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Introduction

Introduced in the past century, the Quark Model has been fundamental in the
classification of standard mesons and baryons. Till 2003, despite Quantum Chro-
modynamics allowing more complex structures, no clear signatures of exotic hadrons
had been found. The Belle collaboration opened a door with the X (3872) discovery.
Since then, many new hadrons that do not fit the standard Quark Model predic-
tion have been discovered. These hadrons are collectively dubbed XY Z states.
From a theoretical side, many interpretations came forth using phenomenological
approaches and non-relativistic effective field theories or lattice QCD calculations.
Yet, despite all these theoretical and experimental inputs, the scientific community
seems to be far from understanding the nature of these states.

The BESIII collaboration has been at the forefront of the XY Z sector studies
since the dawn of the first discoveries and this thesis wants to contribute to the un-
derstanding of the XY Z sector by studying the ete™ — 774 (25) process with
BESIII data both to probe the Y (4660) nature and to search for the Z.(4430) state.
The BESIII collaboration has already seen the Y (4660) in this channel, but measur-
ing the ete™ — f(980)1(25) contribution to the whole eTe™ — w7~ 1(25) process
might give some insights over the Y (4660) states interpretations. Furthermore, the
direct search for the Z.(4430) state at the BESIII experiment is fundamental as
its discovery would be an important step ahead to understanding this resonance as
only the Belle and LHCD collaborations saw the Z.(4430) state and exclusively in
B decays.

This work aims to study the eTe™ — wT77¢(2S) process using six data sam-
ples with a total integrated luminosity of ~5 fb~! collected by the BESIII de-
tector at centre-of-mass energies ranging from 4.6121 GeV to 4.6984 GeV. The
ete™ — f0(980)1(2S) sub-process is studied as well and its contribution to the to-
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tal cross-section is estimated. Finally, a search for the charged Z.(4430) tetraquark

state is performed.

This work is divided into five chapters which are developed as follows:

Chapter 1 carries out a brief introduction to Quantum ChromoDynamics and
the Quark Model. The charmonium system is described as well, emphasising
the h.(1'P;) pseudovector resonance;

Chapter 2 will focus on the XYZ exotic states describing some of the latest
and most important experimental measurements and introducing some of their

phenomenological interpretations;
In Chapter 3 BESIII detector and its components are described;

In Chapter 4, Chapter 5, Chapter 6, and Chapter 7 this thesis’ analysis
is introduced and described, and its results are presented and discussed;

Chapter 8 describes the systematic uncertainties of this analysis and presents
the thesis’ outlook.



Chapter 1

Quantum ChromoDynamics and
Charmonium Spectroscopy

For almost a century, the physics community has agreed that the structure of ordi-
nary matter, encountered or created in high-energy physics (HEP) experiments, is
made of fermions interacting via exchanging bosons. The elementary fermions are
leptons and quarks, while the bosons are the mediators of the forces with which the
aforementioned fermions interact. Aside from gravity, three are the forces, probed
in HEP experiments, fermions interact with: the electromagnetic, the weak, and
the strong interaction. This theory (and its extension to include the Higgs boson)
goes by the name of the Standard Model (SM) [1]. The mathematical modelisation
of these interactions is described by relativistic quantum field theories.

Quantum ChromoDynamics (QCD) is the SM theory that describes strong interac-
tion (i.e., the dynamics of quarks and gluons), as it will be made clear throughout
this Chapter, many of its predictions have been tested successfully in a broad range
of energies. Though, despite its successes in describing the strong interaction, the
free QCD Lagrangian does not model the binding of the quarks and gluons into
hadrons. This modelisation is taken care of by the Quark Model, introduced by
Gell-Mann [2] and Zweig |3] in 1964.

The initial effective theory proposed contained only three quark flavours (up, down,
and strange), but the additional hadrons discovered since its first formulation needed
three additional elements (charm, bottom, and top).

Since their discovery in 1974 |4-6], the charm (c) quark and its c¢ bound states have
been an important test bench for understanding and testing the QCD. Indeed, due
to the relatively high mass of the c¢ systems, perturbative QCD (pQCD) and effec-
tive theories (e.g., the non-relativistic potential model) can be employed, providing
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also insights on the non-perturbative structure of this theory.

1.1 Quantum ChromoDynamics

QCD is a non-abelian SU(3)s quantum field theory, where the symmetry properties
are encapsulated in the colour-charge and each of the quarks can take one of three
values of charge (R, G, B). The Yang-Mills QCD Lagrangian [7| can be written as
follows:

1, iy
L= LR+ 30 0y = my)iy. (1)
f
where Fs is the field strength tensor which is obtained from the gluon field A7 as

gﬁ - 30414% - aﬁAg + gsfabcAgc %7 (1'2)

with f¢ the SU(3)¢ structure constants and g, the strong coupling constant. The
non-abelian feature of the QCD (i.e., the possibility for the gluons to self-interact)
is encoded by the last term in Eq. . The ¥y (¢ ) multiplet describes the quark
(antiquark) spinor field of flavour f with mass my in the given representation r of
SU(3). The index sum in Eq. runs over the six flavours (u, d, ¢, s, t, b),
while the index a refers to the QCD colour charge (technically, the sum over the
8 generators of the SU(3) group is implied). The mass m; is not the mass of the
quark constituting the hadrons but the bare mass of the free fermion. Finally, the
QCD covariant derivative 2 is explicitly written as:

B =10, — igs Ajty). (1.3)

The t¢ are the eight 3 x 3 generator matrices of SU(3) written in a given represen-
tation r. These matrices are connected to the structure constants f4%¢ via the [t¢,
tb] = i febete relation.

Variating the QCD Lagrangian (Eq. , it is possible to estimate the QCD Feyn-
man diagrams. From the first three non-linear terms, the three QCD vertices, shown
in Fig. [I.1} are obtained:

e the fermion-gluon vertex;

e the 3-gluon vertex;
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(a) (b) (©)

q g g g

Figure 1.1: QCD vertices that can be estimated from the QCD Lagrangian: Fig. (a) is
the fermion-gluon vertex, while the 3- and 4-gluon vertices are shown in Figs. (b) and (c),
respectively.

e the 4-gluon vertex.

The last two vertices are the explicit result of the non-abelian algebra, which re-
lates to the fact that gluons carry a colour charge. This feature is fundamental
in describing another property of QCD (and more generically of all non-Abelian
gauge theories), the asymptotic freedom (and its specular counterpart, the confine-
ment). Related to this is the particular behaviour of the strong interaction coupling
constant (as). The running of the coupling constant happens as well in Quantum
ElectroDynamics (QED) and it derives from loops correction, which might give di-
vergent contributions, to the tree-level Feynman diagrams, like the ones presented in
Fig. . The peculiarity of QCD, due to the non-abelian nature allowing bosonic
loops, is that «, decreases at higher energies. More specifically, below the scale
Agep, experimentally determined to be ~ 0.2 GeV [1], a5 ~ 1 and the confinement
property of QCD is observed}

Before arising from the structure of the theory itself, asymptotic freedom was ex-
perimentally requested as a consequence of the parton model (developed by Bjorken |§]
and Feynman [9]). In the mentioned model, introduced for explaining the obser-
vations in the Deep Inelastic Scattering experiments, the nucleons are described as
bound systems of partons (quarks and gluons), each carrying part of the nucleons’
momentum. The conclusions of this model (cf., Bjorken scaling [8]) stated that the

!The discussion of o and its implications are merely qualitative here. The quantitative origin
of as derives from the renormalisation of QCD. For a more organic explanation please refer to
Ref. [7].
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interactions between partons have to "switch off " at relatively short time scales; put
it in better words, when confined in a bound system partons have to be essentially
free. This regime can use a perturbative expansion to study the strong interaction
(pQCD). On the other hand, if one considers energies smaller than Agcp one gets
the so-called "confinement". In this case, the strong coupling constant is ~ 1 and
higher-order contributions become important, hence a perturbative approach can-
not be pursued. This energy region corresponds to the separation of colour-singlet
particles greater than about 1 fm; the energy cost to separate coloured objects grows
proportionally to the separation. If coloured particles are separated at a distance
longer than 1 fm, quark-antiquark pairs are excited from the vacuum to create a
less energetic system. Indeed, in high-energy collisions, we observe particles’ jets,
which are the products of hadronization: the rapid, in terms of strong force time
scale, formation of hadrons starting from free-coloured particles.

1.1.1 Potential Model

The properties of QCD introduced in the previous section allow for building an
effective model, taking the form of a potential describing both confinement and
asymptotic freedom. This theoretical model was proposed after the J/¢ and 1(25)
discoveries |10-13] and relies on the charm quark mass (21 GeV/c?). Due to its
mass, the momentum of a confined charm quark is m.v? = 0.3 GeV, implying that,
in natural units, m, >> m.v, >> m.v? and giving the possibility at first order to
neglect the relativistic effectﬂ.

The potential model takes the following form [13]:

v =-2[1- (2). (14)

a

with a being the scale at which the confinement becomes important. In analogy to
QED, the first term (the so-called Coulombian) represents a single gluon exchange
and describes asymptotic freedom. On the other hand, the linear term is an effective
description of the flux tube which comes to formation when one tries to separate
colour-singlet states; this term, describing a multi-gluon exchange, models quarks
confinement.

2This model holds also for the bottomonium (bb bound state) and, potentially, for any hypo-
thetical system made by quarks heavy enough to neglect relativistic effects.
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1.2 Quark Model

As mentioned earlier in this Chapter, the free QCD Lagrangian does not model
the binding of quarks and gluons into hadrons. This modelisation was carried
out independently by Gell-Mann [2] and Zweig [3| in 1964. The underlying idea
is that the experimentally observed colour-neutral hadrons could be described by
starting from elementary constituents. These constituents are nowadays referred to
as Gell-Mann first named them, i.e., quarks. The original model is built around
three flavours of quarks: up (u), down (d), and strange (s). With the discovery of
additional hadrons, the Quark Model has been extended adding the last three quark
flavours: charm (c), bottom (b), and, potentially, top (), though a top-containing
bound system has not yet been observed. In this model, mesons are interpreted as
quark-antiquark pairs and (anti)baryons as bound states of three (anti)quarks; it
comes naturally that for this model quarks need to have fractional electric charges.
In its first formulation, the quarks are organised into multiplets of isospin, i.e., the
degree of freedom of the flavour SU(3)r symmetry; assuming that the up and down
quarks have identical masses and interactions, they form an isospin doublet, while
the strange quark is left in an isospin singlet. With this information, it is possible
to relate the electric charge of the quarks (in units of the electron charge) to the
third component of the isospin (I3) and the baryon number (B):

B+ S

@=—

+I37 (15)

11
29 "9
the hadrons contain an s-flavoured quark)ﬂ Moreover, considering mesons have a

where I3 is ( 0) for the (u, d, s) flavours and S is the strangeness (-1 if
baryon number equal to 0, while it is 1 for baryons, quarks must have B = %, and
the opposite holds for antibaryons and antiquarks. It is evident that, with these
quantum numbers, quarks do have a fractional electric charge.

Despite this model does not take into account spins, angular momentum, and
their interactions, one can construct, assuming SU(3) flavour symmetry, mesons
and baryons multiplets with the same flavour symmetry, but with different quan-
tum numbers.

3This formula can be extended to include the three other additional quark flavours (c, b, t) by
adding the corresponding terms [C + B + T1.
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Mesons are formed by combining quark-antiquark pairs, each in one of the three
possible flavours (i.e., in a fundamental representation of SU(3)r). As such, one
has 3 ® 3 = 1 @ 8, obtaining a flavour octet and a singlet.

Baryons are built in a similar manner combining triplets of quarks, i.e., 3®3®3 =
1A &8\ P 8\ P 10, getting an antisymmetric flavour singlet, a symmetric decuplet,
and octets of mixed flavour symmetry.

Despite SU(3) flavour symmetry being assumed, it is not an exact symmetry.
As such, within the same multiples, the different mesons and baryons have differ-
ent masses. These differences can be explained by the fact that the constituent
quarks do not have the same masses (Mup ~ Maown << Masirange). On top of this,
one must consider spins, angular momentum, and their interactions; different mul-
tiplets of different total angular momenta will have different masses for the same
quark content, due to quarks interactions modifying the hadron’s mass (notably,
this is the case of the pseudoscalar m meson and the vector p state). Finally, quarks
are electromagnetically charged particles, hence, the symmetry is furtherly broken
by the electromagnetic interaction (e.g., the different masses of neutron and proton).

Now that we have the Quark Model on one side and the QCD Lagrangian on

the other, how do they connect? How one justifies the other? The connection
between these two ideas came to explain the existence of the AT, the A~, and the
Q™ baryons (uuu, ddd, and sss bound states). These three states are symmetric
under spin (as they all are spin-3/2 particles) and flavour interchange and they
are the lowest-lying S-wave decuplet states, implying that these baryons’ spatial
wavefunctions are symmetric. Though quarks, being spin-1/2 particles, obey the
Fermi-Dirac statistics, hence they must carry an additional degree of freedom to
justify the AT*, A~ and Q~ baryons existence. This additional degree of freedom
is nonetheless that the colour-charge discussed at the beginning of Sec. [I.1}
The existence of coloured quarks is confirmed by the so-called R-ratio, which is the
ratio between the eTe™ — hadrons cross-section and the ete™ — putpu™ one. At the
leading order, the R-ratio is calculated to be proportional to 3 times the squared sum
of the quarks’ electric charges, where the sum is performed over the contributing
flavour at the centre-of-mass energy (/s) at which the R-ratio is calculated. The
experimental confirmation of the R-ratio is proof of the existence of a hadronic
substructure made of fractional electric charges and colour-charge contributions.
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1.3 Charmonium Spectroscopy

As mentioned, thanks to the Glashow, Iliopoulos and Maiani (GIM) |14] mechanism
the charm quark was predicted. This mechanism was introduced to solve a puzzling
feature introduced by the "Cabibbo mixing", a theory proposed by Cabibbo |15]
to explain the differences in the proton and hyperion [-decay cross-sections. The
theory, as it was proposed, implied that Flavour Changing Charged Currents must
have the same probability as Flavour Changing Neutral Currents, which are in-
stead suppressed in the experimental observation. The addition of a quark and the
GIM |14] mechanism allows for explaining the observations.

Few years later, an indirect confirmation of the charm quark existence arrived. Si-
multaneously, at BNL, in a p + Be — ete” + X experiment, and at SLAC, in
the ete™ — hadrons (leptons) reaction, a narrow resonance called J/1 was discov-
ered [4,5]. That year, the latter experiment discovered also the 1’ resonance [6].
Both the experiments measured the same J/1 mass (~ 3.1 GeV/c?) and SLAC pro-
vided the width of the two resonances and the ¢ (25) mass. The features of these
resonances could not be explained in terms of u, d, s bound states. Only by using
the charm quark, the particle’s mass could be explained. Moreover, their widths
were a clear indication that a new type of quark had been produced. Following the
prescription of the Okubo, Zweig, and lizuka (OZI) selection rule, decays described
by diagrams with unconnected quark lines are suppressed concerning the connected
ones. Indeed, the decay towards charmed mesons (i.e., containing only one ¢ quark)
is forbidden by energy conservation as J/1 and ¢ (2S) states lay below the DD’
threshold (3.73 GeV |[1]), hence these resonances can only decay into non-charmed
hadrons.

Since their discovery, charmonia (c¢ states) have been fundamental tools for
understanding the strong interaction and testing QCD. In particular, due to the
high mass of the constituent quarks, relativistic corrections can be neglected at the
first order so that pQCD and effective field theories (e.g., non-relativistic potential
model) can be employed. The spectrum of the charmonium resonances is shown in
Fig. and the subsequent sections will be dedicated to its description.

Fig. wants to provide a pictorial explanation of the charmonium spectrum
before and after the discovery by the BELLE collaboration [17] of the X (3872) state,
the first non-standard charmonium ever found. Before 2003, the knowledge of the
states above the D°D" threshold was very limited, mostly due to the relatively low
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Figure 1.2: States populating the charmonium spectrum: on the left, the full charmo-
nium spectrum is shown with the knowledge above the D°D? threshold previous to 2003;
on the right, the charmonium spectrum above the D°D° threshold with the present knowl-
edge [1] is depicted. The blue boxes show the predicted and discovered charmonium states;
the grey boxes represent the predicted conventional charmonia, but not yet discovered; the
red boxes represent the neutral non-conventional XY Z states, while the magenta boxes
show the charged non-conventional states. Ref. .

precision caused by the large widths of the charmonia that populate this energy
reason. Since the discovery of the X (3872) [17] particle, the region above the open-
charm threshold has become a subject of interest for "non-standard" physics and it
has grown overpopulated with new states. The newly discovered particles do not all
fit in the standard charmonium description; these exotic states were then dubbed
XY Z to recognise their still-elusive nature and are the topic of this thesis.

1.3.1 The Potential Model Strikes Back

Drawing from conclusions of Sec. and the potential in Eq. (1.4)), it is possible

to write the non-relativistic Hamiltonian as

H:2mc+%——{1—(—ﬂ, (1.6)
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and solve its associated Schrodinger equation.

As this model is put to test in the charmonium spectrum description, the Hamil-
tonian in the Eq. formulation is not entirely adequate to describe all of the
charmonium spectrum states, as it does not take into account the quarks’ spins (.9),
angular momenta (L), and their interactions. Hence, to Eq. one has to add
additional terms (cf., Ref. [18]):

ﬁ = VSS + VLS + Vvtens- (17)

These additional corrections describe the spin-spin interaction (Vgg), the spin-orbit
interaction (V7g), and tensor interaction (Vie,s). They depend on whether the in-
teraction arises from the exchange of a single gluon or an effective scalar object
(i.e., a modelisation of a multi-gluon exchange); the Fourier transform of the tran-
sition matrix element of these exchange processes allows ones to obtain the vectorial
(Vv (r)) and scalar (Vs(r)) terms, from which the three correction factors depend
on. Indeed, higher orders of effective interactions are also possible. Hence, one
can relate the three terms of Eq. to these two additional interaction terms as
follows:

e For the Spin-Spin interaction, one has

04 0g
Voo = AV 1.
SS 6 V(T): ( 8)

q''q

where 7, (65) and m, (m;) are the Pauli matrix, encoding the spin, and mass
of the constituent (anti)quark, respectively. The &, - 75 product is equal to
+1 for triplet states and —3 for singlet ones and Vgg is nonzero (at leading
order) only between S states [1§].

e For the Spin-Orbit interaction, one obtains

Vig = L-S (3d1/21/r(7")_d‘;g£7“))’ (19)

where L and S are the angular momentum and spin operators, respectively.
The L - S product is trivially 0 for S-wave states and is calculated to be (1,
—1, —2) for the (3P,,® P, P) ones.
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e For the Tensor interaction, one gets

%ens = (110)

2[3(S - #)° — S?| (ldVV(r) B d?VS(r))

12m,my r dr dr?

where 3(S - #)° —S? is non-zero only for non-S states and its expectation values

are (—2/5, 2, —4) for the (*P,,® P,® Py) states.

These additional corrections allow describing the charmonium spectrum in com-
plete analogy with the Hydrogen system. Hence, three quantum numbers are nec-
essary to describe the cc states: total angular momentum J = L + S, parity P =

(—1)L*1) and charge conjugation C = (—1)L+5,

The potential model has proven to be successful in describing and predicting
charmonium and bottomonium resonances. The model works strikingly well with
the resonances below the D°D° threshold. Above the open charm threshold, cal-
culations are more difficult, due to many threshold openings (e.g., DD*, D*D*,
D¢Dy, and D*D?), which couple to c¢ bound states modifying their properties. The
potential model can be still used as a blueprint to identify non-standard charmonia,
as it has been clear since the observation of many unpredicted exotic states in this
energy region.

1.3.2 States below Threshold

Below the D°D° threshold, eight states can be encountered. Of these, the most
well-measured and studied are the vector resonances, as they can be directly pro-
duced in eTe™ colliders. The least-known charmonium, to which the next Section
is dedicated, is the h.(1 1P1) state. This resonance has been also the object of an
analysis I concluded during my PhD work. The Sec. briefly describes the
h.(1 'P) state importance and outlines the main results of my analysis.

1.3.2.1 The h.(1'P,) State: a Special Mention

Due to its JP¢ = 1t~ quantum numbers, knowledge of the singlet state h.(1'P;) is
sparse. It is not possible to produce this resonance directly in leptonic colliders, and
the 1(2S) — h. production branching ratios are relatively small (~ 107%). Its fea-
tures are of importance inside the theoretical framework of the potential model as
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the Vgg term is crucial in the estimation of the 1P mass splitting Ay, = M(c.o0.g.)
- M(h..), where

M(Xc()) + 3M(Xc1) + 5M(X02)
9 )

M(c.o.g.) = (1.11)
is the centre-of-gravity mass of the three y.;(1 3P;) states. As already mentioned,
predictions [18]| state that the splitting should be 0 at the leading order. Hence,
big deviations from Ay,,(1P) = 0 would put at stake the short-range Coulomb-like
nature of the strong interaction. For this purpose, measurements of its mass (cf.,
Table have been performed by the BESIII [19,20], the CLEO [21], and the
E835 [22] collaborations, but a better precision is desirable as the uncertainty on
Apyp(1P) is still much bigger than its value.

Moreover, of this state only nine decay modes have been observed, with the E1 (i.e,
electric dipole) transition h. — 7. being the predominant one, with a branching
fraction of (50 4+ 9)% [1]. Its hadronic transitions, though, still add up to only 10~*
of its total decay width [1], suggesting that a lot of studies are still missing.

The ¥(2S) — 7°h.(1'P;) production mechanism is also known with a relatively
large uncertainty [1].

Finally, only one measurement of its width had existed before 2022 [23], provided
by the BESIII experiment [20] using the h. — 7. process, with the 7. resonance
reconstructed into 16 different decay modes.

A more precise knowledge of the h.(1'P;) resonance parameters is needed in the
light of the discoveries in the XY Z (cf., Section [2)) sector as the h. resonance is an
intermediate state [24,25| of these exotic states transitions.

[ Mass [MeV /c?| | Width [MeV/?] | Apy [MeV/c?] | Experiment
3525.8 £ 0.2 £ 0.2 05<T < 1.1 - E835 22
3525.20 4 0.18 £ 0.12 - 0.02 £ 0.19 + 0.13 | CLEO-c [21]
3525.40 4+ 0.13 £ 0.18 < 1.44 -0.10 + 0.13 £ 0.18 | BESIII |19
3525.31 + 0.11 & 0.14 | 0.70 + 0.28 4 0.22 | -0.01 £ 0.11 4 0.15 | BESIII [20]

Table 1.1: Summary |[1] of the h, mass and width, and Ay, measurements. The shown
results are the ones used by the PDG for "for averages, fits, limits, etc.". The PDG
provides the following h. average mass: M(h.) = 3525.38 + 0.11 MeV /c?.
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The latest study on the h.(1'P;) resonance, namely Ref. |[23] by the BESIII
collaboration, provides its parameters via the (2S) — 7h.(1'P;) — 7%yn, tran-
sition, using the world’s largest ¢(25) data sample. The branching fractions of the
involved decays (¢(25) — 7°h.(1'Py), h.(1'P;) — 7., and the whole decay chain)
are measured as well.

Besides providing the second-ever measurement of the h.(1'P;) width with a simi-
lar uncertainty as the other BESIII estimate [20], Ref. [23] increased the branching
fractions precision by two and three times concerning the PDG values [1]. All of the
aforementioned values are extracted from the fit to 7° recoil mass spectra presented
in Fig. [[.3

Finally, Ref. |23] estimated Ay, finding it to be consistent with 0 as the prediction
states it to be at the leading order [1§].

1.3.3 States above Threshold

Above the D°D° threshold, the experimental knowledge of charmonium resonances
is limited by the statistics and due to the complexity of the threshold effects and the
mixing between the states lying in this region. Nonetheless, this energy region is
bustling with new interesting discoveries as many of the found states have dubious
or unknown quantum numbers and nature. As shown in Fig. [[.2] above threshold
eight canonical cc-states have been observed} four in D-wave (¢(13Dy), ¢2(1°Dy),
¥3(13D3), and 1(22Dy)), two in S-wave (¢(335)) and 1(4S;)), and two in P-wave
(Xe0(2°Py) and xe2(2°P)).

The first established charmonium state, called +(3770) (or ¢(13D;)), was discov-
ered by the LGW collaboration 26| decaying into hadrons. Indeed, with a width
of ~ 100 MeV /c?, the 1(3770) decays mainly (=90% [1]) to DD pairs as a further
confirmation of the aforementioned OZI selection rule.

The energy region above the open-charm threshold is both theoretically chal-
lenging and experimentally exciting due to the discoveries within the XYZ exotic
family. These states, to which Chapter [2]is dedicated, do not have a "conventional"
structure as their masses are not accommodated into the potential model, despite

showing an internal charmonium structure. These exotic resonances point toward

4Ref. |1] reports more than seven hypothetical charmonia above the DD" threshold. Though
the quantum numbers of these states are not yet fully determined, their masses and widths do not
match theoretical predictions.
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Figure 1.3: Fits to the 7¥ recoil mass spectra for the (a) inclusive (¥(25) — 7h (11 Py)
decay) and (b) tagged (1(25) — 7°h (11 P1) — 7%, transition) data-samples. Red solid
lines denote the fit results, while the black dots with error bars are the data. The blue
dashed lines represent the signal component and the black dashed lines are the background.
Insets show the background-subtracted data with the signal shape overlaid. Additional
studies were performed to understand the trough and bump in the inset (a). All the

studies confirmed that no additional state or resonance made that feature possible, the
trough and bump are just statistical fluctuations.

the Gell-Mann |2 and Zweig |3| predictions as their theory does not forbid additional
colourless combinations such as glueballs (states with no valence quarks), hybrid
meson (i.e., with an additional valence gluon), and multiquark states (tetraquarks,
and higher).

The first state discovered belonging to this new category was the X (3872) by the
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Belle collaboration in 2003 in the B*¥ — K*atr=J/v decay [17] in the 7m.J /1
invariant mass. This narrow state (cf., Ref. [1]) can be described by several models
such as a conventional c¢ resonance, a DD molecule [27], a tetraquark state or a
cc-gluon hybrid.

1.4 Experimental Methods for Charmonium Pro-
duction

The charmonium spectrum can be studied using different production ways. Indeed
not only leptonic and hadronic colliders can shine a light on c¢ resonance; as already
mentioned, the first c¢ state was discovered by a fixed target experiment [4].

The first studies of charmonium spectroscopy were performed mainly at ete™ col-
liders. In these machines, the c¢ production proceeds mainly through intermediate
virtual photons, 7 fusion channel, initial state radiation (ISR), B-meson decays,
and double charmonium production. Several experiments in the past years have
used leptonic colliders to study the c¢ states such as Mark [28,29], TPC [30] and
Crystal Ball [31] experiments at SLAC; the DASP [32] and PLUTO |33] collabo-
rations at DESY; CLEO [34] and CLEO-c [35] at the Cornell Storage Ring; the
four LEP experiments; the BES experiments [36,[37] at IHEP; and the B-factories
BaBar [38] and Belle [39] at SLAC and KEK-B, respectively.

Charmonia can be produced at fixed target experiments and pp/pp colliders with
the same production techniques (apart from the ISR method). Indeed, the B-meson
decay method is employed by the LHCb collaboration [40] at CERN to produce and
study charmonia.

Apart from the aforementioned methods pp/pp colliders can profit from other
production techniques. One, originally proposed in Ref. [41], can overcome the
relatively low statistics for the non-vector states in pp colliders, where C-even or
C-odd states are produced via two and three-gluon fusion, respectively. The use of
pp collisions was employed by the E835 [42] experiment at Fermilab, aside from the
two Tevatron ones, and is programmed for the PANDA [43] experiment at FAIR.
At hadronic colliders, charmonia are also produced by hadroproduction, i.e., via
strong interaction of quarks and gluons of colliding nucleons. This method is typi-
cally employed by ATLAS [44], CMS [45] and the ALICE [46] collaborations.
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Finally, charmonia can also be produced in electron-proton colliders such as
HERA [47] and at the electron-ion colliders such as the planned EIC [48§].

A description of the production channels employed at leptonic colliders is pre-
sented below (cf., Ref. [49]).

Direct Formation An ee™ pair annihilates into a virtual photon (cf., Fig. [1.4]).
Due to the boson quantum numbers, it is possible to produce only JZ¢ = Jf ¢
= 17 states, such as the J/v, the ¢(25), and the ¥(3770). The experimental
advantage of direct production is that high-precision measurements can be obtained
once the accuracy of the energy beams is set. All the other non-vector states can
be produced via radiative or hadronic decays [1], increasing the importance of the

detector resolution effects.

e” C

et 9

Figure 1.4: Feynman diagram for the ete™ — c¢ process.

vy Fusion e*e™ annihilations can also produce J-even (and C-even) charmonia
through two virtual photons fusion as shown in Fig. [1.5] Being a higher-order
process, the production rate scales down by a factor of a%,, compared to the direct
formation rate; hence, despite possible in principle, the observation of the direct
production of a C-even state is possible at high-luminosities facilities as pointed out
by Ref. [50]. Indeed, only recently, the BESIII collaboration observed for the first
time the direct production of a C-even state, namely the x.1(1*P;) resonance [51].

Initial State Radiation As illustrated in Fig. a photon is radiated by a
lepton before annihilating, diminishing the effective \/s. As for the direct formation,
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e —p > e
<
C
et < et

Figure 1.5: Feynman diagram for the et e™ — ete™ + ¢¢ process.

ol

only vector states can be produced, but exploring a large mass range (down to the
production threshold) makes it fundamental for searching for new vector states.

o Y
C
- JIV,V(2S)
e+

Figure 1.6: Feynman diagram for an ISR process.

B Meson Decays Thanks to the weak decay of the B meson b-quark (b — c¢),
states of any quantum number can be formed in a relatively clean production en-
vironment. Typically, the so-produced c-quark combines with quarks from the
"Havour sea" to form a charmonium state. This approach is employed at B-factories
for studying known states and searching for new resonances. This production

mechanism allowed the discovery of the 7.(25) resonance [52] and the exotic state
X (3872) |17].
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Figure 1.7: Feynman diagram of a B meson decay to cc.

Double charmonium Discovered by the Belle collaboration [53], it allows the
production via a virtual photon of a charmonium pair. This process was found
at centre-of-mass energy /s =10.6 GeV studying the recoil mass spectrum of the
J/1 in the eTe™ — J/¢ + X process. This production mechanism is of particular
interest as its cross-section is a benchmark for non-relativistic QCD calculations as
discussed in Refs. [54,55].

e JIV,Y(2S)

et cC

Figure 1.8: Feynman diagram of a double charmonium production process.

1.4.1 Towards the XY 7 States

After this introductory part on QCD and charmonia, one can move towards a ten-
tative way to bring some order to the phenomenological chaos of the XY Z states.
This introduction’s purpose is to define the framework within which this thesis
moves and is thought. Several phenomenological models (e.g., the Heavy Quark
Effective Field Theory [56]) were not discussed and even the results of Lattice
QCD [57|E|, despite promising, were left untouched.

The next Chapter will be entirely dedicated to these exotic resonances, both from

A non-perturbative approach in solving QCD and in predicting hadrons features formulated
on a lattice of space-time points.
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an experimental point of view and the analysis of their theoretical interpretation.
The main protagonist of this thesis is, indeed, the charged Z.(4430) state, observed
by the BELLE collaboration [58| in the m)(2S) system from the B meson decays
and confirmed by the LHCb experiment [59].



Chapter 2

Brief Review of Charmonium-like
Structures

The Quark Model used to describe the experimental observations in the charmo-
nium spectrum revealed itself as a powerful tool to identify exotic states. The
concept of exotic hadron is based on whether the aforementioned phenomenological
description accommodates the observed state, even though both Gell-Mann |2| and
Zweig |3| predicted that more complex structures than the standard hadrons could
satisfy the colour neutrality requirement. Despite the experimental efforts, no clear
evidence of exotic states was found in the light quark sector. However, in 2003, the
first clearly-exotic state was found in the charmonium spectrum. The first state not
fitting this scheme was dubbed X (3872) and was observed by the Belle collabora-
tion as a structure in the w7.J/v invariant mass [17]. This discovery sparked an era
of searches in which more hadrons were found in processes with properties at odds
with those of ordinary charmonia.

Apart from not fitting the Quark Model predictions, it must be stressed that there is
no general rule for whether a state should be defined as "exotic" or just an ordinary
charmonium one. However, all states below the lowest D D* threshold are typically
considered ordinary cc states. Above said threshold, the situation is unclear as mix-
ing can take place among standard charmonium states complicating the description
and the impact of the opening of thresholds on states is not well modelled.

Assuming a novel physical origin, and not coming from thresholds or coupled
channel effects, exotic states can be grouped into two big families of structures
following their valence content, they might contain gluons or additional quarks con-
cerning the standard hadronic picture. The former group contains those states
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referred to as hybrids (standard mesons with gluonic degrees of freedom) or glue-
balls (states of pure gluons), while for the latter a more complex description than
adding quarks to the standard hadrons is necessary. The multiquark states con-
template structures whose building blocks can be colour-neutral, like in hadronic
molecules where single mesons are bound by QCD Van-der-Waals-like forces, or
coloured, such as in the hadroquarkonium and compact tetraquark pictures. An
intuitive and graphical representation of these phenomenological scenarios is shown
in Fig.[2.1] Towards this chapter’s end, these phenomenological models are treated

in more detail.
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Figure 2.1: Pictorial representation of the discussed phenomenological structures pro-
posed for the exotic states .

This Chapter outlines some of the main features of the XY Z states and does not
want to be a compendium of all the possible exotic states and of their theoretical
interpretations (c.f., Refs [16,/60]). The focus is directed on six exotic states, three
of which are experimentally well-established despite their nature is still a matter
of debate (i.e., the X (3872), the Y (4260), and the Z.(3900)). The other three
states are discussed as two of them are the protagonists of this thesis work (i.e., the
Y (4660) and the Z.(4430)) and one is the latest addition to this family of states,
the Z.(3900) strange-flavoured partner (i.e., the Z.5(3985)).
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2.1 Order from Chaos: Nomenclature

Traditionally, after the XY Z’s mysterious nature, the collaborations dub the exotic
states’ candidates either X (mass), Y (mass), or Z(mass) following the subsequent

scheme:

e the Z states are charged (most likely isovectorﬂ) structures;
e the Y resonances are vector states (i.e., with JF¢ = 177);

e the X structures are all those states not described by the previous two cases.

To bring order to a growing number of discoveries, the PDG [1] proposed a new
naming scheme; essentially extending the scheme used for standard quarkonia, the
new names carry the information on the J¢ and on the mass of the states as a
label in brackets. The new naming scheme does not state the nature of the labelled
states, it is just a mere description of their observed properties. The Y states, thus,
become 1) ones, and the X (3872) resonance is renamed x.;(3872). Considering their
charged nature and their manifest charmonium content impose a minimum quark
content of four, the Z states are the only exception. This exception is generalised
in a new naming scheme for all the I = 1 states (e.g., the pseudoscalar X (4240)
is dubbed R.(4240)). The same naming scheme applies to the XY Z resonances

found in the bottomonium spectrum with the prescription of using the subscript
nn

Finally, more recently (i.e., in summer 2022) the LHCb collaboration proposed a
new naming scheme [61] extending the PDG conventions. Throughout the text,
though, the historical names are used to be consistent with respect to the original

papers.

2.2 A Non-Standard Quarkonium? The X (3872) Struc-
ture

As Fig2.2]reports, the Belle collaboration observed the X (3872) state in the w7r.J /v
invariant mass via the B — KnwJ /1 decays |17]. Subsequently, its existence was
confirmed by both pp [62,63] and eTe™ [64] experiments.

n 2022, the Z.(4430) neutral partner has not been observed.
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Despite the CDF collaboration thinning its possible values [65], the spin-parity
assignment for this state was determined to be 1" by the LHCb collaboration [66].
This assignment hints that the X (3872) state could be a good candidate for the
standard charmonium state .1 (22 P;), despite the X (3872) state mass being roughly
100 MeV /c? lower than the expected .1 (22P;) one.
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Figure 2.2: Reported finding of X (3872) state as a clear peak in the wmwJ/1 by the Belle
collaboration [17].

The mass of the X (3872) state (3871.65 + 0.06 MeV /c?) [1], instead, lies inter-
estingly near the D°D threshold (3871.69 & 0.07 MeV /c?), suggesting a possible
molecular nature. Moreover, as a confirmation of this possible loosely bound molec-
ular nature, Ref. [67] adduces the X (3872) relatively small width (~1 MeV/c? [1]),
which was the main reason that made the Belle collaboration suspect that the
X (3872) state is not standard charmonium.

On top of the mentioned and its prompt pp and pp production mechanisms,
the X (3872) state is also observed by the BESIII collaboration in the ete™ —
v X (3872) channel via the w.J/ transition |68|, and via its 77.J /1 decay in the B —
KX (3872) process by the Belle collaboration |69] and in the A(— pK~ X (3872))
decay by LHCD [70].



2.2 A Non-Standard Quarkonium? The X (3872) Structure 25

Ref. |71] suggests that the BESIII collaboration’s report of the evidence for the
Y (4260) — X (3872) decay |72 is a suggestion of a common molecular nature
between these two states.

The w.J/v transition was searched by the BESIII collaboration as it can shed
some light on the nature of this state. Indeed, its w.J/¢ decay proves the isospin-
violating nature of the X(3872) as its decay towards the J/¢ is mediated by
both 27 and 37 transitions. Again, the BESIII reported the observation of the
X (3872) — 7%y decay |73], which contradicts the interpretation of the X (3872)
being a conventional c¢¢ charmonium as the transition should be suppressed being
isospin breaking.

Another comparison which can be discriminant on the nature of the X (3872)
structure regards its radiative decays towards the 1 (nS) states. The transition
towards the J/i resonance is well-established as the BaBar [74], the Belle [75],
and the LHCDb [76] collaborations report consistent values. Despite no consensus
being reached on this point, Ref. [77] claims that a relatively large branching frac-
tion for the 41(2S) transition is inconsistent with a pure D°D** molecule (i.e.,
the X (3872) structure could be an admixture of a conventional c¢¢ charmonium
and a D°D*’ molecule). The BaBar [74] and LHCb [76] collaborations seem to
second this hypothesis measuring the ratio (R) of the two radiative branching frac-
tions to be (3.4%1.4) and (2.31£0.57), respectively. More studies are necessary to
clear this picture, as the Belle collaboration measures an R < 2.1 (at 90% C.L.).
Another measurement of the BaBar collaboration supports this hypothesis of a
molecular component, in Ref. [78] the experiment estimates the upper limit on the
partial width of the X (3872) — 77~ J /1 decay to be ~100keV in accordance with
Ref. |79).

Decays towards open-charm mesons are also observed; in particular, the Belle col-
laboration observed the X (3872) — D°D"x° [80] and X (3872) — D°D™ |81] decays
(the latter also found by the BaBar collaboration [82]).

To conclude, it is clear that from the experimental point of view, a lot of data is
still needed. After all, as Ref. [83] discusses, the unseen X (3872) branching fraction
decays roughly amounts to 32%. Of particular interest is the LHCb collaboration
Run 3 data, as it will be crucial in estimating the X (3872) state parameters with
relatively high precision.
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2.3 The Vectorial Y Resonances

The Y resonances are vector states. Though, conversely to the other vector conven-
tional c¢ charmonia, the Y resonances show strong coupling to hidden-charm final
states, indicating a possible different nature.

Y states have been historically studied using the ISR (Initial State Radiation) tech-
nique, which, as described in Chapter [1.4] allows probing the e*e™ interaction at
all energies below centre-of-mass energy. Another way to analyse and discover these
states is to study the line shape cross-section of the e™e™ annihilation to a given
channel at different centre-of-mass energies and to check for any resonant behaviour
which is not predicted by the Quark Model.

2.3.1 Y (4260)

While studying the ete™ — w7~ J /9 process, to assess the X (3872) quantum num-
bers, the BaBar collaboration observed a structure at about 4.26 GeV /c?, dubbing
it Y (4260). The resonance was confirmed by the CLEO [84] and the Belle collabo-
rations [85]. Improving their measurements, both the BaBar [86] and the Belle [87]
collaborations confirmed the observation of a more complex structure instead of a
single Y (4260) resonance around 4.26 GeV /c? in the ete™ — 77~ J/¢ line shape.

With a different probing technique (i.e., performing a cross-section scan instead
of using the ISR) and with much more statistics, the BESIII collaboration was then
able to distinguish two structures around 4.26 GeV/c? in the ete™ — atr—J/1
line shape. In the Y (4260) asymmetric peak, the BESIII collaboration observed the
"Y' (4260)" as a dominant resonant structure around 4.23 GeV/c?, dubbed Y (4230)
since, and new resonance with a mass of 4.32 GeV/c?, called Y (4320) [88]. This
was performed under the assumption that the asymmetric structure is composed
of two symmetric states, despite some references stating that in the molecular pic-
ture, a single resonance could generate asymmetric line shapes [71]. The BESIII
collaboration also reported the same structure, and its two-resonance composition,
by studying the ee™ — 7%7%.J/4) line shape [89).

The exotic nature of the Y (4230) resonance might be inferred from the R-value
measurement, where a dip in the cross-section is observed at around 4.26 GeV (c.f.,
PDG |[1]), suggesting a non-standard c¢ structure.
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The BESIII collaboration, switching the vector J/v state with its pseudovector
counterpart (the h.(1'P;) resonance), studied the eTe™ — 7mh, cross-section |24
25,90]. The line shape suggests the presence of two resonant structures around
4.3 GeV, with one being that of the Y (4230) state. The same collaboration also
probed the ete™ — wy,s cross-section [91-93|, finding the Y (4230) resonance in
the wy.o invariant mass. Finally, the BESIII collaboration studied the efe™ —
7t DYD*~ +c.c. process [94], finding two resonant structures in agreement with those
observed in the ete™ — w7~ h, cross-section. Considering the lower mass structure
is compatible with the Y (4230) resonance, this suggests the first observation of this
state decaying to an open-charm final state.

Some of these studies are summarised in Ref. [95]; as Fig. reports, despite the
mass measurements of the Y (4230) state being in agreement among the different
channels, the differences of the widths estimates require more studies.
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Figure 2.3: Masses versus widths of the Y(4230) and Y (4390) states obtained from
different processes by the BESIII collaboration [25,88}93,94.|96,97]. From Ref. [95].

To sum up, lots of experimental studies lay ahead because, as reported below,
many theoretical models [98-106] predict different natures for the Y'(4230) state and,
at the same time, the experimental measurements cannot yet differentiate among
the proposed framework. One more study needs to be pointed out, Ref. [107] sug-
gests that the Y (4320) might not exist and that the experimental data around
the 4.26 GeV peak can be described by two standard charmonia (1)(4160) and the
1(4415) resonances) and another (non-Y'(4230)) exotic Y state.

In the future, both the BESIII and the Belle-II collaborations will collect new
data in this energy region to assess the nature of this resonance.



28 Brief Review of Charmonium-like Structures

2.3.2 Y (4660)

While studying the Y(4230) — 777~ (2S) spectrum, BaBar collaboration found
a resonant structure around 4.32 GeV/c? [108] incompatible with the state found
in the 77~ J/4 final state. The same process was studied by the Belle collabora-
tion which was able to identify two structures, dubbed Y (4360) and Y (4660) [109].
Subsequently, both collaborations studied the same line shape with higher statis-
tics to confirm the Y (4360) and Y (4660) resonances and measure their masses and
widths [110|111]. The results from the BaBar collaboration are shown in Fig. 2.4(a)]
Historical considerations apart, both the collaborations interestingly report, for the
Y (4660) decay, a prompt 77~ invariant mass distribution differing from the phase-
space expectation, with an indication of a heap in the proximity of the f;(980)
meson, as it is also shown in Fig.

The BESIII collaboration measured as well the ete™ — 7774 (25) transition [95]
112]. At the time of Ref. [112], the BESIII experiment could only reach centre-of-
mass energies up to 4.600 GeV, hence it only found that adding to the fit a resonance
with the Y (4660) parameters measured by the Belle collaboration measurement led
to a better description of the cross-section. On the other hand, Ref. [95] reports the
observation of the Y (4660) resonance and its measured mass in agreement with the
BaBar and Belle collaborations.

A state compatible with the Y (4660) resonance, and dubbed Y (4630), was ob-
served by Belle collaboration in the ete™ — ATA_ process via the ISR technique.
The compatibility between these two states led Refs. [113-115] to assume that they
could be the same state and Refs. [116],117] that they could be spin partners (es-
sentially being an f,(980)cc molecule).

The BESIII collaboration found two resonant structures corresponding to the
Y (4360) and Y (4660) states while analysing ete™ — 777 1),(3823) line shape [118§].
The observation of the Y (4660) resonance in this channel challenges the f(980)(25)
molecule interpretation [116]|, the extended baryonium picture [119], and the com-
pact tetraquark model [120]. All of these theoretical models predict a small (or
absent) coupling to n = 1 states, which would be the quantum assignment to the
15(3823) state, i.e., the 1y(13Dy) charmonium resonance |1].

Our knowledge of this state is at best limited, if not contradictory, hence, steps
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Figure 2.4: e¢te™ — 777 1(295) line shape analysis by the BaBar collaboration |110].
Fig. shows the invariant 777~ ¢(25) mass spectrum with superimposed the fit. The
solid curve shows the result of the fit. The dashed curve represents the background, while
the dotted curves indicate the resonant contributions. In Fig. one can appreciate
the prompt 777~ invariant mass distribution with its characteristic heap near the f(980)
meson mass.

forward are needed both theoretically and experimentally to better understand the
nature of the Y (4660) resonance.

2.4 The Z States

Quite the opposite of the states presented above, which could be interpreted as
conventional c¢ resonances distorted by threshold or unitarisation effects , the
charged structures hint at a completely exotic nature. The charged states require a
minimum quark content of at least four and the isotriplets show strong couplings to
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charm-hidden states in combination with a light meson. It is important to mention,
though, that also for these state a non-exotic interpretation has been advanced;
some authors (e.g., Ref. [122]) states that they might be threshold cusps.

2.4.1  Z,(3900)

To better understand the properties of the Y (4230), the BESIII and the Belle col-
laborations started studying the process ete™ — Y (4230) — 7ntn~J/¢ at centre-
of-mass energies on and around the peak of the Y(4230) [87,/123]. In the 7%.J /4 in-
variant mass both the collaborations observed a peak, which could not be generated
by any of the m7 terms used to describe the complex 77 invariant mass structure.
Fig. reports a comparison between the 7%.J /1 invariant mass distributions of
the two collaborations, which measured mass and width values in agreement with
each other allowing to dub this new structure Z.(3900)*. This state is recognised

as exotic as it has a strong coupling to a c¢ resonance and it is charged.
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Figure 2.5: 7%.J/1 invariant mass distributions from the BESIII [123], Fig. and
the Belle [87], Fig.[2.5(b)| collaborations, the Z.(3900) state can be seen as an enhancement
around 3.9 GeV /c?. Dots with error bars are data, the solid curves are the fits, the dashed

histograms represent the phase-space distribution, and the shaded histograms are the
sideband events.

The CLEO-c collaboration confirmed [124] the existence of the Z.(3900)* state
and measured a mass and width in agreement with the previous measurements. In
the same Ref. [124], studying the eTe™ — 7%7%.J /1) process, CLEO-c found evidence
for the Z.(3900)* isospin neutral partner, the Z.(3900)°.
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The BESIII collaboration confirmed the Z.(3900)° state observation with mass
and width in agreement with those of the Z.(3900)* state and its production rate
consistent with the expectation from isospin symmetry [89]. Hence, the BESIII
collaboration confirmed that the Z.(3900) is an isovector state.

Considering its proximity to the D D" mass threshold, the BESIII collaboration
checked the Z.(3900) — DD" coupling via ete™ — 75 (DD")¥. As expected, the
BESIII collaboration observed in the DD" invariant mass a structure compatible
with the Z.(3900) state [125,/126]. The angular distribution of the 7 — Z.. system
is studied and the analysis favours a quantum number assignment of J¥ = 17T,
Studying the neutral counterpart of the ete™ — 7+(DD™)T process, the BESIII
collaboration observed the Z.(3900)° — DD" neutral decay with a production rate
consistent with the isospin symmetry.

The BESIII collaboration was able to assess the Z.(3900) 17 spin-parity assignment
with a partial wave analysis (PWA) [127] of the ete™ — ntn~J /¢ process [128].

The Z.(3900) state is also observed in pp collisions via bottom-flavoured hadronic
decays, the DO collaboration has seen evidence of the Z,.(3900)* — 7=.J/¢ decays.
Interestingly, the Z.(3900) state is observed in the 7%.J/¢ invariant mass regions
between 4.25 and 4.6 GeV (i.e., in correspondence of the Y (4230) resonance), and
an enhancement is observed on the Y (4230) invariant mass. It must be stressed
that a similar enhancement in correspondence of the Y (4230) resonance is also seen
by the BESIII collaboration, in the eTe™ — wmwJ /¢ process [96,123|. This might be
an indication of a common exotic nature between these two states (and the X (3872)
as discussed above).

Finally, following Ref. [129] stating that the relative decay rate (Rz,(3900)) of the
Z.(3900) state towards the pn. final state to the 7°.J/¢ one is a good discriminant
between compact tetraquark scenario and the molecular one, the BESIII collabora-
tion studied the e"e™ — w7~ 7%, process [130]. Finding a relative ratio Rz, (3900 of
2.2+0.9, therefore favouring the compact tetraquark interpretation for the Z.(3900)
state.

2.4.2  Z,(4430)

Observed by the Belle collaboration [58| via the B — K7(2S) decay channel, the
Z.(4430) is the first multiquark candidate ever found. Shown in Fig. as a heap in
the ¢(25)7 invariant mass, the state was searched by the BaBar collaboration [131].
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Analysing the 1(2S5)7 invariant mass distribution, BaBar found that it could be de-
scribed without additional structures. Updating its measurement |132], the Belle
collaboration, while it confirmed its findings, found a mass and width which were
at odds with the previous ones. In the same Ref. [132], the Belle collaboration
favoured the Z.(4430) JP = 17 spin-parity assignment.

30

20

Events/0.01 GeV

LA B S B I B S S B I B S R B B

4.55 4.8

43
M(x'y') (GeV)

Figure 2.6: Reported finding of the Z.(4430) state as a clear peak in the ¢(2S) invariant
mass by the Belle collaboration [58|. The solid curves show the results of the fit, while the
shaded histogram shows the distribution from the sidebands.

Studying the B — Kmi)(25) decay, the LHCD collaboration [59] confirmed the
Z.(4430) state with a significance of 13.90, providing a mass and width more pre-
cise yet compatible with the Belle collaboration results. The LHCb collaboration
performed a 4-dimensional amplitude fit and confirmed J¥ = 1% spin-parity assign-
ment. Finally, the LHCb collaboration produced an Argand plot of the Z.(4430)
amplitude (taken from the 4-dimensional amplitude fit) as a function of different
¥ (2S)m squared invariant mass bins. Fig. reports the resulting Argand plot,
showing the characteristic behaviour of a change of the resonance phase when its
magnitude approaches the maximum.

Exchanging the 1(2S) resonance with the J/1 one, the Belle collaboration stud-
ied the B — KmJ/1 decay channel |133]. The collaboration found evidence of the
Z.(4430) in the 7J /1 invariant mass. The LHCb collaboration studied the same
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Figure 2.7: Fitted values of the Z.(4430) amplitude in six 1(25)7 squared invariant mass
bins, shown in an Argand diagram by the LHCD collaboration [59]. The superimposed red
curve is the prediction from the Breit-Wigner formula.

B — KnJ/1 decay channel [134], though the contribution from the Z.(4430) in the
mJ /1 invariant mass is not clear. This behaviour is somewhat expected; Ref. [135]
argues that in the compact tetraquark hypothesis the Z.(4430) state would decay
preferentially towards the 1(2S5) resonance rather than the J/i¢ one. A different
proposal is advanced by Ref. [136], which suggests the Z.(4430) to be a hadro-
quarkonium structure.

With a mass (4478713) MeV /c? and width of (1814£31) MeV /c?, respectively, the
elusive Z.(4430) resonance lacks more experimental observations. With the begin-
ning of the Belle-II experiment, the Run 3 at the LHCb detector, and the possibility
for the BESIII collaboration to probe centre-of-mass energies up to 4.95 GeV, more
data will be available to continue the search for this state. This thesis contributes
to this effort by studying the ete™ — w7~ 9(2S) process at centre-of-mass energies
ranging from 4.612 GeV to 4.698 GeV.

2.4.3  Z.5(3985)

On the wave of the Z. discoveries, experimental collaborations started searching
for their strange partners, the Z.; states. Indeed, in the hadronic molecule frame-
work, a Z.s state was predicted to be a JF¢ = 17+ D,D* and have a mass of
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(3.9740.08) GeV/c? by Ref. [137].

The BESIII collaboration observed the first allegedly four-quark state with
non-zero strangeness, the Z.(3985)~, while studying the eTe™ — K+ (D;D* +
D*~ D) + c.c. process [138]. Using five centre-of-mass energies from 4.628 GeV to
4.699 GeV, the BESIII collaboration measured a mass of (3982.575% £2.1) MeV /c?
for the Z.5(3985)~ state, strikingly in agreement with the prediction from Ref. [137].
Again, BESIII, searching for its neutral counterpart in the same energy region, found
evidence of the Z,.,(3985)" state via the ete™ — Kg(DfD*™ + D**D~) + c.c. pro-
cess [139]. The mass of the neutral partner is established to be heavier than the
charged Z.5(3985) state following the prediction from Ref. [140] (in either a molec-
ular or compact tetraquark framework). Moreover, assuming isospin symmetry the
Born cross-section of the neutral channel is consistent with that of the charged one,
suggesting that indeed the Z,,(3985)° state is the neutral partner of the Z,.,(3985).

Finally, the LHCb collaboration reported via the study of the B — K*¢J/1
decay [141] in the K*.J/4 final state a Z.s candidate (dubbed Z.;(4000)), the mass
of which is consistent with the Z.,(3985). However, since the Z.;(3985) state width
is 10 times smaller than the Z.5(4000) one, there is no evidence that the two states
are the same one.

2.5 Theoretical Interpretations

In this section, for sake of completion, the theoretical interpretation will be briefly
sketched. The efforts towards a theoretical understanding of the XY Z scenario can
be synthesised into three big groups: the phenomenological approaches, the effective
field theories, and the lattice QCD numerical computations.

The phenomenological approaches, which are treated here, provide a scheme for
classifying exotic hadrons and offering physics insights for observables, though, they
do not start from first principles. The more rigorous and systematic methods are
not discussed in the subsections, as they go beyond the scope of this thesis. It is
worth mentioning, though, that also effective field theories [56}|142}-144] and lattice
QCD [57,[145-147|, despite being powerful tools, have drawbacks, such as the range
of applicability and the computational cost, that can be reduced by requiring big
(and sometimes unphysical) approximations.
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2.5.1 Phenomenological Approaches

This subsection briefly depicts the main phenomenological frameworks commonly
used in the literature to classify exotic states.

2.5.1.1 Hybrids

Due to its non-Abelian nature, QCD can also admit valence gluons. As already
mentioned, the word “hybrid” refers to quark-antiquark mesons with additional
constituent gluons, but also states with only gluonic degrees of freedom are admit-
ted, and dubbed glueballs.

Typically, theoretical models differ in the procedure they treat and describe hy-
brids, though there are some cornerstones from which experimentalists can start.
A constituent gluon contributes roughly 1 GeV/c? to the mass of the system,
in such a way the ground-state mass for a charmed-hybrid structure would be
2m. + 1 GeV/c* [148,[149] (i.e., roughly 4 GeV/c? for the lightest charmonium
hybrid).

Extending the Quark Model to describe hybrids by modifying the potential
term (c.f., Chapter to allow constituent gluons to interact with the quarks
and antiquarks, one can describe the hybrid system and its potential spin-parity
assignments [60,/150]. Assuming hybrids with a JZ¢ = 1%~ gluon and the quark-
antiquark pair in an S-wave state spin-triplet state, the hybrid might have, among
others, the exotic quantum numbers J©¢ = 1=F. Indeed, non-exotic quantum num-
bers are admitted as well.

Another signature of these exotic states stems from the fact that the quark-
antiquark pair is dominantly in a colour-octet state and, hence, cannot annihilate
into a photon making the leptonic width of hybrids small. Moreover, the quark-
antiquark pair inside the hybrid either converts into a colour-singlet state by emit-
ting a gluon or annihilates into gluons. Two scenarios are, then, possible; either
(i) hidden-flavour states are accompanied by light mesons [151] or (ii) the complete
annihilation guarantees that the final states do not contain heavy quarks [152].
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2.5.1.2 Hadroquarkonia

In Ref. [153], it is proposed some exotic states could be described as a compact
colour-singlet heavy-quarkonium core surrounded by a colour-singlet light-quark
cloud, bound together by residual QCD forces (i.e., Van-der-Waals-like). The hadro-
quarkonium framework can predict both decay patterns and spin-partner states,
mainly due to two assumptions; states sharing the same light-quark cloud, but hav-
ing different spin coupling in the heavy-quark core, are degenerate at leading order;
and, the spin of heavy quarks is conserved (as spin interactions scale with the in-
verse of the heavy-quark mass), constraining the final states.

Typically, Y states are described as hadroquarkonia [136], even though some of
these resonances decay into final states containing both triplet- and singlet-state
charmonia, like the Y (4230) resonance. Ref. [154] supposes that the Y (4230) res-
onance might be a mixture of a J’® = 17~ charmonium core J©¢ = 0**-light-
quark-cloud-surrounded hadrocharmonium and a J©¢ = 17~ charmonium core
JPC = 0~*-light-quark-cloud-surrounded one.

To conclude, a useful prediction [155] for hadrocharmonia sharing the same
light-quark cloud with different spin coupling in the heavy-quark core is that the
ratio of their production rates should be roughly similaif to that of their sub-lying
continuum processes.

2.5.1.3 Hadronic Molecules

Vaguely similar to hadroquarkonia, hadronic molecules are colour-singlet open-
flavour mesons loosely bound together [156]. Typically, the properties of these
structures are derived in analogy from those of standard light nuclei (i.e., protons
and neutrons). Following this analogy, the one-pion exchange is considered central
to molecular binding, which is studied as a function of the binding momentum, a
quantity defining the size of the molecule and the typical momentum within the
bound state.

In general, considering that a narrow and shallow hadronic molecule can be
formed from narrow constituents [157] (< 100 MeV/c?), in the open-charm sec-
tor, only the spin doublets {D, D*} and {D;, D2} can be used to form hadronic

2Around the same invariant mass as the exotic resonances.
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molecules [60], making this scheme not too applicable to many of XY Z states.

As mentioned above, the most prominent candidate for being a hadronic molecule
is the X (3872) state, claimed to be DD" [158]. This would imply that the X (3872)
state is an equal admixture of an isospin-1 and -0 component. However, it decays
with equal rates into pJ/v and wJ/1 final states when the latter is kinematically
suppressed. Some fine tunings are proposed [159] but still await experimental con-

firmations.

Also, the Y'(4230) resonance is suggested to be a hadronic molecule candidate,
in particular, a D; D molecular nature [71]. The reason behind this proposal is that
this resonance has a two-hadron channel nearby (the DyD one [1]). As already
stated, a molecular nature for the Y (4230) resonance would generate asymmetric
line shapes in the w7wJ/¢ channel. As seen by the BESIII collaboration [94], the
Y (4230) resonance would have a preferential decay towards its constituents. Finally,
the Dy — D* decays [1] would explain the observation of the Y (4230) — 7Z.(3900)
transition and the Y'(4230) — X (3872) process [160].

2.5.1.4 Compact Tetraquarks

Probably the most intuitive generalisation to a 4-quark system, a compact tetraquark
(also called diquonium) consists of a colour-antitriplet Q¢ diquark and a colour-
triplet Qg anti-diquark, bound together by the QCD colour force [161].

Assuming similar behaviour to the open-flavour mesons (i.e., similar mass dif-
ferences between excited states), it is hypothesised that spin-spin interaction is
predominant inside the diquarks [120]. This hypothesis requires that the diquark
and the antidiquark do not come too close, laying in a sort of double-well poten-
tial. The potential would act as a barrier between the diquarks and would influence
the compact tetraquark decay, explaining the reason why some exotics are seen to
preferentially decay into open-flavour mesons. Moreover, considering the diquarks’
spins are not correlated with each other, the whole structure can naturally decay
into both singlet- and triplet-states.

This framework can also explain some puzzling decay chains, as in the Y (4230) —
v X (3872) decay. Assuming this scheme, the two states would share the same heavy-
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quark spin structure up to an electric dipole switch [162].

2.5.2 No New States

Some of the exotic candidates reside close to open-flavour thresholds or in envi-
ronments which are already rich in other standard c¢ resonances. Indeed, the
impact of these thresholds is not clear yet, as they might induce kinematic en-
hancements [163,/164]; some structures could be generated by non-analyticities of
the production amplitudes emerging whenever a threshold related to a new chan-
nel is crossed [165]; the XY Z states could emerge as interference effects of various
standard quarkonia [107].

2.5.3 Outlook

Just as sketched in this Chapter, the interpretative models match the number of
analyses performed by the different experiments. As such, to clarify the situation
in the XY Z sector there is a dire need for more data. With the start of the Belle-II
experiment data taking [166], with the data coming from Run 3 and LHC-HL at
the LHCD detector [167], and with the newest upgrade for BECPII and the BESIII
detector (c.f., Chapter , new studies and analyses will probe the nature of the
XY Z states and search for new resonances. This Chapter highlighted the BESIII
effort, as this collaboration has been at the forefront of the XY Z sector studies since
the dawn of these discoveries and because this thesis’ work is performed analysing
the BESIII collaboration data.

This thesis wants to be a piece of the XY Z sector puzzle. Studying the ete™ —
ntr1)(25) process at centre-of-mass energies ranging from 4.612 GeV to 4.698 GeV
allows both to probe the Y (4660) nature and to search for the Z.(4430) state.
Indeed, the BESIII collaboration has already seen the Y (4660) in this channel,
but measuring the efe™ — f;(980)1(2S) component percentage to the whole
ete” — mtr(2S5) process might give some insights over the f,(980)cc molecule
interpretation. Furthermore, the direct search for the Z.(4430) state at the BESIII
experiment is fundamental as its discovery would be an important step ahead to
understanding this resonance. Indeed, up to now, only the Belle and LHCb collab-
orations saw the Z.(4430) state and exclusively in B decays. Even a negative result
(i.e., an upper limit on the Z.(4430) state production rate) would allow theoretical
models to be discriminated due to the Z.(4430) production mechanisms.



Chapter 3

BESIII Experiment

BESIIT (Beijing Spectrometer III) is the third evolution of a high-energy physics
experiment located at the accumulation ring BEPCII (Beijing Electron Positron
Collider IT) located at the Institute of High Energy Physics (IHEP) of the Chinese
Academy of Science in Beijing, People’s Republic of China.

The data taking for the physics programme began in 2009. The BESIII collabora-
tion expects to keep collecting data beyond the 2030s [37].

In this Chapter, the BESIII experiment and its sub-detectors are presented and
described. At the end of the Chapter, the future physics reach and the upgrade
program will be discussed

3.1 BEPCII

BEPCII is a 237.5 meters long double-ring e*e™ collider, running in the "7-charm"
region, with the centre of mass energy (1/s) ranging from 2.0 to 4.95 GeV. The lep-
tonic beams are provided to BEPCII by a 202 meters long linear injector. BECPII
can reach an instantaneous luminosity of 1.05 x 103 cm=2 s7! at /s = 3.77 GeV[]

Fig. shows a schematic view of the layout of the machine. The symmetrical
leptonic beams cross each other in two interaction points (IPs). The northern IP
hosts the Beam Energy Monitor System [168§]|, i.e., the routine equipment for mea-
suring the beams energy and spread, and monitoring their status. In the southern

'Reached on January the 7*! 2023. This is the highest luminosity achieved for a leptonic
accelerator in this energy region.
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IP, the electron and positron beams intersect and collide with a horizontal crossing
angle of 11 mrad. Here, the BESIII detector and all the machinery necessary for
the colliding and detecting operations, such as focussing magnets, vacuum pumps,
and cooling systems, are located.
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Figure 3.1: Layout of the BEPCII storage rings.

To match the physics requirements of higher luminosity (to probe rare charmonia
decays) and higher energy (to pursue the XYZ exotic searches), an upgrade for
BEPCII was envisioned and is under development [37,|169] to be ready for the 2025
data-taking. The upgraded BEPCII-U will reach 2.8 GeV per beam, tripling current
the instantaneous luminosity at the beam energy of 2.35 GeV and bringing it to the
same level as the one reached at /s = 3.77 GeV.

3.2 BESIII Detector

BESIII [170] is a multi-purpose detector designed to investigate a broad range of
high-energy physics topics. In Fig. |3.2] a schematic view of the BESIII detector is
presented. Moving from the IP outward, BESII is composed of the following sub-
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detectors: a Multilayer Drift Chamber (MDC), a Time of Flight (ToF) detector,
an ElectroMagnetic Calorimeter (EMC) (all surrounded by a 1 T superconducting
solenoid), and, interleaved in the magnet flux return yoke, a Muon Counter (MUC)
as the outermost sub-detector.

BESIII can be divided into a central part called barrel and two endcaps, which cover
the forward and backward regions. It covers 93% of the solid angle with the polar
angle ranging from 21° to 159°.

The reference frame used by the BESIII collaboration consists of a right-handed
coordinate system with its origin at the IP in the centre of the detector. The cylin-
drical coordinates (9, &5, %) are defined so that Z is parallel to the beamline, g}ﬁ sweeps
the plane orthogonal to BECPII rings, and 6 = 180° — 0° corresponds to the 2 > 0
beam axis.

3.2.1 The Multilayer Drift Chamber

The MDC is a drift chamber whose purpose is to track and measure the momentum,
and the dF /dx of charged particles with a momentum = 50 MeV /c. It has a single
wire spatial resolution of 120 ym (2 mm) in the ¢ plane (along the z-axis, limited by
the small stereo angle), while the charged-particle momentum resolution at 1 GeV /¢
is dp/p ~ 0.5%. The MDC has a good dF/dx measurement capability (¢ ~ 6%
for electrons from Bhabha scattering) and it is also employed as a level 1 trigger.
Finally, the MDC allows the identification of secondary vertices of long lifetime
neutral hadrons (such as K and A?).

To minimize the multiple scattering and maintain a good dF/dx resolution a
60:40 helium-propane mixture (He-C3Hg) was chosen to fill the MDC. With an in-
ner radius of 59 mm and an outer radius of 810 mm, the MDC was designed to be
divided into layers grouped in two: the inner chamber and the outer one with 8 and
34 layers, respectively. The inner chamber can be removed for upgrade due to the
inevitable radiation damage it undergoes. The coverage of the MDC reaches 93%
of the solid angle.

As Ref. [123] reports, the contribution from the MDC tracking efficiency uncer-
tainty is relatively low and it is estimated to be 1% for each track.
Among the many analyses in which charged tracks are employed, and, hence, the
MDC is essential, one can mention the latest R-value estimation |[171]. For such
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Figure 3.2: Schematic representation of BESIII detector. The different sub-detectors are
also depicted; from the beam pipe (at the centre of the image): the multilayer drift cham-
ber, the time of flight detector, the electromagnetic calorimeter, the 1 T superconducting
solenoidal magnet, and the muon counter.

a measurement, good charged hadronic tracks are selected, while rejecting QED-
related background. The trigger efficiency and the event selection are the least
contributing uncertainties, thus, granting the most precise measurement of the R-
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value for 14 energy points at /s = [2.2324, 3.6710] GeV. Fig. shows BESIII
collaboration’s results compared to QCD prediction [172] and other experiments
(cf., Ref. [173]).

< Iy 4l e IR I AR IR

N,

2 [
i o BESIII (this Letter) A CrystallBall
= KEDR ¢ PLUTO ---pQCD+J/y and '
L L 1 L L L L | L L L L 1 L
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Figure 3.3: R-value measurements for 14 energy points at /s = [2.2324,

3.6710] GeV [171]. The red dots denote the BESIII collaboration’s results, the rectan-
gles show the KEDR measurements |173], and the black dashed line represents the QCD
prediction [172].

3.2.1.1 Aging of the MDC

Due to the high luminosity of the BEPCII collider, with a background rate of the
order of the kHz/cm? [174], the inner chamber of the MDC has been showing ageing
issues due to radiation damage. The ageing is associated with the polymerization
on the cathode of the organic molecules used as a quencher in the MDC, this
thin insulating layer then charges positively and causes secondary electron emission
(Malter Effect). As shown in Fig. [3.4] BESIII inner tracker suffered a decrease in
the gain of ~4% per year, reaching a total gain loss of 51% in the innermost layer
in 2022.

Considering BESIII is going to take data, with upgraded luminosity, up until
the 2030s, at least, the inner MDC must be substituted. For this reason, the
BESIII Italian teams proposed a tracking system based on a cylindrical Gas Electron

Multiplier (cf. Sec.|3.4.3.2)) |175].

3.2.2 The Time of Flight Detector

The ToF detector, present both in the barrel and two endcaps, participate in the
particle identification by estimating the time elapsed between the collision and the



44 BESIII Experiment

—_
—_

=
o
(=}
=
= 1
o
0.9
0.8 =442
.
- 3 =
07_@,. ...... pr L ] 2011
" 2012
__F@F} A - 2013
8- . 2014
L - L d 2015
0 6 — 2 2] - 2018
R 9 o 2017
" 2018
ot . =
0.5 2022
04_||||||||||||1||||1||1||||||||||||||1
"0 5 10 15 20 25 30 35 40

layer

Figure 3.4: Gain loss of the MDC per year compared to its initial conditions.

particle’s passage through the detector’s layers. The barrel ToF has two layers of 88
scintillating bars directly coupled to PhotoMultiplier Tubes (PMTs) and mounted
in a cylindrical geometry around the shell of the MDC. The endcap ToF system
was upgraded in 2015 with a double layer of trapezoidal multigap resistive plate
chambers [176].

Owing to 80 ps (65 ps) time resolution in the barrel (endcaps), combined with the
aforementioned dE/dx resolution, the ToF and MDC system provide a 30 /K
separation up to momenta of 770 MeV /c. This good time resolution also makes the
ToF a fast trigger for charged particles.

The ToF detector has been also particularly successful in probing the electro-
magnetic structure of the neutron, which was achieved by the BESIII collaboration
via measuring its Sachs form factors . The result was obtained by studying
the e"e™ — nn process. The ToF is used in combination with the EMC to detect
(anti-)neutrons, by searching for events with hadronic showers in the EMC and a
corresponding knockoff proton in the ToF (either due to antineutron annihilation
or neutron interaction). This allowed, as shown in Fig. , the observation for the
first time of the oscillatory behaviour of the effective form factor for the neutron.
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Figure 3.5: Fit to the deviation of the effective form factor |G| of the nucleon from the
dipole law [177].

3.2.3 The ElectroMagnetic Calorimeters

The EMC is designed to measure the energies and the position of the leptons and
photons with energy bigger than 20 MeV. It’s also important for e-m discrimination
at momenta larger than 200 MeV/c. The EMC consists of 6240 CsI(T1) crystals
placed in the barrel and the endcaps, each with a material budget equal to 15 radi-
ation lengths.

With an acceptance of ~ 93%, the designed energy resolution of electromagnetic
showers is 2.5% (5%) in the barrel (endcaps) at 1 GeV and the position resolution
is —=20__ cm.

E (GeV)

As already stated, the EMC is fundamental in those event signatures which
do not contain charged tracks. Another example regarding this point comes from
Ref. |23, in which the h.(1'P;) charmonium state is studied via the ¥(2S5) —
7he — 79n,.. In such a study, only three photons are used to describe the event,
two of which to reconstruct the 7 and one to tag the event. Owing to the EMC
resolution, Ref. [23] was able to provide the second-ever measurement of the h.(1' P;)
width, among the estimations of the branching fractions of the involved decays as
reported in Fig. of Chapter

3.2.4 The Superconducting Solenoidal Magnet

The superconducting solenoidal magnet is designed to provide a uniform axial field
of 1 T and to guarantee the MDC high momentum resolution for charged tracks
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(0.5% for 1 GeV/c momentum). The steel flux return yoke used for hadron ab-
sorption allows muon-hadron separation and provides support to the whole BESIII
structure. Made of carbon steel, the return yoke is divided into nine layers both in
the barrel and on the endcaps.

3.2.5 The Muon Counter

The MUC is the outermost subsystem of the BESIII detector. It can distinguish
muons (with momenta bigger than 400 MeV /¢) from hadrons by their hit patterns.
The muon-hadron separation is performed thanks to the instrumented steel flux
return yoke of the solenoidal magnet.

The muon spectrometer is made of alternating layers of RPC (Resistive Plate Cham-
ber) and steel absorber. The barrel is divided into octants, each of which is made of
9 layers of absorber and 9 layers of RPC, while the endcaps are instrumented with
8 active layers.

The 4 cm large readout strips can be found both in ¢ and 6 covering ~ 89% of the
solid angle.

A topical analysis for this subdetector is Ref. [178], in which the MUC allowed
the estimation of the product fp+|Vel E| Via the DY — p'v, decay, from the
missing mass squared (presented in Fig. [3.6)), Ref. [178] obtained the branching
fraction of the searched channel. Combining this information with the y* and D
masses and the meson lifetime, the BESIII collaboration measured the f+ and |V

variables.

3.3 BESIII Physics Programme

Since 2009, BESIII has collected data samples of J/v, ¥(2S), and ¢ (3770) states
along with data sets to fully cover its rich programme that will be shortly presented
in this section (cf., Table [4.1).

There exist many possible studies with the BESIII detector which are subdivided
into the five main physics subgroups.

Light Hadron Spectroscopy The light hadron group concentrates its efforts on
light (u,d, s) meson and baryon spectroscopy, along with form factors estimations

Where [p+ is the DY decay constant and |V.s| is the CKM matrix element for the ¢ — s
quark mixing
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Figure 3.6: Fit to the missing mass squared of the D} — utwv, decay |178]. The inset
plot shows the distribution in log scale. Dots with error bars are data. The blue solid curve
is the fit result and the red dotted one represents the background fit. The histograms are
the different background components.

and exotic states searches. The search for these states, after all, did begin in the
light quark sector; and, with its 10 billion J/v, the BESIII collaboration can make
use of this resonance’s radiative decays (which are gluon-rich processes) to study
light glueballs and hybrids.

Among many other results [179,/180], the latest and the most interesting one is
shown in Refs. [181},/182]; in such an analysis, a new state, the 1;(1855) resonance,
is found. Due to its quantum numbers, JF¢ = 1T, the 1;(1855) is an exotic
isoscalar state, whose parameters are consistent with Lattice QCD calculations for
the 17" hybrid [183].

Moreover, one of the results in which the BESIII collaboration plays a crucial role
in the light hadron spectroscopy sector is the analysis of the exotic state X (1835),
firstly observed by the BES collaboration [184] and six years later confirmed by
the BESIII experiment [184]|. The latest study on this exotic state is brought by
Ref. [185], in which the J/1) — eTe~ X (1835) Dalitz transition is observed and its
transition form factor measured for the first time.

Charmonium Physics The subgroup focuses on the studies of conventional char-
monia and the searches for the XYZ states. On the one hand, it measures cross
sections, transitions, and decays between the different charmonia, allowing us to
probe the charmonium potential model and shedding light on our knowledge of
these states. On the other hand, it allows the BESIII collaboration to be one of the
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main protagonists in the XYZ studies, probing the transition among these states
(and their connections to the conventional ones) and their cross-section at different
energies.

Many of the analyses presented in Chapter 2] and this thesis itself lay within the
charmonium subgroup. In the XYZ regime, the most recent study is Ref. [96];.
This analysis found evidence of the Z.,(3985)° state. Found near-threshold in the
ete” — K%(DFD*~ + Dt D7) reaction, its coupling to charmed mesons suggests
a minimum quark content of césd, making the most plausible interpretation for it
to be the isospin partner of the charged Z.(3985) state [138],140].

Regarding the conventional charmonium states, apart from the already discussed
Ref. 23], the BESIII collaboration also investigates the h.(1'P;) states searching
for its hadronic decays |186L/187] as it is not yet clear if this pseudovector hadronic
width is of the same order of its radiative one.

Charm Physics The charm subgroup studies the other part of the charm quark
systems, i.e., the charmed mesons and baryons. The group contributes to the light
quark ezotic states searches, by probing their connections to the D, mesons. The
charm division also takes care of the electroweak part of the Standard Model (SM)
measuring the Cabibbo-Kobayashi-Maskawa (CKM) matrix entries |178][188] and
studying the D’ mixing [189] and the CP-violating Dy decays (such as Ref. [190]).
A flagship analysis for the charm group is presented in Ref. |[188]. This analysis
is analogous to the one of Ref. [178], presented earlier in this Chapter, with the
difference that the D(*;) is reconstructed in its D(t,) — 7Tv, decay, with 77 going to
e*v ;. The product f5,+|V.s| is estimated with an improved precision with respect
to Ref. [178]. Finally, the branching ratio measurement of the D(t) — 7T v, process is
improved by a factor of 2 compared to the previous best measurement [190], allowing
the estimation of the branching fractions ratio BD(*S)HTWT/BD(*;)HWVH =9.72+0.37.
The branching fractions ratio is found consistent with the SM prediction [1] of lepton
flavour universality.

7-QCD Physics The 7-QCD physics group is dedicated to the precise measure-
ment of key parameters of the SM (such as the 7 lepton mass and its decays) and
of the perturbative regime of QCD (e.g., R-value estimation and form factors).

The long waited work of Ref [171] has already been presented above. With such an
analysis, the BESIII collaboration provided the most precise up-to-date measure-
ment of the R-value for 14 energy points at /s = [2.2324, 3.6710] GeV. Reaching



3.4 BESIII Upgrade Programme 49

an accuracy of 2.6% at /s < 3.1 GeV and 3.0% at /s > 3.1 GeV, the results are
consistent with KEDR ones [173] and QCD predictions [172].

An example of how the BESIII collaboration can perform regarding the form fac-
tors is represented in Ref. [191]. In this study, the 7-QCD subgroup measured the
Born cross-section of the ete~ — £05 reaction at 7 centre-of-mass energies (/s =
[2.3864, 3.0200] GeV), providing the 7 corresponding %° effective form factors [192].
The results are in agreement with the BaBar collaboration’s ones [193], but with
improved precision of a factor of 2. Moreover, following Ref. [194], an asymmetry
in the effective form factors (Ggg) of X-triplet is observed confirming that Ggg is
proportional to the squared sum of the valence quarks’ charge.

New Physics The new physics subgroup focuses on all those studies beyond the
SM (BSM) physics that can be performed in the low energy regime (i.e., at /s
« myz, where my is Z-boson’s mass). The focus in this sector revolves around a
possible massive partner of the photon, whose mass should be of the order of the
GeV/c? [195H197]. This new "dark photon" would behave as a portal between the
SM and the dark sector, coupling to the photon and decaying both to the SM and
BSM sector. In Ref. [198] the search for this extra boson is performed using the
Initial State Radiation (ISR) to cover a mass range between 1.5 and 3.4 GeV /2.
From the ete™ — y15rY — visrl ¢~ reaction, the dark photon (7") would appear
as an enhancement in the invariant mass distribution of the leptonic pairs (¢ = e, p).
The BESIII collaboration also probes supersymmetric models [199[200] via search-
ing for J/1 radiative invisible decays (i.e., J/1¢» — v + invisible) [201];. In said
scenarios, a light stable candidate of dark matter couples with SM via a light pseu-
doscalar Higgs boson, which can be produced in radiative decays of charmonium
vector resonances (such as the J/v).

Finally, the BESIII collaboration can also perform searches on lepton/baryon num-
ber violating processes both with D mesons decays (D° — pe™ + c.c. [202] and
Dt — A(X%e™ + c.c. [203]) or J/¢ transitions (— Ae™ + c.c. [204]).

3.4 BESIII Upgrade Programme

As explained in the previous Chapters, despite the discovery of the charm quark
almost 60 years ago, many questions about the charmed sector still remain unan-
swered. Moreover, the physics related to the XY Z states is still an object of theo-
retical debate and consensus seems far to be reached; indeed, many discoveries are
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expected and needed to understand more about the nature of these exotic hadrons.
Hence, an upgrade of the BEPCII collider and the BESIII detector is of the utmost
importance to keep the collaboration competitive in these topics [174]. The up-
grades will contribute not only to understanding the XY Z sector but will impact
also the standard physics, investigating lepton flavour universality, the charmonium
spectrum and decays, the unitarity of the CKM matrix, hadronic properties, and
new physics.

3.4.1 Physics Reach

Increasing energy and luminosity will grant the BESIII collaboration to be competi-
tive in the upcoming years. This is particularly true in the XY 7 sector; a relatively
high luminosity at high energy means new information, with the ability to perform
finer and more precise scans for the Y states, to study Argand diagrams and Dalitz
plots for understanding the Z resonances, and to investigate with more sensitivity
the X structures CP values.

Despite the main aim being increasing the information regarding the XY Z sector,
all of the five main physics subgroups will profit from the upgrades, especially con-
sidering the possible increase of the three ¢(nS) data sets and the studies, not yet
performed, with the current ones.

The light hadron group with J/v¢ and #(25) events can and will perform more
systematic studies on glueballs and investigate exotic hybrid nonets, probing a
larger phase space and reaching higher masses without suffering from sensitivity
constraints.

Thanks to higher statistics, the charmonium subgroup can search for new h.(1'P;)
decay modes, and, more generally, investigate charmonia M1 transitions and with
baryon final states, even performing partial-wave analyses to understand interme-
diate particles contributions to charmonia transitions.

The charm subgroup will profit from the increased 1(3770) data sample; with more
D)D) events double-tag technique can be employed to fully reconstruct Dy de-
cays, probing CP violation and measuring CKM matrix entries.

Finally, the 7-QCD physics and the new physics subgroups can increase their energy
reach and sensitivity for transition and EM form factors, for probing Bell inequality,
and search for states non-predicted by the SM.
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3.4.2 Luminosity Upgrade

To keep the physics requirements attainable from both a statistical and an energetic
point of view, an upgrade for BEPCII is under development [37[169]. The upgraded
BEPCII-U will reach 2.8 GeV per beam, tripling current the instantaneous lumi-
nosity at /s &~ 4.70 GeV to reach 6 x 10?3 cm~2 s7!, the same luminosity of /s =
3.77 GeV as shown in Fig. [3.7]

Upgrade vs BEPCII /9

{cm “s

x

K luminosity

Pe:

Figure 3.7: BEPCII-U expected luminosity compared to BEPCII performances. The
green solid line represents the envisioned luminosity at the future upgrade of BEPCII.
The red points and the dashed blue line are the achieved values and the trend line of
the BEPCII luminosity. The expected upgrade will allow BEPCII-U to reach a peak
luminosity of 6 x 1033 cm=2 s~! within the /s range [3.77, 4.70] GeV.

3.4.3 The CGEM-IT Project

As mentioned in Sec. the inner MDC will be substituted by a tracking system
based on a cylindrical Gas Electron Multiplier (CGEM) technology, proposed by the
[talian collaboration. This project (BESIII-CGEM) is funded in part by European
Commission.

GEMs are micropattern gaseous detectors first introduced in 1997 , and, since
then, adopted by several high-energy physics experiments [206-208].
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3.4.3.1 GEM Detectors

A GEM (Fig. foil consists of a 50 um Kapton film, coated on both sides by 5 pym
of copper. This sandwich-like foil is then hole-etched, to create a 70 pm wide holes
mesh [205]. A single GEM detector consists of a cathode, an anode (which serves
as the readout plane), and a GEM foil, all separated by gaps of a few millimetres.

/CATHODE

DRIFT —
INDUCTION —

Figure 3.8: Schematic representation of a GEM foil. Courtesy of S. Gramigna.

Applying a high voltage between the two copper faces, it is possible to generate
an electric field inside the holes in such a way that GEMs can provide electron
multiplication ,. The electrons, produced via primary ionization by charged
particles interactions with the gas, are brought towards the GEM. Approaching the
GEM holes the electrons are accelerated by an electric field of the order of 102
kV /em, producing (by secondary ionization) the charge multiplication. The charge
is then drifted to and collected by readout strips placed on the anode. To increase
the charge collected it is possible to use a series of GEM layers, as in Fig. [3.9 This
setup minimizes also discharges inside the GEM, allowing to diminish the electric

field in the holes as shown in Fig. and Ref. [210].

3.4.3.2 CGEM-IT

The CGEM-IT (Cylindrical GEM-Inner Tracker) project was proposed and ap-
proved with the main idea being that GEMs are less prone to ageing concerning
wire chambers (c.f., Refs. ,), they have a relatively low material budget, and
that, as shown Ref. , the secondary vertex resolution will improve by a factor
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Figure 3.10: Gain as a function of the voltage difference applied on a GEM foil for
different detector configurations [210].: single (SGEM), double (DGEM), and triple GEM
(TGEM).

between 2 and 3 better with this new detector.

As shown in Fig. B.11] the CGEM-IT consists of three independent cylindrical
layers, each composed of a triple GEM (i.e., with three multiplication stages). The
cylindrical structure is needed to envelop the entire beam pipe. A 90:10 Ar-iC4Hyq
gas mixture was chosen according to the results of validation analyses [212].

The CGEM Inner Tracker has been introduced by the KLOE-2 experiment at
LNF . Despite the similarities between the two aforementioned experiments,
the CGEM-IT has stringent requirements that must be observed. It has to sustain
a 1 T magnetic field maintaining a spatial resolution in the ¢ plane better than
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Figure 3.11: Schematic representations of the CGEM detector. Fig. is a layout
of a cylindrical triple-GEM detector, while Fig. [3.11(b)|is a sketch of the whole CGEM
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130 pm ,.

The two innermost layers have already been built, and are currently under val-
idation at IHEP with cosmic-ray data acquisition. The third and outermost layer
is under construction as it underwent mechanical review in 2021.

As I proceeded with my analysis work, I also contributed to the characterisation
of the CGEM-IT by developing a Geant4 simulation to understand the behaviour
of the supporting structure holding the first two CGEM layers. The supporting
structure is the assembly machine for the layers and as of 2022 operates as a cosmic
stand. The knowledge of its impact on cosmic rays is fundamental to understanding
its contribution to tracking resolution. The simulation allows the collaboration to
understand that the structure introduces a small deflection (~0.5 mrad) on the
primary particles. The simulation also proves that secondary particles are produced
in less than 10% of the events. The results allows continuing data analysis without
the need to apply for corrections. Furthermore, I carried out quality assurance
studies on the two CGEM-IT innermost layers and participated in beam tests at
CERN for the validation of the custom electronics developed for the CGEM-IT.
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Collected Events

Scan Type

Centre-of-mass Energy

(fb~1) Motivation (GeV) Year
2.9 Y(3770) 3.773 2010 - 2011
0.5 1(4040) 4.009 2011

0.024 T mass 3.554 2011

1.3 billions
(total) J/ 3.097 2009 - 2012
0.5 billions

(total) P(2S5) 3.686 2009 - 2012
1.9 Y (4260) Around 4.23, 4.26 2013
0.5 Y (4360) Around 4.36 2013
0.5 Y'(4260),/Y(4360) | Around 4.23, 4.26, 4.36 2013
0.8 R-value [3.85, 4.59] 2014
0.04 A, threshold 4.599 2014
0.5 R-value [2.00, 3.08| 2015
0.1 Y (2175) 2.125 2015
3.1 D7Dy threshold 4.18 2016

5 Scan [4.19, 4.30] 2017
10 billions
(total) J/ 3.097 2018 - 2019
4.13, 4.16 }
4 Scan 14,20 4.44] 2018 - 2019
3.8 Scan [4.61, 4.70] 2020
2 Scan [4.74, 4.946] 2021
3 billions

(total) P(2S) 3.686 2021

20 »(3770) 3.770 2022

Table 3.1: BESIII data samples collected since 2009. The first column reports the size
of the data sample either in fb~! or expressed in terms of number-of-events (for the .J/1
and ¥ (25) resonances). The type of data sample collected and its corresponding year
are presented in the second and last columns, respectively. The third column reports the
centre-of-mass energy at or around which the data set was taken. Owing to its luminosity,
BESIII has collected the biggest data samples in the world of J/v, ¥(25), and ¥ (3770)

resonarnces.






Chapter 4

Study of the eTe™ — 7w 4)(25)
Reaction

Using six data samples with a total integrated luminosity of ~5 fb™! collected by
the BESIII detector, the ete™ — 777¢(25) process is studied at centre-of-mass
energies ranging from 4.6121 GeV to 4.6984 GeV both to probe the Y (4660) struc-
ture nature and to search for the Z.(4430)* state. First, efe™ — 7Tn 9(25)
cross-section is studied; then, the Dalitz plot of the ete™ — 777 ¢(2S) process is
analysed to investigate the f,(980)cc molecule interpretation of the Y (4660) reso-
nance. Finally, a search for the charged Z.(4430) exotic hadron is performed; this
search is motivated by Refs. [112,[123], where the Z.(3900)* state is seen both in
the w.J/¢ and w1 (25) invariant masses and in relation with the Y (4260) resonance.
In analogy with these analyses, and drawing from the Ref. [123| finding of the pro-
duction ratio R = o(ete™ — 75 2.(3900)F — ntr=J/v)/o(ete” — ntr=J/) =
(21.5 £ 3.3 £ 7.5)%, neglecting the change of phase space due to the J/¢ to 1(2S5)
switch, roughly 100 Z.(4430)* events are expected around the Y (4660) peak.

4.1 Analysis Strategy

The ete™ — ntn71(25) process is studied following the (2S5) — w7~ J/¢ tran-
sition with the J/1 resonance decaying into a couple of leptons (¢), either electrons
(e) or muons (). To estimate the ete™ — 7wrn~1)(2S5) cross-section, the 1)(2S5)
invariant mass (M (¢(2S5))) is fitted and the number of events extracted and nor-
malised as described below. As will be evident below, the analysis of the Dalitz
plot shows the potential of studying the ete™ — f5(980)1(2S), fo(980) — 7 m—
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sub-channel. The eTe™ — f3(980)1(2S) contribution to the total process is esti-
mated from the M (n*7~) spectrum. Finally, to search for the charged Z.(4430)
exotic state, the m(25) invariant mass distribution is studied. The last step uses
together the 6 data sets (for an integrated luminosity ~5 fb™!) collected by the
BESIII collaboration in 2020.

4.2 Monte Carlo and Data Samples

BESIII software group provides the entire data processing, and physics analysis
packages consisting of generation, simulation, reconstruction and other useful anal-
ysis tools in a GAUDI [215] environment called BESIII Offline Software System
(BOSS) [216]. This analysis was performed with BOSS version 7.0.6, which con-
tains the full reconstruction of the 6 data sets collected in 2020.

4.2.1 Monte Carlo Samples

Simulated data samples, produced with a GEANT4-based [217] Monte Carlo (MC)
package, which includes the geometric description of the BESIII detector and the
detector response, are used to determine detection efficiencies and to estimate back-
grounds. The centrally produced simulation models the beam energy spread and
initial state radiation (ISR) in the e*e™ annihilations with the generator KKMC [218],
219]. The inclusive MC sample used to study and estimate background components
includes the production of open charm processes, the ISR production of vector
charmonium(-like) states, and the continuum processes incorporated in KKMC. All
particle decays are modelled with EVTGEN [220,[221] using branching fractions ei-
ther taken from the Particle Data Group |1|, when available or otherwise estimated
with LUNDCHARM |[222,223]. Final state radiation (FSR) from charged final state
particles is incorporated using the PHOTOS [224] package. For each energy point
(cf., second column of Table and the hadronic and QED contributions, samples
ten times the statistics, estimated considering the centre-of-mass energy and the
integrated luminosity (cf., third column of Table , are generated; for the simu-
lation of open charm processes, samples of forty times the statistics are produced.

In the signal MC samples, both the non-resonant (e*e™ — 7774 (2S5)) and the
exotic (ete™ — fo(980)1(2S)/m*Z.(4430)F) processes are generated by EVTGEN.
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The CONEXC generator [225] (cf., Appendix [A]) is used to simulate the ISR process
and estimate the vacuum polarisation [226] and the ISR correction factors. For each
energy point and each data sample, 300000 events are generated.

4.2.2 Data Samples

This analysis data, collected by the BESIII collaboration in 2020, corresponds to
an integrated luminosity of ~5 fb~!. Table shows a summary of the 6 data sets
with their centre-of-mass beam energy (Fcop) and the associated luminosity (£).

Sample ‘ Econ (MeV) ‘ L (pb™1)
4610 | 4611.86 £+ 0.12 0.30 | 103.65 £+ 0.05 = 0.55
4630 | 4628.00 £ 0.06 0.32 | 521.53 £ 0.11 + 2.76
4640 | 4640.91 £ 0.06 0.38 | 551.65 £ 0.12 + 2.92
4660 | 4661.24 £+ 0.06 0.29 | 529.43 + 0.12 £+ 2.81
4680 | 4681.92 £+ 0.08 0.29 | 1667.39 &+ 0.21 £+ 8.84
4700 | 4698.82 £+ 0.10 0.36 | 535.04 £0.12 + 2.84

Table 4.1: BESIII analysis data samples collected in 2020 [227]. The first column reports
how the data sample is dubbed. The centre-of-mass beam energy (Econs) of the data
sample collected and its corresponding luminosity (£) are presented in the second and last
columns, respectively.

H H H B H

4.3 Event Selection

The procedure of selection consists of two main steps: good charged tracks selection
and cuts to select the chosen process. The selection process was optimised on signal
MC data sets and checked on the inclusive MC sample.

4.3.1 Charged Particle Selection

Good tracks reconstructed in the MDC must pass the following fiducial and produc-
tion vertex cuts. Tracks are required to satisfy |cosf| < 0.93, where 6 is the angle
of the momentum direction with respect to the beam axis. The distance of clos-
est approach to the interaction point must be less than 10 cm along the beam axis
(R.), and less than 1 cm in the transverse plane (R,,). A comparison of these three
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distributions, for the 4680 data sample, among the non-resonant simulation, the
Z,(4430) exclusive MC events, and the inclusive MC sample is reported in Fig. [4.1]
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Figure 4.1: Charged tracks distributions for the 4680 energy point; black dots refer to
non-resonant MC simulation, the blue triangles to the Z.(4430) exclusive MC sample,
and the red triangles to the inclusive MC data set. The samples are normalised to their
respective total. The top left represents the distance of closest approach in the transverse
plane; the top right plot is the closest approach distance along the beam axis; the bottom
histogram shows the cosine of the angle between the momentum and beam axis.

The final decay topology consists of 4 pions and 2 leptons, though, to increase
the final selection efficiency, a missing pion (myss) is allowed, and a 3 pions and 2
leptons final topology is also reconstructed. The six-track (2¢47) and the five-track
(2¢37) events are reconstructed starting from the requirement of having exactly 6
or 5 good charged tracks, respectively. The number of (good) charged tracks for
the 4680 data sample is reported in Fig. [£.2]

Leptons and pions are distinguished via their momenta, as leptons are those
charged particles with momenta bigger than 1GeV /¢, while momenta less than
0.85 GeV /c define pions. The last requirement is then optimised as described be-
low. Further, electrons and muons are distinguished via the ratio of their deposited
energy in the EMC to the momentum measured by the MDC (Egyc/pupc); it is
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Figure 4.2: Number of charged tracks for the 4680 energy point; black dots refer to non-
resonant MC simulation, the blue triangles to the Z.(4430) exclusive MC sample, and the
red triangles to the inclusive MC data set. The samples are normalised to their respective
total. The left plot shows the number of charged tracks for each event, while the number
of good charged tracks is reported on the right. The number of good charged tracks for
the inclusive MC data set si reported after all of the selection criteria.

required to be bigger than 0.7 for the electrons and smaller than 0.6 for the muons.
The momentum and the Egyc/pupe distributions are reported for the 4680 data

sample in Fig. [1.3]
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Figure 4.3: Charged tracks momentum and the Fgyc/pype distributions for the 4680
energy point; black dots refer to non-resonant MC simulation, the blue triangles to the
Z.(4430) exclusive MC sample, and the red triangles to the inclusive MC data set. The
samples are normalised to their respective total. The left plot shows the charged tracks
momentum spectrum, while the Egpyo/pype distribution is reported on the right.

On the Z.(4430) signal MC dataset, the upper bound for the pion identification

S
B>

signal and background events estimated from the signal and inclusive MC samples,

is optimised based on the figure of merit where S and B are the numbers of

respectively. Starting from a momentum p = 1GeV /¢, the momentum spectrum of
the pions is probed down to 0.60 GeV/c as shown in Fig. [4.4] Table reports, for
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each data set, the momentum value which optimised the figure of merit % (PBest )-

Sample | ppest (GeV/c)

4.610 0.72
4.630 0.73
4.640 0.74
4.660 0.75
4.680 0.77
4.700 0.78

Table 4.2: Optimised maximum momentum for pion identification. The upper bound
for the pion identification is optimised based on the figure of merit %.

On the 6-track topology, a four-constraint kinematic fit is used to improve the
event resolution fixing the total four-momentum; on the other hand, due to the
missing pion track, a one-constraint kinematic fit is applied on the 5-track events
by requiring the missing mass to be that of a pion. Moreover, on both the selected
topologies, two constraints are added by fixing the masses of the ¥(2S) and J/v
resonances to their known values [1]. Candidates with a fit x> > 200 are rejected.
In the six-track topology, the 77 couples are selected via the best x2. On the other
hand, in the five-track events, the 77 and the 7mye couples are selected by find-
ing the combination that reconstructs (before the six-constraint kinematic fit) the
1(2S5) mass closest to its known value [1]. An additional requirement is posed on the
energy of the missing pions; as it would be hard to kinematically constrain events
with missing pions coming from the Z.(4430)* decays, five-track topologies with
E(muiss) > 0.50GeV are discarded. The distribution of F(myss) with the 0.50 GeV
cut overlaid is reported in Fig. for the 4680 data sample.

Finally, additional cuts are required on the reconstructed masses of the ¢ (25)
and J/1) resonances (Myms)). These requirements are defined by studying the in-
variant 777~ ¢T¢~ and ¢T¢~ masses for the ¢)(25) and .J/v resonances, respectively,
with the momenta of the particles taken before the six-constraint kinematic fit. The
constraints are fixed by fitting the aforementioned distributions with either a double
Gaussian or a sum of Gaussian and Crystal Ball [228] functions depending on the
J/1 decay channel; for the skewed electronic decay channel the asymmetric sum
of Gaussian and Crystal Ball is used. The fits for the 4680 data set are reported
in Figures [4.0] and [£.7, with the selection windows highlighted by the black solid
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Figure 4.4: Charged particles momentum optimisation via the analysis of the % figure
of merit. For each centre-of-mass energy, the momentum spectrum of the pions is probed
down to 0.60 GeV/c.

vertical lines. The widths (o) of the final distributions, ranging from 19 MeV /c?
to 25 MeV/c?, are then taken and the events in the electron (muon) channel laying
within Myns)y —50 < Mymns) < Myms) + 30 (Mw(nS) =30 < Myms) < Myms) +30)
are then selected for further studies. For the invariant ¢(2S) mass in the muon
channel of the five-track topology, due to a more skewed distribution, a My,s) — 50
< Mymns) < Myms) + 30 window is used.

Again for the five-track topology, the missing pion mass (My,,. ) is also con-

TMiss
strained by fitting the 777~ ¢*T¢~ recoil mass distribution with a sum of Gaussian
and Crystal Ball functions and extracting its width (o). The widths of the distri-

butions are found to be in the [29, 37] MeV /c? range. The fit for the 4680 data set
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Figure 4.5: Missing energy E(muiss) spectrum for the 4680 data sample. The black solid

vertical line represents the selection criterion, above which the five-track topologies are
discarded.

is reported in Fig. [4.§8 with the selection windows highlighted by the black solid
vertical lines. In this case, the events laying outside the M, . — 30 < M, <

Miss TMiss

M-, ... + 50 window are rejected.

4.4 Background evaluation

After the aforementioned cuts, in the real data samples, one expects to find mostly
combinatorial background in addition to the searched non-resonant ete™ — w779 (25)
signal. To corroborate this hypothesis, the inclusive MC sample is studied. The
inclusive MC sample includes the production of open charm processes, the ISR
production of vector charmonium(-like) states, and the continuum processes. No
Z.(4430)7 signal is generated within this sample. Via the study of this MC sample,
two channels are found to survive after the selection cuts:

e the selected non-resonant ete™ — 7771 (2S5) channel;
e the ee” — nn nta 77~ channel.
This study is performed with a tool from Ref. [229]; the inclusive MC sample

is analysed with the MC truth of the final particles gathered to reconstruct their
origin.
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Figure 4.6: Fits to the invariant £/~ masses to select the signal windows for the 4680
data set. The plots on the left represent the 5-track topologies, while the 6-track events
are reported on the right. Top spectra refer to the J/1) — eTe™ decay, while the bottom
two distributions are the J/1 muonic transition. The solid blue lines refer to the fit, while
the black dots with error bars are the data. The red dashed line represents the Crystal
Ball (Gaussian) function, while the black dashed one is the Gaussian distribution. The
selection windows are highlighted by the black solid vertical lines.

4.4.1 Background Rejection Efficiency

Starting from 1.3 billion inclusive MC events, less than 30000 survive the afore-
mentioned selection criteria. The background events survival rate, estimated with
the inclusive MC data set, oscillates between 9 to 28 parts per million among the
different data sets. As summarized in Table [£.3] out of 28136 surviving inclusive
MC events, more of the 90% of events are from the non-resonant 771 (2S5) signal
and the multi-7 transition, with the QED and the open charm processes removed
from the sample.

4.5 Towards the Data Analysis

After applying the event selection criteria, one obtains the invariant M (7t77),
M(rtr=0"¢7), and M (74 (2S5)) distributions, shown in Fig. 4.9|for the 4.680 data
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Figure 4.7: Fits to the invariant #+7 T/~ masses to select the signal windows for the
4680 data set. The plots on the left represent the 5-track topologies, while the 6-track
events are reported on the right. Top spectra refer to the J/1) — eTe™ decay, while the
bottom two distributions are the J/1) muonic transition. The solid blue lines refer to the
fit, while the black dots with error bars are the data. The red dashed line represents the
Crystal Ball (Gaussian) function, while the black dashed one is the Gaussian distribution.
The selection windows are highlighted by the black solid vertical lines.

sample. The ¥ (25) signal is visible.
With the distributions, one can proceed towards the three aforementioned objectives
following three distinct lines of work, which will be treated in the next Chapters.
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Index () ‘ Decay tree ‘ NEvis Z?Ot Ngouis

ete” >t W = wta J/, J/0 — ptum | 3389 3389
ete” s ata Y ) = wta T/, J/p — ete” 2983 6372
ete” = rtn 'y — ata=J/, J/p — putpu= | 2875 9247
ete” st W = ata J/, I/ — ptum | 2528 11775
ete” = mra Yy W — wtaT I, T/ — ete | 2499 14274
ete” > ata ' W = cta=J/, T/ — ete” 2313 16587
ete” > atn ' ) = atn  J/, J/v — ptu~ | 1346 17933
ete” s> ata Y Y = atam T/, J/p — ete” 1249 19182
ete” > ata o ) = ata= T/, J/ — ptu~ | 1037 20219
ete” > ata = W = ata=J/, T/ — ete” 907 21126
ete” > ata Y W = atam J/, T — ptus 307 21433
ete” s atan Y ) = wta I/, T/ — eTe” 289 21722
ete” > ata o o = atn=J/, T/ — ptu 276 21998

g WG S g
©C 0T W RO ©PTDOE WD -

ete” 5 ata Y ) = ata T/, J/p — ete” 245 22243

ete” » ata Y W = atam J/, T — ptus 240 22483

ete” > ata ' W = ata=J/, T/ — ete” 197 22680

ete” s ata Y ) = atnJ/, T/ — ptu 188 22868

ete” s ata Y o = atn=J/, T/ — ptu~ 161 23029

ete” s ata Y ) = ata T/, T/ — ete” 156 23185
20 ete” > ntatnto o™ 144 23329
21 ete” —»ata Y W = atam J/, T — ptus 132 23461
22 ete” > ata o/ W = ata= T/, T/ — ete” 109 23570
23 ete” s ata Y ) = atn=J/, T/ — ptu~ 104 23674
24 ete” = atatato ol 103 23777
25 ete” st W = atam /0, T — ptus 96 23873
26

Table 4.3: Topology table of the first 25 Inclusive MC decays. All of the decay
which amounts to at least 100 events are listed. Only two decays channels appear, the
ete™ — ata(2S) and the ete™ — 77 77 77", Despite the main decay tree
being identical to many channels, J/v¢ leptonic decays differ, as the pionic and muonic
transitions, and the ISR photon (y!) can be present. For sake of brevity, the 1(29) is
dubbed 1" and the list is not continued, but the subsequent decay trees contain variations
of the two aforementioned topologies.
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Figure 4.9: Invariant M (7 "77), M(xt7=¢"¢7), and M(71(25)) distributions for the
4.680 data sample.






Chapter 5

The ete™ — 77 9(295)
Cross-section

Owing to the selection criteria described in the precedent Chapter, it is now possible

to analyse the data and estimate the ete™ — w7 )(25) cross-section by studying
the invariant M (77~ ¢*¢~) distributions.

For each centre-of-mass energy, the Born cross-section (0pom) of the ete™ — nr 71 (25)

process is estimated via the equation

OObs _ Nows

OBorn =

(5.1)

where o is the observed cross-section (= Nops/(L € B)), Nops is the observed
signal yield, £ is the integrated luminosity, B is the product of the branching frac-
tions of the ¥(25) — ntn~J/¢ and J/¢p — ¢T¢~ decays, estimated to be 4.00%

from Ref. [1], € is the signal detection efficiency estimated by the MC simulation

1
[1-T12|

is the vacuum polarisation factor from QED calculations [226] obtained from the
CONEXC generator.

and discussed in the subsection below, (1+4) is the ISR correction factor and

The cross-section for each centre-of-mass energy is obtained by performing a
binned maximum likelihood fit to the M (77— ¢*¢~) spectrum. Based on MC, the
signal shape is modelled with a sum of Gaussian and Crystal Ball functions; both
contribute to symmetric smearing, while the latter also includes the low-energy tail.
The background shape is a straight line. The signal function, shown in Fig. is
extracted from the signal MC sample.
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5.1 Efficiency Studies

The signal detection efficiencies € are estimated for each centre-of-mass energy, based
on six signal MC samples of 300000 events each. The same samples are used to ex-
trapolate the signal shape, which is modelled as a sum of Gaussian and Crystal Ball

functions.

Since the cross-section oy is used as input to estimate the vacuum polarisa-
1
[1-112|

based on the relation opom = %, where ooy 1s the observed cross-section.
[1-112]

The final oy is obtained when the iteration converges. The convergence is defined

tion factor and the ISR correction (1+9), an iterative procedure is performed

when the (1 + 0)e product is consistent with a previous iteration within 0.5% for
each centre-of-mass energy. Following this criterion, 5 iterations are necessary.

The signal detection efficiencies and the signal shapes’ parameters are updated
for each iteration. The fifth column of Table shows the final signal detection
efficiencies for each centre-of-mass energy, while in Fig. the functions used to
model the signal are shown.

5.2 Fits and Cross-section results

The fits to the M (ntn=¢*{~) spectra used to estimate the ete™ — wTw1(25)
process yields are shown in Fig. for the six data samples, while the cross-section
results and signal yields are summarised in Table [5.1]

A comparison shown in Fig. |5.3| validates the consistency of this thesis’s cross-
section results and the ones published in Ref. [95]. An enhancement in the ete™ —
wrm 1 (28) cross-section can be seen around the 4.660 GeV, which was identified
by Ref. |95] as the Y (4660) state. Due to the difference in the uncertainties of the
reported results in Fig. [5.3] it is appropriate to describe the procedural differences
with respect to Ref. [95]. First, in Ref. [95], the four-constraint kinematic fit imposes
the energy-momentum conservation is implemented only on the six-track topology,
while, in the five-track events, a one-constraint kinematic fit constrains the missing
mass to the pion mass; to both the topologies an additional one-constraint is im-
posed on the J/¢ mass. Hence, with respect to this thesis procedure, in Ref. [95]
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Figure 5.1: Fits to the signal MC M (nt7n~¢*¢~) spectra. The solid red line refers to
the fit, while the black dots with error bars are the data. The blue dashed line represents
the Crystal Ball function, while the green dashed one is the Gaussian distribution.

one has a five-constraint (two-constraint) kinematic fit in the six-track (five-track)
topology. In addition to this, the signal description is performed differently, this
thesis uses a MC motivated double Gaussian, while a signal MC shape is used in
Ref. [95]. Despite affecting both the efficiencies and final statistical uncertainties,
these procedural differences do not invalidate the results as reported in Fig. [5.3

It is worth to mention that Fig. refers only to the charged ¥(2S) decays, but
Ref. [95] also reconstructs the neutral ¥(2S5) to .J/1 transitions, involving 7° and 7
mesons, as well as the cascade decay 1(2S) — yxes — vy J /.
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Figure 5.2: Fits to the M(nt7n ¢*¢~) spectra. The solid red line refers to the fit,
while the black dots with error bars are the data. The blue dashed line represents the
7T~ #T¢ signal component, while the green dashed one is the combinatorial and multi-
pion background. The signal is modelled by a sum of Gaussian and Crystal Ball functions.
The background shape is a straight line.
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75

Ecou M) [L (b ) [ Nows | € (%) | 0omserved D) [ (1+0) [ 2z | 7Bom (0D)
4611.86 103.83 | 24%2 3890 £0.11 | 16.28704% | 0.898 | 1.05453 | 17.1975)
4628.00 521.52 | 155115 | 40.45 £ 0.12 | 19.467%7 | 0.877 | 1.05444 | 21.04%] 3
4640.91 552.41 | 193737 | 41.59 £ 0.12 | 23.20"} ¢ 0.854 | 1.05442 | 25.77+1:52
4661.24 520.63 | 202130 | 41.54 £ 0.12 | 25.15708) | 0.867 | 1.05441 | 27.521055
4681.92 | 1669.31 | 563745 | 40.72 £ 0.12 | 24.60%953 | 0.897 | 1.05448 | 26.00105%
4698.82 536.45 | 1621161 39.16 + 0.11 | 21.59:38 | 0.949 | 1.05453 | 21.57+138

Table 5.1: ete™ — wtn ¢(2S) Born cross-section for each energy point. The signal
yields (Nops) and the efficiencies (€) are reported too for each energy point. For sake
of completion, the observed cross-section (0opserved) is reported too. The uncertainties
on the signal yields and the cross-sections are statistical only. The table shows the ISR
correction (1 + ¢), the vacuum polarisation factor ﬁ, and the integrated luminosity £
as well. The uncertainties on Ec,pr and L are reported in Table
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Figure 5.3: Born cross-section of the ete™ — 777 ¢(2S5) process. The blue dots with
error bars refer to this thesis’ results, while the red triangles with error bars refer to
the charged channel Born cross-section from Ref. [95]. In the graphic, the results from
BELLE [111] and BaBar [110]| are reported too, as green squares and white diamonds,
respectively. The comparison validates the consistency of the two results. Data points are
slightly shifted along the x-axis for sake of readability.






Chapter 6

Study of the Dalitz Plots of the
eTe” — w1 1(25) Reaction

To better understand the contribution of the Y (4660) state to the ete™ — w71 (25)
channel and motivated by the results of Ref. [95], stating that a rapid check with
a simplified Partial Wave Analysis performed on the data sets highlighted f,(500)
and f,(980) contributions, the M? (7T ~) vs M?(7(2S5)) and the M? (7~ (25))vs
M?(7*)(25)) Dalitz plots are analysed. For this study, the six data samples are
merged together to have more statistical significance. The signal MC data set is a
weighted sum of the single data samples, where the weights are the product of the
integrated luminosity £ and the production cross-section of the ete™ — 771 (25)
process at each centre-of-mass energy. The study of these plots, reported in Fig. [6.1],
points towards a clear f5(980) contribution. The inclusive MC simulations (top plots
of Fig. show a flat behaviour for both the M?(7T7~) vs M?(n " (2S)) distri-
bution and the M? (7~ (25))vs M?*(7¢(2S)) one. On the contrary, a heap in the
M?(ntn~) vs M?(nt4(25)) data (central left plot of Fig. at 0.8 < M?(nt7n™)
< 1.0 GeV?/c* can be seen and related to the one in the f5(980) signal MC sample
(bottom left plot of Fig. [6.1)). Moreover, the M?(7~¢(25))vs M?(7*4(2S)) Dalitz
plots shows distinct band which is reproduced by the f;(980) signal MC sample.

Hence, with these conclusions and with the intention to probe the f;(980)(25)
molecule interpretation of the Y (4660) state |116], the cross-section of the ete™ —
f0(980)%(2S) transition is studied.

Similarly to what it is done for the ete™ — w77 (2S) process, for each
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Figure 6.1: Dalitz plots of the ete™ — 777 1(25) process compared to those of the
ete” — f0(980)1(2S5) sub-channel. The two plots at the top are from inclusive MC, the
middle ones are the real data, and the fp(980) simulation is reported at the bottom. A clear
heap in the data M2(7t7~) vs M?(n+(25)) at 0.8 < M?(nt7~) < 1.0 GeV2/c?* can be
confronted to the one in the fo(980) signal MC sample. Furthermore, the M? (7~ (25))vs
M?(7*4(25)) Dalitz plots shows distinct band which is reproduced by the fo(980) signal
MC sample. The inclusive MC simulations, instead, report flat distributions for both the
M?*(rtn) vs M?(7t4(25)) and the M?(7~9(25))vs M2 (7t (29)) spectra.

centre-of-mass energy, the product of the f;(980) — #"#~ branching fractiorEl
(B(f0(980) — wn~)) and the Born cross-section of the ete™ — f,(980)1(25)

IRef. does not provide any value. So, instead of making additional assumptions, the Born
cross-section is left unnormalized.
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transition is estimated via the equation

B Foy o o fo(950) T NG
(f0(980) = 777w ) X ooy - = B(f0(980) — ) X £(1+5)ﬁ6f0(980)5 ,
(6.1)
where N(];%(Sgso) is the observed f(980) yield, £ is the integrated luminosity, (1+0)
is the ISR correction factor and ﬁ is the vacuum polarisation factor from QED
calculations [226] obtained from the CONEXC generator, B is the product of the
branching fractions of the ¢(25) — 77w~ J/¢ and J/ip — 7¢~ decays, estimated
to be 4.00% from Ref. |1], and €0 is the eTe™ — £;(980)t(2S) transition de-

tection efficiency estimated by the MC simulation and discussed in the subsection

below.

The cross-section for each centre-of-mass energy is obtained by performing a
binned maximum likelihood fit to the M (7"7~) spectrum.
For each centre-of-mass energy, the f;(980) signal shape is modelled with a Flatté
function [230], the parameters of which are fixed to the ones obtained by Ref. [231],
multiplied to a threshold function simulating the closure of the phase space. Both
the Flatté and the threshold functions are spread via convolution with a Gaussian
distribution with no bias and a width equal to the bin width and the bin width
divided by /12, respectively. On the other hand, the f3(500) contribution is esti-
mated using a MC signal shape, extrapolated from a f3(500) signal MC sample of
300000 events.

6.1 Efficiency Studies

As it is done for the ee™ — 7779 (25) channel, the f,(980) detection efficiencies
/0(980) are estimated for each centre-of-mass energy, based on six signal MC samples
of 300000 events each.

f0(980)

Bom 18 used as input to estimate the

Also in this sub-cannel, the cross-section o

vacuum polarisation factor m and the ISR correction (1 + ¢) and an iterative

procedure is performed. The final Ué(:)(rgnso) is obtained when the iteration converges.

Due to the large statistical error on the cross-section values, the convergence is
deemed reached when (1+0) is consistent with a previous iteration within 0.5% for
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each centre-of-mass energy. Following this criterion, 5 iterations are necessary.

For each iteration, the signal detection efficiencies are updated. The third col-
umn of Table [6.1] shows the final signal detection efficiencies for each centre-of-mass
energy.

6.2 Fits and Cross-section results

The fits to the M (77 ~) distributions used to estimate the ete™ — f5(980)(25)
process yields are shown in Fig. for the six data samples, while the cross-section
results and signal yields are summarised in Table [6.1}

Ecow (MeV) | NG [ RO (%) [ (146) | e | 0 x B (ob)

4611.86 14+£5 4957 £0.13 | 0.690 | 1.05453 | 9.46 £ 3.38
4628.00 125 +£22 | 48,99 £ 0.13 | 0.686 | 1.056444 | 17.25 £ 3.04
4640.91 149 £ 21 | 48.30 £ 0.13 | 0.757 | 1.05442 | 17.83 £ 2.52
4661.24 131 £15 | 45.76 £ 0.12 | 0.823 | 1.05441 | 15.74 £1.81
4681.92 424 + 32 | 44.86 £ 0.12 | 0.809 | 1.05448 | 16.91 £1.29
4698.82 115 +16 | 4483 £0.12 | 0.797 | 1.056453 | 14.49 £ 2.02

Table 6.1: eTe™ — fp(980)1(2S) Born cross-section multiplied by the f5(980) — 7w~
branching fraction, here called o x B for brevity sake, for each energy point. The signal
yields (Né‘{g(f 80)) and the efficiencies (¢/0(980)) are reported too for each data sample. The
uncertainties on the signal yields and the Born cross-section are statistical only. The table
shows the ISR correction (1 4 ¢) and the vacuum polarisation factor ﬁ as well. The

uncertainties on Ec,ps and £ are reported in Table

Fig. shows the cross-section results. No particular structures can be recog-
nised as the statistical uncertainty prevents any conclusion to be possible. This
result represents the first measurement of this final state.
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Figure 6.2: to the M(r"7~) spectra to estimate the eTe™ — f5(980))(2S) process
yields. The solid red line refers to the fit, while the black dots with error bars are the data.
The blue dashed line represents the f,(980) signal component, while the green dashed one
is the fo(500) contribution. The fy(980) signal is modelled by a smeared Flatté function
multiplied by a threshold function. The f3(500) background shape is described by a signal
MC-shape. Insets at the bottom of each figure show the f(500)-subtracted data with the
f0(980) signal overlaid.
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Figure 6.3: Born cross-section of the ete™ — f,(980)1(2S) sub-process multiplied by
the fo(980) — w7~ branching fraction. No particular structures can be recognised and
the statistical uncertainty prevents any conclusion.



Chapter 7

Analysis of the 75(25) Invariant
Mass

Finally, to search for the Z.(4430)* exotic state, the invariant mass M (75(29)) is
analysed by summing all of the six data sets together. Following the same reason-
ing for the eTe™ — £3(980)1(2S5) cross-section, the M (7= (2S5)) spectrum is mod-
elled considering only fy(500) and f;(980) contributions, in addition to a possible
Z.(4430)* resonance. The distributions are modelled using a MC signal shape for
each of them. The signal shape is a weighted sum of the single centre-of-mass ener-
gies shapes, where the weights are the product of the integrated luminosity £ and the
production cross-section of the ete™ — 7w~ (2S5) process. The fy(500)/f,(980)
fraction, the Z.(4430)* signal and f; background yields are left floating.

7.1 Efficiency Studies

The Z.(4430)* detection efficiencies are estimated for each centre-of-mass energy,
based on six signal MC samples of 300000 events each. In this case, though, the MC
samples are generated with a flat cross-section to not make any specific assumption,
without ISR or vacuum polarisation corrections which depend on the Z.(4430)*
cross-section production. The average detection efficiency for the summed data set,
¢Ze4430) — (54.24 + 0.13)%, is calculated by performing a weighted average of the
single centre-of-mass energies efficiencies, where the weights are the product of the
integrated luminosity £ and the production cross-section of the ete™ — w1 (25)
process.
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7.2 Resolution Studies

For each centre-of-mass energy, the detector resolution contribution to the Z.(4430)*
state is obtained from a signal MC dataset of 300000 events where the Z.(4430)*
width is set to 0. As shown in Fig. [7.1], the resolution contributions are estimated
to be within 2 MeV /c? and can be neglected as the Z.(4430)* resonance width is
estimated to be ~200 MeV [1].
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Figure 7.1: Fits to the signal MC M (7 (2S)) spectra for the resolution estimation.
The solid red line refers to the fit, while the black dots with error bars are the data. The
blue and the green dashed lines represent the two Gaussian components of the fit function
Ball function. No 4610 data sample is shown as the phase space would not allow producing
a Z.(4430)* with 0 width at that energy point.



7.3 Fit and Upper Limit 85

7.3 Fit and Upper Limit

Finally, a fit is performed on the M (7£1)(2S)) distributions combined data set with
a total integrated luminosity of ~5 fb=!. The f, distributions are modelled using
a MC signal shape for each of them. The signal shape, reported in Fig. [7.2] is
a weighted sum of the single centre-of-mass energies shapes, and the weights are
the product of the integrated luminosity £ and the production cross-section of the
ete™ — mtn ¢ (2S) process. This signal model takes also into account the reflec-
tion of the Z,.(4430)* at low mass. The f3(500)/fo(980) fraction, the Z.(4430)*
signal and fy background yields are left floating.
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Figure 7.2: Signal MC shape of the M(7"1(25)) spectrum. The signal shape is a
weighted sum of the single centre-of-mass energies shapes, and the weights are the product
of the integrated luminosity £ and the production cross-section of the ete™ — w71 (25)
process. The model takes also into account the reflection of the Z.(4430)" at low mass,
as it can be seen from the peak at 3.88 GeV/c?. The figure reports the stacked weighted
sum of the single centre-of-mass energies shapes, the final shape is represented by the
grey-filled histogram.

Fig. ﬂ shows the result of the fit, where no evident signal is found (the number
of Z.(4430)* events is estimated to be 0 £4). A Bayesian upper limit (U.L.) with a
uniform prior is defined at a 90% confidence level (C.L.). The U.L. on the charged
Z.(4430) expected number of events is found to be 16 leading to a production ratio
R = o(ete” — m%Z.(4430)F — atr4(29))/o(eTe” — mTn (25)) less than
1.0% at 90% C.L.. Comparing this result with that of Ref. [123], which was used as
the initial motivation for this search, one sees that the Z.(4430)* hadron production
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in the ete™ — 777 7¢(2S5) channel is suppressed by at least 20 times with respect
of that of the Z.(3900)* state in the ete™ — 777~ J/1 transition.
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Figure 7.3: Fit to the M (7%(25)) spectrum. The solid red line refers to the fit, while
the black dots with error bars are the data. The blue dashed line represents the Z.(4430)"
signal component, while the black and green dashed ones are the f,(980) and the f,(500)
backgrounds, respectively. Signal MC-shapes are used to model the fy contributions and
the Z.(4430)" component; the fo(500)/fo(980) fraction, the Z.(4430)" signal and fo
background yields are left floating. The blue dashed line represents the unnormalised
Z.(4430)" signal shape component. The inset at the bottom shows the background-
subtracted data with the normalised signal overlaid.



Chapter 8

Systematic Uncertainties and
Outlook

Several sources of systematic uncertainties are considered in the estimation of the
Born cross-sections of the ee™ — 79 (25) and eTe™ — f,(980)1(2S) processes.
These uncertainties come from the integrated luminosity, the vacuum polarisation,
the ISR radiative corrections, the tracking efficiency, and residual sources. The un-
certainty of the integrated luminosity is estimated to be 1% as obtained by analysing
the large-angle Bhabha scattering events [95,227]. The uncertainty of the vacuum
polarisation factor is taken as 0.5% from Ref. [232]. As already mentioned, the ISR
radiative corrections depend on the input line shape of the cross-section. Hence, an
iterative process is employed. The difference in the (1 + 0) values between the last
two iterations is taken as systematic uncertainty related to the ISR correction. The
tracking efficiency uncertainty is 1.0% per lepton or pion track [123]. Therefore,
the two leptons in the final state result contribute to a 2.0% of uncertainty, while
the pions contribute on average (5-track and 6-track topologies) to a 3.5%. Other
sources, such as lepton separation, trigger efficiency, and FSR, are estimated to be
1.0% [95]. The intermediate states branching fractions uncertainties are taken from
the PDG |[1]. Other sources, coming from the J/¢, 1(2S), and myuss mass veto
windows and from the kinematic fits, are considered as well but found negligible.
The contributions from each source are shown in Table B.I] and Table B.2 for the
7t 1(2S5) cross-section and the f,(980)1(25) cross-section, respectively. For each
measurement, the total systematic uncertainty corresponds to a quadrature sum of
all individual sources, which are discussed in detail next.

Finally, for sake of completion, Table[8.3|shows the results of the Born 777~ 1(25)
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Source | 4.610 (pb) | 4.630 (pb) | 4.640 (pb) | 4.660 (pb) | 4.680 (pb) | 4.700 (pb)
Luminosity 0.17 0.21 0.26 0.28 0.26 0.22
Vacuum 0.09 0.11 0.13 0.14 0.13 0.11
polarisation
ISR 0.07 0.07 0.00 0.03 0.03 0.02
corrections
Tracking 0.60 0.74 0.90 0.96 0.91 0.75
efficiency
Intermediate states 0.16 0.20 0.25 0.26 0.25 0.21
branching fractions
Other 0.17 0.21 0.26 0.28 0.26 0.22
sources
Total systematic 0.68 0.83 1.01 1.08 1.02 0.85

uncertainty

Table 8.1: Summary of the systematic uncertainties on the Born w7~ (2S5) cross-
section for each centre-of-mass energy. For each measurement, the total systematic uncer-
tainty corresponds to a quadrature sum of all individual contributions.

cross-section and of the ete™ — f(980)¢(2S) Born cross-section multiplied by the
f0(980) — 7t7~ branching fraction for each centre-of-mass energy with both the
statistical and systematic uncertainties reported. From Table 8.3 it can be appre-
ciated that the measurements are statistically limited and that our knowledge will
profit from more data collected in this energy region.

The systematic sources on the U.L. of the Z.(4430)* events number come from
the fitting procedure and choices, such as the binning, the signal range, and the
parametrisation of the signal and background. In the U.L. of the production ratio
R =o(ete” — 757,(4430)F — mrn(25))/o(eTe” — nrm1(2S)) estimation,
additional systematic uncertainties come from the number of ete™ — 77 71)(25)
events and its relative efficiency. Technically, the ete™ — 7% 7Z.(4430)F — 7771 (295)
cross-section is also affected by the same systematic sources as the Born 7t771(25)
cross-section, but, in the production ratio R, they cancel out. Moreover, the
parametrisation of the signal and background is left to be studied after PWA-
motivated signal MC data sets are produced and analysed (see Sec. . Hence,
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Source | 4.610 (pb) | 4.630 (pb) | 4.640 (pb) | 4.660 (pb) | 4.680 (pb) | 4.700 (pb)
Luminosity 0.09 0.17 0.18 0.16 0.17 0.14
Vacuum 0.05 0.09 0.09 0.08 0.08 0.07
polarisation
ISR 0.00 0.00 0.00 0.01 0.01 0.00
corrections
Tracking 0.33 0.60 0.62 0.55 0.59 0.51
efficiency
Intermediate states 0.09 0.16 0.17 0.15 0.16 0.14
branching fractions
Other 0.09 0.17 0.18 0.16 0.17 0.14
sources
Total systematic 0.37 0.68 0.70 0.62 0.67 0.57

uncertainty

Table 8.2: Summary of the systematic uncertainties on the ete™ — f(980)(25) Born
cross-section multiplied by the fy(980) — m"7~ branching fraction for each centre-of-
mass energy. For each measurement, the total systematic uncertainty corresponds to a
quadrature sum of all individual contributions.

Sample

UBorn(W+7T_¢(2S>> (pb)

0B0rn(f0(980) (25))X
B(fo(980) — 77~) (pb)

4.610
4.630
4.640
4.660
4.680
4.700

17.197917 £ 0.68
21.047155 4+ 0.83
25771152 £ 1.01
27.527088 +1.08
26.0070:35 +£1.02
21571155 +0.85

6.8815495 +0.37
12.487230 +0.68
14.247301 £0.70
13.6671°20 + 0.62
14.487109 £ 0.67
12.1871¢ £ 0.57

Table 8.3: Results of the Born eTe™ — 77 9(2S) cross-section and the ete™ —
f0(980)%(2S) Born cross-section multiplied by the f(980) — 77~ branching fraction.
The first uncertainties are statistical, while the second ones are systematic.

the U.L. on the number of Z.(4430)* events is studied as a function of the binning
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and the signal range. These two sources of systematic uncertainties are found to
be negligible. Finally, considering the uncertainties coming from the number of the
ete”™ — mtr h(25) events and the efficiencies of the two channels, the production
ratio R is found to be less than 1.1% at 90% C.L..

8.1 Outlook

The results found in this analysis confirm previous results and for the first time
highlight the fy contributions to the 77~ 1(2S) cross-section. Also, the first U.L.
on the production of the charged Z.(4430) hadron is found, which can be used as
insight for further theoretical studies on the nature of Z.(4430)F state. Despite
this, some work is still needed to finalise the analysis. An analytical shape has
to be employed to describe the f3(500) contribution to the M (7*7~) spectra, to
better estimate the ete™ — £,(980)1(2S) cross-section. For the charged Z.(4430)
studies, a better model can be chosen following a PWA-motivated generated signal
MC sample. In general, a possible interference between the two f; states needs to
be accounted for, and the case with and without interference must be taken as a

systematic source.



Summary and Conclusions

As the first two Chapters of this thesis discussed, Quantum ChromoDynamics and
the Quark Model are still the blueprints to understanding strong interaction and
its bound states. Beyond the so-called standard baryons and mesons, a new family
of states, allowed by both Gell-Mann and Zweig’s first papers, is being discovered.
Indeed, a large number of XY Z states have been reported from different collabo-
rations, the properties of which are at odds with the Quark Model, suggesting new
kinds of hadrons.

Many of these XY Z structures can be easily identified as exotics, but many others
still miss a definitive label. The specific nature of the unambiguous exotic is still
a matter of experimental investigation and theoretical debate. The observation of
a specific feature can discriminate among the several models proposed. As such,
more data are needed to understand and study the XY Z sector. With the be-
ginning of the Belle-II experiment data taking, the data from Run-3 and LHC-HL
at the LHCDb detector, with the newest upgrades for the BECPII collider and the
BESIII detector, and with the future facilities, like PANDA at GSI, new studies are
to be expected.

The BESIII collaboration plays a leading role in the search for these exotic
states, owing to its luminosity, leptonic collider, and detector performances.

This thesis aims to help in understanding the XY Z sector. Studying the
ete™ — wTr1(25) process at centre-of-mass energies ranging from 4.612 GeV
to 4.698 GeV allows both to probe the Y (4660) nature and to search for the
Z.(4430) state. Indeed, up to now, only the Belle and LHCb collaborations saw
the Z.(4430) state and exclusively in B decays. On the other hand, measuring the
ete™ — f0(980)1(2S) component percentage to the whole ete™ — wTr1)(25)
process might give some insights over the f,(980)cc molecule interpretation.
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Using six data samples with a total integrated luminosity of ~5 fb~! collected
by the BESIII detector, the ete™ — w7 m 1)(2S) process is studied at centre-of-
mass energies ranging from 4.6121 GeV to 4.6984 GeV. The measured cross-section
of the eTe™ — mT w1 (2S) reaction is consistent with the results of Ref. [95] and
an enhancement in the ete™ — 77 ¢)(25) cross-section can be seen around the
4.660 GeV, identified by Ref. [95] as the Y (4660) state. This represents a kind of
independent check of the previous BESIII results, fortifying the observation. The
ete” — mhrm1(25) process is then studied via the 777~ invariant mass (M (7 77))
to probe and search for the ee™ — f;(980)(2S) interaction. The contribution of
the ete™ — £4(980)1(2S) process is found for the first time and its cross section is
measured. In the ete™ — f;(980)1(2S) cross-section no particular structures can be
recognised as the statistical uncertainty prevents any conclusion. The results natu-
rally pose a constraint on the Y (4660) state contribution to the ete™ — mTm 1 (25)
cross-section, since it is evident that the fy(980) contribution largely dominates the
total production cross-section. More data is needed to see whether the Y (4660) res-
onance appears also in ete™ — f,(980)1(2S) data to further investigate its nature.
Finally, a search for the charged Z.(4430) exotic state is performed, but no signifi-
cant signal is found; a Bayesian upper limit at the 90% confidence level (C.L.) is set
on the ee™ — 7%7,(4430)F process’ number of events to be 16, leading to a pro-
duction ratio R = o(eTe™ — 7 Z.(4430)F — 777 4(25))/o(eTe™ — nTn"1(29))
of 1.1%.

While no observation is reported, the found upper limit will provide insights
towards a better understanding of Z.(4430)* resonance, a surely exotic charged
four-quark state. With the data recently collected by the BESIII detector, this
analysis will be extended to the centre-of-mass energies above 4.7 GeV to increase
the sensitivity to a possible Z.(4430)* state. Moreover, owing to the data that
will be collected with the upgraded BESIII detector and BEPCII accelerator in the
next future, improved precision and techniques will be expected to further probe
the charged Z.(4430) nature and its underlying structure.



Appendix A

CONEXC: An event generator for
Initial State Radiation Corrections

In eTe™ colliders, before the eTe™ collision, a leptonic beam can emit photon radia-
tion. This phenomenon, called Initial State Radiation (ISR), can effectively reduce
the beam energy. CONEXC is an event simulator integrated into the BesEvtGen
software specifically created for the ete™ experiments to calculate ISR corrections
up to the second order. The model of said generator takes as input the measured
Born cross-section (0eyp) and estimates the ISR-corrected cross-section (0e+c——yx)
via the following theoretical calculation:

Gore i (s) = / dm%mvv(s, x)% (A1)

where W (s, z) is the radiator function, which encapsulates the probability of
the g.+.-_,x transition to occur at lower centre-of-mass energy with respect to the
initial one (1/s), m = \/m is the invariant mass of the final v.X state, with
x = 2E., /\/s being the fractional energy taken away by the ISR photon radiated by a

leptonic beam, and I1(m) is the vacuum polarisation also provided by the generator.

Neglecting the vacuum polarisation, from the theoretical model the ISR correc-
tion factor (1 + 0) calculated by CONEXC is defined as

140 = /dxMW(s, z). (A.2)

Oexp
The experimental efficiency is also affected by the ISR, as the detector behaviour
is different for different centre-of-mass energies, and it typically has a decreasing



trend as x increases. The effective efficiency (€cgrective), the one measured by the
operator, is

o Nree [ dx €(x) 0cteyx(s) W (s, x)
e ™ Neen [dz oere—x(s) W(s, )

where €(x) is the efficiency at the centre-of-mass m, and Nge. and Nge, are the

(A.3)

number of reconstructed and generated events, respectively.

Finally, with the number of events (N) estimated from the data by the op-
erator and the luminosity (£) at a given centre-of-mass energy, the experimental
measurements can be provided as:

N
Oexp — .
P [' Eeffective (1 + 5)

Operatively, the user iteratively feeds the experimental Born cross-sections to the

(A.4)

generator, starting from a flat cross-section hypothesis and repeating the generation
until the final o, converges. The convergence is defined when (1 + 6)écfrective 1S
consistent with a previous iteration within a given percentage. An example of
said iteration is presented in Fig. [A.I] where it can be visually appreciated the
convergence of the (14 0)écfective product of the opom(ete™ — 7tr~1(25)) for each
centre-of-mass energy.
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