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Abstract

During the scan of the energies above the�(4 S), the Belle experiment found a
resonance structure at around10753MeV in the cross section ofe+ e� ! �� �( nS),
with n = 1, 2, 3. This structure was identi�ed as an exotic state and it was named
Y(10753); since it was produced directly in thee+ e� collisions, the quantum
numbersJ P C = 1 �� were assigned. In November 2021 Belle II took new data with
increased luminosity at four energies around theY(10753), between the energy
points already inspected by Belle.

In this work it is presented a blind analysis aimed to measure theY(10753)!
�� h b(1P) cross section via the inclusive reconstruction of thehb(1P). This mea-
surement will help to investigate the nature of theY(10753), and to study if tran-
sitions to intermediate exotic states do occur, which should lead to an increase
in the production cross section. The analysis will be performed by studying the
Mmiss (�� ) spectrum in search of a peak in thehb(1P) mass region and measuring
the yield of the signal events. The yields will be measured for four energy points
(10657, 10706, 10745, 10805 MeV) to study the behaviour of the cross section
around theY(10753). The tracks selection for the pion candidates have been per-
formed by Monte Carlo simulations ofe+ e� ! ��h b(1P) and background events.
The e�ciency for the obtained cuts has been validated on two control channels,
D � + ! � + D0 ! � + K � � + and D � + ! � + D0 ! � + K � � + � 0, with the data col-
lected by Belle II at the four points of the scan. A strategy to correct the eventual
data-simulation discrepancy for the track selection is developed, according to the
values ofpt of the tracks . A multi variate analysis is performed in order to reject
continuum events frome+ e� ! qq process, using a stochastic gradient boosted
decision tree (SGBDT) already trained for the�(4 S) ! �h b(1P) analysis.

In chapter 1 the phenomenological and theoretical aspects of the heavy quarko-
nium systems are discussed, alongside a presentation of some experimental results
in regard of the exoticZb(10610)and Zb(10650)charged state in the bottomonium
and the Y(10753)state. In chapter 2 an overview of the Belle II detector and the
SuperKEKB collider is given, together with a presentation of the software for the
event reconstruction and MC simulation. Chapter 3 gives an outline of the struc-
ture of the analysis, in chapter 4 the study on the MC samples is presented and
the cuts for the tracks selection are reported. Chapter 5 presents the validation of
the e�ciency for the tracks selection on the two control channels. The strategy to
correct for tracks selection and reconstruction is presented in chapter 6. Suppres-
sion of continuum eventse+ e� ! qq using a multivariate analysis is presented in
chapter 7. An introductory study of the signal and background shape for the �t
is presented in chapter 8. In chapter 9 a summary of the results of this analysis
will be drawn.





Abstract

Durante lo scan di energie sopra la�(4 S), Belle ha trovato una struttura riso-
nante nella sezione d'urtoe+ e� ! �� �( nS), conn = 1; 2; 3, intorno a 10753 MeV.
Questa sttuttura è stata identi�cata come uno stato esotico e chiamataY(10753);
essendo prodotta direttamente nella collisione trae+ e� , sono stati assegnati i nu-
meri quantici J P C = 1 �� . A novembre 2021 Belle II ha acquisito nuovi dati con
maggiore luminosità rispetto a Belle a quattro energie attorno alla Y(10753).

In questo lavoro viene presentata una analisi con lo scopo di misurare la sezione
d'urto del processoe+ e� ! ��h b(1P) attraverso la ricostruzione inclusiva del
mesonehb(1P). Questa misura aiuta a capire meglio la natura della Y(10753),
e permette di veri�care se è presente la transizione sullo stato carico intermedio
Zb(10610)tra Y(10753)ehb(1P), transizione che comporterebbe un aumento della
sezione d'urto. Questa analisi sarà e�ettuata attraverso lo studio dello spettro
della massa di rinculo della coppia di pioniMmiss (�� ), alla ricerca di un picco nella
regione di massa dellahb(1P), allo scopo di misurare la resa del segnale. La resa
verrà misurata alle quattro energie attorno alla Y(10753) (10657, 10706, 10745,
1805 MeV) con i dati presi da Belle II. La selezione delle tracce dei pioni è stata
e�ettuata attraverso simulazioni Monte Carlo (MC) di eventi e+ e� ! ��h b(1P)
e di eventi di fondo. L'e�cienza per questi tagli è stata validata su due canali
di controllo, D � + ! � + D0 ! � + K � � + and D � + ! � + D0 ! � + K � � + � 0, con i
dati acquisiti da Belle II ai quattro punti dello scan, ed è stata sviluppata una
strategia per correggere una eventuale discrepanza tra dati e MC per la selezione
delle tracce, in base al momento trasverso di ogni traccia. È stata e�ettuata una
analisi multivariata allo scopo di rimuovere gli eventi di "continuo" provenienti dai
processie+ e� ! qq, attraverso l'utilizzo del metodo "stochastic gradient boosted
decision tree" (SGBDT) già utilizzato per l'analisi del decadimento�(4 S) !
�h b(1P).

Nel capitolo 1 vengono discussi gli aspetti teorici e fenomenologici del quarko-
nio, insieme ad una presentazione di alcuni risultati sperimentali a riguardo degli
stati esotici carichi Zb(10610)e Zb(10650)nel bottomonio e dellaY(10753). Nel
capitolo 2 viene data una panoramica del rivelatore Belle II e dell'accelleratore
SuperKEKB, assieme ad una presentazione del software per la ricostruzione e la
simulazione Monte Carlo. Nel capitolo 3 viene delineata la struttura dell'analisi,
nel capitolo 4 viene presentato lo studio dei campioni MC e vengono riportati i
tagli per la selezione delle tracce. Nel capitolo 5 viene presentata la validazione
dell'e�cienza per la selezione delle tracce, attraverso i due canali di controllo. La
strategia per correggere gli e�etti di selezione e ricostruzione viene presentata nel
capitolo 6. Nel capitolo 7 viene presentata la rimozione degli eventi di continuo
e+ e� ! qq attraverso una analisi multivariata. Uno studio introduttivo del seg-
nale e del fondo è presentato nel capitolo 8, e le conclusioni vengono tratte nel
capitolo 9.
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Chapter 1

Introduction

1.1 Phisical picture

In high energy physics, Quarkonium is de�ned as the bound state of a heavy
quark and its own anti-quark, usually indicated asQQ; charm and beautyquarks
can give rise to quarkonium states, whiletop quarks decay weakly before a proper
bound state can be formed. The Quantum Chromo Dynamics (QCD) is the theory
which describe the strong interaction, thus the interaction the quarks undergo.
Historically, the strong interaction between quarks in quarkonium states has been
described with a potential model (see Fig. 1.1); nowadays, thanks to the advances
in Lattice QCD and non relativistic e�ective �eld theory (NR EFT), theoretical
and phenomenological models reached new levels of predictivity. Hence, the study
of quarkonium continues to be relevant thanks to the discoveries of new states,
measurements of new processes and increased statistics accumulated in various
experiments.

Figure 1.1: Static QQ potential as a function ofQQ distance, in comparison to
typical quarkonia radii (blue arrows).
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Figure 1.2: Feynman diagram of quarkonium annihilation from [1].

Due to the large mass of the heavy quarks, the relative velocityv between the
QQ pair is small (v � 0:3 for cc, v � 0:1 for bbwith energyE = mv2 500GeV); this
results in a hierarchy of di�erent energy scales for the gluons exchanged between
the two heavy quarks: the hard scale, at around the quark massm, the soft scale
at p � mv and the ultrasoft scale atE � mv2. Annihilation and production take
place at the scalem, binding takes place at scalemv while processes involving
soft gluons or light quarks are sensitive to scalemv2. This multiple scales are
represented as example in the the Feynman diagram of quarkonium annihilation
in �g. 1.2 The existence of this hierarchy of scale complicate the calculation, since
in perturbative calculation of loop-diagrams the di�erent scales become entangled,
thus making the high-order calculations much more challenging [1]

The scalem is also above the� QCD threshold, i:e: the energy scale below which
the QCD processes cannot be treated perturbatively; this approximation is not
always valid for the radial excited states: since the radial distance between the
two heavy quarks (which is related to1=p) becomes larger, the QCD interaction
between the two quarks becomes stronger as is shown in Fig. 1.1. Indeed, this
behaviour is related to the fact the the coupling constant of the strong force� s

is dependant on the energy scale of the interaction. At su�ciently short distance,
which means an higher energy of the gluon exchanged,� s is su�ciently small to
be treated perturbatively. This regime is referred as "asyntotic freedom", since
the quarks and gluons do not "feel" the QCD interaction. For higher distance,
or lower energy,� s grows larger, that means that the further one could stretch
two quarks, the stronger will be the QCD interaction between them, at the point
that instead of separating them, a newqoverlineq pair is formed in between.
Indeed, in nature quarks can't be observed alone, but are always con�ned in
barions and meson, for that the lower energy regime is called "con�nement" or
"infrared slavery". The � QCD scale is energy threshold between this two opposite
behaviours of the QCD interaction, while it doesn't assume an exact value, is often
assumed to be in the range of few hundreds MeV. Quarkonia states with typical
radius smaller than the inverse of� QCD are named 'low lying' quarkonia, while
states above this threshold, where non-perturbative e�ects become dominant, are
called 'high lying' quarkonia. While the existence of multiple scales makes the
QCD calculation di�cult, this rich structure make the heavy quarkonium an ideal
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laboratory to study the interplay between perturbative and non perturbative QCD
in a controlled environment [2].

Quarkonium spectrum

Both charmonium and bottomium states form a spectrum that it is shown in
Fig. 1.3. Each state is de�ned by three quantum numbers: the total momentum
(J ), the parity ( P) and the charge coniugationC. Total momentum is obtained
as the sum of the orbital and spin momenta (~J = ~L + ~S), where ~S and ~L are
respectively angolar momentum and the total spin of theQQ. The value of L
determines the parity (P) = (� 1)L +1 , while L and S combined concur to the
charge coniugationC = (� 1)L + S. An additional quantum number nr is related
to the radial excitation of the QQ couple.

(a) (b)

Figure 1.3: Spectra of charmonium (a) and bottomonium (b) states.

The spectrum of both conventional charmonium and bottomonium is well pre-
dicted by theory, however in the past decades a number of exotic states has been
experimentally observed in various region of mass quite far from predictions of
conventional states. Starting from theX (3872) [3] in the charmonium, discovered
by the Belle collaboration in 2003, both neutral and charged exotic states have
been observed.

Being the �rst discovered exotic state, theX (3872)has been extensively stud-
ied, due to its large number of �nal states and production techniques in which
has been observed. Indeed, theX (3872) has been established ine+ e� collision at
the charmonium energy, in B -meson decays from the B-factories, inpp collision
at LHC and pp at Tevatron. Hadronic transitions from X (3872) with �nal states
��J= , ���J= [4] have been observed with similar branching ratio. Radiative

J= transition has been observed by Belle [5] and LHCb [6] and evidences of

 (2S) �nal state have been reported by BaBar [7] and LHCb [6] with signi�-
cance of respectively3:5� and 4:4� , while Belle did not observe such transition [5].
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Despite the huge amount of experimental data aboutX (3872, so far there is no
general agreement about the nature of this state.

Charged states are particularly interesting: since pureQQ states must be
neutral, the charged bound state must contain other components than the heavy
quark pair. Since theory predictions for conventional states are quite precise
and their widths are naturally narrow, "exotic" states must be ascribed to other
contributions over the pure quarkonium interpretation ( i:e: states made only by
a pair of QQ). While theoretical models will be described in section 1.2.4, hereby
the standard nomenclature used in literature to describe these exotic states is
presented:

ˆ Y states are exotic neutral states, with quantum numbersJ P C = 1 �� . They
can be dirtectly produced ine+ e� collisions.

ˆ Z states are exotic charged states, observed in decays into a quarkonium state
and a light hadron. Experimental results lead to an isotriplet interpretation,
i.e. groups of three particles (Z + ; Z � ; Z 0) with similar mass but di�erent
values of isospin.

ˆ X states are all the exotic neutral states withJ P C 6= 1 �� .

For both cc and bb states a threshold can be introduced to distinguish the
states that are kinematically allowed to decay into pairs of open �avour mesons,
i.e. composed by a heavy quark and a light quark. States above the threshold
have larger widths compared to the ones below, since the latter can decay only
via electromagnetic processes or hadronic decays suppressed by the Okubo-Zweig-
Iizuka (OZI) rule. More speci�cally, the OZI rule states that strong processes
whose Feynamn diagram is disconnected, i.e. it can be cut by trimming the gluon
lines, are suppressed. The reason can be traced to the larger number of gluons
emitted in comparison to connected processes, leading to a suppression of at least
one order of� s. An example is reported in Fig. 1.4
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Figure 1.4: Application of the OZI rules in regard of the decay of the� meson;
the decay into charged kaons requires a connected diagram (a), hasBR(� !
K + K � ) � 49%, while the BR for the process with disconnected lines (b) has
upper limits of around 6 � 10� 4 [8].

Another e�ect that becomes relevant above the threshold is the coupling of
the quarkonium states to the "continuum" contribution of heavy mesons: in fact,
above the threshold, the decay coupling ofQQ states toDD (for charmonium) or
BB (for bottomonium) is large [9], therefore hadronic loops such as in Fig. 1.5
should becomes relevant above the threshold.

Figure 1.5: Coupling ofbb states to theBB mesons loop.

To study the the e�ects of the hadronic coupling, one can describe the full
hadronic state j	 i as a linear combination ofj qi (for the con�ned quarkonium
states) andj� Q � Q i (for the two heavy mesons). The wave functionj	 i obeys the
equation:

H j 	 i = M j	 i ; H =
�

H0 H I

H I HQQ

�
(1.1)

where H0 is the hamiltonian for the QQ system, with eigenstate determined by
H0 j qi = M q j qi . The hamiltonian HQQ acts on the heavy meson, neglecting
interaction between them, in the following way:
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HQQ j� Q � Q i = ( EQ + EQ) j� Q � Q i � (MQ + MQ +
p2

2� QQ
j� Q � Q i (1.2)

where� QQ =
M Q M Q

M Q + M Q
is the reduced mass of the two mesons.

The interaction hamiltonian H1 couples theQQ states to the heavy hadrons
and is described following theP0[10] model. In this model, the mixing between
the bare quarkonium state (cc or bb) and their open �avour meson pair (cq and
qc or bq and qb ) is described via the creation from the vacuum of aqq pair with
J P C = 0++ . This leads to the de�nition [9]:

H1 = g
X

q

Z
dx3 q q (1.3)

whereg is the coupling constant and q is the quark Dirac �eld.
The open �avour coupling results in predicted mass shift in the order of 200

MeV/c 2 for charmonium [11] and 100 MeV/c2 for bottomonium [9], suggesting
that the hadronic loops are much more relevant in the charmonium sector.

Quarkonium Production at e+ e� colliders

In this section it will be brie�y discussed how quarkonium states can be produced
at colliders, more speci�cally in e+ e� colliders, since this is the type of events
Belle II works with.

The electromagnetic currente+ e� has J P C = 1 �� ; since the electromagnetic
interaction conserve the quantum numbers, the only possible states that can be
produced directly in the e+ e� collisions are the states at the charmonium en-
ergies, the� states at the bottomonium energies, and the exotic Y states. The
states can be produced at resonance,i:e: when

p
s (the total center of mass energy

of the collision) is close to the mass of the state, or at higher energy in collisions
with Initial State Radiation (ISR). In the latter case a photon is emitted by the
electron or the positron before the collision, thus lowering the available energy of
the �nal states. This means that resonance at lower masses can be produced even
at higher

p
s. Charmonium states can also be obtained via decays ofB-mesons,

double charmonium production (i.e. direct production of two charmonium states
together) or photon-photon scattering. Double charmonium production was ob-
served at B-factories ine+ e� ! J= X , where X is � c; � c0; � c(2S) by Belle with
cross section larger than the theoretical predictions [12]. Photon-photon scatter-
ing is studied via the processe+ e� 
 � 
 � ! e+ e� R, giving access toJ even states
with positive C. Production via B-meson decay involves the weak decay of theb
quark inside the meson to ac, the products of the W boson decay combines with
the newly producedc quark and with the light quark in the B-meson to form a
light meson and a charmonium state.

An illustration of these mechanisms is reported in Fig. 1.6.
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Figure 1.6: Production of charmonium via B decays, Initial State Radiation,
double charmonium production and photon-photon scattering.

Direct production of bottomonium states is con�ned to1�� structures, that
can be produced both on resonance or via ISR from higher energy. Other states
can still be reached via radiative or hadronic transitions, such as involving
 , � ,
� 0, � , �� and KK couples, and so forth.

An overview of the established bottomonium spectrum alongside the possible
transitions between all the states is reported in Fig. 1.7.
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Figure 1.7: Overview of the bottomonium spectrum and the involved transitions.

1.2 Theoretical models

The �rst widely used approach to study the quarkonium states was to consider the
system in analogy to the positronium (i:e: the bound state ofe+ e� ), and resolve
the Schrödinger equation in a non relativistic limit, introducing a potentialV(r )
as a function of the distancer between the two heavy quarks. Corrections up to
the order v2

c2 are treated as a perturbation due to relativistic terms in the potential
and in the kinetic energy. However, more advanced models to study quarkonium
have been developed in the years: lattice QCD and non relativistic e�ective �elds
theory (NREFT). Lattice QCD takes advantage of the non perturbative regime
to perform numerical path integration on a discrete Euclidean space. Using the
hierarchy of scales one can instead use simpler NREFTs to substitute QCD and
integrate out contributions from higher energy not relevant for the process under
study [2]. A brief outline of the three models is presented below.

1.2.1 Potential Model

The shape of the potential at short distance is obtained via perturbative QCD;
since at the lowest perturbative order the QCD interaction is analogous to the
QED, one can use the Coulomb-like potential:

V0(r ) = �
4
3

� s

r
(1.4)
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where � s is the QCD coupling constant. Taking into account the dependence of
the coupling on the scale,� s is substituted with the running coupling � r . How-
ever, perturbative QCD is applicable only at distances shorter than the average
size of the quarkonium states, while for intermediate and long distances one has
to use models for the interaction between quarks. This is done by describing the
con�nement with a rising potential at long distance, usually using a linearly grow-
ing potential. One of the most used is the Cornell potential, which starts from
the simplest potential, built as a sum of a Coulomb-like and a linear contribution:

V(r ) = �
k
r

+
r
a

(1.5)

E�ects such as �ne splitting (between states with sameL an S but di�erent J ) and
hyper�ne splitting (between spin-triplet and spin-singlet state) are the result of
the relativistic terms. The coupling with a pair of heavy hadrons for quarkonium
above the threshold is also introduced, since it would be ignored in a pure potential
model with con�ning conditions.

1.2.2 Lattice QCD

Lattice QCD allows to compute expectation values of a physical quantityC (e:g:
a decay width), by performing a numerical path integration:

Z
DGDqi Dqi e

� SQCD C (1.6)

on a discrete and Euclidean phase space.G; qi ; qi are the quantum �elds for gluons
and quarks, which are transcribed on the lattice preserving Gauge invariance.
Since the �eld con�gurations can be in principle in�nite, they are generated via
Monte Carlo (MC) methods. Path integration is performed via MC integration,
therefore lattice calculations have both systematic (from the discrete space-time
integration) and statistical uncertainties.

The parameters of the lattice action are the masses of the quarks and the cou-
pling � s. States below the open �avour threshold can be treated in a perturbative
approximation. A comparison between experimental measurements and models
from [13] is presented in Fig. 1.8
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Figure 1.8: Lattice spectra of bottomonium states below the threshold from [13],
compared to experimental measurements (red lines).

Extra caution is needed when treating states above the threshold, since the
perturbative approximation is not valid for radial excited states and the coupling
with heavy mesons has to be taken into account. There are various approaches
in order to solve lattice calculations in this environment, but they are beyond the
scope of this thesis and will not be discussed here.

1.2.3 Non Relativistic E�ective Field Theory

Non Relativistic E�ective Field Theory (NREFT) is the result of integrating out
the degrees of freedom related to scalem, thus obtaining a Langrangian in the
form of:

L NRQCD =
X

n

cn (� s; � )
mn

� On (�; mv; mv 2; :::) (1.7)

whereOn are operators of non relativistic QCD relevant at themv and mv2 scales,
� is the NRQCD factorization term and cn are the coe�cients that encode the
contribution from the scalem. The low-operatorsOn are constructed out of two
or four heavy quarks/antiquark �elds and gluons. While NRQCD can be used for
spectroscopy calculations on lattice, it has been also used to study quarkonium
and double quarkonium production [14] [15].

1.2.4 Exotic states

A number of models has been proposed by theorist to explain the exotic states
that has been observed in both quarkonium and charmonium spectra, with the
majority of them introducing other degrees of freedom in addition to the two
quarks.
A non-exhaustive list is brie�y presented in [2].

Tetraquark In this description there is a contribution from light quarks in
addition to the heavy ones, speci�cally the light and heavy quarks as well as
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the antiquarks are paired together to form compact diquarks and anti-diquarks
substructure. These states are very compact and have narrow decay widths.

Hadronic molecules Quarks and anti-quarks are paired in a couple of loosely
bound open-�avour mesons. These states are larger than tetraquarks, and have
large decay widths.

Hadroquarkonium In this model the heavy quark and anti-quark are coupled
together and surrounded by light quarks and anti-quarks.

Hybrids In these states, beyond the two quarks, also gluons act as active degrees
of freedom[16].

Glueballs Buond states of gluons with no valence quarks involved. Lattice
calculation led to mass up to 5 GeV/c2 [17].

A detailed overview of all the so far discovered exotic states will not be presented
here. However, a brief outlook of two speci�c states, theZ �

b (10610) and the
Z �

b (10650), will be reported in the following section, since they could play a role
in this analysis. The discovery of theY(10753) will be also discussed, as this
thesis focus on this resonance.
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1.3 Z �
b (10610)and Z �

b (10650)at Belle

The Belle physics program was mainly focused on the study of �avour physics
at the Y(4S) energy; although, data taking campaigns were also performed at
di�erent energies (Table 1.1). Among others, one aim was to perform spectroscopy
studies above the open �avor threshold.

Resonance On-peak luminosity (fb � 1) O�-peak luminosity ( fb � 1)

�(1 S) 5:7 1:8
�(2 S) 24:9 1:7
�(3 S) 2:9 0:3
�(4 S) 711 89:4
�(5 S) 121:4 1:7
Scan 0:716 27:6

Table 1.1: Summary of the integrated luminosity of Belle.

A large number ofhb(1P) and hb(2P) conventional states were unexpectedly
observed in the�(5 S) ! ��h b(mP) (m = 1; 2) hadronic transitions [18]. The
hb(mP) were observed in the�� recoil spectrum, as can be see in Fig 1.9.

Figure 1.9: Spectrum of the dipion recoil mass (Mmiss (�� ))at the Y(5S) as re-
ported in [18].

The �(5 S) ! ��h b(mP) process should be suppressed both due to the OZI
rule and the heavy quark spin symmetry. Indeed, heavy quark spin symmetry
(HQSS) involves heavy hadrons in general and states that in themQ ! 1 limit,
the dynamics of heavy hadrons which di�er only for the spin and �avour of the
heavy quark is perfectly identical [19]. This is valid since the relativistic interac-
tion between the light and heavy quarks vanishes asmQ ! 1 . One implication
of the HQSS in the heavy quarkonium spectroscopy is the fact that any transition
that spins the �ip of a quark should not be possible, since it would would carry
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a factor proportional to 1=m2, that will vanish in the mQ ! 1 approximation.
While HQSS is not an exact symmetry, since the mass of the heavy quarks is large
but �nite, the spin �ip transitions are still greatly suppressed, due to the mass
square factor.

Since the�( nS) are spin triplet states whilehb(mP) are spin singlets, a tran-
sition between the two would require a spin �ip, therefore it would be greatly
suppressed for the aforementioned reasons. The large amount ofhb(mP) can
be explained by the presence of the charged intermediate statesZb(10610) and
Zb(10650), that allows the transition to happen without a spin �ip, as shown in
Fig. 4.6.

Figure 1.10: Cascade decays involved in the�(5 S) to the hb(1P) state.

Evidences of the transitions viaZb states have in fact been found [20] measuring
the transition �(5 S) ! ��h b(mP) and looking at the distribution of the recoil
mass of the single pionMmiss (� ). The distributions were �tted, obtaining two
clear peaks as shown in Fig. 4.8.
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(a)

(b)

Figure 1.11: Distributions of Mmiss (�� ) for hb(1P) (a) and hb(2P) (b) events.
Points with error bars are data, blue lines are the �t results [20].

The non-resonant component for thee+ e� ! ��h b(2P) �nal states has been
estimated as close to zero, thereforee+ e� ! �Z b seems to be the only way to
producehb(2P) via dipion transition from Y(5S).

Interpretation of the Zb states

The Z �
b (10610)and Z �

b (10650)decay to bottomonium states, therefore they must
have abb component, and since they are charged they must be composed by at
least four quarks, making them manifestly exotic.
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The Zb looks like the bottomonium counterpart of theZc(3900) [21][22] and
Zc(4020) [22][23] charmonium-like states, which are most likely identi�ed as iso-
triplets with quantum numbers J P = 1+ . However, while evidence for a neutral
partner has been found for both theZc[24] [25] and theZb(10610) [26], thus
completing the triplets, this has not been the case for theZb(10650).

This charged states are also very close to open �avour threshold, and a molecu-
lar interpretation was introduced after their discoveries:BB

�
and BB

�
for Zb [27]

and DD
�

and DD
�

for Zc [17][28]. Their measured spin and parityJ P = 1+ cor-
respond to heavy-light mesons inS� wave, in line with a molecular interpretation.

The existence of the charged states as theZ �
c and Z �

b resonances is also pre-
dicted by the tetraquark models; moreover, according to the present data, the
mass of all these states is above their meson-meson thresholds with the corre-
sponding quantum numbers. This is a hint toward a tetraquark interpretation:
since diquarks (which compose the tetraquarks) are slightly less bound than colour
singlets, they should appear close, yet above, the open �avor thresholds.

1.4 Y(10753)

Another Belle result in the bottomonium sector was the discovery of theY(10753)
state during the scan of the energies above the�(4 S). This resonance was found
in e+ e� ! �� �( nS) (n = 1; 2; 3) cross section [29].
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Figure 1.12: Energy dependence of thee+ e� ! �� �( nS) cross sections [29].
Black points with error bars are data from the energy scan, red lines are the
result of the simultaneous �t to these distributions, blue dots with error bars are
the cross section values estimated with ISR from�(10860) .

The structure was described with a Breit-Wigner amplitude, obtaining the
following values for mass and with:

Mass 10751� 5:9+0 :7
� 1:1 MeV/c 2

Width 35:5+17 :6+3 :9
� 11:3� 3:3 MeV

The structure was observed with one point on resonance and three points in
the region of interest, with luminosity of 1 fb � 1 each and a5:2� signi�cance.
Since it was produced directly in thee+ e� , it was given the quantum numbers
J P C = 1 �� .
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Further evidences of this structure were obtained by the measurement of the
e+ e� ! bb cross section with ISR correction by BaBar for the re�tting ofRb =
� (e+ e� ! bb)=�e+ e� ! �� [30](Fig. 1.13)

Figure 1.13: Fit of the e+ e� ! bb cross section with coherent sum of continuum
amplitude and three Breit-Wigner functions.

The dip at around 10750MeV is described as an interference between the
continuum amplitude and a Breit-Wigner with Mass= (10761 � 2) MeV/c 2 and
width = (48:5 � 3:0) MeV.

The Y(10753)presents some analogies with theY(4260) in the charmonium sec-
tor, which is an exotic state with the same quantum numbersJ P C = 1 �� as the
Y(10753). The Y(4260) was observed both in thee+ e� ! ��J= [31] and as a
dip in the � (e+ e� ! dd) [32] (see Fig. 1.14).
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