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Résumé

Récemment, plusieurs nouvelles particules inattendues ont été découvertes a des masses
voisines de 4 GeV/c?. Elles sont connues collectivement sous le nom de mésons XY 7 et
bien que certaines d’entre elles aient été identifiées en tant que charmonium, la plupart
ont des propriétés qui ne correspondent pas a la classification en quark-antiquark, et res-
tent inclassables. Le méson X (3872) a été découvert en premier et est la plus étudiée
de ces particules, et il y a de nombreuses hypotheses quant a sa nature. On mentionnera
également les mésons X (3940) et Y'(3940), qui ont la méme masse et des largeurs proches;
on ne sait pas s’il s’agit d’un seul état ou pas. La compréhension de ces particules exige
davantage de données expérimentales.

Nous présentons 1'étude de la désintégration B — X (3872)K suivie de X (3872) —
D*0DO. Cette étude est basée sur un échantillon de 657 millions de paires BB enregistrées
a la résonance Y (45) avec le détecteur Belle du collisionneur a ete™ KEKB. Nous étudions
les deux canaux D*® — D% et D** — D070,

Nous obtenons un signal total de 50.1 ]} événements, une masse de 3872.9 *5:$ 02
MeV /c?, une largeur de 3.9 738 04 MeV /c? et un produit de rapports d’embranchement

B(B — X (3872)K) x B(X(3872) — D**D°) = (0.80 +0.20 £ 0.11) x 10™*.

Ce signal a une significance statistique de 7.90.
Par ailleurs, nous obtenons une limite supérieure avec un niveau de confiance de 90%
sur le produit de rapports d’embranchement

B(B — Y (3940)K) x B(Y (3940) — D**D") < 0.67 x 107*,
ce qui suggere que les mésons X (3940) et Y (3940) sont des états différents.

Mots-clé : physique des hautes énergies, Belle, physique des B, charmonium, nouvelles
particules.






Abstract

Recently, many unexpected new particles were discovered with masses around 4 GeV /c%.
They are collectively called XY Z mesons and while some of them have been identified as
charmonium states, many others have properties that don’t fit into the quark-antiquark
classification, and so far remain unclassified. The X (3872) meson was the first to be
discovered and is the most studied of these states, and there is a variety of hypotheses
on its nature. Other new states include the X (3940) and Y (3940) mesons, which have
the same mass and similar widths; it is not clear if they are the same state or not. More
experimental evidence is required to understand these particles.

We report a search for B — X(3872)K with X (3872) decaying to D**D° using a
sample of 657 million BB pairs recorded at the Y (45) resonance with the Belle detector at
the KEKB asymmetric-energy ete™ collider. The study is performed for both D** — D%
and D*® — D70 decay modes.

We find a total signal of 50.1 1]} events with a mass of 3872.9 70 01 MeV/c?, a
width of 3.9 73§ 04 MeV/c? and a product branching fraction

B(B — X(3872)K) x B(X(3872) — D**D") = (0.80 +0.20 £ 0.11) x 10™*.

The statistical significance of the signal is 7.90.
Furthermore, from the same study we also set an upper limit at 90% confidence level
on the product branching fraction

B(B — Y (3940)K) x B(Y (3940) — D**D") < 0.67 x 107*,
which suggests that the X (3940) and Y (3940) mesons are different states.

Keywords: high energy physics, Belle, B physics, charmonium, new particles.
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Introduction

My Ph.D. work started in March 2005 at EPFL’s Laboratoire de Physique des Hautes
Energies (LPHE). The main scientific activity of this laboratory is experimental research
in hadronic flavor physics, conducted within two large international collaborations, called
LHCb and Belle, running big detectors at particle accelerators.

The two experiments are at different stages of their lives: the Belle experiment is
running and taking data in steady state, while the next-generation experiment LHCD is
currently in the final stages of preparation. Since the timescale of such experiments is
of the order of 10-20 years (i.e. much longer than that of a Ph.D. thesis), I have taken
the opportunity to work on both projects, gaining experience not only in detector design,
construction and simulation with LHCDb, but also in detector operations and physics data
analysis with Belle.

In practice, I spent the first 18 months of my thesis work on contributions to the
development of the High-Level Trigger software of the LHCb experiment, described in
Appendix B; while the second part of my work, described in Chapters 46, consisted of
an analysis of the Belle data in relation with the X (3872) particle. I started working on
this second topic in August 2006; I made two visits to the KEK laboratory in Tsukuba,
Japan, the first one from September to December 2006, and the second one from early
June to early July 2007. These periods at KEK, where the experiment is operated, allowed
me to interact with my colleagues, participate in collaboration meetings as well as take
an active part in the ongoing data-taking shifts.

The analysis is based on a 605 fb~! data sample (experiments 7-55), corresponding
to Npg = (656.7 £ 8.9) million BB pairs collected at the T(4S) resonance. Prelimi-
nary results were presented at the 34th International Conference on High-Energy Physics
(ICHEP 2008) held in August 2008 in Philadelphia, USA [1]. This study is also described
in an internal Belle document, the Belle note 1006 [2].

In the first chapter of this document an introduction to the Standard Model of par-
ticle physics is given. The second chapter describes some of the newly discovered XY Z
states, with particular emphasis on the X (3872) which is the main subject of this thesis.
Experimental observations and theoretical models are discussed. In the third chapter the
experimental apparatus is described, including the KEKB ete™ collider and the Belle
detector installed around the interaction point, which delivered the data used in this
thesis.

Chapter 4 describes the decay chain, the reconstruction procedure and the optimiza-
tion of the selection criteria. Chapter 5 describes the obtained X (3872) mass signal, the
background studies and the construction of the fitting function. Chapter 6 concerns the
extraction of the signal from the reconstructed Belle data, various checks of the obtained
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results, and the estimation of systematic uncertainties. Appendix A contains several addi-
tional Monte Carlo studies, such as the choice of a strategy for kinematical fits, additional
Monte Carlo samples for X (3872) — D*°D°, the comparison of the D™ mass resolutions
with those in data, and X (3872) mass resolution checks.



Chapter 1

The Standard Model

This chapter gives a short introduction to the Standard Model
of particle physics. For a more detailed description, see Ref. [3].

The Standard Model of particle physics is a quantum field theory describing the funda-
mental interactions between elementary particles. These interactions are the electromag-
netic interaction and the weak and strong forces. Gravity is not included in the model;
gravitational forces are insignificant at the level of particle physics, at least at energies
currently accessible in the lab. The Standard Model includes both the electroweak theory
and quantum chromodynamics and it is compatible with special relativity and quantum
mechanics. So far all experimental results agree with its predictions.

The particles of the model are divided into particles of matter and force-mediating
particles (see Table 1.1).

1.1 Particles of matter

Elementary particles of matter are fermions (spin 1/2) and are divided into leptons (elec-
tron, muon, tau and their neutrinos) and quarks (up, down, charm, strange, top, bottom
or beauty). Each particle has its corresponding antiparticle, which has the same mass but
opposite charges.

Leptons and quarks are grouped in three generations or flavours:

=) () ()
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1.2 Force-mediating particles

The force-mediating particles are bosons (spin 1). They are exchanged between particles
of matter when they interact through one of the three fundamental interactions described
by the Standard Model:

e The electromagnetic interaction is mediated between electrically charged particles
by the photon, which is massless and neutral.

e The weak force has three mediators: the Z° and the W*. The Z° is electrically
neutral and has a mass of about 91 GeV/c?; the W= are electrically charged and
have masses of about 80 GeV /c?.

e The strong force is mediated between coloured particles (quarks) by eight gluons.
They are massless and electrically neutral; however they carry a colour-anticolour
charge, thus they can also interact among themselves. Leptons don’t interact
through the strong force, as they don’t carry a colour charge.

type charge  spin particles
leptons —1 /21 e pn 7T
0 12| ve v, v

quarks +2/3 /2| u ¢ t
-1/3 /2|1 4 s b

0 1 y electromagnetic
mediators | —1,0,+1 1 |W~ Z° WT weak force
0 1 gluons strong force

Table 1.1: Elementary particles.

The Standard Model also contains the yet unobserved Higgs boson, a hypothetical
massive scalar elementary particle. The role of this boson is to explain why particles have
mass; more specifically, it explains the difference between the massless photon and the
massive W+ and Z° through spontaneous breaking of the electroweak gauge symmetry.

The Standard Model doesn’t predict the mass of the Higgs boson, which is not yet
observed experimentally. The current experimental limits indicate the Higgs mass to be
greater than 114.4 GeV/c? at 95% confidence level [4]. The search for the Higgs boson
is one of the main goals of CERN’s Large Hadron Collider (LHC), which is expected to
start taking data in 2009.

1.3 The quark model

Quarks are confined within composite particles called hadrons, bound by the strong in-
teraction field. The quark model is a classification scheme for hadrons in terms of their
valence quarks. Table 1.2 shows the properties of the known quarks. Quark masses are
taken from Ref. [4].
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Quark electric charge (e) Mass Isospin I, B
up u 2/3 1.5-3.3 MeV/c? 1/2 1/3
down d -1/3 3.5-6.0 MeV /c? -1/2  1/3
charm ¢ 2/3 1.27 7597 GeV/c? 0 1/3
strange s -1/3 70-130 MeV /c? 0 1/3
top t 2/3 171.2 4+ 2.1 GeV/c? 0 1/3
bottom (beauty) b -1/3 421037 GeV/c? 0 1/3

Table 1.2: Properties of quarks: electric charge, mass, isospin and baryon number.

Quarks and gluons have an additional quantum number called colour charge, which
characterizes three states: red, green and blue (r,g,b). A quark can take one of the
three colours, while an antiquark takes an anticolour. Gluons carry both a colour and an
anticolour. The colour confinement principle requires hadrons to be colourless. There are
two common types of hadrons: mesons and baryons.

1.3.1 Mesons

Mesons are bosons composed of a quark-antiquark pair and thus have zero baryon num-
ber. Each meson has a corresponding antimeson, where quarks are replaced by their
corresponding antiquarks and oppositely. For example, the BY particle is a bottom me-
son, composed of a down quark d and a bottom antiquark b. Similarly, the B* meson is
composed of an up quark u and a bottom antiquark b. The D** and the D° are charmed
mesons both composed of a charm quark ¢ and an up antiquark «. Other particles which
appear in this thesis, such as the kaons and pions, are also mesons, composed of the lighter
u, d and s quarks.

A flavorless meson composed of a heavy quark and its own antiquark is called a
quarkonium. It is called a bottomium if it is a bb meson, such as the T(4S) produced at
Belle; or a charmonium if it is a ¢¢ meson like the J/1. Charmonium states have masses
around 3 GeV/c?, and bottomium states around 10 GeV/c?. The toponium doesn’t exist,
because the top quark is so heavy that it decays before a bound state can form.

1.3.2 Baryons

Baryons are fermions composed of three quarks and have unit baryon number. The proton
(composed of uud quarks) and the neutron (udd) are well-known examples of baryons.
The proton is the only stable baryon. Each baryon has its corresponding antibaryon with
—1 baryon number, where each quark is replaced by its antiquark.
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1.4 Symmetries and quantum numbers

Symmetries play an important role in the model. For each continuous symmetry, there is
a corresponding conserved quantity. The Standard Model also has three discrete symme-
tries:

e Charge symmetry (C) : replace every particle by its antiparticle.
e Parity symmetry (P) : reflect the three spatial coordinates as in a mirror.
e Time symmetry (T) : reverse the direction of time.

Particles are characterized by their quantum numbers, which describe values of con-
served quantities. The isospin [, is a quantum number related to the strong interaction
and depending on the up and down quark content of the hadron, so that I, = %(Nu — Ng),
where N, and Ny are the numbers of up and down quarks, respectively.

The total angular momentum J of a hadron is the combination of the orbital angular
momentum L between the quarks and the total spin S, which is the combination of the
spins of the quarks. S is equal to 0 or 1 for mesons, and to % or % for baryons.

Since the charge and parity symmetries are unitary operators (C? = P? = 1), their
eigenvalues can only take the values +1. For mesonic states, the parity eigenvalue is re-
lated to the orbital angular momentum through P = (—1)%*!. In addition, for quarkonia,
which are eigenstates of the charge conjugation, one has C' = (—1)&+.

q electric charge

B baryon number % for quarks, 0 for leptons
S spin

I, isospin I, = %(Nu — Ny)

L orbital angular momentum

J angular momentum |IL-S|<J<L+S

P intrinsic parity P = (—=1)%*! for mesons

C  charge conjugation C = (—=1)*9 for quarkonia

Table 1.3: Quantum numbers and some relations between them.

The quantum numbers of a quarkonium state are often labelled using the J©¢ notation.
These states are also described using the spectroscopic notation n?**'L;, where n is the
radial quantum number and symbols for L = 0,1, 2, 3,4,5are S, P, D, F, G, H respectively.
For example, a 23P, meson has J/¢ =17+,

1.5 Beyond the quark model

With the discovery of quantum chromodynamics, it was understood that the quark model
is a simplified vision of the structure of hadrons. Hadrons are composed not only of their
valence quarks, but must include virtual quark-antiquark pairs as well as virtual gluons.
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In addition, there may be hadrons which lie outside the quark model, although they are
still always colourless:

e Glueballs contain only valence gluons and no quarks. Theoretical calculations
show that glueballs could exist at energy ranges accessible to current colliders; how-
ever they are extremely difficult to identify, because they mix with ordinary meson
states. So far they have not been observed and identified with certainty; one possible

candidate is the f;(1710) [5].

e Hybrids contain valence quarks as well as one or more gluons. The mass spectrum
of hybrids was predicted in Ref. [6] and the ground state hybrid masses are expected
around 1.7 to 1.9 GeV/c?. Candidates include the 7;(1400), a JF¢ = 1~F exotic
meson reported in the 77p — nr~ p reaction [7], and the m(1600), another 1~F
state reported in the 7~p — 7~ p°p reaction [8].

e Tetraquark mesons contain two quark-antiquark pairs. There have been no con-
firmed reports of a tetraquark state to date, although the f,(980) is considered by
some authors to be a JF¢ = 07+ light tetraquark state [9]. The B factories recently
observed two very narrow states, the D,;(2317)** and the D,;(2460)** [10, 11],
which have also been interpreted as tetraquark states.

e Pentaquark baryons contain four quarks and one antiquark. In 2003, the LEPS
collaboration reported evidence for the ©", a ududs pentaquark candidate with
a mass of 1540 + 10 MeV/c?, with a 4-50 statistical significance. The ©F was
then confirmed by ten experimental papers with significances ranging from 3 to 7o.
However, it was not seen by the B factories and other high-energy experiments.
Because of these non-confirmations, it is doubted that the ©% really exists [12].

Recently there has been a revival of interest in the possible existence of mesons with
a more complex structure than the simple ¢g states of the quark model. These types of
particles are often looked for in systems that include a c¢ charmed-anticharmed quark
pair, because in some of these cases the states are expected to have clean experimental
signatures and relatively narrow widths. The XY Z mesons described in the next chapter
are often interpreted as such exotic states.

1.6 CP violation

Both experiments I contributed to during my thesis were designed to study the effects of
CP violation. CP violation is the violation of the CP symmetry, the product of charge
conjugation (C) and parity (P). The strong and electromagnetic interactions appear to
be invariant under CP, however it is violated in certain types of weak decays. The first
CP violation was discovered in 1964 in neutral kaon decays.

In 2001 two new experiments, Belle and BaBar, started to study CP violation in
B decays and found several CP-violating processes. CP violation is one of the crucial
mechanisms generating the observed matter-antimatter asymmetry of the Universe. CP
violation is incorporated in the Standard Model through a complex phase in the CKM
matrix of quark mixing. For a detailed description of CP violation, see Ref. [13].
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1.7 Limitations of the Standard Model

The Standard Model has several limitations and problems, which lead many to think that
it is not the ultimate theory of particle physics.

The model does not attempt to describe gravity.

It doesn’t explain why there are three generations of quarks and leptons with very
different masses. Why are there 14 orders of magnitude between the neutrino masses
(1073 eV/c?) and the top quark mass (1.71 x 101! eV /c?) ?

It has a large number of free parameters (18, not including the neutrino masses), the
values of which are only accessible through experiment. Is there a more complete
theory that could predict some of these values?

The hierarchy problem: the weak scale and the Planck scale are very disparate. In
other words: why is the weak force 1032 times stronger than gravity ?

It is not clear how to reconcile the emerging understanding of cosmology with the
Standard Model.

The model does not explain the large matter-antimatter asymmetry of the universe.
The observed CP violation alone is insufficient.
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The XY Z mesons

We introduce the recently discovered XY Z mesons, with partic-
ular emphasis on the X (3872). The experimental observations
and theoretical models are summarized.

Recently the B factories have discovered a number of new and unexpected states with
masses around 4 GeV/c?; collectively known as XY Z mesons [14]. Among these are the
X (3872), Z(3930), X(3940), Y (3940), Y (4260) and Z*(4430). The main properties of
these XY Z states are summarised in Table 2.1.

Some of them were assigned to ¢¢ charmonium states, but most of them don’t fit into
the quark-antiquark spectrum and remain unclassified; in these cases a multiquark or two-
meson composition seems more likely. Several theoretical models have been proposed to
explain the observed states, for example bound molecular states of D*D mesons, diquark-
antidiquark tetraquark states, or ccg charmonium-gluon hybrids. However, these models
are usually confined to subsets of the observed states, and their predictions have had
limited success. No single model seems to be able to successfully describe the whole set
of XY Z states.

For a detailed description of the XY Z mesons, see References [14, 15, 16].

2.1 X (3872)

2.1.1 Discovery and experimental observations

The X (3872) was discovered by the Belle collaboration in 2003 in the charged B-meson
decay BT — X (3872)K+ — J/¢ mrn~ KT [17] with a mass of 3872.0 + 0.6 £ 0.5 MeV /¢?
and a width smaller than 2.3 MeV/c? at 90% confidence level (Figure 2.1). It was later
confirmed by the CDF [19] and D@ [20] collaborations through inclusive production in
proton-antiproton collisions, and by the BaBar collaboration [18], in the same decay
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state M (MeV) T (MeV) production mode  decay mode  seen by

X(3872) 3871.5+04 <23 B — X(3872)K  J/¢ymTn~  Belle [17], BaBar [18],
CDF [19], DO [20]

X(3875) 3875.2+0.7 3.07%! B — X(3875)K D°D%z° DD* Belle [21], BaBar [22]

Z(3930)  3929+5 29410 vy — Z(3930) DD Belle [23]

X(3940) 39434+6 39426 ete” — X(3940).J/¢p  DD* Belle [24]

Y(3940) 3943 +17 87+ 34 B — Y (3940)K J/Yw Belle [25], BaBar [26]

X(4160) 4156 +£29 139713 efem — X(4160)J/yy  D*D* Belle [27]

Y (4008) 4008 752 226 50 ete (ISR) J/Yata~  Belle [28]

Y (4260) 4264 + 12 83 + 22 ete (ISR) J/pmtr BaBar [29], Belle [28],
CLEO [30]

Y (4350) 436113 74+ 18 ete  (ISR) Y(28)rTn~  BaBar [31], Belle [32]

Y (4660) 4664 +12 48+ 15 ete  (ISR) Y(28)rtr~  Belle [32]

Z1(4050) 4051 + 14 82t BY — Z(4050) K Xt Belle [33]

Z7(4250) 4248 753 177758 B — ZF (4250)K Xermt Belle [33]

Z%+(4430) 443345 45132 B — ZF(4430)K  1(28)n* Belle [34]

Table 2.1: Summary of the main properties of some of the XY Z mesons.



X (3872)

11

)
&

a)

5
IS
S

Events / (0.005 GeV
w w
(=} 0l

I}
@

Events / (0.005 GeV )
N w w
ul o (5

N
=}

Events / (0.015 GeV )

20
15

$1 f L S

0 P PR L o
5.2 521522523524 5.25 5.26 5.27 5.28 5.29 5.3 3.82 3.84 3.86 3.88 3.9 3.92 01 -005 0 005 01 015 02
My (GeV) M(I/ @ T (GeV) AE (GeV)

15

o

5

Figure 2.1: Discovery of X (3872) in the B — J/¢ m"n~ K channel by Belle [17]. Signal-
band projections of (a) My, (b) Mjjyrtr— and (c) AE for the X (3872) — J/¢mtn
signal region. The curves are the results of unbinned fits.

channel as Belle.

An important feature of the X (3872) is that its mass is very close to the D**D°
threshold (3871.8 4+ 0.3 MeV/c? [4]). A recent preliminary measurement by the CDF
collaboration gives a mass of 3871.61 4 0.16 £+ 0.19 MeV /c? [35]. This is the most precise
measurement of the X (3872) mass to date. The current average mass in the J/¢mt 7™
channel is 3871.56 & 0.20 MeV /c? (averaging the most recent measurements from Belle,
BaBar, CDF and D@ [36, 37, 35, 20], Figure 2.2) and the full width is less than 2.3 MeV /c?
at 90% confidence level.

Concerning the quantum numbers, the observation by Belle and BaBar of the decay
X (3872) — J/1~ fixes the charge conjugation number C' = 1 [38, 39]. Recent studies
from Belle and CDF combining angular information and the kinematic properties of the
dipion pair rule out the J¥¢ = 0** or 0=+ values and strongly favor a 17+ or 2=+
assignment [40, 41, 42].

The X (3872) was also observed by Belle as a near-threshold enhancement in the
D°D7Y invariant mass spectrum of the B — D°D%7%K channel [21], with a peak at
3875.18 +0.68 MeV /c?, a Gaussian width of 2.42 4+0.55 MeV /c? and a product branching
fraction B(B — X (3872)K) x B(X(3872) — D°D%z%) = (1.22 £ 0.31 1033) x 10~*. This
study was based on a 414 fb™! data sample and the signal has a statistical significance of
6.40. However, it could not determine whether the X (3872) decays through a D** or not.

The BaBar collaboration recently published an observation of 3347 B — X (D**D%) K
events with a 4.9¢ significance (Ref. [22], Figure 2.3). Their study is based on a 347 fb™*
data sample. The observed mass is 3875.1 157 4+ 0.5 MeV /c? and the width is 3.0 11 &
0.9 MeV/c?, with a product branching fraction B(BT — X (3872)K ') x B(X(3872) —
D*D%) = (1.6740.36 £0.47) x 10~%. The recent precision determination of the DY mass
by the CLEO collaboration is used, giving a D**D° threshold mass value of 3871.81 +
0.36 MeV /c? [43].

The state observed by Belle and BaBar in double-charmed decays is suspected to be
another state, sometimes called X (3875), since the observed mass (3875.1 & 0.6 MeV /c?)
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Figure 2.2: Experimental X (3872) mass measurements and averages in the J/¢r m~
[20, 36, 37, 35] and D*°D° [21, 22] channels.

is 5.40 higher than the current average value for X (3872) (see Figure 2.2). It should be
noted that measurements of the X (3872) mass from X (3872) — D*°D° decays have a
strong dependance on the value of the D*Y D threshold mass; this is important since the
nominal D° and D* masses are not yet known with a very good precision.

Table 2.2 gives a summary of observed X (3872) decay modes.

2.1.2 Theoretical models

There is a variety of theoretical interpretations for the X (3872), most of which go beyond
the simple ¢g state. It may be:

e A c¢ charmonium state: however, in the discovery mode J/¢ 7" 7™, the 777~ invari-

ant masses concentrate near the upper kinematic boundary, corresponding to the p°
meson mass. Charmonium decays to J/v p° are isospin violating and are expected to
be strongly suppressed. In addition, the mass is not near any expected charmonium
state (see Table 2.3). The candidates matching the 1t or 27F quantum numbers
are x'; and 7. The y/, is the name given to the 2°P; state; it has JX¢ = 1+
and its predicted mass is 3953 MeV/c? [45, 44]. The 7. is the 1' D, state; it has
JPC =27 and its predicted mass is 3837 MeV /c?. However its branching fraction
to J/¢Ymtn~ is expected to be very small. Thus it is difficult to accomodate the
X (3872) with a charmonium state. As charmonium, the ratio of B® — X (3872)K°
to BT — X (3872)K* decays is expected to be unity.

A mesonic molecule: a set of two mesons bound together by the strong force; the
mesonic equivalent of the deuteron (a proton-neutron system bound by pion ex-
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channel collab. mass (MeV/c?) width (MeV/c?) signif. Ref.
B — J/YnnK Belle 3872.0+0.6 0.5 <23 100 [17]
pp — J/p CDF 3871.3+£0.7+£0.4 resolution 11.60 [19]
pp — J/Yrm DO 3871.8 £3.1 £ 3.0 resolution 520  [20]
B — J/YrmnK  BaBar 38734+ 1.4 - 3.50  [1§]
B — J/YnnK Belle 3871.5+£04+0.1 - > 100 [36]
B — J/YnmnrK  BaBar 3871.4+0.6 0.1 <33 8.60  [37]
pp— J/nr  CDF  3871.6140.16 £ 0.19 ; - [35]
B — D'D°7°K Belle  3875.2+0.7+0.8 5.7+1.3 6.40 [21]
B — D*DK  BaBar  3875.1707+0.5 3011 +£09 490  [22]
B — J/yyK Belle - - 4.00  [3§]
B — J/yyK BaBar - - 3.60 [39]
B — 1(25)yK BaBar - - 3.50  [39]

Table 2.2: Observed X (3872) decay channels, with corresponding mass and width if

available.
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change). The molecule hypothesis is motivated by the proximity of the X (3872)
to the D**DP threshold. In Ref. [46] Térnqvist discusses the possibility that the
X (3872) is a two-meson system bound by an attractive pion exchange mecha-
nism. Such D*D deuteron-like states were predicted long ago with masses close
to 3870 MeV/c* [47]. In this model, the ratio of B® — X (3872)K° to BT —
X (3872) Kt decays can be different from unity [48].

A tetraquark state: a hypothetical meson composed of four valence quarks. Maiani
et al [49] study diquark-antidiquark spectra and identify the X (3872) with the
JFPC = 1% state of [eq][eg]. They find a 2 state at 3952 MeV /c? which could be
identified with the X (3940), and several other states which remain unseen. Their
model also predicts two charged partners X+, and two neutral X states, [cu][ci] and

[cd][ed], with a mass difference of 8 £3 MeV /c?. They argue that the X (3872) state

decaying into J/¢ n" 7~ is the [cd][cd] neutral state, while the X (3876) decaying
into D°D70 is the [cu][cu] state [50].

A c¢cg hybrid meson: a c¢ system possessing a valence gluon [51], which would decay
predominantly through X (3872) — J/vgg9 — J/¢¥mmw. However, current model
expectations for the masses of cég hybrids are in the range 4200 — 4400 MeV /c?,
which is difficult to accomodate with the X (3872) mass. In this model, the ratio of
BY — X (3872)K° to BT — X(3872) K decays is expected to be unity.

The authors of Ref. [52] attempt to reconcile the X (3872) with the near-threshold
enhancement seen by Belle in the D°D°7° final state [21]. They perform a Flatté
analysis of the Belle data and conclude that the structure seen at 3875 MeV /c? is a
manifestation of the X (3872), where the mean mass is below the D**D° threshold
and only the high-mass tail of the mass distribution contributes to the X (3872) —
D*OD° decay. See Section 6.2.3 for more details on the Flatté distribution.

2.1.3 Recent experimental observations

Recently, the Belle collaboration released updated preliminary results on the X (3872)
produced in B* — X (3872) K" and B® — X(3872)K? decays, where X (3872) decays to

J/wntw™ [36]. The analysis is based on a 605 fb™' data sample. The first statistically

significant observation of B® — X (3872)K? is reported, with a 5.90 significance. The
average mass is 3871.46 + 0.37 £ 0.07 MeV /c? and the ratio of branching fractions

B(B® — X (3872)K")

= 0.82 +0.22 + 0.05
B(BY = X(3s12)K+) O

is consistent with unity. The mass difference between the X (3872) states produced in B
and B° decays is

SM = Mx g+ — Mxgo = (0.18 £ 0.89 £ 0.26) MeV /c?,

consistent with zero.

For the ratio of branching fractions, BaBar finds [37]

B(B® — X (3872)K")
B(B+ — X(3872)K ™)

= 0.41 £0.24 £ 0.05.
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Figure 2.4: Distribution of the J/¢m"7n~ mass at CDF [35]. The points represent data,
the full line the total fit and the dashed line the combinatorial background. The inset
shows a zoom to the region of the X (3872).

In summer 2008, the CDF collaboration published the most precise measurement of
the X (3872) mass to date, with a mass of 3871.61 & 0.16 & 0.19 MeV /c? obtained from
the decay mode to J/yrtn~ [35] (Figure 2.4). In addition, they probe the possibility of
existence of two nearby states by comparing the expected width of one- and two-state
hypotheses to the measured width in data. No indication for two states is found, and they
set an upper limit on the mass difference between two possible states of Am < 3.2 MeV /c?
at 90% CL.

The BaBar collaboration also published an evidence for B — X (3872)K radiative
decays with X (3872) — J/v¢~ and X (3872) — (2S5)~y* with 3.60 and 3.5¢0 significance,
respectively [39]. They find a relatively large branching fraction for X (3872) — 1(295)~,
which is inconsistent with a purely D**D° molecular interpretation of the X (3872) and
indicates a possible mixing of molecular and charmonium components.

2.2 Other XY Z mesons

2.2.1 X (3940) and Y (3940)

The X (3940) was discovered by Belle in ete™ — X(3940) J /v with X (3940) — D*°D°
[24]. Tts mass is 3943 £ 6 + 6 MeV/c? and its width is 39 £ 26 MeV /c?, consistent with

lthe 9)(2S) is sometimes called 1.



16 The XY Z mesons

zero within the large statistical error (Figure 2.5). The authors also set the 90% CL limits
B(X(3940) — w J/1) < 0.26 and B(X(3940) — D*°D%) > 0.45.

Another state, the Y(3940), was also discovered by Belle in B — Y (3940) K with
Y (3940) — w J/v [25]. Tt has the same mass as the X (3940) : 3943 + 17 MeV /c?, but it
is somewhat wider, with 87 + 34 MeV /¢? (Figure 2.5). The obtained product branching
fraction is

B(B — Y (3940)K) x B(Y (3940) — wJ/4¥) = (0.71 £ 0.13 £ 0.31) x 10~*,

This state was later confirmed by BaBar [26], although with a smaller mass (3914.6 755 +
1.9 MeV/c?) and width (34 T34+ 5 MeV/c?). BaBar finds a product branching fraction of

B(B* — Y (3940)K ™) x B(Y(3940) — wJ/1) = (0.49 + 0.10 & 0.05) x 107%,

in agreement with Belle. It is possible that the X (3940) and the Y (3940) are the same
states.

In addition, a third state with a similar mass, the Z(3930), was discovered by Belle
in two-photon collisions vy — DD with a mass of 3929 &5 MeV /c? [23]. This particle is
interpreted as the X (2P) charmonium state.

2.2.2 Y (4260)

The Y (4260)% was discovered by BaBar as a broad JF¢ = 17~ resonance in the invariant-
mass spectrum of J/¢ ntn~ in ete” — ygrJ/Y 7w initial-state radiation events [29].
Their data can be characterized by a single resonance with a mass of about 4260 MeV /c?
and a width of about 90 MeV /c?, or by multiple narrow resonances; the number of new
states can’t be distinguished.

Since this state wasn’t observed in open charm decays, while it is far from the DD
threshold, it was proposed that it may be a ¢ég hybrid meson [53]. The Y (4260) was
confirmed by CLEO in initial-state radiation events [30], and by Belle, who also found a
second cluster of events around 4.0 GeV /c?, called Y (4008) [28].

Additional states from the initial-state radiation family include the Y (4350) observed
by BaBar [31] and confirmed by Belle [32], and the Y (4660) observed by Belle [32].

2.2.3 Z1(4430)

The Z7%(4430) (Figure 2.7) was discovered by Belle in B — Z7(4430)K — 7wty (25)K
[34] and is the first of the XY Z states to be electrically charged. Thus it cannot be
a cc charmonium or a ccg hybrid since these are electrically neutral. The remaining
possibilities are a tetraquark state or a molecule [54].

The BaBar collaboration also presented a search for Z1(4430) — J/¢ #" and Z7(4430)
— (28)rT in B — J/v (¢(2S))Kn" decays [55], but no significant evidence for the ex-
istence of the Z1(4430) was obtained.

Two other charged states, the Z;"(4050) and Z, (4250), were observed by Belle in
B’ — Z{, K™ — xan" K~ decays [33].

2the Y (4260) is called X (4260) in the PDG 2008 [4].
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State mass (MeV/c?) State mass (MeV/c?)

13D 3849 23 P, 3979
13D, 3838 23P 3953
13D, 3819 2P, 3916
11D, 3837 21 Py 3956

Table 2.3: Predicted masses of 1D and 2P charmonium states, from Ref. [44].
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Figure 2.5: Discovery of X (3940) and Y'(3940) at Belle. Top: distribution of the mass
of the system recoiling against J/v in inclusive ete™ — J/1 X events [24]. The X (3940)
is visible as a fourth enhancement in addition to previously reported 7., x. and 7.(25)
peaks. Bottom: Y'(3940) signal in the w.J/v mass distribution in B — wJ/9¥ K decays [25].
The curve in (a) is the result of a fit that includes only a phase-space-like threshold
function, while the curve in (b) also includes a Breit-Wigner resonance term.
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Figure 2.6:
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Chapter 3

The Belle experiment

(D In this chapter a general description of the Belle experiment is
@ given. First the KEKB accelerator is presented, then the Belle
detector and its subdetectors are described.

BELLE

3.1 The KEKB accelerator

The KEKB accelerator is located at the KEK (Ko Enerugi Kasokuki Kenkyu Kiko) lab-
oratory in Tsukuba, Japan. It is a high luminosity asymmetric ete™ collider operating
at the Y(4S) resonance. The construction of the accelerator was completed in November
1998. A detailed description of the accelerator can be found in Ref. [56].

The accelerator (Figure 3.1) is composed of two side-by-side rings fed by a linear
accelerator (linac). The rings are installed in a 3 km long tunnel buried 10 m below the
surface. In a first stage of the linac, electrons are accelerated to an energy of 4 GeV.
Positrons are then produced by hitting a thin tungsten monocrystal target with some of
these electrons, which will radiate photons. These photons create electron-positron pairs
and the positrons are collected and accelerated to 3.5 GeV. The electron beam is then
accelerated further, and both beams are directly injected into the rings at full energies:
the high-energy ring (HER) contains electrons at 8.0 GeV energy and the low-energy ring
(LER) contains positrons at 3.5 GeV.

There is only one interaction point, called Tsukuba, where the beams cross each other
in the center of the Belle detector. The crossing angle is £11 mrad (22 mrad in total).
Colliding the beams gives a 10.58 GeV center-of-mass energy, equal to the nominal mass
of the Y(4S). This resonance decays to BB almost 100% of the time; thus KEKB is called
a B factory. Due to the beam energy asymmetry, the B meson pairs are created with a
Lorentz boost factor of fy = 0.425.

The design luminosity is 1x 103 cm=2 s, and the record peak luminosity was reached
in 2006 at 1.71 x 10** cm~2 s~!. Since it started taking data in 2000, the Belle experiment
has accumulated over 850 fb~' of data. This high performance is made possible by the

2
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Figure 3.1: Layout of the KEKB accelerator.

continuous beam injection technique used at KEKB, where the detector keeps taking data
while the electron and positron beams are being injected into the accelerator.

In 2007, new devices called crab cavities were installed at KEKB. Their goal is to
achieve effective head-on collisions of the beams while retaining the 22 mrad crossing
angle. The crab cavities are superconducting radio-frequency cavities that tilt bunches
sideways (like the way a crab walks). One cavity was installed in each ring in January
2007 and commissioned until the end of June of the same year. This new technology
was expected to increase the Belle luminosity by a factor 2. Figure 3.2 shows that the
crab cavities indeed allowed for an increase in the specific luminosity; however the peak
luminosity has not yet reached its 2006 level.

3.2 The Belle detector

The Belle detector [57] is a multi-layer 47 spectrometer, designed to study CP violation
in the b-quark sector and rare B-meson decay modes with very small branching fractions.
A high luminosity and a very good vertex position resolution are required to achieve the
scientific goals of the Belle collaboration.

The detector is composed of the following subdetectors (see Figures 3.3 and 3.4):

e Silicon vertex detector (SVD), for vertexing and tracking;

e Central drift chamber (CDC) in a solenoid magnet, for tracking;
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e Aerogel Cherenkov counters (ACC), for distinguishing kaons from pions;
e Time-of-flight counters (TOF), for particle identification;
e Electromagnetic calorimeter (ECL, EFC), for measuring photons and electrons;

e K and muon detection system (KLM), for detecting muons.

3.2.1 Interaction region

The interaction region (Figure 3.5) lies at the center of the Belle detector. The central
part of the beam pipe is a double-walled Beryllium cylinder with an inner radius of 20 mm.
Both walls are 0.5 mm thick. The beam pipe is cooled with liquid Helium flowing between
the inner and outer walls.

00 T

Particle masks

00 ] ] ]

Distance from IP (m)

Figure 3.5: Arrangement of the beam pipe around the interaction region.

3.2.2 Silicon vertex detector

The Silicon vertex detector (SVD) was designed to measure the difference in z vertex
positions for B meson pairs with a precision of about 100 um. It is also useful for the
tracking. Two versions of the SVD have been used.

The SVD1 (Figure 3.6) consisted of three layers of double-sided Silicon strip detectors
(DSSD) covering 86% of the total solid angle. It was placed around the interaction point,
surrounding the beam pipe at distances between 30 and 60.5 mm of the beam axis.

The SVD was upgraded to SVD2 in October 2003. It has a fourth layer of DSSD and
is placed closer to the interaction point, at a distance of 15 mm. It covers 92% of the
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total solid angle, and with this upgrade, the resolution of the vertex position is improved

by 25%.

3.2.3 Central drift chamber

The goal of the central drift chamber (CDC, Figure 3.7) is the reconstruction of charged
particle tracks and the precise determination of their momenta. It is also useful for
triggering and charged particle identification through the measurement of dE£/dzx.

The CDC is composed of 8400 drift cells filled with a gas mixture of 50% helium and
50% ethane. The field wires and sense wires are parallel to the beam axis. The overall
tracking resolution in r and ¢ is 130 pm.

Track parameters are improved by combining the SVD and CDC information. The
combined performance is

Opy = 19@ _ 0 pam
’ pBsin®?0" 7
o, = 36 2 pam

: pBsin®?60 "

Opy

— = (0.34® 0.19p;) %,

bt

where the momentum p and the tranverse momentum p; are in GeV/c, (3 is the particle’s
speed and 0 its polar angle, and @ represents a quadratic sum.

3.2.4 Aerogel Cherenkov counters

The goal of the Aerogel Cherenkov counters (ACC, Figure 3.8) is particle identification,
especially the ability to distinguish 7% from K*. A Cherenkov counter is based on the fact
that an energetic particle travelling in a transparent medium with a speed greater than
the speed of light in that medium will emit a cone of Cherenkov radiation. In a threshold
Cherenkov counter, the detection or non-detection of this Cherenkov light allows one to
set a limit on the speed of the particle, and knowing its momentum, on its mass, thus
identifying the particle.

Belle uses 960 aerogel threshold Cherenkov counter modules in the barrel region and
228 in the end-cap region. A counter module is composed of silica aerogel in a thin
aluminum container and a photomultiplier tube to detect the Cherenkov light. The aerogel
have refractive indices between 1.01 and 1.03 depending on the polar angle. Pions will
emit a signal in the modules, kaons not.

3.2.5 Time-of-flight counters

The principle of a time-of-flight (TOF) counter is to measure the speed of a particle with
known momentum, thus identifying it through its mass. Belle uses plastic scintillators
1.2 m away from the interaction point, with a time resolution of 100 ps. This is effective
for particles with momenta below 1.2 GeV; for kaons and pions the separation is at least
20.



3.2 The Belle detector 25

SVD sideview
CDC -

SVD erdview \

Figure 3.6: Configuration of the SVD1 subdetector.
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Figure 3.7: Overview of the CDC subdetector.
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Figure 3.8: Arrangement of the ACC subdetector.

In addition to particle identification, the TOF also gives fast timing signals for the
trigger.

3.2.6 Electromagnetic calorimeters

The main purpose of the electromagnetic calorimeter (ECL, Figure 3.9) is the detection
of photons with a good energy and position resolution. It is also useful to distinguish
electrons from pions, using the energy deposition. The ECL is an array of 8736 CsI(T1)
crystals pointing to the interaction point and covering 91% of the total solid angle.

Photons or electrons hitting the calorimeter will produce an electromagnetic shower by
Brehmsstrahlung and pair creation. Photon energies are reconstructed using the energy
depositions in 3 x 3 and 5 X 5 crystal matrices around the crystal with the maximum
energy (Fg and Ess, respectively). The photon quality ratio Fg/Fas is used to reject fake
photons. The photon energy resolution is shown in Figure 3.10 and can be described as
a function of the photon energy by

orp 0.066% 0.81%
F— E ©® E1/4 D 1.34%,

where F is in GeV. For the photons with energy £ > 100 MeV used in this analysis, the
energy resolution is about 2%. The position resolution is

3.4 1.8
o, =027+ m + m
where F is in GeV and o, in mm.
The extreme forward calorimeter (EFC) extends the angular coverage around the beam
pipe. It is composed of 2 x 160 Bismuth Germanate (BGO) cells. The EFC is also used
as a luminosity monitor for the Belle experiment.
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Figure 3.10: Energy resolution of the ECL as a function of the incident photon energy for

the 3 x 3 (left) and 5 x 5 matrices (right).
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3.2.7 K-long and muon detection system

The K and muon system (KLM) is designed to identify K and muons over a wide
momentum range. It consists of alternating layers of charged particle detectors (glass-
electrode resistive plate counters) and iron plates, providing a total of 3.9 interaction
lengths of material. Since muons travel much farther and with smaller deflections than
hadrons, these multiple layers allow to discriminate between them based on their range
and transverse scattering.

3.2.8 Solenoid magnet

The Belle magnet is a superconducting solenoid with an inner radius of 170 cm, providing
a magnetic field of 1.5 T. This field bends the trajectories of charged particles, allowing
for the measurement of their momenta and the determination of their charge.

3.3 The trigger

At the high luminosity at which the Belle experiment is operating, the event rate is too
high to allow the storage of each event. The trigger system is responsible of recognising
physically interesting events as they happen and storing only these.

Belle has two trigger levels: Level-1 is a hardware trigger and Level-3 is implemented
in software.

3.3.1 The Level-1 trigger

The Level-1 trigger decision is based on information from most subdetectors (CDC, TOF,
ECL, KLM, EFC) in the form of track triggers and energy triggers (Figure 3.11).

e The CDC trigger is the key element of the trigger system and is divided into an
r-¢ trigger and a z trigger. The r-¢ trigger identifies tracks originating from the IP
and discriminates on the track transverse momentum p; and on the direction and
number of tracks. The z trigger estimates the z position of the tracks to suppress
tracks from beam-gas events, from interactions with material around the beam pipe
or from cosmic rays.

e The TOF trigger provides timing signals with a time jitter less than 10 ns and
information on event multiplicity and topology.

e The ECL triggers on neutral and charged tracks using a total energy trigger and a
cluster count trigger.

e The KLM trigger saves as many events containing muon tracks as possible.

e The EFC trigger provides Bhabha scattering and v+ event samples used to monitor
the luminosity.
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Figure 3.11: Overview of the Level-1 trigger.

3.3.2 The Level-3 trigger

The Level-3 trigger is implemented in software running on a PC farm. It reduces the event
rate by about 50% by selecting events with at least one track with z impact parameter
less than 5 cm and at least 3 GeV energy deposition in the ECL.






Chapter 4

Reconstrugtion and selection of
B — D*ODVYK decays

This chapter describes the preliminary studies performed using
Monte Carlo simulations. They include the reconstruction pro-
cedure and the optimization of the selection criteria.

4.1 Introduction

The study described in this document is a search for the X (3872) — D**D° decay mode,
followed either by D** — D% or D** — D°#% in charged and neutral B — X (3872)K de-
cays. Inclusion of charge conjugate modes is implied throughout the thesis. Furthermore
we use the notation D**DO to indicate both D**D® and D*0D°.

The X (3872) was already observed by Belle in non-resonant B — D°D°7°K decays,
using a 414 fb~! data sample. The motivation of the present analysis is to repeat this
study with a larger data sample which also includes the D*® — D%y mode, and possibly
disentangle X (3872) — D°D%7% and X (3872) — D*°D°.

The main objectives of the analysis are the measurement of the X (3872) mass and
decay width and of the product branching fraction B(B — X (3872)K) x B(X(3872) —
D*DY). The measurement of the mass is especially crucial, since it is not yet clear if
there are two states, one with a mass around 3872 MeV /c? decaying to J/¢m 7™, and
another one around 3875 MeV /c? decaying to D**DP or if they are in fact the same
state; a precise measurement of the mass could help answer this question. It could also
help to distinguish between some of the proposed theoretical models; for example, in the
molecular model, one would expect the mass to be slightly below the D**D° threshold
mass, since such a bound state would have a negative binding energy. A measurement of
the ratio of branching fractions in neutral and charged B decays is also interesting, since
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different models expect different values for this ratio.
B candidates are reconstructed from the following channels (in this graph, whenever
a particle appears twice or more, its decay channels are only listed in one instance):

T(4S)
BB
L X(3872) K?
.
BTB~
L X(3872) Kt
I 5 X 5 1
DY
Ly
D%
K—rnt
K- 7mtr0
Kntnta~
Kintr
L K Kt

4.1.1 Signal Monte Carlo samples

B decays for the signal channels are studied using Monte Carlo samples. The Belle de-
tector is fully simulated using Monte Carlo software. The simulation is performed in
two steps: first, the physical processes are generated using the EVTGEN [58] generator;
then the response of the Belle detector is simulated using a GEANT3-based program [59].
Samples are generated for BT — X(3872)(D**DY)K* and B® — X(3872)(D*°D°) K},
decays. Separate samples are generated for D** — D% and for D** — D%%0; the D°
mesons decay in the five channels mentioned above. Several sets of samples are gener-
ated with different values of the X (3872) mass and width. The D° and D*® mesons are
generated with nominal masses of mpo = 1864.6 MeV/c* and mp-o = 2006.7 MeV /2.
The Belle libraries used to generate the samples are b20060529_2127, b20070402_1209
and b20070528_1559. Each sample contains 530,000 events, distributed over experiments
7-49 proportionally to the data available in these experiments.

4.2 Selection criteria

We perform a blind analysis, meaning that the reconstruction procedure and the selection
criteria are studied and fixed using Monte Carlo simulations, the real data being used
only in the last step of the analysis to obtain the results. Data sidebands can be used
to study the background. This is done to prevent the results from being (consciously or
unconsciously) biased.
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4.2.1 Reconstruction of charged kaons and pions

Charged tracks are required to originate close to the nominal interaction point, so that
dr <2cm, |dz| <4 cm, (4.1)

where dr is the radial distance to the interaction point and |dz| is the distance along the
beam axis to the interaction point.

Charged kaons are selected from these tracks using a requirement on the likelihood ra-
tio Li/r = Lk /(Lx+Lr) > 0.6, where L and L, are the likelihoods for a track to come
from a kaon or a pion, respectively, based on the response of the ACC and on measure-
ments from CDC and TOF. This requirement has a kaon identification efficiency of 88%
and a pion misidentification rate of 10%. For the cleaner D° — KK and K7 channels,
we require Lg/» > 0.1, with a kaon identification efficiency of 97% and a pion misidentifi-
cation rate of 18%. Similarily, charged pions are selected with an efficiency of 98% and a
kaon misidentification rate of 12%, by requiring L/ < 0.9. These requirements on the
likelihood ratio follow the standard Belle procedure.

4.2.2 Reconstruction of neutral kaons

The K9 candidates are reconstructed from the K3 — 77~ mode with the requirement
|Mer — Mgo| < 15 MeV/c?. Requirements on the Kg vertex displacement from the
interaction point and on the difference between vertex and K§ flight directions are applied:
the smallest approach of one of the tracks to the interaction point is required to be greater
than 0.3 mm; the angle between the momentum vector and the decay vertex vector of the
K? candidate is required to be less than 0.1 rad; the distance between the two daughter
tracks at their point of closest approach is required to be less than 1.8 cm; and the decay
length of the K9 candidate in the xy plane is required to be greater than 0.8 mm [60].
A mass- and vertex-constrained fit is applied to improve the four-momenta of the K
candidates: the momentum is fitted to match the nominal mass and to constrain the
candidate to originate from the nominal interaction point.

4.2.3 Reconstruction of neutral pions

Photons are detected from ECL energy depositions that can’t be matched to a charged
track. The 7° candidates are reconstructed from pairs of photons with energies E, >
50 MeV and with invariant mass in the range 118 < m.,, < 150 MeV/c%. A mass-
constrained fit is applied to obtain the four-momenta of the 7° candidates.

4.2.4 Reconstruction of photons from D** — D%

Since the photons from D*® — D%y decays in this analysis have a quite low momentum
range (from about 70 to 300 MeV /¢, see Figure 4.1), there is a very large background
of low-energy photons. This background is partially suppressed by requiring a photon
momentum of at least 100 MeV /c in the laboratory frame.

Fake photons can be suppressed through the Eq/Fo5 ratio (ratio of energy in 3 x 3
over 5 x 5 calorimeter cell clusters). The distribution of the Eq/Fs; variable for selected
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Figure 4.1: Distribution of the photon momentum in the laboratory frame for selected
events in signal Monte Carlo.

events in MC signal samples and data sidebands is shown on Figure 4.2. The gap below
Eg/FEs;5 = 1 is due to the energy threshold of the calorimeter cells. It is required that
Eg/E25 > 0.8.

4.2.5 Reconstruction of D° mesons

DP candidates are reconstructed in the following decay modes: D — K7, K- nt7n?,
K rntntr, Kintn~ and K- K.

Signal Monte Carlo mass distributions of D° mesons are fitted channel by channel with
a double Gaussian function. All channels except Knn’ have similar resolutions (within
5%) and are fitted together; an average resolution of 3.04+0.2 MeV /c? is obtained. For the
Krr® channel the resolution is 7.3 4+ 0.5 MeV /c?. The fit results are shown on Figure 4.3
and the resolutions are summarised in Table 4.1.

Mass- and vertex-constrained fits are applied to improve the four-momenta of the D°
candidates; the mass is constrained to the value of 1864.6 MeV /c?. See Appendix A.1 for
a study of different kinematical fit strategies. The reduced 2 of the vertex fit is required
to be less than 25, where the y? is based on the least distance between the track and the
vertex.

To reduce the background, at least one of the D° or D° meson is required to decay
to either K7™ or K*7~. This requirement reduces the background by a factor 10 while
keeping approximately 66% of the signal.

4.2.6 Reconstruction of D*° mesons

DY candidates are combined with a photon or a 7° to obtain D*° candidates. In Figure 4.4,
signal Monte Carlo D*? mass distributions are fitted for correctly reconstructed D chil-
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Figure 4.3: Distribution of the reconstructed D° mass in signal Monte Carlo events. Left:
all DY channels except Knn%; right: D® — Kar". The curve is the result of a fit with a
double Gaussian function of common mean p; the resolution o is the smallest of the two
widths, f, is the ratio of widths and f, is the fraction of amplitude in the first Gaussian.
The background is described with a second order polynomial.
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dren. The obtained resolution is 6.940.4 MeV /c? for D** — D% and 1.75+0.05 MeV /¢?
for D** — D20, Table 4.1 gives a summary of D° and D*® mass resolutions for Monte
Carlo and data. The resolutions on data are estimated by multiplying those obtained
on Monte Carlo by a data/MC ratio extracted from control channels, as explained in
Appendix A.2. A mass-constrained fit is used to improve the four-momenta of the D*°
candidates; the mass is constrained to the value of 2006.7 MeV /c?.

D and D*Y cut selections are described later in Section 4.2.10.
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Figure 4.4: Distribution of the reconstructed D*® mass in signal Monte Carlo events. Left:
D*® — D%y, right: D*® — D%, The curve is the result of a fit with a double Gaussian
function of common mean p; the resolution ¢ is the smallest of the two widths, f, is the
ratio of widths and f4 is the fraction of amplitude in the first Gaussian. The background
is described with a second order polynomial.

channel MC (MeV/c?) data (MeV/c?) data/MC ratio
D° — not Krr® 3.0+0.2 3.50+0.2 1.18 £ 0.04
D — Krr® 7.3+£0.5 8.6 £ 0.6 1.18 £0.04
D*0 — DO 6.9+04 9.24+0.5 1.334+0.15
D* — DOx0 1.75£0.05 2.03 £0.06 1.16 £ 0.08

Table 4.1: D° and D*° mass resolutions for Monte Carlo and data.

4.2.7 Reconstruction of B mesons

X (3872) candidates are reconstructed from D*DP pairs with invariant mass Mp-p <
4.0 GeV/c?. B candidates are reconstructed by combining an X (3872) candidate with a
charged or neutral kaon.
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Two variables, My, and AFE, are useful to distinguish signal events from background.
The beam-energy constrained mass

2
MbC = Egeam - (Z ﬁl) ) (42)

where P, is the momentum of the ith daughter of the B candidate in the center-of-mass
(CM) system, is expected to be close to the nominal B mass for signal events. The
difference between the measured CM energy of the B candidate and the CM beam energy

AE =) E; — Eyean, (4.3)

where FE; is the CM energy of the ith daughter of the B candidate, is expected to be
close to zero for signal events. M, is required to be larger than 5.2 MeV/c?, and AFE is
restricted to the range |AE| < 25 MeV.

4.2.8 Best candidate selection

After these selections, there are still several candidates per event. In signal Monte Carlo,
the average B candidate multiplicity per event is 2.3 for the D*® — D%y channel and 2.7
for the D** — D°7% channel. The best candidate is chosen by minimizing the quantity

2 2 2
X2 — (AMDo) + <AMDQ) + (A(MD*OMDO))
O'JVIDO O'JVIDO UJMD*O—]MDO
2 A 2
(@) [ (2)] .
OAE U]Mﬂ_o

where the last term only applies for the D** — D% channel, and where AM, is the
deviation of the measured mass from its nominal value, oy, is the resolution on this mass
as shown in Table 4.1, oy , = 5 MeV/c? and oap = 4.5 MeV for D% or 6 MeV for D°7°.

Usually in a Belle analysis, AFE is used to extract the signal, since it is a powerful
variable to distinguish signal from background events. However in this case, AFE is used
in the best candidate selection to suppress the D°-DP reflection (events where the 7 or
the 7¥ is assigned to the wrong D°, see Section 5.1.3). In the reflected events, the D*°
mass-constrained fit shifts the AE distribution by 10 MeV (see Figure 4.5). For the
correctly reconstructed signal candidates, the AFE distribution peaks at zero. Without
using AF in the selection, the reflection component of the signal would be large (about
40%), and the efficiency about 25% worse.

Table 4.4 shows the obtained best candidate selection efficiency after all selection
criteria described in the next section have been applied.

4.2.9 Continuum background rejection

Continuum background consists in ete™ — ¢ events, where ¢ = u, d, s, c. While it is not
the main source of background in this analysis, we reject some of it by using Fox-Wolfram
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Figure 4.5: Distribution of AFE for the X (3872) mass region containing mostly correctly
reconstructed events (top) and mostly reflected events (bottom). In the bottom plots, the
distribution is shifted by 10 MeV for D%y (left) and by 2.5 MeV for D7 (right). Here
the best candidate selection is applied without using AE. The curves are the results of
fits with a double Gaussian function.
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moments [61]. These variables are used to distinguish g events from BB based on the
event shape: in the center-of-mass frame, qg events form two back-to-back jets, while
BB events are more isotropically distributed, as both B mesons are produced almost at
rest in the center-of-mass frame. We require the ratio Ry of the second to zeroth order
Fox-Wolfram moments to be less than 0.3, thus keeping most of the signal (Figure 4.6).
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Figure 4.6: Distribution of the ratio of the second to zeroth order Fox-Wolfram moments
for selected events in signal Monte Carlo.

4.2.10 Optimisation of D°, D*® mass cuts and AE cut

We determine the values of the DY, D** mass cuts and AE cut by maximizing the signal
significance. The other cuts of the analysis have standard Belle values and don’t need to

be optimized.
5

The significance = 1s computed for several combinations of cuts on the D, D
masses and on AFE. The Monte Carlo is reconstructed using the MC resolutions from
Table 4.1, while the data is reconstructed using the data resolutions. For AE, the MC
resolutions are used for both MC and data. The signal S is obtained from the Monte
Carlo assuming all the signal previously seen in the D°D%” channel [21] is resonant, so
that

B(Bt — X(3872)K") = B(B" — D°D'z°K™*)/B(D* — D°z°)
= (1.65+£0.50) x 10°*,

Since the data signal region is hidden, the background B is computed in the following
way: By is the number of data events in the M, signal region for Mp-p > 3890 MeV /c?;
By (Bs) is the number of events in the M, sideband for Mp«p < 3890 MeV /c¢* (Mp«p >
3890 MeV /c?). The background is estimated by scaling By : B = Bog—; (see Figure 4.7).
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Figure 4.7: Distribution of Mp.p for My, < 5.27 GeV/c* (brown histogram) and for
My, > 5.27 GeV/c? (blue histogram) for selected data events in the D%y channel (left)
and in the D°7% channel (right). The X (3872) signal region is hidden.

This is possible since the Mp«p distribution can be described with a square root function
for both the M, signal and sideband regions.

Table 4.2 and Figure 4.8 show the obtained significance. For both channels, the
selected cuts are 40 for the D° masses, 3¢ for the D*® masses and |AE| < 20. These
are indicated by arrows on Figure 4.8. Other cut combinations have a similar or slightly
better significance, but these are chosen so that the cuts are the same in both channels.

4.2.11 Summary of cut selections

The list of all selection cuts is shown in Table 4.3. The efficiencies and resolutions strongly
depend on the parameters of the generated X (3872). Table 4.4 shows the candidate mul-
tiplicities, best candidate selection efficiencies and resolutions obtained using the signal
Monte Carlo sample generated with a mass of 3872 MeV /c? and zero decay width. Fig-
ure 4.9 shows the corresponding M,,. distributions.
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D% cut D* cut |AE| cut B S S/VS+B
D*¥0 DO,}/
3.00 3.00 1.50 171£1.0 26.8+£04 4.04+0.06
3.00 3.00 200 21.3+12 284404 4.0340.06
3.00 3.00 250 235+12 29.04+04 4.0040.06
3.00 3.00 3.00 271+13 294404 3.91+0.06
3.00 3.00 400 31.3+14 298+04 3.8140.06
3.00 3.00 5.00 364+15 299404 3.67+0.06
4.00 2.00 1.50 187+£1.1 265+£04 3.94+0.06
4.00 2.00 200 234+13 284404 3.9540.06
4.00 2.00 250 258+13 294404 3.964+0.06
4.00 2.00 3.00 299+14 298404 3.86+0.06
4.00 2.00 400 36.7+t1.5 303+£04 3.70+£0.06
4.00 2.00 5.00 421+1.7 304404 3.57+0.06
4.00 3.00 1.50 23.7+£1.2 29.7+£04 4.06+0.06
4.00 3.00 200 284413 31.5£04 4.07+0.06
4.00 3.00 250 30713 322404 4.0640.06
4.00 3.00 3.00 353+x14 326+04 3.96=+0.05
4.00 3.00 400 433+£16 33.0+£04 3.78+0.05
4.00 3.00 5.00 50.0+£1.7 33.1+04 3.63+0.05
D0, D00

3.00 3.00 1.50  51£05 20.3£04 4.03£0.06
3.00 3.00 200 56+05 214404 4.1240.06
3.00 3.00 250 T75x06 21.7+04 4.0240.06
3.00 3.00 3.00 83x07 21.7+0.3 3.96+0.06
3.00 3.00 400 103+£0.7 220+£0.3 3.87+£0.05
3.00 3.00 5.00 122+0.8 2204+0.3 3.76 = 0.06
4.00 2.00 1.50 58+0.5 22.0£04 4.17+0.06
4.00 2.00 200 6.7+06 23.3+04 4.254+0.06
4.00 2.00 250 88+0.7 232404 4.10£0.06
4.00 2.00 3.00 92407 234404 4.1040.06
4.00 2.00 400 124+£0.8 23.6+£04 3.93+£0.06
4.00 2.00 5.0c 13.6+0.8 23.7+04 3.884+0.06
4.00 3.00 1.50 62405 221£04 4.15£0.06
4.00 3.00 200 70405 231£04 4.21+0.06
4.00 3.00 250 94+07 234404 4.0940.06
4.00 3.00 3.00 10.2+0.7 23.54+04 4.05+0.06
4.00 3.00 4.00 134+£08 23.6+0.3 3.884+0.05
4.00 3.00 5.00 152+09 23.7+0.3 3.80+0.06

Table 4.2: Optimisation of DY D** mass cuts and AE cut. Top: D%y, bottom: D°x°.
Only the relevant part of the table is shown. The optimal values are shown in red; the

selected cuts in bold.
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Figure 4.8: Significance as a function of the D°, D*® mass cuts and AE cut in the

D*® — D% channel (left) and in the D** — D% channel (right). Horizontal scale

labels correspond to mass cuts, colors to AE cuts.

channel D0 — DO D* — DOx0
kaon 1D 0.6; 0.1 for KK, K~
pion ID 0.9
track origin dr <2cm, |dz| <4cm
photon momentum p > 100 MeV /¢ p > 50 MeV/c
photon quality Eg/FEs > 0.8
K2 mass +15 MeV/c?; goodKs [62]
7% mass +16 MeV/c?
D° mass +14 MeV/c?
DY(K77®) mass +26 MeV /c?
DY vertex fit x? < 25
D*® mass  +27.5 MeV/c? +6.0 MeV /c?
X (3872) mass Mp«p < 4.0 GeV/c?
AFE range |AE| <9 MeV |AE| < 12 MeV
signal box My, > 5.27 GeV /c?, Mp«p < 3.88 GeV /c?

Table 4.3: Summary of selection cuts.
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channel D0 — DO D0 — DOx0
candidate multiplicity 2.3 2.7
best cand. selection eff. 78 % 62 %
AFE resolution 4.5+0.1 MeV 6.1 £0.1 MeV
M, resolution  2.78 £ 0.01 MeV /c*  3.09 + 0.03 MeV /2
Table 4.4: Summary of efficiencies, multiplicity and resolutions.
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Figure 4.9: Distribution of M,,. for candidates in signal Monte Carlo passing the selection.
Left: D%y, right: D°7% The curves are the result of a fit with a single Gaussian function

for the signal and an ARGUS function for the background.






Chapter 5

Description of the D*YD0 mass
distribution

This chapter describes the generated and reconstructed X (3872)
mass distributions, the X (3872) mass resolution, the reconstruc-
s tion efficiencies, the background studies and the construction of
the fitting function.

_Events/0.130 Me

5.1 X (3872) mass signal

In this section, the X (3872) mass signal is examined, starting at generator level. Then
the X(3872) mass resolution is studied, which allows the inclusion of the effect of the
reconstruction and describe the reconstructed mass distributions, and finally obtain the
Monte Carlo efficiencies.

5.1.1 Generated X (3872) mass distributions

In the Monte Carlo generation, it is assumed that the X (3872) has quantum numbers
JP = 1% and decays to D**D° as 1T — 1707, thus its decay can proceed either through
an S wave or a D wave (orbital momentum L = 0 or 2). EVTGEN uses only the lowest
allowed angular momentum, L = 0 in this case.
To generate the X (3872) mass distributions, we use a relativistic Breit-Wigner function
of the form
pml(m)

B = G ey + Ty o

where T(m) = Ty (ﬂ) (M)ml,

m/ \ p(u)









































































































































































































































































