610) and Z,(10650) seem to
be the best candidates for such an observation [[76].

The other two approaches to explain exotic states are of a different nature.

Quark-Gluon Hybrids and Glueballs
States with an excited gluon in addition to the quarkonium are referred to as hybrid
mesons, and are described by many different models, among them the flux-tube model
[44]]. The lowest excitations of the potential produced by gluons lead to the lowest
mass hybrids; of which some show exotic quantum numbers like J7¢ = 07—, 1=F or
2%, Those are not allowed per se in case of conventional charmonium states and their
observation would indicate the existence of an exotic resonance.

17



The lowest charmonium hybrids are predicted by lattice QCD to have masses of about
4200 MeV [53]], whereas their dominant decays are expected to be open-charm decays
including P-wave mesons in their final states, and hadronic transition to charmonium
via emission of light hadrons. In addition, it seems that gluons, the self-interacting
mediator particles of the strong interaction, could also form bound states by themselves,
so-called glueballs [53]].

Threshold Effects

Being close to the open-charm threshold can also give rise to structures in cross sec-
tions and kinematic distributions. There is in fact a variety of thresholds, depending on
the different types of D mesons, e.g. mpop+o = 3872 MeV or mp+p- = 3740 MeV.
S-wave scattering dominates the cross section at the threshold, however in a few cases
higher order waves also play a role. Considering that states in a relative S-wave with low
relative momentum can live long enough on the timescale of the strong interaction to
interact by exchanging pions, a formation of mesonic molecules due to this attractive in-
teraction is thinkable; while any repulsive interaction might suggest a virtual state above
threshold [32]]. Thus, there can be a structure in the cross section near the kinematical
threshold which may or may not be an ordinary, real resonance. In addition, the effect
coming from cc states near a threshold that can interact with the latter and might result in
a mass shift of both, the charmonium resonance and the threshold-related enhancement,
could be quite significant in the observed cross section.

3.2.1. The Puzzling X (3872) - An Exotic Charmonium

In the last decade a number of exciting discoveries of new hadron states has challenged
our description of hadron spectroscopy. The first and, since its discovery in 2003 by the
Belle collaboration, most studied exotic hidden-charm state’s existence is the well estab-
lished, but still mysterious X (3872), see Fig(3.3) [26]. The X (3872) was initially observed
as a narrow peak in the .J/¢n 7~ invariant mass distribution in the charged B meson decay
Bt — J/vntn~ KT, and due to the decay to a J/v naturally identified as a new charmo-
nium state. Its existence, in inclusive pp production, too, was soon confirmed by several other
experiments [10,6,2]. It is also the only exotic charmonium-like state that has been observed
in several decay modes.

The X (3872)’s mass is (3871.2 £ 0.5) MeV in the current world average [58] which is very
close to the open-charm threshold of D°D*® at (3871.8 +0.12) MeV and does not match with
any predicted cc state. Its exotic nature was in fact first signalled by its unusually narrow width
of only I' < 1.2 MeV in the best current estimate [58]. This is puzzling as broad structures
are expected above threshold which allows the strong decay to a charmed meson pair.

The first step in order to identify the structure of such a state is the determination of its quantum
numbers such as total angular momentum .J, charge conjugation C' and parity P. By now,
all early questions concerning quantum numbers and the existence of any charged or neutral
partner states have been resolved:
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The Belle and Babar collaborations observed the radiative decay X (3872) — J /1y which de-
termines the C-parity to be positive, C' = +1 [4}/15]]. Two recent searches for a C'-odd partner
state of X (3872) in the J/¢n and the x.1 oy final states were pursued [67,/57]. However, the
production of such a partner in two-body B decays and its decay to either J/¢n or x.1 oy are
found to be considerably suppressed [45,/19].
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Figure 3.3.: First observation of a narrow charmonium-like state with a mass of (3872+0.64+0.5) MeV
and a statistical significance in excess of 100 [26].

The decay angular distributions from X (3872) — J/¢n "7~ and the 37 invariant mass spec-
trum in J/¢rTr 70 studied as well as the associated pions’ invariant mass distributions
agree well with expectations for a 171 assignment as proposed by Belle [74], CDF [77] and
BaBar [73]. This result has been confirmed and established by the LHCb collaboration in
2013 as can be seen in Fig(3.4).

Currently, X (3872) is only observed in B meson decays and hadron collisions. But ever since
there has been conclusive evidence for this now well established state, many hypotheses about
its nature have been proposed, especially attempts to treat it as a multiquark state.

The X (3872) has been proposed to be the still undiscovered conventional charmonium state
Xc1(2P) as they are sharing the same quantum numbers of 17 and it displays some char-
acteristics of a charmonium-like state. It is however an unlikely assignment disfavoured by
the value of the X (3872) mass leading to a mass difference of ~ 50 MeV [84,74]. Detailed
angular analyses also showed that the decay to J/1p° is the dominant one, leading to the
conclusion of isospin violation if X (3872) were a conventional charmonium. What was seen
in experiments, is that the di-pion mass distribution in X (3872) — J/¢w"n~ is consistent
with originating from a p° resonance, while there has been evidence that the tri-pion mass
distribution in X (3872) — J/¢mw 77 favours the decay via a virtual w resonance.
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The ratio was found to be
B(X(3872) — J/vyw)
B(X(3872) — J/vp)

The sizes of the branching fractions are comparable to each other which makes it necessary
to clarify the mechanism to cause such a large isospin violation of the X (3872) [[74]. This
evidence for isospin breaking contradicts the assignment as x.;(2P) is part of an isospin
singlet and can therefore not be matched with the isosinglet X (3872).

=1.0£04%0.3.

Isospin violation can also be shown by isospin partners with differing masses, as well as
different electric charge: Partner states have been predicted for the X (3872) as a compact four-
quark state as it was originally theorised as a tetraquark candidate. This explanation predicts
that a neutral doublet should exist corresponding to [cu][¢u] and [cd][éd]. The former would be
identified with the X (3872) and produced in the known charged B™ — J/¢ntn~ KT decay,
whereas the additional neutral state should be observed in neutral B® — J/yn 7~ K decays
having a mass differing by a few MeV from the X (3872). However, recent studies have not
revealed any significant separation between the masses of the X states produced in charged

versus neutral B decays [54},31,75]. The ratio of the branching fractions

B(B* — X(3872)K™)
B(BY — X (3872)K?)
is predicted, but the experimental value is found to be 0.5 £ 0.3 £ 0.05 [22,|11] speaking in
favour of the decay of a single X (3872) state. Also, no evidence for a charged partner of the

X (3872) predicted by the tetraquark models in the J/7m*7? mode has been seen strongly
suggesting isospin zero [9].

~ 10%
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As X (3872) shows to be a 177 state and its mass being near the D°D*® mass threshold, it
appears as a good candidate for a molecule-like D°D*® bound state [64]. With L = 0 it would
be a deuteron-like state bound by pion exchange. Supporting this interpretation, the branching

fraction of X (3872) — D°D*? has been measured to be one order of magnitude larger than
that of X' (3872) — J/vntn~ [58,/14].

As the indications for a molecular state keep on accumulating, QCD Sum Rule calculations
reported a better agreement with the experimental mass of X (3872) when using a current for
the mesonic molecule of the type (D*°D? — D°D*?) than for tetraquark calculations [52].

However, an issue appears when looking at the difference in mass between the X (3872)
and the D°D* threshold which corresponds to the available binding energy in a potential
molecule: The D°D* threshold is at (3871 4-0.27) MeV, leaving only (0.16 4-0.31) MeV for
an exceptionally weak binding. The binding energy can be translated to the distance between
the two D mesons assuming a Yukawa-like potential with pion exchange, resulting in 5 fm
in case of X (3872) [23]]. Compared to the J/¢) meson’s size of about 0.4 fm, the difference
in volume is so large that the probability for a ¢ and ¢ quark to form a J/¢ and therefore
the significant branching to the latter cannot be explained. At last, such a very loosely bound
object could hardly be produced in high energy proton-antiproton collisions like they’ve been
observed at Tevatron, making it difficult to explain the X (3872)’s production cross section
measured by the CDF experiment.

These (pure) molecule interpretations meet some more issues when looking at radiative decays
like the heavily suppressed decay to ¢)(2S5)~ which is crucial for understanding the structure
of X (3872). BaBar and LHCDb found a signal while the Belle experiment did not [15,20]. This
controversial result is reflected in the ratio of the branching fractions

B(X — (25)y)
B(X — J/v)

= 2.46 + 0.64 £ 0.29.

However, this ratio is predicted to be of order x 1073 for a DD* molecule [30]. This leads
to the conclusion that the relatively large branching fraction for X (3872) — (2S)~ is gen-
erally inconsistent with a pure D°D*® molecular interpretation of the X (3872), and possibly
indicates mixing with a significant cc component. [79,/63,|15]]

Also in QCD Sum Rules calculations it is possible to explain the properties of the X (3872) as-
suming it is a mixture between a cc state and the D°D*°, D*°D°, D+ D*~ and D~ D** molec-
ular states [52]. The so-called coupled channel approach shows that the X (3872) emerges in
a constituent quark model calculation as a mixed state of a D D* molecule and x.; (2P) state.
This dual structure may explain simultaneously the isospin violation shown by the experimen-
tal data and the radiative decay rates [[60].

So, an admixture state of a D°D*? molecule and a conventional charmonium, possibly the
still undiscovered y.1(2P), seems to be the most plausible hypothesis at the moment [66].
The possibility to find such an intermediate state in multi-body B decays as B — yam 7~ K
is provided by the so-called B factories and the aim of this thesis.
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3.3. B Meson Decays as a Source for Charmonium

In the last decade, both an experimental and a theoretical revival in charmonium physics due
to the B factories were seen. In general, e*e™ colliders are an excellent place to study the
heavy quark spectra due to their well-defined production of quarks: the QED process is well-
understood, there is no need to know the initial parton structure functions as e* are pointlike
particles and the production process is experimentally very clean as there are no remnants as
in proton-(anti)proton colliders. Although the B factories were primarily constructed to study
the C'P-violation in the B meson system and quarkonium studies were not a priority at the
start of the running, these facilities have come to function as heavy meson factories collecting
large enriched charm samples on spectra and decays. The discovery of a large number of new
charmonium-like meson states as described in the previous section became an unexpected
bonus. The B factories also provide useful information on charmonium production rates in
different processes, as well as kinematic characteristics of produced charmonia, with which
models can be tested numerically and charmonium properties be determined. Charmonium
states can be produced in numerous production mechanisms:

The simplest B meson decays yielding charmonium states are B — K X . In two-body B
decays the two decay daughters are so quickly getting apart due to the B mesons large mass
of 5.28 GeV that very little final state interaction takes place. In such a situation, the decay
amplitude can be formulated as the product of two currents into corresponding final state par-
ticles. This mechanism is called factorisation. These B — K X; decays are described by
the Cabibbo-favoured b — ccs transition, and thus have large branching fractions, 0(10*3),
assuring a high statistics sample. Decays of this type favour production of charmonia bear-
ing JP¢ = 0=F, 17~ and 1", while known quantum numbers of the parent B meson allow
the determination of the spin-parity of the produced X .; by performing angular analyses. B
mesons can decay into almost all possible charmonium states, with typical inclusive branching
fractions ~ 1%, although some states are dynamically suppressed. The first example of char-
monium production in B decays was the decay B — J/¢X. Two-body decays of the type
B — (c¢)K™ have been extensively studied, because of their extremely clean experimen-
tal environment and their importance for CP-violation measurements. But even the study of
multiple-body decays, like this thesis’ target final state y.; 717, is made feasible and benefits
from the B factories’ environment. There is no additional particle production in BS events,
thus controlling combinatorial background is manageable.

In resonant direct production in e*e~ annihilation with Initial State Radiation the initial ¢*
radiates one or more photons lowering the centre-of-mass energy accordingly. If the energy
of the emitted v is large enough the charmonium mass range can be reached, allowing the
production of charmonia with spin-parity J”¢ = 17~. Being a higher-order QED process
suppressed by a.,, is compensated by very high luminosities. In the special case of both
leptons emitting photons that interact, two-photon collisions (7 fusion) can give access to
states with different quantum numbers. At B factories, two photon collisions produce J¥¢ =
0%+, 2%+ and 37+ charmonia.
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In hadronisation originating from c¢ pairs produced in ee™ annihilation, prompt charmo-
nium production was expected to be in e"e™ — ¢g(g). Here, the gluons carry away enough
energy so the mass of the cc pair results in the charmonium mass region. Another contribution
from ete™ — (cc)(cc) was estimated to be so small, that detection of this process was consid-
ered hardly possible. Surprisingly, this double charmonium production, ete™ — XY,
was observed with a much larger cross section than QCD originally predicted [18].

Thanks to the variety of possible reactions, consequently, the observed spectrum provides a
probe of the QCD potential and coupling strength in the non-relativistic limit.
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4. The Belle Experiment

This chapter introduces the KEKB accelerator and the Belle experimental apparatus based
on standard literature on the topic. More detailed information can be found in references
[18,65./16].

The Belle experiment is a high energy electron-positron collider experiment and one of two
dedicated B physics experiments in the worlcﬂ It is located at the High Energy Accelerator
Research Organization (KEK) in Tsukuba, Japan, and conducted by an international collabora-
tion with members from 18 countries. After the first physics run in 1999, the Belle experiment
took data mainly for a centre-of-mass energy of 10.58 GeV corresponding to the Y(4S) res-
onance. The Y(4S) decays with a branching fraction > 96% almost exclusively to charged
or neutral B meson pairs [58]]. Therefore, e™ e~ experiments operating at this centre-of-mass
energy have earned the name of B factories. A total integrated luminosity of 1052 fb~! was
accumulated by the Belle detector; operation at the Y'(4.5) stopped in 2008, and including runs
at other energy points, data taking ceased in 2010. KEKB is now turned off to be upgraded to
SuperKEKB which is planned to have a 40x higher luminosity performance.

Belle was primarily designed for a detailed study and test of the Kobayashi-Maskawa mecha-
nism for C'P asymmetry in the B meson system and to understand the origin of C'P violation.
The other physics goals were precise measurements of decays of bottom and charm mesons,
7 leptons and the search for rare or forbidden processes in the Standard Model. The baseline
requirements for such an experiment were the following:

e high luminosity, namely instantaneous luminosity up to 103* cm=2s71,

e BYB° pairs with a boost factor of the centre-of-mass system relative to the laboratory
system sufficient for observing the time evolution of B decays,

e high-resolution and large-coverage detector with excellent particle identification.

Two important findings that then led to the construction of the B factories like the KEKB ac-
celerator were the long lifetime of the B meson and a substantial rate for B3°B° mixing due to
the very large top quark mass. Furthermore, extraordinary advancements in the performance of
ete” storage rings with order-of-magnitude luminosity improvements contributed. Progress
in the capabilities of large solid-angle detectors, especially considering performance of data
acquisition systems to handle the huge event rates associated with the available luminosities,
precision tracking and vertexing devices was made. Last but not least, the advancement in
software and storage technologies required to deal with these large data samples permitted the
realisation of the B factories.

'The other experiment is BaBar at SLAC in Stanford, USA.
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4.1. The KEKB Accelerator

KEKB is an asymmetric energy accelerator colliding 8 GeV electron and 3.5 GeV positron
beams. It was designed to produce B mesons with a lab-frame boost sufficient to enable
decay-time-dependent measurements; therefore the Y'(4.5) resonance at 10.58 GeV, on which
KEKB was mostly running, was boosted by 5y = 0.425.

:I HER : High Energy Ring
-'__‘. LER : Low Energy Ring
L Figure 4.1: Schematic view of the KEKB
Positron Target I'illg at KEK in Tsukuba,
Electron
Source Japan [18].

On the accelerator side the biggest challenge was how to reach the necessary high luminosity.
It was decided on a setup in which the two beams collide with a small but finite crossing angle
of 22 mrad in the horizontal plane at the beam collision point.

Characteristic Value
Beam energy [GeV] 8.0 (e7),3.5(e™)
Beam current [A] 1.2(e7), 1.6 (eh)
Beam size at IP

X [pm] 80

y [pm] 1

Z [mm] 5
Luminosity [cm~2s!] 2.1 x 103
Number of beam bunches 1584
Bunch spacing [m] 1.84

Beam crossing angle [mrad] 22

Table 4.1.: Machine parameters of KEKB during the last stage of operation [[18]].
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In this collision scheme, the beams are naturally apart after the beam bunch crossing, thus no
additional magnet is necessary to let beams reenter and circulate two proper rings. In 2007,
the superconducting crab cavity was installed. It realigns the directions of the beam bunches
so they pass through each other head-on, leading to a higher beam-beam interaction resulting
in higher specific luminosity. This treatment eliminates parasitic collisions and reduces syn-
chrotron radiation around the beam collision point. Also shorter bunch spacing is allowed in
principle and there is more available space for the detector components near the interaction
point. KEKB eventually reached a peak luminosity of 2.1 x 103*cm~2s~!, more than twice as
large as the design luminosity.

4.2. The Belle Detector

Belle is a large solid angle spectrometer. It shows a compact design with a cylindrical symme-
try around the beam axis surrounding the beam crossing point. Its size was optimised to realise
a large enough tracking system volume and to make the volume of the calorimeter reasonable.
Due to the asymmetric collider the detector is arranged asymmetrically along the direction of
the boost to maximise acceptance. By convention, the forward and backward sides are defined
relative to the high energy beam. With the boost, more particles are produced on average in
the forward direction.

Csl KLM

fll
| e

 3(m)

Figure 4.2.: The Belle detector .
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The forward and backward acceptances are constrained by the beamline geometry. The field
strength of the superconducting solenoid magnet is 1.5 T with the field uniformity better than
4% in the central tracking volume.

The main requirements for such a detector were a composition of light material for the inner
detector and very good vertexing capability. Also good particle identification over a broad
range of momentum was important, especially 7 — K separation which is mandatory for C'P
studies. Electromagnetic calorimetry to precisely measure the energy of both electrons and
photons is also essentially important. A good K and muon identification was significant
for C'P violation measurements as well. Regarding the huge amount of events produced by
the high luminosity machine, data handling capabilities from the detector system front-end,
classified by a trigger system, and storing for subsequent processing were a challenge as well.

An overview of the Belle detector with its major components can be seen in Fig(4.2)). Below, a
brief description of specifications of the Belle sub-detectors can be found with a summarising
table at the end of this chapter:

The Silicon Vertex Detector svD

During the first three years, the so-called SVD1 detector was used. Its design consisted of three
layers of AC coupled double-sided silicon-strip detectors and covered the 23° < 6 < 140° part
of the Belle detector acceptance. It was adequate at the beginning of the experiment. However,
it was foreseen that limited radiation hardness of the chip and its long shaping time among
other issues with connected Belle read-out electronics made it difficult to keep up with the
performance improvements of the KEKB collider. Consequently, efforts to upgrade the SVD
started before KEKB began operation. The second generation silicon vertex detector, SVD2
was installed in summer 2003. It consists of four layers of double-sided silicon-strip detectors.
It covered the full angular acceptance of 17° < 6 < 150°, showed improved radiation tolerance
and used a newly developed read-out chip. The radii of the SVD2 layers range from 20 mm to
88 mm. For this upgrade, the inner radius of the beam pipe was reduced to 15 mm. The SVD
i1s mechanically supported by the central drift chamber, CDC. This contributes to a minimal
material accumulation inside the inner radius of the CDC.

The Central Drift Chamber cDC

Several important roles are assigned to the CDC. In the first place, it performs the reconstruc-
tion of charged particle tracks and the precise measurement of their hit coordinates in the
detector volume. Together with the magnetic field provided by the superconducting solenoid,
particle momenta can be measured. The reconstructed tracks in the CDC are extrapolated to
the SVD to pick up associated hits in order to precisely determine the event vertex as well as
the B meson vertices. This tracking system combination provides good momentum resolution
without problematic deterioration for low-momentum tracks. Tracks with p; > 70 MeV can
be reconstructed where pr is the transverse momentum with respect to the beam axis.
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The resolution for tracking by SVD and CDC is measured to be o,,/pr = (0.0030/5 &
0.0019p7), where pr is in GeV. Finally, using dE'/dz measurements within the gas volume
enables particle identification. A helium-ethane (50 : 50) gas mixture was chosen to minimise
multiple scattering. The CDC also provides efficient and reliable trigger signals for charged
particles. The innermost part of the CDC was modified in 2003 to accommodate for the SVD2.
Since the majority of the particles in B meson decays have momenta < 1 GeV, minimising
the material when building a tracking detector is important.

The CDC is built asymmetrically along the beam direction with an angular coverage of 17° <
6 < 150°. Its outer radius is 880 mm and it has 50 cylindrical layers. The chamber has a
total of 8400 drift cells. The maximum wire length is 2400 mm. In all layers, except the three
innermost that correspond to the cathode part, the maximum drift distance is between 8 and
10 mm. The maximum drift time is < 300 ns. Detailed alignment and calibration led to an
overall spatial resolution of ~ 130 um and a dFE/dx resolution of 7% for minimum-ionizing
particles, which is important for particle identification.

The Time-of-Flight Counter ToF

A barrel of 128 plastic scintillation counters makes up the time-of-flight system, where one
module consists of two counters and one thin trigger counter. This configuration includes an
air gap to remove false triggers from photon-conversion which is coming from a large photon
background due to scattering in the beam pipe. The detector’s acceptance is 33° < 6 < 121°
where the minimum transverse momentum to reach a TOF counter is 0.28 GeV. The system
measures the time of flight for charged particles whose tracks have been reconstructed by the
CDC distinguishing between kaons and pions for tracks with momenta < 1.2 GeV.

The Aerogel Cherenkov Counter ACC

The detector is built from aerogel modules of several distinct types, varying in refractive index,
number and size of photomultipliers used to detect photons, according to their position in polar
angle. The modules are filled with a silica aerogel radiator and covered with a reflector of high
reflectivity. The barrel part is divided into 60 identical sectors in the ¢ direction where there
are 16 modules arranged in each sector. The polar angle acceptance of the forward end cap
partis 13.6° < 6 < 33.4°. This device consists of 12 identical sectors in the ¢ direction with
19 modules in each sector. The polar angle coverage in the barrel is 33.3° < 6 < 127.9°. The
ACC also helps to achieve the necessary K — 7 separation for tracks with momenta > 1.5 GeV
which are not covered by the TOF.

The Electromagnetic Calorimeter ECL

The ECL is located inside the solenoid coil. It consists of a barrel section and two end caps
made of finely segmented arrays of 8736 CsI(TI) crystals in total.
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Each tower-like shaped crystal is 30 cm long with the scintillation light detected with two
pieces of silicon photodiodes. The crystals point towards the interaction point but are tilted by
a small angle in the ¢ and ¢ directions to prevent photons escaping through the gaps between
them. The barrel part is 3.0 m in length and has an inner radius of 1.25 m, while the end caps
are located at z = +2.0 m and z = —1.0 m. This scheme results in a total angular coverage
of 12.4° < 6 < 155.1°. Calorimeter calibration is performed using cosmic rays, Bhabha
scattering and e*e~ — 7 events. The ECL energy resolution varies from 4% for 100 MeV
particles to about 1.6% at 8 GeV. For low energies, the angular resolution is about 13 mrad
and for high energies 3 mrad. This system also provides the E/p ratio of shower energy to
track momentum which represents the main parameter for electron-hadron separation.

In addition, the ECL determines both online and offline luminosity by measuring the rate of
Bhabha events using geometrical coincidences of high energy deposits in the forward and
backward parts.

The KY and Muon Detector K.

The iron flux-return yoke outside the solenoid magnet is instrumented with layers of active
detector material. There are 15 detector layers of double-gap glass-electrodes-based resistive
plate counters, and 14 layers of 4.7 cm thick iron plates alternating in the barrel region. Each
end cap is made of 14 detector layers and 14 iron layers. A traversing ionising particle results
in a local discharge in the 2 mm gas gap and initiates a signal in the electrodes. They identify
K, mesons and muons with momenta > 600 MeV with high efficiency. The polar angle
coverage is 45° < # < 125° for the octagonal barrel part, while the forward and backward end
caps extend this range to 20° < 6 < 155°. The direction of a K, can be determined from its
hadronic shower where we assume the kaon to originate from the e*e™ interaction point. A
discrimination between muons and hadrons, namely 7+ or K*, becomes possible through the
differing range and transverse deflection of non-showering charged particles. Hit position is
resolved to about 1.1 cm and results in an angular resolution of under 10 mrad.

Trigger and Data Acquisition

The trigger system consists of sub-triggers that are provided by CDC, ECL, TOF, and KLM
signals and the global decision logic (GDL) which makes a logical combination of summarised
information from the sub-triggers. The GDL triggers on hadronic, Bhabha and p*p~ pair
events, etc. These make up the so-called Levell (L1) hardware trigger and are not processed
by the Level3 (L3) software trigger run on the online computer farm. Here, good charged
particle tracks are selected to reduce the size of raw data that will be recorded. The typical
trigger rate is about 300 Hz at beam currents of 200 mA for LER and 100 mA for HER.
Later, a coincidence with sub-triggers from TOF hits or ECL isolated clusters was required as
well to reduce such a high trigger rate while maintaining an appropriate efficiency for physics
events. In the final state, the timing of the Belle detector was dependent on the KEKB Radio
Frequency that controlled the bunch crossing rate of ~ 509 MHz corresponding to ~ 2 ns
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intervals. With the TOF information available, it is capable of picking up the proper beam
crossing signal. By the ECL trigger alone, a timing resolution of 20 ns is achieved and it is
sufficient to perform an energy measurement for pure neutral events such as eTe™ — 7.

Sub-detector Detector type f coverage

SVD 3 — 4 double-sided Si detectors  [17°; 150°]

CDC Drift chamber [17°;150°]

TOF Scintillator tubes [34°; 130°]

ACC Cherenkov counter with aerogel [13.6°; 127.9°]

ECL CsI(T) [12.4°;155.1°]

KLM Resistive plate counters [20°; 155°]

L1 Hardware full Belle acceptance
L3 Software full Belle acceptance

Table 4.2.: Main characteristics of the Belle detector [|18]].

The Belle Data Acquisition (DAQ) was originally required to read out the eight sub-detectors
at a design trigger rate of 500 Hz. It was built in order to record the data read by VME pro-
cessors after a Belle specific event builder and the 1.3 data reduction by real time processing.
As an increasing trigger rate was necessary to keep up with the expected luminosity increase,
Belle DAQ systems were continuously upgraded.

Physics process Cross section (nb)  Trigger rate (Hz)
Y(4S) — BB 1.2 12
Hadron production

from continuum 2.8 28
T+t 1.6 16
Bhabha (6 < 17°, prescaled by 100 44 4.4

vy (0°17°, prescaled by 100 2.4 0.24
two-photon (#17°, pr < 0.1 GeV/c ~ 15 ~ 35

Total ~ 67 ~ 96

Table 4.3.: Total cross-section and trigger rates with a luminosity L = 1034 cm~2s~! for some physics
processes at 10.58 GeV [35]].

Improvement of the FASTBUS readout and upgrades of five detector sub-systems resulted in
a reduction in dead time to less than 1%. The event builder and VME based online computer
farm performing the 1.3 trigger were replaced with the so-called EFARM and connected via
Fast Ethernet providing sufficient bandwidth. A large scale PC farm for real time full event
reconstruction directly fed by the event builder, the so-called RFARM, was introduced as well
using parallel processing of events offering processing power for the back-end system to cope
with the expected increase in luminosity.
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The processing results such as the reconstructed IP position were also fed back to the acceler-
ator control, which greatly contributed to realize proper accelerator parameters tuning.

4.3. Particle Identification

Charged hadron identification is accomplished by a so-called likelihood method. Here, the
available information from detector response is composed from probability density functions
(PDF) and is used to give a likelihood. The total likelihood for a given particle type is ob-
tained by combining the sub-detectors’ likelihoods. Information is collected from the silica
aerogel Cerenkov counters ACC giving the number of Cherenkov photons, the time-of-flight
measurements from the TOF counters and a specific ionization measurement d£/dz in the
CDC together with the measured momentum. The product of likelihoods for the particle being
of type 7, L; (i = K, m), is then calculated as £; = Lepe X Lror X Lace.

Charged pions and kaons are distinguished and selected by their ratio being defined as

£(3) = 2w+ ey

for kaons and correspondingly £(7/K) for pions. The finally applied cut value is optimized
depending on the analysis.

For lepton identification, a combination of the following parameters is arranged into a like-
lihood: dFE/dx in the CDC, F/p ratio (E being the energy deposited in the ECL and p the
momentum measured in the CDC and SVD), shower shape in the ECL and the number of
Cherenkov photons in the ACC. In case of electron identification, performance is slightly lower
at around 6 ~ 125° due to a small gap between the barrel and backward endcap ECL. Muons
are identified based on track penetration depth and hit scatter pattern in the KLM system. Their
reconstructed hits in the KLM are compared to the extrapolation of CDC tracks. The likelihood
ratio

— Ly

L+ Lr+ L

based on the muon, pion and kaon hypotheses is used as a discriminating variable.

L

As the photon is an electrically neutral particle, it can not be identified directly. For photon
selection, the electromagnetic interaction in the ECL is studied in form of the resultant shower
production. A 5 X 5 crystal matrix surrounding the seed crystal is defined, where the seed
is determined as the one crystal with the highest energy deposit among neighbouring crystals
which has to be at least > 10 MeV. In order to retrieve the incident particle energy, the
crystal matrix’s contributions are summed up if they exceed a threshold of typically 0.5 MeV.
The position of such a particle is found through an energy-weightage of the energies of each
contributing crystal. Still remaining biases for both reconstructed energy and incident position
are corrected by dedicated Monte Carlo studies due to electromagnetic shower behaviour being
a QED process and therefore predictable. Finally, showers without associated charged tracks
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reconstructed as explained above and extrapolated to the ECL are sought to distinguish photon
from charged particle candidates.

4.4. Data Sample

The Belle data consists of a large number of events which not only come from ete™ —
Y(4S) — BB but also from several other processes. In fact, non-BB events show a large
cross section in electron-positron colliders operating at the Y (45) resonance. The most com-
mon is eTe elastic scattering known as Bhabha scattering. But also radiative Bhabha re-
actions, continuum events from ete~ — ¢ (where ¢ stands for u, d, s and c¢), two-photon
processes eTe~ — v, lepton pair production ee~ — ¢/~ (where ¢ stands for x or 7) and
beam-gas interactions contribute. The total number of BB pairs in the used high statistics sam-
ple of efe™ — T(45) — BB, making up the foundation of this thesis, is (771.6£10.6) x 10°
with a total integrated luminosity of 703 fb™'.

Hadronic events are selected (skimming) by requiring at least three reconstructed charged
tracks with a transverse momentum py > 0.1 GeV originating in the vicinity of the interaction
point. The total visible energy from charged tracks and reconstructed photons in the ECL in
the centre-of-mass system (cms) must exceed 20% of the total cms energy +/s. Hadronic
events furthermore have to show two or more large-angle clusters (—0.7 < cosf < 0.9 in
the laboratory frame), with an average cluster energy < 1 GeV and a total cluster energy
0.18 — 0.8 x 4/s. This way T-pair, beam gas and two-photon events as well as radiative
Bhabha and higher multiplicity QED processes are suppressed. Also, an absolute value of
the z component of the cms momentum < 50%-/s, and a reconstructed primary vertex that is
consistent with the known location of the interaction point have to be satisfied. By establishing
these criteria the selection of hadronic events is found to be 99% efficient for B meson signal
events determined by Monte Carlo simulation.

In this study, we are interested in events coming from those BB events in which one of the
B mesons has J/1¢p — 70~ (¢ being e or ) in the final state of its decay. As some of
the hadronic event skim’s selection criteria are not favourable to inclusive 1) events, events
with J/v and 1(2S5) candidates are explicitly added. One lepton track is required to have a
probability > 0.01 of being an electron or > 0.1 of being a muon and the di-lepton system has
to pass a tight mass cut within 2780 MeV < M,, < 3820 MeV. To suppress continuum two-
jet non-1(4.5) background relative to BB events, the ratio of second to zeroth Fox-Wolfram
moments, Ry = Hsy/Hy, is required to be < 0.5 [37]. Badly measured charged particle tracks
or those that are not coming from the interaction point are removed by requiring a distance of
closest approach to the interaction point (impact parameters) along the beam direction z < 50
mm and r < 15 mm in the transverse xy-plane.
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5. Event Selection

The B meson decay studied in this thesis, B¥ — y. 77~ K%, is reconstructed by combining
the final state particles. While the pions and the charged kaon are stable, the proper secondary
decays of x.1 and its daughters have to be considered. Monte Carlo simulations are used to
optimise the event selection and reconstruction process.

5.1. Monte Carlo Simulation Dataset

In order to build a reconstruction routine for B — ym 7~ K and to estimate the recon-
struction efficiency for a decay signal and the possible background contamination, we need to
understand acceptance and performance of the detector. For this purpose an adequate Monte
Carlo simulation (MC) is performed with an event generator designed for the simulation of
physics of B decays. The EviGen program [51] is used to generate the B — Yy ntn~ K
decay signal events as well as possible background events. This program is capable to handle
the key kinematics and angular distributions of the resultant decay products. It uses a generic
and an analysis specific decay table as its main input. This way specifically defined B meson
decays can be generated, not only according to the available phase space but also as decay
processes through particular intermediate states. For the description and modeling of the de-
tector material and interactions of particles during their passage through the detector, a Belle
specific GEANT3-based [8]] software is used. This simulation contains the particles’ energy
loss in active material, detector response as well as readout electronics and digitisation effects.

Signal MC samples of 0.5 million events have been generated for each of the following cate-
gories:

e BT — yantn™ K* obeying the available phase space for a four-body decay,

e B* — X(3872) K* followed by the hypothetical decay of X (3872) — xa7 7™,

e B* — x.(2P)K* followed by the hypothetical decay of x.(2P) — xe (1P)nt 7.

In the two latter cases, the first two-body B decay and the X (3872) and x.(2P) decays,
respectively, are treated by phase space decay (PHSP) while taking final state radiation into
account. Also, in the quasi two-body B decay case, two more signal MC samples have been
prepared setting the intermediate state mass to 3900 MeV and 3950 MeV to further understand
the reconstruction efficiency as a function of the y.; 7+ 7~ invariant mass as discussed in detail

later in Sec(6.2)).
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5.2. Reconstruction of ., Candidates

X1 meson candidates are reconstructed by combining a ./ candidate with a photon.

The J/¢ meson is reconstructed from oppositely charged lepton pairs via its decay mode
J/p — T4~ where ¢ stands for e* or u*. Charged tracks are identified as muons if they
satisfy a muon likelihood > 0.1 or as electrons if the electron likelihood is > 0.01.

A correction for final state radiation or bremsstrahlung in the inner parts of the detector is
applied by including the four-momentum of every photon detected within 0.05 radians of the
original electron or positron direction in the e*e™ invariant mass calculation.

Taking into account the still existing small radiative tails, an asymmetric invariant mass re-
quirement of 2950(3030) MeV < Mcc(,,y < 3130 MeV is chosen to define a .J/¢) candidate
in the electron (muon) channel.

A vertex and a mass-constrained fit are applied to the selected J/1) candidates. The application
of kinematic fits reduces the effects of limited detector resolution and improves the mass or
momentum resolutions to determine the decay vertex of a particle candidate. There are two
types of kinematic fitting used in this analysis:

e The invariant mass of the candidate is fixed to the known, nominal mass and the mo-
menta of its daughters are re-calculated in the mass-constrained fit. This approach can
be applied when the reconstructed state has a narrow width and the observed invariant
mass distribution is dominated by detector resolution.

e In case of the vertex-constrained fit tracks used to reconstruct a candidate may not con-
verge in the same point. By tuning the momentum and position of each daughter particle
according to its measurement errors the candidate particle’s decay vertex is obtained so
that all tracks pass through a single point. This tuning of momentum or position is done
by a minimisation of the x?, using a Lagrange multiplier approach.

A cms momentum cut of pj, < 2.0 GeV rejects .JJ/¢ mesons not coming from B decays.
Fig(5.1) shows the di-lepton invariant mass distribution in phase space signal MC, cut re-
quirements are indicated by vertical red lines.

To identify x.; the invariant .J/1/y mass is used in a mass window of 3467 MeV < M/, <
3535 MeV, see Fig(5.2). Photon selection is requiring £, > 100 MeV to reduce combina-
torial background. Also, a veto on photons coming from 7 is applied by rejecting photons
if their combined invariant mass with another randomly picked photon in the same event is
within 117 MeV < M., < 153 MeV [49]. From the invariant mass of the combined system
with another photon and the energy and polar angle of the photon of interest, a probability is
calculated for the latter photon to come from a 7% and we require this parameter to be < 80%
to still accept the photon for y.; reconstruction. A figure of merit study was performed to
find the best cut and can be found in App(A). A mass-constrained fit is performed on the
candidates in order to improve momentum resolution.
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Figure 5.1.: Invariant di-lepton mass spectrum to select a .J/1) candidate in phase space MC.
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Figure 5.2.: Invariant .J /1)y mass spectrum to select a .1 candidate in phase space MC with selection
window indicated by red lines.

In the next step, reconstructing the final B candidate requires the selection of an oppositely
charged pion pair. Then, a charged kaon will be added. In the event selection itself no explicit
requirements are applied for a possible intermediate state decaying to y.; 7" 7 ; the possibility
of a resonance in the .77~ spectrum is only implemented in the respective quasi two-body
decay MC datasets.

5.3. Selection of Light Meson Candidates

For charged pions the likelihood ratio is required to be L(7/K) > 0.6 as well as for charged
kaons £(K/m) > 0.6. Looking at the invariant di-pion mass, there is no obvious background
coming from 7 — eTe~ where e* are misidentified as pions, and therefore no need to apply
a mass cut, see Fig(5.3). Still, a vertex-constrained fit is applied to the pion pair and its
convergence is required.

5.3.1. Low Transverse Momentum Pion Selection

In case of the X (3872) — y.7 "7~ mode, the pions’ transverse momenta with respect to the
beam axis, pr, are low. This is because only a small Q-value is available, m x 3s72) — My —
2 x m, ~ 80 MeV, and reconstruction efficiency is limited by the Belle detector’s acceptance
for low pr tracks [82]]. Such particles curl up in the Central Drift Chamber CDC and can
eventually be reconstructed multiple times, ending up forming excess B candidates. This
effect results in pions that appear to have same charge with nearly identical three-momenta,
or oppositely-charged pions with nearly opposite three-momenta, as illustrated in Fig(5.4).
Similar considerations can be made for the y.;(2P) case.
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Figure 5.4.: Curl up of low pr pions.

For pions with py < 0.25 GeV, tracks are paired to check if the following criteria is satisfied:
if |pr, — pry| < 0.1 GeV the opening angle between those tracks is checked. Duplicated
reconstruction should appear for angles ~ 0° and ~ 180°. MC shows that these tracks are in
fact concentrated around | cos(fopen)| & 1, see Fig(5.3). Focusing on cos(fopen) > 0.95 for
same-charged tracks and cos(fopen) < —0.95 for oppositely-charged tracks, only one of them
is regarded as the real and correctly reconstructed track.

Comparing these pion tracks, the one closest to the interaction point is chosen: The particle

with the smaller value of )

dr |? dz
15mm

50mm

where dr and dz are the impact parameters in mm, is selected based on the knowledge estab-
lished by previous Belle studies [38./47].
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Figure 5.5.: cos(fopen) for multiply reconstructed pions in | cos(fopen)| ~ 1.

Applying this method, misidentification of a pion as a kaon can be reduced to 5% and multi-
plicity of B candidates is improved. The pion and kaon selection efficiency is 94% each.

5.4. Reconstruction of B Candidates

The reconstruction of B meson candidates is completed by combining the y. 77~ system
with a charged kaon; the inclusion of the charge conjugate state is from here-on implied.
We make full use of the two-body kinematics of the Y(4S5) — BB decay in the cms by
considering that the reconstructed 5B’s energy must consequently be half of the total energy of
the e*e™ system. The kinematic variables of interest to identify a B meson candidate are the
beam-constrained mass My, and the difference-to-beam energy AE:

Mbc - \/Egeam - (ch17Tﬂ' + pK)2
AE = (Exclﬂ'ﬂ' + EK) - Ebeamv

where Flean, is half the eTe™ system (beam) energy, p the momenta and E the energies of the
particle candidates in the cms of Y (4.5).

5.5. Properties of the reconstructed B Candidate

My, peaks at the nominal B meson mass for correctly reconstructed B candidates and has a
much better resolution than the bare reconstructed mass, hence providing a better separation
of signal and background. In an ideal case, AE is supposed to peak at zero for properly
reconstructed B mesons.
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The multiplicity is defined as the fraction of the events with more than one B candidate out of
the total number of events having B candidates. So far, multiplicity is at 39.7% for multiple
reconstructed candidates per phase space event found in the signal region. This seems rela-
tively high but is expected for a four-body final state. Multiplicity is increasing in case of the
quasi two-body decays and also with increasing mass.

Decay mode Multiplicity
B* — yantn~K* (PHSP) 39.7%
B* — X (3872)K= 45.6%
B* = xa(2P)K* 48.2%

Table 5.1.: Multiplicity in |AF| < 0.12 GeV for Monte Carlo datasets.

This can be understood when looking at the very limited phase space left for pions in the
decay B — X (3872)(— xantn )K or B — xc1(2P)(— Xxan"n )K: The kaons have
high momentum but the pions are rather slow, in contrary to the B — x. 77~ K phase space
case where a more kinematically symmetric event topology of kaons and pions can be allowed.
As the detection efficiency for charged particles is a function of the particle’s momentum pr, it
becomes more difficult to only select the proper low pr pions for an event, leading to a higher
probability of wrong combination and consequently higher multiplicity.

Looking at the A E distributions, the signal peaks at AE = 0 are exhibiting similar resolutions
for all three cases. This is an effect of employing a mass-constrained fit to the x.; candidate
which includes a photon. A tail appears in the positive AFE region in the quasi two-body
decays which is not visible in the phase space case. It is due to a difference in reconstruction
efficiency as explained above. Since both, X (3872) and x.1(2P) at 3920 MeV are still close
to the kinematic threshold. Wrongly picked up pions are mainly having higher momenta than
true ones. On the other hand, all the available kinematical region is averaged in the phase
space case thus no such tendency shows in the AFE projection.

If more than one B meson candidate is found in an event, the best candidate is selected as the
one having the closest beam-constrained mass M}, compared to the nominal B mass. With
this best candidate selection, BCS, 87.4% of the correctly combined B meson candidates are
selected in the phase space signal MC case.

The AE and M,, distributions for all three MC datasets are shown in Fig(5.6) and Fig(5.7)
for comparison. As the AF distributions are showing the desired behaviour of peaking at
zero, the invariant mass spectra of x.;7" 7~ are presented in the B candidate signal enhanced
regiorﬂ They can be seen in Fig. The manageable amount of events in the M (x4 7 7™)
tail in signal MC is due to wrong combination. A clear peak around 3.87 GeV indicates the
reconstructed X (3872) and the x.1(2P) is visible at its predicted mass at 3.92 GeV. In phase
space MC the spectrum is distributed over the entire possible range, as expected.

These plotted distributions verify the proper functionality of the reconstruction routine.

'see next Chapter for Figure of Merit study and deduction of the signal window and signal enhanced region.
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Figure 5.8.: M, r, invariant mass distribution for all three MC datasets;
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6. Monte Carlo Studies

For the reconstruction procedure to get B* meson candidates from Y. 77~ K*, the back-
ground contamination modes have to be identified and their contributions to be estimated.
The AFE signal is then fitted to study the line shape in order to extract a probability density
function, and ultimately calculate a branching fraction. For this, the reconstruction efficiency
is needed and estimated as a function of the invariant mass of the y.; 77~ intermediate state
(M., r). Finally, the M, .- spectrum is studied and a fitting probability density function is
obtained to hunt for a resonance.

6.1. Background Estimation

We expect the dominant background for the B* — y.(— J/¢y)rTn~ K* final state to
come from those B decays that have areal J/¢ — ete™ or J/¢p — puT ™ in their final state.
Therefore, a large B — J/1)X MC sample has been prepared to estimate the major back-
ground modes, where X denotes one or more decay products. Decays of higher charmonium
states such as 1(25), X0, Xc1» X2 With a J/1) in the final state are also taken into account. It
provides a B — J/1X dataset that is 100x larger than the later used Belle data sample and
includes all known and kinematically allowed decay modes having J/v in the final state.

6.1.1. Expected Background in AFE

Fig(6.1) shows the possible contributions to background estimated from the B — J/¢X MC
sample. There is only one mode to point out, all other backgrounds have shown to be smooth
in their AF distributions in the |AE| < 0.12 GeV window.

The structures in this distribution can be divided in the signal part, B — x.3 X5, Where
777~ K can be formed from X, which is the 5 and u quark system to be hadronised according
tothe PYTHIA/JETSET string fragmentation model. It results in the desired signal final state
indicated by AE peaking at zero. The other contribution is coming from B+ — yortm~ K+
and represents the background. A small peak can be seen, shifted to the negative AE region
because of the y.o’s slightly higher mass at 3556 MeV which is being mass-constrained to the
X1 mass of 3510 MeV.
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Figure 6.1.: AF distribution on B — J/¢X MC sample; M, > 5.27 GeV and BCS applied.

6.1.2. Figure of Merit

Candidates satisfying M. > 5.27 GeV and |AFE| < 0.12 GeV are considered for extracting
a B decay signal as shown in Fig(6.I). Due to this AE window choice, the obtained AE
distribution is adjusted to not include the intricately shaped background coming from B decays
with five-body final states. These backgrounds tend to cluster at —0.14 GeV or +0.14 GeV
for five- or three-body modes, respectively, as a result of an ignored or additional pion.

In order to study the x., 77~ mass spectrum, the B decay candidates are taken from the tight
signal enhanced window. To validate this requirement, a Figure of Merit study was performed.
Using phase space signal MC and the B — .J/1 X MC sample for background we assume that
the branching of B* — y, 777~ K* is comparable to B* — J/¢rTn~ K+ with 4 x 10~*
(see below), and estimate the signal yield.
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Figure 6.2.: Figure of merit study to optimise the A FE window for the signal enhanced region.
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The upper AE limit is fixed while ramping the lower limit. This way the ratio of signal and
background S/+/S + B, where S is the expected signal yield and B the expected background,
is checked. After finding the lower limit for AF to be —0.02 GeV considering the error,
to give the best result, the procedure is repeated for the upper limit. Looking for the signal
enhanced region, the decision falls on a symmetric AF window, fixing the upper and lower
limit to £0.02 GeV to cope with a potential AF resolution difference between data and MC.

A two-dimensional illustration of the signal enhanced region is shown in Fig(6.3)).
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Figure 6.3.: Two-dimensional illustration of the signal enhanced region in AE and M. with cuts
indicated by red lines.

The AE distribution in the formerly chosen larger window can be seen in App(B).

6.1.3. Expected Background in M, .-

Looking at the invariant mass spectrum of y. 77~ using the B — J/¢X MC sample, the
only peaking component is a reflection from ¢/’ that appears at 4.1 GeV as shown in Fig(6.4a)).

If, in the event, a ¢’ decays to J/¢m"7~ and an additional, unrelated photon is picked up,
a fake x.; candidate can be formed. Because of the mass-constrained fit applied to the .
candidates, combining this fake y.; with the pion pair coming from ¢’ results in a peak at
4.1 GeV. To have a closer look at the bump in the expected invariant mass spectrum of
Xam ™, it was also plotted on a logarithmic scale as shown in Fig. A 1)/-veto was
developed in order to suppress this peaking background but found to create an artificial dip and
is therefore being ineffective. As this peak is not interfering with the mass region of interest,
which is the x.1(2P) mass prediction or the X (3872) mass (between 3.89 — 3.95 GeV), we
leave this reflection untreated.
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Figure 6.4.: Expected M, r distribution on the B — .J/¢ X MC sample; My, > 5.27 GeV, |AE| <
0.02 GeV and BCS applied.

In connection with the y. ;7" 7~ invariant mass, it was further verified that, concerning the
background, a cut on the di-pion mass is not necessary. There is close to no contamination
below 0.3 GeV. The invariant mass of 77~ was plotted with the B — J/¢X MC sample
and can be seen in Fig. As the B — J/1¥X MC sample consists of all known modes with
a J/1 in the final state, including the signal decay B* — y 77~ K+, 7* 7~ might originate
from 7~ K*, K*, K2 or pK*. These modes are handled as fragmentation processes.
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6.2. Fitting Strategy and Observable Extraction

For both, the AE and M, .~ spectra, the line shapes are studied. A fitting routine is com-
piled leading to Probability Density Functions (PDF) which will be used to extract the B —
X7 K signal yield from the Belle data (see next chapter). In order to make assumptions
about the expected signal yield, the reconstruction efficiency is estimated as a function of the
mass of an intermediate state for different mass hypotheses. Finally, toy studies verify the
choice of PDFs.

6.2.1. AFE Fit and Efficiency Estimation

AF Signal PDF

For the extraction of the signal yield, an unbinned maximum likelihood (UML) fit is used on
a 0.5 million events sample for B¥ — 777~ K* (PHSP). The probability density function
(PDF) to describe this B decay signal is composed by summing the following two compo-
nents:

e the peak is parametrised using a sum of two Gaussians Ppeax(AE;) and
e the outlier (OL) is described by a second order Chebyshev polynomial Pop (AE;).
Thus the likelihood function to be maximised is

N N

L= —r H[nOL : POL<AEZ> + Npeak * Ppeak(AEi)]- (61)

=1
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Here
1 (A8 )? 1 (A8 —pg)?
Poeax(AE;) = (1 — fran) ———¢ T+ fran——=—€ 7 (6.2)
pea ] al 0_1\/% al 0_2\/%

where NV is the total number of candidate events, 1.k and nor, denote the number of peak and
outlier events, respectively. fi.ii is the fraction of the second Gaussian, u1, 12 and oy, o5 are
the mean values and standard deviations for the corresponding Gaussians. In all fits, j1; = po
is assumed throughout this analysis.

Fig(6.6) shows the fitted distribution. The Chebyshev polynomial describing the outlier is
not counted as part of the signal as it is thought to be absorbed as a part of combinatorial
background.
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Figure 6.6.: Fitted AE distribution for B — . 777~ K* in signal phase space MC (blue), signal
part (red) and combinatorial background ( ); My > 5.27 GeV and BCS applied.

The AF distribution peaks at zero showing a standard deviation of 4.6 MeV, the outlier is
due to wrong combination coming from misreconstruction. A peak yield of 65255 + 339 is
extract out of 0.5 million generated events.

In all three signal MC cases the same fitting function Eqn(6.T)) is used. As expected for signal
MC, also the distributions for X (3872) and x.;(2P) as intermediate states of the main B
meson decay peak at zero as shown in Fig(6.7).

A signal yield of 32222 £ 259 is extract with a standard deviation of 5.3 MeV for the X (3872)
case. In the x.(2P) signal MC, the peak yield is found to be 52258 + 337 with a standard
deviation of 5.6 MeV. Chebyshev polynomials were used to describe the combinatorial back-
ground in both cases.

These peak yields will be of interest when calculating the reconstruction efficiency for the
different intermediate states.
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Figure 6.7.: Fitted AFE distribution for B* — X(3872)K* and B* — x.(2P)K™* in their
respective signal MC (blue), signal part (red) and combinatorial background ( );
My > 5.27 GeV and BCS applied.

Efficiency Estimation for different Masses of an Intermediate
State

Here, efficiency is defined as the peak yield extracted from the signal MC fit divided by the
number of generated events. Hence, the reconstruction efficiency estimated for signal extrac-
tion in the phase space is ¢ = 13.05 %. However, the reconstruction efficiency would depend
on the mass of an intermediate state.
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And as this study’s goal is to search for such a resonance we are especially looking at X (3872)
and x.1(2P) in their decays to x, 7" 7. Respective signal MC samples have been prepared
for the quasi two-body decay processes and in order for a general search for resonances, 3900,
3920 and 3950 MeV have been generated in addition to X (3872). The fits to the AFE dis-
tributions for the two other mass hypotheses, namely 3900 and 3950 MeV, can be seen in

Fig(6.8).
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(b) Fit of the AFE distribution for mx = 3950 MeV yields 51841 + 343
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Figure 6.8.: Individual fits for AE for masses 3900 MeV and 3950 MeV of the y. 77~ system in
the respective signal MC (blue), signal part (red) and combinatorial background ( );
My, > 5.27 GeV, |AE| < 0.02 GeV and BCS applied .

52



The reconstruction efficiencies are summarised in Tab(6.1). As expected, efficiency increases
with the mass of the intermediate state: as the X (3872) is very close to the kinematical thresh-
old in B*¥ — y ntn~ K¥ the Q-value is limited and therefore the transverse momentum of
the pions is so small that a sizable amount of the pions are missed to be detected. As the
mass of the y. 777~ system increases, the pions’ pr becomes larger and thus easier to be
reconstructed.

Assumed mass for X (MeV) Efficiency (%)

3872 6.44
3900 8.27
3920 10.45
3950 10.37
PHSP 13.05

Table 6.1.: Efficiencies for phase space decay and different mass assumptions of the x 177~ system
in B— X(— xantn™)K extracted from their respective AF distributions.

This feature is taken into account to obtain the B decay branching fraction from the data as
described later in Sec(7.2)).

Background AFE PDF

As seen in the previous section, only B¥ — ym "7~ KT decays form a peak in the A F back-
ground distribution. For this contribution, an individual fit is performed to obtain a probability
density function to describe its line shape.
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Figure 6.9.: Fit of B — xon 7~ K inthe B — J/1X MC sample (blue), signal part (red) and com-
binatorial background ( ); My > 5.27 GeV, |AE| < 0.02 GeV and BCS applied.
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Thus the total background A E PDF is given by summing the following two components:
e B — xon'n K is parameterized by a sum of two Gaussians, see Fig(6.9),

e all other background modes have shown to be smoothly distributed in the A F spectrum
and will be described by a first order polynomial.

The same fitting method is applied as described for the signal part of the A F spectrum above,
compare Eqn(6.1). The optimum line shape parameters, namely the ratio of the areas of the
two Gaussians as well as the ratio of their sigmas and mean and sigma, are selected.

Total PDF for the A E Distribution

Combining the signal and the background PDFs, the likelihood function £ for the fit to the
AF distribution is expressed as:

e_(npeakl FNpeakqy +noL) N

»C - N' H[nOL : POL(AEi)npealq : Ppealq (AEz) + npeakg : Ppeakg (AEZ)]
i=1
(6.3)

where noyp, and Por,(AE;) are the normalisation and PDF for the outlier component to express
combinatorial background and misreconstructed signal due to picking up a wrong final state
particle combination, npeak, and Ppeax, (AE;) are signal yield and PDF of the peak compo-
nent for the B — yam 7~ K signal, and npear, and Poeax, (AF;) are the normalisation
and PDF of the peaking component for the B* — yom* 7~ K* background. As already de-
scribed, Por,(AE;) is expressed as a first order Chebyshev polynomial and both Pye.x, (AE;)
and Peak, (AE;) are formulated by a sum of two Gaussians. During the fit with this PDF to
describe the overall distribution, the mean and sigma as well as signal yield of the signal peak
component are floated. At the same time, all parameters are fixed for the peaking background
of B¥ — yntm™ KT except for its normalisation. The result of the final fit by MC can be
seen in Fig(6.10) as a typical pseudo-experiment.

6.2.2. Fitting of the Invariant Mass Spectrum VM, ..

A fitting routine for the M, ., spectrum is prepared to search for any narrow resonance in
the x. 7 7~ final state.

chlmr Slgnal Fit

The invariant mass spectrum in the B* — X (3872) K* signal MC is fitted with a PDF com-
posed of

e a sum of two Gaussians for the peaking component and

e a second order Chebyshev polynomial to describe the outlier component.
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Figure 6.10.: One typical pseudo-experiment to test the complete PDF for the phase space case (blue)
of AFE distribution with mean and sigma of the . ;77— signal as well as fractions of
the backgrounds floated. Each component is shown as: B — y.om 7~ K (cyan), signal
(red), flat background ( ).

Looking at the signal enhanced region in M. > 5.27 GeV and |AE| < 0.02 GeV a signal
yield of 29062 £ 215 events can be extracted and translated to a reconstruction efficiency
e = 5.81% for X (3872) as the intermediate state. Its signal is found at mean = 3.871 GeV
with a standard deviation of 1.8MeV. A second order Chebyshev polynomial was used to
describe the combinatorial background.
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Figure 6.11.: Fitted M, r, distribution in the X (3872) signal MC (blue), signal part (red) and com-
binatorial background ( ); My > 5.27 GeV, |AE| < 0.02 GeV and BCS applied.
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Fitting the invariant mass spectrum with the x.1(2P) hypothesis, the peak component of the
signal is found to be 9.31% with 46527 4 226 signal events based on the 0.5 million generated
events. The outlier component is thought to be absorbed into combinatorial background and
described with a first order Chebyshev polynomial.
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Figure 6.12.: Fitted M, distribution in the x.1(2P) signal MC (blue), signal part (red) and com-
binatorial background ( ); Mpe > 5.27 GeV, |[AE| < 0.02 GeV and BCS applied.

The reconstruction efficiencies in the M, spectrum as a function of the intermediate state’s
mass are summarised in Tab(6.2)).

Assumed M, . (MeV) Efficiency (%)

3872 5.81
3920 9.31

Table 6.2.: Efficiencies for phase space decay and different mass assumptions of the . 77~ system
in B — X(— xantm)K extracted from their respective M, ., »+r- distributions.

Expected Signal Yield in the 1/, .. Distribution
in the X (3872) Case

To make an estimation for how many events can be expected under the X (3872) hypothe-
sis, we assume the branching ratio B(X (3872) — x 77~ ) to be similar to the branching
B(X(3872) — J/i¢mn™), then roughly 15 events can be expected in data.
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Ngg x B(B — X(3872)(— xam 7 )K) X B(xer = J/Uy) x B(J/1p = 1T17) x €
= 771.581-10° x 8- 107 x 0.344 x (0.0593 + 0.0594) x 0.0581

~ 15 events

Background Fit for M, .-

The background distribution for the invariant mass spectrum of y ;717 is obtained from the
B — J/¢¥X MC sample. It is described best by a third order threshold function, where my,
is the threshold and m,, the value of M, r,

=
Njw
NS}

a-(mgy—mpp)2 +b- (my —mpp)2 + ¢ (Mg —mpp)2.
As shown in Fig(6.13)), this parametrisation is found to be capable to describe the M, r~

distribution in a non-resonant case.
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Figure 6.13.: Fit of M, in the B — J/¢X MC sample (blue) and signal part (red); My, >
5.27 GeV, |AE| < 0.02 GeV and BCS applied.

'cnHII|\HI|IIH‘III\‘\III‘\HI|IH\|IIII|IIII

Total Probability Density Function for the )/, .. Distribution
in the X (3872) Case

To describe the overall distribution we use a PDF where the signal part is modelled by the sum
of two Gaussians with the mean and standard deviation fixed due to the small expected signal
yield. The signal yield itself is floated though. All parameters for the background which is
described by a third order threshold function are floated as well.
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The number of background events from the B — J/1.X MC sample has been scaled down to
match data - the original B — J/1¢X MC sample contains 100x the amount of data events.
The result of the final fit can be seen in Fig(6.14).

Events

o]
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39 395 405
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Figure 6.14.: One typical pseudo-experiment assuming that B(X(3872) — J/yrtn™) =
B(X(3872) — xantm™) to test the complete PDF for the X (3872) case (blue) of

M, ., distribution with fractions of the signal and all background parameters floated.
The components are shown as signal (red) and flat background ( ).

The reliability of the fitting procedure for both, the AE and M, . distributions has been
confirmed in a linearity test using a Toy MC sample. For AE, 2000 pseudo-experiments were
generated for each dataset at seven different input signal yields between 800 and 2100. For
M, ==, six datasets of 2000 samples each were generated with different signal yields ranging
from O to 25. In both cases, good linearity and stability of the fitting routine was observed.
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7. Results and Discussion

The fit procedure to extract a signal yield from the AE distribution for B*¥ — y nfn K+
has been composed and tested in Monte Carlo datasets. Applying the fit to the data sample
allows to look for the existence of this decay and if found, to obtain the branching fraction.
The invariant mass spectrum is studied in the data sample and by applying the derived fitting
procedures, the decays X (3872) — xa7n 7~ and x.1(2P) — xa(1P)ntn~ are looked for,
with the goal to clarify the existence of the decays of such resonances.

7.1. AFE Distribution

The Belle data is analysed for a sample as described in Section(.4)) and a fit to extract a B
decay signal in the AF spectrum is performed. A sum of two Gaussians is used for the signal
part. Its tail part Gaussian’s shape and fraction are fixed according to the MC study PDF but the
core part Gaussian’s mean and sigma of the signal as well as the signal yield are floated. The
background is described by a first order Chebyshev polynomial, its normalisation is floated.
The possible B¥ — yom 7~ K* contamination which clusters at AE = —0.05 GeV is also
considered; the shape of this component is fixed by the MC and normalisation is floated.
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Figure 7.1.: Fit of AFE distribution on data (blue), signal part (red) and y.om ™7~ peaking background
(cyan), combinatorial background ( ); My > 5.27 GeV, |AE| < 0.12 GeV and
BCS applied.
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The B* — yantm~ K* decay signal yield is found to be 1597 £ 76 events. The statistical
significance is 29.6 o. It was obtained in a likelihood ratio test that is used to compare the fit
of two models: the null model is a special case and assumes no signal, while the alternative
model is represented by the fit above. The fit’s quality is represented by the likelihood ratio
which expresses how much more likely the data is for one model than for the other. Thereby
this result is consistent with the assumption about the expected signal yield made in App(C).
Comparing AFE resolutions in MC and data, they are found to be consistent within 10%:
Odata/0mc = 1.18 + 0.068. The x.om ™7~ K background contributes with 196 4+ 80 events.

7.2. Weighted Detection Efficiency Estimation

Now, that it is obvious that the reconstruction efficiency is a function of the invariant mass
of xem 7™, using a less straightforward approach to tackle the phase space decay of B —
Xe1w ™ K* becomes mandatory. The net AE signal yield that will be extracted from a fit to
the Belle data NV, is a product of the actual signal yield /N,y and the detection efficiency of
the detector and particle identification :

Nobs - Nphys €.

In order to give a proper branching fraction in the long term, the number of physical events
Nphys 18 desired. With the reconstruction efficiency being a function of the y.;7+ 7~ invariant
mass, we will weight the efficiency per mass bin (i) with the AFE signal yield in data per
mass bin Nyps(7) in the following way:

21121 6(@) : Nobs@)
> i Novs()

E =

(7.1)

First, the signal yield in ten 100 MeV mass bins in the M, .. spectrum in phase space signal
MC is calculated. From that, the respective efficiencies (i) are determined. Finally, a total
reconstruction efficiency can be obtained by weighting with the signal yield N, in data in
the same mass bins. The result for the efficiencies per mass bin can be seen in Fig(7.2a), the
AF signal yields used for weighting in Fig(7.2b).

Through this method a resultant reconstruction efficiency of ¢ = 13.41% is obtained for the
phase space case, compared to the formerly gained 13.05% without weighting.
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Figure 7.2.: Weighted detection efficiency for ten bins of M, .
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7.3. Efficiency Correction and Systematic Uncertainty

Systematic uncertainty needs to be considered when one does not exactly know the dimen-
sions of the errors that come along with the use of Monte Carlo datasets, imperfect particle
identification on other typical measurements. The following methods describe the estimation
of the correction to the reconstruction efficiency caused by this kind of possible differences,
for example between data and MC.

Number of B Mesons

The official number of B mesons coming from the decay of Y (45) recorded by Belle
is given with (771.581 + 10.566) x 10°. It is determined by counting the recorded
hadronic events and the event shape variables’ distributions to separate continuum and
BB events. Due to the uncertainty on this number a systematic uncertainty of 1.37% is
taken into account.

Tracking Efficiency

Track finding efficiency has been measured by the number of partially and fully recon-
structed D* decays in D* — 7 D°, with D* — 77 K§ and K2 — 777~ By calculating
the ratio of tracking efficiency in data and MC, the systematic uncertainty associated
with tracking has also been evaluated. That study’s results present (—0.13 £+ 0.30 £
0.10)% per track [21], where a systematic uncertainty of 0.10% is given for particles
with momentum higher than 200 MeV. It was also found that tracking charge asym-
metry is negligible in data while giving (—0.52 £ 0.20)% in MC. In this analysis, we
do not apply a correction to the reconstruction efficiency as the deviation is small. As
a conservative estimation, the central value and the statistical and systematic errors are
summed in quadrature to be 0.342% per track. This thesis’ targeted final state contains
five charged particles, and as the tracks are correlated the uncertainties from each track
are added linearly. Consequently, 0.342 x 5 = 1.71% is assigned.

Electron ID Efficiency

The electron identification efficiency correction which can arise as a potential difference
between data and MC needs to be estimated. The efficiency correction and its uncer-
tainty have been determined by investigating the ratio of single and double tag yields in
data and MC using a J/1) — e*e™ mode. The correction is estimated to be 0.9755, with
an uncertainty of 0.0042 which will be considered as 0.43% per J/¢ — eTe™ decay in
the systematic uncertainty.

Muon ID Efficiency
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To determine the muon identification efficiency correction and its contribution to the
systematic uncertainty, et e~ — ete”uTpu~ events as well as J/¢ — ptp~ decays are
used. The efficiency correction and its uncertainty are separately checked for positively
and negatively charged muons and the variation depending on the experimental peri-
ods are considered. A weighted average of those results gives 0.9654 as the efficiency
correction and 0.0299 as its uncertainty per J/v — putpu~ decay.



The contribution from electrons and muons is averaged. In conclusion, the combined
lepton identification systematic uncertainty is 1.77%.

Kaon and Pion ID Efficiency
For kaon and pion identification efficiency corrections due to differences between data
and MC, estimations are made based on a D** — D°(K~nt)n}  process. Similar to
the muon identification case, variation depending on experimental periods are checked
and the weighted average gives 1.0119 4+ 0.0124 for kaon identification correction and
its error which will be considered as 1.23% in the systematic uncertainties.

For pions, the identification efficiency correction and its error are determined by the
same process as kaons. As a 77~ pair has to be considered in the final state, the effi-
ciency correction is 0.9798 with its error being 0.0192 per 77~ pair. This corresponds
to a systematic uncertainty of 1.96%.

7° Veto
In the event selection for the reconstruction of x.; candidates a 7 veto is used in order
to reject background photons coming from 7% decays. This systematic uncertainty is
estimated by obtaining the ratio of A E signal yield when using the cut, Y,,, and without
using the cut, Y, for data and Monte Carlo, and then dividing those in a double ratio:

(52)- Bk

Based on this conservative approach, the difference between the efficiency in data and
MC due to the 7° veto has been estimated to be 1.22%.

Probability Density Functions
When extracting the signal yield, a fit to the data is performed which is described by a
set of parameters. The possible influence of this modeling can be estimated by varying
the fixed parameters by +10. The resultant variation of the respective AF signal yield
of each parameter change is added in quadrature. This systematic uncertainty for the B
decay branching fraction is estimated to be 2.96%.

Signal MC Sample Statistics
The extraction of the uncorrected detection efficiency ¢ by fitting the A E' distribution in
signal MC bears a systematic uncertainty due to the finite number of statistical generated
events. This contribution is found to be 0.51%.

Secondary Branching Fraction
For calculating the branching fraction of B — y. 77~ K branching fractions of sec-
ondary decays as .1 — J/¢y and J/¢ — (¢~ given by the PDG are used [58]].
Those secondary decays’ uncertainties are considered as part of the systematic uncer-
tainty in obtaining B(B* — xantn  K*1): B(xa — J/vy) = (34.8 £ 1.5)% and
B(J/v — ¢t07) = (11.87 £ 0.08)% show an uncertainty themselves. Adding them in
quadrature amounts to1.50%.

The total correction to the efficiency is given as corr(e) = [],, corr,, with averaged lepton
ID, kaon and pion ID contributing, and will be considered with a factor 0.9622.
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Therefore, the efficiency difference between data and the MC simulation is less than 4.0%.
A corrected resultant reconstruction efficiency of 13.41% x 0.9622 = 12.90% is acquired for
Bt — yarntn K=

The systematic uncertainty from each source sums up in quadrature to its final total value of
5.10%. Tab({7.12) summarises all contributions to the systematic uncertainty estimated by the
methods described above.

variable uncertainty (%) Parameter Value
PDF 2.96 Niig 1597 £ 76
pion ID 1.96 E det 12.90%
lepton ID 1.77 B(xe1 — J/¢) (34.8 +1.5)%
tracking 1.71 B(J/Y — eter) (5.94 + 0.06)%
2ndary BF 1.50 B(J/Yv— ptu™)  (5.9340.06)%
Ngg 1.37 Npg (772 £11) x 10°
kaon ID 1.23

¥ veto 1.22

signal MC 0.52

total 5.10 (b) Summary of values used in calculating the

(a) Summary of systematic uncertainties. branching ratio.

Table 7.1.: Parameters and their values.

7.4. Branching Fraction of B* — vy n"n K=

The branching fraction of the decay is then calculated as follows:

Nsig
Edet X B(Xe1 — J/y) x B(J/p — €+0~) x Ngg’

B(BT = xantr K') =

where Ny, is the signal yield, N5 the number of BB pairs and B the secondary branching
ratios including B(J/v — (T¢7) = [B(J/¢¥ — ete”) + B(J/¥» — uu~)]. The respective
values used in calculating the branching fraction are summarised in Tab(7.1D).

We find the branching ratio of B* — y 777~ K* to be 3.89 x 10~%; including statistical and
systematic uncertainties, as derived in Sec(/.3)), the final result is:

B(B" — xartrm K) = (3.89 & 0.19 (stat) & 0.20 (syst) ) x 107*.
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7.5. yan 7~ Invariant Mass Spectrum

The invariant mass of y.; 7+ 7~ is studied with the data sample and an intermediate charmonium-
like state is looked for. In the signal enhanced window of M. > 5.27 GeV and |AE| <
0.02 GeV no distinguished structure is showing at the masses of interest, 3872 MeV for the
X (3872) or 3920 MeV for the x.1(2P).
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Figure 7.3.: Invariant mass distribution of x 77~ on data; My > 5.27 GeV, |AE| < 0.02 GeV
and BCS applied.
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7.6. Upper Limit for X (3872) decaying to y. 7 7~

The relevant .77~ invariant mass spectrum around 3871 MeV is shown in Fig(7.4). A 30
region is defined from the X (3872) — y. 77~ signal MC and in this signal region we find
zero events. Including sideband regions, we found 60 events from 3.8 to 4.0 GeV.
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Figure 7.4.: Invariant mass distribution of x.;7 "7~ in data with 30 signal region marked by the red
lines; My > 5.27 GeV, |AE| < 0.02 GeV and BCS applied.

Because of the very limited statistics around the search window, proper convergence of the
UML fit could not be realized in the M, , ., distribution to look for a potential X (3872) con-
tribution. Instead, the signal yield upper limit is estimated by counting events with featuring
an approach based on the work of Feldman and Cousins [36]]. As there is no signal, the number
of background events in the signal region is assumed to be zero as well. From the Figure and
Table provided by [36] that can be found in App(D), one obtains 2.44 events as an upper limit
at 90% C.L.. Taking into account the 5.1% systematic uncertainty, 2.56 events are regarded as
the proper upper limit.

Thus an upper limit of the product of branching fractions, including both statistical and sys-
tematic uncertainties is found to be

B(B* — X(3872) K¥) x B(X(3872) = xa(1P)7777) < 1.4 x 107°@ 90% C.L..

The values used in calculating the branching fraction are the same as in Tab(7.1b)) but for the
number of signal events Ny, = 2.56 and the efficiency e4ey = 5.59%.
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7.7. Upper Limit for \.,(2P) decaying to . (1P)n "7~

In case of a possible decay of x.1(2P) — xq(1P)rt7~ the invariant mass spectrum of
Xe1(1P)mt7~ is searched for a signature around the predicted y,.; (2P) mass at 3920 MeV.

The x.1(2P) signal in the M, .. spectrum is expressed by a PDF composed as a convolu-
tion of a Breit-Wigner function with a Gaussian. The width of the Breit-Wigner is chosen
as 20 MeV based on the assumptions made in Sec(3.I.I) when comparing with the already
discovered x.o(2P) and x.2(2P) states. 2 MeV are assumed for the Gaussian’s standard de-
viation to represent detector mass resolution; they were obtained from the signal MC fits with
a very narrow resonance at 3920 MeV.
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Figure 7.5.: Fit of the invariant mass distribution of x.; 77~ on data (blue), signal part (red) and com-
binatorial background ( ); My > 5.27 GeV, |AE| < 0.02 GeV and BCS applied.

The fit result to the experimental data can be seen in Fig(7.5). A signal yield of 12.2 + 9.1
events can be extracted. As the significance is not sufficient to quote an evidence, a product
branching fraction upper limit is presented. Including statistical and systematic uncertainties
as well as considering the 90% confidence level, the number of observed signal events amounts
to 30.34 events. The derived upper limit is found to be:

B(B* = x1(2P)K*) x B(xe1(2P) = xa(1P)rt77) < 1.1 x 107°> @ 90% C.L..

The values used in calculating the branching fraction are the same as in Tab(7.1b)) but for the
number of signal events Ny, = 30.34 and the efficiency e4ey = 8.91%.

67






8. Conclusion

The exploration of the quark potential led us to study the spectra of heavy quarkonia, espe-
cially the charmonium system cc. While many states have been measured with high precision
and were found to obey the Standard Model predictions, some states above the open-charm
threshold could not yet be seen. Furthermore, new resonances with unusual exotic quantum
numbers have shown up and are waiting to be studied for their structure and nature to become
known.

The Belle experiment at the KEK B factory discovered many of those charmonium-like exotic
hadrons. Among those, the exotic X (3872) was first observed in the charged B meson decay
Bt — X(3872)K* followed by X (3872) — J/¢n"n~ by the Belle Collaboration in 2003.
This resonance has a much smaller width, ' < 1.2 MeV at 90% C.L., than other charmo-
nia above the open-charm threshold. Its mass is very close to the threshold of the charmed
meson pair D°D*" and its quantum numbers were finally pinned down to be J©¢ = 1+,
Furthermore, not finding a charged partner suggests isospin zero. All this concluded in many
speculations about the nature of this well established but puzzling state. By now, an admix-
ture of a D° D*® molecule and a conventional charmonium, most likely the still undiscovered
Xe1(2P), is one of the most plausible hypotheses. However, the little energy that is left for
the molecule’s binding energy can be translated to a distance between the two DD mesons and
implies a size of about a few fm. This seems too large to explain the significant branch-
ing to J/v. The mass prediction for x.(2P) is around 3920 MeV and this member of the
Xcs(2P) spin triplet has yet to be seen. Even if X (3872) does not contain a x.1(2P) compo-
nent, a significant branching of x.;(2P) to the x. 77~ final state can be expected, just like
' — J/¢prt is one of the major decay modes. Considerations as to its width by com-
paring with the recently established x.o(2P) and y.2(2P) states leads to assuming a possibly
relatively broad resonance with I' ~ 20 MeV. Summarising the statements above, the M, -~
distribution in still to be measured B* — y. 7 7~ K decay is also a suitable source to look
for a signature and clarify the existence of the decays of such resonances.

The results presented in this thesis are based on a total of 772 x 10¢ BB events accumulated
at the T'(4.5) resonance collected by the Belle detector at the KEKB asymmetric-energy ete™
collider. Charged pions and kaons were selected using the combined information from track-
ing and particle identification sub-detectors. Their identification is based upon a likelihood
ratio. Due to the small Q-value in case of X (3872) and x.1(2P) decaying to x. 77~ addi-
tional selection criteria for pions with low transverse momentum became necessary to reduce
fake tracks and improve multiplicity. J/1) candidates were reconstructed from their di-lepton
decay mode and paired with a photon to form ;. By combining the y.; 7" 7~ system with a
charged kaon, B meson candidates were reconstructed.
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The kinematic variables of interest, the beam-constrained mass M. and the difference-to-
beam energy AFE are defined in the Y(4S5) rest frame. The signal extraction region was
determined to be in |[AFE| < 0.12 GeV and M, > 5.27 GeV. A best candidate selection
was applied in case of multiple B candidates per event based on closest mass compared to the
nominal 5 mass.

Using Monte Carlo samples of 0.5 million events each for the four-body phase space case
and the quasi two-body cases with hypothetical intermediate states decaying to Y. mtm™
possible contributions to the background have been estimated. The dominant background
for B¥ — yamtm~ K* decays was expected to come from those B decays with a real
J/1p — ¢~ in their final state. A large B — J/1X Monte Carlo sample exposed that
B* — xeomtm~ K* only has a small contribution to form a peak in the AE projection; all
other backgrounds have shown to be smooth. In the invariant mass spectrum of ;7" 7~ the
only peaking component is found to be a reflection from ¢/’ which was left untreated since
1’ is not interfering with the mass region of interest corresponding to the X (3872) mass or
the x1(2P) mass at 3920 MeV. A fitting routine for AE and M, , .. has been obtained by
composing the respective Probability Density Functions and was tested in toy Monte Carlo
studies. The reconstruction efficiency has been calculated as a function of the invariant mass
of the intermediate state and probable signal yields have been estimated. These and the study
about contributions to the systematic uncertainty were used to obtain a branching ratio and
upper limits.

The B*¥ — ym"m~ K¥ signal yield is extracted from an unbinned maximum likelihood fit
to the AFE distribution. We made a first observation of the decay B — y. 77~ K* with a
statistical significance of 29.6 0. The signal yield reconstructed in data is 1597 476 events and
very well comparable to the expected signal yield of 1700 events. We find the AE resolution
to be consistent with the Monte Carlo expectation. The B decay branching fraction has been
measured to be

B(B* — xartr K*) = (13.89 + 0.19 (stat) % 0.20 (syst) ) x 107,

In order to identify a new X (3872) decay mode and a still unseen y.;(2P), the xan ™
invariant mass spectrum has been studied. Under a plausible assumption concerning branching
ratios, the signal was expected to be in this study’s sensitivity range about 15 or more events.
However, the data exhibits no signature.

Consequently, an upper limit for the exotic X (3872) charmonium-like state to decay to y .77~
has been calculated for the first time using the method of Feldman and Cousins including both
statistical and systematic uncertainties which we report with

B(B* — X(3872) K*) x B(X(3872) = xa(I1P)7777) < 1.4 x 107°@ 90% C.L.,

Comparison with its sibling triplet states and well thought out assumptions about the properties
of the still undiscovered conventional charmonium y,;(2P) following a mass assumption of
3920 MeV led to a preliminary upper limit with

B(B* = xa(2P)K*) x B(xe1(2P) = xa (1P)nT7n7) < 1.1 x 107° @ 90% C.L..
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These results are compatible with and favour the interpretation of X (3872) as an admixture
state of a D°D*" molecule and a conventional state which might be the suspicious and maybe
not so conventional x.1(2P). In [66], Takizawa et al. investigate X (3872) as a charmonium-
hadronic molecule hybrid suggesting a scenario of a c¢ core state coupling to the D°D*"
and D' D*~ molecular states. This model is capable of explaining many of the observed
properties of the X (3872), such as its large isospin symmetry breaking, the strangely high
production rate in pp collisions when considering the size of the molecule, and the absence
of a charged partner. The non-observation of the y.;(2P) resonance predicted by the quark
model is explained by a strong coupling to D D* two-meson state which results in a resonance
with a very broad width - being consistent with our assumptions.

The admixture scenario for X (3872) predicts other probable final states to look for a partner
states. To properly see the signature of a broad admixed X (3872) state, search for partner
states and to fully understand its nature more statistics are needed. They will be provided
by the Belle2 experiment at the next-generation flavour-factory SuperKEKB, a collider with a
design luminosity of 8 x 10%> cm~2s~! which is around 50 times as large as the peak luminosity
achieved by the KEKB collider. The Belle2 detector is a general purpose spectrometer to
efficiently collect data of eTe™ collisions and consists of several sub-detector components
where the Time-of-Propagation counters and the ring-imaging Cherenkov counters are will
replace the TOF and ACC [5,62]]. The physics reach was investigated and studies at the Belle2
experiment will focus on flavour physics and C'P violation measurements [/7]].
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A. Cut Selection for 7' Veto

A figure of merit study was performed to select the most appropriate cut value for the 7° veto.
0.8 was chosen meaning all photons that have a probability > 80% to originate from a 7° will
be rejected and not used in the reconstruction of x.; candidates from .J/¢-y.

24

205 L]

JII|III\|\I\I‘IHI‘I\I\|\I\I‘IIII‘I\I\|

08
Prob. for v coming from 7

Figure A.1.: Figure of merit study to select a veto for photons coming from 7 in the y.; candidate
reconstruction.
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B. Estimated AL Distribution in the

Larger Window

There are five modes to point out when looking at |AF| < 0.2 GeV which can be divided as
follows:

e Signal: B* — . X5,, where X5, can form 777~ K* and result in the signal final state.
In this case AFE peaks at zero.

e Background: B* — o/mt7n~ K+, where 1)’ — X.17. The missing energy from the 1’
decay photon, compared to the signal final state, is 80 to 280 MeV, resulting in a broad
bump in the negative AF region.

e Background: B¥ — Y. Xg,, where X5, — 7t7m~ K*. A small peak can be seen,
shifted to the negative AFE region because of the y.o’s slightly higher mass (Am =
50 MeV).

e Background: B*¥ — Yy, K* and B — X1 Xsq. If one additional, unrelated pion is
added, the signal final state is faked. Here, AL is shifted to values > 0.15 GeV. B —
Xe1X3q is kinematically the same as x.; K* when X5; — 77 K+ happens.

8 | D%
< 50000 EvK n'
8 i xczxs" 0
s [, K"(892)
E L S xc1xsd
£ 40000/ ) y'K*(892)°
o - ] y'K*(892)°
B v xsd
30000 ; [ 1Others
20000 é‘ﬁ
10000 ===
_I 11 1 ‘ L1 1 ‘ 11 1 I ) I ‘ 11 1 | | I 1 1 I 1 11 ‘ L1 11

02 -015 -01 005 0 005 0.1 015 0.2
A E [GeV]

Figure B.1.: AF distribution on the B — J/¢X MC sample; M, > 5.27 GeV and BCS applied.
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C. Expected Signal Yield in the AFE
Distribution in the Phase Space

Based on the estimated efficiency € an expected peak yield for the yet unseen B* — yntn~ K+
decay can be calculated assuming that it is obeying a phase space distribution:

Ngg x B(B = xam ™ m K) x B(xer — J/Uy) x B(J/Y = 1117) x
=771.6-10% x 4-107* x 0.344 x (0.0593 4+ 0.0594) x 0.1341
~ 1700 events

where, taking possible decay dynamics into account, the assumed branching fraction of B —
Xanm n~ K was derived from the decay of B — J/¢n"n~ K [58] as follows:

B(B = xaK)
B(B — J/YK)

B(B — xartn K)= B(B— J/urtr K) -

4.79-1074

=81-107%. ————
1.02-10-3

~ 4-1074

About 1700 events are expected in data when looking for the B* — y nt7n~ K* decay in its
AF distribution.

75



D. Upper Limit Calculation

(]
(=]

—
wn
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Figure D.1.: Upper end 12 of our 90% C.L. confidence intervals [u1, o], for unknown Poisson signal

mean p in the presence of expected Poisson background with known mean b. The curves
for the cases ng from zero through ten are plotted. Dotted portions on the upper left
indicate regions where y; is non-zero. Dashed portions in the lower right indicate regions
where the probability of obtaining the number of events observed or fewer is less than
1%, even if p = 0. [36]
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Figure D.2.: 90% C.L. intervals for the Poisson signal mean p, for total events observed ng, for known
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E. Other Invariant Mass
Combinations

While one of the main goals of this analysis is the study of any y., 777~ intermediate state,
some other invariant mass combinations have been visited as well. However, no unknown
structures can be seen in the following invariant mass spectra of x.; and the higher mass ,
the kaon and the lower mass 7 or the K77~ system.

100 —

50—

Events

‘ Il ‘ Il
.8 1 12 14 16 1.8
My (GEVICD)

Figure E.1.: Invariant mass distribution of K77 in data; My, > 5.27 GeV, |AE| < 0.02 GeV and

BCS applied.
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(b) Mass distribution of K and the lower mass 7 in data. The peaking
structure might be coming from a K™*(892) decay.

Figure E.2.: Invariant mass distributions of correlated final state particles in data; My, > 5.27 GeV,
|AE]| < 0.02 GeV and BCS applied.
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